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Abstract
Microalgae are promising feedstock for biofuels. The productivity of these microorganisms
greatly exceeds that of oil containing agricultural crops, without competing for arable land. The
most common commercial microalgal culture system in use today is the paddlewheel driven
raceway pond. The benefits of these ponds include ease of build and operation. The
disadvantages include high contamination risks and lower productivity, mainly due to weak
light penetration. This report describes the process of testing a device designed to dilute and
diffuse light throughout an algal culture, thereby increasing growth and productivity.
The limited amount of research that has been done on the concept of spatial light dilution has
concentrated on applying the technique to enclosed photobioreactors (PBR). Using devices
ranging from as basic as hollow glass cones to sophisticated computer controlled PBR’s, some
promising results have emerged. Applying spatial light dilution to a raceway pond has not been
reported within the known literature. Light diffusers were designed and constructed by
Renewable Energy Investments©, an industry partner. The goal was to find benefits of the
diffusers if applied to commercial algae cultivation.
A control pond and a test pond were constructed to directly compare the effect of the diffusers
on physiological algal characteristics such as growth rate and productivity. Light measurements
indicate that under certain conditions the diffusers do enhance irradiance levels within the
pond, by as much as 20%. So far no resulting increase in productivity has been observed.
It is assumed that other factors are currently limiting any increase in growth. This assumption is
currently being tested along with modified versions of the diffusers.
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1. Introduction
1.1 Current and Past Commercial Use of Algae
Compared to higher plants, microalgae are very efficient solar energy converters that can
produce a variety of metabolites (Chisti, 2007). The economic utilization of algae has been
pursued since at least the 1940’s with algal biomass currently identified as a feed stock for
aquaculture, pharmaceutical, neutraceutical and biofuel processes as well as a source of
protein for human consumption (Borowitzka and Borowitzka, 1988). Microalgae are also able to
absorb CO2 and contaminants from wastewater. Yet despite all these applications, microalgae
are still of minor economic importance.
There are several thousand species of microalgae, of which very few have been studied in detail
with respect to physiology, biochemistry and potential for mass culture (Borowitzka and
Borowitzka, 1988). After World War II algal biomass was envisioned as a potential protein for
direct consumption by humans. This work continued throughout the sixties and seventies most
notably in USA, Germany, Israel, Czechoslovakia, Japan, Thailand and France (Terry and
Raymond, 1985).
Around this time the extremely halophilic Dunaliella salina was found to be the best natural
source of β-carotene (Borowitzka and Borowitzka, 1988). Today there are several commercial
D.salina operations in Australia, Israel and the USA. Spirulina and Chlorella are also mass
produced for the food and neutraceutical market in the USA, Mexico, Japan and Taiwan (Terry
and Raymond, 1985).
The onset of an energy crisis in the seventies also brought about the first serious research into
algal biomass for energy. Researchers in Brazil, Italy, Israel and the USA constructed mass
culture facilities (Terry and Raymond, 1985). Although much progress was made, the
productivity of systems was not nearly high enough to be economical.
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1.2 Future Industry
Current concerns about the supply and use of fossil fuels have led too much recent research
into renewable biofuels. The first generation of biofuels (i.e. corn, soy, sugar cane) has many
problems, including taking away valuable farmland and food (Raes, 2010). In recent years there
has been a surge of interest from academic and private organizations into producing and
processing microalgae biomass as a fuel source. Microalgae are much more efficient than the
crop plants at capturing solar energy and converting it to biomass (Chen, Yeh et al., 2011).
No other agricultural biofuel crop could realistically replace petroleum derived liquid fuels. For
example Palm oil, one of the most productive higher plant oil crops, yields only 5950 liters of oil
per hectare per annum (Chisti, 2007). A large country such as the USA would need to grow Palm
oil plants on 61% of its total agricultural land in order to provide its annual liquid fuel
consumption. This is obviously unrealistic as insufficient land would be left for producing food.
Average annual microalgal biomass productivity varies widely because of different species
grown in different cultivation systems. A well designed open cultivation system in a tropical
area could produce 36000 liters of oil per hectare per annum(Chisti, 2007; Raes, 2010).
Therefore the USA’s fuel needs could be produced using a more reasonable 10% of arable land.
Presently algal biofuels cannot cost effectively compete with today’s fossil fuel prices. In order
to make large scale production a reality, better culture systems and techniques must be
developed to achieve a more favourable cost to productivity ratio. Future bio-refineries may
also need to exploit a variety of products and services from the microalgae in order to run
economically.
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1.3 Commercial Reactors
There are major operational differences between open and closed algal culturing systems, each
with its own advantages and disadvantages. The species used and specific purpose for growth
will determine the most suitable system. The crucial factors for commercial cultivation are
costs, reliability and productivity. Certain factors are determined by the type of system used but
other crucial factors such as optical depth, turbulence and nutrient availability can be optimized
(Dye, 2010).
Enclosed photobioreactors (PBR) have high volumetric productivity rates and allow the growth
of sensitive species free of contamination. Factors such as hydrodynamics, temperature,
dissolved CO2 and O2 can often be controlled (Moheimani, 2005; Dye, 2010; Raes, 2010). A wide
range of PBR systems have been developed, ranging from transparent bags to sophisticated
tubular and flat plate designs.
The increased productivity rates however come with a higher set up and running cost,
approximately by a factor of 10 when compared to open pond system (Raes, 2010). For this
reason PBR use is suited to high value microalgal products such as neutraceuticals but not for a
low value product such as biodiesel.
The simplest forms of systems for growing microalgae are large open ponds. These ponds are
normally stirred and operate at a maximum depth of about 30 cm. This type of system is low
cost, but offers limited control over growth conditions and invasion by non desired species
(Moheimani, 2005). Monoculture cultivation is only possible for a small number of species that
generally live in some extreme environmental conditions, i.e. high salinity, alkalinity or nutrient
concentration (Borowitzka and Borowitzka, 1988).
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1.4 Limitations of Raceway Ponds
At this time the vast majority of commercial culturing of microalgae is done in shallow open
raceway ponds (Chaumont, 1993). Whilst these ponds are inexpensive to run, their productivity
is too low to cost effectively produce a low value product, such as diesel. Various environmental
and operational parameters will affect productivity. A critical problem is that the solar radiation
is not used very effectively, with the first few centimeters of culture receiving maximum
sunlight before light attenuation caused by mutual shading of the cells via scattering or
pigment adsorption restricting light getting deeper (Myers and Graham 1959) (see Figure 2).

