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Abstract Semi-continuous algal cultivation was completed
in outdoor flat-panel photobioreactors (panels) and open race-
way ponds (raceways) from February 17 to May 7, 2015 for
side-by-side comparison of areal productivities at the Arizona
Center for Algae Technology and Innovation in Mesa, AZ,
USA. Experiments used two strains of Scenedesmus acutus
(strains LB 0414 and LB 0424) to assess productivity, areal
density, nutrient removal, and harvest volume across cultiva-
tion systems and algal strains. Panels showed an average bio-
mass productivity of 19.0±0.6 g m−2 day−1 compared to 6.62
±2.3 g m−2 day−1 for raceways. Photosynthetic efficiency
ranged between 1.32 and 2.24 % for panels and between
0.30 and 0.68 % for raceways. Panels showed an average
nitrogen consumption rate of 38.4±8.6 mg N L−1 day−1. Cul-
tivation in raceways showed a consumption rate of 3.8±2.5
and 7.1±4.2 mg N L−1 day−1 for February/March and April/
May, respectively, due to increase in biomass productivity.
Excess nutrients were required to prevent a decrease in pro-
ductivity. Daily biomass harvest volumes between 18 and
36 % from panels did not affect culture productivity, but den-
sity decreased with increased harvest volume. High

cultivation temperatures above 30 °C caused strain LB 0414
to lyse and crash. Strain LB 0424 did not show any difference
in biomass productivity when peak temperatures reached 34,
38, or 42 °C, but showed decreased productivity when the
peak temperature during cultivation was 30 °C. Using algal
strains with different temperature tolerances can generate in-
creased annual biomass productivity.

Keywords Semi-continuous cultivation . Algae . Areal
productivity . Biomass production . Nitrogen consumption

Introduction

High productivity in algal cultures is obtained through semi-
continuous cultivation methods. This entails removing a per-
centage of the culture volume at a set frequency. Previous
research studies in both flat-panel (panel) photobioreactors
and raceway ponds (raceways) that removed a portion of the
culture every 1–2 days were able to achieve maximum growth
rates beyond 50 and 40 g m−2 day−1, respectively (Hu et al.
1998a; Moheimani and Borowitzka 2006, 2007). However,
these are optimal values under optimal environmental condi-
tions. Moheimani and Borowitzka (2006) showed average
productivities for different months of the year with growth
during the winter below 3.2 g m−2 day−1 compared to greater
than 30 g m−2 day−1 during the summer. The lower growth
during winter can be attributed to less light and sub-optimal
culture temperatures that can cause photoinhibition (Vonshak
et al. 2001; Crowe et al. 2012; Ras et al. 2013). The effect of
sub-optimal morning temperatures reduces culture productiv-
ity year-round. Slegers et al. (2013) predicted that controlling
the temperature of open ponds would increase the yearly pro-
ductivity by 5–10 g m−2 day−1. However, considering the
energy being lost to the environment with a high surface area
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to volume, the required energy for heating would significantly
outweigh the benefits of increased biomass productivity.

Cultivation in panels also has significant issues with tem-
perature limiting productivity; however, the concern is high
peak temperatures, which requires cooling to prevent culture
crashes. This is attributed to the shorter path length in panels
compared to that in raceways, which decreases the heat capac-
ity of the culture and consequently reduces the duration of sun
exposure before the culture reaches peak temperature
(Hindersin et al. 2013; Zemke et al. 2013; Grobbelaar 2013).
Therefore, reducing temperatures in photobioreactors is a ma-
jor energy cost, and to minimize this energy consumption, it
would be advantageous to have seasonal algal crop rotation
with algal strains that can tolerate different temperatures.

Raceways versus panels (areal density vs volumetric) Pre-
vious research has shown that the optimal productivity for
panels occurs with a light path between 1 and 10 cm, while
raceways are operated between 10 and 30 cm in depth, with
15 cm being the most common (Hu et al. 1998b; Richmond
and Cheng-Wu 2001; Moheimani and Borowitzka 2006;
Grobbelaar 2013). However, these cultivation systems can
also be assessed based on areal density and productivity. This
is accomplished by assessing the amount of biomass per unit
surface area and eliminates the differences in volume, which
provides the best method for assessing photosynthetic effi-
ciency of the photosynthetically active radiation (PAR) flux.
Previous research has shown that optimal growth occurs in
raceways when the areal density of the culture is between 40
and 150 g m−2 depending on culture depth and the species
being cultivated (Grobbelaar et al. 1995; Hartig et al. 1988).
Hartig et al. (1988) concluded that the optimal areal density
was between 40 and 45 g m−2, with a respective volumetric
density of 0.45 g L−1 in raceways operated at 10 cm. In addi-
tion, Grobbelaar et al. (1995) determined that by reducing the
depth below 1 cm, along with high mixing rates, the cascade
reactor increased the optimal areal density close to 150 g m−2,
which was a volumetric density greater than 15 g L−1 in a
system with a path length below 1 cm. This is a significant
reduction in water required for cultivation, which significantly
reduces the energy expenditure during harvesting
(Borowitzka 1999). However, less effort has been put into
these system designs while most research focused on race-
ways (Buchanan et al. 2013).

