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ABSTRACT

Solar radiation is the energy source driving the metabolic activity of microorganisms
able to photobiologically fixate carbon dioxide and convert solar energy into biofuels.
Thus, careful radiation transfer analysis must be conducted in order to design and
operate efficient photobioreactors. This review paper first introduces light harvesting
mechanisms used by microorganisms as well as photosynthesis and photobiological
fuel production. It then provides a thorough and critical review of both experimental
and modeling efforts focusing on radiation transfer in microalgae suspension. Experi-
mental methods to determine the radiation characteristics of microalgae are presented.
Methods for solving the radiation transfer equation in photobioreactors with or without
bubbles are also discussed. Sample measurements and numerical solutions are
provided. Finally, novel strategies for achieving optimum light delivery and maximizing
sunlight utilization in photobioreactors are discussed including genetic engineering of
microorganisms with truncated chlorophyll antenna.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. World energy challenges

Industrial and developing nations are facing an unpre-
cedented combination of economic, environmental, and
political challenges. First, they face the formidable challenge
to meet ever expanding energy needs without further
impacting the climate and the environment. Second, the
continued population growth in developing countries and
the emergence of a global economy are creating unprece-
dented stress on the resources of the Earth. Emerging
countries are claiming access to the same standard of living
as that of industrial nations, resulting in large needs for
energy sources, fast and reliable transportation systems, and
industrial equipment. From the standpoint of international
security, energy issues include the potential for conflict over
access to remaining supplies of inexpensive fossil fuels,
which are often concentrated in politically unstable regions.

Currently, fossil fuels supply more than 81% of the
world’s energy needs estimated at about 137 PWh/year
(1 PW=1'> W) or 493 EJ/year (1 EJ=10'2]) [1]. Oil meets
more than 92% of the world transportation energy needs
[1]. However, its production is expected to peak between
2000 and 2050 after which its production will enter a
terminal decline [2]. Simultaneously, the world energy
consumption is expected to grow by 50% between 2005
and 2030 [2]. Thus, the end of easily accessible and
inexpensive oil is approaching.

Moreover, intensive use of fossil fuels increases the
concentration of carbon dioxide (CO,) in the atmosphere
and contributes to global climate changes [3]. For example,

71.4% of the electricity consumed in the United States is
generated from fossil fuel, mainly coal and natural gas [4]. In
20086, electricity generation alone contributed to 33% of the
total CO, emissions of the United States, which in turn
represented approximately 23% of the total global CO,
emissions [2].

Flue gases from fossil fuel power plants consist of
4-14vol% of CO, and up to 200 ppm of NO, and SO,,
depending on the type of fuel and on the combustion process
[5]. Overall, the concentration of CO, in the atmosphere in
2006 varied between 360 and 390 part per million by
volume (ppmv) during that year and continue to increase
[6]. It is predicted that CO, levels above 450 ppm in the
atmosphere will have severe impact on sea levels, global
climate patterns, and survival of many species [3]. Conse-
quently, growing energy needs calls for greater reliance on a
combination of fossil fuel-free renewable energy sources and
on new technologies for capturing and converting CO-.

1.2. Solar radiation

Seen from the earth, the sun is approximately a disk of
radius 6.96 x 103 m at an average distance of 1.496 x
10'! m and viewed with a solid angle of 6.8 x 10~ sr. The
Sun is often approximated as a blackbody at 5800 K
emitting according to Planck’s law [7]. The solar constant
is defined as the total energy incident per unit time per
unit surface area at the outer surface of Earth’s atmo-
sphere and oriented perpendicular to the sun’s rays; it is
estimated to be 1367 W/m? [7,8]. As the solar radiation
travels through the Earth’s atmosphere it is absorbed by
atmospheric gases (e.g., CO,, H,0) and scattered by gas
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molecules and larger aerosol particles, ice crystals, or
water droplets. Once it reaches the Earth’s surface most
of the ultraviolet (UV) component has been absorbed by
oxygen and ozone molecules. Attenuation in the visible
part of the electromagnetic spectrum is mainly due to
Rayleigh scattering by small gas molecules such as oxygen
(0,) and water vapor (H;0). In the near-infrared part of
the spectrum, the main absorber is water vapor with
contributions from CO,. Other minor absorbers include
nitrous oxide (N,0), carbon monoxide (CO), and methane
(CHy) [7]. The solar radiation reaching the Earth’s atmo-
sphere consists of 6.4% of UV radiation (1 <380 nm), 48%
of visible light (380 < A <780 nm), and 45.6% of infrared
radiation (4> 780nm) [8]. Overall, the sun delivers
1.73 x 10" W or 6.38 x 10'® Wh/year on the surface of
the atmosphere [8]. This significantly exceeds the 2006
world energy consumption rate of 1.56 x 10'>W or an
annual total energy of 1.37 x 107 Wh/year [1].

The solar spectrum incident on earth depends on the
latitude and altitude. The ASTM G173-03 standard [9]
provides reference terrestrial solar spectral irradiance
(within 27 steradian field of view) for wavelength ranging
from 280 to 4000 nm and averaged over one year and
over the 48 contiguous states of the continental United
States under atmospheric conditions corresponding to the
United States standard atmosphere [10]. Fig. 1 shows (i)
the extraterrestrial spectral irradiance [9], (ii) the direct
normal spectral irradiance at sea level with an air mass of
1.5, and (iii) the hemispherical (or global) spectral irra-
diance on a inclined plane at sea level, tilted at 37° toward
the equator and facing the sun. The data were produced
using the Simple Model for Atmospheric Transmission of
Sunshine (SMARTS2 version 2.9.2) [11]. Absorption due to
atmospheric O3, 05, CO,, and H,0 is apparent in the direct

normal irradiance. Moreover, Fig. 2 shows the amount of
daily solar irradiance in hours incident on an optimally
tilted surface during the worst month of the year based on
worldwide solar insolation data [12]. The figure indicates
that the most promising regions for harvesting solar
energy are the southwest United States, northern Mexico,
the Andes, northern and southern Africa and the Middle
East, as well as Australia. Other regions with favorable
conditions include southern Europe, southern China,
South East Asia, Brazil, and most of Africa. Note that
many of these regions have limited freshwater resources.

1.3. Microbial photosynthesis

Most photosynthetic microorganisms use water as their
electron source, sunlight as their energy source, and CO, as
their carbon source. In turn they produce oxygen and
carbohydrates, protein, and lipids contained within the cells
as illustrated in Fig. 3. They are typically more efficient than
higher plants (e.g., trees or sugar cane) at converting solar
energy into biomass [13] thanks to their simple cellular
structure and the readily available supply of CO, and various
nutrients dissolved in water. In fact, microalgae can produce
30 times more oil than terrestrial oilseed crops for a given
surface area [14]. Moreover, microalgae require 140-200 kg
of water per kilogram of C fixed compared with more than
550 kg of water per kg of CO, fixed by trees [15]. Unlike for
trees, water for microalgae can be low quality (waste water)
and even high salinity water both unsuitable for agriculture
use or human consumption [15]. Note also that some species
can grow in high concentration thus reducing water needs.
Thus, cultivation of these microorganisms offer a sustainable
method for carbon dioxide capture and storage [16-19]
suitable in semi-arid or arid lands without competing with
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Fig. 1. Averaged daily extraterrestrial solar irradiance and ASTM G173-03 (direct and hemispherical, 37° sun-facing tilted) sea level irradiance in

W/m? nm [9].
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Fig. 2. Averaged daily local solar irradiance on an optimally tilted surface during the worst month of the year (units are in kWh/m?/day). Used by

permission. All rights reserved. © 2009 SunWize Technologies.
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Fig. 3. Schematic of input and output of photosynthetic microorganisms consuming CO, and producing lipids or Hj.

human habitat or agriculture production [15]. In addition,
CO, fixation using microalgae does not require CO, separa-
tion (concentration), and scrubbing of SO, and NO, prior to
using the flue gas from fossil fuel power plants [20].
Moreover, microalgae produce other value-added by-
products which can make the processes more economical.
For example, some algal species are already used in
medicinal and pharmaceutical products as well as health
drinks for their immuno-stimulatory, antioxidant, anti-
viral, and anticancer activities [21]. Others are incorpo-
rated in novel materials or used as fertilizer, in animal
feed, in aquaculture, and stock material for biofuels
[19,22]. Although photobiological fuel production by

microorganisms presents various advantages over com-
peting technologies, it is still in its infancy and faces
numerous technical and economic challenges [23,24].
These challenges stem mainly from (i) inefficiencies in
light utilization, (ii) large water and nutrient requirements
during cultivation, and (iii) large auxiliary energy require-
ment during cultivation, harvesting and processing of the
biomass and the biofuel [23-27] . All these challenges
must be addressed for industrial-scale implementation of
this technology. For further details, the reader is referred
to recent literature reviewing the technical limitations,
techno-economic and environmental analysis, as well as
lifecycle analysis of this technology [23-27].
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Photosynthetic microorganisms for fuel production are
typically cultivated in systems known as photobioreactors
(PBRs) which can have the form of open ponds (e.g.,
raceway ponds) or enclosures made of transparent tubes
or panels [28]. Outdoor PBRs are the most inexpensive
and have been used for decades. Unfortunately, current
photobiological fuel production suffers from low solar to
fuel conversion efficiency under outdoor conditions. For
example, hydrogen production by microalgae is typically
less than 1% efficient in outdoor PBRs [29]. Moreover, light
transfer in photobioreactors is one of the main barriers to
scaling the technology from bench top to industrial scale
[30-32]. In addition, thermal management, water use,
evaporation, and recycling, and contamination by other
microorganisms that could compete for light and nutri-
ents of PBRs content are also challenges encountered in
large scale outdoor production.

