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Application of computational fluid dynamics to raceways combining paddlewheel
and CO2 spargers to enhance microalgae growth
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The present study investigated the effect of light intensity and mixing on microalgae growth in a raceway by
comparing the performance of a paddlewheel to a combination of paddlewheel and CO2 spargers in a 20 L raceway. The
increase of light intensity was known to be able to increase the microalgal growth rate. Increasing paddlewheel rotation
speed from 13 to 30 rpm enhanced C. vulgaris growth by enhancing culture mixing. Simulation results using compu-
tational fluid dynamics (CFD) indicated that both the turnaround areas of the raceway and the area opposite the pad-
dlewheel experienced very low flow velocities (dead zones) of less than 0.1 m/min, which could cause cell settling and
slow down growth. The simulated CFD velocity distribution in the raceway was validated by actual velocity measure-
ments. The installation of CO2 spargers in the dead zones greatly increased flow velocity. The increase of paddlewheel
rotation speed reduced the dead zones and hence increased algal biomass production. By complementing the raceway
paddlewheel with spargers providing CO2 at 30 mL/min, we achieved a dry cell weight of 5.2 ± 0.2 g/L, which was about
2.6 times that obtained without CO2 sparging.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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The threat of global warming has encouraged the development
of renewable energy to replace carbon-intensive fossil fuels (1).
Microalgae are a promising source of renewable transportation
fuels thanks to their high growth rate, which enables them to
double in mass within hours, and their high content of lipids that
are used for biofuel production (2). In addition, microalgae can
serve as renewable sources of chemicals used in a wide range of
applications, including cosmetics and nutraceuticals (3). Algal
biomass productivity is influenced by light intensity, CO2 provision,
temperature, pH, and nutrient supplementation (4).

The cultivation of microalgae can be conducted in both closed
and open systems (5). Closed photobioreactors (PBR) can provide
an environment that fosters fast growth and high biomass pro-
ductivity, as they allow tight control of cultivation conditions and
minimize the risk of contamination. However, their high capital and
operating costs are major disadvantages, especially for commodity
products, such as biofuels (6e8). Moreover, PBRs are not easy to
scale-up, which impedes commercialization (3).

The open system of raceways is often utilized for large scale
cultivation of microalgae (9). It has simplicity of design and oper-
ation and is easy to scale-up (10). However, adequate mixing in the
raceway is required to avoid settling of microalgal biomass that, in
turn, leads to lower cell growth and biomass productivity due to
limited cell exposure to light and nutrients. Thorough mixing
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provides good light distribution and nutrient availability, as well as
heat dissipation and increased CO2 utilization, making the process
of photosynthesis more effective and leading to higher biomass
productivity (11). The lack of rigorous culture mixing has been re-
ported to lead to cell membrane breakdown for Spirulina (12).

As a result, preventing cell settling through thorough mixing is
of paramount importance to raceway algae cultivation. Recently,
this goal has been aided by the use of computational fluid dynamics
(CFD) in the design and operation of raceways (10). Researchers
have investigated the effect of mixing on the hydrodynamics of
raceways to minimize energy utilization (7). CFD simulations have
been used to investigate paddlewheel rotation speeds and baffle
installation in raceway systems (13,14). The light/darkness (L/D)
cycles applied on microalgae cells cultivated in a raceway based on
a Lagrangian particle tracking method have been studied by iden-
tifying the cell trajectories and their hydrodynamic characteristics.
The results indicate that L/D cycles can be decreased with an in-
crease in paddlewheel rotational speed in the range 5e12 rpm.
Moreover, introduction of flow-deflector baffles in raceways can
greatly increase the light time and the ratio of light time to L/D cycle
for microalgae cells (15).

CFD simulations have also been performed on a novel algae
raceway integrated design (ARID) system to obtain velocity profiles
(16). This racewaywas positioned on the ground at a small slope, so
that water could flow in laterally-laid serpentine channels at a low
rate driven by gravitation. The low flow rate of water overflowed
the lateral channel walls and mixed with the main flow in the next
lower channel, thus creating better mixing. Even in such a complex
raceway system, measurements and CFD simulation results
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FIG. 1. Effect of light intensity on the growth of C. vulgaris in the raceway.
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matched in a satisfactory way, indicating that CFD simulations are a
reliable tool in designing raceways for algae cultivation.