Little comparative research has been reported on cultures
grown in both panels and raceways; however, previous studies
have assessed the use of tubular photobioreactors. Torzillo
et al. (2012) cultivated Phaeodactylum tricornutum in an out-
door tubular reactor alongside a circular pond for comparison
of the two systems. The results showed that the open pond had
an increase of 27 % productivity compared to the
photobioreactor. However, it is important to note that the

tubular photobioreactor utilized a centrifugal pump for culture
flow and mixing, which has a significant amount of shear and
can cause a drastic decrease in productivity (Torzillo et al.
2003). This is why many cultivation systems utilize aeration
for mixing or airlifts to minimize shear stress (Molina et al.
2001; SánchezMirón et al. 2000). Raes et al. (2014) compared
Tetraselmis sp. in an open raceway pond and the Biocoil he-
lical photobioreactor and showed that this alga in semi-
continuous cultivation achieved productivities of 3 and
0.85 g m−2 day−1, respectively. The growth rate in the race-
ways was comparable to that obtained in previous studies;
however, the study had significantly lower productivities for
photobioreactors than previously reported (Hu et al. 1998a;
Moheimani and Borowitzka 2007; Eustance et al. 2015b). It
is important to remember that flat-panel photobioreactors are
not generally considered feasible for large-scale cultivation of
algae, except for the production of high-value products. How-
ever, they provide a valuable research tool by creating a
benchmark for achievable productivity.

The purpose of this study was to provide a definitive side-
by-side comparison of flat-panel photobioreactors with race-
way ponds for two Scenedesmus acutus strains in an outdoor
environment during the spring growing season (end of Febru-
ary through the beginning of May 2015) on the Arizona Cen-
ter for Algae Technology and Innovation field site in Mesa,
AZ, USA. Culture density, productivity, and nitrogen con-
sumption were measured along with ambient conditions to
provide information on biomass production under semi-
continuous cultivation.

Materials and methods

All experiments were carried out using two strains of
Scenedesmus acutus, strain LB 0414 and strain LB 0424, cul-
tu red in outdoor raceway ponds and f la t -pane l
photobioreactors (panels) at the Arizona Center for Algae
Technology and Innovation (AzCATI) field site in Mesa,
AZ, USA. Strain LB 0414 has a maximum temperature toler-
ance of 30 °C, while strain LB 0424 has a heat tolerance
exceeding 45 °C. Raceway experiments were completed in
three identical ponds each consisting of two channels 6.1 m
long and 1.7 m wide, with two ends each with a radius of
1.78 m providing a total area of 30.37 m2. Raceways were
operated with an average cultivation depth of 7.5 cm and a
volume of 2300 L. Raceways were operated at shallower
depths to reduce cul t ivat ion volume and assess
productivities in systems with less light attenuation
associated with culture depth. Furthermore, Chiaramonti
et al. (2013) highlighted that decreasing depth from 20 to
5 cm significantly increased the specific head loss, but showed
a 50 % decrease in energy consumption based on moving a
smaller amount of water. This further alleviates energy
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consumption by decreasing the harvesting volume. Velocity
of raceways was set to an average linear flow of 25 cm s−1.
During the day, CO2 was added through a Sweetwater diffu-
sion stone measuring 30 cm long and 5 cm wide at a rate of
5 L min−1. Inoculating cultures for raceways and panel exper-
iments were grown in 55-L flat-panel photobioreactors with
Modified BG-11 Medium. The panels had a north–south fac-
ing exposure measuring 46 in (1.17 m) in width by 46 in
(1.17 m) in height and approximately 1.5 in (3.8 cm) in depth
(thickness) or path length. The panels had an internal volume
of 60 L; however, the reactors were filled with approximately
55 L of medium to account for the volume required for aera-
tion. Aeration was provided by small drilled holes (∼1/32 in
(0.8 mm)) in 0.5 in (1.3 cm) PVC located at the bottom of the
reactor at a rate of approximately 0.5 vvm. During the day,
CO2 was added to the aeration line to provide a concentration
of 1.5 % CO2 (v/v). The reactors contained an internal 0.5-in
(1.3 cm) stainless steel cooling line connected to an evapora-
tive cooling system.

The composition of the Modified BG-11Medium (1/4 BG-
11) utilized in the photobioreactors was 375 mg L−1 NaNO3,
9.58 mg L−1 K2HPO4, 1.31 mg L−1 citric acid monohydrate,
5.24 mg L−1 of ammonium ferric citrate, 0.71 mg L−1 H3BO3,
0.445 mg L−1 MnCl2·4H2O, 0.06 mg L−1 ZnSO4·7H2O,
0.10 mg L−1 Na2MoO4·2H2O, 0.02 mg L−1 CuSO4·5H2O,
and 0.1 mg L−1 Co(NO3)2·6H2O. Because these experiments
utilized tap water, magnesium sulfate, calcium chloride, and
sodium carbonate were not added to the Modified BG-11 Me-
dium. Tapwater used averaged 180mgNa L−1, 75mgCa L−1,
70 mg S L−1, 24 mgMg L−1, and 8 mg K L−1 with a hardness
of 280 mg L−1 as CaCO3. During the second part of experi-
mentation in April, the nitrogen source was changed from
NaNO3 to NH4HCO3 at 348.8 mg L−1, to provide the same
nitrogen concentration.

For raceway experiments, approximately 75 to 100 L of
culture was transferred to the raceways, where cultures were
grown in Modified BG-11 Medium with industrial fertilizers
replacing the nitrate and phosphate sources: Ammonium iron
citrate was used for an iron source. Nitrate, phosphate, and
iron were added at a concentration of 1/6 of the original con-
centration of Modified BG-11 Medium (1/6 BG-11 Medium),
while the Bmicronutrients^were added at a concentration 1/50
that of Modified BG-11 (1/50 bg-11) as represented by the
following concentration values. The cultures utilized calcium
nitrate 15.5-0-0 (YaraLiva Tropicote) for a nitrogen source at
264 mg L−1 (41.2 mg N L−1), and Blooming and Rooting 9-
58-8 (Ferti-lome) for a phosphorus source at 4.69 mg L−1

(1.13 mg P L−1). Micronutrients were added at reduced con-
centration compared to those for panels, at a concentration of
0.057 mg L−1 H3BO3, 0.036 mg L−1 MnCl2·4H2O,
0.0048 mg L−1 ZnSO4·7H2O, 0.008 mg L−1 Na2MoO4·
2H2O, 0.0016 mg L−1 CuSO4·5H2O, and 0.008 mg L−1

Co(NO3)2·6H2O.