Light utilization efficiency significantly affects the rest of
the downstream processes and the overall biofuel produc-
tion rate. Indeed, photosynthetic microorganisms require an
optimum irradiance to achieve their maximum photosyn-
thetic rate for the production of biofuels including biodiesel
feedstock and H,. In photobioreactors, they can suffer from:

e Light inhibition. Excessive irradiance inhibits the micro-
bial photosynthesis and lipids or H, production through
a process called photo-oxidative damage [19,33]. In
outdoor systems, where this technology is meant to be
deployed, solar irradiance can reach as high as 1000 W/
m? [34]. For more efficient use of sunlight, it has to be
redistributed uniformly throughout the PBR.

e Limited light penetration. Due to light absorption by both
the microorganisms and the medium, and scattering by
both the microorganisms and possibly gas bubbles, the
local irradiance within the PBR may decrease below the
required levels for photosynthesis, lipid production,
and/or H, production [29,35-37]. This in turn limits
the productivity and scale-up of the system.

Thus, careful radiation transfer analysis must be con-
ducted to design and operate efficient PBRs for converting
solar energy into biofuels by microorganisms. This paper
discusses the importance of radiation transfer in the
context of photobiological CO, fixation and biofuel pro-
duction. It provides the reader with background informa-
tion on light harvesting mechanisms by microorganisms,
photosynthesis, and photobiological fuel production. It
also reviews modeling efforts and experimental studies
focusing on radiation transfer in PBRs.

2. Photobiological fuel production by microorganisms

A fuel is a substance that stores useful energy in its
chemical bonds. Photosynthetic microbial cells can produce
a large number of chemicals including sugars, lipids, and
gases such as H, and CHy4. The chemicals can serve either as
a fuel to directly power devices (e.g., fuel cells) or as a
feedstock for producing other biofuels. In the production of
these chemicals, solar energy serves as the primary energy
source. The source of electrons incorporated in biofuels

come (i) from reduced sulfur sources such as hydrogen
sulfide (H,S), sulfur (S°), or thiosulfate (52057) in photo-
synthetic bacteria and (ii) from water (H,0) in plants, algae,
and cyanobacteria [38].

2.1. Microbial electron generation and light harvesting
pigments

Microbial electron generation begins with the absorp-
tion of photons by the photosynthetic apparatus. The
latter consists of three major parts (i) the reaction center,
(ii) the core antenna, and (iii) the peripheral antenna as
illustrated in Fig. 4. Photochemical charge separation and
electron transport take place in the reaction center [39].
The core antenna contains the minimum number of
pigments necessary for photosynthesis and consisting
only of chlorophylls or bacteriochlorophylls. It is sur-
rounded by the peripheral antenna which is an assembly
of chlorophylls, bacteriochlorophylls, and other accessory
pigments such as carotenoids and phycobiliproteins.
The peripheral antenna is particularly important in chan-
neling additional photon energy to the reaction center at
low light intensities. In algae and cyanobacteria, the
photosynthetic apparatus is located on the photosynthetic
membrane called thylakoid located inside the chloroplast
as illustrated in the TEM micrograph of Chlamydomonas
reinhardtii shown in Fig. 5 [40].

Different pigment molecules absorb at different spec-
tral bands of the solar spectrum enabling more efficient
utilization of solar energy. They also allow for the co-
existence of different photosynthetic microorganisms by
sharing different bands of the solar spectrum. Fig. 6 shows
the absorption spectra of chlorophylls a and b,
p-carotenoid, phycoerythrin, and phycocyanin over the
spectral region from 400 to 700 nm, known as the photo-
synthetically active radiation (PAR) [39]. It also shows the
profile of solar radiation spectrum (in arbitrary units)
indicating that these pigments have evolved to absorb at

accessory
pigments

electron
acceptor

Photon Chl molecules

electron transport direction

on
2

electron
donor
\ JAN J\. J
Y Y
peripheral core reaction
antenna antenna center

Fig. 4. Schematic of microbial electron generation and transport through
the photosynthetic apparatus consisting of (i) the reaction center, (ii) the
core antenna, and (iii) the peripheral antenna.
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Fig. 5. (a) TEM micrograph of Chlamydomonas reinhardtii (Courtesy of Boynton) [40]. (b) Optical micrograph of C. reinhardtii showing typical ellipsoidal
cell with major and minor diameters equal to about 9 and 8 pum, respectively [63].
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Fig. 6. Absorption spectra of f-carotenoid, phycoerythrin, phycocyanin,
chlorophyll a (Chl a), chlorophyll b (Chl b), bacteriochlorophyll a (BChl
a), and bacteriochlorophyll b (BChl b) in relation to the terrestrial solar
irradiation spectrum (linear scale) [39]. The figure is in arbitrary units
and the spectra of different molecules have been scaled arbitrarily for
the sake of clarity.

wavelengths where the solar energy is most abundant.
Each of the pigments used in the photosynthesis process
is described in details in the next subsections.

2.1.1. Chlorophylls and bacteriochlorophylls

The main pigments necessary for oxygenic photo-
synthesis are called chlorophylls and those responsible
for anoxygenic photosynthesis are called bacteriochloro-
phylls [38]. Fig. 6 shows that chlorophylls a and b have
two absorption peaks, one in the blue and one in the red
part of the visible spectrum [39]. Chlorophyll a absorbs
around 430 and 680 nm while Chlorophyll b absorbs
around 450 and 660 nm. Since they do not absorb green
light (1~ 520—-570 nm), they appear green to the human
eye. These pigments are also responsible for the green
color of plants. On the other hand, bacteriochlorophylls
absorb light mainly in the far to near infrared part of the
electromagnetic spectrum (700 nm < A < 1000 nm) [39].

2.1.2. Carotenoids

Carotenoids are accessory pigments found in all photo-
synthetic microorganisms. They absorb mainly in the blue
part of the spectrum (400 nm <A <550nm) and are
responsible for the yellow color of leafs in autumn and
the orange color of carrots [39]. Carotenoids serve two
major functions (i) shielding the photosynthetic appara-
tus from photo-oxidation under large light intensities and
(ii) increasing the solar light utilization efficiency by
expanding the absorption spectrum of the microorganism.
They are hydrophobic pigments composed of long hydro-
carbon chains and are embedded in the photosynthetic
membrane. There are numerous carotenoids [39].

2.1.3. Phycobiliproteins

Phycobiliproteins are also accessory pigments that
play a role in light harvesting and transferring this energy
to the reaction centers. They are found in cyanobacteria
and red algae [38]. Two major ones are phycoerythrin,
absorbing mainly around 550 nm, and phycocyanin,
absorbing strongly at 620 nm, as illustrated in Fig. 6
[38]. They are essential to the survival of these micro-
organisms at low light intensities.

2.2. Microbial photosynthesis and sugar production

Photosynthesis is a multi-step process by which plants,
algae, and photosynthetic bacteria can store solar energy in
the form of sugars using CO, as the carbon source. The
overall reaction for photosynthesis is given by,

CO; +H,0 +light - (CH,0),,+ 0O, (1)

Photosynthesis involves two types of reactions namely light
and dark reactions. During light reactions, photons are
absorbed by the microorganisms and are used to produce
(i) adenosine triphosphate (ATP), the principal energy carry-
ing molecule in cells and (ii) the electron carrier nicotina-
mide adenine dinucleotide phosphate (NADPH). These
products of the light reaction are then used in the subse-
quent dark reactions including the Calvin cycle where CO,
fixation takes place [39].
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2.3. Microbial lipid production

Lipids produced by photosynthetic microorganisms
include a broad group of molecules that are used in
structural components of cells, energy storage, and cel-
lular signaling [41]. The relevant group of lipids for fuel
production is the triacylglycerols which are also known as
neutral lipids [41,42]. Neutral lipid production is a com-
plex, energy intensive multi-step process that takes place
in the chloroplast of algae cells. Pathways for neutral lipid
production can vary from species to species and are not
fully understood [41]. However, on the most basic pre-
mise it has been proposed that neutral lipid production
involves (i) first the synthesis of fatty acids using the
products of photosynthesis as well as additional ATP and
NADPH from light reactions as the energy and electron
source, respectively, and (ii) reaction of these fatty acids
in direct glycerol pathway to form triacylglycerols [43,44].
Both of these processes are significantly affected by
physical factors such as total irradiance, spectral distribu-
tion of incident light, and temperature as well as the cell
age and chemical factors such as nutrients, salinity and
pH [45-55]. Among physical factors, irradiance has a
major effect on altering the chemical composition of the
produced lipids [50-55]. Although the effects vary among
different species, in most photosynthetic microorganisms,
low irradiance results in the synthesis of fatty acids
mostly used in structural polar lipid production whereas
high irradiance increases the neutral lipid production and
accumulation in cells under light saturated conditions
[54,55].