1.5 Objectives of this study
One of the major objectives of the Algae R & D centre of Murdoch University is to produce a
low cost microalgal biofuel, specifically by lowering the cost of growth and harvesting. This
study in particular would test the principle of the novel light diffusers designed by an industry
partner to increase light distribution in a paddle driven raceway pond and therefore increase
growth and productivity of microalgae.
Another goal is to identify whether the design would be appropriate if scaled up to a size for
commercial production and the potential benefits or problems.
Pond performance is related to location and weather conditions, in addition to the organism
and culture environment, therefore a control pond was built for comparative purposes. The
culture conditions such as media and temperature were kept at a level to allow sufficient
growth but were not fully optimized for the organism (Dunaliella salina) used in the
experiments. Also environmental conditions vary greatly between locations and seasons. For
these reasons comparing experimental productivity data with published data may be of little
value. The control pond operating simultaneously to the experimental pond with similar culture
conditions provides the ability to test the effects of the light diffusers.
8

2. Light
2.1 Algal and light
Photosynthesis
There are many factors that limit the growth and photosynthetic efficiency of algae and light is
one of the most important ones. Through photosynthesis, light energy is used to produce
organic substances from CO2 and water (Falkowski and Raven, 1997). The overall chemical
balance of photosynthesis is fairly simple. Six molecules of CO2 are used to form one molecule
of glucose. The hydrogen required for this reduction process is taken from water, and oxygen is
formed as a by-product. Light energy is required because water is a very poor reducing agent
and is therefore not capable of reducing CO2 (Falkowski and Raven, 1997).
There are two protein complex reaction centres associated with photosynthesis, Photosystem I
(PS I) and Photosystem II (PS II). To drive the chemistry that takes place at these reaction
centres, algae absorb photosynthetically active radiation (PAR), which is solar radiation on the
spectral band between 400 and 700 nanometres (nm) (Falkowski and Raven, 1997; Raes, 2010).
The electron transport chain of photosynthesis actually starts at PS II. Here electrons are
extracted from water leading to the release of protons which are accepted by PS I and
transported to a nicotinamide adenine dinucleotide phosphate (NADP+) molecule for reduction.
A series of charge transfer reactions eventually establishes an electrochemical gradient across
the thylakoid membrane, which is used to convert adenosine diphosphate (ADP) and phosphate
into adenosine triphosphate (ATP), the main biochemical energy storage unit (Falkowski and
Raven, 1997; Raes, 2010).
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Photoinhibition
The main concern of outdoor mass cultivation is the effective use of light. However the more
light the better is not true for microalgae. Most are adapted to low light levels and typically the
photo-receptors become fully light saturated at values 5 – 10 % of full intensity sunlight
(Sorokin and Krauss, 1958; Pulz, 2001; Dye, 2010). Not only is most of the light energy not being
used at full sunlight but it may also become detrimental to growth rates at such high intensity.
Photosynthesis varies with irradiance in a non linear way. Figure 1 is an example of a
photosynthesis-irradiance (P/I) curve. The curve consists of:
•

