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ABSTRACT

Three local isolates of the green alga Tetraselmis sp. identified as the most promising
microalgae species for outdoor mass cultivation with high potential for biodiesel
production due to high amounts of total lipids and high lipid productivity were
employed in this study. The aim of the study was to compare three halophilic
Tetraselmis strains (Tetraselmis MUR-167, MUR-230 and MUR-233) grown in open
raceway ponds over long periods with respect to their specific growth rate and lipid
productivity without additional CO2 and with CO2 addition regulated at pH 7.5 by using
a pH-stat system. Attention also was given to the overall culture condition including
contaminating organisms, biofilm development due to cell adhesion and cell clump
formation.
All tested Tetraselmis strains in this study were successfully grown outdoors in open
raceway ponds in hypersaline fertilised medium at 7 % w/v NaCl over a period of more
than two years. A marked effect of CO2 addition on growth and productivities was
observed at high solar irradiance and temperatures between 15 – 33 oC. However,
differences were identified between the three Tetraselmis strains in biofilm
development, specific growth rate and lipid productivity in association with solar
irradiance and temperature. Study of Tetraselmis MUR-167 was terminated after two
years of outdoor cultivation due to stickiness and biofilm development on the pond
walls, with a consequent decline in specific growth and productivities. Tetraselmis
MUR-230 and MUR-233 showed quite similar annual specific growth and average
productivities of 12 g (ash free dry weight) m-2 d-1 and 5.3±0.4 g m-2 d-1 in semicontinuous culture over a period of 365 days for biomass and lipid respectively;
however MUR-233 had a higher specific growth rate and higher lipid productivity at
higher temperatures in comparison with MUR-230. Further studies were carried out on
Tetraselmis MUR-233 in 2 m2, 20 m2 and 200 m2 raceway ponds at a pilot plant in
Karratha, West Australia.
Comparison between Perth and Karratha showed that Tetraselmis MUR-233 had up to
three times higher biomass productivities in winter and 40 % higher during summer in
Karratha. Appreciable differences in specific growth during semicontinuous cultivation
were observed in 2 m2 raceway ponds compared to the 20 m2 and 200 m2 ponds
accompanied with a decline in biomass productivity of up to 20 % with increasing pond
iv

size. Highest biomass productivities of 30 g (ash free dry weight) m-2 d-1 and a lipid
content of up to 43 % based on ash free dry weight was achieved at an optimum cell
density of 60 x 104 cells .mL-1 combined with 0.4 daily dilution and CO2 addition even
under hyper saline conditions. These results were obtained at 25 MJ .m-2 solar
irradiance and temperatures between 15 – 31 oC. Tetraselmis MUR-230 and MUR-233
with CO2 addition and regulated pH out-competed the major contaminating organisms,
the diatoms. Tetraselmis MUR-230 grew successfully with different N-sources such as
ammonium chloride, urea and sodium nitrate, the highest cellular lipids obtained with
urea and sodium nitrate. Cellular carbohydrates in Tetraselmis MUR-230 increased five
times under N-depletion and CO2 addition.
In summary, this study demonstrates the feasibility of outdoor large scale cultivation of
the halophilic Tetraselmis strains MUR-230 and MUR-233 with a high potential as
feedstock for biofuel and carbon dioxide mitigation. The sustainability is underlined by
the fact that the Tetraselmis strains were able to grow in hot and dry areas using only
seawater as water source.
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CHAPTER 1
Introduction

The ultimate aim of this thesis was to demonstrate the feasibility of cultivation of high lipid
yielding microalgae in saline water over long periods in open raceway ponds.
Human population growth and the rapid industrialisation of developing countries are the key
contributors for the increase in demand for food and energy. Recently, as a result of the focus on
“climate change” interest in producing energy from biomasses such as microalgae, for use as
feedstock for transport fuel continues to rise (Martinot et al. 2007; Verbruggen and Al Marchohi
2010). A commitment to decreasing greenhouse gas emissions underlies the need for renewable
energy as the atmospheric concentrations of CO2, NOx, SOx, CH4 and other greenhouse gases
increase (Heinimö and Junginger 2009). CO2, one of the greenhouse gases is produced by
burning fossil fuel as transport fuel and stationary power plants for electricity generation
(Bilanovic et al. 2009). The concentration of atmospheric CO2 has increased from 280 ppmv in
1870 to 375 ppmv in 2006 and it is estimated that the concentration will rise to 550 ppmv by
2050 (Rittmann 2008). However, since last century, an interest in renewable biofuel from plant
feedstock started with the introduction of the fermentation process for producing ethanol or
glycerol from sugar, by yeast, and acetone and butanol from starch, by bacteria. These biofuels
are produced on agricultural land and require freshwater, and this will not be sustainable in the
future when agricultural land and fresh-water sources are limited (Fon Sing et al. 2013).
Microalgae have long been proposed as possible sources of oils for liquid transport fuel
production; this idea was first proposed in 1939 in Germany (Von Witsch and Harder 1953;
Borowitzka 1988b). One of the major advantages of using microalgae is their ability for
biological CO2 mitigation as with plants and other photosynthetic microorganisms, which leads
to production of biomass as energy in the process of CO2 fixation through photosynthesis
(Ragauskas et al. 2006; Kondili and Kaldellis 2007; De Morais and Costa 2007).
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However, the potential for increased CO2 capture in agriculture plants has been estimated to
cover only 3 – 6 % of fossil fuel emissions, largely due to the slow growth rates of conventional
terrestrial plants (Skjanes et al. 2007; Li et al. 2008b). Microalgae, as a fast-growing feedstock
have the ability to fix CO2 while capturing solar energy with a predicted efficiency 10 to 50
times greater than that of terrestrial plants based on the weight of biomass produced per unit of
area (Usui and Ikenouchi 1997).
Further, microalgae constitute a large and diverse group of mainly photosynthetic microorganisms, classified in seven divisions and comprising several thousand species (Borowitzka
1999). The term alga refers to macroalgae and a highly diversified group of microorganisms
categorised as microalgae. Apart from in their natural habitat, microalgae can differ from each
other in their pigmentation and metabolic products. The earth surface is covered by about 71 %
ocean and contains more than 5,000 species of planktonic microscopic algae known as
phytoplankton. This high diversity of phytoplankton forms the basis of the marine food chain
and produces roughly 50 % of the O2 on Earth (Rahmstorf 2002).
The diversity of size ranges from picoplankton, only 0.2 - 2.0 µm in diameter, to giant kelps up
to 60 m in length. Ecology and colonised habitats, cellular structure, levels of organization and
morphology, pigments for photosynthesis, reserve and structural polysaccharides, and the type of
life history reflect the varied evolutionary origins of this heterogeneous group of organisms
(Bold and Wynne 1985; Metting 1996; Borowitzka 2012). Most unicellular species live
suspended throughout the photic regions of all water bodies including under ice in polar regions
(planktonic), but they can also live attached to the bottom or within sediments (benthic).
However, the major challenge remains in the scale of feedstock cultivation systems to produce a
substantial amount of the world demand in transport fuel (Fon Sing et al. 2013), and such work
has to be located in areas that have a favourable climate for maximum biomass and/or lipid
productivities (Heinimö and Junginger 2009).
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1.1

Applications of microalgae

The history of microalgae research goes back more than 100 years, when the first unialgal
culture, today known as Chlorella vulgaris, was established by the Dutch microbiologist
Beijerinck (1890). More than 50 years later (after World War II, in 1948), a global focus on
cultivation for algae mass culture began. The first conceptualisation of algae mass culture, the
“Carnegie Project”, was the supplement, or even replacement, of algae biomass to animal protein
for direct consumption by humans (Soeder and Shelef 1980). Out of this project, the classic book
edited by Burlew (1953) about microalgae mass cultivation was written summarising many of
the early studies on microalgae. Since that time, considerable effort has been made to develop
the economic possibility of large scale mass cultivation of algae. Tamiya (1957) summarised and
distinguished three different reasons for algae mass culture, (1) for producing organic substances
for food and feed;, (2) for producing fertiliser by culturing nitrogen fixing algae; and (3) for
culturing algae for waste-water treatment in symbiosis with bacteria to stabilise organic sewage
and by harvesting algae biomass for the same purpose as outlined in (1).
Commercial large scale culture began in the early 1960’s in Japan with the culture of Chlorella,
used for manufacturing Chlorella pills, extracts and other items for which there is now a well
established market. This was followed by Spirulina in the early 1970’s in Lake Texcoco, Mexico
by Sosa Texcoco S.A (Durand-Chastel 1980). A large number of microalgae have been
suggested and evaluated for their suitability for commercial exploitation (Borowitzka et al. 1984;
Borowitzka 2013b). Algae mass cultivation with a high variety of microalgae species was also
recognised in aquaculture (De Pauw et al. 1984). Interest in applied phycology has continued,
especially with studies on the use of algae as a renewable feedstock for transport fuel and as a
microbial protein source (Borowitzka 1999).
The commercial production of Dunaliella salina, as a source of β-carotene, became the third
major microalgal industry with production facilities being established in the early 1980s in Israel,
the United States (US) and Australia (Soeder 1980b; Borowitzka 1997a; Spolaore et al. 2005).
Two large Dunaliella plants are located in Australia each with over 400 ha of unmixed ponds
were established by Western Biotechnology (Hutt Lagoon, Western Australia) and Betatene
(Whyalla, South Australia) (both now owned by BASF) in 1986 (Borowitzka 1999).
3

Further detailed information about the development and commercialisation of Dunaliella salina
including scientific relevance has been published (Borowitzka et al. 1984; Borowitzka and
Borowitzka 1988a; Ben-Amotz and Avron 1990; Borowitzka 1991; Borowitzka 2013a) . In this
short period, the microalgae biotechnology industry has grown and diversified significantly into
a multi million dollar industry (Borowitzka 1999). More recently, several plants producing
Haematococcus pluvialis as a source of astaxanthin have been established in Israel, the USA and
India (Spolaore et al. 2005; Borowitzka 2013b).
The success of commercial large-scale production of microalgae depends on many factors but
the major one is economics. To overcome the economic challenges, it is essential to develop
cost-effective large scale culture systems and downstream processes for microalgae and their
applications (Benemann and Oswald 1996). As shown in Figure 1, the application of microalgae
is large and diverse, like the microalgae themselves. However, regardless of the application and
commercial purpose, the success in mass cultivation of microalgae is the backbone of any
commercialising process.

