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ARTICLE INFO ABSTRACT
Keywords: Outdoor raceway ponds for microalgae cultivation suffer from low biomass productivity due in part to the low
Photobioreactor photosynthetic photon flux received by the microalgae culture in the mornings and evenings and during the
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Solar energy
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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 ori-
ented 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 rotating 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 respira-
tion. 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. Configuration D yielded the highest biomass productivity year-round.
Configuration B had a higher biomass productivity than Configuration C in the summer months and vice
versa in the winter months. Overall, Configuration C was considered to be the simplest and most cost-effective
method to increase raceway productivity. 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.

1. Introduction incident on the culture according to [6]
U

Microalgae have garnered interest as a source of biomass for carbon- 9ing (1) = Gs()cost:(1) M
neutral biofuels [1], as a fast-growing crop for human and animal feed
[2], and as a valuable ingredient in food supplements, nutraceuticals,
and cosmetics [3]. Currently, microalgae are produced in large-scale
outdoor raceway ponds consisting of a culture, at least 15 cm deep,
and oriented along the north/south axis [4,5]. 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 g, ,"(t)
decreases compared to situations when sunlight is nearly normally

where Gg  is the time-dependent spectral collimated solar irradiation
and 6, is the solar zenith angle for a given time of day t, 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 [7,8]. 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.
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Fig. 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.

The aim of this study is to explore the use of mirrors to increase the
biomass productivity 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 performance 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 parameters,
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.

2. Methods
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 hemisphere. The pond was exposed to direct, collimated solar
radiation Gg, (in pmolhym’2 s™1) from sunrise to sunset on September
21% as depicted in Fig. 1A. September 21 was considered representa-
tive of an average day as there are approximately 12 h of sunlight in Los
Angeles, CA on this day. The daily biomass productivity was also
simulated for the 21% day of each month of the year. The raceway ponds

were considered to be operated in a semi-continuous mode where har-
vesting took place when the maximum daily biomass concentration Xy
(inkg m~3) was attained, i.e., at time (X = Xpnq). The solar position for a
given time and day was described by the solar zenith angle 0, and the
solar azimuth angle y; defined with respect to the due south direction, as
illustrated in Fig. 1A. Here, y; = -90° corresponded to due east and y; =
90° corresponded to due west.

2.1.1. 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 0,
was large. Configuration A consisted of a standard raceway pond
without mirrors oriented lengthwise along the north/south axis
(Fig. 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 Hpp(t) and Hpw(t), respectively
(Fig. 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 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 H¢(t)
(Fig. 1C). Finally, 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) (Fig. 1D). Here, the
platform rotation angle 0p was defined as the angle between the due
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Fig. 2. (a) A side view (not to scale) of Configurations B-D illustrating the
reflection width Wy, pond spacing width Wy, and the apparent solar zenith
angle 6, . (b) Mirror height Hg,,p(t) given by Egs. (2)-(4) as a function of time
of day on September 21st in Los Angeles, CA for maximum allowed mirror
height H* = 1 m.

south direction and the outward pointing normal vector of the mirror. As
with the solar azimuth angle y;, a rotation angle of p = -90° corre-
sponded to a due east-facing mirror position and 6p = 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. [9] who considered the ideal case of a
solar tracking photobioreactor to assess the maximum theoretical pro-
ductivity of a solar photobioreactor.