A light limited region where photosynthesis increases with increasing irradiance

•

A light saturated region where photosynthesis is not dependant on irradiance and most
light starts to be dissipated as heat

•

A photo inhibited region where photosynthesis decreases with any further photon flux
density and damage can be done to the cell

Figure 1 Photosynthesis-irradiance curve (P/I curve). Pmax, photosynthetic maximum; Ic, light
intensity at compensation point; Is; light intensity at saturation point; Ih, light intensity at
which photoinhibition starts to occur. Source: Myers and Graham, 1959
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High light intensities will cause damage to the photosynthetic operations of the cell, particularly
in PS II (Falkowski and Raven, 1997; Dye, 2010). Although the algae generally have rapid
protective and repair mechanisms to prevent permanent damage, extra stresses or limitations
imposed on the culture may reduce their effectiveness (Baroli and Melis, 1996).
The intensities for saturation and inhibition vary between algal species, as well as for different
environmental conditions such as temperature, CO2 level and nutrient supply (Phillips and
Myers, 1954; Baroli and Melis, 1996). Obviously maximum efficiency of light use is obtained if
the culture is kept at light intensities close to saturation point. In a typical culture however only
a small fraction of the cells are receiving light below the saturation point and therefore at their
photosynthetic efficiency maximum (Myers and Graham, 1959), as shown in Figure 2.

Figure 2 Light intensity throughout depth of culture. Io, Solar intensity; Is, Saturation
intensity. Source: Myers and Graham, 1959
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2.2 Light Dilution
Of the many designs of cultivation system, very few PBR’s and no raceway pond have been
designed to efficiently distribute sunlight throughout the culture at intensity below the
saturation point of the organism, in order to potentially increase photosynthetic efficiency
(Richmond and Zou, 1999; Dye, 2010). One method for reducing the photosynthetic photon flux
density (PPFD) is by distributing the sunlight over a larger surface area. This can be done by
addition of optical systems or through techniques involving reactor geometry (Zijffers, Janssen
et al., 2008). This concept is called spatial light dilution. Another method, temporal dilution,
involves exposing the cells to high intensity light for short periods of time followed by a period
of darkness. This has the effect of reducing the time averaged intensity of light. Both methods
have been shown to have some success in reducing the average PPFD below the saturation
point (Kok, 1953; Myers and Graham, 1961; Terry, 1986; Dye, 2010). To date neither of these
dilution techniques has been applied on a commercial scale.

Spatial Dilution
Spatial light diffusion has been demonstrated in closed photo bioreactors (PBR’s) using a variety
of techniques, most recently using fiber optic cable (Zijffers, Janssen et al., 2008; Dye, 2010).
Whilst showing some promise, it is found that optical losses add up quickly throughout the
system and rapidly degrade the total amount of sunlight reaching the culture (Tredici and
Zittelli, 1997; Dye, 2010). A less complex system would also most likely be needed for scale up
to commercial production.
The first attempt at using spatial light dilution appears to have been done in 1959 by Jack Myers
(Myers and Graham, 1959; Myers and Graham, 1961). The concept for the raceway pond
diffusers created by our industry partner is based on this research conducted indoors on a small
scale by Myers. Myers found he could double the yield of Chlorella biomass produced via
chemostat by introducing the light source through a glass cone which dispersed the light
irradiance much wider than the base input area (approximate ratio 10:1) (Myers and Graham,
1961). Although showing promising results, the experimental conditions were not meant to
12