Figure 1: Microalgae and their potential applications adapted and modified from Goldman (1980), Becker
(1994b) and Vonshak (1997a)
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1.2

Mass culture of microalgae

During the whole period of large scale mass culture of algae, scientists together with engineers
have developed and designed a wide range of different culture systems (Borowitzka 1999).
Depending on the type of algae, volume and commercial application of algae culture, the systems
can be basically separated into open and closed culture systems.
Apart from open raceway ponds and enclosed systems, a shallow cascade system was developed
by Setlik (1970) cited in Borowitzka (1999) and is still running in Trebon, Czech Republic, for
Scenedesmus . This open system provides high growth rates even by maintaining the system with
biomass densities of 10 g L-1 at less than 10 cm culture depth which is comparable and common
for enclosed photobioreactors (Borowitzka 1999). Similar inclined slope systems were used in
Bulgaria and Western Australia and a modified raceway-type system with sloped meandering
channel was established in Peru (Borowitzka and Moheimani 2013). A two-step cultivation
concept of combined open and enclosed reactors are used as hybrid systems for the production of
high value products such as a astaxanthin in Haematococcus pluvialis in Hawaii (Olaizola 2000).
However this concept is considered more expensive in capital and operation costs and is
therefore not suitable for a commodity product such as biofuel (Fon Sing et al. 2013).
Regardless on type and design of the cultivation system, the success of algae mass cultivation is
based on the understanding of interactions between environmental factors such as solar
irradiance, temperature and salinity and operational parameters which include nutrient
availability and pH (Table 1).
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Table 1: Underlying principles in algae mass cultivation

Light

Algal Cell specific

Temperature

pH, CO2, O2

Light Capture

Photosynthesis efficiency

Species dominance by pH

Limitations (P-E curve)

Degree of tolerance

CO2 solubility at various pH

Conversion efficiency (α)

Enzymatic activity (Q10)

Productivity improvement at CO2 addition

Acclimation pigment
concentration and type

Biochemical composition

Sources of inorganic carbon

Photoinhibition



light / temperature interaction

Photo- / Dark - Respiration
Light path - density/light
penetration



*CO2 competition with O2 Rubisco
Temperature 

Selection of algae strains



O2  *

CO2 delivery
Cost of inorganic carbon

Reactor specific
** Light/dark frequency

pH maintenance

Scale-ability
Nutrients
Algal Cell

Contaminants

** Mixing & turbulence

Salinity

C:N:P ratio

Factors leading to contamination

Mass transfer

Tolerance

Type and source of nutrients

Form of contamination

Shear

Solubility of CO2 and O2

specific
Gas exchange***
Reactor specific

Management***

Cost***
Stars indicate the degree of impact during scaling up (*low / *** high)
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1.2.1 Open-culture systems
Several open systems with different designs exist; these vary in size, shape, materials of
construction, as well as manner of agitation and inclination (Tredici 2004). Borowitzka
(1999) summarised the most predominant culture systems for commercial algae mass
culture as follows (the list includes the limiting characteristics of these systems):
•

•

•

large open ponds (extensive open ponds)
-

unstirred, very low growth rate

-

light limited

circular ponds with rotating arm for mixing (centre-pivot pond)
-

light limited

-

expensive concrete construction

-

high energy consumption for stirring

-

turbulence in the central part is very low, especially in large scale units

raceway ponds
-

•

•

light limited

tanks
-

light limited

-

mixing is limited in large tanks

cascade systems
-

higher capital cost compared to unlined raceway ponds

A pertinent question to ask is: Why are most commercial large algae culture systems
open air systems? Commercial open systems are easier and less expensive to build and
operate per unit area, in terms of scalability, monitoring/controlling, and maintenance,
and also large open systems are more durable than large closed reactors would be an
acceptable answer (Tredici 2004). The largest open production units are the extensive
shallow ponds located at Hutt Lagoon in Western Australia, used for producing βcarotene from Dunaliella salina (Borowitzka et al. 1984). Apart from extensive
cultivation systems, very large culture systems are originated from raceway ponds
arranged side by side, covering many hectares with a maximum surface area of 10,000
m2 (1 hectare) for a single pond (Dodd 1986).
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However, in designing and building successful large algae production systems a
compromise must be reached between high performance and economical constraints.
Regarding the demand on biofuel production, a very large scale algae cultivation plant
is needed and therefore, simply the best applies for raceway ponds. These ponds have
various opportunities for construction materials, for different parts per unit combined
with high performance in design for optimal mixing properties.
Many options in design for mixing and turbulence are available for raceway ponds
which are very important for open systems. These raceway ponds are principally driven
by paddle wheels and are operated at between 20 and 30 cm depth. The depth is a
compromise between the minimum water depth required to provide adequate light to the
algal cells (i.e. a lower level means more light is available for the cells) and the
minimum depth needed to maintain adequate mixing and to avoid large changes in ionic
composition due to evaporation (Borowitzka 1999).
Further, the choice of the cultivation system can vary by local conditions, algae species
and utilisation of algae biomass. According to several studies the main disadvantage of
open-air pond systems is that the actual productivity achieved is less than the theoretical
predicted productivity (Richmond and Becker 1986; Becker 1994a; Borowitzka 1999;
Pulz 2001; Grobbelaar 2009b). Published biomass productivities for periods greater
than three months are presented in Table 2 and range from 1 to 35 g DW m-2 d-1 with
annual averages between 14 and 21 g DW m-2 d-1.
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Table 2: Reported long term biomass productivities for microalgae culture under outdoor conditions for periods of three months and longer
Species

J

F

M

A

M

J

J

A

S

O

N

D

(ATCC33047)























Chlorella sp.

































References

Scale / volume

Biomass productivity
(gDW m-2 d-1)



1m2

9.4 – 23.5

(Moreno 2003)



—

12.0

(Tamiya 1957)*

13.2

(Hase et al. 2000)

Anabaena sp.

Chlorella sp.(green house)
Chlorella sp.(mixotrophic)

























—

20.0

(Tsukada et al. 1977)*

Chlorella sp.

























—

15.0

(Tsukada et al. 1977)*

Chlorella sp.

























—

21.0

(Tsukada et al. 1977)*







9.2 m2

-











20 m2

>1.0

(Garcia-Gonzalez et al. 2003)















50 L

7.9a

(Van Bergeijk et al. 2010)













1 m2

13

(Blanco et al. 2007)

9.3 m2

1.79 – 3.7a

(Zittelli et al. 2003)

Cyclotella cryptica,
Dunaliella salina









Isochrysis galbana














Muriellopsis sp.
Nannochloropsis sp.
Spirulina sp.















Spirulina sp.



















(Laws et al. 1988)







450 m2

2 - 15

(Jimenez et al. 2003)







—

10.0

(Durand-Chastel 1980)*

9

Spirulina sp.















5000 m2

-

(Belay 1997)

Spirulina platensis

























2.5 m2

15 - 27

Scenedesmus obliquus

























—

20.0

Scenedesmus sp.

























—

9.4 – 23.5

(Payer et al. 1978)*

Scenedesmus acutus

























—

21.0

(Castillo et al. 1980)

Synechocystis aquatilis







6.3 m2

35.0

(Ugwu et al. 2005)

Tetraselmis suecica















2.5 m2

5 - 25

(Pedroni et al. 2004)

Tetraselmis suecica















35 L

5 - 27

(Pedroni et al. 2004)

Tetraselmis sp.(TM-S3)

























2.0 m2

<5 - >20

Tetraselmis tetrathele

























80 m2

14.2

Pleurochrysis carterae























1 m2

3.2 – 33.7

(Richmond et al. 1990)
(Becker and Venkataraman 1984)*

(Matsumoto et al. 1995)
(Materassi et al. 1983)
(Moheimani and Borowitzka 2006)

a

based on illuminated surface
*reported in Becker (1994b)
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1.2.2 Enclosed-culture systems
Enclosed culture systems for microalgae are usually termed ‘enclosed photobioreactors’
(PBR). The design of photobioreactors is different from the design of bioreactors for
other micro-organisms, because of the requirement of light as the major energy source
for photoautotrophic micro-organisms such as microalgae. Enclosed photobioreactors
are applied rather than open-culture systems for the following reasons:
•

to minimise light limitation and to increase biomass productivity

•

to minimise the risk of contamination

•

to minimise water losses / consumption

•

to optimise hydrodynamic characteristics

•

to optimise process monitoring

•

to optimise mass transfer in terms of:
o CO2 supply while minimising losses
o removal of photosynthetically generated O2 (closed systems are
particularly bad in this respect compared to open ponds)

