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Abstract

This SAND report summarizes research conducted as a part of a two year Laboratory
Directed Research and Development (LDRD) project to improve our abilities to
model algal cultivation. Algae-based biofuels have generated much excitement due
to their potentially large oil yield from relatively small land use and without
interfering with the food or water supply. Algae mitigate atmospheric CO, through
metabolism. Efficient production of algal biofuels could reduce dependence on
foreign oil by providing a domestic renewable energy source. Important factors
controlling algal productivity include temperature, nutrient concentrations, salinity,
pH, and the light-to-biomass conversion rate. Computational models allow for
inexpensive predictions of algae growth kinetics in these non-ideal conditions for
various bioreactor sizes and geometries without the need for multiple expensive
measurement setups. However, these models need to be calibrated for each algal
strain. In this work, we conduct a parametric study of key marine algae strains and
apply the findings to a computational model.
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settling velocity (m/day)

exponential growth rate (1/day)
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1. INTRODUCTION

1.1. Background and Motivation

Typical methods for growing high lipid content algae stress the algae at non-ideal growth
conditions causing them to store energy in the form of lipids. Algae growth through
photosynthesis is dependent on light intensity, temperature, salinity, pH, and availability of
nutrients [1]. Abiotic stress from variations in these conditions has been shown to affect lipid
composition and quantities [2]. Modeling a wide range of culture conditions will reduce the
need for large expensive measurements.

Light provides the energy for photosynthesis. At low luminescence levels, insufficient energy is
available for growth while above optimal levels algae may become stressed and produce TAGs
and experience photobleaching. Nutrients like CO,, phosphate, sulfate, and nitrate play
important roles in photosynthesis. Excess nutrients allow for high growth rates and production
of nitrogen-containing chlorophyll and sulfur and phosphorous containing lipids. A nutrient
shortage results in higher production of TAGs with reduced levels of chlorophyll and
sulfur/phosphorous lipids.

The temperature range for ideal growth of each algae strain depends on its native habitat and can
vary from the low temperatures of the arctic to the high temperatures of the desert. When
temperatures deviate from ideal, growth rates diminish. Temperatures higher than ideal for
growth tend to cause reduced lipid production while lower temperatures tend to increase lipid
production (at low temperatures, algae produce more lipids to prevent membrane hardening) [1-
3].

For freshwater algae, increasing salinity decreases the growth rates. For halophilic and
halotolerant algae, ideal salinities typically depend on the algae’s native habitat. At salinities
above or below this value, growth rates decrease [4-9]. No consistent pattern has been seen with
regard to salinity variation and lipid production in halophilic and halotolerant algae. Each type
of algae seems to have an individualized response [10, 11]. However, limited data are available
for this dependence.

Large-scale bioreactor systems needed for commercial scale biofuel production, whether open
raceway ponds or closed photobioreactor systems, experience large variations in environmental
conditions spatially and temporally over the course of a day, month or year. Light conditions
vary due to typical diurnal and annual cycles, variations in cloud cover, the angle of the sun, and
shading by other algae in the culture. The temperature of the culture depends on the thermal
radiation from the sun, wind speed and temperature, and evaporation. Nutrients vary due to
differing consumption and delivery rates. The pH depends on the carbon dioxide concentration
as well as the algae’s own pH regulatory mechanisms [12]. Salinity varies due to evaporation
and rain fall. It is important for a computational model to be able to realistically model these
systems for all potential environmental conditions. However, the wealth of data needed to
populate a model for specific strains is not available. Additionally, the growth model has yet to
be fully validated for cultivation systems.



The green algae Dunaliella salina can produce large quantities of lipids making it appealing for
oil production [1]. It can be grown in extreme conditions including high salt, high pH, and high
temperatures, which reduces the threat of contamination. Dunaliella strains are currently used
for commercial production of B-carotene [13]. Although many researchers have studied
Dunaliella salina [7, 14-27], no fully parametric data have been published on a single strain to
facilitate development of a strain-specific computational model.

The green algae Nannochloropsis salina, has been observed as a potential biofuel production
algae [10, 28]. It is a halo-tolerant species that can be grown in non-potable water. As with most
algae strains, no fully parametric data has been published.

Traditional methods for growing algae parametrically and for measuring growth and lipid
production are cumbersome. Most require large aliquots of dried algae. Our growth method will
vary multiple parameters between samples in a given measurement period to reduce the time to
complete the parametric study. The experimental methods will allow for in-situ measurements
of growth rates reducing the amount of algae mass needed to be grown.

1.2. Technical Approach

This project addresses the short comings described in Section 1.1 through the development of in
vivo multifactorial measurements to calibrate the model and by validating the calibrated model in
multiple cultivation type bioreactors.

1.2.1. Growth Model

This work uses a modified version of the U. S. Army Corp of Engineers’ water-quality code
(CE-QUAL) [29, 30] to simulate algal growth kinetics in well-mixed photobioreactor-type
systems. The model allows the flexibility to manipulate a host of variables associated with algal
growth such as temperature, light intensity, and nutrient availability. Salinity of the medium is
another important operational parameter governing algal growth; the effects of salinity are added
to the model to expand its capabilities to marine algae. The effect of pH is not investigated in
this study due to the desire to have consistent CO, levels for each of the conditions during the
calibration. However, it is currently being implemented into CE-QUAL by James and
Janardhanam [31].