simulate commercial production. Working reactor volume was less than 1 litre and the light
supplied was of a continuous intensity equivalent to full sunlight.
A similar device was used by Mayer, Zuri et al. (1964) in a longer study of Chlorella. His culture
was on a larger scale (1000 L) in a deep pond (1 m), using solar irradiation. Although the effect
of the diffuser on the light intensity reaching the culture was not documented, the effect on
biomass yield at differing times of the year was studied. The overall conclusion was that the
diffusers had some effect on improving the yields in the beginning of Spring, but had no effect
in Autumn when light is more abundant. A problem with this study is the lack of a control pond.
Growth rates were compared with previous year’s growth rates to determine potential
differences. A large number of parameters involved could possibly limit growth from year to
year. The culture used was a mass culture of Chlorella that included at least 4 different species.
The different strains of Chlorella would likely have differing photosynthetic efficiency rates as
well as differing optimum light intensities. In reality any beneficial effects from the diffusers
would be different for each species and the relative proportion of each species changed
throughout the year.
Recently more sophisticated and complicated designs using optical systems have been
developed to distribute light in PBR’s (Posten, 2009; Dye, 2010). These designs generally make
use of Fresnel lenses or some other concentrating reflective surface (Zijffers, Janssen et al.,
2008). Many of the designs have incorporated fibre optics to distribute the light throughout the
culture, allowing the separation of reactor and light concentration optics. Some reactors such
as the one at Utah State University (Dye, 2010) have incorporated the ability to move and track
the sun. Obviously using this type of reactor would incur higher costs.
The literature on spatial dilution is much sparser than it is on temporal light dilution. Little
biomass productivity or economic data exists for spatial diluted reactors. Most of the literature
concentrated discussion on design of reactor, but not performance. Of the few attempts made
to create a spatially diluted PBR, it seems the more complex systems suffered the highest
optical losses (Zijffers, Janssen et al., 2008; Dye, 2010). It would also seem likely that any
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designs offering a substantial boost to biomass productivity would not be published within the
scientific literature, but would instead become valuable intellectual property.
A comprehensive study on the potential increase of system efficiency by a simple optic system
incorporated into an outdoor raceway pond would be a unique addition to the literature
available for spatial dilution.

Temporal Dilution
Temporal dilution relies on reducing the average light intensity over time. This phenomenon is
observed in any mixed dense culture, with cells continually cycling between a high lit surface to
the light restricted bottom of the reactor (Terry ,1986; Richmond, 1996). Critical for this
technique is the optimizing of time exposed to light and dark.
Several experiments have been conducted to find the effects of flashing light on the efficiency
of photon utilization (Kok, 1953; Phillips and Myers, 1954; Terry, 1986). One report
demonstrated that the rate of efficiency of photosynthesis was identical whether the light is
supplied constantly at a low level or supplied through high intensity flashes that averaged out
to the same low intensity. It was also found that to obtain maximum efficiency the flash time
was to be as short as possible (Terry, 1986).
It is therefore possible to take advantage of temporal dilution techniques without the capital
cost involved in making spatial dilution light diffusers. However the operating costs would be
significantly higher if high frequency turbulent mixing was used.
Several studies performed during the 1990’s have confirmed the increased yields using
temporal dilution (Tredici and Zittelli, 1997; Richmond and Zou, 1999). These studies have
generally looked at plate PBR’s. However cost benefit analysis was not usually performed.
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3. Equipment, Materials and Methods
3.1 Experimental Ponds
For the testing of the diffusers two fiberglass raceway ponds with approximately 11 m2 total
surface area each were constructed. The ponds had a total length of 518 cm and a width of 250
cm. Total depth of the pond was 38 cm with a working depth of 32 cm. The circular ends of the
pond were covered to allow only the main body to receive light, giving a working length of 330
cm. Taking into account the paddle wheel, the total are exposed to light in each pond was 7.25
m2. The total working volume of the control pond was 3500 L. The diffusers decreased the
volume in the test pond by approximately 700 L.

Figure 3 Ponds constructed for experiments
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3.2 Diffusers
The diffusers were designed and manufactured by Renewable Energy Investments Inc. and
remain their intellectual property. They are designed to distribute the sunlight received on top
of the diffuser surface over a larger area, giving an 8:1 dilution of light, assuming minimal
optical losses. The diffusers came in lengths of 3m and 2m, to take into account the loss of area
due to the paddle wheel. They were first filled with fresh water, but concerns were raised over
the density difference between the diffuser water and medium and its effect on distorting the
diffuser. This led to the filling of the diffusers with water having the same density as the
medium.