A large number of photobioreactors ranging from laboratory to industrial scale have
been proposed and reviewed (Tamiya 1957; Tredici and Materassi 1992; Borowitzka
1997b; Grima et al. 1999; Pulz 2001; Masojidek et al. 2003; Eriksen 2008). Most of the
PBRs are either tubular devices or flat panels and they can be characterised further on
the basis of the mechanism of circulation of the culture, the orientation of the tubes or
panels, and the type of gas exchange system (Molina et al. 1991). These include
vertical, horizontal or serpentine tube, flat-plate, bubble column and airlift tubular
reactors. However, each reactor configuration has its limitations in scalability per unit
on the basis of principles in physics and biology. For example, a vertical reactor design
is limited in height and volume for static reasons in material and construction.
Several experiments have demonstrated that not every algae species is suitable for
growth in a PBR (or it may be suitable only up to certain size), as a result of the
interaction between algal physiology and reactor design in terms of fluid dynamics and
light transfer (Torzillo et al. 1993; Moheimani and Borowitzka 2006; Posten 2009).
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The ‘Biocoil’ is a helical tubular photobioreactor that appears to have the most
promising design within the enclosed photo bioreactors. The tubes of the Biocoil are
constructed from glass, clear Teflon® or poly vinyl chloride (PVC) lines in helical
configuration attached around a central support tower (Robinson et al. 1988). This
helical tubular photo bioreactor was modified by Watanabe (1995) into a cone-shaped
tubular photo bioreactor, which gave the advantage of better sun-light capture from
direct overhead solar irradiance (Watanabe and Saiki 1997). Mixing in tubular
photobioreactors is provided by different types of pumps, including airlifts, centrifugal,
diaphragm or lobe pumps achieving turbulent flow with Reynolds numbers above 3300
(Grobbelaar 2009b).
The effect of shear stress on the physiology of the algal cell induced by turbulence
depends on the algal species, and particularly with flagellate algal species, it can lead to
cell breakage (Miron et al. 2003; Janssen et al. 2003; Barbosa 2004; Grobbelaar 2010).
Photobioreactors (PBR) continue to have the major disadvantage of high capital costs of
construction and operation compared to open systems and this is an even greater
problem for low value products such as biofuel. PBR’s achieve higher volumetric
biomass productivity which reduces cost for the harvesting process and requires a
smaller land area compared to open systems. This will be a major advantage for
countries or areas where the land cost is very high. The major challenge for photobioreactors was found in the design process due to scaling-up, which includes criteria
such as surface-to-volume ratio, orientation and inclination, mixing and degassing,
temperature regulation and, transparency, as well as the durability of the construction
material and ease of maintenance (cleaning) combined with operation (Tredici 2004).
Presently, the largest commercial PBR systems are the modular tubular photobioreactor
plant with about 300 km long glass tubes, on 10 acres of arid desert land at
Algatechnologies in Israel and the 600 m³ plant at Klötze in Germany. The latter plant
consists of a tubular PBR system of 20 modules of 35 m³ each, installed in a 1.2 ha
greenhouse (http://www.algomed.de, 28.07.2013). Other commercial PBR systems exist
in the USA for example, with a capacity of three times 25000 L at Aquasearch Inc. and
in the United Kingdom (UK) at Biosynthesis with modules up to 5000 L (Tredici 2004;
Borowitzka 2013b). For large commercial mass production of microalgae a combination
of closed PBRs and open raceway ponds has also been proposed, and addressed in the
literature as has multistage systems or hybrid systems (Fon Sing et al. 2013).
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The advantage of this concept is to use the closed PBR to produce a high cell density
inoculum for the open ponds, thereby offering the possibility of optimised biomass
production in a shorter time. This concept has been applied for valuable bio-compounds
with algae species such as Haematococcus (Grobbelaar 2000).

1.3

Limits to growth in open raceway ponds

The understanding of limiting factors to algal growth and product yield in microalgae
cultures is of fundamental importance in the development of a commercial large scale
algal process. Microalgae cultures in open systems at densities greater than 0.5 g L-1 are
unattainable over long periods due to a number of physical, chemical and biological
factors (Abeliovich 1980; Javanmardian and Palsson 1991; Zittelli et al. 2004). Algal
growth in cultivation systems is influenced by various environmental factors
(Borowitzka 1998). The principal factors are:
•

Light

•

Temperature

•

Nutrients

•

Contamination

•

Mixing / turbulence

1.3.1 Light
Light energy that reaches the entire surface of Earth is never homogeneous with a
difference in quantity while all high density algae cultures in the world are light limited
(Qiang et al. 1998). Therefore not all areas around the world (including areas with high
cloud cover, high rainfall and /or low winter temperatures) are suited for successful
algae mass culture.
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1.3.2 Photosynthesis and photon utilisation efficiency
Photosynthesis efficiency has been used as a tool for biomass yield comparison between
phytoplankton and plant crops (Walker 2009). For the theoretical maximum of
photosynthesis efficiency, optimal conditions are assumed, including temperature.
However, it has to be considered that photon availability depends on the location of
cultivation as in some areas on earth 1370 W m-2 d-1 of light energy reaches the surface
whereas only 240 W m-2 d-1 is the world average.
The absorption of solar energy by chlorophyll is maximal at about 680nm and the
chemical end product of the Z-scheme and the Benson–Calvin cycle is a carbohydrate
molecule (Leegood et al. 1985). The Z-scheme calls for four electrons to be propelled
by four photons through each of two photo systems for every molecule of O2 released
from water and every molecule of CO2 incorporated into ‘CH2O’ (Walker 2002). Less
than 50 % of the full sunlight spectrum is photosynthetically active irradiance (PAR),
which is defined as irradiance in the 400 - 700 nm range. For example Watanabe and
Hall (1995) calculated the input of PAR (IPAR), expressing the quantity of irradiance
impacting on the reactor as the product of PAR (kJ m−2 d−1) and the illuminated surface
(m2). According to Watanabe and Saiki (1997), the photosynthetic efficiency (%) (PE)
was calculated based on Equation 1.

Eq. 1

where rG is the maximum daily growth (gdry weight d−1) and HG the enthalpy of the total
dry biomass (21.01 kJ gdry weight −1) (Watanabe and Hall 1996). Weyer et al. (2010) who
reported an energy content for protein of 16.7 kJ g-1, carbohydrate 15.7 kJ g-1 and lipid
37.6 kJ g-1 give an estimated average energy value of 26.9 kJ g-1 for algal cells with 50
% lipid and 25 % for protein and carbohydrate content.
The energy content of an average photon mole of visible light in this range is about 50
kcal (209 kJ) and based on the Z-scheme, eight photons are required to produce one
organic carbon unit of “CH2O” which gives a maximum photosynthetic efficiency of 14
%.
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In contrast to the Z-scheme values, several studies found that the mean quantum
requirement for C3 plants is 9.4 and this will reduce the maximum photosynthesis
efficiency to 11.9 % (Delieu and Walker 1981; Walker and Osmond 1986; Walker
1989; 2009 ).
Walker also states that a more realistic maximum in photosynthetic efficiency is
approximately 4.5 % for C3 plants or microalgae under field conditions (Walker 2009).
The photosynthetic rate of microalgae is compared to C3 plants, and is up to three times
lower than the photosynthesis rate of C4 plants. Table 3 presents the estimated
theoretical maximum biomass accumulation for general C3 plants and microalgae with
50 % lipid by 500 W m-2 d-1 energy input estimated on the facts provided above.

Table 3: Estimation of the prognosticate biomass accumulation for C3 plants and microalgae with
50 % total lipids

11.9 % at 500 W m-2

4.5 % at 500 W m-2

C3 plants

144 g m-2 d-1

54.45 g m-2 d-1

Microalgae 50 % lipid content

96.7 g m-2 d-1

36.54 g m-2 d-1

At the present time, reported biomass productivity data of commercial algal mass
cultures have achieved an average of 15 g AFDW m-2 d-1 over a period of 365 days,
equal to 54 t AFDW ha-1 yr-1, which represents only 1 % of photosynthesis efficiency
(Belay 1997; Walker 2009). The dimensions of the cultivation systems can be seen as
potential reason for limiting the amount of light energy delivered to the cultivation
system. In open raceway ponds, which represent the system most commonly used in
commercial algae mass production, light can be captured only from one surface area
resulting in less light availability and consequently in low volumetric biomass
productivities. In high density culture, a steep light gradient is formed from the upper
layer of the culture which leads to a low efficiency of light conversion (Grobbelaar
1982).
Another reason for light limitation in large-scale algal cultures is the presence of abiotic
and biotic light absorption in competition with the target algal population or biomass
(Huisman and Weissing 1994). The algae culture exposed to the natural environment
also undergoes daily to seasonal changes in solar irradiance.
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To withstand these variations in light intensity, algal cells have mechanisms such as
photoacclimation, that regulate the amount of pigments and biochemical composition of
the photosynthetic machinery in response to irradiance (Vonshak and Torzillo 2004; Hu
2004; Dubinsky and Stambler 2009). Three methods exist to reduce light limitation in
high-density algae cultures; one is to increase the mixing, the second method is to
decrease the depth of the culture in open raceway ponds (down to the minimum level
that is required for mixing), and the third is to reduce the cell density.
However, it is commonly observed that there is a cellular response with the increase in
light-harvesting pigments such as chlorophyll a, b and c, phycobiliproteins and primary
carotenoids when irradiance is decreased. In contrast, high light intensities tend to
decrease in chlorophyll a and other primary pigments accompanied in species such as
Dunaliella salina and Haematococcus sp. with an increase in secondary carotenoids
acting as photo-protective substances such as β-carotene, zeaxanthin and astaxanthin
(Falkowski and Laroche 1991; Hu 2004; Dubinsky and Stambler 2009). However, light
utilisation efficiency and response mechanisms are dependent on other parameters such
as temperature, nutrients and pH (Falkowski and Laroche 1991; Davison 1991; Geider
et al. 1998).