The time-dependent mirror height Hg,¢/p(t) for Configurations B-D
was controlled to maximize the culture surface area Sy subjected to
reflected light while minimizing mirror height to avoid shading between
adjacent raceway ponds. When the magnitude of the solar azimuth angle
lys] > tan"*(W/L) for Configuration B and |ys > tan*(L/W) for
Configuration C (see Fig. 1B and 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., Wy,s = W. However, when |y| > tan—1(W/
L) for Configuration B and [ys| > tan~*(L/W) for Configuration C, the
reflected area was maximized for a reflected width Wy, = L tan|y| and
Wres = L/ tanly,| for Configurations B and C, respectively. Then, the re-
flected width Wy never exceeded the pond width W and shading be-
tween adjacent ponds was avoided for pond spacing width Wy, = W for
Configurations B and C and Wy, = R = W+/2 for Configuration D. Fig. 2a
depicts a schematic of the side view of Configurations B-D illustrating
the spacing width Wg,. For each configuration, the mirror height Hp,c,
p(t) which gave the desired reflected width W;s was calculated based on
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the apparent solar zenith angle 6, ,, defined as the angle between the
vertical axis and the incoming solar radiation as observed from a side
view of a given configuration (see Fig. 2a). The apparent solar zenith
angle 0, , was given by 6, , = tan’l(tanezsin| 7s|) for Configuration B and
by 0,4 = tan~!(tand,cos| 75| ) for Configuration C. For Configuration D,
the platform supporting the pond was rotated such that the mirror was
always facing the sun and the rotation angle ¢p was equal to the solar
azimuth angle y;. Thus, the actual and apparent solar zenith angles were
equal, i.e., 0, = 0, 4. Then, the mirror height Hp,¢/p for each configu-
ration was given by

B W/tanﬁm, Iy, > tan™ (W/L
Hy(1) = {Lzan|yxl/tan93,u, Iy, < tan™" (W/L *
0, ly,l > 90°
He(r) = { LfanlyJtan0.,, 90° > ly,| > tan™" (L/W) ©)
W /tand, Iy, < tan™" (L/W)
Hp(t) = W/tana,,a. )

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 t was the minimum value between H* and
the mirror height for a given configuration from Egs. (2)-(4). Note that,
for Configuration B, the west mirror height Hp w(t) was given by Eq. (2)
while the east mirror was lowered in the morning when the solar azi-
muth angle was negative, i.e., y; < 0. Similarly, the east mirror height
Hp, g(t) was given by Eq. (2) while the west mirror was lowered in the
afternoon when the solar azimuth angle was positive, i.e., ys > 0. Note
that the mirror height H¢(t) was equal to zero for Configuration C when
the sun was positioned behind the mirror, i.e., |ys| > 90°. Fig. 2b plots the
resulting mirror heights Hg,c/p(t) as a function of time for Configura-
tions B-D on September 21°% according to Egs. (2)-(4) with an imposed
maximum mirror height of H* = 1 m.

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 ra-
diation (PAR) region from 400 to 750 nm. (2) The raceway pond was
operated in the light-limited regime such that growth was only a func-
tion 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. [10]. (4) Diffuse solar radiation was
neglected. (5) The culture was well-mixed with uniform biomass con-
centration. (6) The liquid medium was non-scattering and non-
absorbing over the PAR region. (7) The radiative properties and ki-
netic 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.

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 Fig. 1B
and 1C) according to

1
W, (1)L — EWmf(t)z / |tany,(r)] for Configuration B
Sr('f (Z) = (5)

1
Wi (1)L — EW,ef(t)2tany\.(t) for Configuration C

W, (£)L for Configuration D.
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The amount of additional light reflected onto the culture for each pond
configuration can be assessed by considering the ratio Sr/Sc of the
culture surface area subjected to reflected sunlight Sy to the total cul-
ture surface area S¢c = WL. The ratio of Sy,z/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 q;;l , (n pmoly, m~2s71) averaged
over the culture surface area at a given time t was given by

(1) = 0.0 G 0.0 (1457 ) )

where 7(6,(t)) is the transmittance of the air/microalgae culture inter-
face predicted by Fresnel's equations for an incidence angle equal to the
solar zenith angle 6, [6]. Note that since the mirror was perfectly ver-
tical, 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 @, psx (t) was obtained by integrating g, , (t)
over the PAR region, i.e.,

ZIZ;.PAR(t) :/ qu(l‘)dﬂ' @
PAR

2.4. Light transfer in microalgae culture

The two-flux approximation was used as an analytical solution to the
one-dimensional radiative transfer equation governing light transfer in
the microalgae culture. This method has been validated and used
extensively in previous studies [7,10-14]. The radiation transmitted
through the air/microalgae culture interface was refracted at the
interface at an angle 6,,, = sin’l(n,l/nm sin 0,) where n, = 1.0 and n,,, =
1.33 are the refractive indices of the air and culture medium, respec-
tively. Then, for a raceway pond with a perfectly absorbing bottom wall
and exposed to the mean incident spectral radiative flux g}, , (t), the local
spectral fluence rate G,(z,t) at a given culture depth z (see Fig. 2a) was
given by