3.3 Study Area
Experiments were conducted at the outdoor test facilities of the Algae Research and
Development centre, located at Murdoch University, Perth, Western Australia.
Perth has warm weather for most of the year with an average of more than 10 hours per day of
sunlight. High irradiance values average from 1500 W.m-2 in summer and 450 W.m-2 in winter.
The temperature can exceed 42 oC in summer daytime and on average do not go below 4 oC
during winter nights. The average rainfall during winter is approximately 160 mm per month
(Meterology).
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3.4 Algae Selection and Medium
Pleurochrysis cartarae was originally chosen for the study. Repeated problems with
contamination when inoculated outdoors led to its abandonment (however a healthy culture
has since been established for further testing). Dunaliella salina was chosen as a replacement
because its extreme salinity tolerance simplified maintenance of a culture relatively free of
other organisms. It is also one of the most studied and most commercially cultured algal species
(Borowitzka and Borowitzka, 1988).
The media used for cultivation was based on the widely used general enriched seawater
designed for coastal marine algae (Anderson, 2005). The concentration of the original
formulation, termed “F medium” has been tripled (see Table 1). For the growth of D.salina the
salinity was raised to 12%. Seawater used for cultivation came from Hillary’s beach, Perth,
Western Australia. It was stored in the dark in a 10,000 L aluminum holding tank on site. A
smaller 1000 L holding tank was used for media preparation before use in experimental ponds.
Table 1 3F medium. Source: Anderson, 2005

Quantity (mg.L-1)

Component

Concentration in Medium (M)

NaNO3

450

5.29 x 10-3

NaH2PO4.H2O
Trace Metal Solution

30

2.17 x 10-4

FeCl3

3.15

7.02 x 10-5

Na2EDTA

4.36

7.02 x 10-5

MnCl2

5.46 x 10-6

ZnSO4

4.59 x 10-7

CoCl2

2.52 x 10-7

CuSO4

2.36 x 10-7

Na2MoO4

1.56 x 10-7

Vitamin Solution
Thiamine (vit B1)

0.2

2.96 x 10-7

Biotin (vit H)

2.05 x 10-9

Cyanocobalamin (vit B12)

3.69 x 10-10
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3.5 Algae Scale-up
In order to obtain the biomass required to perform the experiments a number of cultivation
reactors were used.

Indoors
The culture was incubated in flasks before inoculating 12 L carboy reactors. The reactors were
autoclaved for 20 min at 121 oC, 103.35 kPa, and cooled for at least 12 h before each
experiment. Each reactor was fitted with a harvest tube and an inlet gas tube connected to a
0.2 μm Millex FG50 bacterial filter and an air stone. The reactors were inoculated to give an
initial cell density of 1.5 x 105 cells.mL-1. The culture was grown in a 25 oC controlled room and
an irradiance of 400 μmol photons.m-2.s-1 provided by cool white fluorescent lamps with a
12:12 day/night cycle. The culture was continuously mixed by a magnetic stirrer bar.

Outdoors
Once enough biomass had been produced the culture was used to inoculate a 1 m2 surface area
paddle wheel driven race way pond operating at 15-22 cm depth. The paddle wheel operated at
a rotating speed of about 28 rpm generating a flow rate of 25 cm.s-1. Submersible aquarium
heaters were used to ensure the temperature did not fall too low overnight causing shock to
the culture. The maximum cell density achieved in this stage was approximately 4 x 106
cells.mL-1 .This stage generated enough culture to inoculate one of the experimental ponds to a
density of 2.5 x 105 cells.mL-1 at a depth of 15 cm.

3.6 Pond management and harvesting
The outdoor cultures were initially operated in batch mode to determine the maximum cell
concentration achieved before the stationary phase. Afterwards the cultures were maintained
in the exponential phase by harvesting of a known volume of culture (approximately 15%) and
replacement with fresh medium. Any losses due to evaporation were compensated for by
addition of fresh water.
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3.7 Analytical Procedures
Experiments were performed to compare productivity between the diffuser and control ponds.
During the experiment daily samples were obtained for:
•

Measuring cell growth rates, using a hemocytometer

•

Measuring biomass growth rates, determined by dry weight (DW) and ash free dry
weight (AFDW). DW is a measure of the cell contents once all water has been removed.
AFDW is a measure of the organic component of the cells.

•

pH measurements, using a TPS Aqua pH meter

•

salinity monitoring, using an ATAGO refractometer

Twice a week samples were obtained for determination of lipid, chlorophyll and β-carotene
content.
Regular monitoring of nitrate and phosphate concentrations was performed with marine test
kits.
Raceway pond temperatures were monitored continuously using an underwater Tiny Tag TG3110 temperature logger.
A Li-Cor Light meter with spherical quantum sensor was used to measure irradiance throughout
the pond.