Calculating areal productivity

The calculation of areal productivity for panels was accom-
plished by multiplying the volumetric biomass productivity
by the culture volume of 55 L and dividing by the surface area
of one side of the reactor 1.34 m2. The array of reactors at
AzCATI are set up with the spacing between rows to be equiv-
alent to the reactor height. Therefore, it is assumed that the
surface area of the vertical panel is equivalent to the ground
space being taken up.

The calculation of areal productivity for raceways was ac-
complished by multiplying the volumetric biomass productiv-
ity by the culture volume of 2300 L and dividing by the sur-
face area of 30.37 m2.

This study reports the results of areal productivity, as the
main limitation in algal growth is the utilization of sunlight
(flux). Furthermore, by utilizing areal productivity, it provides
the capability to compare outdoor productivity in different
systems. The utilization of area eliminates the differences in
volumes and path lengths associated with different cultivation
systems that prevent direct comparisons of outdoor productiv-
ity. Volumetric productivity in the described raceways will be
always less than those for panels, even at the same areal bio-
mass productivity as they have a longer path length. As out-
door cultivation hinges on the ability to increase areal produc-
tivity, it is important to compare systems using direct metrics
for areal parameters.

Monitoring and control

Temperature and pH were continuously monitored using a
Neptune Apex controller (Neptune Systems, LLC.). The Apex
also controlled solenoid valves to turn aeration on and off at
programmed intervals during the night. In addition, solenoid
valves were attached to the cooling lines of the first four reac-
tors to allow cultures to achieve higher temperature with the
same cooling water. Ambient conditions were measured with
an Argus weather station capable of recording ambient tem-
perature, relative humidity, and light intensity (Argus Control
Systems, LLC.). For part of the experiment, PAR was
mea s u r e d on t h e f r on t a n d b a c k s i d e o f t h e
photobioreactors using Li-190 sensors attached to a Li-
1400 Logger (Li-COR Biosciences).

Analytical

Biomass densityAsh-free dry weight (AFDW)was measured
in duplicate to assess growth performance. Glass filters (VWR
696 glass microfiber 1.2 μm) were ashed for 4 h at 500 °C
prior to initial weighing. Duplicate samples were collected by
filtering 10 to 20 mL per filter (depending on culture density).
Samples were placed into an oven at 60 °C overnight. The
filters with biomass were weighed to determine dry cell
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weight and then ashed at 500 °C for 4 h to determine the
AFDWand ash content of the biomass.

Nitrogen Nitrogen levels as nitrate and ammonium were
monitored using flow injection analysis with a Lachat
QuikChem 8500 with samples being analyzed in duplicate.

Results

Experimentation was completed during two periods: February
17 to March 27, 2015 and April 2 to May 7, 2015. During
these periods, flat-panel photobioreactors (panels) and open
raceway ponds (raceways) were operated under semi-
continuous growth conditions with different variables being
changed as highlighted in Table 1 for February 17 toMarch 27
and Table 3 for April 2 to May 7.

February 17 to March 27 experimentation

Initial experimentation was completed in panels and raceways
during February 17 to March 27, 2015. During this time
frame, cultivation was accomplished using S. acutus strain
LB 0414. Figure 1 shows the light intensity (Fig. 1a), ambient
and culture temperature (Fig. 1b), nitrogen concentration
(Fig. 1c), and volumetric ash-free dry weight (AFDW) for
cultures in panels (Fig. 1d) and raceways (Fig. 1e). For both
panels and raceways, cultures were operated in a semi-

continuous manner, and at the first point of harvest indicated
by points 1 (Fig. 1d) and 9 (Fig. 1e), respectively, nutrients
were added back for only the volume of culture removed. For
panels, this caused significant nutrient limitation and reduced
culture productivity to 10.9±4.9 and 10.2±4.7 g m−2 day−1 by
removing either 36 or 29 % of the culture volume, respective-
ly, with nutrients consumed within 24 h (Fig. 1c). This is
significantly lower than when providing nitrogen sufficient
cultures by adding nutrients based on the entire cultivation
volume and not the volume being removed, which was 19.7
±3.9 and 18.7±3.7 g m−2 day−1 for 36 and 29 % being re-
moved, respectively (Table 2). In raceways, cultivation was
initially tested to determine if tap water would provide enough
micronutrients for growth. Initial growth showed minimal ef-
fects from not adding the micronutrients (Fig. 1e), although
this is attributable to the high levels of micronutrients found in
the inoculum. This is based on the lack of growth from the
second harvest when micronutrients were not added (Fig. 1e,
point 10) up to when micronutrients were added at a concen-
tration of 1/50 BG-11 (Fig. 1e, point 11) and began to show
renewed growth. This was corrected in later experimentation
by adding micronutrients when adding nitrogen, phosphorus,
and iron. In the raceways, the macronutrients were added
at a concentration of 1/6 BG-11 Medium to prevent
nutrient limitation, while the micronutrients were adjust-
ed to 1/50 BG-11 Medium levels for the entire volume,
since the concentration found in BG-11 Medium
contained excessive levels of micronutrients.

