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ABSTRACT OF THE DISSERTATION

Modeling and Optimization of Light Transfer in Outdoor Microalgae Cultivation Systems

by

Jack Hoeniges
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2022

Professor Laurent G. Pilon, Chair

Value-added products derived from photosynthetic microalgae could serve as a useful renew-
able resource in the face of mounting pressures on food, energy, and water systems from
global climate change. In addition to acting as a carbon sink, microalgae are fast-growing
organisms whose rich biodiversity is reflected in their variety of potential applications, rang-
ing from cosmetics and pharmaceuticals to biofuels, food products, and animal feed. Light
transfer plays a vital role in the productivity of outdoor microalgae cultivation systems.
Indeed, in the case of optimal operating conditions such as temperature, pH, and nutrient
availability, microalgae growth depends entirely on the rate of light absorption by the cells.
However, large-scale microalgae cultivation typically takes place in outdoor raceway ponds
where light transfer can be impacted by a variety of factors. For instance, outdoor raceway
ponds may feature a transparent cover to achieve better control of the growth conditions.
However, evaporation from the culture results in condensate droplets on the underside of the
cover, potentially reducing the window transmittance and solar energy input to the culture.
Furthermore, a variety of species of interest for value-added products readily form colonies
either in the forms of aggregate-like clusters or of ordered spherical shells. Such a change
in the arrangement of the cells may impact their ability to absorb the incoming photons.

Finally, outdoor ponds are subject to low solar intensities and large angles of incidence in

1



winter, mornings, and evenings. These phenomena may result in limiting light transfer con-
ditions and low biomass productivity and remain major barriers to unlocking the potential
of microalgae as a sustainable and inexpensive source of value-added products. Therefore, a
comprehensive understanding of light transfer in microalgae cultivation systems is necessary

to optimize their performance.

This dissertation aims (1) to quantify the impact of small and large condensate droplets on
the transmittance of transparent windows and on the performance of outdoor raceway ponds,
(2) to assess the impact of colony formation on light absorption by microalgae cells, and (3) to
investigate the use of external reflecting surfaces to increase light availability in dense cultures
and increase raceway pond productivity. First, light transmittance through horizontal and
tilted windows supporting large pendant droplets was predicted for various droplet volumes,
contact angles, and window tilt angles. Compared to windows supporting small droplets,
the transmittance of windows supporting large droplets was up to 37% smaller for horizontal
windows and up to 14% larger for tilted windows. Then, light transfer through a window
supporting small, cap-shaped droplets was coupled with a growth kinetics model to elucidate
the impact of condensate droplets on the biomass productivity of an outdoor raceway pond.
Biomass productivity was predicted to decrease by up to 18% when condensate droplets
were present. Second, light transfer in aggregate-like colonies of Botryococcus braunii was
also investigated both experimentally and numerically. Good agreement was found between
the experimental and predicted absorption cross-sections. This approach was also applied
to study light absorption in larger, ordered colonies like those observed in species of the
Volvocaceae family. In both cases, mutual shading between the cells in the colonies decreases
light absorption by up to 23% compared to single cells, which may decrease the algae growth
rate. Third, the performance of a novel reflecting outdoor raceway pond design was predicted
throughout the year for two locations and several different design configurations. A single
south-facing mirror was predicted to increase biomass productivity by as much as 73% in the
winter months. Overall, the biomass productivity was found to improve throughout the year
thanks to the increased solar energy input provided by the additional sunlight reflected onto

the culture surface. This approach could extend the growing season for outdoor cultivation
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of microalgae.
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CHAPTER 1

Introduction

1.1 Motivation

The reality of an anthropogenic climate crisis is a well-established fact [1]. Burning fossil
fuels for human economic activity has driven atmospheric levels of carbon dioxide, methane,
and nitrous oxide to their highest levels in the past 800,000 years [1]. This has resulted in a
net positive radiative forcing effect causing global temperatures to rise consistently over the
last 30 years. Such global warming poses a variety of risks, including rising sea levels and
more frequent and intense droughts, floods, and heat waves [1]. These events strain existing
systems of food production and exacerbate water scarcity [1]. Furthermore, the impacts of
the climate crisis are disproportionately felt by disadvantaged populations and developing

countries [1].

Addressing the challenges posed by the climate crisis will require a multitude of in-
novations at the nexus of food, energy, and water systems. In particular, photosynthetic
microalgae have garnered interest as a fast-growing crop for human and animal feed [2], as
a source of biomass for carbon-neutral biofuels [3], and as a valuable ingredient in food sup-
plements, nutraceuticals, and cosmetics [4]. Thanks to their rapid growth and high nutrient
and protein content, microalgae cultivation uses significantly less resources than conventional
agriculture [5]. Furthermore, a variety of microalgae species can grow in brackish or wastew-
ater for simultaneous bioremediation and biomass production [6-8]. Moreover, microalgae
can metabolize carbon in the form of CO, and can therefore be used to fixate CO4 from flue

gases emitted from industrial processes and coal or natural gas power plants [9)].



Table 1.1: Various microalgae species and their corresponding products (adapted from Ref.

[12]).

Algal species Products

Arthrospira (Spirulina) platensis Biomass feedstock, protein, Vitamin B12,
Phycocyanin

Scenedesmus sp. Biomass feedstock, protein

Aphanizomenon flos-aquae Fatty acids, 3-Carotene

Dunaliella salina B-Carotene, carotenoids

Haematococcus pluvialis Carotenoids, astaxanthin

Chlorella vulgaris Biofuel production, carbohydrate

1.2 Microalgae species and value-added products

Microalgae are found in diverse forms including unicellular and multicellular organisms as
well as colonies. Thanks to their impressive biodiversity, different microalgae species can
produce a variety of useful products. Some examples are given in Table 1.1. The first com-
mercially available microalgae-based products were health-foods mainly derived from robust
and fast-growing species such as Spirulina and Chlorella [10], pictured in Figures 1.1a and
1.1b, respectively. These species remain among the most commonly cultivated microalgae
species today [11]. The carotenoid 3-carotene was the among the first high-value commercial-
ized products produced from the microalgae D. salina, sold for approximately $300-1500 per
kilogram [10]. Currently, a myriad of microalgae-based products have been made available
for industrial and commercial use. The current worldwide market for microalgae is estimated

at around $6.5 billion, 38% of which is accounted for by food supplements [12].

Colony-forming microalgae species have also been studied for use in a wide range of
biotechnological applications. Figure 1.1c shows an example of a spherical colony of Volvox
aureus. For instance, microbial proteins derived from Volvox carteri which respond to pho-
tostimulation by yellow light have been studied for potential application in optogenetics [13].

Furthermore, flocculation in non-colony forming microalgae such as Chlamydomonas rein-



Figure 1.1: Micrographs of (a) the filamentous Arthrospira platensis (Spirulina), (b) the
predominately single-cell algae Chlorella vulgaris, and the colony-forming species (b) Volvox

aureus and (c) Botryococcus braunii

hardtii can be induced by heterologous expression of a cell adhesion molecule also found in
Volvox carteri [14]. Additionally, Fudorina elegans has been studied for its potential use
in phycoremediation. Indeed, the high levels of surface mucilage present on the surface of
the colony extracellular matrix (ECM) of Fudorina elegans enable superior absorption of
heavy metals such as copper compared to single cell species such as Chlorella vulgaris [15].
Fudorina elegans has also been used as part of a biosensor featuring a consortium of microal-
gae strains immobilized on a permeable membrane for real-time monitoring of water-soluble

herbicides [16].
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Figure 1.2: A schematic depiction of microalgae cultivation, including required inputs and

various output products.

Botryococcus braunii is another colony forming microalgae that has been widely studied
for (i) its potential integration into wastewater treatment [6,7], (ii) its capacity to pro-
duce antibacterial and antioxidant extracts [17-19], and (iii) its superior ability to produce
hydrocarbons [7,20-27]. Indeed, B. braunii can achieve up to 75% of its dry weight in hy-
drocarbons, mainly located outside the cells in the colony ECM [20,22]. In particular, the
B race of B. braunii produces hydrocarbon botryococcenes of the general formula C), Hy, 10
where n ranges from 30-37 [24]. Its aggregate-like colony structure is illustrated in Figure

1.1d.

1.3 Microalgae cultivation

Figure 1.2 illustrates the basic elements required to grow microalgae for biomass and other
useful byproducts. Microalgae are mainly composed of proteins, carbohydrates, and lipids,
in various proportions, depending on the species and growth conditions [12]. As a pho-
toautotroph, microalgae require an organic carbon, typically in the form of dissolved COa,
and light as their energy source [28]. For photosynthesis to occur, the light delivered to

the microalgae must be in the photosynthetically active radiation (PAR) region, defined by
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Figure 1.3: Photosynthetic growth response of microalgae subjected to a given photosyn-

thetic irradiance Gpag. Adapted from Ref. [30].

wavelength ranging from 400 to 750 nm [28]. This light can come from artificial or natural
sources [29]. Microalgae are generally grown in liquid media containing nutrients such as N,
P, and S and other micronutrients such as Mg, Ca, Mn, Cu, and Fe [29]. The majority of

microalgae species grow best in neutral to slightly alkaline medium with pH from 7-9 [12].

Figure 1.3 illustrates the growth rate of a microalgae cell subjected to a given photosyn-
thetic irradiance, denoted by Gpag. The compensation irradiance, denoted by G., represents
the threshold where oxygen produced by photosynthesis is completely consumed by cell res-
piration and no net growth occurs [30,31]. At larger values of irradiance, the growth rate
increases with increasing irradiance up to a maximum value [30,31]. This is the so-called
“photolimited” regime. Finally, at high values of irradiance, excess light results in damage
to the light reaction centers and growth decreases with increasing light availability [31]. This

is the so-called “photoinhibited” regime.

While natural microalgae growth occurs readily in a variety of conditions, optimizing
their growth for industrial-scale cultivation poses a number of technical challenges [32]. Cul-
tivation systems must be optimized to deliver light and nutrients to the microalgae, while

also maintaining other growth conditions near their optimum, such as temperature, pH, and



dissolved Os. In addition, the costs associated with construction, operation, land use, water
use, and nutrient sourcing must be minimized [33]. In general, microalgae cultivation sys-
tems are classified as open or closed. Open systems, such as the raceway ponds depicted in
Figure 1.4a, are the most widespread method for large-scale microalgae cultivation, due to
their relatively low construction and operating costs [33]. These systems are generally shal-
low and feature paddle-driven flow to prevent sedimentation and facilitate CO5 and nutrient
mixing. However, open raceway ponds can be easily contaminated, lack effective tempera-
ture control, suffer from water loss by evaporation, and have relatively high harvesting costs,
due to their low cell concentration compared to closed systems [32]. Their operation also

results in COq degassing [34].

By contrast, closed cultivation systems, such as the closed raceway pond shown in Figure
1.4b, typically have a lower risk of contamination and a higher biomass productivity than
open systems [32,36]. In a closed raceway pond, a transparent window covering the culture
and containing an over-pressurized gas space can be used to limit culture contamination,
reduce CO, degassing [34], and improve control of the growth conditions [32]. The use of
a transparent window enables the cultivation of a wider variety of species and thus greater
potential for the production of high value-added products, without significantly increasing
construction and maintenance costs [32,36]. However, evaporation from the culture causes
large condensate droplets to form on the underside of the transparent cover (see Figure
1.4). Previous numerical and experimental studies have demonstrated that the presence of
small droplets can decrease the transmittance of windows and scatter transmitted photons
[37-41]. However, to the best of our knowledge, the transmittance of windows supporting
large droplets and the effect of scattering by droplets on the biomass productivity of covered

raceway ponds has not been investigated.

For both open and closed raceway ponds in outdoor conditions, large solar incidence
angles occur in the mornings and evenings and during the winter months when the solar
elevation angle may be small depending on the latitude where the raceway pond is operated.
As aresult, the incident solar radiative flux decreases compared to situations when sunlight is

nearly normally incident on the culture [42]. Moreover, sunlight delivered at oblique angles
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Figure 1.4: Examples of (a) an open raceway pond [35], (b) a closed raceway pond with large

condensate droplets.



does not penetrate as deeply into the microalgae culture compared to normally incident
light [30,43]. Thus, non-normal incidence can increase dark zones in the culture where there
is not enough light to drive photosynthesis. This phenomenon, combined with the decrease
in solar irradiation in the mornings and evenings, negatively impacts microalgae growth and

the productivity of the cultivation system.

1.4 Light transfer

Maximum productivity in microalgae cultivation systems occurs in the light-limited regime
wherein operational parameters such as temperature, pH, and nutrient availability are opti-
mized and culture growth depends only on the amount and distribution of photons absorbed
by the cells [30]. The latter is represented by the local rate of photon absorption (LRPA) in
pumoly, /keg s at a given culture depth [30]. Predicting and controlling the LRPA in raceway
ponds and photobioreactors is essential in order to maximize the growth rate and/or the

production rate of the desired value-added product(s) [30].

Increasing the LRPA is one way to improve biomass productivity, since photosynthetic
growth is directly related to the quantity of absorbed photons [28,31]. Scattering by droplets
such as those observed in Figure 1.4 may negatively impact the LRPA due to changes in the
direction and intensity of the incident light. However, the impact of pendant droplets on the
culture LRPA and the productivity of covered raceway ponds is unknown. Moreover, while
scattering by cap-shaped droplets has been thoroughly studied [37,38,44-46], scattering by
large non-cap shaped droplets has not been rigorously quantified. Changes to the radiative
properties of the microalgae species being cultivated also significantly impact the LRPA [47].
While previous studies have demonstrated that the LRPA can be accurately estimated using
only the absorption cross-section [47,48], the impact of colony formation on the absorption

cross-section of microalgae remains unknown.



1.5 Objectives

The global objective of the present study is to build upon our current understanding of
how various phenomena impact light transfer in microalgae cultivation systems and to in-
crease biomass productivity by improving the radiative field within the culture. To this
end, the present study first aims to numerically investigate light scattering by large pen-
dant droplets and the corresponding impact on the biomass productivity of covered raceway
ponds. This was done in two parts. First, the shape of large pendant water droplets was pre-
dicted accounting for gravitational and surface tension effects. The normal-hemispherical and
directional-hemispherical transmittance of a transparent substrate supporting such droplets
was predicted by simulating light transfer using a Monte Carlo ray-tracing (MCRT) algo-
rithm. A variety of droplet volume, contact angle, surface area coverage, and window tilt
angle were considered. Second, the temporal evolution of the directional-hemispherical and
bidirectional transmittance of droplet-covered windows was predicted over the course of a
day using the same MCRT algorithm. The microalgae growth rate was predicted by using
the transmitted radiative field as an input into a coupled model of light transfer and growth
kinetics within the microalgae culture. The impact of the time of year, droplet contact angle,
and surface area coverage was considered. Overall, these results provide practical knowledge

for design parameters of photobioreactors such as window tilt and material.

Next, the dissertation aims to quantify, for the first time, the effect of colony formation in
microalgae on the absorption of photons by the cells in the culture. First, the mass-averaged
absorption cross-section was experimentally measured for the microalgae species Botryococ-
cus braunii in cultures with and without aggregate-like colonies. The MCRT method was
used to predict the absorption cross-section and elucidate the impact of pigment content, cell
arrangement, and colony extracellular matrix (ECM). Then, the same method was used to
investigate the effect of colony formation on the absorption cross-section of spherical colonies
which are often observed in species of the Volvocaceae family. These results can be used to
predict the impact of colony formation on the local rate of photon absorption within a given

culture, an important parameter for optimizing the performance of cultivation systems.



Finally, this dissertation aims to propose a method to improve the biomass productivity
of outdoor raceway ponds by increasing the amount of sunlight available to the culture. To
do so, the biomass productivity of several configurations of raceway ponds featuring vertical
mirrors was predicting using a coupled light transfer and microalgae growth kinetics model.
The impact of mirror orientation, pond dimensions, and location were considered. The
results can serve as practical guidelines for the design and operation of outdoor raceway

ponds featuring reflective surfaces for improved biomass productivity.

1.6 Organization of the document

Chapter 2 assess the impact of droplet volume on the transmittance of transparent substrates
supporting pendant droplets. Chapter 3 quantifies the effect of scattering by the condensate
droplets on the biomass productivity of covered raceway ponds. Chapters 4 and 5 quan-
tify the impact of colony formation on the absorption cross-section of microalgae cultures.
Chapter 6 investigates the use of vertical mirrors to increase the solar radiation flux incident
upon outdoor raceway ponds and improve their biomass productivity. Finally, Chapter 7
summarizes the findings of this thesis and suggests directions for future research. Figure 1.5

summarizes the organization of this thesis in the context of a outdoor raceway pond.
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CHAPTER 2

Transmittance of transparent horizontal and tilted
windows supporting large non-absorbing pendant

droplets

This chapter establishes that the deviation of large pendant droplets from an ideal cap-shape
due to gravity can have significant and complex impacts on the normal-hemispherical and
directional-hemispherical transmittances of light through horizontal and tilted transparent
windows. First, the shape of pendant droplets larger than the capillary length was pre-
dicted numerically by balancing gravitational and surface tension forces for various droplet
volumes, contact angles, and window tilt angles. Then, light transfer through windows sup-
porting such numerically generated droplets was simulated using the Monte Carlo ray-tracing
method. The window transmittance for large droplets was found to be nearly independent
of droplet spatial arrangement and size distribution for relatively narrow size distributions.
Assuming droplets to be cap-shaped caused the normal-hemispherical transmittance to be
overestimated by as much as 37% for horizontal windows supporting droplets with volume
V > 10 nL. and contact angles 6. > 0.. where 6., is the critical angle for total internal
reflection at the water/air interface. This was due to gravity-induced deformation of the
droplet shape resulting in increased reflection at the droplet/air interface. For tilted win-
dows, the droplet deformation caused the normal-hemispherical transmittance to increase
with increasing droplet volume and window tilt angle. For both horizontal and tilted win-
dows, transmittance decreased linearly with increasing droplet surface area coverage. These
results and numerical tools can be used to design energy efficient solar stills, greenhouses,

and covered photobioreactors, for example.
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2.1 Introduction

In many solar energy conversion applications such as solar stills, greenhouses, and microalgae
cultivation systems, direct exposure to sunlight increases the temperature of the system
and drives water evaporation, thus increasing the relative humidity within the system [49].
Then, condensate droplets form on the interior surface of the windows or cladding if their
temperature falls below the dew point of the interior air due to emission of infrared radiation
to the sky and exposure to colder outside air and wind. For example, Figure 2.1a depicts
a solar still under operation wherein salt water is heated by the incident solar radiation
resulting in evaporation and water droplets condensing on the inner surface of the tilted
window cover to produce fresh water. Similarly, Figure 2.1b shows a greenhouse used to
cultivate plants year-round with condensation present on its inner windows. Finally, Figure
2.1c pictures a covered raceway pond used for green microalgae cultivation with droplets

condensing on the inner surface of the transparent cover [50].

The presence of droplets on transparent windows has been shown to decrease their trans-
mittance in the visible part of the electromagnetic spectrum [38,40,46,51-53]. The reduction
in the amount of energy entering the system limits the productivity of greenhouses and mi-
croalgae cultivation systems as they both rely on visible light to drive photosynthesis [50,53].
Furthermore, droplet shape has been shown to play an important role in the productivity
of solar stills [54]. The use of hydrophobic windows with larger droplet contact angles was
found to reduce solar still productivity by approximately 45% due to the decrease in the
window transmittance compared to windows with smaller droplet contact angles [54]. Pre-
vious theoretical studies [37,38,40,44,46,55,56] considered small cap-shaped droplets whose
shape was dominated by surface tension forces and featured a constant radius of curvature.
This assumption is valid provided that the droplet size is much smaller than the capillary

length [. defined as [57]

o
L=/ 2.1
7 (2.1)

where o is the surface tension of the droplet/air interface, p is the droplet density, and g is

13



Figure 2.1: Examples of condensation in enclosed systems including (a) a solar still (photo
used with permission of V-EnerTek, Chennai, India. All rights reserved. (©)2021 V-EnerTek),
(b) the interior of a greenhouse (image credit: www.finest greenhouse.com), and (c) a
covered raceway pond for microalgae cultivation at the R&D facility AlgoSolis (Saint-Nazaire,

France). 14



the gravitational acceleration. For water droplets in air, the capillary length is [, = 2.7 mm.
In the case of the solar stills, greenhouses, and covered microalgae raceway ponds illustrated
in Figure 2.1, condensation occurs over the course of hours, enabling droplets to attain sizes
on the same order or larger than the capillary length [.. Then, droplets cannot be assumed
to be cap-shaped as gravity can significantly affect their shape [57]. To the best of our
knowledge, the effect of such large non-cap shaped pendant droplets on the transmittance

of both horizontal and tilted windows has not been investigated to date.

This study aims to quantify the impact of the shape of large and non-absorbing pen-
dant droplets on the transmittance of horizontal and tilted transparent windows. To do so,
the droplet shape was predicted numerically by balancing gravitational and surface tension
energies. Then, the normal-hemispherical and directional-hemispherical transmittances of
the windows were predicted numerically for a wide variety of droplet configurations. The
results were compared with those obtained for cap-shaped droplets with the same volume

and contact angle.

2.2 Background

Briscoe and Gavin [40] theoretically investigated the normal-hemispherical transmittance,
at wavelength of 650 nm, of a 1.1 mm thick transparent window (n, = 1.5) supporting a
single small cap-shaped droplet (ny = 1.33). To do so, a ray-tracing analysis was performed
for 200 rays evenly distributed along the radial direction of the droplet and incident on
the dry side of the window. The window and droplets were assumed to have the same
absorption coefficient x,, = kg = 0.04 mm~!. For a projected droplet diameter of 50 pm, the
transmittance through the droplet was found to be essentially unchanged for contact angles
0. < 40° and to decrease from approximately 90% to as low as 50% as the contact angle
0. increased from 40° to 90°. The decrease was attributed to an increase in total internal
reflection at the droplet/air interface for droplet contact angle 6. > 0., where the critical
angle 6., is given by 0., = sin™! (n,/ng) = 48.6°. For cap-shaped droplets, the droplet shape

was self-similar over the range of projected diameters investigated for a given contact angle.
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Thus, the transmittance was found to be independent of droplet projected diameter for the
optical properties considered and was instead controlled by the droplet shape via the contact

angle.

Pieters et al. [58] developed an experimental method to record the temporal evolution of
the shape of an evaporating water droplet on a vertical polyethylene film. The contact angle
of water droplets on polyethylene is approximately 100° [40]. The resulting 3D contours were
used to theoretically predict the directional-hemispherical transmittance of a single drying
droplet on a polyethylene film. The dry area around the droplet was not accounted for in the
simulations, i.e., droplet surface area coverage was 100%. The results indicated an increase
in the directional-hemispherical transmittance as the droplet evaporated. The authors at-
tributed this observation to the decrease in curvature in the droplet profile as evaporation
proceeded. Furthermore, the authors demonstrated that the directional-hemispherical trans-
mittance of the experimentally measured non-cap shaped droplets on a vertical film deviated
significantly from that of cap-shaped droplets with a contact angle of 90°, considered to be

similar to that of water on polyethylene.

In a later study, Pieters et al. [55] experimentally and theoretically investigated the
directional-hemispherical transmittance of light at 632.8 nm through vertical glass (n,,
=1.526 k,, = 4 pm ') or polyethylene (n,, =1.515 k,, = 165 pm~') windows with condensate
water droplets (ng = 1.333, kq = 0.4 pm~!) on their back side. The authors also simulated
the directional-hemispherical transmittance of a single cap-shaped droplet with projected di-
ameter as large as 12.75 mm. Here also, the normal-hemispherical transmittance was found
to be independent of the droplet size and to decrease with increasing contact angle 6. larger

than 40°.

Pollet and Pieters [41,51,52] conducted an experimental investigation of light at wave-
length 632.8 nm through greenhouse cladding materials including glass and standard, anti-
drop-condensation, and anti-dust polyethylene films. The transmittance measurements of a
vertically oriented glass window and standard polyethylene film were taken under laboratory
conditions for a complete condensation cycle progressing from a dry window, to condensation

without droplet run-off, to condensation with droplet run-off, to the evaporation phase. In
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the presence of condensation, materials with smaller droplet contact angle (e.g., glass) were
found to have transmittance up to 30% larger than those with larger contact angles (e.g.,

standard and anti-dust-polyethylene films).

Tow [37] theoretically investigated the antireflective potential of droplets on the back
side of a glass window using the Monte Carlo ray-tracing (MCRT) method. The directional-
hemispherical transmittance was predicted at wavelength 500 nm for a 3 mm thick non-
absorbing glass window (n,, = 1.5) supporting monodisperse, ordered, and weakly absorbing
droplets (ng = 1.33, kg = 2.5 x 10""um). The author considered a window with a single
droplet and periodic boundary conditions to simulate an infinitely large droplet-covered
window. The droplet was assumed to be cap-shaped with a projected diameter equal to 2.7
mm and contact angle 6. varying from 6° to 90°. The droplet surface area coverage ranged
from 14% to 90%. The presence of droplets was found to slightly increase the normal-
hemispherical transmittance compared to a dry window for contact angles 6. less than the
critical angle 6... However, the transmittance was found to decrease with increasing contact

angle for 6. > 0.,.

Recently, Zhu et al. [38,44,46] and Huang et al. [56] have systematically investigated the
impact of non-absorbing and absorbing cap-shaped droplets on the normal-hemispherical
[38,44,46], the directional-hemispherical [38,44,46], and the bidirectional transmittance [56]
of horizontal windows supporting droplets on either their front or back side using the Monte
Carlo ray-tracing method in the geometric optics limit. Unlike previous theoretical studies,
a wide range of droplet diameter, contact angle, absorption index, and surface area coverage
was considered. In addition, simulations were performed for a large number of monodisperse
or polydisperse droplets arranged on the window in either a random or ordered hexagonal
pattern [38]. The spectral absorptance and transmittance of an absorbing window and
droplets for wavelengths from 0.4 to 5 pm were also predicted [46]. In all cases, the droplets
were assumed to be small and cap-shaped. The dependence of transmittance on contact
angle was found to have four distinct regimes for non-absorbing droplets with contact angle
ranging from 10° to 180° [38]. The presence of droplets on the back side of a window was

found to decrease its transmittance for droplet contact angles 6., < 6. < 180° — 6., [38].
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Furthermore, the different transmittances were found to be independent of droplet size, size

distribution, or droplet arrangement provided that droplets were non-absorbing [38,44, 56].