1.2.2. Growth Measurements
To populate the model’s algae specific empirical parameters, we conduct parametric growth-rate

measurements of Dunaliella salina (D. salina) and Nannochloropsis salina (N. salina) at
different temperatures, light intensities, and salinities.
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2. GROWTH MODEL

The governing equation for algal biomass growth in CE-QUAL is [29]:

1B _ 1 B,
T ((P- By- R))B+ E((WSB))*' v (1)

where B (gC/m®) is the biomass, t (days) is time, P (day ') is the production (growth) rate, By,
(day™') is the basal metabolic rate, Pg (day ') is the predation rate, ws (m/day) is the settling
velocity, B. (gC/day) represent the external loads such as deposition or sources, and V (m®) is the
model cell volume. Biomass production rates are determined by the availability of nutrients
(including CO,), the intensity of light, local temperature, pH, and salinity. For this work we are
adding in the effect of salinity and neglecting the effect of pH. The effect of each is considered
to be multiplicative and decoupled [29]:

P= R, f(Mg(Hh(T)i(s) j(pH). )

Here, Py is the maximum instantaneous growth rate under optimal conditions (day '), f(v) is the
effect of non-optimal nutrients, which includes CO; limitation (0 < f(v) < 1), g(l) is the effect of
non-optimal illumination (0 < g(l) < 1), h(T) is the effect of non-optimal temperature (0 < h(T) <
1), i(S) is the effect of non-optimal salinity (0 <i(S) <1), and j(pH) is the effect of non-optimal
pH (0 <j(pH) < 1). All of these functions are spatially dependent, and their values vary from cell
to cell in the model according to local nutrient concentrations (including CO,), incident solar
radiation, salinity and temperature. For this work, we are growing algae in well-mixed lab
conditions. Additionally, for the initial validation study, we assume that the larger-scale systems
are well mixed and controlled. Therefore, we neglect the effects of predation and settling.
Future studies will address these components of the model.

2.1. Nutrients
Growth limitation due to nutrient availability is based on the Monod equation [32]:

n

f(n)= ,
) K +n

3)

where v (g/m®) is the nutrient concentration and K% is the half-saturation constant. For example,

the nutrient function for green algae can be nutrient limited by dissolved ammonium, nitrate,
phosphate, or CO,, yielding:
2 NH,+ NO, PO, co, ©

f (n)= min , , = 4
) BK" + NH, + NO, K" + PO, 'K + CO,% )
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Here, NH, (gN/m?®) is the ammonium concentration, NO3 (gN/m®) is the nitrate concentration,
PO, (gP/m®) is the dissolved phosphate concentration, CO, (g/m®) is the dissolved carbon
dioxide concentration, and K, K}, and K are the corresponding half-saturation constants.

2.2. Light

Algae production is a function of suboptimal light, which is a function of average daylight, light
extinction, light intensity at the water surface, optimal light intensity, and depth of the algae
below the water surface. Algae grow as the light intensity increases to some saturation
(optimum) intensity (Is) beyond which growth rates decline due to photo-inhibition. The function
for non-optimal illumination is derived from Steele’s equation [33, 34]:

L@
@e Is , (5)

a(h= |

S

where 1(z) (W/m?) is the instantaneous light intensity at depth z (m) and Is (W/m?) is the optimal
light intensity. If the growth medium is not well-mixed, then the rate of change of light intensity
I(z) changes with depth (or model layer) due to non-uniform growth of algae. If, on the other
hand, the system is well mixed, then the biomass concentration will be homogeneous (constant
light extinction). For such a system (i.e., the single-layer model studied in this work), the growth
limitation is:

e
K.d

e

g(h=

(- &™), (6)

where d (m) is the water-layer depth, K. (m™') is the light extinction coefficient, a, (—) is the
light intensity ratio at the top of the water surface:

2= 12, )

and a, (-), the ratio at the bottom (of the layer) is:
a, = Jo g ks, 8)

Note that recursive calculations are necessary for multi-layer models.

The light extinction coefficient, K¢, in a single layer model and within a particular layer in a
multi-layer hydrodynamics model is considered to be a constant and can be formulated as

K, =k, +k B, ©)
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where ks (m™") is the constant background light extinction coefficient due to water and other
suspended particulates and k. (gC/m®)'/m) is the constant light extinction due to suspended
carbon (or biomass) concentration in the layer. A standard value of 0.1 m™ is typically used for
Kg.

2.3. Temperature

Algal growth rate increases with temperature up to an optimal and decreases with any further
increase [35]. Temperature effects on each algae group are defined by an exponential function of
water temperature, the optimal temperature for growth, and the temperature-effect coefficients
below and above the optimal temperatures:

}expg KI(T- T’ forTET,
hr)=11 forT,<TET, , (10)

L exp§ KI((T,- T)?Y forT>T,

where T (°C) is the local temperature from the hydrodynamic model, T, (°C) is the lower optimal
growth temperature, T, (°C) is the upper optimal growth temperature, K/ (°C™?) is the

temperature effect below the optimal growth temperature, and K] (°C™?) is the temperature
effect above the optimal growth temperature of the algal group.