2.4. Microbial hydrogen production

Photobiological processes resulting in hydrogen pro-
duction in microbes can be grouped into three categories
namely: (1) direct biophotolysis using green algae, (2)
indirect biophotolysis using cyanobacteria, and (3) photo-
fermentation using photosynthetic bacteria [56].

2.4.1. Direct biophotolysis

In this mechanism H, is produced by diverting the
electrons generated from water splitting from the Calvin
cycle to the bidirectional hydrogenase enzyme [57]. This
mechanism is theoretically the most energy efficient
mechanism of H, production with a theoretical maximum
of 40.1% [58]. Green algae such as C. reinhardtii, Chlamy-
domonas moewusii, Scenedesmus obliquus, and Chlorococ-
cum littorale are capable of producing H, via direct
biophotolysis [57]. However O, gas is also produced
during this process and may irreversibly inhibit the
functioning of the hydrogenase enzyme.

2.4.2. Indirect biophotolysis

The source of electrons in indirect biophotolysis is also
water. However, in this mechanism, the electrons are first
used to reduce CO, into organic compounds during
photosynthesis. Then, the electrons are derived from the
degradation of the organic compounds and used in gen-
erating H, through the action of nitrogenase [59]. Due to
the facts that: (i) multiple steps are involved in converting

solar energy to H, and (ii) the use of nitrogenase enzyme
requires ATP, the maximum possible light to H, energy
conversion efficiency of indirect biophotolysis is only
16.3% [58]. Cyanobacteria such as Anabaena variabilis,
Anabaena azollae, Nostoc muscorum IAM M-14, and Oscil-
latoria limosa are capable of indirect biophotolysis [60]. In
this process, a nearly pure stream of H, is produced,
unlike in direct biophotolysis.

2.4.3. Photo-fermentation

In this mechanism, extracellular organic materials (e.g.
organic acids, carbohydrates, starch, and cellulose [61])
are used as the electron source and solar energy is used as
an energy source to produce H, by nitrogenase enzyme
[57]. This mechanism is viewed as the most promising
microbial system to produce H, [57]. Purple non-sulfur
bacteria such as Rhodobacter sphaeroides, Rhodospirillum
rubum, and Rhodopseudomonas sphaeroides are examples
of photo-fermentative H, producers.

3. Modeling radiation transfer in photobioreactors

As light penetrates in the photobioreactor, it is
absorbed by the microorganisms or by the medium and
scattered by microorganisms and, possibly, by gas bub-
bles used to deliver CO, and to stir the suspension.
Microorganisms are 1—10 pm in diameter and are much
larger than the wavelengths in the PAR. Therefore, the size
parameter is larger than 4 and scattering is strongly
forward [62,63]. In addition, the refractive index relative
to that of water ranges from 1.04 to 1.07 and changes by
+0.01 over the spectral range from 350 to 750 nm. The
absorption index is about 0.003 and varies by + 0.003
over the same spectral range [65]. On the other hand, the
refractive index of the medium is typically assumed to be
that of water reported by Hale and Querry [64]. This
section describes the simulation and modeling tools
developed to design, scale-up, optimize, and compare
the various photobioreactor designs. These tools relate
local spectral light intensity I, (in W/m? pm sr) or spec-
tral fluence rate G, (in W/m? pm) with microorganism
growth and lipid or H, production. The reader is referred
to Refs. [65-67] for a review of the different photobior-
eactor designs, operation, and associated challenges.

3.1. Radiation transfer through microorganisms suspensions

Solar radiation intensity I,(z,5) (in W/m? pm sr) at a
given location 7 in the direction § in photobioreactors or
open ponds containing an absorbing, scattering, and non-
emitting microorganisms in suspensions along with bub-
bles is composed of a collimated and a diffuse component,
denoted by I.,(7,5) and I ,(7,9), respectively, and can be
written as [68],

L(F,8) =1 ;(7,8) +14 ,(F.5) (2

The intensity I; can be determined by solving the radia-
tive transfer equation (RTE) which is an energy balance on
the radiative energy traveling along a particular direction
S. The steady-state RTE for the collimated intensity can be
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written as [68]
S- v’c,i(f"g) = _ﬁejf,)ylc./l(fvg) 3

where .5, is the effective extinction coefficient
expressed as

Befr.n = Keff.0+ Oeff.s 4)

Here, k.5, and o, are the effective absorption and
scattering coefficients (in m~') of the photobioreactor
content.

Moreover, the steady-state RTE for the diffuse inten-
sity Iy ;(f,8) can be written as [68]

§- Vg, =—Kepy )10, (F,8)—0 e, 114.1(F,9)

Gefr s [ . o
* % / L4, (F\8) Pefy,(5:,5) A2,
4n
Ooff ) o o
+%/ Ie 1(F,51) Degy, 1(51,5) A2 )
4n

where @ ;(5;,9) is the effective scattering phase function.
It represents the probability that radiation traveling in the
solid angle dQ; around the direction $; will be scattered
into the solid angle dQ around the direction $. The first
integral term in Eq. (5) accounts for the in-scattered
diffuse radiation whereas the second term corresponds
to the in-scattered collimated radiation.

The effective absorption coefficient g, accounts for
the absorption by the liquid phase and by the micro-
organisms at wavelength A. It can be written in terms of
the bubble volume fraction fz and of the microorganism
concentration N expressed in number of cells per m? of
suspension

Keff, = Ki,,(1—fz—NvN) +Agps )N (6)

where vy is the volume occupied by a single microorgan-
ism. The term Nvy represents the total volume fraction of
photobioreactor occupied by microorganisms. The
absorption coefficient of the liquid phase x; ; is expressed
in m~', and the mass absorption cross-section of a
microorganism Ag,; is expressed in m? The product
K., =Aqps, ;N corresponds the absorption coefficient (in
m~!) of the microorganism suspension without bubble.
Note that the microorganisms concentration X (expressed
in kg dry cell weight per m?® of liquid medium, or simply
in kg/m3) can also be used; then Ags and Ss, are
expressed in m?/kg [62].

Similarly, assuming independent scattering and mono-
disperse bubbles of radius a, the effective scattering
coefficient of the composite medium o, can be
expressed as the sum of the scattering coefficients of the
microorganisms oy ; and of the bubbles o5 ; as [69],

A.
Oeff,), = ON,;+08,; = Ssca N+ Z’ Qsca3(a,2) ™)

where S, ; is the mass scattering cross-section of a
microorganism expressed in m? and Qsca,(a,/) is the
scattering efficiency factor of a bubble of radius a at
wavelength A obtained from Mie theory [70]. The inter-
facial area concentration A; is defined as the total surface
area of monodisperse bubbles per unit volume and
expressed as A; =3fg/a. A similar approach can be used
to model (i) mixed cultures, (ii) scattering by beads in

packed bed photobioreactors, and/or (iii) polydisperse
bubbles [68], for example. Note that, in the ocean optics
literature, the variables x,, o;, f,, and &, are often
denoted by a,, b;, c;, and f,, respectively [71-73]. Here,
the nomenclature commonly used in the radiative heat
transfer community is employed [68].

The effective scattering phase function of the suspen-
sion containing microorganisms and bubbles @ ; can be
defined as [74]

on,, PN, (51,8)+ 05, Dg (51,5)
ON,,.+ 08,

®)

Dofr 1(51,5) =

where @y ;(5;,5) and @p,(5;,5) are the scattering phase
functions of the microorganisms and the bubbles, respec-
tively. The effective scattering phase function is normal-
ized such that,

1 r a A
Eﬁn‘pefm(si,s) de; =1 9)

The Henyey-Greenstein phase function is often used
as an approximate phase function for its simplicity and its
ability to capture a wide range a scattering behavior from
strongly backward to strongly forward. It is given by [68]

1-g?
[1+g2-2g; cos O]

D, ,(O) = (10

372

where O is the scattering angle between §; and § while g;
is the so-called Henyey-Greenstein asymmetry factor
defined as the mean cosine of the scattering phase
function defined as [68]

g, = 41?[1 ®,(@)cos © dQ 1)
/[

For strongly forward scattering observed in microalgal
suspensions, g; approaches unity while it is equal to zero
for isotropic scattering.

Finally, the RTE given by Equations (3) and (5) indi-
cates that the absorption and scattering coefficients of
microalgae together with the scattering phase function
are major parameters needed to solve the radiation
transfer equation and predict light transfer in photobior-
eactors or ponds for simulation, design and optimization
purposes. However, these characteristics are strongly
dependent on wavelength and difficult to predict from
electromagnetic wave theory given the complex morphol-
ogy of the microorganisms and their various chromo-
phores [75]. Instead, they can be directly measured
experimentally as discussed in Section 4.