Simsek et al. [59], experimentally validated these results in the visible part of the spec-
trum for 6. < 90° both quantitatively and qualitatively. Indeed, the normal-hemispherical
transmittance and reflectance of glass windows supporting acrylic droplets was measured in
the visible to near-infrared parts of the electromagnetic spectrum (0.4-1.1 pm). Various sur-
face treatments were applied to achieve contact angles between 26° and 76°. The diameter
and location of all the acrylic droplets on selected samples were characterized and used as
input parameters into the MCRT algorithm to predict their normal-hemispherical transmit-
tance and reflectance. Very good agreement was found between the theoretical predictions

and experimental results.

This chapter aims to expand on previous studies to investigate the effect of large and non-
absorbing droplets on the transmittance of horizontal and tilted droplet-covered windows.
First, the droplet shape was found numerically by using energy minimization principles to
balance gravitational and surface tension energies. Then, the normal-hemispherical and
directional-hemispherical transmittances of the windows were predicted by the Monte Carlo
ray-tracing method accounting for reflection and refraction at all interfaces. The impact of
droplet (i) spatial arrangement, (ii) size distribution, (iii) volume, (iv) contact angle, (v)

window tilt angle, and (vi) surface area coverage were systematically investigated.

2.3 Analysis

2.3.1 Problem statement

Let us consider a transparent window supporting large pendant droplets exposed to colli-
mated radiation. The window was non-absorbing with thickness H = 3 mm, refractive index
n, = 1.5, and was positioned horizontally (Figure 2.2a) or tilted at an angle « with respect
to the horizon (Figure 2.2b). The direction of the incident solar radiation was denoted by the

polar 6; and azimuthal +; angles of incidence defined with respect to the positive z-axis and
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the positive x-axis, respectively. The shape of the droplet/air interface was defined by the
radial coordinate r4(1), ¢) where the polar 1) and azimuthal ¢ angles are defined with respect
to the negative z-axis and positive x-axis, respectively. The water droplet density p was
taken as 1000 kg/m? and the surface tension o of the air/droplet interface was 72.1 mN/m.
Droplets on horizontal windows had a circular contact line with radius R, = r4(¢) = 7/2, ¢)
and projected radius R, while droplets on the tilted window had a non-circular contact line,
as illustrated in Figures 2.2c and 2.2d, respectively. The droplets were non-absorbing and
had refractive index ngy =1.33 and arbitrary volume V. The contact angle and the projected
surface area coverage of the droplets on the window were denoted by 6. and f4, respectively.
Droplets were either monodisperse or polydisperse with an arbitrary volume distribution.
They were either randomly distributed on the window surface or arranged in an ordered
hexagonal pattern. The incident photons underwent reflection or refraction at each interface

and were either back-scattered or transmitted through the droplet-covered window.

2.3.2 Assumptions

The droplet shape was predicted based on the assumptions that the droplets were stationary
and had constant volume, density, surface tension, and contact angle. Droplets were only

subjected to gravitational and surface tension forces.

The simulations of light transfer through the droplet-covered window were performed
using the Monte Carlo ray-tracing method based on the following assumptions: (1) the
droplet and window dimensions were much larger than the wavelength of the impinging
radiation such that geometric optics was valid. (2) All interfaces were considered optically
smooth so that specular reflection and refraction were governed by Snell’s law and Fresnel’s

equations. (3) Both the window and the droplets were non-absorbing.
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Figure 2.2: Side view and top view (not to scale) of (a,c) a horizontal window and
(b,d) a tilted window supporting large non-cap shaped pendant droplets featuring the

droplet/window contact area.

2.3.3 Method of solutions
Droplet shape

The droplet shape was determined using the open source Surface Evolver program [60]. This
program approximates the droplet surface as an ensemble of vertices, edges, and triangular
facets. It employs a gradient descent optimization algorithm to iteratively refine and adjust
the droplet shape defined by the radial coordinate 74(1), ¢) so as to minimize the sum of its
potential and surface energies for a given density p and air/droplet surface tension o while
maintaining an arbitrary constant volume V' and contact angle 6. [60]. On tilted windows,

the droplet shape also depended on the window tilt angle v and the associated advancing
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0,4, and receding 0,... droplet contact angles (Figure 2.2b). Then, the droplet contact angle

varied along the contact line as a function of the azimuthal angle ¢ according to [61,62]

ea v Hrec R ea v erec
0c(¢) =2 (dT) ¢’ —3 (dT) ¢ + Oaav- (2.2)

The resulting droplet contour was output in the form of a triangulation matrix for both
horizontal and tilted windows. The triangulation matrix was then used as an input to the
light transfer simulations to determine the location of the droplet/air interface and calculate

the incidence angle of the photons.

Light transfer

Light transfer through droplet-covered windows was simulated using the Monte Carlo ray-
tracing method. The method and algorithm were explained in detail in Refs. [38,44,46, 56]
and validated against experimental results in Refs. [38,59] and need not be repeated. In brief,
a large number of collimated photon bundles or “rays” were launched normally onto a window
supporting pendant droplets generated by the Surface Evolver program [60]. At each inter-
face a ray encountered (e.g., air/window, window /droplet, droplet/air interface), the angle
of refraction and the reflectivity were determined from Snell’s law and Fresnel’s equations,
respectively. Then, a random number from the uniform distribution was generated and com-
pared to the calculated reflectivity to determine if the ray was reflected or refracted. The ray
was then either specularly reflected or refracted. Next, the ray was traced to the location of
the next interface in the 3D simulation domain. The boundary conditions on the side of the
computational domain were periodic. In the case of a non-absorbing window and droplets,
this process continued until a ray was either (i) back-scattered by or (ii) transmitted through
the droplet-covered window. The normal-hemispherical-transmittance 7},, corresponded to
the fraction of normally incident photons transmitted through the droplet-covered window

in any direction, and was computed according to [38]

N,
Tnh(nd7‘/7807nwaaa fA) = Nt (23)
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where NN, is the number of transmitted photons and N; is the total number of photons incident

on the window. Similarly, the directional-hemispherical transmittance T, was expressed as

N,
Tan(na, V., 0c, vy, v, fa,6;,7:) = ﬁt (2.4)

In order to achieve numerical convergence, N; = 10° rays were used for each simulation.

2.4 Results and Discussion

2.4.1 Droplet shape and maximum volume

Figure 2.3a shows a photograph of a pendant water droplet of volume V = 50 pL on a
PVC slab with tilt angle o = 24° and contact angle 6. = 86° when the slab substrate was
horizontal (i.e., @« = 0°). Such a photograph was used to measure the advancing 6,4, and
receding 0,.. contact angles plotted in Figure 2.3b as functions of droplet volume V' for tilt
angle a equal to 0°, 12+ 1°, and 24 4+ 1°. As droplet volume and tilt angle increased, gravity
caused the shape of the droplet to be asymmetrical and the receding contact angle 6,..
decreased. The measured advancing 0,4, and receding 6,.. contact angles were used in the
Surface FEvolver model to predict the shape of pendant droplets on tilted surfaces. Figure
2.3c shows the resulting simulated droplet profile for droplet volume V' = 50 pL and tilt angle
a = 24°. Comparing Figures 2.3a and 2.3c¢ shows good agreement between the experimental
and simulated droplet profiles. As such, the Surface Evolver model was considered to be
also valid for tilted windows and was used to predict the shape of large pendant droplets on

tilted surfaces.

Figure 2.3d plots the predicted maximum attainable droplet volume V,,,4, corresponding
to the maximum volume before the droplet detached from a horizontal surface as a function of
droplet contact angle #.. On well-wetting surfaces with low droplet contact angle, adhesive
forces between the water and the surface dominated and the surface was able to support
droplets with large maximum volume V,,,, around 300 pL. As the contact angle increased,
the adhesive forces between the droplet and the surface decreased and the maximum droplet

volume V.. approached 0 pL for 6, > 140°.
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Figure 2.3: (a) Photograph of a droplet of volume V' = 50 uL on a PVC slab with tilt angle
a = 24°. (b) Measured receding 6,.. and advancing 6,4, contact angles as a function of
droplet volume V for tilt angle a equal to 0°, 12 + 1°, and 24 + 1°. (c) Simulation of the
tilted pendant droplet shape with volume V' = 50 pL and tilt angle o = 24°. (d) Maximum
volume V.. before the pendant water droplet detaches from a horizontal window predicted

as a function of contact angle 6.,.
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2.4.2 Effect of droplet arrangement and size distribution

To investigate the impact of droplet spatial arrangement on the normal-hemispherical trans-
mittance T),, of horizontal windows, monodisperse pendant droplets were arranged either
randomly or in an ordered hexagonal pattern. Similarly, to investigate the impact of the
droplet size distribution, monodisperse or polydisperse droplets with a normal size distribu-
tion were simulated with a random spatial arrangement. For polydisperse droplets with mean
volume V', two normal droplet size distributions were simulated with standard deviation o
equal to 0.15V or 0.3V. The droplet volume ranged from 0.1V to 2V and was discretized in
increments of 0.1V. Table 2.1 summarizes the predicted normal-hemispherical transmittance
T,,;, of horizontal windows with droplet surface area coverage f4 = 50%, droplet mean vol-
ume V = 25 uL or 75 pL, and contact angle 8, = 60° or 90°. It establishes that, for a given
contact angle #, and mean droplet volume V, the spatial arrangement of non-cap shaped
droplets had a negligible effect on the window’s normal-hemispherical transmittance. The
same conclusions were previously obtained for non-absorbing cap-shaped droplets pendant
from horizontal windows [38]. However, Table 2.1 indicates that the mean volume V had an
important impact on the transmittance of windows for large droplets, unlike in the case of
cap-shaped droplets [38,40,41,51,52,55]. Despite the dependence of transmittance on the
mean volume V, the impact of the droplet size distribution was found to be negligible for

relatively narrow size distributions.

2.4.3 Effect of droplet volume

Figure 2.4a plots the predicted normal-hemispherical transmittance 7T}, as a function of the
droplet volume V for large droplets pendant from a horizontal window with contact angle
0. equal to 30°, 60°, and 90° and surface area coverage f4 = 50%. Droplets were monodis-
perse and arranged in a hexagonal pattern. Note that the same results are expected for
non-absorbing polydisperse and/or randomly distributed droplets with the same mean vol-
ume V and contact angle 6., as previously demonstrated. Droplet volume V ranged from 1

1L to Vi (see Figure 2.3d). The transmittances of a dry glass window and of a window
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Table 2.1: Normal-hemispherical transmittance of horizontal windows supporting large
droplets with contact angle 6. of 60° or 90°, ordered or random spatial arrangements, and
monodisperse or polydisperse with a normal size distribution. Simulations were performed

for a window surface area of 400 cm? with projected surface area coverage f4 = 50%.

Ton
Spatial Size Standard deviation V =75puL V =25uL V =25 uL
arrangement distribution o (pL) 0. = 60° 0. = 60° 0. = 90°
Hexagonal Monodisperse - 0.825 0.789 0.700
Random Monodisperse - 0.836 0.795 0.700
Random Polydisperse 0.15V 0.834 0.797 0.702
Random Polydisperse 0.30V 0.832 0.801 0.702

supporting cap-shaped droplets with the same contact angle 6. and surface area coverage
fa are also plotted as references. The predicted normal-hemispherical transmittance T,,
of windows supporting large droplets was nearly identical to that supporting cap-shaped
droplets for (a) droplet volume V' < 200 pL. and contact angle 6, = 30° and for (b) V' < 10
pnL and contact angle . = 60° and 90°. Beyond these droplet volumes, the transmittance
T,.,, was found to be up to 13% smaller for large non-cap shaped droplets than for cap-shaped
droplets. This was due to distortions in the droplet shape caused by gravity. These distor-
tions caused the incidence angle €, at the droplet/air interface to exceed the droplet contact
angle in certain areas. Such an increase in the angle of incidence # increased the number
of photons undergoing total internal reflection at the droplet/air interface and decreased
the normal-hemispherical transmittance T,,,. Therefore, assuming large droplets to be cap-
shaped generally caused the transmittance T, of horizontal windows to be overestimated.

However, it can provide an upper bound to the actual transmittance.

Figure 2.4b shows the droplet contours for contact angle . = 60° and droplet volume V'

equal to 25 ul, 100 pL, and 150 pL. To compare the shapes of droplets of different volumes,

25



(a) 10 T T T T T (b) 0.0 T T , T : T
6, =30° M
g P P —— -0.21 No total ! ]
0.9+ g ] internal |
. ? 04l ‘\\02 reflection ! 1
6, =60° 3]
u " s o
<=
E(: 0.8 __l..-l - - i -0.6 1 ]
. S
6, = 90° .
- - Il -0.84 .
071 a4, 4 - =
AAM
Cap-shaped -1.0- b
L= 50% - - = Dry window ec = 600
@ B A Non-cap shaped 1
0.6 : : : : : -1.2 | : : : i
0 50 100 150 200 250 300 00 02 04 06 08 10 1.2
Droplet volume , V (uL) z = (ry/R,)siny

R/R,<1_ .R./R,=1

T

1 6;<8,,
—
No total |

internal |

reflection |

RS

|:| Through window = -1.64 i

0.2 + - Through droplet without reflection : ]

- Through droplet with reflection o 1

-2.04 ec =90 ]

0.0 : : ! : ! ! : —— I = —

20 40 60 80 100 120 140 0.0 0.5 1.0 1.5 2.0
Droplet volume, V (uL) z = (r,/R,)siny

Figure 2.4: (a) Normal-hemispherical transmittance T, of a horizontal window with cap-
shaped and large droplets as a function of droplet volume V for contact angle 6. = 30°,60°,
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and contact angle 6. = 60°. (c) Transmittance as a function of droplet volume showing the
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with and without reflection events. (d) Normalized droplet contours for V' = 50 pL and 67

pL with contact angle 6. = 90°. 06



the droplet contours r4(¢, ¢) were normalized with respect to their projected radius R,. The
incidence angle 0, at the droplet/air interface is shown schematically for normal incidence.
Figure 2.4b illustrates that when the incidence angle 6/ of a photon at the droplet/air interface
was larger than the critical angle for total internal reflection, given by 6., = sin™! (ng/Nw) =
48.6°, i.e., 0 > 0., it was reflected back inside the droplet. Figure 2.4c plots the fractions
of rays that were (i) transmitted directly through the window, (ii) transmitted through the
droplet without any reflection, and (iii) transmitted through the droplet with at least one
reflection event as functions of droplet volume V for contact angle 6. = 60° and f4 = 50%.
Figure 2.4b indicates that the fraction of the droplet/air interface such that ¢} < 6., decreased
as the droplet volume V increased. This observation explained the decrease in the fraction of
photons transmitted through the droplet without reflection with increasing droplet volume
observed in Figure 2.4c. The same phenomenon was observed for contact angle 6. of 30°
and 90° and caused the transmittance 7T, to decrease with increasing droplet volume V| as
observed in Figure 2.4a. For contact angle 6. = 60°, the fraction of photons transmitted
through the droplet that experienced at least one reflection event increased as droplet volume
V increased. Thus, despite a larger fraction of photons undergoing total internal reflection
at the droplet/air interface, the droplet shape was such that these photons were eventually
transmitted through the droplet. This phenomenon resulted in a maximum in the normal-
hemispherical transmittance T, observed in Figure 2.4a for 6. = 60° at V = 100 pL. For
volume V' > 100 nL, T},, decreased with increasing volume due to a decrease in the fraction

of photons transmitted with and without reflection.

Figure 2.4d shows the normalized droplet contours for contact angle . = 90° and droplet
volume V' = 50 pL and V,,,,, = 67 pL. Two main differences between the droplet contours
at V' = 50 pL and 67 nL. were responsible for the corresponding increase in 7T, observed
in Figure 2.4a. First, the droplet with V,,,, = 67 pL had a slightly larger fraction of
its droplet/air interface such that ¢, < 6. compared to the droplet with V' = 50 nL. As
previously discussed, this tends to increase transmittance. Second, Figure 2.4d shows a
slight bulge in the droplet contour at V., = 67 nL that was not present at V' = 50 pL. This

caused the droplet projected radius R, to exceed the droplet contact circle radius R,, i.e.,
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R./R, < 1 unlike for droplet volume V' = 50 pL where R./R, = 1. Thus, for a given surface
area coverage f4 (defined based on R,), the fraction of the window in contact with droplets
was equal to f4 for droplet volume V' = 50 pL but it was less than f4 for droplet volume
Vinaz = 67 pLi. As a result, a smaller fraction of photons passed through the window /droplet
contact surface and were then back-scattered at the droplet/air interface. This caused a

corresponding increase in transmittance for droplet volume V,,,, = 67 pL and contact angle

0. = 90° (Figure 2.4a).

2.4.4 Effect of droplet contact angle

Figure 2.5a plots the normal-hemispherical transmittance 7T}, of a horizontal window sup-
porting large droplets as a function of contact angle 6, for monodisperse droplets of volume V'
equal to 10 pL, 25 pL, and 50 pL and surface area coverage f4 = 50%. Figure 2.5a also shows
the transmittances of a dry glass window and of a window supporting cap-shaped droplets
with the same contact angle 6. and surface area coverage f4. Note that T}, was indepen-
dent of droplet volume V for cap-shaped droplets [38,40, 55]. For contact angle 0. < 6,,,
the normal-hemispherical transmittances 7}, of a window supporting cap-shaped or non-cap
shaped droplets were nearly identical, independent of contact angle 6., and slightly larger
than that of dry glass. However, for contact angles 6. > 6., the normal-hemispherical trans-
mittance decreased sharply and even more so for large droplets. This was caused by an
increase in total internal reflection of photons at the droplet/air interface when 6. > 0,,.
It was also observed in previous studies on cap-shaped droplets [37,38,40]. The mini-
mum normal-hemispherical transmittance T,,;, occurred around 6. = 90° for droplet volume
V < 25 ul and cap-shaped droplets [37,38,40] and around 6, = 80° for V' = 50 pL. As
contact angle 6. increased further, T, increased as fewer photons were internally reflected
at the droplet/air interface, as discussed in previous studies [37,38,40]. Overall, these results
indicate that assuming large droplets to be cap-shaped causes the window transmittance T},
to be overestimated for 6. < 6. < 90°. They also suggest that hydrophilic windows with
droplet contact angle 6. < 0., are preferable to maintain high window transmittance 7, for

both large droplets and small cap-shaped droplets.
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Figure 2.5a indicates that transmittance decreased with increasing volume V' for contact
angle 6. < 100°. However, it slightly increased with increasing volume V' for larger contact
angles. Figure 2.5b plots the droplet contours for a cap-shaped droplet and large droplets
with volume V of 10 plL and 25 pL and contact angle of #. = 110° normalized with re-
spect to each droplet’s projected radius R, = 1.41 mm and 1.79 mm, respectively. Figure
2.5b indicates that R./R, decreased with increasing droplet volume V' as gravity pulled the
droplet away from the surface. This further reduced reflection at the droplet/air interface,
as discussed previously. It also caused T,,, for large droplets to exceed that of cap-shaped

droplets with the same contact angle 6. > 100°, as observed in Figure 2.5a.

2.4.5 Effect of window tilt angle

Figure 2.6 plots the predicted normal-hemispherical transmittance 7}, as a function of
droplet volume V' for window tilt angle o equal to 0°, 12 4+ 1°, and 24 + 1°. It indicates
that T, increased with increasing droplet volume V' and/or window tilt angle ov > 0°. This
was caused by gravitational forces which caused the droplet receding contact angle 6,.. to
decrease with increasing volume V' and tilt angle o (Figure 2.3b). This increasingly asym-
metric shape reduced total internal reflection particularly in the upper part of the droplet/air
interface (see Figure 2.3c). These results suggest that even a slight window tilt could be used

to increase the normal-hemispherical transmittance of droplet-covered windows.

2.4.6 Effect of droplet surface area coverage

Figures 2.7a-2.7c plot the normal-hemispherical transmittance T}, as a function of surface
area coverage f4 for large pendant droplets on horizontal windows with various droplet
volumes V' and contact angles 6. equal to (a) 30°, (b) 60°, and (c) 90°, respectively. Similarly,
Figures 2.7d-2.7f plot the normal-hemispherical transmittance T, as a function of surface
area coverage f, for pendant droplets of various volume V on a window with tilt angle «
equal to (d) 0°, and (e) 12°+1°, and (f) 24°+1°, respectively. In each case, the transmittance

T, of a window supporting cap-shaped droplets as a function of surface area coverage f4 is
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shown for the corresponding window tilt angle o and contact angle 6.. For the horizontal
window, 6. was taken as 86° while for tilted surfaces the measured advancing 6,4, and
receding 6,.. contact angles were reported in Figure 2.3b as functions of the droplet volume
V. As observed with cap-shaped droplets [37,38,46], the presence of large droplets caused
the transmittance T, to decrease linearly with increasing surface area coverage f4 for both
horizontal and tilted windows. Indeed, for contact angle 6. = 90°, volume V = 50 pL, and
surface coverage f4 = 90%, the presence of large droplets reduced the window transmittance

by 46% compared to a dry window.

Figures 2.7a-2.7c indicate that assuming droplets to be cap-shaped on a horizontal win-
dow caused T,,;, to be overestimated. The discrepancy increased with increasing surface area
coverage f4 and droplet volume V. Indeed, neglecting the gravity-induced deformation of
large droplets caused the transmittance T, to be overestimated by a relative error as large
as 37% for 0, = 60°, f4 = 90%, and V = V... On the other hand, Figures 2.7e and 2.7f

show that assuming large droplets to be cap-shaped on a tilted window caused T},, to be
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underestimated by as much as 14% for droplet volume V' > 50 pL and surface area coverage
fa = 70%. This was attributed to the asymmetrical shape of large droplets, as discussed
previously. Note that, in practice, a tilted window tends to have a lower maximum droplet
surface area coverage compared to a horizontal window since droplet run-off occurs more
readily. As such, tilted windows may be preferable for minimizing the effects of droplets on

the window transmittance.

2.4.7 Directional-hemispherical transmittance

Figure 2.8a plots the directional-hemispherical transmittance Ty, as a function of the polar
angle of incidence 6; for a horizontal window with surface area coverage fa = 70% supporting
large pendant droplets of contact angle 6. equal to 30°, 60°, and 90° and volume V' equal to
282 nL, 159 pL, and 50 pL, respectively. These droplet volumes V' were selected since their
normal-hemispherical transmittance 7}, differed the most from that of cap-shaped droplets
(see Figure 2.4a). Note that the directional-hemispherical transmittance T, was independent
of the azimuthal angle of incidence v; due to the axisymmetric shape of droplets pendant
from a horizontal surface. The directional-hemispherical transmittances Ty, for a dry glass
window and for windows supporting cap-shaped droplets with the same contact angle 6,
and surface area coverage f4 are also shown as references. The directional-hemispherical
transmittance Ty, of a dry window decreased with increasing polar incidence angle #; due to
reflection at the air/window interface. Figure 8a demonstrates that this was also the case
for both cap-shaped and large droplets with contact angle 6. = 30° where reflection at the
air/glass interface dominated and the directional-hemispherical transmittance Ty, decreased
monotonically with increasing polar incidence angle ;. However, for large droplets with
contact angles 6. = 60° and 90° as well as for cap-shaped droplets with contact angle 6, =
90° the directional-hemispherical transmittance Ty, decreased with increasing polar incidence
angle 6; up to 50° due to decreasing reflection at the water/air interface [7,10]. Nonetheless,
for 0; > 50°, reflection at the front air/glass interface began to dominate and 7T, decreased

following the trends observed in the transmittance Ty, of a dry window.
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Figure 2.8: (a) Directional-hemispherical transmittance Ty, of a horizontal window support-
ing cap-shaped and large pendant droplets as a function of the polar incidence angle 6; for
contact angle 6. equal to 30°, 60°, and 90° and droplet volumes V' equal to 282 pL, 159 pL,
and 50 uL, respectively, and (b) directional-hemispherical transmittance Ty, of a window
with tilt angle o = 24° 4 1° supporting cap-shaped and large pendant droplets with volume
V' = 50 pL as a function of the polar angle of incidence 6; for azimuthal angle of incidence
v; equal to 0° and 180°. For both horizontal and tilted windows the droplet surface area

coverage f, was equal to 70%.
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Figure 2.8b plots the directional-hemispherical transmittance Ty, as a function of the
polar angle of incidence 6; for azimuthal angle of incidence 7; equal to 0° and 180° for a
window with tilt angle & = 24° + 1° and surface area coverage f4 = 70% supporting large
droplets of volume V = 50 pL. The directional-hemispherical transmittances Ty, of a dry
tilted window and a tilted window supporting cap-shaped droplets with contact angle 6.
= 86° and surface area coverage fy = 70% are also shown. Figure 2.8b indicates that
the directional-hemispherical transmittance Ty, of tilted windows supporting large droplets
varied with the azimuthal angle of incidence ~;, unlike for horizontal windows. This was due
to the asymmetric shape of droplets on tilted windows and has also been observed in previous
studies [58]. Furthermore, the directional-hemispherical transmittance T, of a tilted window
covered with large non-cap-shaped droplets was larger than that with cap-shaped droplets
for both values of azimuthal angle of incidence v; and all values of polar angle of incidence 6;.
This suggests that tilted windows are preferable to horizontal windows for maintaining high
window transmittance when droplets are present regardless of the direction of the incident

radiation.