Table 1 Description of changes
that occurred during
experimentation from February
17 to March 27

Key points Date Description of changes

0 18 Feb 2015 Panels: experiment started

1 21 Feb 2015 Panels: added 1/4 BG-11 for the volume removed

2 26 Feb 2015 Panels: added 1/4 BG-11 for full volume due to stressing

3 3 Mar 2015 Panels: added 1/4 BG-11 for full volume after harvest

4 8 Mar 2015 Panels: shutoff night aeration until 3/17/15

5 17 Mar 2015 Panels: changed to 1/6 BG-11

6 24 Mar 2015 Panels: changed to 1/4 BG-11

7 27 Mar 2015 Panels: experiment completed

8 17 Feb 2015 Raceways: experiment started with strain LB 0414

9 22 Feb 2015 Racewaysa: added 1/6 BG-11 for volume removed; no micronutrients

10 27 Feb 2015 Raceways: added 1/6 BG-11 for full volume; no micronutrients

11 3 Mar 2015 Raceways: added micronutrients at 1/50 BG-11

12 5 Mar 2015 Racewaysb: did not harvest, but added nutrients to prevent further stressing

13 8 Mar 2015 Raceways: experiment shutdown to start with new log phase culture

14 10 Mar 2015 Racewaysb: second experiment started

15 19 Mar 2015 Raceways: culture temperature too high causing cell lysis

16 23 Mar 2015 Raceways: experiment ended

Numbers correlate to key points of change in Fig. 1
a 1/6 BG-11 in raceways is limited to nitrate, phosphate, and iron concentrations.
b Added 1/6 BG-11 plus the 1/50 BG-11 micronutrients for full volume
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Due to culture temperature issues in raceways, highlighted
as point 15 on Fig. 1e, the culture exhibited significant
amounts of cell lysis as peak culture temperatures exceeded
30 °C (Fig. 1b). This caused significant culture loss and
growth inhibition resulting in cessation of experimentation at
point 16 (Fig. 1e).

Once panels were provided with sufficient nutrient levels at
point 3 (Fig. 1d), semi-continuous cultivation was accom-
plished by removing either 29 or 36 % of the culture volume
daily. In an attempt to reduce energy consumption, aeration
was turned off at night starting at point 4 and ending at point 5.
Figure 1d shows that cultivation had a drop in the peak culture
density; this may be attributed to cloudy weather as shown by
the lower light intensity on days 22 and 23 (Fig. 1a).

Furthermore, Table 2 shows that productivity without aeration
was not significantly different as aerated cultures had a bio-
mass productivity of 22.5±4.5 and 18.2±5.8 g m−2 day−1 for
29 and 36% removed, respectively, while eliminating aeration
at night had a productivity of 20.0 ±3.9 and 19.8 ±
1.9 g m−2 day−1, respectively. Due to operating in outdoor
conditions, environmental factors including temperature and
light intensity have a significant impact on productivity and
account for the large standard deviation values being reported.

To further evaluate nutrient requirements being added to
panels, the concentration of BG-11 Medium added was re-
duced from 1/4 to 1/6 between the points of 5 and 6 on
Fig. 1d. As shown by the decrease in daily peak AFDW, the
culture was not harvested on day 31 to allow the operating

Fig. 1 Light intensity (a),
temperature (b), nitrogen
concentration (c), and AFDW (d,
e) for cultivation occurring
between February 17 and
March 27, 2015 using strain LB
0414. Average±S.D. for raceway
ponds (black solid line/filled
triangle) is reported for two
separate experiments. Average
±S.D. for panels is reported for
removing 29 % of culture (gray
dash line/filled circle) and 36 %
of culture (black dot line/filled
square). Numerical identification
of key changes is indicated in the
figure and follows the
descriptions found in Table 1
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density to increase and prevent photoinhibition from occur-
ring. Table 2 shows that the average productivity during this
timeframe dropped to 17.2±2.5 and 16.6±2.5 g m−2 day−1 for
harvesting volumes of 36 and 29 %, respectively.

April 2 to May 7 experimentation

From April 2 to May 7, a second set of semi-continuous ex-
periments was completed in panels and raceways. However,

Table 2 Average±S.D. for solar irradiance, biomass productivity, and photosynthetic efficiency for experiments completed in February and March

Key pointsa Dates Irradiance Biomass productivity Photosynthetic efficiencyb

kWh m−2 day−1 g m−2 day−1 %

Panelsc

36 % removed 29 % removed 36 % removed 29 % removed

0–3 18 Feb to 3 Mar 4.2±0.8 10.9±4.9 10.2±4.7 1.47±0.69 1.38±0.70

3–4 3 Mar to 9 Mar 5.5±0.5 22.5±4.5 18.2±5.8 2.24±0.40 1.82±0.53

4–5 9 Mar to 16 Mar 5.4±0.8 20.0±3.9 19.8±1.9 2.03±0.18 2.04±0.26

5–6 17 Mar to 24 Mar 5.5±1.1 17.2±2.5 16.6±2.5 1.75±0.39 1.70±0.44

6–7 24 Mar to 27 Mar 6.5±0.2 18.3±1.4 20.1±2.6 1.54±0.49 1.70±0.53

3–7 3 Mar to 27 Mar 5.6±0.8 19.7±3.9 18.7±3.7 1.95±0.38 1.85±0.40

Racewaysc

8–13 17 Feb to 8 Mar 4.6±0.9 3.5±2.7 0.42±0.32

14–16 10 Mar to 23 Mar 5.2±0.9 4.1±4.8 0.30±0.44

Values are for periods between key points of change to highlight differences that occurred
a Key points identified in Table 1
bAssumes energy value of 5.5 kWh kg–1 of biomass
c Strain LB 0414