Gi(z,t) 2 (14 P — (1 —a;)e (P~ ®
G (1)  cosOn (14 a;)%en? — (1 — ;)2 P
where the parameters q; and §, were expressed as [13]
Aaps X(t) ~ -
a; = L ands;, = % () (Aas.2 +2:85c0) - 9

Ay + 26850 056
Here, X(t) is the biomass concentration (in kg m ) at time t while the
spectral average mass absorption Ag,, and scattering Sy, Cross-
sections (in mzkg’l) and the backward scattering ratio b, of Chlorella
vulgaris were obtained from experimental measurements, reported in
Ref. [8] and shown Fig. S1 of the Supplementary Materials. Finally, the
local rate of photon absorption (LRPA) by the microalgae cells, denoted
by «7(z,t) (in pmolh,,kg’1 s’l), was defined as [8]

A1) = /P Az ao

2.5. Microalgae growth kinetics

The time rate of change of the biomass concentration X(t) in a
microalgae batch culture can be expressed as [15]

X _

7:7x(t) =nu(X() an
t

where Fx(t) is the average volumetric growth rate (in kgm>s~!) and

7i(t) is the volume-averaged specific growth rate (in s™1). The growth

kinetics model and corresponding parameters reported in Refs. [8,16]
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Table 1

Growth kinetics parameters for Chlorella vulgaris [8].
Parameter Value Units
2% 0.8 —
JNADH, 2.8x10°3 molNADszg)le’l
Vo, x 1.13 -
$’()2 1.1x1077 molo, pmolz,!
My 0.024 kgxmola1
UNADH,-0, 2 —
K 40,000 pmoly, kg 's~?
K, 556.5 pmoly, kg ts~?
A ¢ 2800 umoly, kg 1s?

for C. vulgaris are given in Table 1 and were used to predict the specific
growth rate 7i(t) of the microalgae culture as a function of time. This
model accounted for light limitation and cell respiration activity [16].

First, the volume-averaged specific rate of oxygen production or
consumption Jo, (t) (in molgokgx s 1) as a function of the LRPA .o/ (2, t)
was calculated according to [8]

- 1 [P K — JNapH K
To, (1) =~ . S A 2 P
0. (1) D/O |:pMK+ Az, t)(/)OZ (1) Unapt—0, K + 7(2,1)

(12)

Here, py is the maximum energy yield for photon conversion, $02 (in

molo, pmol,, ') is the molar quantum yield of Oy for the Z-scheme of
photosynthesis, K (in pmolp, kg 's™?) is the half-saturation constant for
photosynthesis, Jyapge (in molNADHgkg{(l s 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 vnapg2-02, and K, (in pmolh,,kg*1 sDis a
saturation constant describing the inhibition of respiration in light.
Then, the stoichiometric relationship between the production of
oxygen and the production of biomass was used to predict the volume-
averaged growth rate fi(t) (in s 1) as a function of Jo, (t) according to [8]

x(t)  Jo,()Mx
X(l) - Vo,-x

>l

) = (13)

where My (in kgxmolg l) is the C-molar mass in the biomass given by
CH,0, and vpy_x is the stoichiometric coefficient of the oxygen
production.

2.6. Biomass productivity

The daily volumetric Py, culture-area-based P, ¢, and land-area-
based P,; biomass productivities were considered as metrics to
compare the performance of all four raceway pond configurations. The
daily volumetric biomass productivity Py (in kgm > day™!) was defined
as

(Xmax - XO)

Py =
v At

a4
where Xp,q is the maximum biomass concentration reached on a given
day, Xy is the initial biomass concentration, and the time increment At is
equal to one day. Similarly, the daily culture-area-based biomass pro-
ductivity Ps ¢ (in kgm2day ') was defined as

(Xmax - XO) 14

=PyD 15
SoAr v 15)

Pyc =

where S¢ is the culture surface area. In addition, the daily land-area-
based biomass productivity P4 1 (in kgm 2day ') was defined as