2.4. Salinity

Marine algae growth rates have an optimum salinity above and below which the growth rate
decreases [5-9]. The salinity of the media is limited to a range between zero for a completely
non-saline solution to its maximum solubility in water. The effect of salinity on algae growth
has yet to be formulated into a general equation that can be applied to a variety of
halotolerant/halophilic algae species. Given the similarity in curve shape to temperature, we
propose an exponential function for salinity:

exp (—kﬂ[:.‘} - SDpt)z) for 5§ < 5,5

i(s) = ,
exp (_ksﬂ [:5 — SDPJ‘) for 5= 5,5,

: (11)
where S (ppt) is the salinity, Sop (ppt) is the optimal salinity, Ks: (ppt™) is the salinity effect below
the optimal salinity, and ks, (ppt™) is the salinity effect above the optimal salinity.

2.5. Conclusion

The CEQUAL growth model predicts algae growth by accounting for limitations in productivity
due to non-optimal temperature, light intensity, salinity, nutrients, and pH. The model can be
used to optimize pond design and strain selection. However, the model requires calibration for
each potential algae strain.

13
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3. GROWTH MEASUREMENT

3.1. Introduction

Traditional methods for growing algae parametrically and for measuring growth and lipid
production are cumbersome. Most require large aliquots of dried algae. Our growth method will
vary multiple parameters between samples in a given measurement period to reduce the time to
complete the parametric study. The experimental methods will allow for in-situ measurements
of growth rates reducing the amount of algae mass needed to be grown.

The green algae Dunaliella salina can produce large quantities of lipids making it appealing for
oil production [1]. It can be grown in extreme conditions including high salt, high pH, and high
temperatures, which reduces the threat of contamination. Dunaliella strains are currently used
for commercial production of B-carotene [13]. Although many researchers have studied D.
salina [7, 14-27], no fully parametric data have been published on a single strain to facilitate
development of a strain-specific computational model. Another green algae, Nannochloropsis
salina, has also been observed as a potential biofuel production algae [10, 28]. It is a halo-
tolerant species that can be grown in non-potable water. As with most algae strains, no fully
parametric data has been published.

3.2. Multi-factorial measurement

Dunaliella salina 1644 from UTEX is grown in 2x Erdschreiber’s medium. Nannochloropsis
salina CCMP 1776 is grown in F/2 medium. The cultures are adapted to light conditions, NaCl
concentrations, and temperatures. The cultures are grown in 25 mm test tubes with air bubbled
through a plastic tube submerged to the bottom of the test tube to provide CO, and mixing. The
diurnal cycles are set at 16:8 and the temperature is held constant for each measurement set. A
calibrated digital fluorometer (Turner Designs/10-AU) measures the chlorophyll a fluorescence
in vivo. The fluorescence is calibrated with known chlorophyll standards. The measurements
are calibrated to initial culture cell counts. The fluorescence is measured daily to produce
growth curves for each of the sets of conditions.

The fluorometer transmits an excitation beam of light in the 440nm range and detects light
emitted from the sample in the 680nm range. Although chlorophyll fluorescence is not an
appropriate method for measuring a quantitative chlorophyll a concentration, the change in
fluorescence over time of a given sample can be used as an efficient method to calculate the rate
of change of the sample concentration or growth rate.

3.2.1. Dunaliella salina

Growth rates for D. salina are calculated from data measured in triplicate at three light
conditions (10.5, 27, and 58 W/m?), four NaCl concentrations (1, 1.5, 2 and 2.5M), and four
temperatures (23.5, 26.5, 29.5, 31.5°C). The concentration over time during the exponential
growth phase is represented by the equation Cgp;,(t) = C,exp(ut), where Cea is the
chlorophyll a concentration, Cy is the initial chlorophyll-a concentration, t is the time, and [ is
the exponential growth rate. The growth rates are calculated by linear curve fits to data from the

15



exponential growth phase to In(C;,,) = ut +1In(C,) and averaged over the triplicate samples
for each growth condition. A sample set of data at a specific growth condition with a light
intensity of 27 W/m?, NaCl concentration of 1.0M, and a temperature of 26.5°C is shown in
Figure 1.
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Figure 1. Plot of calibrated fluorescence data over time for three instances of a single D.
salina growth case: 27 W/m?, 1.0 M NaCl, and 26.5 °C.

o

o

3.2.2. Nannochloropsis salina

Growth rates for N. salina are calculated from data measured in triplicate at three light conditions
(10.5, 27, and 58 W/m?), four NaCl concentrations (0.35, 0.5, 0.75 and 1M), and four
temperatures (18, 22, 26, 30°C). The concentration over time during the exponential growth
phase is represented by the equation Cg;,,(t) = C,exp(ut), where Cena is the chlorophyll a
concentration, Cy is the initial chlorophyll-a concentration, t is the time, and p is the exponential
growth rate. The growth rates are calculated by linear curve fits to data from the exponential
growth phase to In(C.;,.) = ut +1In(C,) and averaged over the triplicate samples for each
growth condition. A sample set of data at a specific growth condition with a light intensity of 27
W/m?, NaCl concentration of 0.75M, and a temperature of 22°C is shown in Figure 2.
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Figure 2. Plot of calibrated fluorescence data over time for three instances of a single N.

salina growth case: 27 W/m?, 0.75 M NaCl, and 22 °C.

3.3. Absorptivity measurement

3.4. Conclusion

Multifactorial measurements were conducted on D. salina and N. salina. These measurements

have been used to calculate growth rates for a range of environmental parameters.