Table 3 Description of changes
that occurred during
experimentation from
April 2 to May 7

Key points Date Description of changes

17 4 Apr 2015 Panels: experiment started with Cond 1 peak temp set
to 34 °C, Cond 2 peak temp set to 38 °C, Cond 3
peak temp set to 27 °C

18 7 Apr 2015 Panels: all conditions set to remove 29 % of culture

19 13 Apr 2015 Panels: Cond 3 set to remove 18 % of culture

20 16 Apr 2015 Panels: Cond 1 and 2 switched from NaNO3 to NH4HCO3

21 19 Apr 2015 Panels: Cond 3 switched from NaNO3 to NH4HCO3

22 22 Apr 2015 Panelsc: all conditions intermittent sparging at night
1 min on: 30 min

23 26 Apr 2015 Panels: Cond 1 36 % of culture removed, Cond 2 peak
temp set at 30 °C, Cond 3: 29 % of culture removed

24 1 May 2015 Panels: Cond 1 peak temp set at 42 °C

25 5 May 2015 Panels: experiment ended

26 2 Apr 2015 Racewaysb: experiment started with strain 0424

27 8 Apr 2015 Racewaysb: removed 43 % of culture

28 18 Apr 2015 Racewaysb: removed 65 % of culture

29 22 Apr 2015 Raceways: lost 1 of 3 ponds due to paddle
wheel failure

30 23 Apr 2015 Racewaysb: removed 50 % of culture

31 7 May 2015 Raceways: experiment ended

Numbers correlate to key points of change in Fig. 2
bAdded 1/6 BG-11 plus the 1/50 BG-11 micronutrients for full volume
c Remained this way until end of experiment to minimize ammonia volatility and toxicity
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cultivation in raceways was switched from strain LB 0414 to
strain LB 0424, a thermotolerant strain of S. acutus able to
accommodate warmer spring temperatures. In panels, condi-
tion 1 (Cond 1) and condition 2 (Cond 2) utilized strain LB
0424, while condition 3 (Cond 3) utilized strain LB 0414
(Table 3).

Figure 2 shows the light intensity (Fig. 2a), ambient and
culture temperature (Fig. 2b), nitrogen concentration (Fig. 2c),
and AFDW for cultures in panels (Fig. 2d) and raceways
(Fig. 2e) throughout the cultivation time frame. The initial
conditions for the panels were set with all panels receiving
1/4 BG-11 for the full culture volume and harvesting 29 %

of the culture volume every day once the desired culture den-
sity was achieved. In addition, Cond 1, 2, and 3 had peak
operating temperatures of 34, 38, and 27 °C, respectively.
The results show that both strains had nearly identical operat-
ing densities. Furthermore, strain LB 0414 in Cond 3 showed
a productivity of 18.6±3.7 g m−2 day−1 (Table 4), which was
comparable to the overall productivity for strain LB 0414
operated during experimentation in March with 18.7±
3.7 g m−2 day−1.

To determine the effect of reducing daily harvesting
volume, Cond 3 at point 19 reduced the volume of
culture being removed from 29 to 18 % and was

Fig. 2 Light intensity (a),
temperature (b), nitrogen
concentration (c), and AFDW (d,
e) for cultivation occurring
between April 2 and May 7, 2015
using strain LB 0414 and strain
LB 0424. Average±S.D. for
raceway ponds (black solid line/
filled triangle) is reported for
growth with strain LB 0424.
Average±S.D. for panels is
reported for strain LB 0424 in
condition 1 (gray dash line/filled
circle) and condition 2 (black dot
line/filled square), with strain
0414 grown in condition 3 (gray
dash dot line/filled diamonds).
Numerical identification of key
changes is indicated in the figure
and follow the descriptions found
in Table 3
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maintained at that removal rate until point 23 (Fig. 2d).
During this timeframe, the peak culture density in-
creased from 1.63±0.13 to 2.33±0.14 g L−1 and did
not show a significant change in culture productivity
(Table 4).

At point 20 for Cond 1 and 2 and point 21 for Cond 3,
the cultures were switched from NaNO3 to NH4HCO3 to
determine if culture productivity changed with different
nitrogen source (Fig. 2d). Based on the data in Table 4,
neither culture showed any significant change in culture
productivity with change in nitrogen source. At point 22,
all three conditions were switched from continuous aer-
ation at night to intermittent sparging at a frequency of
1 min per 30 min. This was done to minimize ammonia
toxicity and volatility at night when culture pH values
increased due to the external CO2 source being turned
off as was shown in previous research (Eustance et al.
2015a). This had no effect on the cultures’ productivity.

At point 23 (Fig. 2d), all three conditions were
changed. Cond 1 had the culture volume being removed
increased from 29 to 36 %, Cond 2 had the peak cul-
ture temperature decreased from 38 to 30 °C, and Cond
3 had the culture volume being removed increased from

18 to 29 %. By reducing the peak operating tempera-
ture in Cond 2, strain LB 0424 showed a small de-
crease in the biomass productivity from points 23 to
34, which decreased further from points 24 to 25
(Table 4). Furthermore, at point 24 (Fig. 2d), Cond 1
had the peak temperature increased from 34 to 42 °C
and showed a small increase in productivity, which
highlights this strain’s capability to grow over a very
large temperature range without having a significant
change in culture productivity.