(Xmax - XO ) V

P, =
AL S.At

(16
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» Design parameters:
configuration, L, W, H*

Culture operating parameters: X,, D
Radiative properties: Ay 1, Sscqn, ba (Fig. S1)
Growth kinetics parameters: Table 1
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Reflected sunlight | Zina(t)
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Fig. 3. Block diagram illustrating the computational procedure used for predicting the temporal evolution of biomass concentration X(t) and the daily biomass

productivities for raceway Configurations A-D.

where S; is the land area required to accommodate both the raceway
ponds and the spacing between adjacent ponds. The land area Si
required for a single pond was S, = 2S¢ = 4m? for Configurations B and
C with pond width W and spacing width W, equal to 1 m. A circular land
area S; = aR% = 7(W? + L?/4) = 6.28 m? was required for Configuration
D.

The volumetric Py, culture-area-based Py ¢, and land-area-based P4 ;.
productivities were considered as they are related to the different costs
associated with producing a kilogram of biomass. The volumetric pro-
ductivity Py 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 down-
stream processing costs such as dewatering [17]. 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 [18]. The land-area-based productivity P4,
can also be used to estimate the size of the facility required for a desired
yield of biomass.

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
21st day of each month [19]. The initial biomass concentration X, was
varied between (i) 0.03 and 0.30 kg m™3 for culture depth D = 0.3 m, (ii)
0.03 and 0.45 kg m ™~ 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 21st.

2.8. Method of solution

Fig. 3 shows a block diagram describing the process for predicting
the biomass concentration X(t) as a function of time for Configurations
A-D. First, the solar conditions at sunrise, i.e., t = ty, were used to
calculate the mean incident spectral radiative flux g, , [Egs. (2)-(6)] for
a given configuration, pond length L, width W, and maximum allowed
mirror height H*. Then, the two-flux model was applied to predict the
LRPA ./(z,t) within the culture [Egs. (8)-(10)] for a given initial
biomass concentration X, and culture depth D and using the radiative
properties of Chlorella vulgaris [8]. Next, the growth kinetics model for

(@
2
1.0
)
< 0.8
0
—
[
= 0.6+
Q
-~
3]
< 0.4
o ]
S
=
8 0.2
F
& 0.0
z : : 1 : i :
7am 9am 1lam 1pm 3 pm 5pm 7pm
Time of day
(b) 600 1— : : :
=
N
£ 500+ J
& 400 + 1
q
i
I 300 | ]
R
=]
= 900 | ]
=
Q —a— Config. A
:g 100 + —e— Config. B =
.5 —a— Config. C
—v— Config. D
0

7am 9am 11 am lfam Bﬁm 5}I)m 7 pm
Time of day

Fig. 4. (a) Fraction S./Sc of the total culture surface area Sc = WL subjected to
reflected sunlight and (b) incident photosynthetic photon flux g, ps averaged
over the culture surface area as a function of time on September 21% for Con-
figurations A-D in Los Angeles, CA.
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depth D = 0.3 m.

C. vulgaris was used to predict the volume-averaged specific growth rate
J(t) [Egs. (12)-(13)]. Then, the biomass concentration at subsequent
times X(t + At) was predicted by integrating Eq. (11) and assuming that
7(t) and X(t) were constant over the time increment At according to

X(t+A4t) = X(1)[1 +a(t)At] a7n

where the time increment At was equal to 3 min to obtain numerically
converged results. 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°.