The main objective of this study was to determine the effect of
culture mixing on algae growth in a raceway by comparing mixing
provided by a paddlewheel at a variable rotation speed withmixing
provided by a combination of paddlewheel and CO2 spargers stra-
tegically placed in low flow velocity areas. The flow velocity profile
in the raceway was simulated using CFD and was validated with
flow velocity measurements.

MATERIALS AND METHODS

Microalgae and the culture of medium The strain utilized in this study was
Chlorella vulgaris, which was kindly provided by professor Jo-Shu Chang, National
Cheng Kung University, Taiwan. Algal basal medium was used to cultivate the
microalgae in the raceway system. The composition of the algal basal medium
was 1.25 g/L KNO3, 1.25 g/L KH2PO4, 1.00 g/L MgSO4,7H2O, 0.5 g/L EDTA, 0.1142 g/
L H3BO3, 0.0882 g/L ZnSO4,7H2O, 0.0498 g/L FeSO4,7H2O, 0.111 g/L CaCl2,2H2O,
0.0142 g/L MnCl2,4H2O, 0.0071 g/L MnO3, 0.0157 g/L CuSO4,5H2O, and 0.0049 g/L
Co(NO3),6H2O. Dry cell biomass of g/L was measured in this study using the
moisture meter. The cultivations were performed at room temperature of
25e30�C for all tests.

Configuration of the raceway system The experiments were conducted in a
lab-scale raceway system made of fiberglass with dimensions of 50 cm
length � 30 cm width � 14 cm depth. The paddlewheel was constructed of
stainless steel and consisted of 4 blades with 18 cm length and 10 cm width. The
paddlewheel velocity for mixing was set at 13, 20, and 30 rpm for 14 days. All the
raceway experiments were carried out with 20 L of medium resulting in a culture
depth of 7 cm. A continuous light intensity was provided by using 2e4 fluorescent
lamps at 9.5 (mmol/m2 s) each lamp. Culture flow velocities were measured using
a flow velocity measurement device (model FW450, JDC Corporation, Taipei City,
Taiwan).

CFD modeling of velocity profile in a raceway The CFD package ANSYSwas
employed to simulate algae culture flow in the raceway system. The CFD simulation
required the construction of a geometric model in the ANSYS Design Modeler
(ANSYS Software Company, Canonsburg, PA, USA). The raceway systemwas divided
into a paddlewheel movement zone and a culture medium zone, which intersect at
the cylindrical interface (17). The tetrahedral structural mesh was selected in ANSYS
Design Mesh with 209,960 nodes and 183,615 elements for the simulation (18). The
mesh was divided into two parts: a sliding mesh for the cylindrical area surrounding
the paddlewheel and a stationary mesh for the remaining domain of the
computation. The simulator used a multiphase model to attain steady state and
select a transient simulation. Turbulent flow was calculated by a standard k-ε
turbulence model, which was selected because of its wide range of applications.
The volume of fluid (VOF) method is commonly used to track the free interface of
water and air with a coefficient of surface tension of about 72 mN m�1 at 25�C.
The selection of the QUICK scheme was discretized for convective terms and the
diffusions terms were central-differenced. The setting of time size in the solution
tab of the ANSYS FLUENT was 0.01 s (9). Finally, the walls and the floor of the
raceway system were defined as no slip boundaries in the simulation.

RESULTS AND DISCUSSION

Effect of light intensity on algal growth in a raceway For
the growth of microalgae, the effect of light intensity on the
microalgal concentration is significant while the light intensity less
than the saturation level. In stirred PBRs, the light availability of
microalgal cultivation usually switches between the photosyn-
thesis (near the surface) area and the light-limitation area (down to
the bottom), while mutual shading of cells causes the steep
gradients of light intensity decreasing (19). Therefore, it was
confirmed that the severe mixing can avoid the cells continuous
staying in the dark area and retard the growth rate. The effects of
light intensity on the growth of Chlorella in a raceway at 20 rpm
of paddlewheel speed were examined in this study.