The raceways operated between April 2 and May 7,
2015 utilized strain LB 0424. At point 27 (Fig. 1e), 43 %
of the culture was removed every other day until point 28,
where 65 % of the culture was removed. This was accom-
plished once, since removing over 50 % of the culture was
challenging due to the shallow depth of the raceways. At
point 30, the cultures had 50 % of the culture removed
every 4 days. This provided a large operating range of areal
densities to determine if there was a peak productivity as-
sociated with any of the culture densities. Based on Fig. 4
and Table 4, the range in which the culture was operated
showed no drastic effect on the biomass productivity,
which averaged 8.7±2.3 g m−2 day−1.

Table 4 Average±S.D. for solar irradiance, biomass productivity, and photosynthetic efficiency for experiments completed in April and May

Key pointsa Dates Irradiance Biomass productivity Photosynthetic efficiencyb

kWh m−2 day−1 g m−2 day−1 %

Panels

Cond 1c Cond 2c Cond 3d Cond 1c Cond 2c Cond 3d

17–19 4 Apr to 13 Apr 6.6±0.7 – – 18.6±3.7 – – 1.45±0.62

17–20 4 Apr to 16 Apr 6.8±0.6 16.4±4.6 17.3±4.9 – 1.26±0.52 1.33±0.54 –

19–21 13 Apr to 19 Apr 7.3±0.2 – – 21.3±5.9 – – 1.61±0.47

20–22 16 Apr to 22 Apr 7.4±0.1 19.9±4.2 19.6±3.3 – 1.50±0.32 1.51±0.31 –

21–22 19 Apr to 22 Apr 7.4±0.1 – – 21.8±6.5 – – 1.62±0.46

22–23 22 Apr to 26 Apr 6.3±0.9 20.2±4.9 18.5±5.1 20.0±1.5 1.75±0.29 1.60±0.32 1.65±0.14

23–24 26 Apr to 30 Apr 7.2±0.8 19.8±3.1 18.1±1.1 16.3±3.2 1.52±0.17 1.40±0.19 1.32±0.11

24–25 1 May to 7 May 7.1±0.4 21.9±3.4 17.3±2.1 18.3±2.9 1.69±0.27 1.34±0.18 1.41±0.23

17–25 4 Apr to 7 May 7.0±0.7 19.2±4.3 18.0±3.7 19.2±4.2 1.49±0.39 1.40±0.35 1.49±0.39

Racewaysc

26–28 2 Apr to 19 Apr 6.9±0.6 8.2±3.0 0.63±0.29

30–31 24 Apr to 4 May 6.9±0.8 8.6±2.1 0.68±0.14

26–31 2 Apr to 7 May 7.0±0.7 8.7±2.3 0.67±0.21

Values are for periods between key points of change to highlight differences that occurred
a Key points described in Table 3
bAssumes energy value of 5.5 kWh kg–1 of biomass
c Strain LB 0424
d Strain LB 0414
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Discussion

Raceways versus panels (areal vs volumetric density) Pre-
vious research has suggested that the optimal areal density for
cultures is between 40 and 150 g m−2 depending on culture
depth and the species being cultivated (Hartig et al. 1988;
Grobbelaar et al. 1995). Hartig et al. (1988) concluded that
the optimal areal density was between 40 and 45 g m−2 for
ponds operated at 15 to 30 cm. In addition, Grobbelaar et al.
(1995) determined that by reducing the depth and with the
high mixing rates, the cascade reactor increased the optimal
areal density close to 150 g m−2. This is similar to the results
shown in the current study, where increasing the operating
areal density above 100 g m−2 (Figs. 3 and 4) in the flat-
panel photobioreactors (panels) had little impact on the pro-
ductivity suggesting that cultures with high levels of mixing
can operate at higher culture densities. Comparatively, race-
ways operated at a depth of 7.5 cm have significantly less
mixing, which contributed to the limited productivity inde-
pendent of the areal density as shown in Figs. 3 and 4. Both
figures show no correlation between areal density and areal
productivity. However, it is important to note that the cultures
were operated within a range of 20 to 70 g m−2 and may have
needed an areal density greater than 100 g m−2 to show a
decrease in productivity.

The growth rate of raceways compared to panels for semi-
continuous cultivation consistently showed that panels
outperformed raceways with an average productivity of 19.0
±0.6 g m−2 day−1 compared to 6.62±2.3 g m−2 day−1, respec-
tively. However, it is important to note that panels are used to

provide an idea of the maximum productivity a culture may be
able to achieve in raceways.

Temperature concerns One of the biggest concerns and rea-
sons for a decrease in culture productivity in raceways com-
pared to panels, or the value achieved in panels compared to
the theoretical limit of 77 g m−2 day−1 is the diurnal tempera-
ture fluctuation (Melis 2009). This is shown in Fig. 5, which
highlights two different days during April 2015 and provides
culture and ambient temperatures along with light intensity.
Figure 5 shows that during the first few hours of the day, the
cultures are at sub-optimal temperatures. Previous research
has shown that sub-opt imal tempera tures cause
photoinhibition and reduced enzyme activity, which reduces
culture productivity (Vonshak et al. 2001; Ras et al. 2013).
Furthermore, Fig. 5 showed that raceways required more time
to reach the desired operating range compared to panels and
helps explain the lower productivity achieved. Furthermore,
the average morning temperature, defined as the time between
7 a.m. and 10 a.m., was 11.2±1.9 °C in the raceways from
February 17 to March 8, while from April 2 to May 7, the
average was 14.8±3.1 °C. However, these values are both
significantly lower than the values found in panels, which
had averages of 18.0±2.7 and 20.3±3.4 °C for the same time
frames. By decreasing the culture path length/depth, the sys-
tem has a decreased heat capacity and will, therefore, increase
in temperature faster, which minimizes time spent with sup-
optimal morning conditions but will reach higher peak tem-
peratures. In panels, this can be combated by utilizing an
evaporative cooler and stainless steel cooling lines suspended
in the culture media; however, the raceways did not and