3. Results and discussion
3.1. Incident radiative flux

Fig. 4a plots the fraction Sy¢/Sc of the total culture area Sc receiving
reflected light for Configurations A-D as a function of time on September
21 in Los Angeles, CA. Note that Sref/Sc was zero throughout the day for
Configuration A since no reflecting mirrors were present, i.e., Syef = 0.
Both Configurations B and D experienced a decrease in the reflected area
Srefat midday. This was due to the small apparent solar zenith angle 6, 4
at midday and the fact that the mirror height was limited to H*=1 m (see
Fig. 2b). The ratio of Syz/Sc for Configuration B was nearly unity at the
beginning and end of the day when the sun was positioned facing the
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west and east mirror, respectively. On the other hand, Sy./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. Note that a ratio Sy,t/Sc equal to unity corresponds to a two-fold
increase in the average incident flux @, ,,, the maximum achievable
with a single planar mirror. Unlike Configurations B and D, the ratio Sye/
Sc for Configuration C was nearly zero in the morning and evening. At
these times, the sun's rays were virtually parallel to the south-facing
mirror and the reflected area Sy was small. The ratio Sr/Sc reached
a maximum at midday for Configuration C but it never attained a value
of unity, since the mirror height H¢(t) was limited to H* at midday when
the sun was positioned facing the mirror (see Fig. 2b).

Fig. 4b plots the incident photosynthetic photon flux @, par [Eq. (7)]
averaged over the culture surface area as a function of time on
September 21° for Configurations A-D. It indicates that Configurations
B-D increased the mean incident photosynthetic photon flux throughout
the day compared to a raceway pond without mirrors. In the morning
and evening, Configurations B and D exhibited the highest mean inci-
dent photosynthetic flux thanks to the east- and west-facing orientation
of their mirrors. Nonetheless, the incident photosynthetic flux remained
small in the early morning and late evening due to the weak solar
irradiation Gg at these times. Furthermore, the mean incident photo-
synthetic 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 Sy, went to zero (see Fig. 4a). At midday, the mean inci-
dent photosynthetic flux was higher for Configuration C than Configu-
ration B due to the south-facing orientation of the mirror.

3.2. Microalgae growth

Fig. 5a and 5b show the temporal evolution of the volume-averaged
specific growth rate fi(t) and the biomass concentration X(t) on
September 21" in Los Angeles, CA for the four raceway pond configu-
rations considered. For all configurations, the initial biomass concen-
tration was Xy = 0.07 kg m~> and the culture depth was D = 0.3 m.
Fig. 5a indicates that the average specific growth rate 7i(t) was higher for
the raceway ponds featuring 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 photo-
synthetic photon flux g, ,,5, as observed in Fig. 4b. At midday, the effect
of the mirrors in Configuration B was small and the average growth rate
7i(t) was briefly smaller than that of Configuration A. This was caused by
the decrease in light penetration due to the higher biomass concentra-
tion X(t) in Configuration B compared to Configuration A. In the
morning and evening, Configuration B had a larger average growth rate
7(t) than Configuration 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, s significantly in the mornings and
evenings while the south-facing mirror increased @, p4z the most at
midday (see Fig. 4b). On the other hand, Configuration D had the highest
average growth rate z(t) until 11 am thanks to its solar tracking capa-
bility. Throughout the rest of the day, the average growth rate fi(t) of
Configuration D decreased slightly compared to Configurations B and C
due to the higher biomass concentration which reduced light penetra-
tion. In fact, fi(t) was nearly the same for all four configurations at 6 pm
due to the large biomass concentration and the low incident flux at the
end of the day. These factors caused the illuminated volume of the
culture to be very small, with or without mirrors present.

Similarly, Fig. 5b indicates that Configurations B-D yielded larger
biomass concentration X(¢) than Configuration A at all times of the day
on September 21%. Configuration D achieved the largest maximum
biomass concentration of X;q = 0.168 gL’1 compared to Xpgx =
0.137gL~! for Configuration A. Configurations B and C reached a
maximum biomass concentration Xpmey of 0.159 gL ™! and 0.155 gL,
respectively. For all configurations, X, was attained around 5:30 pm.
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concentration and the culture depth (XoD),pc which maximizes biomass productivity on the 21 day of each month of the year. All data shown is for Configurations

A-D located in Los Angeles, CA.

Interestingly, Configurations B and C exhibited similar growth curves
despite marked differences in their designs (see Fig. 1B and 1C) and
corresponding average incident photosynthetic photon flux gy, p,z (see
Fig. 4b). Overall, the new reflecting pond designs increased the
maximum biomass concentration Xm.c 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
concentration X(t) decreased after approximately 5:30 pm as the avail-
able photosynthetic photon flux was not sufficient to sustain growth
resulting in biomass loss due to respiration.