As shown in Fig. 1, the growth of Chlorella in this raceway can be
obviously enhanced by the increase of light intensity at 20 rpm of
paddlewheel speed. The final biomass concentration will be almost
proportional to the light intensity within the range of 19e38 mmol/
m2 s. The results indicated that the light intensity will be the critical
factor in the raceway operation with the fixed wheelpaddle rota-
tion speed. Even the paddlewheel can only provide the horizontal
flow that might be not sufficiency for the vertical flow. And also the
maximum light intensity providing of 38 mmol/m2 s providing in
this study has not achieved the saturation level. Therefore, the in-
crease of light intensity will be almost proportional to the biomass
concentration. Algal cultures become photoinhibited once the
photosynthetically active radiation (PAR) value exceeds the satu-
ration threshold. It was reported the rate of photosynthesis does
not increase beyond a PAR value of about 100e200 mmol/m2 s and
all the excess light is wasted (20). An increasing incident irradiance
level generally increases raceway productivity, as the local irradi-
ance level in the broth declines rapidly with culture depth and a
high surface irradiance generally means a larger illuminated cul-
ture volume.



FIG. 2. Effect of paddlewheel rotation speed on the growth of C. vulgaris in the raceway.
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Effect of paddlewheel speed on algal growth in a
raceway In the raceway operation, the paddlewheel rotation
speed is an important parameter due to the requirement for hy-
drodynamic flow across the length of the raceway to support the
growth of microalgae. Thorough culture mixing enhances CO2
dissolution and prevents the cells from settling to the bottom of the
raceway, which leads to poor growth due to light and nutrient
limitations. Three paddlewheel rotation speeds were tested at 13,
20, and 30 rpm and the results are shown in Fig. 2. The paddlewheel
rotation speed of 30 rpm resulted in the highest terminal 1.85 g/L of
dry biomass, which is higher than that obtained at 13 rpm and
20 rpm. Apparently, high rotation speed leads to intense
FIG. 3. Combined effect of paddlewheel (at 20 rpm) and spargers a
hydrodynamic flow and potentially better CO2 dissolution in the
culture medium that enhances cell growth. Higher speeds,
however, may lead to culture overflow outside the raceway and
will incur higher energy consumption, which will increase
operating costs at commercial scale. To reduce energy
consumption in raceway cultivations, researchers have tried to
modify the paddlewheel design to enhance flow dynamics and
cell growth (8). As a result of inclining the paddlewheel blades by
15�, Chlorella pyrenoidosa achieved a higher growth rate in a
raceway than with a traditional paddlewheel. Maximum attained
biomass concentration was 11% higher at 0.92 g/L and areal
productivity was 17% higher at 11.89 g/m2/day (8).
t various CO2 flow rates on C. vulgaris growth in the raceway.



FIG. 4. Correlation between CFD-simulated flow velocities and actual flow velocities determined with the use of a flow measurement device in the raceway at a paddlewheel
rotation speed of 20 rpm.
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Our results suggest that stronger mixing resulting from high
paddlewheel rotation speeds can enhance cell growth. They are in
agreement with previous reports on the need to enhance nutrient
distribution in the culture and prevent cell settling and shortage of
light and carbon dioxide (21). In addition to growth inhibition
resulting from insufficient mixing, it has been reported that oxygen
supersaturation can also lead to a reduction in biomass productivity
in raceways (22). To avoid oxygen accumulation in the culture, CO2
sparging can be used during raceway operation to rapidly remove
oxygen. As mentioned previously, increasing paddlewheel rotation
speed has its limitations from a flow and energy consumption
standpoint. As a result, we next examined the introduction of CO2
spargers at several points in the raceway to assess the effect of a
combination of horizontal and vertical mixing on microalgal
growth.

Effect of combining paddlewheel and gas spargers on algal
growth Two CO2 spargers were installed in the two areas of
the raceway with the lowest flow rate (turnaround area of the
raceway after the paddlewheel and on the side of the raceway
opposite the paddlewheel), as identified by the CFD simulations
presented in the next section. This way, in terms of mixing, the
horizontal culture flow created by the rotation of the paddlewheel
was complemented by the vertical flow force of the gas spargers, as
intense mixing in the raceway can lead to higher growth rate of
microalgae (12). Nevertheless, excessive shear stress can cause
increased cell mortality, decreased growth rate and cell viability,
or even cell lysis. For the strain-Chlorella used in this study, the
tip-speed of 0e5.89 m/s is the suggested range of shear stress (23).