In the

following section the measured growth rates will be used to calibrate the algae specific empirical

parameters in the computation model.
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4. EMPIRICAL PARAMETER CALIBRATION

Each strain of algae has evolved to grow in the conditions of their native habitat. Given the large
variations in environmental conditions between seasons and locations, significant difference
exist between the various algae strains in the growth response to environmental conditions. This
results in the model requiring calibration for each strain of interest. However, it also allows the
model to be used to devise an ideal strain for particular locations and seasons to set as an
engineering or prospecting goal.

While many parameters that the model is sensitive to are also highly variable between strains and
sensitive, others either vary little between strains or do not substantially affect the model. These
are typically set to standard values for green algae. For instance, the basal metabolism rate is set
to 0.01 1/d [36]. Nutrients recycle in the system as algae metabolize the inorganic forms of
nitrate and phosphate into their dissolved organic forms. These dissolved organic nitrates and
phosphates are mineralized back into their inorganic forms at rates of 0.015 and 0.1 day™ [29].
All of these water-quality variables are tracked in the model.

Half-saturation constants are typically defined for the low concentrations of nutrients common in
environmental systems and are on the order of 0.01 g/m°. For algal growth systems
(bioreactors), nutrients are often added in excess and the nutrient limiting function is close to
unity. However, CO, is often difficult to maintain at high enough concentrations particularly
during high growth periods, in large reactors, and at high algae concentrations.  Also, when
algae are nutrient deprived (e.g., to trigger lipid production), the value of the half-saturation
constant will play a more important role in algae growth.

4.1. Dunaliella salina
4.1.1. Nutrients

For the calibration of D. salina, we ensure that the nutrients are always well in excess of the half
saturation constants so that algae are not nutrient limited. Because the exact values for the half
saturation constants are not important when in significant excess, the default values in CE-
QUAL are used (K = 0.01 g/m®, K = 0.002 g/m®, and K! = 0.05 g/m®). The nutrient
consumption rate is based on the Redfield C:N:P ratio of 106:16:1 [37]. If the cultivation is
expected to be run in nutrient limiting conditions, these values would need to be updated to
ensure nutrients are consumed at the appropriate rate and growth is limited at low nutrient
concentrations.

4.1.2. Light
To model Dunaliella salina, the light extinction value is found from literature. A value of 0.017

(9C/m®)'/m is used for k. [14]. The optimal light intensity was calibrated from the growth rate
data. The optimal light intensity for D. salina is found to be 31 W/m?.
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4.1.3. Temperature

A plot of the measured growth rates versus temperature for various salinities at a light intensity
of 27 W/m? is shown in Figure 3 along with a calibration curve. The fitted lower and upper
optimal growth temperatures are 27°C and 28°C, respectively. The fitted temperature effects
below and above optimal are 0.02 °C ™2 and 0.025 °C ™%, respectively.
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Figure 3. Plot of measured D. salina growth rates versus temperature for the measured
NaCl concentrations at 27 W/m? with a sample calibration curve.

4.1.4. Salinity

The measured growth rates as a function of NaCl concentration for various light intensities at a
temperature of 26.5 °C are plotted in Figure 4 along with model calibration curves. The fitted
optimal NaCl concentration is 90 ppt or 1.54 M and the fitted salinity effect below and above
optimal is 5e-5 ppt? and 6e-5 ppt?, respectively. The optimal NaCl concentration is high and the
exponential constants are small due to the highly halophilic nature of Dunaliella salina.
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Figure 4. Plot of measured D. salina growth rates versus NaCl concentration for the
measured light intensities at 26.5 °C with a sample calibration curve.

4.2. Nannochloropsis salina
4.2.1. Nutrients

The half-saturation constants used in this model are 0.01 g/m® [36], 0.002 g/m* [36], and 0.028
g/m® [38] for nitrogen, phosphorous, and CO, respectively. Algae atomic composition ratios
were measured for N. salina three times over the course of the experiment. Samples were
collected on days 7, 11, and 14 of the greenhouse growth experiment yielding C:N:P ratios of
358:38:1, 365:36:1, and 423:39:1, respectively (for reference, the Redfield ratio for marine
planktons in open oceans is 106:16:1 [37]). Significant variability of elemental composition
exists across strains and even within strains due to environmental stressors and adaptations. A
C:N:P ratio of 358:38:1 was applied for N. salina in the simulations.

4.2.2. Light

To model Nannochloropsis salina, the light extinction coefficient, k., measured in the
absorptivity measurement discussed in Section 2.3, is found to be 0.2856 m?/gC. The optimal
light intensity, I, was fit to the lab-scale growth rate data. The optimal light intensity is
determined to be 20 W/m?,

4.2.3. Temperature
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A plot of the measured growth rates versus temperature for various salinities at a light intensity
of 27 W/m? is shown in Figure 5 along with results for the fitted constitutive relation. The fitted
lower and upper optimal growth temperatures are 21.5°C and 23.5°C, respectively. The fitted
temperature effects below and above optimal are 0.015 and 0.01, respectively.
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Figure 5. Plot of measured N. salina growth rates versus temperature for the measured
NaCl concentrations at 27 W/m? with a sample calibration curve.