1.3.3 Temperature
Temperature represents another important potential limitation for high biomass
production rates in the outdoor cultivation of microalgae. Temperature is an important
factor for all biological reactions, including light-dependent and light-independent
biological reactions in phototrophs (Goldman 1980). The temperature range in which
photosynthetic algae can be found is broad, ranking from snow or Antarctic algae with
photosynthetic activities down to -7 oC, to the thermophilic cyanobacteria which are
able to photosynthesise up to 74 oC (Davison 1991; Soeder and Stengel 1974). Several
authors have categorised algae species according to their optimum temperature range:
below 10 oC for polar algae, 10 - 25 oC for temperate or mesophilic algae, and greater
than 25 oC for thermophilic or desert algae species (Soeder and Stengel 1974; Barasanti
and Gualtieri 2006).

16

There are significant different temperature optima between the species of algae and
even between algae strains. For example, several Chlorella species with temperature
optima of 25 oC, 30 oC, 35 oC and 39 oC have been reported by Sorokin (1959) and
Lorenzen (1963) cited in Soeder and Stengel (1974). Optimum temperatures for algal
cultures can be achieved only under controlled conditions while outdoor cultures are
exposed to daily fluctuations in temperature, which lead either to the limitation or
inhibition of photosynthesis. One classic example of limiting levels was found during
the morning in outdoor cultures, when solar irradiance is rising more rapidly than the
temperature, which constitutes a sub-optimal condition (Vonshak et al. 2001).
Aside from diurnal fluctuations in temperature, in many habitats the same algal species
or plant is subjected to very wide seasonal variations in temperature, which can require
a mechanism for acclimation or adaptation. The adaptability of a strain is under genetic
control, whereas the ability to photosynthetically acclimate is affected by its
environment (Raines and Lloyd 2004). Similarities are reported for higher plants by
Berry and Bjorkman (1980), where adaptations may be considered as a genotypic
variation, which enable plants to adapt efficiently under the temperature regimes of their
various native habitats.
The growth of a given genotype under a cool regime may result in an improved
photosynthetic capacity at a low temperature, whereas the growth of another genotype
under a warm regime may result in an improved photosynthetic performance at high
temperatures. The potential for such photosynthetic acclimation or adaptation to
temperature varies between species (Berry and Bjorkman 1980). Therefore the optimum
temperature of a strain is equal to the highest temperature of the previous environment
before isolation (Berry and Bjorkman 1980; Davison 1991). The temperature effect on
algal growth can be categorised into (1) biological enzymatic processes and (2) physicochemical processes.
Photosynthetic enzymes as members of the biological enzymatic process can be said to
do the following: (1) represent the maximum rate indicated at the light saturation point
Ik at a certain light intensity dependent on the ratio between the concentration of
photosynthetic enzymes and the concentration of photosynthetic pigments (Jorgensen
and Steemann 1965). Higher Ik values are found in algae grown at higher light
intensities, rather than in algae grown at low light intensities due to the adaptation
mechanism.
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However, adaptation due to the enzymatic processes in which photosynthesis gradually
increases with increasing temperature is commonly associated with a Q10 factor (rate of
change as a consequence of increasing the temperature by 10°C), which can vary
between species (Jorgensen and Steemann 1965; Davison 1991). That is, photosynthesis
increases at constant light intensity up to an optimum temperature that occurs over a
range of several degrees rather than a single value that indicates the maximum
photosynthetic rate (Davison 1991). Conversely, a higher temperature is not the only
factor that promotes enzyme activity in photosynthesis processes respiration processes
have also been considered in the literature with higher Q10 values than in photosynthesis
processes (Marre 1962).
Therefore, higher temperature can also be less favourable for net biomass productivity if
respiration per unit time is not much lower than the net-biomass accumulation (Marre
1962; Jorgensen and Steemann 1965). Inhibitory effects of temperature on algal growth
are either intracellular, such as enzymatic processes or external in the medium, such as
physical chemical processes. One common effect on physical chemical processes of
temperature is recognised on the solubility of CO2 and O2 as competitive partners in the
culture medium for the substrate RuDP-carboxylase/oxygenase. Marre (1962) reported
that the solubility coefficients () decreased between 25 oC and 60 oC from 0.76 to 0.36
for CO2 and from 0.028 to 0.019 for O2, whereas the concentration of O2 in seawater is
more than twice that of CO2 in gaseous form (Marre 1962; Capel 1995).
The response potential of the targeted species of microalgae to fluctuation in
temperature is also an important consideration when choosing the location for
cultivation, as well as the cultivation system in culturing these algae in closed or open
cultivation systems (Torzillo et al. 1993; Borowitzka 1995b)

1.3.4 CO 2 , pH and O 2
The major inorganic nutrient compound is carbon, and it plays a central role in the
biological energy conversion process due to photosynthesis, whereas the C:N and C:P
ratios are completely under biological control (Falkowski 1997). Light energy
conversion into biochemical energy in the form of ATP and NADPH2, aside from light
and temperature, requires a suitable carbon source such as CO2 for photo-autotrophic
growth of algae.
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Increases in the amount of atmospheric CO2 concentration raise concerns because it is
the principal factor that causes the phenomenon of global warming which has resulted
in global aims to reduce this specific greenhouse gas (Wang et al. 2008; Florides and
Christodoulides 2009). Atmospheric CO2 has a much higher solubility than O2 due to
chemical reactions forming carbonic acid and its dissociation products such as
bicarbonate and carbonate (Capel 1995). This indicates great potential for biological
CO2 mitigation by phytoplankton. Consequently inorganic carbon exists in three forms
and the relationship between these is a function of pH (Emerson and Green 1938),
temperature and salinity (Figure 2).

Figure 2: Proportion of total carbon dioxide in each of the three forms, free carbonic acid,
bicarbonate ions, and carbonate ions as a function of hydrogen-ion concentration in freshwater
from Emerson and Green (1938)

The total available amount of CO2 at pH 8.2 with approximately 40 mg L-1 support a
biomass production of 12 g AFDW m-2 d-1 at 30 cm depth at 50 % carbon content
(Capel 1995), indicating a demand of CO2 addition of once or twice per day (Benemann
1993). The high carbon content of algal biomass necessitates an inorganic carbon
supply with an average demand of approximately 45 g CO2 m-2 d-1 dependent on
biomass productivity and required for Goldman’s estimated biomass yield of 60 g DW
m-2 d-1 up to 120 g CO2 m-2 d-1 by 100 % efficiency of the supplying technology
(Goldman 1980; Soeder 1980a).
To date, there is no proven technology for CO2 supply with 100 % efficiency for
cultivation systems of large-scale algae biomass production. Researchers have
suggested that CO2 utilisation in “closed” cultures appears to be more efficient owing to
the prevention of atmospheric losses (Robinson and Toerien 1982), which can also be
reduced by adding the gas through a special apparatus (Su et al. 2008).
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The disadvantage of using CO2 as an inorganic carbon source can be seen in the lower
diffusion rate in water by a factor of 104 compared to air (Beardall and Raven 2013)
accompanied by factors such as temperature and salinity reducing the solubility of gases
(Kelly 1989; Wang et al. 2008).
Currently, CO2 in gaseous form is supplied to large scale open raceway ponds by using
diffuser systems incorporated in 1 m deep carbonation channel to improve transfer
efficiency due to longer resistance time. CO2 supply for mass cultures, including
transfer and storage, is still considered expensive, even by using industrial gases and
waste gases from large CO2 producers such as power stations, cement and fertilizer
plants (Benemann 1993). Improvements could be made by co-location of the algae
production facility with large CO2 producers, where CO2 can be supplied on demand by
maintaining the optimum pH of the algae species (Fonseca et al. 2010; Benemann
2003). Soluble carbonates such as sodium bicarbonate and sodium carbonate are also
potential CO2 sources in microalgae culture systems (Wang et al. 2008).
Further attempts have been made by several scientists on the effect of pH and CO2 on
microalgae species selection for CO2 sequestration (Shapiro 1973; Goldman 1973;
Richmond et al. 1982; Azov 1982; Ono and Cuello 2003). Most of these investigations
were carried out by comparing prokaryotic algae (cyanobacteria) with eukaryotic algae
(green microalgae) grown under different pH conditions and consequently different
forms of available inorganic carbon. Independent to each other, the results of these
investigations indicated that cyanobacteria have favourable pH of >9 while green algae
such as Chlorella sp. prefer pH conditions between pH 7 and 8. However, a major
limitation for Chlorella sp. was found under high bicarbonate content and low gaseous
CO2 concentration (Richmond et al. 1982). Goldman (1973) concluded that the total
inorganic carbon concentration (CT) has a higher limiting impact than the particular
availability of free CO2 or carbonate and algal species difference occurs due to the
difference in the half saturation coefficient (Ks) for CT-limited growth. He also
demonstrated in a pH range from 7.1 to 7.6 different Ks values for CT limited growth of
various green algae species (Goldman 1973).
Scenedesmus obliquus and Chlorella vulgaris adapted to high and low CO2
concentrations and demonstrated linear photo assimilation of carbon for up to 4 hours of
incubation at pH 7.2.
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The highest specific carbon uptake for Scenedesmus obliquus and Chlorella vulgaris
(mg carbon per g of particular carbon per min) was observed at pH 7.2 compared to the
specific carbon uptake at pH 9.2 (Azov 1982). In contrast, it is considered that algae
such as cyanobacteria with an optimum growth at pH>10, the capability of the direct
use of HCO3- would result in their outcompeting other species that use only CO2
(aqueous) (Goldman 1973).
A low pH close to neutral with artificially high concentrations of free CO2 is
recommended for maximum biomass productivity in green algae (Shapiro 1973; Azov
1982). The downside of carbon assimilation in phytoplankton was found by an inverse
increase of O2 levels up to 500 % saturation (30 – 33 mg O2 L-1) in the medium when in
the CO2 concentration decreased due to photosynthesis (Richmond et al. 1990), which
changes the O2/CO2 ratio significantly (Ku and Edwards 1978).
Further, O2 production in algae mass culture can be used as an indicator for biomass
productivity if one knows the ratio between synthesised biomass and O2 produced with
respect to the interaction between temperature and irradiance (Richmond et al. 1990;
Torzillo 1997). In contrast, O2 levels exceeding 30 g L-1 demonstrated negative effects
on specific growth and protein synthesis for the cyanobacterium Spirulina (Vonshak et
al. 1996; Torzillo 1997). High O2 levels are considered more critical in enclosed
photobioreactors due to poor degassing than in open raceway ponds and play an
important role in determining the optimal tube length in tubular bioreactors with respect
to the velocity of circulation and the number of degassing stations (Torzillo 1997).
However, O2 competes with CO2 during photorespiration by using the same enzyme
ribulose-1.5 bisphosphate carboxylase (Rubisco), to fix CO2 as this enzyme is also an
oxygenase (Geider and MacIntyre 2008).
A central role in photorespiration is played by P-glycolate as the product of the
oxygenase inside the chloroplast and substrate of the photo-respiratory carbon oxidation
cycle, where 75 % of the carbon returning the photosynthetic carbon reduction cycle is
to be oxidised outside the chloroplast (Badger 1985). High light intensities are
favourable to glycolate formation and can be excreted in the medium, while the
mechanism requires low CO2 concentrations and high O2 concentrations with half
maximal activity of the oxidation reaction found at 68 % O2 equilibrium in water
(Tolbert 1974).
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Effects of the temperature on the intracellular solubilities of CO2 and O2 where the
solubility of CO2 decreases more than the solubility of O2 at a higher temperature
resulted in a change of CO2/O2 ratio (Ku and Edwards 1978; Brooks and Farquhar
1985). Therefore, the supply of CO2 to the algae culture by maintaining a steady state of
inorganic carbon concentration will stimulate the carbon concentrating mechanism and
inhibit the oxygenase activity of Rubisco (Raven 1988).
Photosynthesis as a biochemical process includes enzyme activities that require optimal
temperatures, nutrient concentrations and an optimal pH for enzyme kinetics. The pH
optimum for ribulose-1.5 bisphosphate carboxylase activities is reported to be pH 7.8,
with a rapid decline in activity beyond pH 8.3, accompanied by an increase in ribulose
bisphosphate oxygenase activity. The enzyme ribulose-1.5 bisphosphate carboxylase
including a series of reactions of the Calvin cycle are responsible for plant growth due
to CO2 reduction into carbohydrates (Kelly 1989). Further, the activity of the oxidation
reaction was found with an optimum pH between 9 - 9.3 and required the presence of
Mg2+; at these ranges of pH, the Rubisco activity is completely inhibited (Tolbert 1974).