2.5 Conclusion

This study established that the normal-hemispherical transmittance 7},;, and the directional-
hemispherical transmittances T, of horizontal and tilted transparent windows supporting
large pendant and non-absorbing droplets may depend strongly and in a non-trivial way
on the droplet volume, contact angle, surface area coverage, and window tilt angle. First,
the shape of large pendant water droplets was simulated accounting for gravitational and
surface tension forces using the Surface Evolver program. Then, the normal-hemispherical
transmittance of a window supporting the simulated non-absorbing droplets was predicted
using the Monte Carlo ray-tracing method. The droplet spatial arrangement on the window
had no effect on the transmittance. The predicted transmittance was the same for monodis-
perse droplets and polydisperse droplets with the same mean volume and a relatively narrow

size distribution. For small droplet volumes V' < 10 pL and/or contact angles . < 6., the
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droplets could be treated as cap-shaped for predicting the transmittance. However, for larger
volumes V' > 10 nl. and/or contact angles 0. > 0., the transmittance T}, of a horizontal win-
dow was smaller when supporting large droplets than when supporting cap-shaped droplets
of equal contact angle by up to 27%. This was due to gravity-induced deformations in the
droplet shape which increased the photon’s incidence angle at the droplet/air interface and
thus increased total internal reflection. In most cases, the transmittance T,,, of horizontal
windows decreased with increasing droplet volume and contact angle. Conversely, droplets
supported by tilted windows featured an asymmetrical shape that reduced total internal
reflection and increased transmittance with increasing droplet volume and window tilt an-
gle. The normal-hemispherical transmittance T,,;, decreased linearly with increasing droplet
surface area coverage for both horizontal and tilted windows. Based on the present results,
windows made of hydrophilic materials and/or with a tilt are preferable for maintaining high

window transmittance in situations where droplets tend to be large.

36



CHAPTER 3

Impact of dropwise condensation on biomass

production rate in covered raceway ponds

The previous chapter demonstrated that the presence of pendant droplets decreases the
transmittance of horizontal windows. Here, we investigate the corresponding impact of small
condensed water droplets on the areal biomass productivity of outdoor culture systems with
a free surface, protected by a transparent window or cover to prevent contamination and to
control the growth conditions. Under solar radiation, evaporation from the culture causes
droplets to condense on the interior surface of the cover. To quantify the effect of droplets on
the system’s performance, the bidirectional transmittance of a window supporting small cap-
shaped droplets was predicted using the Monte Carlo ray-tracing method. It was combined
with a growth kinetics model of Chlorella vulgaris to predict the temporal evolution of the
biomass concentration on June 21 and September 23" in Los Angeles, CA. Droplet contact
angle of 30° or 90° and surface area coverage of 50% or 90% were considered. Light scattering
by the condensed droplets changed the direction of the incident sunlight while reducing the
amount of light reaching the culture by up to 37%. The combined effect decreased the daily
areal biomass productivity with increasing droplet contact angle and surface area coverage
by as much as 18%. Furthermore, the areal biomass productivity of the system was found to
scale with the ratio Xy /a of the initial biomass concentration X, and the specific illuminated
area a, as previously established for different photobioreactor geometries, but even in the
presence of droplets. Finally, for a given day of the year, the optical thickness of the culture
that yielded the maximum productivity was independent of the window condition. Thus,
design and operation of such a system should focus on maintaining small droplet contact

angle and surface area coverage and an optimum optical thickness to maximize productivity.
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3.1 Background

Microalgae is cultivated in systems broadly classified as open or closed. In general, open
systems such as raceway ponds are inexpensive to build and operate and have been widely
used for large scale microalgae cultivation [33]. However open systems are susceptible to con-
tamination, sub-optimal temperatures, evaporative losses, and low cell concentrations [32].
On the other hand, closed photobioreactors (PBRs) are more resilient to contaminates
and feature higher biomass productivity thanks to more precisely controlled growth con-
ditions [32,36]. Specifically, in flat horizontal or inclined culture systems, a transparent
window covering the culture and containing an over-pressurized gas space can be used to (i)
limit culture contamination, (ii) reduce CO,y degassing [34], and (iii) improve control of the
growth conditions [32]. Such an outdoor PBR consisting of a race pond with a paddle wheel
sealed by a transparent plastic cover is illustrated in Figure 3.1a. The use of a transparent
window enables the cultivation of a wider variety of species and thus greater potential for
the production of high value-added products without significantly increasing construction

and maintenance costs [32,36].

Regardless of the specifics of the cultivation system, water evaporation occurs when
an outdoor microalgae culture is exposed to sunlight. When the culture is covered by a
transparent window, evaporation leads to the formation of water droplets on the interior
surface of the PBR cover, as illustrated in Figure 3.1b. However, the presence of droplets
on the back side of a window has been shown to reduce its transmittance and change the
direction of the transmitted light [38,56]. Both of these phenomena could impact the PBR
biomass productivity [33,43]. However, to the best of our knowledge, the impact of droplet-

covered windows on PBR performance has not been investigated to date.

The objective of this study is to quantify the effect of pendant droplets on the cover of
outdoor microalgae cultivation systems on biomass productivity. To do so, light transfer was
simulated through the PBR cover supporting pendant condensate droplets. The predicted
bidirectional transmittance served as an input into combined light transfer and growth ki-

netics models in the culture of Chlorella vulgaris. Particular attention was paid to the effect
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Figure 3.1: Photographs of (a) an outdoor photobioreactor at the R&D facility AlgoSolis
(Saint Nazaire, France) with a clear window cover and (b) condensed droplets formed on the

back side of a PBR window during a summer day.
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of droplet contact angle, surface area coverage, culture depth, initial biomass concentration,

and day of the year on the daily biomass production rate.

3.1.1 Light transfer through droplet-covered PBR windows

The interaction between light and droplet-covered windows has been studied both analyti-
cally [38,40,44,56,63] and experimentally [39-41,52,54,64]. Zhu et al. [38] simulated visible
light transfer through a transparent window covered with non-absorbing cap-shaped water
droplets on its back side. Light transfer was modeled using the Monte Carlo ray-tracing
method for a wide range of droplet contact angle 6. and surface area coverage f4. Interest-
ingly, both the normal-hemispherical transmittance 7T, and the directional-hemispherical
transmittance Ty, of the droplet-covered window were found to be independent of droplet
size distribution and droplet spatial arrangement. Similar results were observed for the bidi-
rectional transmittance Tpq [56]. The normal-hemispherical transmittance T, was nearly
independent of contact angle 6. until it reached the critical angle .. for total internal re-
flection at the droplet/air interface, i.e., for 8. < ... However, for 6, > 0., the normal-
hemispherical T},, and directional-hemispherical transmittance T}, decreased monotonically
with increasing droplet surface area coverage f4 and/or increasing contact angle 6. until
reaching a minimum at 6. = 90°. Similar results were found experimentally by previous

studies [39,40].

Zhu and Pilon [46] investigated the effect of absorption by the window and/or droplets
on the transmittance of a window covered with cap-shaped droplets on its back side. In
the case of a weakly absorbing window or droplets with absorption indices of k, = 107°
and k; = 107%, respectively, the normal-hemispherical transmittance 7},, was observed to
decrease only slightly. Furthermore, the dependence on droplet contact angle 6. was the same
as that for a non-absorbing window and droplets. Thus, in the case of water on plexiglass,
whose absorption indices are less than 1.6 x 10~7 and 1.8 x 10~°, respectively over much of
the photosynthetically active radiation (PAR) region from 400 to 700 nm, absorption by the

window and droplets can be neglected [65,66].
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3.1.2 Light transfer in microalgae culture

Light transfer through a well-mixed suspension of microalgae is governed by the radiative
transfer equation (RTE) for a homogeneous absorbing, scattering, and non-emitting medium.
The two-flux approximation can be used as an analytical solution to the one-dimensional
RTE for flat plate PBRs or raceway ponds [48,67]. This approximation has been used
extensively [30,48,67-69] and has been successfully validated against results from a 3D RTE
solver for ponds and flat plate PBRs [48].

Soulies et al. [43] theoretically and experimentally investigated the effect of incidence
angle on the growth of Chlorella vulgaris in thin flat-panel PBRs artificially illuminated by
collimated visible light with an incidence angle 6; of 0° or 60°. The intensity of the light source
was adjusted such that the PBRs received the same radiative flux for both incidence angles.
Nonetheless, the experimentally measured volumetric biomass productivity was observed to
decrease from 0.029 kg m—2h~! for the PBR under normal incidence to 0.026 kg m=3h~!
for the PBR under oblique incidence at 6; = 60°. Compared to normal incidence, light
propagating through the culture at an oblique angle had a longer pathlength to reach a
given depth. This caused light to be fully absorbed at shallower depths and prevented it
from penetrating deeper into the PBR. Thus, a smaller fraction of the culture volume was

illuminated and the volumetric PBR biomass productivity decreased.

Pruvost et al. [30] theoretically investigated the maximum achievable productivity for
outdoor PBRs cultivating Arthrospira platensis. Two scenarios were considered. The first
was an idealized tracking PBR wherein the solar flux was normally incident throughout
the day. The second was a fixed horizontal PBR that experienced oblique incidence during
the day. Here, the oblique incidence was observed to decrease (i) the photon flux density
incident on the PBR and (ii) the penetration depth of sunlight into the PBR culture, as
demonstrated by Soulies et. al [43]. Together these two effects resulted in a 31% decrease
in the areal biomass productivity from 55 tons ha~!year™! to 38 tons ha~lyear~! for the

“ideal” tracking PBR and the PBR under oblique incidence, respectively.
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3.1.3 Microalgae growth kinetics

The time rate of change of the biomass concentration X () in a PBR operated in batch mode

can be modeled as [70]

dX

0 (3.1)

where fi(t) is the average specific growth rate (in h™!) at time ¢. Various models have
been proposed to predict the average specific growth rate n of microalgae as a function
of the local spectral fluence rate G,(z). Takache et al. [71] developed a growth kinetics
model based on an energetic analysis of the excitation energy transfer in the photosynthetic
apparatus. This model accounted for light limitation, photoinhibition, and cell respiration
activity as a function of the local fluence rate [71]. Soulies et al. [43] further developed this

model to account for the cell respiration activity based on the local rate of photon absorption

(LRPA).

Lee et al. [48] studied the effect of PBR geometry on its daily biomass productivity.
Microalgae growth in outdoor open ponds, vertical flat-plate PBRs, and tubular PBRs culti-
vating Chlamydomonas reinhardtii was modeled accounting for light saturation and photoin-
hibition using the Haldane model [72]. Biomass loss rate from cell respiration was assumed
to be constant [48,73]. Remarkably, for all PBR configurations, the biomass productivity
was found to scale with the ratio of the initial biomass concentration X, and the specific
illuminated area a (in m™) given by a = S/V where S is the illuminated surface area and V'
is the culture volume [48,74]. In addition, the maximum PBR biomass productivity occurred
at the same value of Xj/a for all PBR geometries. Similar results were obtained from both
experimental and theoretical data reported in previous studies [75, 76] despite the use of

different microalgae species and growth models.

The present study aims to quantify the negative effect of condensed droplets on the win-
dow of outdoor covered raceway ponds on the time-dependent LRPA, biomass concentration,
growth rate, and daily biomass productivity. This was achieved by coupling simulations of

light transfer through droplet covered windows with a simplified model for light transfer
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through the microalgae culture and a growth kinetics model for various solar conditions,

droplet contact angle, and surface area coverage.

3.2 Methods

3.2.1 Problem statement

Let us consider an outdoor raceway pond located in Los Angeles, CA, USA (34.07° N,
118.44°W) exposed to collimated solar radiation Gg, on the summer solstice (June 21%)
and on the autumn equinox (September 23'¢). The PBR was covered by a transparent
horizontal window of thickness H and refractive index n,,, as illustrated in Figure 3.2. The
solar zenith angle 6, was defined with respect to the outward pointing normal vector of the
window surface and the solar azimuth angle v, was defined with respect to the due south
direction where 5 = 90° corresponds to due west and v = —90° corresponds to due east.
Figure 3.2a shows the situation when the PBR window was dry and droplet-free. Figure
3.2b schematically illustrates the PBR window partially covered by condensed droplets on
its back side with surface area coverage f4. The droplets were non-absorbing and cap-
shaped with refractive index n4, diameter d, projected diameter d,, and contact angle 0..
The incident radiation was either back-scattered or transmitted through the dry or through
the droplet-covered window into the PBR culture undergoing reflection or refraction at each
interface. The PBR contained a well-mixed culture of depth L and effective refractive index
nm growing Chlorella vulgaris with time-dependent biomass concentration X (¢) (in gL.™!)
and spectral average mass absorption /_lab& A and scattering Ssca, A cross-sections (in mZkg 1),
and spectral scattering phase function ®,(©). The culture depth L varied from 0.1 m to 0.3

m and the initial biomass concentration X, varied from 0.01 gLt to 1 gL.=!.

3.2.2 Assumptions

Light transfer through the droplet-covered windows was simulated using the Monte Carlo

ray-tracing method [38.44.56]. To do so. the following assumptions were made [38]: (1) all in-
y g ) ) b g p
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Figure 3.2: Side view (not to scale) of the covered outdoor PBRs studied with (a) a dry
window and (b) a droplet-covered window. In both cases, a portion of the solar radiation was
reflected at each interface before the radiative flux ¢,, » ; was transmitted into the microalgae
culture at angle 6,,. Scattering by cap-shaped droplets on the window’s back side was

described by the bidirectional transmittance Tp,.

44



terfaces were considered optically smooth. In other words, surface roughness was considered
to be much less than the wavelength of light in the photosynthetically active region (A = 400
- 700 nm) such that reflection and transmission were specular and Snell’s law and Fresnel’s
equations were valid. (2) The dimensions of the droplets and windows were much larger than
the wavelength of light such that geometric optics prevailed. (3) Both the window and the
droplets were considered to be non-absorbing over the PAR region. (4) The droplets were
considered to be cap-shaped with a constant curvature. (5) The droplets were monodisperse
with an arbitrary diameter d = 100 um since the bidirectional transmittance of transparent
windows with non-absorbing droplets was found to be independent of the droplet size [38,56].
(6) The windows simulated had a surface area coverage fa of 50% or 90%. Although local
conditions may impact the amount of condensate present on the window, the range of fa
was selected to represent a moderate and a worst-case-scenario droplet coverage. (7) Droplet
contact angle 6, was 30° or 90°. These two angles were chosen to approximately represent
water on glass and water on a hydrophobic cover, respectively. (8) The refractive index of
the air, window, water droplets, and microalgae culture were taken as constant across the
PAR region and equal to n, = 1.0, n,, = 1.5, ngy = 1.33, and n,, = 1.33, respectively. Thus,
light scattering by the droplets was independent of wavelength. (9) The diffuse part of the
incident sunlight was neglected such that all solar radiation incident upon the PBR window

was collimated and its direction (0s,s) varied during the course of the day.

Predictions of light transfer and microalgae growth in the outdoor PBR were based on
the assumptions that (10) the PBR was operated in the light-limited regime wherein growth
was only a function of the amount of light available to the microalgae [30,43,48]. Thus,
the PBR was not limited by any other operating parameters such as temperature, pH,
and nutrient availability, and changes in PBR biomass productivity could be attributed to
light scattering by the droplets. (11) The microalgae culture was well-mixed with uniform
biomass concentration X (¢) throughout the PBR. (12) The cells were randomly oriented.
(13) The liquid medium was non-scattering and non-absorbing over the PAR region. (14)
The radiation characteristics of Chlorella vulgaris were constant throughout the day and

taken from the literature [43]. (15) All walls of the PBR were considered non-reflective
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and perfectly absorbing. (16) Edge effects and shading from the side walls were considered
negligible so that light transfer in the PBR culture could be treated as one-dimensional and

depended only on the culture depth z.

3.2.3 Light transfer through droplet-covered PBR windows

For PBRs covered by dry windows, Figure 3.2a illustrates that the incoming collimated spec-
tral solar irradiance Gg (in pmoly,, m—2?s™!) was reflected and refracted at the air/window
interface, at the window/air interface, and at the air/microalgae culture interface before
being transmitted into the PBR culture. The transmissivity at the air/window and the
air/microalgae culture interface, denoted by 7./, and 7,/m, respectively, was determined
from Fresnel’s relation given by [42]

1 [tan? (0, — 0y)  sin® () — 6y)

=1—-= 3.2
/2 2 | tan? (0, 1 0a) | sin? (61 + 65) (3.2)

where 6, and 6, are the incident and refracted angles across the Medium 1/Medium 2 interface
given by Snell’s law n;sinf; = nsysinfy. Then, the spectral radiative flux at the upper
boundary of the microalgae culture g, (Figure 3.2a) was expressed as a function of the

solar position (6,,7,) and the transmissivity at each interface as

A (02,7s) = TwTa/mGs (0, 7s) cos .. (3.3)

where 7,, is the transmissivity of the window given by 7, = 7a/w/(2 — Ta/w) [77).

For droplet-covered windows, the incident sunlight was scattered into the transmitted
direction described by the polar 6, and azimuthal ¢; transmission angles (Figure 3.2b). The
resulting angular distribution of the transmitted light was described by the bidirectional

transmittance T4 in the transmitted direction (6, ¢;) defined as [42, 77]

N (e N
de(0277870t730t) = Gt‘:;\(<0 ~ )2082 (34)

where 1, ) is the spectral radiative intensity transmitted into the direction (6, ¢¢). Note that
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T},q is wavelength independent since the optical properties of the window and droplets were

assumed to be constant over the PAR region.

In order to be coupled with the one-dimensional light transfer analysis in the microalgae
culture, the bidirectional transmittance Tyq(0., s, 6, ;) was averaged over the transmitted
azimuthal angle ¢; to yield the one-dimensional bidirectional transmittance de(ez,%,et)

according to [56]

3 1 21
de(eza Vs et) = % / de(eza Vs, et: th)d(pt (35)
0

Then, Tpq(0.,7s,0;) (in sr™!) gave the average intensity transmitted into direction 6, due
to solar radiation from the incident direction (6,,7s). The one-dimensional bidirectional
transmittance de(ﬁz, s, 0:) was then used to express the transmitted intensity I; , through

the droplet-covered window into direction 6; as
It,)\(gza Vs» et) = GS,)\<027 78) COS eszd(Qza Vs Qt) (36)

3.2.4 Light transfer in microalgae culture

For wet windows, droplets scattered the incident sunlight into different directions in the
transmission hemisphere. The latter can be discretized into M directions (6;;)1<j<m. The
spectral radiative flux g, » ; reaching the upper boundary of the microalgae culture in the

0, ; direction can be written as

Umng (02,75, 015) = TaymIin,j cos 0 ;AL (3.7)

where the solid angle is given by A ; = 2w sin 6, ;A0; ;. Due to refraction, radiation trans-
mitted through the window at angle 6;; was then transmitted through the air/microalgae
culture interface at an angle 6,, ; = sin™'(n, sin6; ;/n,,). Then, according to the two-flux
approximation, the resulting local fluence rate G, ;(z) at depth z within the culture due to

the spectral radiative flux g, ; incident at angle 6, ; on the upper boundary of the culture
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was expressed as [67]

Grj(z,05) 2 (1+ a))ei =2 (1 — ay)e i=2) 5.9
Gmri(0r)  cosOp; (L4 ay)2edil — (1 — ay)2eoril ‘
where a, and 0, ; were given by [67]
Aabs A Oé)\X - _
- A 3 d 0 ‘:—Aas 20 Ssca . 3.9
“ \/Aabs,)\ + 2b)Ssca o M cos Hmd.( bsx 1 203Sscan) (3.9)

Here, the average spectral mass absorption flab&)\ and scattering gsca,,\ cross-sections in
m?kg~! (shown in Figure B.1) are properties of the microalgae species being cultivated and
were taken from Ref. [43] for a cell mean radius of 2 ym and Chlorophyll a, Chlorophyll b, and
photoprotective carotenoids (PPC) concentrations of 3.3 wt.%, 0.85 wt.%, and 0.85 wt.%,
respectively. Assuming axisymmetric scattering by the culture, the backward scattering ratio

by is defined as [67]

w/2

Here, ®,(0) is the so-called scattering phase function representing the probability that
photons in the solid angle d€2; about direction s; are scattered into the solid angle df2 about
direction s with © defined as the angle between the scattered direction s and the incident
direction §;. The scattering phase function was predicted on a spectral basis for Chlorella
vulgaris using Lorenz-Mie theory for a coated sphere according to the method described in

reference Ref. [78]. The resulting spectral backward scattering ratio by is shown in Figure

B.1 of Appendix B.

For PBRs with droplet-covered windows, the solar radiation was transmitted through
the window into many directions as depicted in Figure 3.2b. Thus, for a given solar position
(0.,s) the spectral local fluence rate G(z) inside the culture covered by a droplet-covered
window was found by summing the contribution from all transmission directions 6, ; accord-

ing to
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M+1

Ga(z) = Z Gz, 01;). (3.11)

For the dry window PBR, the light reaching the upper boundary of the microalgae culture

was collimated and G(z) was given by Equation (6.8) for that specific direction.

The ability of the microalgae to absorb the local spectral fluence rate G,(z) was then
described by the local rate of photon absorption (LRPA) A(z) (in pmoly, kg='s™) defined
as [43].

A(Z) = /PAR Aab&)\Gk(z)d)\. (312)

3.2.5 Microalgae growth kinetics

The microalgae growth kinetic model proposed by Takache et al. [71] and further developed
by Soulies et al. [43] for Chlorella vulgaris was employed to predict the average growth rate i
of the microalgae culture. As discussed previously, this model accounted for light limitation,
photoinhibition, and cell respiration activity as a function of the LRPA A(z) [71]. First,
the local specific rate of oxygen production or consumption Jo,(2) (in molo,kgx's™) was

calculated according to [43]

oy Alz) — —XADIe (3.13)

Jo, (2 Z)— '
0:(2) Oz VNADH,-0, I + A(2)

B K

= PMm
Here, pys is the maximum energy yield for photon conversion, %2 (in molo, /LHIOI;;;) is the
mole quantum yield of O, for the Z-scheme of photosynthesis, K (in pmoly, kg='s™!) is the
half-saturation constant for photosynthesis, Jy4pg, (in molyapm, kg;(ls_l) is the specific rate
of cofactor regeneration on the respiratory chain, related to the oxygen consumption by the
stoichiometric coefficient of cofactor regeneration on the respiratory chain vyapy,—o,, and
K, (in pmoly, kg~ts™1) is the half saturation constant describing the inhibition of respiration
in light. These parameters were taken from Ref. [43] and are summarized in Table 6.1. These

parameters and the absorption flab& » and scattering Sscm A cross-sections corresponded to the
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same culture [43]. The average specific rate of oxygen production Jp, over the depth L of

the PBR was defined as [43]

_ 1 [E
Jo, = Z/o Jo,(z)dz. (3.14)

Then, Jo, was used to predict the average specific growth rate ji (in s7!) via the stoichio-

metric relationship between the production of oxygen and the production of biomass [43]

~ Jo,M,

Vo,—x

(3.15)

where M, (in kgxmolél) is the C-molar mass in the biomass given by C,,H,0,, and vo,_x

is the stoichiometric coefficient of the oxygen production.

Finally, the temporal evolution of the biomass concentration X (¢) was found by integrat-
ing Equation (6.11). Then, to assess the impact of droplets on PBR performance, the areal

biomass productivity for a given day P (in kg m?day ') was expressed as

P=(X;—Xo)L (3.16)

where Xy and X; are the initial and final biomass concentrations, respectively, given by
Xo = X(to = 7am) and X; = X(ty = 7 pm) on June 21°" and Xy, = X(¢y = 9 am) and
X; = X(t; =5 pm) on September 23,

Another important PBR performance metric that can be used to assess the effect of

droplets is the so-called illuminated fraction « given by [30]

Zec
— 1
. (3.17)

v =
where z. is the maximum culture depth at which the local LRPA A(z) still yields positive
photosynthetic growth, i.e., A(z.) = A. where A, is the minimum LRPA required to prevent

biomass loss due to respiration [43]. When v = 1, positive photosynthetic growth occurs

throughout the entire culture and all incident light available for photosynthesis is absorbed
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by the culture. Under these conditions, the maximum average growth rate [i,,,, is reached
for given light conditions [30]. When v < 1, dark zones are present in the culture volume
and biomass loss occurs due to respiration. By contrast, v > 1 indicates that excess light is

available for photosynthesis.

3.2.6 Initial and boundary conditions

The solar spectrum incident upon the PBR was determined by the PBR location and the
time of year. Table 3.1 shows the value of the solar zenith 6, and azimuth v, angles associated
with each simulated time on June 21%* and September 23%. Figures 3.3a and 3.3b show the
spectral solar direct normal irradiance G (in pmoly,, m—2?s™!) in Los Angeles predicted by
the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) [79] for
wavelengths in the PAR region from 400 to 700 nm between 7 am to 7 pm on June 215
and 9 am to 5 pm on September 23", respectively. As mentioned previously, edge effects
were neglected and the bottom of the PBR was considered to be black. The initial biomass

concentration Xy = X (ty) was varied between 0.01 and 1.0 gL.™!.

3.2.7 Method of solution

Figure 3.4 shows a the block diagram of the procedure used to predict the final biomass
concentration X; and the PBR daily areal biomass productivity P. The droplet parameters
(O, fa), the spectral solar irradiance G, and the solar incidence angles (6,,~,) at initial
time t = t; were input parameters for modeling light transfer through the PBR window.
The appropriate light transfer model was then applied according to the window condition.
Then, the resulting spectral radiative flux at the upper boundary of the microalgae culture
¢m(t) and the PBR operating parameters (X, L) were used to model light transfer and
growth kinetics in the culture to predict the biomass concentration X (t). This process was
then repeated for subsequent time steps until the final biomass concentration Xy = X (ty)

and the daily areal biomass productivity P were computed.