3.8 Growth Rate and Productivity Calculations
The specific growth rate μ (d-1) is calculated with Equation 1
(Equation 1)
Where X1 and X2 are the biomass dry weights measured at times t1 and t2, respectively.
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The volumetric, Pvol (g.L-1.d-1), and areal, Parea (g.m-2.d-1), biomass productivity are calculated
using Equations 2 and 3, respectively.
(Equation 2)
(Equation 3)
Where VP is the volume of culture in the pond, VH is the volume of the pond harvested between
times 1 and 2, and Aapt is the lit surface area of the pond. Source: Dye, 2010.
In many documents found in the literature (mainly referring to PBR’s) the areal biomass
productivity was defined related to the lit surface are of the reactor. Technically areal
productivity should refer to the biomass produced per unit ground area of the reactor. For this
study the aperture area (Aapt) was taken as the lit surface area of the pond i.e. the surface area
of culture minus the area of the covered circular ends (7.25 m2).

3.9 Data Analysis
Data sets for the control and diffuser pond were compared using two sample t-tests to
determine if any differences between the control and diffuser pond were statistically
significant. Repeated measure ANOVA test were also conducted on data taken over different
cell densities. All treatments were conducted with the probability of 95% (P ≤ 0.05). Analyses
were performed using SigmaPlot from Systat Software Inc.
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4. Results
4.1 Light Distribution
Measurements of the vertical light distribution were taken under differing conditions shown in
Figure 4. Line A cell densities were 150 x104 cells.mL-1 and surface radiation was 2050 μmol
photons.m-2.s-1. Line B culture was a more dilute 75 x104 cells.mL-1 and surface radiation was
1680 μmol photons.m-2.s-1. It can be seen that in a dense culture, most of the light does not
penetrate past 10 cm depth.

A

B

Figure 4 Light distribution curve

If the area under the curve is taken as a measure of light absorbed into the pond, it can be
calculated using a spreadsheet application, that the diffusers increase light by 20% in a dense
culture but only by 2.3% in a more dilute culture.
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4.2 Growth and Productivity

Measurements of total volumetric productivity did not show any statistically significant
differences. For the first four weeks of the experiment the average volumetric productivity in
the control pond was 10.92 ± 1.24 mg.L-1.d-1 and 11.62 ± 1.02 mg.L-1.d-1 in the diffuser pond.
Increasing the mixing speed in the last week drastically increased the productivity, but there
was still no difference between the control and diffuser pond as shown in Figure 5.
As the diffuser pond contained a smaller volume of culture and no major difference was found
in the volumetric productivity, the areal productivity was worse in the diffuser pond.
In both cultures the average cell weight fell during the experiment, but no statistically
significant differences were found between them (data not shown).
Table 2 Productivity results

Parameter

Control

Diffusers

μmax (day-1)

0.187

0.206

μavg (day-1)

0.072

0.07

Max Vol. Yield (g.L-1.day-1)

0.046

0.046

Avg Vol. Yield (g.L-1.day-1)

0.011

0.012

Max Areal Yield (g.m-2.day-1)

13.9

10.7

Avg Areal Yield (g.m-2.day-1)

5.3

3.9
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A

B

C

D

Figure 5 (A) Total daily solar radiation (B) Specific Growth rate by cell count (C) Total organic concentration in
pond by weight (D) Volumetric Productivity
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Figure 6 Volumetric productivity versus total solar radiation per day. Solar radiation data source: Meteorology

No clear trend was observed between productivity (areal or volumetric) and solar radiation in
either treatment, as seen in Figure 5.
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4.3 Lipid Content
Lipid content as a percentage of AFDW did not show any statistical significant differences
between the treatments. The average lipid content of control cells was 5.077 ± 0.19 %, and in
diffuser pond 5.088 ± 0.17%. No relationship was observed between total solar radiation and
lipid content, as seen in Figure 7.

A

B

Figure 5 (A) Average %lipid content of culture (B) %lipid content versus total solar radiation per day
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4.4 pH
The daily pH cycle of an algal culture relates to the photosynthetic activity. The net increase
uptake of CO2 during the day causes a maximum pH. A pH drop occurs overnight due to
respiration and release of CO2 into the medium.
The pH patterns were similar during the day, generally reaching a higher maximum in the
control pond due to its slightly higher biomass level. Figure 8 shows the pH profile in the ponds
over one day; from 9am to 5 pm. CO2 was added to the ponds at 3.30pm. When the pH rate of
change is observed in relation to cell density in the medium, a noticeably higher rate is found in
the diffuser pond during the morning hours.