1.3.5 Nutrients
Apart from light and temperature, inorganic nutrients are the crucial limiting factors in
phytoplankton growth and productivity. The elements found in organic matter produced
by organisms including phototrophs vary across the entire periodic table of elements.
However, the majority of the literature nominates sixteen elements, C, N, P, S, K, Mg,
Ca, Sr, Fe, Mn, Zn, Cu, Co, Cd, B and Mo, as essential for growth (Goldman 1965;
Capel 1995; Ho et al. 2003). In concentrated phytoplankton (e.g. algae mass
cultivation), there is a classification of elements into bulk or macronutrients such as C,
N, P (Table 4) and micronutrients or trace elements including Fe, Mn, Cu, Zn, Co and
Mo, which are based on the required concentration due to growth limitation effects. Iron
is occasionally considered as macronutrient due to the response in algal photosynthesis
when added into natural lakes (Goldman 1965). However, a major limitation in
microalgal growth is caused by macronutrients incorporated at high concentrations in C,
N and P into cellular proteins, carbohydrates and lipids.
For example, when nutrients are not limited and light is the only growth limiting factor,
the chemical composition of most algal species displays an elementary configuration of:
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45 to 50 % carbon, 8 to 10 % nitrogen and 1 % phosphorus equal to their biochemical
composition, and 50 % protein, 30 % carbohydrates and 15 % lipids (Goldman 1980).
As discussed in the previous section, inorganic carbon for phototrophs plays a special
role, where limitation occurs more in biological availability due to a low conversion rate
between CO2 and HCO3- instead of the availability of the total amount of inorganic
carbon (Riebesell and Wolf-Gladrow 2007).
Silicon (Si) as an element is sometimes considered a macronutrient in regards to
diatoms, where the cell wall is distinct and composed of silicon dioxide (SiO2)
(Matthew and Edward 2010). For phytoplankton in general, the elemental composition
is dependent on nutrient concentration and the light regime and can vary between
species independently of the environmental conditions (Burkhardt et al. 1999; Yentsch
1962). Amounts of nitrogen and phosphorus supplied to autotrophic algae in mass
cultivation are reported to range from 1.6 to 6.5 g (N) m-2 d-1 and 0.2 to 0.83 g (P) m-2
d-1 (Toerien et al. 1987).

Table 4: Three major macro elements and their chemical forms used in microalgal biotechnology

Elements

Form of
nutrition
CO2, HCO3-,

C

CO32NO3-, NO2-,

N

NH4+, NH3,
urea, N2

P

HPO42-, PO43-,
H2PO4-

Remarks

Reference

─ Low conversion rate between
CO2 and HCO3-

(Riebesell and Wolf-

─ Likelihood of toxicity due to
inhibitor effects of NH4+ and NH3
by interrelation with pH

(Azov and Goldman 1982)

─ Increased pH due to
photosynthesis causing
precipitation of phosphate in
seawater

(Olsen et al. 2006)

Gladrow 2007)

In fact, variations in nutrient concentration depend on biomass productivities or
productivities of the target product. The best example of the effect of nutrient
concentration is found in the two-stage cultivation of Dunaliella for β-carotene
production that requires in the first stage a nitrogen rich medium at low salinity for
optimum biomass production, while the second stage requires low nitrogen
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concentration and high salinity for optimum β-carotene production (Ben-Amotz 1995).
Many studies have been conducted to determine the optimal nutrient concentration for
various algal species and their applications including their biochemical composition.
Grobbelaar (2004) described the meaning of ‘optimal nutrient concentration’ as
transition zone where algal growth is less affected by the addition of nutrients. The
author also categorised nutrient concentrations as deficient zone at low concentration,
adequate zone where increased nutrient concentration has no effect on growth, and toxic
zone where increased nutrient concentration leads to a decline in growth (Grobbelaar
2004). Aside from concentrations and biological availability, it is also considered that
the ratio between C: N: P first recognised by Redfield (1934) with a ratio of 106 C: 16
N: 1 P, plays an important role in avoiding the transition of elementary limitation for
high yields (Falkowski 2000; Ho et al. 2003; Grobbelaar 2004). Research by Quigg et
al. (2003) on yielded biomass in its elementary composition under identical growth
conditions showed systematic variations in C:N:P ratios between the eukaryotic
divisions remarkably similar to the stoichiometry after Redfield. However, Quigg et al.
(2003) found a 30:1 N:P ratio of the Chlorophyceae compared to Prasinophyceae with
25:1 and diatoms with 10:1.
The differences in the effect of nutrient limitation between algae species can be seen as
the result of evolution and diversity creating ‘functional groups’ in marine habitats
including the diatoms, the coccolithophorids, nitrogen-fixing cyanobacteria and
flagellates (Riebesell and Wolf-Gladrow 2007). From the ecological point of Riebesell
and Wolf-Gladrow (2007), the classification for phytoplankton due to differences in cell
composition is strongly based on seasonal elementary cycle and particular material in
the ocean which is represented as the ‘functional group’ concept. Therefore, a major
challenge is in maintaining a steady state of optimal nutrient concentration in outdoor
mass cultivation with daily changes in solar irradiance and temperature accompanied by
competition for limited resources.
Several attempts on the determination of nutrient uptake kinetics were made after
Monod and Michaelis Menten indicated clearly that the uptake of limiting and nonlimiting nutrients was found to be controlled by internal as well as external substrate
concentrations.