Light transfer through the dry window and into the microalgae culture was modeled using
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Figure 3.3: Incident collimated solar irradiance Gg  over the PAR region at different times

of day simulated on (a) June 21%% and (b) September 23" in Los Angeles, CA.
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Table 3.1: Solar zenith 6, and azimuth v, angles (in degrees) for the different times simulated

on June 21°* and September 23'¢ in Los Angeles, CA.

Time June 21%* September 23™
0. Vs 0. Vs
7am 76.2 -109.2 - -
9am 52.0 -94.7 62.9 -69.6
11 am 273 -74.8 423 -41.6
1pm 10.7 5.9 34.4 6.2
3pm 29.1 769 46.5 49.5
5pm 53.8 95.8 684 74.2
7Tpm 779 110.3 - -
INPUTS
Droplet parameters: PBR operating parameters:
bc, fa Xo L
! !
WINDOW COVER ICROALGAE CULTURE ‘
Snell’s law and Fresnel's) ( . Growth kinetics
jics relations c "t'.g'ht t(r;'g)s‘feF3 2 ACD) | Cquations (3.13) -
Equations (3.2) — (3.3) J 0) L quations (2.6 = (3. (3.15), (3.20)
. No
Light transfer through t=t?
droplet-covered window t=t +At >
No Equations (3.5) — (3.7)
‘ Yes ‘
! OUTPUTS
Initializati t=t Sunlight parameters: ) + Final biomass concentration, X = X(tf)
nitialization G52 (),6,(6), () - Daily biomass productivity, P [Equation (3.16)]

Figure 3.4: Block diagram of the procedure used to predict the final daily biomass X; and

daily areal biomass productivity P for PBRs with dry and droplet-covered windows.
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Equations (3.2)-(3.3). For a droplet-covered window, the Monte Carlo ray-tracing method
was used to predict the bidirectional transmittance Typq(6,, s, 04, v:). Here, a large number
of discrete collimated photon bundles or “rays” were launched in direction (6,,~;) towards
the window covered by computationally-generated droplets. The method and algorithm
are described in detail in Refs. [38,44,56] and need not be repeated. In brief, the polar
transmission angle #; ranged from 0° to 90° and was discretized into M + 1 angular intervals
where M = 90, with A8, ;—; = A, j_p1 = 7/4M (in rad) for the first and last intervals
at angles 6,7, = m/8M (in rad) and 6,41 = 7/2 — 7/8M (in rad) while the interval
(AB;j)2<j<m = m/2M (in rad) was used for all other transmission angles. The azimuthal
transmission angle ¢, ranged from 0° to 360° in uniform intervals of Ay, = 7/180 (in rad).
At each interface a ray encountered, the interface reflectivity was calculated using Fresnel’s
equations. Then, a random number selected from the uniform distribution was compared
to the interface reflectivity to determine if the ray was reflected or refracted. The new ray
direction was governed by specular reflection or Snell’s law for refracted rays. The next
interface the ray encountered was then determined using the geometry of the 3D simulation
domain. For a non-absorbing window and droplets, this process continued until the ray
was either (i) transmitted through the window and droplets or (ii) reflected away from
the window. Then, the fraction of solar energy transmitted through the droplet-covered
window for a given solar position (6,,7s) was represented by the directional-hemispherical

transmittance Ty, expressed as [38]

Ny

Tdh(gzafys) - ﬁ (318)

where N; is the total number of rays incident on the window and N; is the total number
of transmitted rays. Furthermore, Equation (3.4) was recast to express the bidirectional
transmittance for a given solar position (6,,7;) and transmitted direction (6 ;, ¢ ) from the

output of the Monte Carlo ray-tracing simulation according to [56]

N i

Tha,jk (0=, Vs: Orgs i) = N, 08 0,00, (3.19)
? 7‘7
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where IV, ji, is the number of rays transmitted into the solid angle A€, j, = sin 8, ;A0; ;A .
In order to achieve numerical convergence for Ty i, N; = 107 rays were simulated [56]. Then,
the resulting spectral radiative flux at the upper boundary of microalgae culture ¢, »; was

calculated using the bidirectional transmittance T4, and Equations (3.5)-(3.7).

Next, the LRPA A(z,t) accounting for all transmitted directions was predicted via the
two-flux approximation according to Equations (6.8)-(6.10). Then, the growth kinetics model
was used to predict the average specific growth rate fi(t) based on Equations (6.12)-(3.15).
The biomass concentration at time ¢ + At was predicted from the biomass concentration

X (t) at time ¢ by integrating Equation (6.11) according to [48]

X(t+ At) = X(1)[1 + a(t)At]. (3.20)

Light transfer through the droplet-covered window was simulated in time increments of At
= 2 h from 7 am to 7 pm on June 21%* and 9 am to 5 pm on September 23", To check for
numerical convergence, X (t) and fi(t) were predicted by simulating light transfer through
a dry window PBR using a time increment of At = 0.5 h and At = 2 h (see Figure B.2).
The maximum relative errors throughout the day for the biomass X () were less than 0.1%
and 0.3% on June 21°* and September 23', respectively. Thus, a time increment of 2 h
was considered to be an appropriate compromise between reasonable computation time and

sufficient accuracy.

3.3 Results and Discussion

3.3.1 Light transfer through droplet covered PBR windows

Figures 3.5a and 3.5b show the one-dimensional bidirectional transmittance de(Qz, Vs, 0;) as
a function of the transmission angle 6, at 1 pm and 5 pm for various window conditions on
June 21°% and September 23, respectively. On June 21° at 1 pm, all window conditions
show a strong peak in Tpy at the transmission angle equal to the solar zenith angle (i.e.,

0; = 0.) with a large surrounding lobe. At 5 pm, as the solar zenith angle 6, increased,
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the corresponding peak in Tj; decreased, and the surrounding lobes became wider for a
given droplet configuration. This was indicative of increased scattering at larger solar zenith
angles. Indeed, for a window with droplets of contact angle of . = 90° and surface area
coverage fa = 90% on September 23™ at 5 pm, so much scattering occurred that T;4 peaked

around 6, = 45° despite a solar zenith angle 6, of 68° at this time.

Figures 3.5¢ and 3.5d show the temporal evolution of the average transmission angle 6,
defined as the transmission angle 6, weighted by the one-dimensional bidirectional transmit-

tance Tpq(0., s, 0;) for a given solar position (6.,7s), i.e.,

) "2 _
et = 27T/ de(ez, Vs Qt)et sin Qtdﬁt. (321)
0

In the case of a dry window, no scattering occurred and the transmission angle was equal to
the incident angle, i.e., #; = 6.. However, for condensate-covered windows, at all times except
between 11 am and 3 pm on June 21%, light scattering by the droplets reduced the average
transmission angle by as much as 27° and 20° on June 21%* and September 23", respectively.
In other words, for large solar zenith angles 6, the droplets reduced the transmittance but
scattered sunlight in directions closer to normal incidence causing the transmitted light to

penetrate deeper into the culture compared to a culture covered by a dry window.

Finally, Figures 3.5e and 3.5f show the temporal evolution of the directional-hemispherical
transmittance T, for various window conditions on June 21°* and September 23, respec-
tively. On both days, Figures 3.5e and 3.5f indicate that the directional-hemispherical trans-
mittance Ty, for the dry window increased to reach a maximum around midday, before
decreasing in the afternoon. This was due to the larger reflectance of glass at larger inci-
dence angles [42]. Furthermore, Figures 3.5e and 3.5f show that the presence of droplets
reduced Ty, for nearly all solar positions investigated on both days. Indeed, droplets with
contact angle f. = 90° and surface area coverage fu = 90% reduced Ty, by up to 37% on
June 215, However, on the same day, Ty, increased slightly compared with a dry window
for droplet contact angle 6. = 30° and surface area coverage f4 = 90% at 11 am and 1

pm and for 6, = 90° and f4 = 90% at 7 am and 7 pm. This was due to the smaller
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refractive index mismatch between the window (n, = 1.5) and the water droplets (ng =
1.33) for droplet-covered windows than between the window (n,, = 1.5) and the air (n, =
1.0) for dry windows. Then, the presence of droplets reduced reflection at the back side of
the window resulting in slightly larger 7T, compared to the dry window case. In addition,
Figure 3.5 indicates that for droplet contact angle 6. = 90°, increasing the droplet surface
area coverage f4 resulted in smaller transmittance Ty, of the PBR window between 9 am
and 5 pm on June 21% and at all times except 5 pm on September 23"¢. Moreover, under
normal incidence, previous studies have shown that for a given surface area coverage f4, the
normal-hemispherical transmittance 7},, decreased significantly with increasing droplet con-
tact angle 0. greater than the critical angle 6., for total internal reflection at the droplet/air
interface such that 6., = sin™*(1/ny4) = 48.8° [38]. This phenomenon was also observed in

Figures 3.5e and 3.5f at near-normal incidence angles (i.e., small solar zenith angles 6,).

3.3.2 Light transfer in microalgae culture

Figures 3.6a and 3.6b show the normalized LRPA A/ A, as a function of the normalized
culture depth z/L for various window conditions at 1 pm and 5 pm in Los Angeles, CA on
June 21%¢ and September 23", respectively. Here, the initial biomass concentration of the
PBR was X, = 0.07 gL.=! and the culture depth was L = 0.3 m. For both days, Figure
3.6 indicates that the normalized LRPA A/ A, exceeded 1.0 at 1 pm throughout the culture
while at 5 pm up to 58% of the culture volume features A/A. < 1.0, i.e., an illuminated
fraction 7 as low as 0.42. This was caused by (i) the smaller solar irradiance later in the day,
(ii) the increase in the pathlength of light through the culture for larger solar zenith angles
0., and (iii) the photosynthetic response that occurred between 1 pm and 5 pm. Thus, more
of the incident radiation was absorbed at shallower culture depths at 5 pm than at 1 pm.
These observations were also reported in previous studies [30,43]. On both days at 1 pm, the
droplets were responsible for a decrease in the local rate of photon absorption throughout
the PBR depth, with the exception of a window with f4 = 90% and 6, = 30° on June 21
at 1 pm due to the increase in Ty, observed in Figure 3.5e. On the other hand, on both days

at 5 pm, Figure 3.6 shows that the presence of droplets with contact angle 6. = 90° resulted
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in an increase of up to a 14% in the illuminated fraction v of the PBR, compared to a dry
window. This was due to light scattering by the droplets observed in Figures 3.5a - 3.5d
which redistributed the incoming light into many directions and caused light to penetrate

deeper into the culture.

3.3.3 Microalgae growth kinetics

Figures 6.13a and 6.13b plot the temporal evolution of the average growth rate ji(t) (in h™!)
for PBRs with various window conditions on June 21%* and September 23", respectively. Here
also, the initial biomass concentration X, was 0.07 gL.=! and the culture depth L was 0.3 m.
For most of the day on June 21%°, Figure 6.13a indicates that droplets reduced the average
growth rate fi(t). Furthermore, the average growth rate fi(t) decreased with increasing
droplet contact angle 6. and surface area coverage fs. A similar trend was observed on
September 23™. However, at 5 pm on September 23'¢ and 7 am and 7 pm on June 21°,
droplets with 6, = 90° and f4 = 90% slightly increased f(t). This was attributed to
the positive effect of light scattering by droplets towards the culture observed previously,
which increased the illuminated fraction + and light penetration in the culture late in the
day (see Figure 3.6). Interestingly, on September 23%, this was the case despite a relative
decrease in the directional-hemispherical transmittance Ty, of up to 24% compared to a
dry window. Nomnetheless, this phenomena occurred in the morning and evening, when the
average growth rate fi(t) was a fraction of its daily peak value and the impact on the final

biomass concentration X; was minimal.

Indeed, Figures 6.13c and 6.13d plot the temporal evolution of the biomass concentration
X (t) as a function of time for various window conditions on June 21%* and September 23™,
respectively. The figures indicate that the final biomass concentration X; was smaller on
September 23 compared to June 215 for all configurations considered. This was due to
the decrease in spectral solar irradiance G, on September 23™ (see Figures 3.3a and 3.3b)
and the larger solar zenith angles 6, (see Table 3.1) which led to a smaller window transmit-

tance Ty, in the presence of droplets. The presence of droplets decreased the final biomass

29



pmoly, kg ts™!

(a) June 21st

—

)

=)
Il

<
~
N 10
20l
o}
e
i |
T
SRR
=
g
[
o
Z 011

— 1lpm --5pm E
Il Dry glass window

M/, = 9%, 6, = 30°
M/, =50%, 6, =90°
M- 90%, 6, = 90°

0.0 0.2 0.4 0.6 0.8 1.0

Normalized culture depth, z/L

(b) September 234

100

<

~

<

4“ 104

[l

o

=

g

S

=

&

—

o

Z 01
0.0

normalized culture depth z/L

02 04 06 08 10
Normalized culture depth, z/L

Figure 3.6: Normalized local rate of photon absorption (LRPA) A/ A, as a function of the

at 1 pm and 5 pm for a variety of window conditions on

(a) June 21° and (b) September 23' in Los Angeles, CA. Here, L = 0.3 and A, = 2800

60



concentration X; by up to 10.0% and 8.2% on June 21" and September 23, respectively.

3.3.4 PBR biomass productivity

Figures 3.8a and 3.8b show the daily areal biomass productivity P (in kg m—?day~!) as a
function of the initial biomass concentration X, for various culture depths L and window
conditions for PBR operation between 7 am and 7 pm on June 21%° and 9 am and 5 pm on
September 23", respectively. The trends in the daily biomass productivity P were similar
for both days although P was smaller on September 23' than on June 21%*. On both days,
for a given culture depth L, the culture did not fully absorb the incoming radiation for small
initial biomass concentrations Xy. However, as X increased, more of the incoming light was
absorbed by the culture and P increased to reach a maximum P,,,,. As previously discussed,
the optimal biomass productivity occurs for a light-limited PBR when the incoming radiation
is fully absorbed in the culture, i.e., the microalgae suspension is fully illuminated with no
dark zones. As Xy increased further, dark zones appeared in the culture causing the areal
biomass productivity P to decrease. Figures 3.8a and 3.8b indicate that as the culture depth

L increased, the maximum biomass productivity occurred for smaller values of Xj.

Lee et al. [48] demonstrated that PBR productivity P scaled with X,/a where a is
the specific illuminated area. In the case of the simulated raceway pond, a is given by
a =S/V =1/L where S is the illuminated surface area and V is the culture volume [74].
Furthermore, we note that the initial optical thickness of the PBR is defined as 8oL =
(Aupsr + Ssean) XoL where 3y ¢ is the initial culture extinction coefficient (in m~1). Thus, the
quantity XoL = Xg/a is representative of the culture initial optical thickness [48]. In order
to test this scaling relationship for PBRs covered by windows supporting pendant droplets,
Figures 3.8c and 3.8d plot the biomass productivity P with respect to the initial optical
thickness represented by Xj/a for various window conditions. Both Figures indicate that,
for a given day and window condition, all data collapse on the same line. Thus, the biomass
productivity P depended solely on Xj/a, the PBR window conditions, and the day of the

year. Furthermore, for a given day of the year, the optimum initial optical thickness (Xo/a)opt
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corresponding to the maximum biomass productivity P, was essentially independent of the
window condition. Note that the same results were obtained by Lee et al. [48] albeit using a
different growth kinetics model for open ponds as well as vertical and tubular PBRs without
droplets cultivating Chlamydomonas reinhardtii. These results confirm the importance of the
optical thickness represented by Xj/a for maximizing PBR biomass productivity through the
PBR design (via a = 1/L) and its operation (via Xj) regardless of window condition and/or
growth kinetics model. Figure 3.8d shows that on September 23, all droplet configurations
decreased the maximum biomass productivity P,,... By contrast, Figure 3.8c shows that,
on June 215, the effect of droplets with 6, = 30° and f4 = 90% was essentially negligible,
while droplets with 6. = 90° decreased P,,4..

Table 3.2 summarizes the maximum biomass productivity P,,., and the corresponding
optimum initial optical thickness (Xo/a)qp for each droplet configuration for both June 21°°
and September 23, as well as the change in P,,,, relative to the reference case of a PBR
covered by a dry window. It is evident that the droplet contact angle strongly affected
the maximum achievable PBR biomass productivity P,,.,. Indeed, the maximum biomass
productivity P,,.. decreased by just 2.0% and 5.1% for droplet contact angle 6, = 30° and
surface area coverage fa = 90% on June 21%* and September 23, respectively. On the other
hand, P,,.. decreased by 17.5% and 18.1% for 6. = 90° and f4 = 90% on June 215" and
September 23, respectively. Although hydrophobic surfaces may inhibit condensation [80],
these results suggest that a hydrophilic cover featuring small droplet contact angle 6. should
be selected whenever possible to mitigate the effect of droplets on the light reaching the
culture and on the PBR biomass productivity. Indeed, on a given day, the daily biomass
productivity P was larger for droplet contact angle 6. = 30° and surface area coverage
fa = 90% than for 6. = 90° and f4 = 50% on both days and for all values of optical
thickness Xj/a.
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Table 3.2: Maximum biomass productivity P,., and the corresponding optimum optical
thickness (Xg/a)qp for each window condition on June 215 and September 23", Percent

change in P,,,, compared to that of a dry window (f4 = 0%) is also shown.

June 215
(Xo/a)opt Praz Praz
fa
(kg m?) (kgm~* day~!) change
0% NA 0.018 0.0245 0%
90% 30° 0.018 0.0240 -2.0%
50% 90° 0.018 0.0219 -10.6%
90% 90° 0.018 0.0202 -17.5%
September 237
oo (Xo/a)opt Pox Pos
(kg m~2) (kg m~2 day!) change
0% NA 0.021 0.0177 0%
90% 30° 0.021 0.0168 -5.1%
50% 90° 0.021 0.0156 -11.9%
90% 90° 0.021 0.0145 -18.1%
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3.4 Conclusions

This study demonstrated the effect of condensate droplets on the biomass productivity of
covered outdoor raceway ponds. Numerical simulations of light transfer were coupled to a
microalgae growth kinetics to predict the performance of PBRs with and without conden-
sate droplet-covered windows. The bidirectional transmittance of droplet-covered windows
in Los Angeles, CA at different times throughout the day on June 21% and September 23"
was predicted by the Monte Carlo ray-tracing method. The local fluence rate within the
horizontal culture of Chlorella vulgaris was predicted using the two-flux approximation for
oblique incidence. A growth kinetics model accounting for photolimitation, photoinhibition,
and respiration was applied. Droplets with contact angle 6. = 90° decreased the maximum
areal PBR biomass productivity P,q, by up to 17.5% and 18.1% on June 21%* and Septem-
ber 23", respectively. On both days, the maximum daily areal PBR biomass productivity
decreased with increasing droplet contact angle and surface area coverage compared with a
dry window. Thus, hydrophilic PBR covers are preferable to minimize the adverse impacts
of droplets on PBR biomass productivity. Additionally, the areal PBR biomass productivity
scaled with the ratio Xy/a of the initial biomass concentration Xy and the specific illumi-
nated area a = 1/L such that X,/a = XL is proportional to the initial optical thickness of
the PBR. Finally, for a given day of the year, the maximum biomass productivity occurred
at the same initial optical thickness for all window conditions simulated. This optimal initial
optical thickness can be used to maximize PBR biomass productivity through PBR design

(via L) and operation (via Xj).
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CHAPTER 4

Effect of colony formation on light absorption by

Botryococcus braunii

This chapter elucidates the effect of colony formation on light absorption by Botryococcus
braunii microalgae cells. The spectral average mass absorption cross-section of suspensions
of B. braunii cultures with free-floating cells or colonies was measured experimentally across
the photosynthetically active radiation region. The average mass absorption cross-section
was found to decrease significantly across the spectrum in the presence of colonies. This
observation could be attributed to (i) reduced pigment concentrations due to nutrient limi-
tations, (ii) mutual shading of the aggregated cells, and/or (iii) the presence of the colonies’
extracellular matrix. The Monte Carlo ray-tracing method was used to elucidate the contri-
bution of each of these phenomena on the mass absorption cross-section of cells in colonies.
Colonies were modeled either as fractal aggregates of monodisperse cells, as an ensemble of
monodisperse cells regularly arranged at the periphery of a hollow sphere embedded in a
spherical extracellular matrix, or as a volume and average projected area equivalent coated
sphere. The change in pigment concentrations due to nutrient limitation was found to be
the most important factor. In addition, the mass absorption cross-section of cells in colonies
was found to decrease due to mutual shading among cells. This effect was stronger with
increasing number of cells in the colony and increasing cell absorption index. The effect of
extracellular matrix on the mass absorption cross-section was found to be negligible. Fi-
nally, good agreement was found between the equivalent coated sphere approximation and

the colonies modeled as fractal aggregates comprised of monodisperse cells.
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4.1 Background

The colony-forming microalgae species Botryococcus braunii has a variety of potential biotech-
nological applications from nutraceuticals [17-19] to biofuels [7,20-27]. A colony of B. braunii
consists of an aggregate of cells embedded in an extracellular matrix (ECM). The ECM is a
complex structure consisting of (i) rigid hydrocarbon polymers holding the cells in place, (ii)
liquid hydrocarbons filling the intermediate space between the rigid hydrocarbons and the
cells, and (iii) an extracellular polysaccharide (EPS) sheath surrounding the exterior of the
colony [23,81]. Figure 4.1 shows two micrographs of B. braunii race B cells from cultures

grown for the present study featuring (a) single cells and (b) colonies.

In the above mentioned applications, B. braunii can be grown in various types of raceway
ponds or photobioreactors (PBRs) exposed to sunlight, as the energy source, and fed with
carbon dioxide, as the carbon source, while the medium contains nutrients (e.g., nitrates
and phosphates) necessary to the growth of the microorganisms [33]. The raceway ponds
and PBRs operated in the light-limited regime are not limited by any other operational
parameters such as nutrients, pH, and temperature. Then, productivity depends only on the
amount and distribution of photons absorbed in the culture [30,43,48]. This is represented
by the local rate of photon absorption (LRPA) at a given location in the culture expressed
in pmoly, /kg s [30,68]. Predicting and controlling the LRPA in raceway ponds and PBRs is
essential in order to maximize the growth rate and/or the production rate of the desired value-
added product(s) [30]. Due to their large size compared with the wavelength of sunlight in the
photosynthetically active radiation (PAR) region, microalgae cells and colonies are strongly
forward scattering. Then, for a given culture configuration and biomass concentration, the
LRPA depends entirely on the average mass absorption cross-section flabs’ » and the incoming
solar radiation flux [47,67]. This has been demonstrated theoretically and numerically for
various PBR geometries [48]. Thus, measuring or predicting the mass absorption cross-
section Aabs, » for the culture is sufficient to design and control raceway ponds and PBRs

[30,47].

Moreover, the formation of B. braunii colonies may significantly affect light transfer in
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the culture via changes in the spectral mass absorption cross-section flabs, A [82-84]. Indeed,
Kandilian et al. [84] used the T-matrix method in the PAR region to simulate the effects
of multiple scattering and shading among constituent monomers on the absorption and
scattering cross-sections and asymmetry factor of fractal aggregates consisting of up to 1000
monomers with size parameter x between 0.01 and 20 and defined as x = 27r/\ where r
is the monomer radius and A is the radiation wavelength. In particular, mutual shading
was found to cause the normalized absorption cross-section, defined as the ratio of the
aggregate’s absorption cross-section to the product of the number of individual particles in
the aggregate and their absorption cross-section, to decrease monotonically with increasing
number of strongly absorbing monomers. Similarly, Mulholland et al [85] used the coupled
electric and magnetic dipole method to study absorption and scattering by soot and silica
particle agglomerates. For monomer size parameter z > 0.25 the authors observed a decrease
in the normalized absorption cross-section as monomer size parameter increased. This was
attributed to the “shielding effect” among the constituent monomers. Liu and Mishchenko
[86] used the superposition T-matrix method to study the optical cross-sections of soot
and soot-containing aggregates. Polydisperse aggregates were comprised of soot, dust, and
sulfate particles of size parameters 10, 1.5, and 3 respectively. The optical cross-sections
of such aggregates was smaller than their externally mixed values (i.e. widely separated
with negligible particle interaction). The authors suggest this decrease may be attributed to
“mutual shadowing”. Liu et al [87,88] employed the generalized multi-sphere Mie-solution
method (GMM) to study the effect of fractal prefactor and fractal dimension on the optical
properties of soot aggregates. Here also, the authors observed a non-linear decrease in the
normalized absorption cross-section of aggregates as a function of the number of monomers.
This was attributed to the “shielding effect” and was found to be more pronounced for
more compact aggregates characterized by large fractal prefactor and/or fractal dimension.
Unfortunately, the size parameter of B. braunii cells in colonies over the PAR region is larger
than 20, which is greater than that of the particles used in previous studies. Then, applying
the T-matrix or GMM method to such colonies is prohibitively time consuming. Thus, a

different approach is necessary to predict the absorption cross-section of B. braunii colonies.
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(b)

Figure 4.1: Micrographs of B. braunii grown for this study as (a) single cells (Culture A)

and (b) colonies resembling fractal aggregates (Culture B).
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The present study reports experimental measurements of the spectral average mass ab-
sorption cross-section of B. braunii in the PAR region, growing either as free-floating single
cells or as colonies. To interpret the experimental results, a Monte Carlo ray-tracing algo-
rithm was developed and used to assess the effects of pigment concentrations, colony spatial
configuration, and colony extracellular matrix on the spectral average mass absorption cross-

section of B. braunii cells.