4.2.4. Salinity

The measured growth rates as a function of NaCl concentration for various light intensities 26°C
are plotted in Figure 6 along with model predictions for different conditions for temperature and
light intensity. The fitted optimal NaCl concentration is 20 ppt or 0.35 M and the fitted salinity
effect above optimal is 9e-4 ppt?, we did not measure salinities below the optimal value since
the starting media was at approximately the optimal salinity. Thus, the effect below optimal is
assumed to be the same as above optimal.

22



0.6

C ---+---58 W/m~n2
N ---m--37 W/m”2
—_ O 5 _ 10.5 W/m~2
cha e ———P_m*h(T)*g()*f(N)*j(pH) = 0.27
= S T L PImth( () (NI (PH) = 0.47
-—04 - -~ i ‘““;‘:'\
S - gl TN
© N ~ A
203 = SN
L : ,/"'H‘-_‘_‘H““"HR RN
202 I SN
8 - SRTILON
: M“‘u‘.\“‘» 3\'\
0.1 - S~
0 - | | | L1 H|HTI:|
0 0.25 0.5 0.75 1 1.25

NaCl Concentration (M)

Figure 6. Plot of measured N. salina growth rates versus NaCl concentration for the
measured light intensities at 26 °C with a sample calibration curve.

4.3. Conclusion
The model’s empirical parameters have been calibrated for two potential lipid producing algae

strains. These calibrations can now be used to validate the model by comparing to growth
measurements. The following section will discuss this model validation.
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5. MODEL VALIDATION

5.1. Introduction

Before applying a model to optimize commercial systems, it is necessary conduct a validation
and ensures the model can appropriately predict growth response in a variety of conditions. For
D. salina, the calibrated model is applied to the laboratory-scale measurements used in the model
calibration. Although not a full validation, the comparison gives a sanity check that the
calibration and model are giving realistic results. For N. salina, the calibrated model is also
applied to the laboratory-scale measurements used in the model calibration. Then, to validate the
model, the calibrated model is applied to two additional measurements: greenhouse ponds and an
open-channel raceway.

5.2. Laboratory-scale

The developed empirical fits are now supplied to the model and compared with the
measurements. The model is set up for a completely mixed 15 x 2.2 x 2.2 cm® rectangular
culture volume to represent the test tubes used in the experiments (equivalent volume). The
modeled test tube is exposed to light from one side at the specified intensities.

5.2.1. Dunaliella salina

The model includes the initial nutrient concentrations for the 2X Erdschreiber’s medium of 2.3
mM NOj3 (32.2 gN/m?) and 0.067 mM PO, (2.075 gP/m®). The CO; is set initially to 0.9 g/m?
[39]. The absorption of CO, into the media from the bubbling of air is assumed to be much more
than sufficient to sustain this amount of CO, (2.31 ug/s). The initial algae concentrations are
specified to match the initial measured concentrations.

Figure 7 — Figure 9 show the algae concentrations from measurements and simulation over time
at temperatures of 26.5 °C, 29.5 °C, and 31.5 °C, respectively, and various light intensities and
NaCl concentrations. For the most part, the data fit well to the calibrated model.

For the best fit between the model and measurements, the ideal growth conductions for D. salina
are determined to be a NaCl concentration of 1.54 M, a light intensity of 31 W/m? and a
temperature between 27 and 28 °C. The maximum measured daily average growth rate in this
study is 0.27 1/d, which when divided by 2/3 for the fraction of the day with light gives 0.4 1/d
as the maximum instantaneous growth rate. The theoretical maximum productivity, Py, used in
equation (2) is determined to be 2.5 1/d. The typical trends were observed, the growth rate
diminished at temperatures and salinities above and below the optimal value. The growth rate
also diminished at light intensities below the optimal intensity and leveled out at higher
intensities. Although slight pigment change was observed at the highest light intensity, we did
not observe a decrease in growth rate.
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Figure 7. Plot of the predicted and measured D. salina concentration at laboratory scale
over time at 26.5 °C and various light intensity and salinity conditions.
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Figure 8. Plot of the predicted and measured D. salina concentration at laboratory scale
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Figure 9. Plot of the predicted and measured D. salina concentration at laboratory scale
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5.2.3. Nannochloropsis salina

The model includes the initial nutrient concentrations for the 2/F medium of 0.882 mM NOj3
(12.35 gN/m®) and 0.0362 mM PO, (1.12 gP/m®). The CO is set initially to 0.9 g/m* [39]. The
absorption of CO, into the media from the bubbling of air is assumed to be much more than
sufficient to sustain this amount of CO, (2.31 pg/s). The initial algae concentrations are
specified to match the initial measured concentrations.

Figure 10 — Figure 13 show the algae concentrations from measurements and simulation over
time at temperatures of 18°C, 22°C, 26°C, and 30°C, respectively, and various light intensities
and NaCl concentrations. For the most part, the data fit well to the calibrated model.