The

interrelationship

between

external

and

internal

nutrient

concentration as a limiting factor was due to "luxury" (excess) consumption of one
nutrient when growth was limited by another (Droop 1974). Nutrient uptake in
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phytoplankton is also influenced by cell size and form, because smaller spherical cells
have a greater surface / volume ratio compared to larger cells. Greater surface / volume
ratio promotes the diffusion across the boundary layer (Riebesell and Wolf-Gladrow
2007).
However, further aspects for nutrient consumption in phytoplankton must be
considered; for example nutrient loss due to competitive organisms especially in open
systems, or loss of P-nutrient due to precipitation during the pH rise in the medium due
to photosynthesis. A mixture of different N-sources also can increase the rate of nutrient
uptake, and it has been found that a ratio of nitrate to ammonium nitrogen of 3:1 yielded
higher productivities than when supplying a single N-source (Mostert and Grobbelaar
1987). Conversely, light dependent photosynthesis influences nutrient uptake and is
constant at light saturation (Grobbelaar 2004). Mesocosm studies on the effect of
ultraviolet-B (UV-B) radiation on uptake of different nitrogen-sources such as NO3-,
NH4+ and urea by phytoplankton showed that urea uptake was most sensitive. The
uptake of urea was influenced by the level of UV-B radiation, but did not effect internal
organic nitrogen composition (e.g. internal urea, free amino acids, and protein for all Nsources) (Fauchot et al. 2001; Grobbelaar 2004).
Temperature influenced biochemical reactions are measured as the temperature
coefficient (Q10) where the enzymatic reaction doubles with a 10 oC rise, resulting in
approximately twice as much nutrient uptake (Goldman and Carpenter 1974;
Grobbelaar 2004). Movement in the form of water motion in natural habitats or velocity
in mass culture reduces the diffusive boundary layer thickness resulting in increases in
nutrient availability and uptake of a non-motile algal cell (Riebesell and Wolf-Gladrow
2007; Findenegg 1965a).

1.3.6 Salinity
Ecological differentiations of algae into halophilic or non-halophilic and stenohaline or
euryhaline are made with based on their physiology and habitat distribution (Soeder and
Stengel 1974). Although algae can adapt to a wide range of salinities, as recently
discovered for a species of Tetraselmis (Tetraselmis indica) which was isolated from a
salt pan with a salinity as high as 35 % NaCl and as low as 3.5 % (Arora et al. 2013).
However, salinity tolerance in terms of survival differs from the maximum growth
25

range within the tolerable range in salinity. For example, with an increase in salinity to
5 %, the specific growth rate began to decline for Tetraselmis chuii (Ghezelbash et al.
2008). Adaptation to different NaCl concentrations is common for members of the
genus Tetraselmis (Kirst 1975). However, limiting effects of salinity on algal growth
and productivity are highly dependent on the microalgae species or strain (Cho et al.
2007).
The effect of salinity on microalgae growth is related to osmotic effects, which
microalgae are able to regulate through diverse processes. The inability to balance the
internal osmotic pressure with the external osmotic pressure can either lead to cell
shrinking or result in elongation, ultimately leading to cell bursting (Kirst 1990; Fogg
2001). Uptake of ions and concentrations and solubility of Na+ and K- ions are very
important in osmoregulation in microalgae for surviving salinity changes (Kirst 1990;
Blackwell and Gilmour 1991; Strizh et al. 2004). Apart from ionic compensation,
synthesis of secondary metabolites (compatible solutes) such as glycerol, mannitol,
sucrose, proline and, floridoside is important for salinity tolerance in microalgae. These
organic solutes which are accumulated as a response to osmotic changes are compatible
with the general metabolic processes of the cell (Borowitzka and Brown 1974; Kirst
1977; Kirst et al. 1988; Iwamoto and Shiraiwa 2005).
In macrophytes or species with inflexible cell walls, osmotic pressure is balanced by
turgor pressure, as observed in the cyanobacterium Scytonema sp. isolated from desert
soils which accumulates trehalose to create positive turgor pressure within the cells
(Kirst and Bisson 1979; Edwards et al. 1988; Page-Sharp et al. 1999). The downside of
the synthesis of secondary metabolites and solutes was found to be a high demand in
energy for the synthesis of these compounds resulting in an enhancement in respiration
and a transient repression in photosynthesis while a new steady state of growth is
achieved (Hellebust 1976; Vonshak and Richmond 1981; Lu and Vonshak 1999).
Lu and Vonshak (1999) found that salt stress in Spirulina platensis was associated with
a decrease in PS II activity, and a decrease in the overall activity of the electron
transport chain accompanied by an increase in PS I activity and respiration.
Biochemical changes in a high salinity environment are generally recognised by an
increase in ash content (Ben-Amotz et al. 1985). The possibility of protein synthesis
inhibition, can lead to an increase in carotenoids in Dunaliella salina and astaxanthin
content in Haematococcus pluvialis (Ben-Amotz and Avron 1983b; Borowitzka and
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Borowitzka 1990; Borowitzka et al. 1991; Boussiba and Vonshak 1991; Ahmad and
Hellebust 1993). Fast growing algae species with a great tolerance in salinity are most
suitable for large scale mass cultivation using only saline water (Borowitzka 2013c).

1.3.7 Mixing
Mixing in algae mass cultivation is induced by paddle wheels, airlift pumps, screw or
propeller pumps to develop turbulence in the cultivation unit to minimise cell
sedimentation (Oswald 1988a). Turbulence is developed when the input force is high
enough to shear the molecules from the upper layer of the water column and the ordered
velocity gradient can not capture the supplied energy resulting in the structure breaking
into swirling and recoiling motion characteristics (Reynolds 2006). The purpose of
turbulence is overcome by limitations in light and mass transfer, including gas
exchange, or to optimise parameters in conjunction with each other in a liquid medium
containing solids and gases regardless of the design and type of cultivation unit
(Richmond and Grobbelaar 1986).
The effect of mixing in open ponds was found to increase the horizontal layer with
higher photosynthesis saturation, while light limitation occurs at high cell densities
when cells in the bottom layer are completely in darkness while the cells in the top layer
receive excess light (Vonshak and Torzillo 2004). Even in shallow ponds or enclosed
photobioreactors with a short light path, light can be limiting due to self-shading,
whereby turbulence increases the frequency between the light/dark and the light
distribution to the individual algal cell (Richmond and Grobbelaar 1986).
Markedly higher productivities were achieved at short optical depth (<10 cm) combined
with turbulence Re>3000 (Grobbelaar 2009b). Additionally, the photosynthetic rates
increased on an average 2.1 times when the L:D frequencies were increased from 10 s to
10 ms equal to a range from 10 – 0.01 Hz and showed significant differences with an
L:D ratio of 0.5–2.0 (Grobbelaar 2009b). Furthermore, apart from influence on light
availability to the algal cell, turbulence improved the gas exchange with respect to the
air/water interface thus reducing the O2 concentration (Chini Zittelli et al. 2006) by O2
outgassing and culture carbonation as pH regulatory effects particularly when air-lift
systems are employed (Persoone et al. 1980). A further advantage of turbulence was
found in the reduction of the boundary layer around the algal cell for more efficient
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nutrient uptake and metabolism rates (Grobbelaar 1994; Riebesell and Wolf-Gladrow
2007). Morphological characteristics such as form, size, viscosity and, chain or colony
formation and density of the algal cell play an important role in association with nutrient
uptake and the effect of turbulence particularly for large microalgae >50 μm with a
smaller surface area to volume ratio, resulting in stronger nutrient limitation.
Conversely, small organisms with 1 – 10 μm diameters have faster diffusion of nutrients
through their boundary layer, where most larger flagellates >10 μm, are able to swim
more than 10 times their own body length per second to increase significantly their
nutrient uptake by swimming (Riebesell and Wolf-Gladrow 2007; Mann and Lazier
2006b). In contrast to the benefits of turbulence, the energy input required increases
exponentially when increasing turbulence in large open raceway ponds (Neenan et al.
1986; Oswald 1988a). Further, high Reynolds numbers as a quantitative indicator for
turbulence mainly generated in airlift photobioreactors even at low gas -flow rates
(Torzillo 1997) can lead to cell damage or cell mortality (Barbosa 2004; Moheimani et
al. 2011). The relative sensitivities to shear force increase in the following order: green
algae, blue-green algae, diatoms and dinoflagellates as the most sensitive algal group
(Thomas and Gibson 1990). The difference in shear sensitivity can be found in
associations between cell density, viscosity and cell wall structure (Mann and Lazier
2006a).

1.3.8 Contamination and other limitations / inhibitions
The term contamination in algae mass cultivation refers to other algae, fungi and
bacteria, predators and parasites that are considered as a major problem in large scale
operations in which species such as rotifers and Daphnia are unpredictable and without
chemical treatment, largely uncontrollable. Mechanical attempts for the removal of
contaminating organisms by employing screens in open air ponds was found to be only
successful for large contaminating organisms or foreign objects (Oswald 1980).
Appearances of contamination indicate a drift from optimum or favourable growth
conditions of the target culture. Environmental parameters such as irradiance and
temperature, nutrient limitation, shift in salinity, pH or residence time of the culture are
responsible for the decline in specific growth followed by overgrowth by the
contaminating organism and, in the worst case, the loss of the culture of the target algal
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population (Richmond 2004). Therefore, it has been pointed out by various scientists
that in commercial examples such as Spirulina and Dunaliella, unique or extreme
selective cultivation conditions favour the target algae strain as the highest population in
the cultivation system (Chaumont et al. 1988; Chaumont 1993; Richmond 2004). Saline
water at high salinities, such as the >20 % NaCl in which Dunaliella salina is growing
as the dominant species, greatly reduces predators, especially the ciliate Fabrea salina
and the brine shrimp Artemia salina (Post et al. 1983; Elloumi et al. 2009). Organisms
capable of growing in high salinities under large scale open air operations, indicating
harsh environmental conditions accompanied by extreme temperatures (>40 oC) and
very alkaline habitats require additional resistance to such conditions (Borowitzka and
Borowitzka 1988a).
A major contamination problem in Dunaliella salina culture for β-carotene production
was found in the overgrowth of non-carotenogenic Dunaliella species in saline water
sources used for evaporation top up and medium replacement (Borowitzka 1992a).
Different strategies using high bicarbonate (e.g. 0.2 M) concentrations or additional
ammonia (2 mM) markedly prevent contamination problems with Chlorella sp. in
Spirulina mass cultures (Vonshak 1997a). Temporary high concentration ammonia
treatment also showed success against rotifer contamination and chlorination has also
been found a successful treatment to eliminate grazers (Borowitzka and Moheimani
2013).