3.2. Solutions of the RTE in photobioreactors

3.2.1. Beer-Lambert’s law

Beer-Lambert’s law provides the solution of the one-
dimensional steady-state RTE accounting for both absorp-
tion and out-scattering but ignoring in-scattering. It
physically corresponds to cases when photons experience
at most one scattering event as they travel through the
reactor, i.e., single scattering prevails. It gives the local
spectral fluence rate G,(z) within the photobioreactor
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defined as
47 .
G,(0= A [;(z,5) dQ = G in eXp(—Pegy.,2) (12)

where G, ;, is the spectral irradiance incident on the
photobioreactor, z is the distance from the front surface.
Beer-Lambert’s law has been used extensively to predict
the local fluence rate within photobioreactors [76,77].
However, this method ignores in-scattering and can lead
to unacceptable errors in predicting fluence rate profile in
photobioreactors of thickness L containing an optically
thick suspension such that S, ,L> 1 and multiple scat-
tering prevails.

3.2.2. Two-flux approximation
Cornet et al. [35-37] solved the radiative transfer
equation (RTE) using the Schuster-Schwarzschild two-
flux approximation to model light transfer in filamentous
cyanobacterium Spirulina platensis cultures. This approach
consists of solving two coupled ordinary differential
equations obtained by integrating the one-dimensional
RTE over two complementary hemispheres. It can account
for in-scattering terms as well as anisotropic scattering
[68]. It can also provide an analytical solution for G,(2),
albeit more complex than Beer-Lambert’s law [75,78,79].
For example, Pottier et al. [75] derived an expression for
the local fluence rate G,(z) (in W/m?) in a one-dimen-
sional flat plate photobioreactor, with a transparent front
window and a diffusely reflecting back side of reflectance
p, exposed to solar irradiance G, incident onto the
photobioreactor with an angle 0. with respect to the

normal direction as
G,.(2)
in,A
[p,(1+0;)e % —(1—o)e—* e +[(1 +01,)e%t —p, (1 - )e’ e
(1402 el —(1—a;)’e=9L—p,(1—02)edl +p,(1—03)e~9iL

=2 sec 0

(13)
where o; and §, are expressed as [75]
Aabs Y
o) =4|——==— and
g Aabs,). + Zb/lssca,/l
5/1 =N sec 96 \/Aabs,/l(Aabs,i +2b).ssca,/1) (14)

Here, b, is the backward scattering fraction defined as
Y
b, =L / @,(0)sin 0 do (15)
2 /2

Note that for outdoor photobioreactors, the incident
irradiance on the reactor surface can be expressed as
Gin =G, s cos . where G, is the direct solar hemisphe-
rical irradiance shown in Fig. 1. Pottier et al. [75] experi-
mentally validated the above expression for the local
fluence rate G, (z) by measuring in-situ the local irradiance
in a torus photobioreactor containing a suspension of
C. reinhardtii using a spherical quantum sensors.

3.2.3. Discrete ordinate methods

Most of the above-mentioned studies did not account
for the spectral dependency of the radiation characteris-
tics and/or for the presence of bubbles often used in

actual photobioreactors. More recently, Berberoglu et al.
[69] simulated light transfer in a bubble sparged photo-
bioreactor accounting for absorption and anisotropic
scattering by both bubbles and filamentous cyanobacter-
ium A. variabilis. One-dimensional light transfer modeling
was performed by solving the RTE using the discrete
ordinate method (DOM) on a spectral basis. Spectral
variations of radiation characteristics over the spectral
range from 400 to 700 nm were accounted for using the
box model [69]. Genetically engineered microorganisms
with reduced pigment content were also considered. The
authors established that: (i) Beer-Lambert’s law cannot be
applied to predict the fluence rate inside the photobior-
eactor, i.e., multiple scattering must be accounted for, (ii)
isotropic scattering can be assumed for wild strain micro-
organisms for all practical purposes in the absence of
bubbles in the photobioreactor, (iii) anisotropic scattering
by the bubbles must be taken into account for all micro-
organism concentrations and particularly as the interfa-
cial area concentration increases due to large gas volume
fraction and/or smaller bubble radius, (iv) for microorgan-
isms with reduced pigment concentrations, anisotropic
scattering dominates over absorption (see Section 5.1)
and should be considered in computing the local
fluence rate.

Fig. 7 shows the local fluence rate in a planar photo-
bioreactor with a transparent front window and a black
back wall (p=0) containing filamentous microorganisms
with concentration X and monodisperse spherical bubbles
with interfacial area concentration A;. The fluence rate
was predicted by: (i) Beer-Lambert’s law and using DOM
method assuming (ii) isotropic scattering (g; = 0.0), and
(iii) approximate anisotropic scattering based on the
Henyey-Greenstein asymmetry factor g, predicted from
the Mie theory. Four different cases were considered with
low and high microorganism concentrations X equal to
0.035 and 0.35 kg/m> and bubble interfacial area concen-
tration A; equal to 0 and 1500 m?/m? corresponding to
different values of effective single scattering albedo
defined as e = Geff Pegr-

3.3. Coupling light transfer to microbial kinetics

3.3.1. Growth kinetics
During the growth phase, the time rate of change of
microorganism cell density N can be modeled as [80]

dN
dt
where u is the specific growth rate expressed in s~ ! and
function of the average available fluence rate denoted by
Gav- The specific growth rate has been modeled using the
Monod model taking into account light saturation and
inhibition as [65]

GC“}
— 17
H= Hmax (1<s,c+cau+cg,,/1<i,c) an

= uN (16)

where p,,,, is the maximum specific growth rate while
the coefficients K; ¢ and K;¢ are the light half-saturation
and inhibition constants, respectively. Similar models can
be formulated to account for saturation and inhibition



2648 L. Pilon et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 2639-2660

a b
< 1.2 7 < 192+
o - o
N o A;=0m! , - HG > A;=0m! « HG
~ . = - . . -~ .
x N g »-2'83158kgm - |sotropic Scattering x 1.0 X =0.35 kgm . Isotropic Scattering
Q - o -+ Beer-Lambert Q A ®p5=0.18
o - (G L ” -« Beer-Lambert
© r ] L
o i x i
g 067 g o067
c C c C
o N o C
3 C 2 C
L 047 “ 047
° C 5 C
o r @ L
N r N r
© I © L
g 0.2 ' g 021
o L ] L
=z L =z L
0-0 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 | 0-0 I I I I : I I I I : I I I I : I 1
0.00 0.02 0.04 0.06 0.08 0.10 0.000 0.005 0.010 0.015 0.020
Distance from the llluminated Surface, z (m) Distance from the llluminated Surface, z (m)
C d
1.8 16T
S £ F
o _ -1 o r
< A:=1,500 m < T _ -1
D 1.6 Xz: 0.035 hgn HG D 14 3 Ai, l,SO(I)Cm | «HG
£ 14 @.=0.97 - Isotropic Scattering & 1 X=0.35 kgm ——Isotropic Scattering
N eff a 1.2¢ o= 0.78
o - Beer-Lambert Q) - -« Beer-Lambert
g g 104
© ©
14 14
3 g 0.8+
< [=
o o i
= 2 0.6
('8 w L
e S q
§ 04
5 E i
£ E 0271
o [S) L
=z =z C
0 K : m— Kx K K G —T—) 0.0 : S
0.00 0.02 0.04 0.06 0.08 0.10 0.000 0.005 0.010 0.015 0.020
Distance from the llluminated Surface, z (m) Distance from the llluminated Surface, z (m)

Fig. 7. Normalized local fluence rate over the PAR as a function of the distance from the illuminated surface for different phase functions (isotropic,
Henyey-Greenstein (HG)) and values of bubble interfacial area concentrations A; and microorganism concentrations X (a) A;=0 m~' and X=0.035 kg dry
cell/m3, (b) A;=0 m~! and X=0.35 kg dry cell/m>, (c) A;=1,500 m~! and X=0.035 kg dry cell/m® and (d) A;=1500 m~! and X=0.35 kg dry cell/m? (after
Berberglu et al. [69]).

due to limited or excessive carbon dioxide concentrations illustrated in Fig. 8. Region 1 features increasing growth
or excessive microorganism concentrations, for example. rate with increasing fluence rate as light limitation is
The average available fluence rate G, can be estimated by overcome. By contrast, in region 2, the growth rate is
averaging the local fluence rate over the depth of the constant and independent of light. Finally, region 3
culture L as corresponds to light inhibition when the growth rate
1 /L 1 /L decreases as fluence rate increases. These three regions
Gay = I / Gpar(2) dz = I / ( G;(2) dl) dz (18) depend strongly on the species and external factors such
0 0 \JPAR as temperature, CO, concentration, and nutrients. It is
where G;(z) is estimated by: (i) solving the RTE, (ii) using important to note that from the perspective of light to
approximate solutions such as Beer-Lambert’s law biomass energy efficiency, operating at the intersection of
[Eq. (12)] or two flux approximation [Eq. (13)], or (iii) regions 1 and 2 is optimal.
averaging the light energy received by microorganisms as Moreover, photosynthetic organisms were experimen-
predicted by hydrodynamics simulations. Integration over tally found to be more prone to light inhibition at lower
wavelength is performed over the PAR between 400 and temperatures [81,82]. For example, Sorokin and Krauss
700 nm to give the local PAR-averaged fluence rate [82] found that the saturation fluence rate K¢ for Chlor-
denoted by Gpagr(2). ella pyrenoidosa was 5328 lux at 25°C while it was
Typical variation of growth rate with respect to 15,069 lux at 39 °C. Similarly, the authors showed that

incident light intensity has three distinct regions as the fluence rate in Region 3 at which the growth rate
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Fig. 8. Typical specific growth rate u as a function of average available
fluence rate in the PAR given by Eq. (17).

declined to half of its maximum value was 37,674 and
91,493 lux for the same temperatures. They also tested
several other species of algae and found these to be
typical values. Note that direct sunlight can reach inten-
sities up to 110,000 lux [9,68].