3.3. Biomass productivity

Fig. 6a shows the daily culture-area-based P, ¢ biomass productivity
of Configurations A-D as a function of the initial biomass concentration
Xy 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 [10,20] have demonstrated that
the culture-area-based biomass productivity of photobioreactors and
covered raceway ponds scales with Xy/a where a is the specific illumi-
nated 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 f, oD = (Aaps1 + Sscar) XoD Where ;¢ is the initial extinc-
tion coefficient in m~'. Thus, the product XD of the initial biomass
concentration X and the culture thickness D is representative of the
culture's initial optical thickness [10]. Fig. 6b plots the same data for
biomass productivity P4 ¢ shown in Fig. 6a but as a function of XoD. 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 Pa; = 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~2 day~!) and the initial
optical thickness represented by the product XoD holds true for raceway
ponds featuring external mirrors.

Fig. 6¢ shows the daily volumetric biomass productivity Py for all
four raceway pond configurations as a function of X, for a culture depth
D = 0.3 m on September 21° in Los Angeles, CA. Note that volumetric
productivity is given by Py = P4 ¢/D and thus did not scale with the
product XoD. Configurations B-D significantly improved the daily
culture-area-based Py ¢ and volumetric Py biomass productivities for all
values of XoD and X, respectively. The maximum value of both P, ¢ and
Py increased by 32%, 26%, and 45% for Configurations B, C, and D,
respectively, compared to Configuration A for which Pgcmex =
0.020kgm2day ! and Pymax = 0.067kgm 3day!. The predicted
productivity of Configuration A was within the typical range of pro-
ductivities for well-managed open raceway ponds reported as 0.020 to
0.025 kgm’zday’l from Ref. [5].

Fig. 6d plots the optimum value of the product XoD which yielded the
maximum biomass productivity on the 21 day of each month of the
year, denoted by (XoD)gp, for Configurations A-D in Los Angeles, CA.
The smallest optimum initial optical thickness represented by (XoD)op:
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, (XoD)ep: of Configuration A
was smaller than that of Configurations B-D throughout the year due to
its lower incident photon flux. However, all four configurations
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Fig. 7. (a) Maximum daily culture-area-based P cmax, land-area-based P, -
maxs and (b) volumetric Py nq, productivity over one year for raceway pond
Configurations A-D in Los Angeles, CA.

exhibited a local minimum in (XoD),p: 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, (XoD)q,: was smaller to avoid low light pene-
tration and small growth rates in the afternoon. The maximum in
(XoD)opt 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 (XoD)p: for a given location and time of year.

Fig. 7a and b shows the maximum daily culture-area-based P ¢ max,
land-area-based P 1 mex, and volumetric Py, mq productivities of Con-
figurations A-D obtained from simulations of biomass concentration X(t)
from sunrise to sunset on the 21° day of each month of the year using
(XoD)op: reported in Fig. 6d. It is evident that adding mirrors to the
raceway pond increased the maximum biomass productivities P4 ¢, max
and Py,max throughout the year. Indeed, even the simple single-mirror
design of Configuration C increased the culture-area-based P cmax
and volumetric Py e productivities by 52% in December. However,
Configurations B-C also decreased the maximum land-area-based P, [ -
max Productivity throughout the year. Configuration D exhibited the
largest culture-area-based Py ¢ max and volumetric Py,mqy productivities
as well as the smallest land-area-based Pa 1 max productivity. This was
due to the additional land area required to accommodate the rotating
platform and prevent shading between adjacent ponds with external
mirrors. Thus, a production facility featuring raceway ponds of
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Configuration D would require a larger land area to achieve the same
annual yield as a raceway pond of Configuration A-C. Furthermore,
Fig. 7 indicates that Configuration B had larger productivities P4 ¢ max
Pa 1, max; and Py ;qx 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 single
mirror design of Configuration C is better suited to larger solar zenith
angles 6, observed in the winter months.