Fig. 3 Areal density and areal productivity for experiments completed
between February 17 andMarch 27, 2015 using strain LB 0414. Average
±S.D. for raceway ponds (black solid line/filled triangle) is reported for

two separate experiments. Average±S.D. for panels is reported for
removing 29 % of culture (gray dash line/filled circle) and 36 % of
culture (black dot line/filled square)
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typically do not have temperature control. One of the main
cited reasons for raceways to be operated at a depth of greater
than 15 cm, other than hydraulic limitations, is to minimize
temperature fluctuations and peak daytime temperatures,
which can lead to culture crashes (Oswald 1988; Moheimani
and Borowitzka 2007). This was shown in Fig. 1e at point 15,
where strain LB 0414 in raceways began to reach undesirable
temperatures at which the culture began to lyse and crash.
Research has shown that cultures tend to have 4 to 5 °C range
between the optimal temperature and the point where cultures
begin to die from high temperatures (Ras et al. 2013; Buchan-
an et al. 2013). This has drastic effects on culture productivity
if the temperature spikes unexpectedly but may be minimized
by rotating algal crops to accommodate the different temper-
ature ranges as was done in this study by switching from strain
LB 0414 to strain LB 0424.

Aeration at night Previous research has shown that limiting
aeration at night can decrease lipid accumulation but has little

effect on log phase cultures (Eustance et al. 2015a). To deter-
mine the long-term effect of limiting aeration at night, cultures
were operated with no aeration from points 4 to 5 (Fig. 1d),
which showed no significant difference in the culture biomass
productivity (Table 2). Cultures were switched from nitrate to
ammonium at points 20 for Cond 1 and 2, and 21 for Cond 3
(Fig. 2d), and to avoid ammonia toxicity and volatility, and
were switched to an intermittent sparging frequency of 1 min
per 30 min for the remainder of experimentation at point 22
(Fig. 2d). Table 4 shows that the change to intermittent sparg-
ing at night had no significant impact on growth as was pre-
viously shown in Eustance et al. (2015a). Furthermore, Cuello
et al. (2014) showed that stopping the paddle wheel at night in
semi-continuous raceways did not statistically change bio-
mass productivity compared to constant mixing, which had
the advantage of decreasing energy consumption by 37 %.

Nitrogen usage Cultivation in panels in March showed an
av e r a g e n i t r o g en con s ump t i o n r a t e o f 3 6 . 4 ±

Fig. 4 Areal productivity and
areal density for experiments
completed between April 2 and
May 7, 2015 using strain LB 0414
and strain LB 0424. Average
±S.D. for raceway ponds (black
solid line/filled triangle) is
reported for growth with strain
LB 0414. Average±S.D. for
panels is reported for strain LB
0424 in condition 1 (gray dash
line/filled circle) and condition 2
(black dot line/filled square), with
strain LB 0414 grown in
condition 3 (gray dash dot line/
filled diamonds)

Fig. 5 Actual and preferred
temperature ranges for strain LB
0414 and strain LB 0424 at two
different time points during
cultivation in April 2015. Strain
LB 0424 in raceways (black solid
line) and panels in condition 1
(gray dash line) and condition 2
(black dot line/filled square), and
strain LB 0414 grown in
condition 3 (gray dash dot line).
Ambient temperature (gray dotted
line) and light intensity (black
dash dot line) are shown for
comparison
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10.7 mg N L−1 day−1 (1.49±0.44 g N m−2 day−1), while cul-
tivation in April and May showed a consumption rate of 39.4
±7.2 mg N L−1 day−1 (1.61±0.29 g N m−2 day−1). These
values correspond to a consumption of between 77 and
87 mg N g−1 biomass. However, cultures required excess ni-
trogen to prevent a reduction in growth rate, as cultures that
received approximately 60 mg N L−1 day−1 had a higher
growth rate than cultures that received approximately
40 mg N L−1 day−1. However, the consumption rate of nitro-
gen may be skewed as nitrogen was most likely removed
during the time required for a culture to mix. This is further
exemplified in both Figs. 1c and 2c, as the maximum nitrogen
concentration did not continue to increase over time but
reached a plateau that corresponded to the culture density.
This suggests that the cultures were able to remove higher
levels than that measured from the medium and were able to
remove closer to 60 mg N L−1, since this was the amount
being added to the cultures.

Cultivation in raceways showed lower nitrogen consump-
tion rates due to lower biomass productivities. During cultiva-
tion in February andMarch, the average consumption rate was
3.8±2.5 mg N L−1 day−1 (0.29±0.19 g N m−2 day−1), while
growth in April and May had a consumption rate of 7.1±
4.2 mg N L−1 day−1 (0.54±0.32 g N m−2 day−1). This
corresponded to a consumption rate between 64 and
76 mg N g−1biomass, which is similar to that determined for
panels. This also shows that due to the slower growth
rate in raceways, the overall nitrogen consumption rate
decreased as well.