4.2 Experiments

4.2.1 Species and cultivation

The B. braunii race B strain 761 was obtained from Algobank (Caen, France) [89]. The
B. braunii microalgae were cultivated in a flat panel airlift photobioreactor with a working
volume of 270 mL, thickness of 2 cm, and illuminated surface area of 135 cm?. The PBR was
designed to reduce the hydrodynamic stresses on the cells during cultivation [26]. A photon
flux density of 300 pymoly, /m?s from warm white LEDs was delivered normally incident onto
the PBR surface. Fresh medium was fed continuously into the PBR to maintain constant
nutrient levels under chemostat operation [21]. Culture A was nutrient-replete and consisted
mostly of free-floating cells (Figure 4.1a). By contrast, Culture B was nitrogen-limited
and contained mostly colonies (Figure 4.1b). This can be explained by changes in EPS
production, which is a main driver of colony formation and has been shown to increase in B.
braunii under nitrogen starvation [20,90,91]. Culture A was cultivated in modified Chu 13
medium with the following composition (in g/L): KNOj (0.2), KeHPO4 (0.04), MgSO, - TH,O
(0.1), CaCly - 6H,O (0.08), Fe citrate (0.01), citric acid (0.1); micro elements: B, Mn (both at
0.5 ppm), Zn (0.05 ppm), Cu, Co, Mo (0.02 ppm). The medium was sterilized by autoclaving
at 121 °C for 25 minutes. Nutrient limitation in Culture B was achieved by cultivation in
Chul3 medium without KNOj3 [92]. For both Cultures A and B the PBR dilution rate was
set to 0.015 1/h. The culture medium pH was continuously monitored using a pH sensor
(Mettler Toledo SG 3253) and was maintained at 7.5 by automatic injection of gaseous CO,
via the pH-transmitter (Mettler Toledo M300).
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4.2.2 Biomass concentration

The dry biomass concentration X (in kg/m?®) was measured by filtering 5 mL of culture
through a pre-dried and pre-weighed 0.45 pum pore size cellulose filter. 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 dry biomass

concentration was reported.

4.2.3 Pigment concentrations

Photosynthetic pigments chlorophyll @ and b and photoprotective carotenoids were extracted
in pure methanol and quantified spectrophotometrically. First, a volume of 0.5 mL of the
continuous airlift PBR culture at steady state was centrifuged at 13,400 rpm (12,100 g) for
10 min. The medium was then discarded and the cells were resuspended in 1.5 mL of pure
methanol and sonicated for 20 s. The samples were placed in an oven at 45 °C for 1 h.
The extract was then centrifuged again. Measurements of the spectral optical density OD,
of the supernatant were taken at wavelengths 750, 665, 652, and 480 nm using a UV-vis
spectrophotometer (Jasco V-730 Easton, MD). Here also, all extractions were performed in
triplicates. Chlorophyll ¢ and b concentrations, denoted by Ccp, and Cepgp, were estimated

according to [93]

CChla[mg/L] = —80962(0D652 — OD750) + 165169(0D665 — OD750) (4 1)

CChlb[mg/L] = 274405(OD652 - OD750) - 121688(0D665 - OD750).

Finally, B. braunii has no photosynthetic carotenoids [94,95]. Thus, the concentration of

photoprotective carotenoids Cppe was estimated according to [96]

Cppc[mg/L] = 4(0D480 — OD750). (42)

4.2.4 Size distribution

A cell count of Culture A was conducted using a 200 ym deep Malassez cell. The major a

and minor b Ferret diameters of individual cells were measured using a Zeiss microscope and
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ImageJ software for the single cell Culture A. Then, the cell aspect ratio € was calculated as

¢ = a/b. The radius of a surface-area equivalent sphere r.., was calculated as [97]

1 <1\ 1/2 2 _ 1)1/2
Teeqg = — | 20 + 2ap 2 ° where e = u (4.3)
Y e €

The frequency distribution f(r..q;) of a given equivalent radius r..,; was estimated accord-

ing to [78]

N c,eq,t N c,eq,t
Froeq) = Mleeai)  N(Tecq) (1.4)

Nr
> N(recq.)

)

Here, N(rceq:) is the number of cells per unit volume of culture with equivalent radius
between 7 cq; and r¢eqi + Areeq, and Ny is the total number density of cells per unit volume
of culture (in cells/m?). A minimum of 450 cells were counted for single cell Culture A, with

a bin size Ar. ., of 0.05 pm and M = 78 bins.

For Culture B, the number of cells per colony N, was estimated manually. A total of 207
colonies containing more than 4000 cells were characterized. Due to the difficulty associated
with counting cells in three-dimensional colonies from two-dimensional images the results
are not considered a rigorous characterization of the colony size distribution. Instead, the
count was performed to give a qualitative understanding of the range of colony sizes present
in Culture B. Approximately 35% of the characterized cells were free-floating cells while
65% were in colonies of 2 or more cells. The vast majority of colonies had a number of cells

N, < 100. Yet, colonies with a number of cells N, larger than 200 were observed.

4.2.5 Microalgae radiation characteristics

The procedure for measuring the radiation characteristics of microalgae has been described
in previous references [98-100], and need not be repeated here. In brief, the normal-normal
transmittance 7,,, » and normal-hemispherical transmittance 7, » of a 10 mm pathlength
quartz cuvette containing a dilute suspension of microalgae in phosphate buffer saline (PBS)
were measured at wavelengths A between 400 and 750 nm in 1 nm increments using a
UV-vis-NIR spectrophotometer (Agilent Cary 5000, Santa Clara, CA) and an integrating
sphere attachment (Agilent Cary DRA-2500, Santa Clara, CA). The scattering phase func-
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tion @, (0) for single cell B. braunii reported in Ref. [100] was used to estimate the correction
factor ¢, for Culture A using a detector with half acceptance angle of ©, = 3° such that €/
= 0.37. The correction factor for Culture B was taken as €2 = 0.63. It was estimated using
a volume and average projected area equivalent coated sphere approximation demonstrated
by Kandilian et al. [84] and the complex refractive index data for B. braunii reported in
Ref. [101]. The values of € and €2 for each culture were assumed to be constant over the
PAR region [102,103]. The spectral absorption x) and scattering o, 5 coefficients were calcu-
lated for different biomass concentrations to ensure that single scattering through the dilute
suspension prevailed [100]. Then, the spectral average mass absorption A, and scattering

Sieea cross-sections (in m?/kg) were estimated according to [98]
Aab&,\ = /i)\/X and Sscm,\ = O's’)\/X (45)

where X is the dry biomass concentration in each culture (in kg/m?).

4.3 Modeling

4.3.1 Problem statement

Let us consider a spherical cell of B. braunii with radius r.., and spectral effective complex
index of refraction m. . The cell can be approximated as optically homogeneous, as demon-
strated by Bhowmik et al. [104]. The cell is surrounded by a non-absorbing PBS solution

whose spectral refractive index is given by the Cauchy dispersion relation [105]

B C

Here, the wavelength X is expressed in um and the coefficients for PBS are A = 1.32711,
B=26x10"2 pm? and C =5 x 1075 uym* [106].

In addition to simulating light absorption by a single B. braunii cell, colonies were simu-
lated as either fractal aggregates of monodisperse cells embedded (or not) in a spherical ECM

or as ordered monodisperse cells at the periphery of a hollow spherical colony embedded (or

not) in a spherical ECM. The former configuration was chosen to approximately represent
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(a)

medium

cell

ECM

Figure 4.2: Simulated configurations of B. braunii colonies as (a) a fractal colony of N, = 100
cells with radius 74, refractive index m, » in surroundings with refractive index n,, , (b) a
fractal colony of N, = 100 cells in a non-absorbing, spherical extracellular matrix (ECM) of
radius rgoy and refractive index ngpeyy, section view of (¢) a spherical colony of N, = 100
cells, and (d) a spherical colony of N, = 100 cells in a spherical ECM illustrating the hollow

spherical shape.

the colonies observed in Figure 4.1b. The latter configuration was chosen to approximately
represent the quasi-spherical hollow colony configuration observed by Weiss et al. [81] for a
different strain of B. braunii. Figure 4.2 illustrates the four different colony configurations
simulated. Each colony was exposed to collimated visible photons of wavelength A\. The

latter was considered to be much smaller than the cell radius 7.., such that the cell size
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parameter z, = 277 ,/A > 1 and geometric optics prevailed. Then, photons were (a) re-
flected or refracted at the cell/medium interface, at the medium/ECM interface, and at the
ECM /cell interface, (b) transmitted through the cell(s) and/or ECM, or (c¢) absorbed within

the cell volume.

4.3.2 Optical Properties

First, the spectral complex index of refraction méA = néA + iké/\ of B. braunii cells in
Culture A was determined experimentally. To do so, the cell size distribution as well as
the spectral average absorption C’ab& » and scattering C’SCW\ cross-sections of Culture A over
the PAR region were obtained experimentally. This information was used to retrieve the
cell spectral refractive néA and absorption ké‘/\ indices via an inverse method developed in
Ref. [101] based on Lorenz-Mie theory and assuming that the scatterers were spherical and
polydisperse [107].

For Culture B, the refractive index n2, of the cells in the colonies was assumed to be
identical to that of the single cells in Culture A, i.e., né)\ = nf)\. On the other hand, a

general expression for the cell absorption index k. can be written as [67]
A
hor = Z C;Eay ;. (4.7)
j

Here, C; (in kg/m?) is the concentration of pigment “j” in the cell and Fay; (in m?/kg) is
the spectral mass absorption cross-section of pigment “j”. The pigment mass fraction can be
defined as z; = C;/C,;, where C),;, is the total pigment concentration in the cell (in kg/m?)
i.e., Cpig = > C;. Then, Equation (4.7) can be written as
J
A A
kc’)\ = ECP"QZ%EG’\J = ECpigEaA,eff (48)
J

where Eay.r¢ (in m?/kg) is the effective mass absorption cross-section for a kg of pigment

with a given combination of pigment mass fractions ;.

Assuming that the pigment mass fractions xcopa, Tonm, and xppe in Cultures A and B are

identical, then Fay ¢ can be retrieved from ké/\. This assumption was verified in Cultures
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A and B, as discussed later. Then, assuming equal dry biomass densities and cell water
fractions between Cultures A and B the absorption index ka of the cells in the colonies of

Culture B can be estimated using ké‘/\ and the total pigment concentrations in Cultures A

and B such that [78]

cB B
pig pig
where x;‘ig and a:fl-g are the pigment mass fractions of Cultures A and B, respectively. Note

that in the case of dissimilar pigment mass fractions between the two cultures, Equation
(4.7) can be used to estimate the cell absorption index k., based on the pigment spectral

mass absorption cross-section Fa, ; reported in the literature [108].

4.3.3 Computational colony generation

As previously discussed, the B. braunii colonies were modeled as either fractal aggregates
(Figures 4.2a and 4.2b) or ordered spherical colonies where the cells were arranged on the
surface of a sphere (Figures 4.2c and 4.2d). These two configurations were chosen to approxi-
mately represent the colony structures observed in Figure 4.1b and in Ref. [81], respectively.
All computationally generated colonies were comprised of monodisperse spheres of radius
Teeq = 3.71 pm corresponding to the equivalent average radius of the cells in polydisperse

Culture A.

Fractal colonies of N, monodisperse cells of radius 7. ., satisfied the expression [83]

N, = ky (_Rg )Df (4.10)

/’nc7eq

where R, is the radius of gyration defined as the the mean-squared of the distances between
the aggregate center of mass and the centers of the cells, Dy is the fractal dimension, and ky is
the fractal prefactor. Here, the fractal dimension was prescribed as Dy = 2.3 corresponding
to phytoplankton [109]. The prescribed fractal prefactor was ky = 1.6. Colonies were
generated using a ballistic fractal aggregate technique [110]. To generate aggregates, cells
were added to the simulation domain one at a time and set on a random walk. The domain
initially contained two touching cells. The marching cell stopped when the distance between

the closest cell in the aggregate and the new cell was less than the maximum allowed distance
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imposed as 1% of the cell radius i.e., 4 nm. No cell overlap was permitted. If the radius
of gyration R, of the new aggregate satisfied Equation (4.10) to within + 1% using the
prescribed values of Dy and ky, the cell was permitted to stay in the aggregate. Otherwise it
was removed. This process was repeated until the desired number of cells N, was attained.
This technique yielded aggregates with average fractal dimension Dy and prefactor £y within

+ 1% of their prescribed values.

Ordered spherical colonies were generated using an algorithm that uniformly distributes
a given number of points on the surface of a sphere [111]. These points were taken as the
geometric center of monodisperse spherical cells of radius 7., in the colonies. The minimum
allowed distance between the center of two adjacent cells was 27, corresponding to point

contact.

Finally, to assess the effects of ECM on light absorption by colonies, the previously
generated fractal or ordered spherical colonies were placed at the center of a spherical non-
absorbing ECM of refractive index ngcy = 1.48 [112]. Absorption by the colony ECM was
assumed to be negligible compared to that by the strongly absorbing pigmented cells over the
PAR region and based on the transparent appearance of the ECM in Figure 4.1b. The center
of the ECM was located at the center of mass of the cell ensemble. The ECM thickness was
defined as the minimum distance between the cell/ ECM interface and the ECM/medium
interface and taken as one tenth of the cell radius, i.e., tgoy = 7Teeq/10 = 371 nm. This
morphological model can lead to areas where ECM in fractal colonies is unrealistically thick
(see Figure 4.2b). However, this simplification was used to determine if the effect of ECM on
the mass absorption cross-section fl;‘,’)& ), of cells in a colony was significant enough to warrant

a more refined geometric representation of a colony in its ECM.

4.3.4 Monte Carlo ray-tracing method

In order to predict the spectral average mass absorption cross-section flab& » of B. braunii cells
in the form of a single cell or a colony, a Monte Carlo ray-tracing (MCRT) method similar

to that used by Zhu et al. [45,46] was employed. A large number of discrete collimated
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photon bundles or “rays” emanating from randomized locations on a square plane of area Ay
were launched at the different colony configurations under investigation. At each interface,
the probability of reflection or refraction was determined by Fresnel’s equations and the
eventual outcome was decided by a random number between 0 and 1 selected from a uniform
distribution. The new ray direction was governed by specular reflection for reflected rays and
Snell’s law for refracted rays [42]. The location of the next interface the ray encountered was
calculated from the new ray direction and the geometry of the cell or colony. Throughout the
lifespan of the ray, its total pathlength through the single cell or the cells in the colony was
recorded. This process continued until the ray was either reflected away from or transmitted
through the cell or colony. Then, the transmissivity associated with its pathlength, 7,(l,)

was calculated using Beer-Lambert’s law given by [42]
ma(lp) = e rertr, (4.11)

Here, the cell absorption coefficient r, (in m™') was expressed as k., = 47k, /A where
k. is the cell absorption index retrieved from experimental data using the inverse method
previously discussed [101] or predicted by Equation (4.9) [42]. A random number between
0 and 1 was then chosen from the uniform distribution and compared with the value of 7.
If the random number was greater than 7y, the ray was counted towards the total number
of rays absorbed Ny x. Otherwise the ray was considered transmitted or reflected and was
counted towards the total number of rays scattered by the cell or colony Ny . Once the
fate of all rays was determined, the spectral absorption efficiency factor of the single cell
(superscript “sc”) or colony (superscript “co”) was calculated as the ratio of the number of

rays absorbed Ngs \ to the total number of rays attenuated Negey = Nycan + Navs a, 1-€.,

Nabs)\
Nezt,)\

Qabsy = (4.12)

For each type of colony comprised of N, cells, N,, = 100 different colonies were generated.
The number of cells present in the colony N, ranged from 10 to 900 cells. Then, for each
one of these colonies, the computation of Qs Was repeated for NV, =10 different colony

orientations with respect to the incident collimated photons. For a given colony and colony
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orientation, 10* rays were simulated to predict the value of Qabs,x- Then, the N, x N, values
of Qups,» Were averaged to obtain the orientation-averaged absorption efficiency factor. Note
that increasing by one order of magnitude the number of rays simulated resulted in a change
of less than 0.1% in Qups » for any value of N, at 680 nm which approximately corresponds to
one of the absorption peaks of chlorophyll a. Thus, simulating 10* rays was deemed sufficient
to achieve numerical convergence (see Supplementary Material). Spectral simulations were

performed in 10 nm increments between 400 and 750 nm.

Furthermore, the results from the Monte Carlo ray-tracing simulations were not extended
to the scattering efficiency factor Qsca.x = Nscar/Neatr. Indeed, the MCRT method ignored
diffraction and interference effects and could not capture the associated enhancement or
suppression of the scattering field. Thus, the total number of rays attenuated N, was
always equal to the total number of incident rays so that the value of the extinction efficiency
factor Qe x Was always equal to unity, i.e., Qegrr = 1 = Qapsx + @scar. The MCRT method
is valid in the limiting case of the geometric optics approximation i.e., when z. > 1 and
|my — 1|z, > 1, where x. = 27r. .,/ is the cell size parameter and my = ny + ik, is the
relative complex index of refraction my = me.x/n, . However, due to the optically soft
nature of microalgae cells, the condition |my — 1|x. > 1 was not satisfied in the PAR region.
Nonetheless, the MCRT method remains capable of predicting the absorption efficiency factor
of microalgae cells and colonies, as demonstrated later for both single cells and aggregates

of cells.

The spectral absorption cross-section of a single spherical cell Cgy, | (in m?) is a function
of (i) the cell size parameter z., (ii) the cell relative complex index of refraction m, and (iii)

the cell equivalent radius 7., and can be expressed as [107]

2;):5,/\(x07 mA) = Q(SJZS,/\(:EC’ mA)ﬂ—Tg,eq' (413)

For a suspension of polydisperse single cells, the average absorption cross-section C abs.) can be
expressed as a weighted sum of the absorption cross-sections of all simulated cells according

to

e = / % (e, ma) f (o) e (4.14)
0
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where f(z.) is the fraction of cells having size parameter between z. and z. 4+ dz.. For

Culture A, the average absorption cross-section can be estimated according to

abs AT Z abs)\ xC 29 mA)f(TC76q7i)' (415)

Similarly, the spectral orientation-averaged absorption cross-section C9, 2 (in m?) of colonies

with a given number of cells N, can be expressed as

Nco No

~Cco 1 co co
Caps ) = NN, ; 321 abs kA ke (4.16)

Here, Qg x and A7, are the absorption efficiency factor and projected area of colony
“k” with orientation “j” (in m?). As described previously, N., = 100 different colonies were
generated and N, = 10 random orientations were simulation for each colony. The orientation-
averaged absorption cross-section C‘gg& , hot only depends on the cell size parameter =, and
relative complex index of refraction my but also the number of cells and their arrangement
as well as the presence, size, and optical properties of the ECM. For colonies with spherical
ECM, the projected area A7, was readily calculated from the colony ECM radius 7ok,
ie., A% = mrioa,. Otherwise, the colony projected area for colony “k” and orientation
“7” was estimated from the surface area A, of the plane from which the collimated incident

photons emanated, the number of photons absorbed or scattered Neg j i = Nabs jk + Noca,jks

and the total number of collimated photons N, i.e.,

Negt ik
Ao = T A 4.17
p7j7k Ntotal d ( )

Finally, to enable comparison between experimental measurements and numerical simu-
lations for both single cells and colonies, the average absorption cross-section on a unit mass
basis Afﬁ)s, A (in m?/kg) of single cells can be estimated from the predicted average absorption

cross-section Cgp, \ according to [101]

Np

AZ%S)\ = ;gs )\Y (418>

where Nr is the cell density (in cells/m?) of Culture A and X is the corresponding dry

biomass concentration (in kg/m?). Similarly, the predicted average mass absorption cross-
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section A%, (in m?/kg) of cells in computationally generated colonies of N, monodisperse
cells is given by

— _ Nt 1
A =0 - (4.19)

abs,\ X Nc .

4.3.5 Validation

In order to validate the Monte Carlo ray-tracing algorithm and confirm that the geometric
optics approximation can be used to predict the absorption cross-section of optically soft
microalgae, we considered Chlamydomonas reinhardtii strain CC125 whose spectral complex
index of refraction in the PAR region (400-750 nm) was retrieved by Lee et al. [101] from
measurements of their absorption and scattering cross-sections and size distribution f(r¢.e,)-
Note that for the reported values of cell equivalent radius 7. ., and complex index of refraction
me, the geometric optics requirement |my — 1|z, > 1 was not satisfied. To validate the
MCRT algorithm, the absorption cross-section Cyps 5 of the polydisperse cells over the PAR
region was calculated using both the Lorenz-Mie theory and the MCRT method. The cell
size parameter x ranged from 19 to 99, while the relative refractive m, and absorption
index ky ranged from 1.008 to 1.024 and 107% to 0.006, respectively. Figure 5.3a compares
C’abs, A obtained from both methods as a function of wavelength A. It indicates that excellent
agreement was found between Lorenz-Mie theory and the MCRT method confirming that
the geometric optics approximation is appropriate for predicting the spectral absorption
cross-section of a single optically soft microalgae cell. However, as a result of neglecting
diffraction effects, the predicted values of the spectral scattering cross-section Ce,y from
the MCRT method differed significantly from the values predicted using Lorenz-Mie theory
(not shown).
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Furthermore, Figure 5.3b compares the average absorption cross-section of aggre-
gates of large monodisperse spheres as a function of the number of spheres N, predicted
by the MCRT method and by the superposition T-matrix method reported in Ref. [84].
The superposition T-matrix method numerically solves Maxwell’s equations for aggregates

by summing the contribution of each sphere to the electromagnetic field at any given loca-

82



(b)

bs, A (l“l'm2)

C,

Absorption cross-section,

(pm?)

o
abs

Absorption cross-section,

w
(@

30 4+

25¢

20 +

15+

10+

51

y —O— Lorenz-Mie theory
0 % Present MCRT
N, =1

0
400

10

450

5(:)0 55:>0 600 650 700
Wavelength, 1 (nm)

—O— T-matrix method
X Present MCRT

Number of cells, N,

Error bars correspond to 95% confidence intervals.

83

30

Figure 4.3: (a) Spectral average absorption cross-section Cypsy for Chlamydomonas rein-
hardtii strain CC125 over the photosynthetically active radiation (PAR) region using exper-
imental size distribution and spectral optical properties reported in Ref. [101] and (b) average
absorption cross-section C%, of fractal aggregates (k; = 1.6 and D; = 2.3) as a function of
the number of spheres N, of size parameter x of 10 and 20 predicted by the T-matrix method
and obtained from Ref. [84] and the present Monte Carlo ray-tracing (MCRT) algorithm.



tion [113]. Unlike the MCRT method which accounts only for reflection and refraction, the
superposition T-matrix method accounts for all phenomena contributing to scattering includ-
ing reflection, refraction, diffraction, and interferences [113]. Aggregates with up to 25 large
spheres of size parameter x of 10 or 20 and complex index of refraction of m = 1.0165+10.003

were simulated. The fractal prefactor and dimension was £y = 1.6 and Dy = 2.3, respec-
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by the T-matrix method and the MCRT method. This indicates that the MCRT method

tively. Here also, excellent agreement was observed between the values of predicted
is capable of accurately predicting the absorption cross-section of aggregates of large and

optically soft cells such as microalgae colonies.

4.4 Results and discussion

4.4.1 Experiments

Table 4.1 summarizes the growth conditions and the corresponding biomass concentration,
pigment concentrations, and pigment mass fractions of both cultures considered. Culture A
was grown under nutrient-replete conditions and contained free-floating single cells. Culture
B was grown under nutrient-limited conditions and contained colonies. Under steady-state
continuous operation, Cultures A and B achieved a dry biomass concentration X of 1.78
kg/m?® and 1.29 kg/m?, respectively. Table 4.1 indicates that the pigment mass fractions
TCOhlas Tomb, and rppe remained nearly unchanged between Cultures A and B. These re-
sults confirm the assumption of constant pigment mass fractions made in estimating the cell
absorption index k¥ using Equation (4.8). Table 4.1 also indicates that total pigment con-
centration Cp;, was lower in the nutrient-limited Culture B. Indeed, under nutrient-replete
conditions, B. braunii tends to synthesize more photosynthetic pigments namely chlorophyll
a and b [20,90]. However, under the stress of nutrient-limited conditions less pigments are
synthesized and more lipids and hydrocarbons are produced [20,90]. Figure 4.4 shows the
experimentally measured cell size distribution f(r..,) in Culture A. The average equivalent

radius of cells was 7¢¢q = 3.71 pm.
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Culture PFD Nutrient Dilution Rate X ZChla ZChlb TppC Tpig Colonies

(umol/m?s)  Status (1/h) (kg/m?®) (wt. %) (wt. %) (wt. %) (wt. %)
300 replete 0.015 1.78 58.5 23.1 18.0 4.8 No
B 300 N limited 0.015 1.29 59.3 20.3 20.3 1.9 Yes

Table 4.1: Experimental conditions of Botryococcus braunii cultures A and B including
photon flux density (PFD), nutrient status, dilution rate, biomass concentration (X), and
pigment mass fractions of chlorophyll a, b, photoprotective carotenoids, and total pigment

mass fraction designated by Zcnia, Tenw, Tppe and x4, respectively.
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Figure 4.4: Experimentally measured size distribution f(r..,) of single-cell Culture A.
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Figures 4.5a and 4.5b show the spectral average mass absorption flabs, A and scattering
Ssca,,\ cross-sections measured over the PAR region, respectively for Culture A and B. For
both cultures, the spectral average mass absorption cross-section Agps» exhibited several
peaks including (i) at 437 and 678 nm corresponding to the absorption peaks of in vivo
chlorophyll ¢ and (ii) at 475 nm and 653 nm corresponding to in vivo chlorophyll b [108].
Moreover, Ausy decreased significantly across the PAR region for the colony containing
Culture B compared to Culture A. This change could be attributed to (i) the lower pigment
concentrations, (ii) the morphology of the colonies leading to shading effects and/or (iii) the
presence of ECM. Unlike flabs, A, the spectral average mass scattering cross-section Sscm 5 did
not change significantly between Cultures A and B. Since Sq., depends strongly on the cell
refractive index, this observation supported the assumption that the cells in both cultures
had the same refractive index, i.e., néA = nfx For both cultures, the spectral average
mass scattering cross-section Sy., exhibited several troughs at wavelengths corresponding
to the absorption peaks observed in flabs, A This phenomenon has also been observed in other
microalgae species [102,103,114].