However, higher contamination risk is given to algal species such as Haematococcus or
Nannochloropsis which grow in a more natural medium and normal environmental
condition (Richmond 2004). Indeed, algae species such as Nannochloropsis sp. in
natural habitats with cell diameters of approximately 2µm demonstrated their strengths
in better nutrient uptake kinetics without diffusion limitation across the boundary layer
especially at a low concentration of dissolved inorganic nitrogen due to better surface to
volume ratio (Riebesell and Wolf-Gladrow 2007). Nutrient competition models have
demonstrated, that if only one resource is limited, the organism that is able to reduce the
demand to the lowest level can outcompete other organisms, whereby the competition
for two resources is controlled by the ratio and rates of these supplied resources
(Huisman and Weissing 1994). Cells that excrete substances in the medium,
accumulated due to harvesting and medium recycling, demonstrated inhibitory growth
characteristics for contaminating organism (De Freitas and Fredrickson 1978). Further,
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the application of DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) as a selective
herbicide showing different inhibitor effects on photosynthetic activity and growth rate
was examined in several marine unicellular algae, demonstrating an advantage for
Nannochloropsis sp. (Gonen-Zurgil et al. 1996).

1.3.9 Scaling up of microalgal culture – constraints and requirements
Commercialising microalgae mass cultivation for biofuel production begins with
fundamental research in the laboratory providing information about biological
limitations. However, at this stage, there is no information in the literature available
about technological reliability and long-term feasibility under environmental conditions
for the final requirement of very large scale cultivation. Experience in large scale
operations by various scientists has demonstrated several biological issues such as
culture collapse after two months due to predators and algae contamination for
Nannochloropsis sp. in 3000 m2 raceway ponds (Sukenik 1999), as well as technical
problems at the pilot scale such as rainwater running off into ponds, nutrients binding to
clay walled ponds or leakage through the clay walls (Borowitzka 1991). Heavy tropical
rainfall with >20 cm m-2 can exceed the operational pond level, leading and thus
requiring where overflow protection and stormwater drainage as part of the facility
design.
Problems due to heavy rain have been recognised in culture dilution, nutrient washouts
and parasite infection (Sinchumpasak 1980; Oswald 1988a). Therefore, it is essential to
integrate scaling-up processes in the development of commercial plants regarding
reactor type, size, and amount in association with site selection, nutrient sources and
quantity, and water sources and amounts for more reliable economic modelling.
Regardless of the type of reactor, all the single issues discussed above, ranging from
light, effect of mixing, temperature, nutrient demand including inorganic carbon, pH
and, contamination risk must be considered during scaling-up to find the balance
between each parameter for maximum productivity. Irrespective of the problem, it is a
fact that the achieved productivity is less than the theoretical possible productivity due
to poor light utilisation efficiency, temperature control, gas transfer and turbulence, and
open air ponds are currently the systems that are used in commercial algal mass
cultivation at a very large scale, (Borowitzka 1999).
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The contribution of turbulence as a tool to overcome growth limitation has previously
been described in this chapter and is one of the key parameters in the scaling-up process
under engineering aspects for technological and physical barriers. Turbulence induced
by velocity in raceway ponds is dependent on the dimensions of the culture system and
the construction material in terms of friction (e.g. concrete, plastic liner, clay) and
culture depth (Oswald 1988a; Borowitzka 2005; Fonseca et al. 2010). Oswald (1988a)
estimated that a minimum velocity of 5 cm s-1 in all locations will prevent thermal
stratification and keep algal cells in suspension, but 15 cm s-1 is required as the
minimum channel velocity. Velocities higher than 30 cm s-1 create a trade-off in energy
input and higher construction costs due to the need to prevent scouring. Oswald (1988a)
further concluded that for raceway ponds with an optimum velocity of 20 - 30 cm s-1
and culture depth 20 - 30 cm, a limitation in the channel width of up to 12 m is given,
due to the paddle wheel shaft shear force. However, apart from turbulence, scaling-up
should consider further downstream processes such as integrated harvesting and
medium recycling, dewatering, and product recovery. Challenges in scaling up are also
recognised with respect to carbonation and pH regulation, while the injection of CO2
into the medium for pH regulation with current technologies has demonstrated that 60
% is the maximum achievable efficiency in large raceway ponds (Becker 1994a).
Commercial algae production plants contain multiple process units and many raceway
ponds. There is a strong requirement for semi automated and fully automated control
and monitoring systems for culture maintenance and process control (Olaizola 2000).
Pulse amplitude modulated (PAM) fluorometers, devices for rapid and easy detection
methods based on fluorescence techniques, are available to determine the physiological
state of the algae cells, and flow cytometry can be applied to analyse dead and live cells,
including bacterial detection (Kromkamp et al. 2009; Fonseca et al. 2010). Real time
monitoring and control for system parameters such as pH, CO2 addition, nutrient, light
and temperature with integration into the harvest and post harvest process are essential
in commercial algae production plants (Greenwell et al. 2010).

1.4

Microalgae as a source of renewable biofuel

Since the last century an interest in renewable biofuel from plant feedstock began with
the introduction of the fermentation process for producing ethanol or glycerol from
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sugar by yeast and acetone, and butanol from starch by bacteria. Microalgae have long
been proposed as possible sources of oils for liquid fuel production, first being proposed
in 1939 in Germany (Von Witsch and Harder 1953; Borowitzka 1988b).
In general, economics are the major driving factor for commercialisation to translate
ideas into realities. In terms of biofuel production, production-cost is considered the
biggest drawback, while fluctuations in fossil fuel prices, over decades, make long term
economic modelling difficult. The first peak of interest in biofuel production from
microalgae resulted from the oil crisis in the 1970’s and produced a number of
significant and positive results in the field (Sheehan et al. 1998). However, when the
fossil oil price dropped, the interest in biofuel, particularly from microalgae also
declined. During the last financial crisis in 2008/2009, when the oil price was rising
again, the interest in producing biofuel from microalgae returned. This time, the interest
in biofuel is somewhat different from the oil crisis of the 1970’s. It is not only based on
the oil price, but more on the fact that there will be a future shortage of fossil fuel,
combined with an increase in green house gas CO2. However, with the present
technology, it is difficult to produce biofuel from microalgae with a positive carbon
balance, which is correlated to the energy input and produced energy ratio.
From the beginning of the Industrial Revolution, atmospheric CO2 concentration has
risen from 280 ppmv in 1870 to 375 ppmv in 2006 and is estimated to increase to 550
ppmv in 2050 (Rittmann 2008). Therefore, early investigations have been conducted to
find strategies to reduce greenhouse gas emissions based on CO2 and CO2 mitigation.
Various CO2 mitigation strategies have been proposed. These are generally classified
into two categories: (1) chemical-reaction-based approaches and (2) biological CO2
mitigation (Wang et al. 2008). Information on biological CO2 mitigation by plants and
microalgae were provided of the introduction part in this chapter. The main advantage
of using microalgae to produce renewable biofuel is the capability of CO2 conversion
into biomass while growing in ecosystems that are not in competition with agriculture
(Bilanovic et al. 2009). A further advantage of CO2 capture by microalgae is the
potential to fix CO2 from different sources, especially from industrial exhaust gases.
Chemical analysis has demonstrated that algal biomass consists of 40 to 50 % carbon,
which suggests that about 1.8 kg of CO2 is required to produce 1.0 kg of biomass
(Sobczuk et al. 2000). The latest estimate of achievable algae biomass production is at
35 t ha-1 year-1 and this would capture approximately 63 t CO2 ha-1 year-1 (Benemann
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and Oswald 1996). Stephens et al. (2010) estimated that to generate 1 KW h-1 of electric
power from a coal fired power station, approximately 1 kg of CO2 would be released.
The required electric power for operation of one hectare per year is estimated to be
38,000 KWh, which is equal to 1000 KWh t-1 biomass if 38 t will be achieved.
This model is only for the production of biomass and does not include any further
downstream processes. Downstream processes are considered energy intensive, of low
efficiency and in some cases, are the major drawback for economic viability. However,
to achieve a zero net CO2 balance there is only 1000 KWh t-1 biomass per year left,
excluding general downstream energy consumption. Lardon et al. (2009) demonstrated
that, biofuel production from microalgae with present technologies has a negative
energy balance and consequently a negative CO2 balance and therefore reduction of
present atmospheric carbon dioxide concentration is impossible (Walker 2009). The
demand of energy to produce biofuel should include alternative energy sources such as
hydro, solar, wave, wind and geothermal, which each have their own advantages and
disadvantages.
Microalgae promise important advantages in improving solar efficiency utilisation for
biofuels production:
(1)

they can be grown in continuous culture, providing maximal annual productivity

(2)

microalgae cells contain relatively low structural material with the potential of
using the entire biomass as a source of nutrition, lipids and other valuable
products

(3)

the addition of CO2 to microalgae culture systems is easy compared to plant
crops (Harun et al. 2009).