3.4. Impact of reflecting pond dimensions and location

The maximum daily culture-area-based biomass productivity P c -
max 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 Fig. S2 of Supplementary Materials. The produc-
tivity Pa ¢ max 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 Fig. 1D). On the other hand, the biomass pro-
ductivity Pa c,max of 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 Fig. 1B and 1C) as L/W
increased. Thus, raceway ponds featuring mirrors should have a length-
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Fig. 9. (a) Optimum mirror height normalized by the pond width (H*/W),, for Configurations C and D and (b) the minimum solar zenith angle 6, ;,;, on the 215 day
of each month in Los Angeles, CA and Saint-Nazaire, France. Maximum daily culture-area-based biomass productivity P ¢ max throughout the year using (H*/W)p,
for Configurations A-D located in (c) Los Angeles, CA and (d) Saint-Nazaire, France.

to-width ratio L/W > 5 to mitigate this effect. The impact of L/W was
found to be the same throughout the year (see also Supplementary
Materials).

Fig. 8a and 8b plots the maximum daily culture-area-based biomass
productivity Ps cmax as a function of the maximum allowed mirror
height normalized with respect to the pond width H*/W for Configu-
rations A-D on September 21% in Los Angeles, CA and Saint-Nazaire,
France. For the dual east/west mirror Configuration B, Fig. 8 indicates
that the productivity Pa cmax 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 ac-
cording to Eq. (2). On the other hand, the productivity P ¢ max of Con-
figurations 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)gp; of the maximum
mirror height H* normalized by the pond width W. Note that (H*/W)gp;
for Configurations C and D on September 21% were given by the
maximum value of mirror height H¢/p(t) on that day from Egs. (3) and
(4), respectively. Thus, the mirror height required to optimize the pro-
ductivity of a raceway pond can be readily calculated for any given
configuration, location, and day of the year.

Fig. 9a plots the optimum mirror height normalized by the pond
width (H*/W)gp; for the 21° day of each month in Los Angeles, CA and
Saint-Nazaire, France for Configurations C and D. Note that (H*/W)gp;
was not shown for Configuration B since it was infinite at midday as the
apparent solar zenith angle 0, , approached zero [see Eq. (2)]. Fig. 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, i (see Fig. 9b)
which reduced the mirror height necessary to maximize the fraction Sres/
Sc of the culture area subjected to reflected light. Similarly, the larger
solar zenith angles in the winter months resulted in smaller (H*/W)gp¢
compared to the summer months for both locations. Furthermore,
Fig. 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.

Fig. 9c and 9d plot the predicted maximum culture-area-based pro-
ductivity P4 ¢ max throughout the year for the optimum maximum mirror
height (H*/W)gp; from Fig. 9a for all four configurations in Los Angeles,
CA and Saint-Nazaire, France, respectively. Here, the optimum
maximum mirror height (H*/W)gy, for Configuration C was used for
Configuration B. In general, Fig. 9¢ and 9d indicate that the areal pro-
ductivity Pa cmax 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 Fig. 9b) experienced 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 Fig. 9a) and experiencing a larger solar zenith angle 6,.
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
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to 73% for Configuration C in Saint-Nazaire during these months despite
the relatively small optimum maximum mirror height (H*/W) .

Overall, Configurations B-D enabled higher biomass yield per unit
area and volume of culture by increasing the solar input to the micro-
algae culture. This would reduce the final cost per unit mass of biomass
since the operating cost scales linearly with the culture surface area
[18]. 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 sys-
tems [21]. 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, 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.

4. Conclusion

The use of mirrors to increase the daily biomass productivity of
outdoor raceway ponds by reflecting additional light onto the micro-
algae culture was investigated theoretically. Four designs were consid-
ered 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 (Configura-
tion D). The growth of Chlorella vulgaris was predicted using the two-flux
approximation and a growth kinetics model accounting for light limi-
tation and cell respiration activity. The use of external mirrors was found
to improve the daily volumetric and culture-area-based biomass pro-
ductivities throughout the year and by as much as 73% compared to a
raceway pond without mirrors. Configuration B outperformed Config-
uration C in the summer months, while the opposite was true in the
winter months. Furthermore, the culture-area-based biomass produc-
tivity of all four configurations was found to scale by the product of the
initial biomass concentration and the culture depth X,D. The product
XoD 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 raceway ponds featuring mirrors for improved biomass
productivity.
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