Figure 4.6a shows the refractive index né/\ over the PAR region for cells in Culture A

retrieved via the inverse method previously discussed [101]. Figure 4.6a shows that cell
refractive index varied only slightly over the PAR region. Additionally, Figure 4.6a indicates
that the refractive index retrieved for the current study was similar to that reported in
Ref. [101] even though the two B. braunii strains were sourced from different suppliers,
cultivated in different conditions, and had different cell sizes. Similarly, Figure 4.6b plots
the absorption index k’é)\ over the PAR region for cells in Culture A retrieved via the same
inverse method [101]. Here, the cell absorption index ké‘}/\ exhibited peaks corresponding
to the in vivo absorption peaks of chlorophyll a and b, as observed in Figure 4.5a. These
values of n/, and k!, were used to estimate n/, and kZ, necessary for the MCRT method
to predict the spectral orientation-averaged mass absorption cross-section Aabs, y of the four

colony configurations investigated.
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4.4.2 Simulations
Effect of colony morphology and ECM

In order to assess the effect of colony morphology and of the presence of ECM on the mass
absorption cross-section of B. braunii cells, the different colony configurations of Figure 4.2
were simulated at wavelength A\ = 680 nm with cell relative complex index of refraction
mP = 1.026 + 90.0035 for a number of cells N, in the colony ranging from 10 to 900. The
wavelength of 680 nm was selected because it approximately corresponds to one of the
absorption peaks of chlorophyll a [108]. Figure 4.7 plots the orientation-averaged absorption
cross-section of colonies C%, predicted by the MCRT method, normalized by the product
of the absorption cross-section of a single cell of radius 7., and the number of cells N, in
the colony C% (N,)/N.C%¢. as a function of N, for the four different colony configurations
considered (see Figure 4.2). Figure 4.7 also plots the normalized absorption cross-section
o0 (N.)/N.C:¢, of colonies simulated using Lorenz-Mie Theory based on the volume and
average projected area equivalent coated sphere approximation suggested in Ref. [84]. The
core and shell of the equivalent coated sphere had a complex index of refraction equal to
that of the surrounding medium and of the cells, respectively. In addition, the outer shell

radius r, and inner core radius r; for a given number of N, of cells in the colony were given

by [84]

7T C’eq

- 1/2
Aco(N,
I (—p ( )> and 7 = (r® — N3, )3 (4.20)

where flg" is the average projected area of the fractal aggregate with N, cells. The error
bars correspond to two standard deviations or 95% confidence intervals among the N, x N,
colonies and orientations simulated. Figure 4.7 indicates that the value of the normalized
absorption cross-section varied less for spherical colonies as evidenced by the smaller error
bars compared to those of fractal colonies. This was due to the fact that the structure
of fractal colonies varies widely from one colony and/or orientation to another, unlike for

spherical colonies.

Moreover, a ratio of C<¢ (N,)/N.C¢, independent of N, and equal to unity would indicate
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coated sphere approximation and colonies consisting of fractal aggregates or ordered cells at
the periphery of a sphere, with and without an extracellular matrix (ECM) (see Figure 4.2).
The equivalent coated sphere was simulated using Lorenz-Mie theory while the fractal and
spherical colonies were simulated using the Monte Carlo ray-tracing (MCRT) method. The
cell complex index of refraction was m? = 1.026 + 90.0035. Error bars correspond to 95%

confidence intervals.
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that the absorption cross-section of a colony is equal to the sum of the contributions of
each constitutive cell, i.e., the spatial arrangement of cells in colonies would not matter.
However, Figure 4.7 indicates that for all colony configurations considered, the ratio of
o0 (N,)/N.C¢, was less than 1.0 and decreased monotonically as the number of cells N, in
the colonies increased. This was due to the shading effects among the cells as their number
N, in the colony grew. Good agreement was found between the volume and average projected

area equivalent coated sphere approximation and the normalized absorption cross-sections

of fractal colonies predicted by the MCRT. However, assuming C%_(N,) = N,C¢, would

abs

~co

@ (IN.) as it neglects shading effects which can be significant for large values

overestimate
of N, and increasing values of k.. In practice however, the absorption cross-section of
colonies with less than 10 cells can be approximated as C% (N.) ~ N,C, within ~10%
error for the refractive index used here.

Furthermore, Figure 4.7 suggests that the effect of ECM on the colonies’ absorption cross-
section was twofold. In the presence of ECM, photons were (i) reflected at the ECM/cell
interface and (ii) internally reflected at the ECM /surrounding medium interface due to the
index mismatch between ECM (ngcy = 1.48) and the cells (n. = 1.366) as well as between
ECM and the surrounding medium (n,, = 1.333). Internal reflection at the ECM/medium
interface caused photons to be reflected back into the ECM thus increasing the probability
that they are eventually absorbed by the cells. This was particularly true in fractal colonies
where the spherical ECM geometry exaggerated the increase in projected area (see Figure
4.2b). This caused more photons to be internally reflected at the ECM /medium interface and
slightly increased the absorption cross-section of cells. Unlike fractal colonies, the presence
of ECM did not significantly increase the projected area of spherical colonies (see Figure
4.2d). Instead, Figure 4.7 indicates a decrease in the normalized absorption cross-section of
cells in spherical colonies with ECM due to increased reflection at the ECM /cell boundary.
Similar results were obtained at other wavelengths. Despite these nuances, the overall effect
of ECM was minor compared to the decrease in absorption cross-section due to changes in

pigment concentration and mutual shading. Thus, the effect of the ECM can be considered

negligible for most practical situations.
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Effect of pigment concentrations

Figure 4.8 plots the spectral average mass absorption cross-section flabs,)\ as a function
of wavelength over the PAR region obtained experimentally and predicted by the MCRT
method for (i) single cells using pigment concentrations of Culture A, (ii) single cells using
pigment concentrations of Culture B, (iii) fractal colonies without ECM, and (iv) spherical
colonies without ECM. Since ECM had a negligible effect on A, as discussed previously,
colonies with ECM are only shown in Supplementary Materials. All simulated colonies
had total pigment concentration C;, equal to that of Culture B and consisted of N, = 41
monodisperse cells. This value of N, was calculated by matching the average projected area
of the colonies in Culture B with that of the simulated fractal aggregates. To do so, the
average projected area of colonies in Culture B was estimated from microscope images of
colonies. In addition, a power law fit of the projected area of the numerically generated
fractal aggregates was performed as a function of N, (see Supplementary Material). First,
Figure 4.8 indicates that good agreement was obtained between the experimental measure-
ments and model predictions of the spectral average mass absorption cross-section flabs,,\
for single cells in Culture A. This served as further validation that the MCRT method can

predict the absorption cross-section of a polydisperse suspension of single microalgae cells.

Moreover, Figure 4.8 shows a notable decrease in the model predictions of flabs’ » obtained
for single cells using the total pigment concentration C,;, of Culture B compared with predic-
tions using C),;, of Culture A. Nonetheless, the decrease observed in the experimental data
of flabs,)\ between Culture A and Culture B was not entirely captured by the simulations
considering the reduction in pigment concentration alone. However, for all colony configura-
tions simulated with pigment concentrations of Culture B, predictions of flabs, » were smaller
than for single cells. This establishes that, in addition to pigment concentrations, the phys-
ical arrangement of cells in the colonies contributed significantly to the reduction in their
spectral orientation-averaged mass absorption cross-section fl;‘,’)&/\. This was due to mutual
shading between the cells. As discussed previously, the difference between the predicted

values of flabs’ » for single cells and for cells in colonies was larger at wavelengths where the
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Figure 4.8: Experimental measurement and Monte Carlo ray-tracing (MCRT) predictions of
the spectral average mass absorption cross-section Ag,  over the photosynthetically active
radiation (PAR) region for cells in Cultures A and B. The simulation results were plotted
for (i) single cells using pigment concentrations measured from Culture A and Culture B,
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from Culture B.
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cell absorption index k. was larger. However, the difference in Agf,;& , between the cells in
the fractal colonies and those in the spherical shell colonies was minor at all wavelengths.
Then, a detailed geometric description of the cell spatial distribution in the colonies is not

essential.

4.5 Conclusion

This study provided a qualitative understanding and a quantitative assessment of the ef-
fect of pigment concentrations, colony spatial arrangement, and colony extracellular matrix
(ECM) on the spectral orientation-averaged mass absorption cross-section fl;‘l’,s, , of B. brau-
nii cells in colonies. First, experimental measurements established that colony formation can
significantly decrease /_12‘(’,87 ) across the PAR region. Then, simulations showed that a large
part of the observed decrease was readily explained by a decrease in pigment concentrations.
Additionally, the arrangement of cells in colonies was found to significantly contribute to
the reduction of the spectral average mass absorption cross-section of B. braunii cells due
to mutual shading among cells. Good agreement was found between predictions of flffl’)s, A\
by the Monte Carlo ray-tracing method for computationally generated fractal colonies and
the volume and average projected area equivalent coated sphere approximation. Finally, the
presence of ECM and the cell spatial distribution in the colony had negligible effects on the

mass absorption cross-section A% of cells in colonies.
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CHAPTER 5

Light absorption by Volvocaceae colonies consisting of
equidistant optically soft photosynthetic cells in a

transparent spherical extracellular matrix

This chapter aims to expand upon the previous chapter by considering colonies with very
large cell and extracellular matrix size parameters, such as those observed in colonies of
the Volvocaceae tamily including Fudorina, Pleodorina, and Volvox. Here, we validate the
previous methodology for predicting the absorption cross-section of microalgae colonies for
the case of a colony consisting of an ordered assembly of large and optically soft absorb-
ing cells embedded within a non-absorbing spherical ECM. The absorption cross-section of
spherical colonies, such as Fudorina, containing 16, 32, and 64 equidistant photosynthetic
cells distributed on the surface of a concentric sphere within an ECM was predicted by the
superposition T-matrix method for ECM size parameters as large as 500 and by the Monte
Carlo ray-tracing (MCRT) method for ECM size parameters as large as 900. The predicted
absorption cross-sections given by the two methods were in excellent agreement despite the
fact that the conditions for geometric optics were not rigorously satisfied. The absorption
cross-section of the microalgae colonies considered was found to increase with increasing
cell radius, absorption index, and/or number of cells. Shading among cells was increasingly
important for colonies with strongly absorbing cells, large cell radius, and/or large number
of cells. These results demonstrate that accounting for shading effects is necessary to accu-
rately predict the absorption cross-section of microalgae colonies. Furthermore, the study
demonstrates that the MCRT method is an accurate and efficient method for modeling light

absorption by an ensemble of many large, ordered, and optically soft particles.
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5.1 Background

Photosynthetic microorganisms or microalgae are found in diverse forms including unicellular
and multicellular organisms as well as colonies. For example, colonial green microalgae Eudo-
rina, Pleodorina, and Volvoz in the Volvocaceae family, consist of an ensemble of independent
and nearly equidistant unicellular photosynthetic cells embedded in an extracellular matrix
(ECM) made of glycoprotein [115]. The cells are considered close relatives of the unicellular
green microalgae Chlamydomonas [116]. In these colonial microalgae, cell division no longer
results in unicellular individuals but instead leads to so-called autocolonies [115,117,118].
Figure 5.1 shows micrographs of (a) free floating Chlamydomonas reinhardtii, (b) Eudorina

elegans, (c) Pleodorina californica, and (d) Volvox aureus.

Microalgae colonies such as Eudorina, Pleodorina, and Volvor have been studied due
to their negative impact on aquatic ecosystems [119-123] and on water treatment plants
[124,125]. Indeed, their ability to reproduce rapidly in nutrient-rich water often leads to the
formation of scum on the water surface [119]. This excessive growth may (a) change the
taste and odor of public water supplies [124,125], (b) interfere with the filtration process
of water treatment plants [124], and (c) threaten the survival of other aquatic species by
depleting their nutrient and oxygen supplies [120,122]. These issues have drawn significant
interest among limnologists, environmental agencies, water authorities, and human/animal
health organizations to effectively monitor phytoplankton blooms in rivers, lakes, ponds,
and coastal and open oceans using satellite remote sensing [126,127]. In fact, remote sensing
techniques are widely used to detect, identify, and monitor harmful algal blooms by moni-
toring spatiotemporal changes in Chlorophyll a (Chl. @) concentration maps obtained using
multispectral imaging [126, 127]. To do so, Chl. a concentration maps are produced by
fitting the measured spectral reflectance with a theoretical model based on some solution of
the radiative transfer equation using the radiation characteristics of microalgae and colonies

and in particular their absorption cross-section [128-130].

Furthermore, these microalgae species have been studied for their biotechnological ap-

plications [13-16] discussed previously in Chapter 1. For all such applications, efficient
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Figure 5.1: Micrographs of members of the Volvocaceae family and its close relatives: (a) free
floating Chlamydomonas reinhardtii', (b) BEudorina elegans', (¢) Pleodorina californical, and
(d) Volvoz aureus. TReproduced with permission from Prof. Yuuji Tsukii (Hosei University,

http://protist.i.hosei.ac.jp/). The micrograph of Volvox aureus was imaged in our laboratory.
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cultivation of colony-forming microalgae is essential. Then, knowledge of the absorption
cross-section of microalgae cells and colonies is needed for predicting, optimizing, and con-

trolling the biomass growth in PBRs as discussed in Chapter 4.

The absorption cross-section of microalgae in suspension has been determined either ex-
perimentally [101,114,130-133] or numerically [84,104,130,134-138]. Experimental methods
can account for the actual shape and size distribution of microalgae in suspension. How-
ever, such methods are only valid for specific growth conditions and can be time-consuming
and expensive as they require sophisticated equipment [99]. Previous numerical studies
predicting the radiation characteristics of particle aggregates have used the superposition
T-matrix method [82], the Monte Carlo ray-tracing (MCRT) method [138-140], the general-
ized multi-particle Mie method [141], the volume integral method [142], or the hybrid finite
element-boundary integral method [143]. Specifically, the superposition T-matrix method
has been used to predict the radiation characteristics of multicellular cyanobacteria [136,137]
and fractal microalgae colonies [84]. However, this method can be prohibitively resource-
intensive when the number of particles and/or their size is large. Thus, these studies only
considered cells with relatively small size parameters, i.e., x < 20 where z is defined as
x = 27r/A with r being the radius of the particle and A being the free space wavelength
of the incident radiation. However, a colony of Fudorina elegans, for example, consists of
16, 32, or 64, equidistant reproductive cells, 5-10 pm in radius, embedded in an ECM with
radius ranging from 45 to 75 pm depending on the maturity of the colony [118,144]. Then,
the size parameters corresponding to the cell and ECM radii can range from approximately
40 to 90 and 400 to 1200, respectively, over the photosynthetically active radiation (PAR)

region from 400 to 750 nm.

Our previous study [138] compared the absorption cross-section of suspensions of free-
floating or fractal colonies of Botryococcus braunii cells measured experimentally and pre-
dicted by the MCRT method. Colonies were modeled as fractal aggregates of spherical cells
of radius r. = 3.71 pm. Colonies embedded in a non-absorbing spherical ECM with radius
recym were also considered. The MCRT method was shown to accurately model absorption

by fractal colonies by comparing its predictions with those from the T-matrix method for
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cell size parameter x equal to 10 and 20 for up to 25 and 16 constituent cells, respectively.
Note also that the scattering cross-section of fractal colonies of optically soft cells could not
be predicted using the MCRT method [138]. Indeed, large optically soft particles, such as
microalgae cells and colonies, fall under the anomalous diffraction scattering regime wherein
the scattering efficiency factor ., remains dependent on diffraction and interference ef-
fects [42,107]. However, these phenomena cannot be captured by the MCRT method since
it neglects wave effects. Overall, the experimental measurements showed that the mass ab-
sorption cross-section (in m?/kg) of B. braunii was much smaller for a culture containing
colonies than for one containing only single cells. Part of this decrease was attributed to
the lower pigment concentration in the culture with colonies present. However, for a given
pigment concentration, the MCRT also predicted a decrease in the average mass absorption
cross-section of colonies with increasing number of cells N, due to mutual shading among
cells. To assess the impact of cell arrangement colonies modeled as an ensemble of spheres
embedded at the periphery of a spherical ECM were also considered. Interestingly, the im-
pact of mutual shading on the average mass absorption cross-section was similar for both
cell arrangements despite differences in the volume fraction f, = N.r3/r%.,, occupied by the
cells ranging from 0.83 to 0.98 for fractal colonies and from 0.14 to 0.41 for ordered spher-
ical colonies. This suggests that mutual shading may impact the average cell absorption
cross-section even at low volume fractions f, like those observed for Volvocaceae including

FEudorina for which f, ranges from 0.02 to 0.15 [118,144].

This study aims to predict, for the first time, the spectral absorption cross-section of
microalgae colonies of the genus Fudorina as a representative case of the Volvocaceae family.
To do so, these colonies were represented as large, absorbing, optically soft (i.e., weakly
refracting) equidistant monodisperse spherical cells embedded at the periphery of a refracting
but non-absorbing spherical extracellular matrix. The MCRT method was first validated by
comparing, whenever possible, its predictions of the absorption cross-section of an ensemble
of optically soft particles with those by the superposition T-matrix method. It was then
used to simulate absorption in the PAR region for realistic colony dimensions where the

superposition T-matrix method could not be used due to the excessively large cell and ECM
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size parameters. The effects of the absorption index, radius, and number of photosynthetic
cells in the colonies were investigated to gain a better understanding of their interaction with

light and of the importance of shading effects.

5.2 Analysis

5.2.1 Problem statement

The genus Fudorina is comprised of approximately equidistant photosynthetic cells arranged
at the periphery of a spherical ECM. A detailed discussion of the morphologies and the
number of cells in these colonies can be found elsewhere [118,144] and need not be repeated.
Figure 5.2 depicts a representative case of the idealized morphology of a Fudorina colony for
the purpose of simulating their interaction with light, consisting of a large spherical ECM of
radius rgcy = 60 pm encompassing N, = 64 monodisperse equidistant spherical inclusions
corresponding to the reproductive photosynthetic cells with radius r. = 8 pm. Colonies
containing 16, 32, or 64 cells with cell radius 7. ranging from 5 to 13 pm were considered. The
ECM radius rgcas scaled with the cell radius r. such that the volume fraction occupied by a
cell was constant and equal to that of the colony shown in Figure 5.2, i.e., rpcar = (60/8)r..
The centers of the cells were located on the surface of an inner concentric sphere of radius
r; = Tpcym — Te. Their positions were generated using a program developed for uniform

triangular tessellation of sampling points on the surface of a sphere [111].

The refractive index of the non-absorbing surrounding medium n,, was assumed to be
that of water, i.e., n, = 1.333 [66]. The refractive index of the non-absorbing ECM was
taken as npcy = 1.36 corresponding to glycoprotein hydroxyproline [145], one of the main
constituents found in the ECM of Volvocaceae [146]. The complex index of refraction of
the photosynthetic cell was taken as m. = n. + ik, = 1.355 + 10.004. These values were
representative of various microalgae species around the Chlorophyll ¢ absorption peak in
the PAR region [84,101,130]. Note that in the PAR region, the absorption index k. of

photosynthetic microalgae cells, including C. reinhardtii, is typically less than 0.007 [84,101,
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medium, 7, Q) @) =X reproductive cell, m = n +ik,

Figure 5.2: Schematic of the simulated idealized colony of Fudorina comprised of N, = 64
photosynthetic cells with complex index of refraction m. = n. + ik, and radius r. = 8 pm
embedded within a non-absorbing extracellular matrix (ngcas) of radius rgeopy = 60 pm

surrounded by non-absorbing medium (n,,).

130]. The resulting relative refractive index of the ECM was ngcoy /ny, = 1.0203 and that
of the cells was m./n,, = 1.0165 + i0.003, corresponding to optically soft scatterers. The

size parameter x oy = 27rgpoy /A of the simulated colonies ranged from 500 to 900.

5.2.2 Prediction of radiation characteristics of microalgae colonies

The absorption cross-section Cy, (in pm?) of the ensemble of spheres was predicted using
either the superposition T-matrix code developed by Mackowski and Mishchenko [113] or
the Monte Carlo ray-tracing method developed in Ref. [138]. The superposition T-matrix
method estimates the scattered electromagnetic (EM) field from an ensemble of spheres
by superposing the scattered EM fields from each of the constituting spheres or monomers
[147,148]. Initially, the vector spherical harmonic expansion of the scattered and internal
EM fields of each sphere is written about the sphere’s origin. The EM field incident on
each sphere consists of the external incident field reaching the sphere and the scattered fields

from all other spheres in the ensemble. Then, the system of equations for unknown scattering
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coefficients is inverted to obtain the T-matrix [147,148]. Finally, using an analytical rotation
transformation rule to integrate the incident EM field over every propagation direction, the
scattering (4., and extinction Q). efficiency factors are obtained from operations on the T-

matrix [147,148]. Then, the absorption efficiency factor Qups is given by Qups = Qext — Qsca-

The Monte Carlo ray-tracing method (MCRT') models light transfer through an ensemble
of spheres and colonies by tracking a large number of discrete photon bundles or “rays”. This
method is valid when the size parameter 2 and phase shift parameter |m— 1|z of the scatterer
are much larger than unity and geometric optics prevails, i.e., z > 1 and |m — 1|z > 1,
where m is the relative complex index of refraction of the absorber/scatterer. The method
and algorithm have been described in detail in Ref. [138] and need not be repeated. In
brief, the path of each incident ray was tracked through the colony. At each medium/ECM
and ECM/cell interface the probability of reflection or refraction was determined by Fresnel’s
equations and the direction of the refracted rays was determined by Snell’s law. The ray path
length [, through the absorbing cells was recorded and used to calculate the transmissivity
7 for a given ray path according to 7 = exp{(—~cl,)}, where the cell absorption coefficient
ke was given by k. = 4mk./\. Then, a random number between 0 and 1 was generated
and compared to the value of 7 to determine if the ray was absorbed or transmitted. The

absorption efficiency factor Q),5s was given by

Nabs
N;

Qabs = (5.1)

where N, is the number of rays absorbed by the colony and N, is the total number of
rays incident on the colony. Note that the scattering efficiency factor (Qs., was not predicted
using the MCRT method. Indeed, large optically soft particles, such as microalgae cells
and colonies, fall under the anomalous diffraction scattering regime wherein the scattering
efficiency factor Q4. fluctuates due to diffraction and interference effects [42,107]. However,
these fluctuations cannot be captured by the MCRT method since wave effects are neglected.
Thus, the MCRT was unable to accurately predict the scattering efficiency factor Qs., of

optically soft particles and ensembles of particles.
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Figure 5.3: Validation of the absorption cross-section C, of an ensemble of 64 cells predicted
by the Monte Carlo ray-tracing method against the superposition T-matrix as a function of

ECM rgcy and cell r, radius.

For both methods, the absorption cross-section C,;, of the colony can be calculated from

the computed absorption efficiency factor Qus according to [149]
Cabs = Qabsﬂ-T%CM' (52)

As discussed previously, the superposition T-matrix method can be resource-intensive, par-
ticularly as the size of the colony and/or the number of photosynthetic cells therein increases.
Therefore, the maximum ECM size parameter simulated by this method was limited com-
putationally to zgcy < 500 which required up to 2.6 TB of RAM. On the other hand, the

MCRT method was used to simulate larger ECM size parameters.
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5.3 Validation

Figure 5.3 compares the absorption cross-section Cyps (in pm?) of an ensemble of 64 equidis-
tant spherical cells distributed on a concentric sphere surface within a non-absorbing spher-
ical ECM, analogous to the colonies described previously, predicted by the superposition
T-matrix and by the Monte Carlo ray-tracing methods as a function of the cell . and ECM
recym radii. A range of radii were chosen such that the cell z. and ECM x gy size parameters
ranged from 0.13 to 67 and 1 to 500, respectively, in order to validate the MCRT method over
the range of colony sizes that could be simulated by the T-matrix method. The wavelength A
of the incident radiation was equal to 676 nm. Here, the cell phase shift parameter |m — 1|z,
ranged from 4.8 x 107% to 0.25 and the ECM phase shift parameter |m — 1|zpcy ranged
from 0.02 to 10. Figure 5.3 demonstrates that the absorption cross-section C,;s predicted
by the superposition T-matrix method and by the Monte Carlo ray-tracing method were
in excellent agreement. This was the case despite the fact that the superposition T-matrix
method accounted for diffraction effects while the MCRT method did not. This suggests that
diffraction effects did not impact light absorption by an ensemble of optically soft spheres,
despite playing an important role in their scattering and extinction cross-sections. This was
attributed to the fact that diffraction is primarily in the forward direction for optically soft
scatterers [42,107]. Thus, the simplified ray-tracing approach used to simulate scattering
was sufficient to model light transfer within the ensemble of spheres for the purpose of pre-
dicting absorption. These results validate the MCRT method for modeling light absorption
by an ensemble of optically soft spheres even though the conditions for which geometric
optics is valid (i.e., z > 1 and |m — 1|z > 1) were not rigorously satisfied for the simulated
colonies. This indicates that the MCRT method can serve as an alternative to the super-
position T-matrix method for modeling light absorption by an ensemble of large optically
soft spheres. Here, the MCRT method was used to predict the absorption cross-section of
Fudorina colonies over the PAR region since their ECM size parameter was prohibitively

large for the superposition T-matrix method.
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5.4 Results and discussion

Figure 5.4a plots the absorption cross-section C,, predicted by the MCRT method as a
function of the radii of the ECM rgcys and the cells r. for Fudorina colonies with 16, 32,
and 64 constituent cells. The wavelength A\ of the incident radiation was equal to 678 nm
corresponding to one of the absorption peaks of Chlorophyll a. Figure 5.4a indicates that the
predicted absorption cross-section Cy;s increased with increasing number of cells V. and the
radius r.. This was due to the associated increase in the volume of absorbing substance (i.e.,
the cells) and the projected area 7r%,,, of the colony. Figure 5.4b plots the colony absorption
cross-section Cgp,s normalized with respect to the product of the number of cells N, and the
absorption cross-section of a single coated cell C5;, within an ECM equal in size to that of the
colonies. The single cells were considered to be within an ECM for normalizing the colony
absorption cross-section to account for scattering at the medium/ECM interface. Note that
a ratio of Cyps/N.CS5, equal to unity would indicate that the colony absorption cross-section
can be approximated by the sum of the absorption cross-section of the constituent cells, i.e.,
Caws = N.C%.. Then, mutual shading between cells in the colony would be negligible.