In this part of the study, the paddlewheel rotation speed was
fixed at 20 rpm. The two gas spargers were supplied with a mix of
air and CO2 and were operated at 5 mL/min pure CO2 each (total
10 mL/min of gas), 10 mL/min (total 20 mL/min), and 15 mL/min
(total 30mL/min). As seen in Fig. 3, the introduction of CO2 spargers
enhanced cell growth significantly. A maximum dry biomass of
5.2 � 0.2 was obtained at 30 mL/min CO2, as compared to 3.2 � 0.2,
1.9 � 0.1, and 1.7 � 0.2 of dry biomass in the raceway runs with 20,
10, and 0 mL/min CO2 sparged, respectively. Hence, providing CO2
at the selected two areas of the raceway appeared to have a
noticeably positive effect on cell growth, which is in agreement
with cell growth enhancement reported in the literature (11).
Vertical mixing influences microalgal growth as it affects the fre-
quency at which cells will travel from the bottom of the raceway
(dark zone) to the surface of the raceway (light zone), which is
crucial for photosynthetic efficiency. Efforts have been reported on
designing raceway ponds in ways that enhance vertical mixing and
CO2 residence time (21). It should be noted that given the shallow
depth of the culture in our raceway (7 cm), sparged CO2 at low flow
rates does not have sufficient residence time in the liquid culture to
dissolve and become available to the cells. This may be the reason
why at 10 mL/min CO2 the cell OD560 achieved was statistically
indistinguishable from that without any CO2 sparging.

CFD application to the raceway operation Given the
complexity of fluid flow in a raceway, CFD simulations were per-
formed to calculate the flow velocity of the algal culture throughout
the raceway at various paddlewheel rotation speeds. The flow ve-
locity predictions of the CFD model were compared to actual ve-
locity measurements taken with the use of a flow velocity meter at
several points in the raceway. The flow velocity comparison was
examined at 5 paddlewheel rotation speeds of 13, 20, 30, 40 and
50 rpm. As shown in Fig. 4, the correlation between predictions (y)
and measurements (x) was strong, as described by the derived
equation y ¼ 1.0764x þ 0.0841 with a correlation coefficient of
R2 ¼ 0.9918. Hence, the CFD-simulated depiction of the raceway
appears to provide a good representation of its actual operation.
The CFD simulations were conducted at five settings of
paddlewheel speed (13, 20, 30, 40 and 50 rpm) and the resulting
flow velocity profile of the raceway is shown in Fig. 5.

As seen in Fig. 5, the areas with the slowest velocity, less than
0.1 m/s, are located in the turnaround area of the raceway after the
paddlewheel and on the side of the raceway opposite the paddle-
wheel. A minimum channel velocity of 0.2 m/s has been suggested
to ensure that the velocity everywhere in the raceway is sufficient
to keep the cells suspended in the culture (20). Areas having a fluid
velocity of less than 0.1 m/s have been termed dead zones, as cell
settling may occur there due to the inadequacy of culture flow to
maintain cells in suspension (7,24). In such dead zones cell growth
rate will be retarded due to insufficient light intensity and possibly
limited nutrient availability. Therefore, CO2 provision through
spargers and the resulting vertical mixing can play an important
role in enhancing cell growth (25).

As clearly seen in Fig. 5, increasing paddlewheel rotation speed
decreases the dead zone areas (blue areas), especially in the turn-
around area of the raceway. Due to friction at the bends of the
raceway, flow velocity drops in the turnaround area. This drop, in



FIG. 5. Velocity distribution in the raceway with counter clockwise flow as determined by CFD simulations at paddlewheel rotation speeds of (A) 13 rpm, (B) 20 rpm, (C) 30 rpm,
(D) 35 rpm, and (E) 50 rpm.
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turn, results in low velocities also in the central area of the raceway
opposite the paddlewheel. With the increase in rotation speed, the
blue areas shrink significantly as paddlewheel speed rises from 13 to
50 rpm, although this improvement comes at the expense of higher
power consumption (10). Regarding the suggested minimum veloc-
ity value of 0.2 m/s (20), it seems that a paddlewheel rotation speed
of 50 rpm can adequately achieve a velocity profile in excess of that
value practically everywhere in the raceway (Fig. 5E). Since high
paddlewheel speeds will result in higher energy use and possibly in
operational issues, such as culture spillage outside the raceway, an
optimization analysis should be performed before selecting the best
paddlewheel speed value for a particular raceway system. For the
geometry of our raceway reactor carrying 20 L of culture at a depth of
7 cm, a paddlewheel rotation speed of 20 rpm combined with CO2
spargers at the previously cited two areaswas deemed to be themost
suitable selection for proper operation.
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