3.3.2. Photobiological fuel evolution kinetics
The specific biofuel production rate 7 can been mod-
eled with a Michaelis-Menten type equation given by
[80]
GGV
Ks,prod + Gav + G%v / Ki.prod

U= Tlmax 19)
where 7, is the maximum specific production rate
expressed in kg of product/kg dry cell/h. The parameters
K prog and K; proq account for the saturation and the inhibi-
tion of fuel production due to excessive irradiation or
limited light fluence rate, respectively. However, due to
the complexity of biofuel production and its high sensitivity
to physical and chemical factors and to the cell age, the
success of obtaining a consistent set of model parameters
for Eq. (19) has been challenging. Berberoglu and Pilon [83]
used this methodology to model the hydrogen production of
green algae and purple non-sulfur bacteria based on the
experimental data reported by Nogi et al. [84].

3.4. Performance assessment

3.4.1. Incident light

Incident light irradiance G;, is often reported (1) in
total luminous flux expressed in lux (1 lux=1 cd sr/m?),
(2) in photon flux expressed in pmol/m?/s, or (3) in
energy flux expressed in W/m?2. The total luminous flux,
also known as illuminance, is a photometric unit which
measures light accounting for the human eye sensitivity.
The energy emitted by the source is wavelength weighted
by the luminosity function, which describes the average
sensitivity of the human eye to light at different wave-
lengths between 400 and 700 nm. Different light sources

with different emission spectra could have the same
illuminance. On the other hand, photon flux refers to
the number of moles of photons (6.02 x 10?3 photons per
mole) incident on a unit surface area per unit time. In
studies of photosynthetic systems, the photon flux is
typically measured over the PAR with a calibrated quan-
tum sensor. However, both illuminance and the PAR-
photon flux apply only in the spectral range from 400 to
700 nm and cannot be used to quantify energy in the near
infrared (NIR) part of the spectrum. Thus, in experiments
using microorganisms that absorb in NIR, such as purple
non-sulfur bacteria [62], illumination reported in illumi-
nance or photon flux cannot be used. Ideally, the spectral
radiation flux should be reported in W/m? um and
recorded with a pyranometer having sensitivity from
about 300 to 2800 nm. Moreover, for bench top experi-
ments using artificial light, it is recommended that the
emission spectrum of the light source be also reported for
clarity and reproducibility of the experiments. It is useful
to report not only the total but also the spectral incident
irradiance. This enables unit conversion and comparison
with other studies.

3.4.2. Light to biomass energy conversion efficiency
The instantaneous light to biomass energy conversion
efficiency is defined as [85]

_ (V1p)Q0)/Mc dX

My GinAS dr (20)

where dX/dt is the time rate of change of the micro-
organism concentration, expressed in kgdry cell/m3/s.
The volume of the microorganism suspension in the
photobioreactor is denoted by V; and initially equals V.
Furthermore, Q, is the energy content of biomass per
available electron (in J/#e) and Mc is the molar mass of
carbon equal to 0.012 kg/mol. Moreover, g}, is the mass
fraction of carbon in the biomass and 7y, is the degree of
reductance of the biomass, i.e., the number of available
electrons per mol of carbon in the biomass, expressed in
#e/mol. The values of ¢, and y, depend on the elemental
composition of the biomass given as CH,0,Ng, where p, n,
and q are the average numbers of hydrogen, oxygen,
and nitrogen atoms per carbon atom in the biomass.
In addition, the degree of reductance is defined as
Yy, =4+p—2n-3q (in #e/mol). Finally, G;, is the total
irradiance incident on the photobioreactor of surface
area A,.

The photosystems I and Il each require 4 moles of
photons of wavelength equal to or smaller than 700 and
680 nm (red), respectively, to fix 1 mole of CO, [13]. The
thermodynamic efficiency of photosynthesis is defined as
the energy required to produce 1 mole of simple sugar
(hexose, CgH1,06) divided by the amount of energy from
the incident light (177 kJ/mol of photons at 680-700 nm)
[39]. In an idealized system where the photon require-
ments of the photosystems is spectrally matched with a
light source only emitting these characteristic wave-
lengths, the thermodynamic limit of photosynthesis
is about 34% [13,39]. However, based on the global
AM 1.5 terrestrial solar energy spectrum, the theoreti-
cal limit of terrestrial photosynthesis is estimated to be
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13% [13]. Note also that exposing plants and algae to only
red light is sufficient to carry out photosynthesis and
results in the same growth rates as with white light
[86-88]. This is due to red light absorption by photo-
system Il where light reactions (the first stage of
photosynthesis) start.

3.4.3. Light to biofuel energy conversion efficiency

Similarly, light to biofuel energy conversion efficiency
of photobioreactors is defined as the ratio of the energy
that would be released from the combustion of the
produced biofuel to the energy input to the system as
light and can be expressed as [90]

_ Al Rprod
nprod - Gin As

where R;0q is the rate of biofuel production in mol/s and
AT is the Gibbs free energy of the produced fuel in J/mol
at 25°C and 101.325kPa. For hydrogen production,
AI' = AI'y—RT In(P, /Py,) where AT, is the standard-state
free energy of formation of H, from the water splitting
reaction, equal to 236,337 ]J/mol at 303 K. The term
RT In(P,/Py,) is the correction factor for AI', when H,
production takes place at H, partial pressure Py, instead
of the standard pressure P, of 1 atm. Note that in report-
ing the light energy conversion efficiency, it is important
to report the spectral range over which G;, is measured.
Indeed, the efficiency computed using G;, defined over the
PAR is about 2.22 times larger than that obtained with
G;, computed over the entire solar spectrum.

21)

4. Experimental measurements of radiation
characteristics of microalgae

In order to simulate light transfer in photobioreactors
and use any of the above-mentioned light transfer models,
the spectral radiative characteristics, namely, xy ;, oOn.,
and @y ;(5;,5) of the microorganisms are required. They
can be determined either through experimental measure-
ments [62,63] or theoretically by using Mie theory [75].
Theoretical predictions often assume that the scatterers
have relatively simple shape (e.g., spherical) and ignore
their heterogeneous nature by assuming that the complex
index of refraction is uniform. Pottier et al. [75] acknowl-
edged that for complex microorganisms shapes (e.g.,
cylinders and spheroids), advanced numerical tools are
required to predict radiative characteristics. Alternatively,
experimental measurements account for the actual shape
and morphology and size distribution of the microorgan-
isms. A comprehensive review of the experimental tech-
niques for measuring the radiation characteristics has
been reported by Agrawal and Mengiic [91] and need
not be repeated. The following sections summarize experi-
mental techniques specifically used to measure the radia-
tion characteristics of microorganisms.

4.1. Typical assumptions
In measuring the radiation characteristics, the following

assumptions are typically made: (1) the microorganisms are
well mixed (i.e, randomly distributed) and randomly

oriented, (2) for all measurements, the pathlength and
concentration of the samples are such that single scattering
prevails, i.e., photons undergo one scattering event at most as
they travel through the suspension, (3) the scattering phase
function has azimuthal symmetry and is only a function of
the polar angle [68]. The single scattering regime prevails if
the sample thickness t is much smaller than the photon
mean free path [, such that [92,93],

t(1-gn;) <1y (22)

where I, ; =1/fy ; and gy, is the Henyey-Greenstein asym-
metry factor.

4.2. Scattering phase function, @y ;(5;5)

The scattering phase function @y ;($;,$) of microorgan-
isms can be measured using a nephelometer [94]. A
typical nephelometer comprises a detector with a small
acceptance angle that can measure the scattered radiation
as a function of the polar and the azimuthal angles.
A recent review of different nephelometer designs
was given by Jonasz and Fournier [93]. For spherical
or randomly oriented particles, as in the case of well
mixed microorganism suspensions, the phase function
does not change as a function of the azimuthal angle [68].
Thus, most nephelometers measure @y, as a function
of the polar angle ® only. Moreover, the scattering
phase function for large particles does not vary signifi-
cantly with wavelength at scattering angles less than
15° [71]. Since most of the scattered light is in the
forward direction, phase function measurements taken
at 632.8 nm can be used as a first order approximation
for modeling light transfer in photobioreactors over
the PAR.