This was approximately the case for colonies with N, = 16 where cells were the least densely

cc

o, was less

packed. However, for colonies with a number of cells N, > 32, the ratio Cyps/N,
than unity and decreased with increasing number of cells N, for a given cell r. or ECM rgcps

radius. Indeed, compared to a single coated cell, cells in a colony with N, = 64 absorbed

C
a

up to 23% less light due to mutual shading among cells. Finally, the ratio Cyps/N.CS, also
decreased with increasing cell radius r.. This observation indicates that the impact of mutual

shading was stronger for larger cells (see Figure 5.4a).

Figure 5.5a plots the spectral absorption cross-section Cgps over the PAR region for
FEudorina colonies with 16, 32, or 64 constituent cells with ECM radius rgcy, = 60 pm
and cell radius r. = 8 pm. The spectral absorption cross-section of a single coated cell

o is also shown for reference as N, = 1. Here, the spectral absorption index k., of

the cells was estimated according to the method presented in Refs. [78,99] using pigment

concentrations measured for Chlamydomonas reinhardtii [67], of which Fudorina is a close
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Figure 5.4: (a) Colony absorption cross-section Cyps and (b) normalized colony absorption
cross-section Cyps/N.CS . predicted by the Monte Carlo ray-tracing method as functions of
the ECM rgon and cell r,. radii for Eudorina colonies with number of cells N, equal to 16,

32, and 64.
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Figure 5.5: (a) Colony spectral absorption cross-section Cys » and (b) average cell spectral
absorption cross-section Cyps /N, over the PAR region for Fudorina colonies rgopr = 60 pm

and r. = 8 pm and number of cells N, equal to 1, 16, 32, and 64.
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relative [116]. The cell and ECM refractive indices were assumed to be constant over the
PAR region [138]. Figure 5.5a shows a clear increase in the spectral absorption cross-section
Claps,» of the colonies with increasing number of cells N. and absorption peaks corresponding
to those of Chlorophyll a at 437 nm and 678 nm and Chlorophyll b at 475 nm. Figure
5.5b plots the spectral average absorption cross-section Cyps z/N, of a cell in a given colony
over the PAR region. It indicates that the spectral average absorption cross-section per
cell decreased with increasing number of cells due to mutual shading. This effect was more
pronounced at the absorption peaks of Chl. a and b where the absorption index k. is the
largest, resulting in increased shading. Indeed, neglecting shading effects would overestimate
the colony absorption cross-section by as much as 29% for the colony containing 64 cells at
wavelength A = 437 nm. On the other hand, the value of Cyps »/N. was independent of the
number of cells present for wavelengths A between 500 and 650 nm and greater than 700
nm when k., was small and shading effects were negligible. Then, the colony absorption

cross-section could be approximated according to Cgps = N.CSp..

5.5 Conclusion

The absorption cross-sections of colonial microalgae Fudorina consisting of 16, 32, and 64
equidistant absorbing photosynthetic cells distributed on a concentric sphere surface within
a non-absorbing spherical extracellular matrix (ECM) were computed using the Monte Carlo
ray-tracing method. The latter was validated against the superposition T-matrix method
for modeling absorption by an ensemble of optically soft particles. At wavelengths where the
cells were weakly absorbing, the absorption cross-section of colonies was equivalent to the
cumulative absorption cross-sections of individual cells coated by an ECM with the same
radius as the colonies. However, in the spectral range where cells absorb, the impact of
shading effects on the colony absorption cross-section increased with increasing cell radius,
number of cells, and cell absorption index. The MCRT method is a fast and accurate tool
for predicting the spectral absorption cross-section of colonies by accurately capturing the

impact of shading among cells.
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CHAPTER 6

A novel external reflecting raceway pond design for

improved biomass productivity

Outdoor raceway ponds for microalgae cultivation suffer from low biomass productivity due
in part to the low photosynthetic photon flux received by the microalgae culture in the morn-
ings and evenings and during the winter months at middle and high latitudes. This study
explores the use of external mirrors to reflect additional sunlight onto the culture and increase
the incident solar flux at critical times of the day and year. Four designs cultivating Chlorella
vulgaris were considered: a raceway pond without mirrors (Configuration A), a pond oriented
along the north/south axis with dual east/west mirrors (Configuration B), a pond oriented
along the east/west axis with a single north mirror (Configuration C), and a solar tracking ro-
tating pond with a single mirror (Configuration D). The biomass productivity was predicted
by coupling the simulated radiative field within the culture to a microalgae growth kinetics
model accounting for photolimitation and biomass loss due to respiration. Two different
locations were considered, namely Los Angeles, CA, USA and Saint-Nazaire, France. The
use of mirrors was predicted to increase the daily culture-area-based and volumetric biomass
productivity at both locations and all months of the year. Overall, Configuration C was
considered to be the simplest and most cost-effective method to increase raceway productiv-
ity. Indeed, this configuration improved the raceway pond volumetric and culture-area-based
biomass productivity by as much as 73% in the winter months compared to Configuration
A. Additionally, the impact of operational parameters (initial biomass concentration and
culture depth) and design parameters (pond length-to-width ratio and mirror height) were

assessed to provide practical recommendations for maximizing biomass productivity.
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6.1 Background

Microalgae are often cultivated in large-scale outdoor raceway ponds consisting of a culture,
at least 15 cm deep, and oriented along the north/south axis [32,33]. For raceway ponds
in outdoor conditions, large solar incidence angles occur in the mornings and evenings and
during the winter months when the solar elevation angle may be small depending on the
latitude where the raceway pond is operated. As a result, the incident spectral solar radiative
flux q;;w\(t) decreases compared to situations when sunlight is nearly normally incident on

the culture according to [42]

1"

Gin (1) = Gsa(t) cos 0. (1) (6.1)

where Gg ) is the time-dependent spectral collimated solar irradiation and 6, is the solar
zenith angle for a given time of day ¢, defined with respect to the outward pointing normal
vector of the microalgae culture surface. Furthermore, sunlight delivered at oblique angles
does not penetrate as deeply into the microalgae culture compared to normally incident
light [30,43]. Thus, non-normal incidence can increase dark zones in the culture where there
is not enough light to drive photosynthesis. This phenomenon, combined with the decrease
in solar irradiation in the mornings and evenings, negatively impacts microalgae growth by

reducing the amount of light available to the suspended cells.

The aim of this study is to explore the use of mirrors to increase the biomass produc-
tivity of raceway ponds by increasing the solar radiative flux delivered to the microalgae
culture at critical times of the day and year. The daily biomass productivity of a raceway
pond with various configurations of vertical mirrors was predicted throughout the year using
experimentally-validated models coupling light transfer and growth kinetics. The perfor-
mance of each configuration was assessed in terms of areal and volumetric productivities
and compared to the same raceway pond but without mirrors. The impact of operating pa-
rameters, such as initial biomass concentration and culture depth, and of design parameters

including mirror height, pond length-to-width ratio, and cultivation location, were assessed.
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6.2 Methods

6.2.1 Problem statement

Let us consider an outdoor rectangular raceway pond of width W =1 m and length L = 2
m located in either Los Angeles, CA, USA (34.07° N, 118.44° W) or Saint-Nazaire, France
(47.25° N, 2.26° W) growing a culture of Chlorella vulgaris of depth D equal to 0.1 m, 0.2 m,
or 0.3 m. These locations were chosen due to their difference in latitude in the northern hemi-
sphere. The pond was exposed to direct, collimated solar radiation Gg (in pmoly,m?s!)
from sunrise to sunset on September 215 as depicted in Figure 6.1A. September 215 was
considered representative of an average day as there are approximately 12 hours of sunlight
in Los Angeles, CA on this day. The daily biomass productivity was also simulated for the
215 day of each month of the year. The raceway ponds were considered to be operated
in a semi-continuous mode where harvesting took place when the maximum daily biomass
concentration X,,., (in kg m™3) was attained, i.e., at time ¢(X = X,,4,). The solar position
for a given time and day was described by the solar zenith angle 6, and the solar azimuth
angle ~, defined with respect to the due south direction, as illustrated in Figure 6.1A. Here,

vs = —90° corresponded to due east and v, = 90° corresponded to due west.

Novel pond design and control

Four different designs were investigated to explore the use of vertical external mirror(s) as a
simple way to reflect additional direct sunlight onto the culture and improve the microalgae
growth rate, particularly when the sun was low on the horizon, i.e., when the solar zenith
angle 6, was large. Configuration A consisted of a standard raceway pond without mirrors
oriented lengthwise along the north/south axis (Figure 6.1A). Configuration B consisted of
the same raceway pond as in Configuration A but featuring two vertical mirrors on its east
and west sides of time-dependent height Hp p(t) and Hpw(t), respectively (Figure 6.1B).
Here, the eastern mirror was lowered and the western mirror was raised in the morning and

vice versa in the afternoon. Similarly, Configuration C consisted of the same raceway pond
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Figure 6.1: Top view (not to scale) of (A) Configuration A: a L x W raceway pond without
mirrors, (B) Configuration B: a raceway pond featuring dual vertical mirrors on its east and
west sides, (C) Configuration C: a raceway pond featuring a single vertical mirror on its
north side, and (D) Configuration D: a raceway pond and mirror on a rotating platform

tracking the sun throughout the day.

as in Configuration A but oriented lengthwise along the east/west axis and featuring a single

vertical mirror on its north side with time-dependent height He(t) (Figure 6.1C). Finally,
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Configuration D consisted of the same raceway pond as in Configuration A but on a circular
rotating platform of radius R tracking the movement of the sun throughout the day and
featuring a single vertical mirror of time-dependent height Hp(t) (Figure 6.1D). Here, the
platform rotation angle 6p was defined as the angle between the due south direction and
the outward pointing normal vector of the mirror. As with the solar azimuth angle v, a
rotation angle of 8p = —90° corresponded to a due east-facing mirror position and 8p = 90°
corresponded to a due west-facing mirror position. Configuration D was considered to assess
the maximum productivity achievable with the use of mirrors in a manner similar to Pruvost
et al. [150] who considered the ideal case of a solar tracking photobioreactor to assess the

maximum theoretical productivity of a solar photobioreactor.

The time-dependent mirror height Hp/c/p(t) for Configurations B-D was controlled to
maximize the culture surface area S,.; subjected to reflected light while minimizing mir-
ror height to avoid shading between adjacent raceway ponds. When the magnitude of the
solar azimuth angle |ys| > tan=! /L for Configuration B and |,| < tan™' L/W for Con-
figuration C (see Figure 6.1B and 6.1C) the reflected area was maximized by controlling
the mirror height such that the reflected width W,.; was equal to the pond width, i.e.,
W,y = W. However, when |ys| < tan™! W/L for Configuration B and |ys| > tan™" L/W for
Configuration C, the reflected area was maximized for a reflected width W,.r = Ltan ||
and W,.; = L/tan|y,| for Configurations B and C, respectively. Then, the reflected width
Wi,er never exceeded the pond width W and shading between adjacent ponds was avoided
for pond spacing width Wy, = W for Configurations B and C and W, = R = W2 for
Configuration D. Figure 6.2a depicts a schematic of the side view of Configurations B-D
illustrating the spacing width W,,. For each configuration, the mirror height Hp,c/p(t)
which gave the desired reflected width W,.; was calculated based on the apparent solar
zenith angle 0, ,, defined as the angle between the vertical axis and the incoming solar radi-
ation as observed from a side view of a given configuration (see Figure 6.2a). The apparent
solar zenith angle 6, , was given by 6, , = tan™! (tan 6, sin |7y,|) for Configuration B and by
0., = tan~! (tan 6, cos |y|) for Configuration C. For Configuration D, the platform support-

ing the pond was rotated such that the mirror was always facing the sun and the rotation
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angle 6p was equal to the solar azimuth angle v,. Thus, the actual and apparent solar zenith
angles were equal, i.e., 0, = 0, ,. Then, the mirror height Hg,c/p for each configuration was

given by

W/tan@, ,, V5| > tan™* W/L
Hp(t) = (6.2)

Ltan |ys]/tanf, ., |7s| < tan ' W/L

;

07 |'}’S| > 90°
He(t) = § L/ tan || tanf, ., 90° > |y,| > tan™! L/W (6.3)
W/ tan@, ,, |7s| < tan™' L/W
Hp(t) =W/tand,,. (6.4)

To avoid unreasonably large values of mirror height when 6, , was small, a maximum allowed
height of H* = 1 m was imposed. Then, the mirror height for a given time ¢ was the minimum
value between H* and the mirror height for a given configuration from Equations (6.2)-(6.4).
Note that, for Configuration B, the west mirror height Hp w (t) was given by Equation (6.2)
while the east mirror was lowered in the morning when the solar azimuth angle was negative,
i.e., 7. < 0. Similarly, the east mirror height Hg g(t) was given by Equation (6.2) while the
west mirror was lowered in the afternoon when the solar azimuth angle was positive, i.e.,
vs > 0. Note that the mirror height Hs(t) was equal to zero for Configuration C when the
sun was positioned behind the mirror, i.e., || > 90°. Figure 6.2b plots the resulting mirror
heights Hp/c/p(t) as a function of time for Configurations B-D on September 21°* according

to Equations (6.2)-(6.4) with an imposed maximum mirror height of H* = 1 m.

6.2.2 Assumptions

Light transfer and microalgae growth were modeled based on the following assumptions:
(1) all mirrors were considered to be specularly-reflecting with 100% reflectivity over the

photosynthetically active radiation (PAR) region from 400 to 700 nm. (2) The raceway
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Figure 6.2: (a) A side view (not to scale) of Configurations B-D illustrating the reflection
width W,.r, pond spacing width W, and the apparent solar zenith angle 6, ,. (b) Mirror
height Hp/c/p(t) given by Equations (6.2)-(6.4) as a function of time of day on September

21%% in Los Angeles, CA for maximum allowed mirror height H* = 1 m.
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pond was operated in the light-limited regime such that growth was only a function of the
local rate of photon absorption (LRPA) within the culture. (3) Light transfer within the
culture was considered to be one-dimensional along the z-axis and shading from the walls
of the raceway pond was negligible, as demonstrated in Ref. [48]. (4) Diffuse solar radiation
was neglected. (5) The culture was well-mixed with uniform biomass concentration. (6) The
liquid medium was non-scattering and non-absorbing over the PAR region. (7) The radiative
properties and kinetic growth parameters of Chlorella vulgaris were constant throughout the
day. (8) The culture temperature was kept constant throughout the day. (9) The bottom of

the raceway ponds were perfectly absorbing.

6.2.3 Reflected sunlight

The culture surface area subjected to reflected sunlight S,.; for a given configuration and
solar position was calculated as the difference between the total surface area of light reflected
by the mirror and the area of reflected light that fell outside of the culture surface (see Figures

6.1B and 6.1C) according to

Wier(t)L — $W,er(t)?/] tan,(¢)|  for Configuration B

Sref(t) = § Wyes(t)L — AWoer (t)? tan v, (t) for Configuration C (6.5)

Wier(t)L for Configuration D.
\

The amount of additional light reflected onto the culture for each pond configuration can be
assessed by considering the ratio S,.;/Sc of the culture surface area subjected to reflected
sunlight S,.s to the total culture surface area S¢ = WL. The ratio of S,.r/Sc ranged
from zero, when none of the culture surface was exposed to reflected light, to 1.0 when the
entire culture surface area was exposed to reflected light. Then, the incident mean spectral
radiative flux g, , (in pmoly,m~s™") averaged over the culture surface area at a given time

t was given by

r(0) = 7(0.(0)Gaalt)eost.0) (1+ ) (6:6)

where 7(6,(t)) is the transmittance of the air/microalgae culture interface predicted by Fres-
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nel’s equations for an incidence angle equal to the solar zenith angle 0, [42]. Note that since
the mirror was perfectly vertical, the angle of incidence of reflected light was equal to that
of light directly incident on the culture surface. The resulting incident mean photosynthetic

photon flux g, p4r(t) was obtained by integrating g, ,(t) over the PAR region, i.e.,

in,\

& pan(t) = / 2\ ()dA. (6.7)
PAR

6.2.4 Light transfer in microalgae culture

The two-flux approximation was used as an analytical solution to the one-dimensional radia-
tive transfer equation governing light transfer in the microalgae culture. This method has
been validated and used extensively in previous studies [30,48,67-69, 151]. The radiation
transmitted through the air/microalgae culture interface was refracted at the interface at
an angle 6, = sin"* (n,/n,, sin0.) where n, = 1.0 and n,,, = 1.33 are the refractive indices
of the air and culture medium, respectively. Then, for a raceway pond with a perfectly
absorbing bottom wall and exposed to the mean incident spectral radiative flux g, ,(¢), the

local spectral fluence rate G\(z,t) at a given culture depth z (see Figure 6.2a) was given by

Galz:t) 2 (L+an)e™P 2 — (1 —ay)e P2 .
q‘é’,m(t) o5l (14 0y)2enD — (1 — @))2e=0D .
where the parameters a;, and J, were expressed as [67]
Aabs A Oé)\X(t) - _
- A - d (5 = Aa S 2b Ssca . 69
“ \/Aabs,)\ + 2b)Ssca o AT cos b, (Aabs,x + 203S5can) (6.9)

Here, X (¢) is the biomass concentration (in kg m~3) at time ¢ while the spectral average mass
absorption flabs, » and scattering 5’5% » cross-sections (in m?kg™!) and the backward scattering
ratio by of Chlorella vulgaris were obtained from experimental measurements, reported in
Ref. [43] and shown Figure A.1 of the Supplementary Materials. Finally, the local rate of
photon absorption (LRPA) by the microalgae cells, denoted by A(z,t) (in pmoly,, kg™'s™1),
was defined as [43]

A(Z,t) = /PAR Aab&)\Gk(z,t)d/\. (610)
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6.2.5 Microalgae growth kinetics

The time rate of change of the biomass concentration X (¢) in a microalgae batch culture

can be expressed as [70]
dX

< = rxlt) = X () (6.11)
where 7x(t) is the average volumetric growth rate (in kg m=3s™!) and fi(t) is the volume-
averaged specific growth rate (in s7!). The growth kinetics model and corresponding param-
eters reported in Refs. [43,71] for Chlorella vulgaris are given in Table 6.1 and were used to

predict the specific growth rate fi(t) of the microalgae culture as a function of time. This

model accounted for light limitation and cell respiration activity [71].

First, the volume-averaged specific rate of oxygen production or consumption Jo,(t) (in

molp,kgx's™!) as a function of the LRPA A(z,t) was calculated according to [43]

_ 1P K -, JNADH, K,
Jo,(t) = 5/0 {PMmﬁbOQA(Z’t) - dz. (6.12)

VNADH,—0, K7 + A(2, 1)
Here, pj; is the maximum energy yield for photon conversion, g5’02 (in molp,pmoly, ™) is
the molar quantum yield of O, for the Z-scheme of photosynthesis, K (in ymoly,, kg='s™!) is
the half-saturation constant for photosynthesis, Jyappy, (in moly ADH?kg;(ls_l) is the specific
rate of cofactor regeneration on the respiratory chain related to the oxygen consumption by
the stoichiometric coefficient of cofactor regeneration on the respiratory chain vyapm,—o,,
and K, (in pmoly, kg~'s™!) is a saturation constant describing the inhibition of respiration
in light.
Then, the stoichiometric relationship between the production of oxygen and the pro-
duction of biomass was used to predict the volume-averaged growth rate ji(t) (in s™') as a
function of Jo,(t) according to [43]

x(t) _ Jo,(t)Mx
X(t) IJOQ_X

fi(t) = (6.13)

where Mx (in kgxmolg') is the C-molar mass in the biomass given by CH,0,, and vo, _x is

the stoichiometric coefficient of the oxygen production.
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Table 6.1: Growth kinetics parameters for Chlorella vulgaris [43].

Parameter  Value Units
PM 0.8 -
JINADH, 2.8x107%  molyapn,kegy's™!
VO,—X 1.13 -
P o, 1.1x10""  molg,umol; !
Mx 0.024 kgxmola1
VNADH2—02 2 -
K 40,000 pmoly,, kg~1s!
K, 556.5 pmoly,, kg~1s!
A, 2,800 pmoly,, kg~1s™!

6.2.6 Biomass productivity

The daily volumetric Py, culture-area-based P4 ¢, and land-area-based P, ; biomass pro-
ductivities were considered as metrics to compare the performance of all four raceway pond
configurations. The daily volumetric biomass productivity Py (in kg m—3day~!) was defined
as

(Xonaz — Xo)

where X4, is the maximum biomass concentration reached on a given day, X is the initial
biomass concentration, and the time increment At is equal to one day. Similarly, the daily

culture-area-based biomass productivity P ¢ (in kg m™2day ') was defined as

(Xmax - X(])V
ScAt

Pic = = PyD (6.15)

where S is the culture surface area. In addition, the daily land-area-based biomass produc-

tivity Paz (in kg m2?day ') was defined as

(Xmax - XO>V
St At

Par = (6.16)
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where 57, is the land area required to accommodate both the raceway ponds and the spacing
between adjacent ponds. The land area S;, required for a single pond was S;, = 2S¢ = 4 m?
for Configurations B and C with pond width W and spacing width W, equal to 1 m. A

circular land area Sy = mR? = m(W? + L?/4) = 6.28 m? was required for Configuration D.

The volumetric Py, culture-area-based P4 ¢, and land-area-based P, ; productivities
were considered as they are related to the different costs associated with producing a kilogram
of biomass. The volumetric productivity P can be used to assess the biomass output relative
to the operating costs that depend on the culture volume such as the energy required for
water circulation and thermal regulation as well as downstream processing costs such as
dewatering [29]. The daily culture-area-based P4 ¢ and land-area-based P, ; productivities
can be used to assess the biomass output relative to operating and capital costs that scale
with the culture area (e.g., evaporation losses, pond liners) and land area (e.g., land cost),
respectively [152]. The land-area-based productivity P4 can also be used to estimate the

size of the facility required for a desired yield of biomass.

6.2.7 Boundary and initial conditions

The incident spectral solar irradiance Gg,(t) was determined using the Simple Model of
the Atmospheric Radiative Transfer of Sunshine (SMARTS) for either Los Angeles, CA or
Saint-Nazaire, France on the 21 day of each month [79]. The initial biomass concentration
Xo was varied between (i) 0.03 and 0.30 kg m™2 for culture depth D = 0.3 m, (ii) 0.03 and
0.45 kg m™3 for D = 0.2 m, and (iii) 0.03 and 0.70 kg m~ for D = 0.1 m. These ranges of
culture depth and biomass concentration were found to yield positive biomass productivity

on September 21°,

6.2.8 Method of solution

Figure 6.3 shows a block diagram describing the process for predicting the biomass con-
centration X (¢) as a function of time for Configurations A-D. First, the solar conditions

N . . o . . 1
at sunrise, i.e., t = ty, were used to calculate the mean incident spectral radiative flux g;,, ,
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[Equations (6.2) - (6.6)] for a given configuration, pond length L, width W, and maximum al-
lowed mirror height H*. Then, the two-flux model was applied to predict the LRPA A(z, )
within the culture [Equations (6.8) - (6.10)] for a given initial biomass concentration X
and culture depth D and using the radiative properties of Chlorella vulgaris [43]. Next, the
growth kinetics model for Chlorella vulgaris was used to predict the volume-averaged specific
growth rate ji(t) [Equations (6.12) - (6.13)]. Then, the biomass concentration at subsequent
times X (t + At) was predicted by integrating Equation (6.11) and assuming that f(t) and

X (t) were constant over the time increment At according to

X(t+ At) = X(1)[1 + a(t)At] (6.17)

where the time increment At was equal to 3 minutes to obtain numerically converged re-
sults. This process was then repeated for the updated biomass concentration and sunlight

parameters at ¢t =t + At until sunset, defined here as the time ¢t where 6, > 90°.

6.3 Results and Discussion

6.3.1 Incident radiative flux

Figure 6.4a plots the fraction S,.;/Sc of the total culture area S¢ receiving reflected light
for Configurations A-D as a function of time on September 21%° in Los Angeles, CA. Note
that S,.;/Sc was zero throughout the day for Configuration A since no reflecting mirrors
were present, i.e., S,y = 0. Both Configurations B and D experienced a decrease in the
reflected area S,.; at midday. This was due to the small apparent solar zenith angle 6, ,
at midday and the fact that the mirror height was limited to H* = 1 m (see Figure 6.2b).
The ratio of S,.;/Sc for Configuration B was nearly unity at the beginning and end of the
day when the sun was positioned facing the west and east mirror, respectively. On the
other hand, S,.;/Sc = 1 for several hours in the morning and evening for Configuration
D thanks to the tracking system which ensured that the sun was always facing the mirror.

Unlike Configurations B and D, the ratio S,.;/S¢ for Configuration C was nearly zero in
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* Culture operating parameters: X,, D
+ Radiative properties: 4, Ssca2, ba (Fig. A1)
* Growth kinetics parameters: Table 6.1

|
y

* Design parameters:
configuration, L, W, H*

MIRROR SYSTEM ICROALGAE CULTURE
Reflected sunlight | Zina(t) Light transfer | A(z1) EGSro;gt;IQI)(T?;I‘;z)
Egs. (6.2) - (6.6) Egs. (6.8) — (6.10) gs. Pt

t |

Sunlight parameters: w t=t +At No
Gs2(0.6,0), %) ]

X(t + At)

_1r=to OUTPUTS Yes
Initialization

+ Biomass concentration, X(t), X4
*  Volumetric and areal daily biomass
productivity, Py, Py ¢, Pa 1, [Eqs. (6.14) — (6.16)]

Figure 6.3: Block diagram illustrating the computational procedure used for predicting the
temporal evolution of biomass concentration X (¢) and the daily biomass productivities for

raceway Configurations A-D.

the morning and evening. At these times, the sun’s rays were virtually parallel to the south-
facing mirror and the reflected area S,.; was small. The ratio S,.;/Sc reached a maximum
at midday for Configuration C but it never attained a value of unity, since the mirror height
He(t) was limited to H* at midday when the sun was positioned facing the mirror (see

Figure 6.2b).