Productivity and photosynthetic efficiency Tables 2 and 4
show productivity and photosynthetic efficiency values for
panels and raceways operated between February 17 and
May 7, 2015. At the beginning of March, the average solar
irradiance for cultivation was 5.5±0.5 kWhm−2 day−1, and by
the end of experimentation in May, the value had increased to
7.1±0.7 kWhm−2 day−1. However, during this time frame, the
average biomass productivity in panels did not significantly
change. This is attributed to a change in the angle of incidence
of the sun, which increases in the summer and therefore pro-
vides a smaller fraction of the total light to a vertical surface.
FromMarch 11 to March 27 and April 23 to May 7, PAR was
measured on the front and backside of the panels. During
these times, the average solar irradiance was 5.7 ±
1.0 kWh m−2 day−1 for March and 6.9±0.8 kWh m−2 day−1

for April. When these values are converted to PAR based on
the value found in Melis (2009) of 5 kWh m−2 day−1 being
equivalent to approximately 35 mol photons m−2 day−1, the
co r r e s p ond i ng av e r a g e f o r Ma r ch wa s 39 . 8 ±
6.7 mol photons m−2 day−1 and for April was 48.5±
5.3 mol photons m−2 day−1. However, the combined PAR
for the front and backside of the panels was 36.2±
4.9 mol photons m−2 day−1 in March and 30.8 ±

1.3 mol photons m−2 day−1 in April. This shows that the
panels were receiving less light at the surface and maintaining
the same level of productivity. However, when calculating the
photosynthetic efficiency (PE) as shown in Tables 2 and 4, PE
decreased throughout experimentation for cultures grown in
panels from 1.90±0.07 % (points 3–4) initially to 1.46±
0.05 % for cultivation between points 17 and 25. Panels did
not show an increase in PE due to the vertical orientation,
which decreased the amount of usable light. When
reconsidering PE based on the PAR actually reaching the sur-
faces of the panel, the PE increased from 2.0±0.0 to 2.3±
0.2 % for March 11–27 and April 22 to May 7, respectively,
which indicates that more favorable culture conditions
allowed increased daily productivity despite having less us-
able light. Assessing raceways, which utilize a horizontal sur-
face, showed an increase in both biomass productivity and PE
as experimentation proceeded toward higher sun angles. The
average PE for raceways during April and May experimenta-
tionwas 0.66±0.02%,which increased from 0.36±0.08% for
cultivation in February and March. This also shows that fac-
tors other than solar irradiance alone increased biomass pro-
ductivity which is most likely due to the increase in morning
temperatures as was previously discussed. The values
achieved for PE are significantly lower than the theoretical
range of 8–10 % suggested by Melis (2009). However, the
values for panels are closer to the range suggested by Park
et al. (2011) of 1.3 to 2.4 % and suggested that the additional
drop was due to cultures experiencing light saturation beyond
levels of 200 μmol photons m−2 s−1.

Previous research studies that have assessed the productiv-
ity of raceways typically utilize smaller units with a surface
area of 1–4 m2 compared to the current study, which utilized
raceways with a surface area of 30.37 m2 (Moheimani and
Borowitzka 2006; Raes et al. 2014; Torzillo et al. 2012). This
is significant as it affects the distance the culture travels be-
tween paddle wheel points. With smaller raceways, the culture
interacts with the paddle wheel more frequently, which signif-
icantly increases the mixing rate and surface interactions. Raes
et al. (2014) showed the change in the Reynolds number in a
1-m2 raceway with a drop from 3250 to 1730 over the distance
of 3 m, or the distance the culture traveled before encountering
the paddle wheel again. This suggests a significant change in
the Reynolds number over a small distance, which indicates
that scaling information found in a 1-m2 raceway may over-
estimate the productivity of larger systems by not accounting
for decreased mixing and paddle wheel interaction. The
Arizona Center for Algae Technology and Innovation field
site hosts raceways with a surface area of 4.22 and 30.37 m2

with maximum fluid traveling lengths of 9.4 and 17.8 m,
respectively, which highlights how a small change in area of
a raceway can drastically change the distance between paddle
wheels. This is critical as Oswald (1988) notably suggested
that the distance between paddle wheels in large-scale
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cultivationwill most likely be between 493 to 2120m depend-
ing on the cultivation depth. This would drastically decrease
the level of mixing and surface interaction and will decrease
productivity, which is rarely considered or discussed when
reporting productivity values or in the estimation of large-
scale cultivation productivity. Further work is needed to eval-
uate the effect of paddle wheel interactions and Reynolds
number on productivity in larger systems.

Conclusions

& Flat-panel photobioreactors had an average biomass pro-
ductivity of 19.0±0.6 g m−2 day−1 compared to 6.62±
2.3 g m−2 day−1 for open raceway ponds.

& Cultivation in panels and raceways for March showed an
average nitrogen consumption rate of 36.4±10.7 and 3.8±
2.5 mg N L−1 day−1, respectively. Cultivation in April and
May showed a consumption rate of 39.4±7.2 and 7.1±
4.2 mg N L−1 day−1 for panels and raceways, respectively.
All of these numbers correspond to a nitrogen consump-
tion rate of 64 to 87 mg N g biomass−1.

& Excess nutrients were required to prevent decreased bio-
mass productivity

& Cultivation temperatures above 30 °C caused strain LB
0414 to lyse and the culture to crash.

& Strain LB 0424 did not show any statistical difference in
biomass productivity when the peak temperature reached
34, 38, or 42 °C, but had lower productivity when the peak
temperature was 30 °C, which is the maximum tempera-
ture for strain LB 0414.

& The reduction in aeration or sparging of cultures to a fre-
quency of 1 min per 30 min at night did not impact bio-
mass productivity.

& Photosynthetic efficiency observed was between 1.23 and
2.24 % for panels and between 0.30 and 0.68 % for
raceways.

& Photosynthetic efficiency increased in raceways fromFeb-
ruary toMarch, which suggests that increased culture tem-
perature improved biomass productivity.
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