For the best fit between the model and measurements, the ideal growth conductions for N. salina
are determined to be a NaCl concentration of 0.35 M, a light intensity of 20 W/m?, and a
temperature between 21.5 and 23.5°C. The maximum measured daily average growth rate in this
study is 0.55 1/d, which when divided by 2/3 for the fraction of the day with light gives 0.825 1/d
as the maximum instantaneous growth rate. The theoretical maximum productivity, Py, used in
equation (2) is determined to be 2.5 1/d. The typical trends were observed, the growth rate
diminished at temperatures and salinities above and below the optimal value. The growth rate
also diminished at light intensities below the optimal intensity and leveled out at higher
intensities. Although pigment change was observed at the highest light intensity, we did not
observe a decrease in growth rate.
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Figure 10. Plot of the predicted and measured N. salina concentration at laboratory scale
over time at 18 °C and various light intensity and salinity conditions.
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Figure 11. Plot of the predicted and measured N. salina concentration at laboratory scale
over time at 22 °C and various light intensity and salinity conditions.
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Figure 12. Plot of the predicted and measured N. salina concentration at laboratory scale
over time at 26 °C and various light intensity and salinity conditions.
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Figure 13. Plot of the predicted and measured N. salina concentration at laboratory scale
over time at 30 °C and various light intensity and salinity conditions.
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5.3. Greenhouse ponds

The model calibration from the N. salina laboratory measurements are applied to the greenhouse
setup. The pond is simulated as a fully mixed 1.67 x 1.5 m? rectangular pond with a 0.211 m
depth consisting of approximately 0.53 m® volume of medium. The light and temperature
conditions experience by the ponds for the duration of the measurement are shown in Figure 14.

A laboratory grown culture of N. salina were inoculated into two ponds (west and east) at the
greenhouse located at Sandia in Tech Area Ill. The ponds are circular with a radius of 0.9 m and
a medium depth of 0.211 m. The experiment consisted of measuring the two ponds during a
two-week period of time in November 2011.

The two ponds were operated at different CO, levels. The first week, the west pond was bubbled
at 3 scth CO,, while the east pond only had ambient CO, levels. The second week the CO, levels
were swapped for the two ponds. Following this two week experiment, the ponds were crashed
with the use ~0.005% (v/v) sodium hypochlorite. Initial nitrate and phosphate concentrations
were 54.7 and 3.1 g/m?, respectively, equating to initial N and P concentrations of 12.36 and 1.01
g/m?, respectively. During the measurement the west pond crashed, so we model the first 7 days
of the west pond and the full 17 days for the east pond.
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Figure 14. Plot of the light intensity and temperature over time for the greenhouse pond
measurement.

The results from the measurements and the model are plotted in Figure 15. The model does well
to predict the difference between the two ponds operating with different CO, sources during the
first 7 days when the ponds are healthiest. However, later in the pond runs the model begins to
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over predict the growth. This may be due to contamination over time as the pond is exposed to
other biological species.
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Figure 15. Plot of the measured and predicted algae concentration over time for the
greenhouse ponds.

The three main contributors to limiting the algal growth in the greenhouse pond are the light,
temperature, and CO, concentration. The limitation factors for each of these are plotted in
Figure 16. For this case, the ideal light and temperature are well aligned. However, the CO,
concentration drops to limiting levels during the high growth periods with ideal light and
temperature, which causes the growth to be limited at all times even in the high CO,
concentration bubbling case.

The instantaneous growth rate from the model and the daily average growth rate from the
measurements are plotted in Figure 17. The maximum instantaneous growth rate achieved was
1.2 1/d and corresponds to a brief period where all the limitation factors are close to 1. Due to
the high temperatures experienced in Albuquerque, NM during the summer, the greenhouse
measurement was conducted during the winter months. This limited the fraction of the day with
usable light to less than 0.5. Thus, if the CO, could be kept high enough to not be limiting and
the days could be longer while keeping the temperature reasonable, the growth in the greenhouse
ponds could have been at the 1.2 1/d level for longer periods of time and yielded higher
productivity.
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Figure 16. Plot of the limitation factors over time for the greenhouse pond measurement.
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over time for the greenhouse ponds.
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5.4. Open-channel Raceway

The model calibration from the laboratory setup is applied to the open-channel raceway
conditions. The raceway is simulated as a fully mixed 126 x 2.44 m? rectangular pond with a
0.15 m depth consisting of approximately 46 m* volume of medium. The light and temperature
conditions experience by the raceway for the duration of the measurement are shown in Figure
18. The initial nutrient conditions are assumed to be the same as the greenhouse case. The CO,
for this case is assumed to be bubbled in and incorporated via the paddle wheel fast enough to
not limit the growth.

The results for algae concentration over time from the measurements and the model are plotted
in Figure 19. As with the greenhouse pond, the model does well to predict the algal
concentration over time in the raceway.
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Figure 18. Plot of the light and temperature conditions over time for the open-channel
raceway.

The two contributors to limiting the algal growth for this case are the light and temperature. The
limitation factors for each of these are plotted in Figure 20. For this case, the ideal light and
temperature are not in phase. When the light is high the temperature of the pond becomes too
hot and growth is limited and when the light is limiting the temperature reduces to more optimal
values. This causes most of the growth to occur in the morning and evening periods, while at
mid-day and at night the growth is highly limited. This is demonstrated by the product of the
light and temperature limitation factors plotted in Figure 20. The product dips mid-day and
peaks in the morning and afternoon. From this information, one could imagine algae with a
higher temperature tolerance that could perform better in these conditions.
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Figure 19. Plot of the measured and predicted algae concentration over time the open-
channel raceway.