Fig. 9 shows the schematic of the experimental setup
assembled by Berberoglu and Pilon [62,63] and inspired
from that assembled by Incropera and co-workers [95,96].
In brief, a He-Ne laser provided a continuous monochro-
matic laser beam at 632.8 nm. It was modulated by a
beam chopper and collimated with a set of collimating
lenses and a pinhole. The collimated beam entered a
custom-made sample holder dish containing the micro-
organism suspension through a transparent glass window
as shown in Fig. 9a. The dish was made of aluminum and
painted with Krylon ultra flat black spray paint. The sides
of the dish were banked at 45° to minimize reflections
within the container. The microalgae were kept in suspen-
sion with the aid of a black magnetic stirring bar and a
magnetic stirrer. The scattered light was collected with a
custom-made fiber-optic probe consisting of (i) a minia-
turized Gershun tube with a small acceptance angle and
(ii) a solarization resistant UV-IR fiber-optic cable. Fig. 9c
shows the geometry and the dimensions of the Gershun
tube. The probe was mounted on a computer-controlled
motorized rotary stage. Due to finite beam diameter, the
fiber-optic probe blocks the incident beam at scattering
angles greater than 160°. Therefore, data could only be
obtained for scattering angles up to 160°. The scattered
light intensity at scattering angle © denoted by I,(®) was
measured by a photomultiplier tube (PMT) and amplified
with a lock-in amplifier. The PMT was powered with a
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Fig. 9. Schematic of (a) the nephelometer used to measure the scattering phase function at 632.8 nm, (b) the miniaturized Gershun tube (drawings not to
scale). Coordinate system used in recovering the scattering phase function from the measured intensity distribution [123].

variable high voltage power supply. The latter enables the
sensitivity of the PMT to be varied so that the input to the
lock-in amplifier was within its detection range. Synchro-
nization of the lock-in amplifier together with the beam
chopper enables the detection of noisy signals otherwise
difficult to detect.

The scattering phase function can be recovered using
the analysis suggested by Daniel and Incropera [95,96],

20,(O)U(O)]!
[T 1L(0)U,(O)] " sin O dO

Py (O) = (23)
The term U,(®) is a geometrical correction term defined
as [95,96]

w/sin @ w
U, (0)= /0 [1 +BW§ cot @—f ;L cos @]

w

x [] —Pn.: (r— 2'sin @)]

w

“[1-prui(gnot)] dt 24)
where w is the beam diameter in m, r is the radius of
rotation of the fiber-optic probe and L is the coordinate
direction along the line of sight of the detector, marking
the length of the scattering volume as shown in Fig. 9b.
The pathlength of the radiation reaching the detector
is denoted by P=w/2sin @ +r [96]. At all angles, the

value of fy ;P should be less than 0.1 to ensure single
scattering [96].

4.3. Absorption coefficient, Ky

A large body of literature exists on measuring the
absorption coefficient xy ; both in the field (in situ) and in
the laboratory. In situ measurements usually deal with
extremely low concentration of microorganisms and are
designed to overcome this difficulty by increasing the path
length of the sample. Some of these methods include:

e Reflecting tube absorption meter. This technique uses
a tube with reflective walls as the sample holder
[97,98]. The tube is illuminated with collimated
monochromatic light at one end. As the light propa-
gates through the sample it gets absorbed and scat-
tered. The scattered light is reflected from walls and
detected at the other end together with the trans-
mitted light. The optical pathlength of the detected
scattered light is larger than that of the transmitted
light resulting in over estimation of the absorption
coefficient.

e [sotropic point source techniques. This technique relies
on the principle that irradiance from an isotropic point
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source decays proportional to exp(—xy ;R)/R?, where R
is the radial distance from the source [99]. Thus, the
absorption coefficient can be obtained by measuring
the irradiance at different radial distances from the
source. This method is valid for single scattering
regime and enables the measurement of small absorp-
tion coefficients of natural waters.

Furthermore, some of the laboratory techniques for mea-
suring the absorption coefficient include:

e Integrating cavity absorption meter. This technique uses
a special sample holder known as the integrating
cavity made of two concentric cavities separated by a
diffuse translucent wall [100]. The sample is contained
in the innermost cavity and is illuminated homoge-
neously from all directions with monochromatic light
delivered by a set of fiber-optics. The attenuated light
is detected by two sets of fiber-optics at two different
radial locations with respect to the sample. The device
is calibrated with Irgalan Black and Alcian Blue solu-
tions of known absorption characteristics taking into
account the geometry of the device. This device is
regarded as one of the most accurate methods for
measuring the absorption coefficient [93].

e Photoacoustic technique. In this technique, the sample
is irradiated with a beam of light chopped at some
arbitrary frequency [68]. The absorbed light is dissi-
pated as heat causing periodic changes in sample
temperature. These temperature changes give rise to
pressure oscillations which can be detected by a
microphone and correlated to the absorption coeffi-
cient of the particles [101].

e Integrating sphere technique. This method relies on the
fact that microorganism suspensions scatter light
strongly in the forward direction [69,96]. Thus, a
significant portion of the scattered radiation is col-
lected by the integrating sphere which has a large
acceptance angle. Thus, the attenuation in the trans-
mitted radiation is attributed solely to the effect of
absorption. However, absorption coefficient obtained
with this method suffers from scattering errors
[72,102,103]. Several correction methods have been

integrating sphere

/

monochromatic
incident beam

transmitted detector

signal 1 i

a

incident beam

suggested by Davies-Colley [72], Merzlyak and Naqvi
[104], and Stramski and Piskozub [103].

The integrating sphere technique is relatively easy to
implement and is convenient for various microorganisms.
Fig. 10a illustrates the experimental setup for determining
the absorption coefficient xy , of microorganisms suspen-
sions from hemispherical transmittance of a suspension
with cell density N denoted by T}, ; y [96]. The microorgan-
ism suspension should be continuously flown through a
flow cell to keep them randomly distributed and oriented
and to avoid sedimentation. Under single scattering condi-
tions, the apparent absorption coefficient y,, , is related to
the hemispherical transmittance Ty ; x by [72],

1 ThN
Xh'/l T ? In (Th,i,ref) (25)

where Ty ; s is the normal-hemispherical transmittance of
the reference solution alone (e.g., PBS). Due to the geometry
of the experimental setup all the scattered radiation cannot
be captured and measured by the integrating sphere. Thus,
Zn, overestimates the actual absorption coefficient ky ;
which can be retrieved as [72]

KN, = Xn;—(1—€p)ON,; (26)

where ¢, is the fraction of scattered light detected by the
integrating sphere. Ideally, ¢, is equal to unity when all light
scattered in all directions is collected and detected by the
integrating sphere. In order to correct for the scattering
errors, Davies-Colley [72] assumed that the microorganisms
do not absorb radiation at wavelength /, (e.g., 4, =750 nm
for A. variabilis and 1, =900 nm for R. sphaeroides [62]). At
this wavelength, the apparent absorption coefficient is equal
to the scattering error given as

Ahi, =A—=ER)ON, ;, (27)
Combining Eqgs. (26) and (27) yields,

ON,).
KN, = Xna—Xh N
10

ON,; _ Xi—Xnho (28)
ON2e  Xio—Xhio

g
=3
0]
o
(']

Finally, to confirm that scattering is strongly forward,
the hemispherical reflectance of the samples should be
measured with an integrating sphere to evaluate the

transmitted beam

1 1
0,/ iy Y
) " - detector
20,
sample | )
Tt aperture

Fig. 10. Setup for determining (a) absorption coefficient xy ; from normal-hemispherical spectral transmittance and (b) the extinction coefficient By ;

from normal-normal spectral transmittance.
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contribution of backscattering to the overall attenuation
of light by the microorganisms. If the hemispherical
reflectance is only a few percent, then back-scattering
can indeed be neglected in recovering the absorption
coefficient xy ; using Eq. (25).