A

B

Figure 6 (A) pH change (B) rate of pH change through one day
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5. Discussion
The aim of this study was to investigate the benefit of a particular design of light diffuser to
algal cultivation, particularly on a commercial scale. Whilst increased productive efficiency has
not yet been demonstrated, some results have emerged that warrant further study. The
analysis of results is made harder by the interaction of different non linear limiting factors.

5.1 Light Distribution
One of the most critical design aspects with regard to microalgal culture systems is the supply,
distribution and utilization of light (Richmond, 1996; Tredici and Zittelli, 1997). The average
solar radiation that an algal cell will receive in raceway pond culture depends upon the diurnal
radiation of the sun, cloudiness, mixing, depth and density of the culture.
By comparing the two culture densities it is noticed the effect of light limitation is much more
severe in the high density case. Accordingly the diffusers appear to have a greater effect on
light distribution in the more light restricted pond. This would appear to make sense.
Although not as large as expected through mathematical modeling (not shown), the difference
in light distribution was noticed as the medium became denser. At depths of 5 and 10 cm an
increase of nearly 50% light irradiance was detected. This increase in light (@ 5cm 150 → 300
μmol photons.m-2.s-1) should be beneficial to D.salina because it is lower than published values
for the saturation point. The increase in light a little lower (@ 10 cm 100 → 150 μmol
photons.m-2.s-1) should still show a beneficial increase to D.salina, but it is imagined that the
result would be of greater benefit to a more light sensitive algal species (i.e. Chlorella, Isat ≈ 150
μmol photons.m-2.s-1).
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Of concern is that the diffusers appeared to have little to no effect on light availability at depths
deeper than 15 - 20 cm. This would be where light is the most restricted. A much more even
distribution of about 150 μmol photons.m-2.s-1 through this deeper zone was expected if the
diffusers were working as modeled. Further study is being done to determine the role algal
fouling and contamination has on the light distribution.

5.2 Growth & Productivity
Maximum and average growth and productivity rates did not show any statistical increase by
the diffusers. At present the diffusers seem to be just taking up space in the pond and reducing
volumetric efficiency. Any extra light being input into the diffuser pond has so far not led to any
gains. This may indicate that the culture is limited in some other ways.

5.3 Lipid Content
Environmental factors such as a higher photon flux density can have an effect on the relative
proportion of fatty acids and the total content of lipids (Borowitzka and Borowitzka, 1988; Raes,
2010).
No differences were found between the treatments through lipid extraction. The average lipid
content remained constant at 5%. As any possible increase in irradiance did not resort in
increased growth, the diffusers probably did not have any effect on the relative proportion of
different fatty acids (not tested).
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5.4 pH and Oxygen
Photosynthetic activity by the algae increases the pH of the medium. High pH levels have a
negative impact on further photosynthesis by reducing the amount of free CO2 available for
uptake (Chen, Yeh et al., 2011). A noticeable increase was found in the pH accumulation rate of
the diffuser pond when data was standardized for cell density. This effect was most noticeable
in the morning before the two ponds would reach comparable maximum pH values in the early
afternoon.
Dissolved oxygen followed a similar cycle to pH with maximum occurring in the mid- afternoon.
Usual maximum reached 115% saturation, a high of 140% was observed. Oxygen inhibits
photosynthesis and will most likely be at limiting levels in the afternoon.