1.2
_ . == h() —gl) —g)*h(T)
% ? N ll ‘| f’ “ ” ‘I I/ ‘l 1’
EO.S ; "___’l l| { | : ':
c - [* ) ! \
00.6 n |5I 1Y fud 151 |
S04 ORFEEEEE
= e R l P
502 ¢ N
O E__" | !II ||'_|.I I‘_II Il_lI II_IIQ
0 1 2 3 4 5 6 7/ 8
Time (d)

Figure 20. Plot of the limitation factors over time for the open-channel raceway.

The instantaneous growth rate from the model and the daily average growth rate from the
measurements are plotted in Figure 21. The maximum instantaneous growth rate achieved was
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0.9 1/d. The concentration of the algae is much higher in the raceway case than in either the lab
or the greenhouse pond cases. This results in a greater reduction in the light penetration and thus
the growth. Additionally, since the period of the highest light is growth limited by temperature,
the peak achievable performance is never realized.

Growth Rate (1/d)

O 000000000
RPORPNWRARUONOLOWOPR

Q|||E||||||||¢||||||||

+ Measurement

—Model

Time (d)

Figure 21. Plot of the measured daily average and predicted instantaneous growth rates

5.5. Conclusion

over time for the open-channel raceway.

The model has been validated by comparing the prediction between the calibrated model for N.
salina and measurement results for two large scale cultivation systems: greenhouse ponds and an
open-channel raceway. The results show that the model can help identify which factors are
causing the growth to be limited, which will help optimize bioreactor designs and improve algae

strain selection.
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6. FLUENT IMPLEMENTATION

6.1. Introduction

The current version of the EFDC fluid dynamics model is cumbersome and limited to open-
channels. A more user friendly and versatile CFD code is needed to enable the simulation of a
wider variety of bioreactors including close photobioreactors. A commercial fluid dynamics
code, such as FLUENT, provides a verified, validated, and versatile CFD code. The use of user
defined functions (UDF) would allow for the modification of existing code to include
phenomena not directly included within the commercial code.

6.2. CFD Model

A representative geometry of the cross section of a typical algae raceway can be used to simulate
the pond as a whole (see Figure 22). At a minimum, only the straight portion needs to be
modeled because at commercial scale the bends will amount to only a small portion of the
raceway and will, most likely, not significantly affect the overall growth of algae. The number of
computation cells was set in order to ensure resolution of light as a function of depth and to
ensure that the ratio of length to width of each cell remained small enough to create a stable
domain. In addition, the time step was chosen to maintain stability during transient simulations.
ANSYS Fluent, version 13.1 was used for all simulations.

Figure 22. Two-dimensional computational domain of the CFD model, 0.3 m deep by 1 m
long.
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6.3. User Defined Functions

The use of user defined functions (UDF) allows for the modeling of transport phenomena and
material properties not directly coded into CFD software such as, algal growth and nutrient
depletion. In addition, the UDF can be used to define boundary and initial conditions, weather
conditions as a function of time, and properties such as density. The UDF has been written, in the
C programing language, to calculate the algal and nutrient fluxes, which are then passed to the
CFD software to be included in the source term when solving the mass conservation equation. A
flow chart of the interaction between the CFD software and the UDF can be seen in Figure 23.

Initialize solution

Read model
variables from
CFD software

(UDF)

h 4

Calculate mass
source terms
(UDF)

\ 4

Return model
variables to CFD
software (UDF)

Y

Solve transport
equations (CFD
software)

A
no

ﬂ' ime e ual tO COI‘WEI’ EHCE
l, End }q—yes q 8

final t|rne?/<_v wtep’

Advance to next
time step

Figure 23. Flow chart the |nteract|on between the computational fluid dynamics (CFD)
software and the user defined functions (UDF).
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6.4. Fluent Model Verification

The model can output a number of spatiotemporal parameters including species concentrations,
temperature profiles, any of the variables calculated by the UDF, and many others. In order to
ensure that the model functions correctly and contains no coding errors, an example problem
with a known solution was solved and used to validate the model. The model was then used to
simulate algal growth in a greenhouse pond and compared to experimental data and an existing
water quality and hydrodynamic model, EFDC. In addition to the CFD model a simplified
model was constructed using a fourth order Runge Kutta method, in Matlab, in order to ensure
the CFD code was functioning properly and free of bugs. The model is a single computational
cell.

6.4.1. Example with known numerical solution

The numerical solution of example 33.2 from Chapra [40], using a fourth order Runge-Kutta
method, was compared with the numerical results obtained from the CFD code modified through
UDF. The system is assumed to be a fully mixed, batch system; therefore, the concentration of
chlorophyll-a, a function of algae concentration, and phosphorous can be found through a mass
balance of the system. For the CFD model, algae and phosphorous are considered to be at low
enough concentrations such that they do not affect the properties of the water within the
computational domain. The boundary and initial conditions can be seen in Table 1 and results of
the simulations can be seen in Figure 24. The CFD model was found to be in good agreement
with the fourth order Runge Kutta solution of the Chapra problem, indicating that the UDF is
functioning correctly.

Table 1. Initial and boundary for the Chapra problem.

Parameter Unit Values™?®

Cp 1.5
lo ly day™ 400
ls ly day™ 250
Kg m” 0.1
Bwm 1/s 1.57E-07
Kp" kg m” 2.00E-06
photo period 0.5
P st 1.57E-05
VA m 10
Bo kg m” 5.00E-07
Po kgm? 9.70E-06
Lal [40]

[Pl C,= ratio of P to chlorophyll-a
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Figure 24. Chlorophyll-a and phosphorous concentration as a function of time for the
Chapra problem.