4.4. Extinction coefficient, fn,;

The extinction coefficient 8y ; can be measured from
normal-normal transmittance measurements of dilute sus-
pensions [68]. The most common technique uses a spectro-
meter where a collimated monochromatic beam is incident
on a cuvette containing the suspension as illustrated in
Fig. 10b. The transmitted light is focused onto a pinhole in
front of the detector to eliminate the scattered light in
directions other than the normal direction [94]. Here also,
the microorganisms are continuously flown through a flow
cell. In order to account for reflection and refraction by the
cuvette, measurements are made with respect to the
transmission spectrum of the reference medium alone in
the cuvette denoted by T, ; rs. Microorganism suspensions
are known to scatter light strongly in the forward direction
[69,96]. Therefore, care has to be taken to ensure that
forward scattered radiation in directions other than the
incident direction is eliminated in the measurement of the
normal-normal transmittance T,y [68]. In fact, due to
typical strongly forward scattering combined with large
detector acceptance angle, the spectrometer measured an
apparent extinction coefficient y, given as [72,102],

1 Th.)
0 =—~ In( 2N ) 29
L t (Tn,/l,ref ( )

The apparent extinction coefficient is related to the absorp-
tion and extinction coefficients by [102,72],

%y =KNi+ON,.—EnON,) (30)

where ¢, represents the portion of the light scattered in the
forward direction and detected by the spectrometer in
directions other than the normal direction due to the finite
size of the acceptance angle. It is defined as [105,91],

Oq
o = % /0 By ,(6) sin O dO 31)

where @, is the half acceptance angle of the detector. Using

Eq. (30), the extinction coefficient can be determined as

Xo—EnKnN,
1—¢,

Bohren and Huffman [94] indicated that for reliable
measurement of the extinction coefficient of highly for-
ward scattering samples, the half acceptance angle of the
detector ©, has to satisfy ©, < 1/2x, where x; is the size
parameter defined as x, = 2man; /1. Here, a is the scatter-
ing particle radius, n; is the refractive index of the
non-absorbing and non-scattering medium in which the
particles are submerged.

Alternatively, Privoznik et al. [96] measured the
extinction coefficient of unicellular green algae C. pyre-
noidosa using a nephelometer described in Section 4.2.
Here, the fiber-optic probe submerged in the microorgan-
ism suspension thus, eliminating possible reflection and
refraction by the container walls. Then, the radiation flux

Bn,=Kn,+ON) = (32)

F)(z) in the forward direction (® =0°), expressed in
Wm ™2, at two different locations z; and z, along the path
of a divergent incident beam are measured (see Fig. 9).
The extinction coefficient can be evaluated as [96]

_In|F;(z2)/F;(z1)| +1In|z} /23|
N 21—2»

P,

where z is the distance between the detector and the virtual
image of the last lens in the optical setup shown in Fig. 9b.
Note that the second term in the numerator accounts for the
divergence of the incident beam. Finally, the scattering
coefficient can be computed as oy ; = fiy ; —Kn, ;-

(33)

4.5. Validation

The experimental setups and analysis for measuring
Py ;(51,8), Ky, and Py, should be validated with mono-
disperse microspheres (e.g., SiO, or polystyrene Latex) of
known diameter and randomly oriented fibers long
enough to be treated as infinitely long. Experimental
results can then be compared with those predicted from
Mie theory for spheres [94] and for infinitely long and
randomly oriented cylinders [106].

4.6. Example: radiation characteristics of C. littorale

For illustration purposes, Fig. 11a-c shows the spectral
absorption Ag;, extinction E.y,, and scattering S ;
cross-sections of C. littorale measured at three different
concentrations N, namely 3.2624 x 10'!, 3.6708 x 10'!,
and 4.8106 x 10'! cells/m> in the spectral region from
400 to 800 nm [107]. First, it establishes that (i) the
cross-sections Agps ;, Eex;, and Sy, are independent of
concentration N and (ii) scattering dominates over
absorption at all wavelengths between 400 and 800 nm.
In addition, the absorption peaks observed at 435 and
676 nm correspond to the absorption peaks of in vivo
chlorophyll a [39]. In addition, in vivo chlorophyll b has
absorption peaks at 475 and 650 nm [39] (Fig. 6). Thus,
the absorption peak at 475 nm and the peak broadening
around 650 nm observed in Fig. 11a can be attributed to the
presence of chlorophyll b. Finally, Fig. 11d shows the
scattering phase function of C. littorale measured with a
nephelometer at 632.8 nm along with the Henyey-
Greenstein scattering phase function gy, =0.97. It is evi-
dent that this microorganism is strongly forward scattering.

Moreover, Berberoglu and co-workers [62,63] experi-
mentally measured the radiation characteristics of several
H, producing microorganisms namely (a) purple non-
sulfur bacteria R. sphaeroides [62], (b) cyanobacteria A.
variabilis [62], and (c) green algae C. reinhardtii strain
CC125 and its truncated chlorophyll antenna transfor-
mants tlal, tlaX, and tlal-CW™ [63], as well as (iii) the
lipid producing microalgae B. brauni and C. sp. [107]. It
was established that R. sphaeroides absorbs mainly in two
distinct spectral regions from 300 to 600 nm and from
750 to 900 nm. The major absorption peaks can be
observed around 370, 480, 790, and 850 nm and can be
attributed to the presence of bacteriophyll b and carte-
noids in the antenna complexes B850 and the reaction
center complex [38,108]. Moreover, A. variabilis and the



— N =4.8106x10"" #/m?3 ]
—o—N=3.6708x10"" #/m3_3
—a—N = 3.2624x10"" #/m?3

Agps = /N

Absorption cross-section, A, ; (m?)

0 i &
400 500 600 700
Wavelength, A (nm)
Cc
x 10710
""""" LI B AL B
1.8 ——N =4.8106x10"" #/m3 3
16 —6—N =3.6708x10"" #/m?® 3

&
E
<
g
» 1.4 3
c ]
o 1.2 3
9 ]
o 14 3
2 08 ]
o 08 F ;
B N Ssca,hzcklN ]
o 0.6 F -
£ [ ]
804 L 3
‘g’ : ]
S02F .
0 Lo oo v o by oo w0 by 0w oo o by vy 0
400 500 600 700

Wavelength, . (nm)

—2—N = 3.2624x10"" #/m?3

800

(on

Scattering Phase Function, ®

Extinction cross-section, Ey, (m?)

L. Pilon et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 2639-2660

x 10710

""""" LI B B
18 ——N =4.8106x10"" #/m?3
' —o—N = 3.6708x10"" #/m?3
1.6 —&—N = 3.2624x10"" #/m3

-
~

08 [
Eext,h = BL/N

© o <
[T CREN N )
—_—

400 500 600 700 800
Wavelength, A (nm)

104;"'I"'I"'I"'I"'I"'I"'I"'I"'

E + Experimental Data
10° | —HG
1025
10"
100 |
107 |

102 |

vl v d @y v vl vl vl

103

0 20 40 60 80 100 120 140

Scattering Angle, © (degrees)

160 180

Fig. 11. The (a) absorption Ags ;, (b) extinction Ey ;, (c) scattering Sy, cross-sections over the spectral range from 400 to 800 nm for three different
microorganism concentrations and (d) scattering phase function at 632.8 nm of C. littorale [107].

wild strain C. reinhardtii CC125 absorb mainly in the
spectral region from 300 to 700 nm with absorption peaks
at 435 and 676 nm corresponding to in vivo absorption
peaks of chlorophyll a. A. variabilis also absorbs at 621 nm
corresponding to absorption by the pigment phycocyanin
[38] while C. reinhardtii has additional absorption peaks at
475 and 650 nm corresponding to absorption by chlor-
ophyll b. The data collected in the above studies are
available in digital form online [109] or directly from
the corresponding author upon request.

5. Strategies to overcome light transfer limitations

Several strategies are being pursued to increase the
efficiency of photobiological lipid or hydrogen production.
First, with the advent of genetic engineering, microorgan-
isms can be engineered to have the desired pigment

concentrations. Second, processes and photobioreactors
can be designed to increase efficiency by achieving opti-
mum light delivery and maximizing sunlight utilization.
5.1. Truncating the light harvesting antenna
Microorganisms that are found in nature are not
always subjected to optimum illumination. Therefore, as
a survival mechanism they have adapted to produce
relatively large amounts of pigments. This maximizes
the probability of capturing and utilizing photons at low
light intensities. However, when these microorganisms
are mass cultured in photobioreactors, they absorb more
photons than they can utilize and waste the light energy
as heat and fluorescence [33]. The emitted fluorescent
light can be absorbed by the suspension. However, the
fluorescence quantum yield, defined as the ratio of the
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number of photons emitted by fluorescence to the num-
ber of photons absorbed, is typically a few percent [110].
In addition, light does not penetrate deep into the photo-
bioreactor. Thus, the quantum efficiency of photobiologi-
cal fuel production decreases. Moreover, high intensities
can catalyze formation of harmful oxides that can damage
the photosynthetic apparatus, a process known as photo-
oxidation [39]. Therefore, it is desirable to decrease the
chlorophyll antenna size down to the size of the core
antenna [111].

Melis et al. [33,112] physiologically reduced the pig-
ment content of the green algae Dunaliella salina from 1 x
10° chlorophyll molecules per cell (Chl/cell) to
0.15 x 10° Chl/cell. More recently, Polle et al. [111]
genetically engineered the green algae C. reinhardtii with
truncated light harvesting chlorophyll antenna size. The
authors reported that the microorganisms with less pig-
ments had higher quantum yield, photosynthesis rate,
and saturation fluence rate [111].