Figure 6.4b plots the incident photosynthetic photon flux ¢}, paz [Equation (6.7)] aver-
aged over the culture surface area as a function of time on September 215 for Configurations
A-D. It indicates that Configurations B-D increased the mean incident photosynthetic pho-
ton flux throughout the day compared to a raceway pond without mirrors. In the morning
and evening, Configurations B and D exhibited the highest mean incident photosynthetic
flux thanks to the east- and west-facing orientation of their mirrors. Nonetheless, the inci-

dent photosynthetic flux remained small in the early morning and late evening due to the
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Figure 6.4: (a) Fraction S,.r/Sc of the total culture surface area S¢ = WL subjected to
reflected sunlight and (b) incident photosynthetic photon flux @, p4p averaged over the
culture surface area as a function of time on September 21%° for Configurations A-D in Los

Angeles, CA.
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weak solar irradiation Gg at these times. Furthermore, the mean incident photosynthetic
flux of Configuration B decreased at midday to be equal to that of Configuration A as the
sun aligned with the north-south axis and the reflected area S,.; went to zero (see Figure
6.4a). At midday, the mean incident photosynthetic flux was higher for Configuration C

than Configuration B due to the south-facing orientation of the mirror.

6.3.2 Microalgae growth

Figures 6.5a and 6.5b show the temporal evolution of the volume-averaged specific growth
rate fi(t) and the biomass concentration X (¢) on September 21 in Los Angeles, CA for
the four raceway pond configurations considered. For all configurations, the initial biomass
concentration was Xy = 0.07 kg m™ and the culture depth was D = 0.3 m. Figure 6.5a
indicates that the average specific growth rate fi(t) was higher for the raceway ponds fea-
turing mirrors compared to Configuration A at nearly all times of day. This was thanks to
the increased solar collection surface provided by the mirrors which increased the incident
photosynthetic photon flux (j;% paRs as observed in Figure 6.4b. At midday, the effect of the
mirrors in Configuration B was small and the average growth rate fi(t) was briefly smaller
than that of Configuration A. This was caused by the decrease in light penetration due to
the higher biomass concentration X (¢) in Configuration B compared to Configuration A. In
the morning and evening, Configuration B had a larger average growth rate fi(¢) than Con-
figuration C, while the opposite was true at midday. This was attributed to the fact that the
east /west facing mirrors increased the photosynthetic photon flux g, p 4 significantly in the
mornings and evenings while the south-facing mirror increased g, paz the most at midday
(see Figure 6.4b). On the other hand, Configuration D had the highest average growth rate
f(t) until 11 am thanks to its solar tracking capability. Throughout the rest of the day, the
average growth rate fi(¢) of Configuration D decreased slightly compared to Configurations

B and C due to the higher biomass concentration which reduced light penetration.

Similarly, Figure 6.5b indicates that Configurations B-D yielded larger biomass concen-

tration X (¢) than Configuration A at all times of the day on September 21%*. Configuration
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Figure 6.5: (a) Average specific growth rate fi(¢t) and (b) biomass concentration X (t) as
functions of time on September 21% for Configurations A-D located in Los Angeles, CA with

initial biomass concentration Xy = 0.07 kg m™3 and culture depth D = 0.3 m.
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D achieved the largest maximum biomass concentration of X,,,, = 0.168 gL~! compared
t0 Xpmae = 0.137 gL~! for Configuration A. Configurations B and C reached a maximum
biomass concentration X,,q, of 0.159 gL.=! and 0.155 gL.=!, respectively. For all configura-
tions, X, was attained around 5:30 pm. Interestingly, Configurations B and C exhibited
similar growth curves despite marked differences in their designs (see Figures 6.1B and
6.1C) and corresponding average incident photosynthetic photon flux Tin.PAR (see Figure
6.4b). Overall, the new reflecting pond designs increased the maximum biomass concentra-
tion X,,4e by 16%, 13%, and 23% for Configurations B, C, and D, respectively, compared to
the traditional raceway pond of Configuration A. For all configurations, the biomass concen-
tration X (¢) decreased after approximately 5:30 pm as the available photosynthetic photon

flux was not sufficient to sustain growth resulting in biomass loss due to respiration.

6.3.3 Biomass productivity

Figure 6.6a shows the daily culture-area-based P4 ¢ biomass productivity of Configurations
A-D as a function of the initial biomass concentration X, for culture depths D equal to
0.1 m, 0.2 m, and 0.3 m on September 21" in Los Angeles, CA. Previous studies [48, 50]
have demonstrated that the culture-area-based biomass productivity of photobioreactors and
covered raceway ponds scales with Xy/a where a is the specific illuminated area given by
a = S¢/V such that a = 1/D for the present raceway ponds. Note also that the initial culture
optical thickness can be expressed as By 0D = (Aapsr + Sscar) XoD where By is the initial

extinction coefficient in m~1.

Thus, the product XoD of the initial biomass concentration
Xo and the culture thickness D is representative of the culture’s initial optical thickness [48].
Figure 6.6b plots the same data for biomass productivity P4 ¢ shown in Figure 6.6a but as a
function of XyD. The results indicate that, even when using mirrors, the productivity P4 ¢
collapsed onto a single line for all values of Xy and D. Note that land-area-based biomass
productivity P4 = Pac X Sc¢/Sp (not pictured) also collapsed onto a single line. This
indicates that the scaling relation between areal biomass productivity (in kg m—2day~!) and

the initial optical thickness represented by the product Xq,D holds true for raceway ponds

featuring external mirrors.
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Figure 6.6¢ shows the daily volumetric biomass productivity P, for all four raceway
pond configurations as a function of X, for a culture depth D = 0.3 m on September 215
in Los Angeles, CA. Note that volumetric productivity is given by Py = Pa¢/D and thus
did not scale with the product XoD. Configurations B-D significantly improved the daily
culture-area-based P4 ¢ and volumetric Py biomass productivities for all values of XD and
Xo, respectively. The maximum value of both P4 and Py increased by 32%, 26%, and
45% for Configurations B, C, and D, respectively, compared to Configuration A for which
P cmar = 0.020 kg m™2day ! and Py0, = 0.067 kg m™day~!. The predicted productivity
of Configuration A was within the typical range of productivities for well-managed open

raceway ponds reported as 0.020 to 0.025 kg m—2day ! from Ref. [32].

Figure 6.6d plots the optimum value of the product XyD which yielded the maximum
biomass productivity on the 21°* day of each month of the year, denoted by (X¢D),pt, for
Configurations A-D in Los Angeles, CA. The smallest optimum initial optical thickness rep-
resented by (X¢D)p occurred during the winter months for all four configurations. During
this time of year, the optimum optical thickness was lower due to the decreased incident
photon flux. Similarly, (X¢D),, of Configuration A was smaller than that of Configurations
B-D throughout the year due to its lower incident photon flux. However, all four configu-
rations exhibited a local minimum in (XD),, during June when the incident photon flux
was the largest. This was attributed to the longer days during the summer months which
led to higher biomass concentrations in the afternoon. Thus, (X¢D),,: was smaller to avoid
low light penetration and small growth rates in the afternoon. The maximum in (XoD)ep
occurred in April and August for Configurations A and B and in March and September for
Configurations C and D. These results suggest that both the solar intensity and duration of

the day must be considered to identify (X¢D), for a given location and time of year.

Figures 6.7a and 6.7b show the maximum daily culture-area-based P4 c 4z, land-area-
based P4 1 maz, and volumetric Py ,q, productivities of Configurations A-D obtained from
simulations of biomass concentration X (¢) from sunrise to sunset on the 215 day of each
month of the year using (XoD),, reported in Figure 6.6d. It is evident that adding mirrors

to the raceway pond increased the maximum biomass productivities Pa ¢ mez and Py e

128



0.015

0.010

0.005

Productivity, P

0.000 oo ]
D
WO I et o o

(b)

’

| —=— Config. A
0.02_:_—0— Config. B
[ —a— Config. C
[ —v— Config. D
DL e

> V.5 3 SR o4 O
S’b’ Q@ @fb‘ ?’Q @"Dﬁ '50 ,50 ?70‘?0 %Q,Q OC) éo OQ;

Productivity, Py, .. (kg m>day™)

Figure 6.7: (a) Maximum daily culture-area-based P4 ¢ maz, land-area-based Py 1 maz, and

(b) volumetric Py 4, productivity over one year for raceway pond Configurations A-D in

Los Angeles, CA.
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throughout the year. Indeed, even the simple single-mirror design of Configuration C in-
creased the culture-area-based Pa ¢ mq and volumetric Py 4, productivities by 52% in De-
cember. However, Configurations B-C also decreased the maximum land-area-based Pa 1, s
productivity throughout the year. Configuration D exhibited the largest culture-area-based
P4 ¢ maz and volumetric Py ,q, productivities as well as the smallest land-area-based Pa 1, pmaq
productivity. This was due to the additional land area required to accommodate the rotat-
ing platform and prevent shading between adjacent ponds with external mirrors. Thus, a
production facility featuring raceway ponds of Configuration D would require a larger land
area to achieve the same annual yield as a raceway pond of Configuration A-C. Furthermore,
Figure 6.7 indicates that Configuration B had larger productivities Pa cmaz, PA.Lmaz, and
Py e from March to September than Configuration C while the opposite was true from
October to February. This suggests that the dual mirror design of Configuration B is better
suited to smaller solar zenith angles 6, observed in the summer months. Conversely, the sin-
gle mirror design of Configuration C is better suited to larger solar zenith angles 6, observed

in the winter months.

6.3.4 Impact of reflecting pond dimensions and location

The maximum daily culture-area-based biomass productivity P4 c mqe. Was predicted for pond
length-to-width ratio L/W ranging from 1 to 20 for Configurations A-D in Los Angeles, CA
on September 21%°. The results are shown in Figure D.1 of Supplementary Materials. The
productivity Pa cmae. of Configuration A was found to be independent of L/W as light
transfer within the culture was modeled as one-dimensional and ignored edge effects. This
was also the case for Configuration D thanks to its tracking feature which ensured that no
reflected light fell outside of the culture surface (see Figure 6.1D). On the other hand, the
biomass productivity Pa ¢ mes 0f Configurations B and C increased as the length-to-width
ratio L /W increased up to L/W ~ 5, beyond which a plateau was reached. This was due to
a decrease in the fraction of total reflected light that fell outside of the culture surface (see
Figures 6.1B and 6.1C) as L/W increased. Thus, raceway ponds featuring mirrors should
have a length-to-width ratio L/WW > 5 to mitigate this effect. The impact of L/W was found

130



to be the same throughout the year (see also Supplementary Materials).

Figures 6.8a and 6.8b plot the maximum daily culture-area-based biomass productivity
P4 ¢ mae as a function of the maximum allowed mirror height normalized with respect to the
pond width H* /W for Configurations A-D on September 21 in Los Angeles, CA and Saint-
Nazaire, France. For the dual east/west mirror Configuration B, Figure 6.8 indicates that
the productivity P4 ¢ mae: increased continuously with increasing H*/W for both locations.
This was due to the fact that the apparent solar zenith angle 6, , approached zero at midday
which resulted in very large values of mirror height required to maximize the reflected area
according to Equation (6.2). On the other hand, the productivity P4 ¢ mae. of Configurations
C and D increased and then remained constant for H*/W > 1.6 for Los Angeles, CA and
H*/W > 1.0 for Saint-Nazaire, France. Thus, these values represented the optimum value
(H* /W )opt of the maximum mirror height H* normalized by the pond width W. Note that
(H* /W) opt for Configurations C and D on September 21%* were given by the maximum value

of mirror height He/p(t) on that day from Equations (6.3) and (6.4), respectively.

Figure 6.9a plots the optimum mirror height normalized by the pond width (H* /W), for
the 215 day of each month in Los Angeles, CA and Saint-Nazaire, France for Configurations
C and D. Note that (H*/W ), was not shown for Configuration B since it was infinite at
midday as the apparent solar zenith angle 6, , approached zero [see Equation (6.2)]. Figure
6.9a indicates that (H*/W),,: was smaller throughout the year at the higher latitude of Saint-
Nazaire, France compared to that of Los Angeles, CA. This was due to the larger minimum
solar zenith angle 0, ,;, (see Figure 6.9b) which reduced the mirror height necessary to
maximize the fraction S,.;/Sc of the culture area subjected to reflected light. Similarly,
the larger solar zenith angles in the winter months resulted in smaller (H*/W),,: compared
to the summer months for both locations. Furthermore, Figure 6.9a demonstrates that the
mirror heights required to optimize the performance of both configurations were small in the
winter months, particularity for ponds located in Saint-Nazaire where (H*/W )., was less

than unity from September to March.

Figures 6.9¢ and 6.9d plot the predicted maximum culture-area-based productivity P4 ¢ max

throughout the year for the optimum maximum mirror height (H*/W),,: from Figure 6.9a
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for all four configurations in Los Angeles, CA and Saint-Nazaire, France, respectively. Here,
the optimum maximum mirror height (H*/W),,: for Configuration C was used for Config-
uration B. In general, Figures 6.9c and 6.9d indicate that the areal productivity Pa c maa
for raceway ponds located in Los Angeles was greater than those located in Saint-Nazaire.
This can be attributed in part to the smaller solar zenith angles (see Figure 6.9b) experi-
enced by the ponds in Los Angeles thanks to its lower latitude. However, Configuration C
yielded a slightly larger productivity in Saint-Nazaire than in Los Angeles during the month
of June despite having a significantly smaller optimum mirror height H* (see Figure 6.9a)
and experiencing a larger solar zenith angle #,. This indicates that Configuration C was
more effective at improving the biomass productivity of raceway ponds at higher latitudes.
Furthermore, for Saint-Nazaire, the productivity of Configuration C was nearly equal to
the ideal tracking case of Configuration D from October to February. Indeed, volumetric
and culture-area-based productivity increased by up to 73% for Configuration C in Saint-
Nazaire during these months despite the relatively small optimum maximum mirror height
(H* /W )opt-

Overall, Configurations B-D enabled higher biomass yield per unit area and volume of
culture by increasing the solar input to the microalgae culture. This would reduce the
final cost per unit mass of biomass since the operating cost scales linearly with the culture
surface area [152]. Moreover, by increasing productivity in the winter months, the growing
season can be extended and yearly productivity can be improved in locations where year-long
growth is currently inefficient. For example, Configuration C increased biomass production
in Saint-Nazaire from September to March by 50%. Additionally, the increased incident
solar flux achieved by using mirrors may decrease the energy required for thermal regulation
of the culture in cooler months and/or climates where sunlight is a major source of heat for
solar culture systems [153]. However, adding mirrors requires more land to prevent mutual
shading between adjacent raceway ponds. Furthermore, the mirrors and control system
required to implement the external reflecting pond design would increase the capital and
maintenance costs compared to a standard raceway pond, particularly for Configuration B

featuring two mirrors and for Configuration D featuring the rotating raceway pond. Thus,
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Configuration C appears to be the most practical design as it requires a single mirror but
still improved the raceway pond volumetric and culture-area-based biomass productivity
significantly, particularity in the winter months. The concepts explored in this study are

promising and should be explored experimentally.

6.4 Conclusion

The use of mirrors to increase the daily biomass productivity of outdoor raceway ponds by
reflecting additional light onto the microalgae culture was investigated theoretically. Four
designs were considered including a raceway pond without mirrors (Configuration A) used
as a reference, a pond oriented along the north/south axis with mirrors on both its east
and west sides (Configuration B), a pond oriented along the east/west axis with a single
mirror on its north side (Configuration C), and a solar tracking rotating pond with a single
mirror (Configuration D). The growth of Chlorella vulgaris was predicted using the two-
flux approximation and a growth kinetics model accounting for light limitation and cell
respiration activity. The use of external mirrors was found to improve the daily volumetric
and culture-area-based biomass productivities throughout the year and by as much as 73%
compared to a raceway pond without mirrors. Configuration B outperformed Configuration
C in the summer months, while the opposite was true in the winter months. Furthermore, the
culture-area-based biomass productivity of all four configurations was found to scale by the
product of the initial biomass concentration and the culture depth XyD. The product XyD
which yielded the maximum biomass productivity depended on the configuration and the
time of year. The addition of mirrors was found to yield the largest improvement in biomass
productivity for ponds with a pond length-to-width ratio greater than 5. Additionally, the
optimum maximum mirror height was reported for Configurations C and D for both Los
Angeles, CA, and Saint-Nazaire, France. Overall, Configuration C featuring a single mirror
on the north side of a pond oriented along the east-west axis was considered to be the
simplest and most cost-effective method for improving the biomass productivity in outdoor

raceway ponds. These results provide practical guidelines for the design and operation of

135



raceway ponds featuring mirrors for improved biomass productivity.
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CHAPTER 7

Conclusions and Future Work

7.1 Conclusions

The objective of this dissertation was to assess the impact of (1) condensate comprised of
either small cap-shaped droplets or large non-cap shaped droplets, (2) microalgae colony
formation, and (3) the presence of an external vertical reflecting surface on light transfer in

outdoor microalgae cultivation systems and their performance.

The first objective was achieved by modeling light transfer through tilted and horizon-
tal transparent windows supporting both small cap-shaped and large non-cap shaped non-
absorbing droplets of various volume V' and contact angle #.. The shape of large non-cap
shaped droplets was predicted numerically accounting for both surface tension and gravi-
tational forces. The transmittance of windows supporting cap-shaped droplets was nearly
the same as those with small droplets (V' < 10 pL) and contact angles 6, < 6., where 0., is
the critical angle for total internal reflection at the water/air interface. As droplet volume
increased, the transmittance of horizontal windows supporting non-cap shaped droplets de-
creased by up to 37% compared to that of a window supporting cap-shaped droplets of the
same contact angle and volume. Conversely, for tilted windows supporting non-cap shaped
droplets, increasing droplet volume increased window transmittance compared to that of a
tilted window supporting cap-shaped droplets of equal volume. In all cases, window trans-
mittance decreased linearly with increasing droplet surface area coverage. These results
demonstrate that optical losses due to back-scattering of light by droplets in microalgae cul-
tivation systems may be reduced by tilting the covers or by reducing the size, contact angle,

and /or surface area coverage of condensate droplets.

A deeper understanding of the effects of condensate droplets on microalgae cultivation

systems was achieved by coupling light transfer modeling of scattering by droplets and growth
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kinetics in an outdoor covered raceway pond cultivating Chlorella vulgaris. Then, the re-
sulting radiative field in the culture was coupled to a growth kinetics model for Chlorella
vulgaris. Generally, the presence of droplets was found to decrease the solar energy input
to the microalgae culture due to the reduced window transmittance. Indeed, compared to a
raceway pond featuring a dry cover without droplets, a raceway pond with a cover featuring
90% droplet surface area coverage and 90° droplet contact angle experienced a decrease in

biomass productivity by as much as 18%.

Moreover, a significant decrease in the average spectral mass absorption cross-section
flabs,)\ of Botryococcus braunii was observed, both experimentally and numerically, between
cultures containing (i) single cells or (ii) aggregate-like colonies. The decrease observed in
Agps. for cultures with colonies was explained, in part, by the decrease in pigment concen-
tration. However, the arrangement of cells into colonies was also found to reduce the average
spectral absorption cross-section flab& A due to mutual shading between cells. This was the

case for colonies containing as few as 10 cells.

The role of colony formation in light absorption was further investigated by considering
colonies with an ordered spherical structure featuring very large cell and extracellular matrix
size parameters. Such colony morphology is often observed in members of the Volvocaceae
family such as Fudorina, Pleodorina, and Volvox. Here also, colony formation was found to
decrease the mass absorption cross-section flabs,,\ due to shading effects. Furthermore, the
impact of shading effects increased with increasing cell size, absorption index, and number
of cells present in the colony. Indeed, a colony with 64 cells was found to absorb up to 23%
less light compared to a equivalent number of free floating single cells. This may decrease
the local rate of photon absorption at a given depth in microalgae cultures and result in

reduced growth.

Finally, several designs of outdoor raceway ponds cultivating of Chlorella vulgaris in
either Los Angeles, CA or Saint-Nazaire, France under solar incidence were considered to
increase the biomass productivity by reflecting additional sunlight on to the culture surface
via a vertical external mirror. The use of external mirrors was predicted to improve the

volumetric and culture-area-based productivities throughout the year for both locations and
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all mirror configurations considered. In particular, the simplest design featuring a single
mirror on the north side of an east-west oriented pond was predicted to increase biomass
productivity by as much as 73% in the winter months compared to a raceway pond with
no mirror present. This was attributed to the larger solar energy input which increased the

penetration depth of light and enabled the culture to reach higher biomass concentrations.

7.2 Future Work

7.2.1 Modeling the impact of condensate droplets on solar heating and biomass
productivity of closed outdoor photobioreactors

The simulation results reported in Chapter 3 demonstrate that the presence of droplets can
have negative consequences for the biomass productivity of covered solar raceway ponds. In
our study, only the visible part of the solar spectrum was considered. However, the presence
of droplets may also act as an infrared filter providing passive thermal regulation of the
culture. Simsek et al. [154] recently demonstrated an experimental validation of the MCRT
algorithm used in Chapter 3 for the infrared part of the spectrum. Therefore, future work
should focus on modeling the impact of droplets on both light and heat transfer in outdoor
cultivation systems. The tools developed in Chapter 3 can also be used to investigate the

effect of dropwise condensation on solar stills for water production.

7.2.2 Experimental proof-of-concept of a novel external reflecting raceway pond
design for improved biomass productivity

Chapter 6 theoretically demonstrates the advantages of including a vertical reflecting surface
in the design of outdoor raceway ponds to increase the sunlight available to the culture for
photosynthesis. Future work should validate this design using a pilot-scale outdoor raceway
pond subjected to solar radiation during various seasons. This will consist of operating two
raceway ponds, with and without a mirror, in parallel under solar incidence cultivating the
same microalgae strain. The culture temperature, pH, and evaporation can be monitored
and /or controlled continuously and the evolution of the biomass and pigment concentrations

will be compared between the two systems. This will enable a more comprehensive assess-
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Figure 7.1: Experimental setup developed at AlgoSolis R&D facility in Saint-Nazaire, France
for validating the reflecting raceway pond design. Microalgae is simultaneously cultivated in
two raceways ponds, one with an external mirror (background) and the other and the one
without (foreground) under identical solar conditions.

ment of operational challenges not considered by the current model such as temperature

control, water evaporation, mirror design and material, and weather conditions.
7.2.3 Simulating light transfer in tubular photobioreactors

The current MCRT algorithms used in Chapters 3 - 5 can be adapted to model light transfer
in a variety of systems such as tubular photobioreactors. Modeling of light transfer in tubular
PBRs has often been simplified in the literature [48, 155, 156] by neglecting the effects of
refraction, reflection, and mutual shading between tubes. However, these phenomenon may
significantly affect the amount of light available to the cells. Thus, the performance of tubular
PBRs may be impacted by design parameters including tube dimensions, tube arrangement,
and the presence and material of adjacent surfaces. Future work should focus on modeling

such systems to establish engineering guidelines for optimizing light transfer.
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APPENDIX A

Supplementary Materials for Chapter 3
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Figure A.1: Average spectral mass (a) absorption A, and (b) scattering Syeqn cross-
sections taken from [43] for Chlorella vulgaris with a mean cell radius of 2 pm and chlorophyll
a, chlorophyll b, and photoprotective carotenoid (PPC) concentrations of 3.3 wt.%, 0.85
wt.%, and 0.85 wt.%, respectively. (c) Spectral backward scattering ratio by as a function
of wavelength A calculated using the method presented in Ref. [78].
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Figure A.2: Comparison of the average specific growth rate fi(t) on (a) June 21%* and (b)
September 23™ and the biomass concentration X (t) on (c) June 21%%and (d) September 23
for droplet-free PBRs simulated using a time increment At of 0.5 h and 2 h. The PBRs
had an initial biomass concentration X, of 0.07 gL.™! and a culture depth L of 0.3 m. The
maximum relative error in the biomass concentration X (¢) was 0.1% and 0.3% on June 215
and September 23™, respectively
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APPENDIX B

Supplementary Materials for Chapter 4
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Figure B.1: Comparison of the Monte Carlo ray tracing (MCRT) results for the orientation-
averaged absorption cross-section A% of colonies simulated using 10* or 10° rays for a given
colony orientation of a given colony consisting of NNV, cells. Fractal colonies were simulated
with a cell complex index of refraction of mZ = 1.026 + i0.0035. Error bars correspond to
95% confidence intervals estimated from 100 colonies simulated at 10 orientations for each

value of V..

143



O D;=23, k=16
—— AP = 4421 N¥
1000 + R? = 0.999 .

(pm?)

co
p

A

100 4

1 | IIII” 10 100
Number of cells, N

C

Average colony projected area,

Figure B.2: Average projected area flg" of fractal colonies as a function of the number of
cells N, present in the colony. Aggregates were composed of cells of radius 3.71 pm and had
fractal dimension and prefactor of ky = 1.6 and Dy = 2.3, respectively.

144



-0
r —— Experiments
—e— MCRT, single cell
MCRT, fractal colony |
—&— MCRT, fractal colony with ECM i
MCRT, spherical shell colony
MCRT, spherical shell colony with ECM

?/kg)

Absorption cross-section, A4, ; (m

[y
)
!
—f—

)

M| _\ﬁrq‘\

400 450 500 550 600 650 700 750

Wavelength, 4 (nm)
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145



APPENDIX C

Supplementary Materials for Chapter 5
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Supplementary Materials for Chapter 6
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