6.4.2. Greenhouse Model

The model was then used to simulate data from a greenhouse experiment and was compared to
an EFDC model for the same experiment. Nannochloropsis salina was grown in a 0.9 m radius
by 0.211 m deep pond within a greenhouse under known conditions of temperature, irradiance,
and pH. Algal growth was modeled as a function of nutrients, temperature, light intensity, and
pH for a period of 14 days. Carbon dioxide concentrations were used to calculate the nutrient
limitation function but were decoupled from pH since that data was available experimentally.

6.4.2.1. Without Carbon Dioxide Exchange

The preliminary model did not include exchange of carbon dioxide with the atmosphere. This
way a carbon balance of the system could be easily carried out to ensure conservation of mass
within the computational domain. The initial and boundary conditions, as well as model
constants can be seen in Table 2. The computational domain was assumed to be fully mixed.
Algal growth as a function of time for the EFDC, Runge-Kutta, and CFD models can be seen in
Figure 25, while carbon dioxide concentration as a function of time can be seen in Figure 26.
The values of carbon dioxide vary slightly between the EFDC and CFD models due to the linear
averaging employed by EFDC.
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Table 2. Greenhouse model parameters without exchange of carbon dioxide.

Parameter Unit Values [41]

B:c 45:1
C:N:p [ 358:38:01
CO, flow rate kgm?3s? 4'4163.'778%
ls min W m? 17
Ky o 0.69
Ko °C* 0.007
Ks m* 0.45
Bwm st 1.57E-07
K" kg m? 2.80E-05
ke m m® (g B)* 0.314
K" gm? 1.00E-05
Komn st 1.7E-07
Komp 5™ 1.2E-06
K" gm® 2.00E-06
P st 1.2E-05
Ty °C 18
T, °C 22
Bo kg m? 1.54E-02
Co kg m™ 9.00E-04
No kgm? 5.47E-02
Po kgm? 3.10E-03

@l ratio of algal biomass to carbon, ™ ratio of
carbon to nitrogen to phosphorous in algal
biomass
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Figure 25. Algae concentration as a function of time for the CFD, EFDC, and Runge Kutta
models along with experimental data from a greenhouse experiment.
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Figure 26. Carbon dioxide concentration as a function of time for the CFD, EFDC and
Runge Kutta models without gas exchange with the surface.
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6.4.2.2. With Carbon Dioxide Exchange

Exchange of carbon dioxide with the atmosphere was added to the CFD model. Henry’s law was
used to define the saturation concentration of carbon dioxide within the pond and the rate of
carbon dioxide exchange was defined as 6.2 10, with all other parameters the same as with no
carbon dioxide exchange. The values of algae and carbon dioxide for the three models can be
seen in Figure 27 and Figure 28, respectively. The values of carbon dioxide between the CFD
and EFDC models are not identical due to different aeration functions; however, the overall trend
is the same.
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Figure 27. Algae concentration as a function of time for the CFD, EFDC, and Runge Kutta
models along with experimental data from a greenhouse experiment, assuming carbon
dioxide transfer with the surface.
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Figure 28. Carbon dioxide concentration as a function of time for the CFD, EFDC and
Runge Kutta models without gas exchange with the surface.
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In Figure 29, it can be seen that the actual concentration tracks the saturation concentration of
carbon dioxide within the pond when algal growth is turned off.
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Figure 29. Graph of the actual (xc) and saturation (xcsat) concentrations of carbon
dioxide when algal growth is not present.

6.5. Conclusion

Once thoroughly validated, this model shows promise to serve as a tool for predicting algal
biomass production based on pond design and operation, algae species, and weather conditions.
The ease with which this model can be adapted to suit any scenario will allow for its application
to commercial or research projects. The validation conducted demonstrates that the UDF is
accurately calculating biomass production in comparison with existing examples and codes.
Expansion of the model to include terms for lipid accumulation, particle tracking, wind forcing,
and more advanced radiation models will only serve to make the model more accurate. The
current results obtained using this model show that CFD, when combined with UDF, can
accurately predict biomass and thereby serve as a cost and time effective method for designing
and optimizing open ponds for biomass production.
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7. CONCLUSIONS

Multifactorial measurements of N. salina and D. salina have been conducting to populate the
empiricisms of the CE-QUAL model of algae growth kinetics. The effect of salinity on green-
algae growth has been added to the model to simulate marine algal species. The CE-QUAL
model was implemented into FLUENT to expand the CFD capabilities. The laboratory
calibrated model for N. salina has been validated with two large scale studies. The model
predicts the growth trends in greenhouse ponds and an open-channel raceway well. The
calibrated model was used to analyze which environmental factors are causing the growth to be
limited. This model could be used to study scale-up effect through comparisons of the lab scale
kinetics and a larger scale system looking at the effects of predation, depth-decay of light (light
extinction) in the culture, and optimized CO, delivery. The model can then be expanded to study
growth in production scale photobioreactors and open-channel raceways eliminating the need for
expensive large-scale experiments. As more multifactorial data are accumulated for a variety of
algal strains, the model can be used to select appropriate algal species for various geographic and
climatic locations.
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