5.5 CO2 Limitation
Marine photosynthetic organisms are CO2 limited due to the physical and chemical properties
of seawater. Less than 1% of the dissolved inorganic carbon (DIC) is available as CO2 at normal
seawater pH of 8.1-8.2 (Raes, 2010). Long before the pH of the culture reaches its maximum
(~9) in the afternoon, CO2 has probably become the limiting factor. By 11 am pH has reached a
value of about 8.2-8.3 and there is a distinct change in the rate of pH accumulation. Entering
the part of the day with the highest intensities of light, when the average photosynthetic rate of
the culture should be peaking, it is found that the culture pH accumulation rate levels off and
may even stop. This is a sure sign that the culture is limited by some factors other than light.
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5.6 Species Effect
D.salina has been reported in past studies to have a fairly high tolerance to irradiance (Baroli
and Melis, 1996). Photoinhibition has been reported at ~ 800 μmol photons.m-2.s-1 and
photosaturation occurring at ~1500 μmol photons.m-2.s-1. Most other research into light
dilution has been conducted on different species of Chlorella, with much lower Isat (100 – 250
μmol photons.m-2.s-1) values and Iinhib (200 – 600 μmol photons.m-2.s-1) values (Phillips and
Myers, 1954; Sorokin and Krauss, 1958; Myers and Graham, 1959). All of these values are
subject to changes in medium, temperature and algal acclimatization but the fact that Chlorella
is generally more suited to lower light intensities than D.salina is being assumed.
As differing algal species have different light requirements it is expected that any effect by the
diffusers would differ between species. If the diffusers were able to extend 5% of sunlight
irradiance (<100 μmol photons.m-2.s-1) down to the bottom of the pond (best case scenario)
than half of the medium that is normally severely light limited would become available for
photosynthesis. The effect on productivity of Chlorella would be great as half of the culture
would go from being near zero too near maximum photosynthetic rate. The effect on the
productivity of D.salina would not be as great, as the half of culture that is light limited would
go from near zero to 30-40% of the photosynthetic maximum rate.
Further research is currently underway to establish the photosynthetic-irradiance curve for the
cultured strain of D.salina and to continue the testing of diffusers with another algal species
(P.cartarae).
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5.7 Diffuser Fouling and Durability
The algal culture can quickly form a biofilm on the diffuser surface, diminishing its effects. The
amount of fouling was linked to the culture flow rate. An increase in flow rate from 25 cm.s-1 to
30 cm.s-1 showed a sharp decline in the observed rate of fouling. The biofilm layer was easily
removed by mechanical means. However the ability to do this on a commercial scale, especially
with the diffusers in their current configuration, is unlikely. From past experience with observed
raceway pond cultures, algal fouling is more likely to occur when the culture has reached a
stationary phase.
Contamination was also found within the diffusers, again diminishing any possible effects.
Approximately 20% of the diffusers would be contaminated with a fairly rapidly growing culture
of D.salina within the diffuser. This would indicate a probable hole in the diffuser beneath the
surface. Nearly all other diffusers showed a small but consistent level of contamination. These
diffusers are most likely intact and contamination occurred through the open sleeve used to fill
the diffusers. A redesign to completely enclose the diffusers is probably needed.
Layers of dirt were also found to have accumulated on top of the diffusers after three weeks.
The effect of this is unknown but likely to be detrimental. Cleaning of diffuser surface was easy
at this scale but likely to be challenging on any larger one.
After three weeks tearing was noted on several diffusers. This was usually along the top diffuser
support wire and if left unchecked would quickly allow contamination. The high salt content of
the medium may have caused extra wear on the material. The problems with the durability of
the diffusers means they currently have to be replaced every 3-4 weeks. The cost of producing
and installing the diffusers on a large scale would need them to be replaced much less
frequently (6-12 months).
The flexible material of the diffuser allowed distortion of the intended diffuser shape. This
effect was first attributed to possible salinity differences between diffuser internal water and
culture medium. After further testing it is found that it is most likely due to differences in flow
rate on opposite sides of the diffuser. The effect of this distortion on light diffusion is unknown
but it was kept to a minimum by use of extra metal rigid ‘spacers’. The use of these would again
be unfeasible on a large scale.
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6. Conclusions
The objective of this study was to determine whether the principle of the diffusers increasing
light through the pond was valid and if so, what effect on algal production they would have. The
preliminary results show the diffusers increase the amount of light supplied to a dense culture
by up to 20%. So far this has not been translated into an increase in productivity. The possible
reasons for this are currently under further study but are likely due to carbon limitation and
oxygen saturation within the algal culture.
It was found that the current design of diffusers would not be easily up scaled to commercial
use due to contamination, fouling and durability issues.
Due to the wide range of other factors and limitations constantly interacting with an outdoor
algal culture, it is likely that much more research is needed to determine the diffusers true
value to different commercial cultivation species. Current research being undertaken includes:

6.1 pH Stat
To help find the true effects that the diffusers can have on a culture, further study is being
undertaken in order to increase the time that light is the limiting factor. Addition of CO2 will be
used with a simple on-off control to keep the pH of the medium in a optimal non CO2 limited
range (pH 7-7.5).

6.2 New Design
A new design of diffuser is currently being produced for future testing. Testing will be
conducted in December 2010. The new diffuser has been designed for easier installation and to
reduce fouling and contamination. Support columns have been added to help maintain a rigid
shape. The internal structure of the diffuser has been re-designed into compartments to allow
easier withdrawal and replacement of any possible contaminated water.
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