Fig. 12 shows the in vivo differential interference
contrast (DIC) and chlorophyll fluorescence micrographs
of green algae C. reinhardtii CC125 and its truncated
chlorophyll antenna transformants tlal, tlaX, and tlal-
CW™ [63]. It was obtained with a confocal scanning laser
microscope in the transmission and epi-fluorescence
mode simultaneously at excitation wavelength of
543 nm and fluorescence emission above 560 nm [63].
The figure illustrates the size and shape of each strain as
well as the location of the chlorophyll pigments which
fluoresce in red [40]. The strong red fluorescence observed
in the wild strain CC125 qualitatively shows that it has
the highest concentration of chlorophyll while tlaX has
the lowest.

Fig. 13 shows the absorption and scattering cross-
sections of wild and genetically engineered strains of
C. reinhardtii between 350 and 750 nm [63]. It is evident
that genetically engineered strains have significantly

(@) (b)

smaller absorption cross-sections than the wild strain. This
is particularly true of the mutant tlaX due to their smaller
chlorophyll b content. For all mutants, however, the
reduction in the absorption cross-section is accompanied
by an increase in scattering cross-section [63]. Although
scattering becomes the dominant phenomenon contribut-
ing to the overall extinction of light, it is mainly in the
forward direction so light penetrates within the reactor.

5.2. Process optimization

Several processes have been considered to further
develop photobiological fuel production technologies
including controlled and optimum light delivery and mixed
or symbiotic cultures of different types of microorganisms.

5.2.1. Advanced light delivery system

The saturation fluence rate of photosynthetic appara-
tus is on the order of 5000-6000 lux [113]. This corre-
sponds to about one tenth of the total solar irradiance
where the rest of the energy is wasted as heat and
fluorescence. Thus, light can be delivered to 10 times
larger surface area using solar collectors and lightguides
to enhance the solar energy utilization efficiency. To do
so, cost effective light delivery technologies need to be
developed and integrated into the design of future
photobioreactors.

The simplest solution is to divide the incident solar
radiation and deliver it on two sides of a flat panel PBR
instead of on a single side. In fact, Rodolfi et al. [114]
reported that two-side illumination resulted in greater
lipid productions and efficiency than one-side illumina-
tion with twice the incident irradiance to ensure that the
same amount of energy was delivered.

Moreover, system engineers are designing novel photo-
bioreactors that collect and deliver sunlight in a controlled

©) d

Fig. 12. (top) Photograph of flasks containing suspensions of the same concentration of C. reinhardtii (a) CC125, (b) tlal, (c) tlaX, and tlal-CW™* and
(bottom). Differential interference contrast and fluorescence micrographs of these green algae [63]. The scale bars correspond to 10 pm.
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Fig. 13. Absorption and scattering cross-sections of the green algae C. reinhardtii CC 125 and its truncated chlorophyll antenna transformants tlal, tlaX,

and tla1-CW [63].

manner within the photobioreactor [16,17,115-118]. These
systems usually involve a heliostat composed of either
fresnel lenses [17] or reflective dishes [115,116] that con-
centrate the solar radiation to be distributed via fiber optics
or lightguides. The lightguides are made of glass or acrylic
and can deliver sunlight deep into the photobioreactors by
total internal reflection. At desired locations, the lightguides
have rough surfaces and light “leaks” out providing the
desired irradiance. For example, Fig. 14 shows a light
delivery apparatus immersed in water featuring alterna-
tively smooth and rough surfaces. Light is guided in the rod
whose refractive index (n;) is larger than that of the
surrounding liquid medium (n, < n;). The transparent rod
can be made of glass or plexiglass. As the incident light is
guided along the rod, it remains inside the rod as long as the
angle of incidence at the rod/liquid interface remains larger
than the critical angle for total internal reflection given by
0. =sin"(ny /n1). By adjusting the roughness profile the
desired light delivery can be achieved. Note that the same
principle applies to fiber optics which can also be used to
deliver light inside PBRs.

In some elaborate designs, light emitting diodes (LEDs)
are also incorporated into the lightguide delivery system
to provide artificial light to the microorganisms at night
[119]. Lightguides and fiber optics have been used to
increase the light irradiance in the center of photobior-
eactors where it is typically the lowest [118]. However,
this technology is judged too costly to be adopted at
industrial scale [30].

Alternatively, Kondo et al. [30] proposed the culture of
two types of photosynthetic bacteria namely R. sphaer-
oides RV and its reduced-pigment mutant MTP4 in two
separate but adjacent plate-type photobioreactors. MTP4
produces H, more efficiently under high irradiance while
R. sphaeroides RV is more efficient under low irradiance.
The authors showed that two plate-type photobioreactors
with MTP4 in the front reactor and R. sphaeroides RV in
the rear reactor illuminated on one side produced more

than if either species were alone in both reactors. In other
words, the front reactor acted as a absorption filter to the
second.

5.2.2. Mixed cultures

To date, majority of research efforts have concentrated
on cultivating single species of microogranisms for photo-
biological fuel production. Among these, cyanobacteria
and green algae which utilize solar energy in the spectral
range from 400 to 700 nm to produce hydrogen have been
studied extensively [120]. On the other hand, purple non-
sulphur bacteria have also been identified as potential
hydrogen producers which mainly use solar energy in the
near-infrared part of the spectrum from 700 to 900 nm
[84]. Note that only about 45% of the total solar radiation
is emitted between 400 and 700 nm and an additional
20% is emitted between 700 and 900 nm [121].

Thus, mixed cultivation of green algae and purple
bacteria has the potential to achieve higher solar to
hydrogen energy conversion efficiencies than single cul-
tures by using solar radiation in the spectral range from
400 to 900 nm where 65% of the total solar radiation is
concentrated. Such a mixed culture has been demon-
strated by Melis and Melnicki [121] where the green
algae C. reinhardtii were co-cultured with the purple
bacteria R. rubrum. The authors suggested that once the
photosynthesis to respiration (P/R) ratio of the green
algae is reduced to 1, such a co-culture could be used
for more efficient photobiological hydrogen production.
Currently, the wild strain algae have a P/R of about 4
[121]. Unfortunately, the purple bacteria also absorb light
in the visible part of the spectrum due to the presence of
bacteriochlorophyll b and carotenoids [62]. Consequently,
the two species may compete for light during both the
growth and the hydrogen production phases.

Recently, Berberoglu and Pilon [83] reported a numer-
ical study aiming to maximize the solar to hydrogen
energy conversion efficiency of a mixed culture
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Fig. 14. Principle and demonstration of lightguide 6.4 mm in diameter with alternatively rough sections separated by 2.54 cm long smooth regions for
controlled light delivered at desired depths inside a photobioreactor. (Experiments performed at UCLA by E. Wostenberg, unpublished data).

containing the green algae C. reinhardtii and the purple
non-sulfur bacteria R. sphearoides. The authors used the
radiation characteristics they had measured experimen-
tally [62,63] as input parameters for calculating the local
spectral incident radiation within a flat panel photobior-
eactor. Their results show that for monocultures, the solar
to H, energy conversion efficiency depends only on the
optical thickness of the system. The maximum solar
energy conversion efficiency of mono-cultures of C. rein-
hardtii and R. spaheroides, considering the entire solar
spectrum, was found to be 0.061 and 0.054%, respectively,
corresponding to optical thicknesses of 200 and 16,
respectively. Using mixed cultures, a total conversion
efficiency of about 0.075% could be achieved correspond-
ing to an increase of about 23% with respect to that of a
monoculture of C. reinhardtii. The choice of microorgan-
ism concentrations for maximum solar energy conversion
efficiency in mixed cultures was non-trivial and requires
careful radiation transfer analysis coupled with H, pro-
duction kinetics.

5.2.3. Symbiotic cultures

Another strategy to increase efficiency of photobioreac-
tors is to grow symbiotic cultures such as combining purple
non-sulfur bacteria and anaerobic fermentative bacteria. For
example, Miyake et al. [122] used symbiotic cultures of the
anaerobic fermentative bacteria Clostridium butyricum and
the purple non-sulfur bacteria R. sphaeroides to produce H,.
In this symbiotic culture, the anaerobic bacteria converted
sugars to H, and organic acids, whereas the purple non-
sulfur bacteria converted the organic acids produced by the
other species into H,. Overall, their symbiotic system
produced 7 mol of H, per mole of glucose.

6. Conclusion

This review presented the current state of knowledge in
radiation transfer in solar to fuel conversion as well as CO,
fixation using photosynthetic microorganisms. It provided
the reader with a basic background on photosynthesis and
photobiological lipid and H, production. Then, modeling of
radiation transfer in photobioreactors was described. Strate-
gies to overcome light limitation and optimize light delivery
were discussed. In brief, photobiological liquid fuel or H;
production is at relatively early stage of their development
and requires additional basic and applied research efforts.
However, progresses from genetic engineering to innovative
photobioreactor designs with advanced light delivery are
promising. If successful, this technology will offer a long
term solution for sustainable fuel production. It will also
alleviate concerns over energy security with the advantage
of capturing CO, responsible for global warming [3].
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