The raw microalgae feedstock can provide several compounds for different types of
renewable fuels such as ester fuels, methane, hydrogen, and ethanol. These are
summarised in Table 5.
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Table 5: Fuel opportunities from feedstock microalgae
Raw material from
microalgae

Fuel

Process

Alternative
renewable feedstock

Carbohydrate

Ethanol
Methane

Biological
fermentation
Anaerobic digestion

Plant crops

Starch, glycogen

Hydrogen

Enzymatic,
Fermentative digested

Life microalgae
Various waste
streams

Protein

Methane

Anaerobic digestion

Organic waste

Lipids
(Triglycerides
Isoprenoids
Phospholipids
Glycolipids

Ester fuel
Gasoline
Liquefied petroleum gas
(LPG)
methane

transesterification
catalyst conversion
anaerobic digestion

Plant crops (oil
seeds/vegetable oil
Waste frying oil

Hydrocarbons)

The biological production of hydrogen from water and sunlight by microalgae has
received great interest over the past decades (Benemann 2000; Geier et al. 2012).
Several investigations have been conducted in this area but limitations of capital and
unsuccessful research results have inhibited the commercialisation of this process. Even
the indirect production of hydrogen by dark fermentation from several feedstocks such
as waste streams and solar produced biomass demonstrated more promising results but
has not been commercialised and requires further research (Benemann 2000;
Hallenbeck and Benemann 2002).
The choice of fuel has to be made before choosing the feedstock for conversion and the
criteria are related to the characteristics of conventional sources and processes. Neenan
et al. (1986) highlighted several important physical properties for fuel products such as
density, viscosity, specific gravity, state of the fuel (i.e. liquid, solid, gas), various
thermal properties and other complex properties that are required to produce an
acceptable fuel product. The chemical composition of microalgae has demonstrated a
great potential for a wide variety of fuel products especially liquid fuels. The advantage
of liquid fuel is its availability for consumer use while being simple to use in the areas
of transportation and storage and having a high output of energy per unit volume, while
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solid fuel is good for stationary applications and gaseous fuel is preferred when no
storage is required.
Different liquid fuels have a difference in their energy content for combustion. For
example, ethanol has only two-thirds and methanol one-half of the volumetric heating
value compared to gasoline, while diesel and ester fuels are similar to gasoline (Neenan
et al. 1986). Therefore, the focus of the current study is on using microalgae as
feedstock with high lipid productivities for high density biofuel production such as
biodiesel. Production of methyl esters or biodiesel has been considered the best
alternative renewable fuel as a replacement for transportation fossil fuel. Today,
biodiesel is produced from plant and animal oils and is a proven fuel, while microalgae
lipids are similar to higher plant lipids in that the same production technology for
biodiesel could be applied (Chisti 2007).
In comparison with petroleum-derived diesel, biodiesel has no aromatics or sulphur, has
higher cetane numbers and approximately 10 % O2 (w/w) which results in lower
emissions of gases such as carbon monoxide, and hydrocarbons (Canakci and Van
Gerpen 2001). In addition to lipids, microalgae contain carbohydrates and proteins that
could provide other liquid and gaseous fuels to reduce the on-site energy costs. The cost
intensity of producing biofuel from microalgae in relation to the production costs of
biodiesel is still a hindrance in the commercialisation of the product. Therefore, the
optimisation of the downstream processes including harvesting, extraction and
conversion to reduce production costs is essential. These require the combination of the
recovery of the high value glycerol as by-product, while cost reduction for capturing
CO2 from the larger producers, such as cement plants, power plants and other industrial
producers are strategies to lower the production costs.
In comparison with agricultural crops and other biological raw materials, microalgae
can be triggered for their product, cultivated in simple systems and harvested frequently.
For example, algal biomass as raw material competes with terrestrial crops with yield at
a rate of twice as much to over 10 times more per hectare in the cultivation area. This is
shown in Table 6. Further, there is an interrelationship between the major organic
compounds and the market price for the different crops. The price increases for proteins
and lipids compared to carbohydrates. Soybean oil as a raw material is 2.7 times more
expensive than the soybean crop itself, but in comparison to raw fossil oil that has a
price of approximately US$ 800 per tonne, soybean oil is 50 % higher and is
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economically unsuitable for biofuel application. The production of algal oil is presently
economical comparable with fish oil rather than biodiesel.
Table 6: Comparison of terrestrial crops and raw material with algal biomass in yield, price and
organic composition

Price 2010/2011
Crops

US$ tonne

Wheat a

235

-1

Yield d

Organic composition on DW
protein

carbohydrate

lipids

8.3

─

high

235

16.8

─

high

─
─

Ricea

577

2.9

─

Soybean a
Rape seed a
Soybean oil
Fishmeal b
Fish oil b

462
587
1240
1480
1700

3.6
3.6
─
─
─

high
─
─
high
─

high
─
─
─
─
─

37 c

high*

high*

Corn

a

Algal biomass 5000 c

t ha

-1

─
high
high
high
─
high
high*

*

depending on species and triggered cultivation condition
information from http://www.finanzen.net/rohstoffe/rohstoffe_realtime.asp
b
information from http://www.globefish.org
c
information based on dry weight for Spirulina and Chlorella and (Brennan and Owende 2009)
d
information from http://www.cso.ie/en/
a

If no improvement is achieved in minimising the cost of processing the algal biomass to
compete with fossil oil, algal biomass with 40 to 50 % proteins or ≥20 % lipid content
have a potential to replace fishmeal or fish oil in the world market. Aside their chemical
composition, the attractiveness of microalgae lies in the fact that they have a very high
achievable areal productivity (20 – 30 g m-2 d-1 = 73 – 110 t ha-1 y-1) compared to landbased crops (Raven 1988; Chisti 2007; Griffiths and Harrison 2009). It is worth noting
that high lipid contents do not promise high lipid productivities, which are essential for
a suitable biofuel production process.
Oil productivity of many microalgae may greatly exceed the oil productivity of the best
producing terrestrial oil crops. Currently, biodiesel is produced by vegetable oil, but oil
crops (including palm oil crops) with the highest oil yield (up to 6,000 L ha-1 y-1) cannot
sustainably provide sufficient biodiesel to displace conventional transport fuel. This has
led to the interest in microalgae (Chisti 2007; Sobczuk and Chisti 2009).
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1.5

Lipids and Lipid synthesis

The lipid/oil content and lipid composition of microalgae varies between algal classes
(Figure 3) and within species and with growth conditions. In many algae species, the
highest lipid contents are achieved under nutrient-deficient conditions, especially under
N-limitation. However, these conditions also mean low growth rates, resulting in overall
low lipid productivities (Hu et al. 2008). Algal classes such as the Cryptophyceae,
Chrysophyceae, Bacillariophyceae, Eustigmatophyceae and most members of
Chlorophyceae increase their lipid content based on the dry weight under N-deficiency.
In contrast, it was found that Cyanophyceae and some members of Chlorophyceae such
as Dunaliella sp. and Tetraselmis sp. showed a constant decline in lipid content under
N-deficiency, as summarised and illustrated in Borowitzka (1988b). Aside from Ndeficiency, other nutrients and environmental factors have been associated with lipid
metabolism in microalgae. Microalgae contain neutral lipids, polar lipids, wax ester,
sterols, hydrocarbons and several derivates, including photosynthetic pigments
(Borowitzka 1988b; Hu et al. 2008; Griehl et al. 2013). Lipids are different in their
structure and function; polar lipids found in phospholipids and glycolipids are structural
components of cell membranes and modulators of photosynthesis. This is summarised
in Table 7.
Neutral lipids especially triacylglycerols (TAG) fulfil the function of energy source in
the form of a storage substance. Phospholipids are divided into glycerophospholipids
and sphingolipids, where sphingolipids overlap with the sphingolipids of glycolipids,
while sphingolipids of glycolipids do not contain a phosphate group. Sphingolipids have
sphingosine an 18-carbon amino alcohol, which is esterified with the fatty acids, while
glycerophospholipids have glycerol, a sugar alcohol which is esterified with the fatty
acids and phosphoric acid (Gurr and James 1975).
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Figure 3: Lipid levels and lipid classification of several algal classes according to Borowitzka
(1988b)

The major characteristic of sphingolipids of glycolipids is the presence of one or more
sugar molecules (mono or oligosaccharides) and may contain a sulphated
polysaccharide specified in the literature as sulpholipids, while overlapping with
phospholipids.
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Table 7: Summary of lipid classes and function according to (Gurr and James 1975; Mercz 1994)
Lipid class

Organelle

Function

Comments

Photosynthesis,

Storage for inorganic carbon

Mitochondrial,

structural and

as energy source during

chloroplast

membrane

exponential growth for growth

functions

and cell division

Glycolipids
Monogalactosyl diglyceride
Digalactosyl diglyceride
Sulpholipid
Sulphoquinovosyl diglyceride

Phospholipids

Variation from type and

Phosphatidyl ethanolamine
Phophatidyl choline
Phosphatidyl inositol
Phosphatidyl serine

Mitochondrial,
chloroplast

Structural and
membrane
functions

Phophatidyl glycerol

combination of fatty acids, and
by esterification of different
organic bases, amino acids and
alcohols to the phosphate
group

Diphosphatidyl glycerol

Formation is highly active in
stationary phase in interaction

Neutral lipids
Monoacylglycerol
Diacylglycerol

Cytoplasm

Triacylglycerol

Energy storage

with phospholipids, where
neutral lipids are accumulated
and phospholipids decrease,
while no virtual growth exist

Neutral lipids are basically classified in monoacylglycerol (MAG), diacylglycerol
(DAG) and TAG, where MAG and DAG lead to a pre-stage form of TAG biosynthesis
(Lewin 1974; Gurr and James 1975; Griehl et al. 2013). These lipids are classic lipids
synthesised from a fatty acid backbone with a chain length between 10 and 24 carbon
atoms. Aside from these, microalgae contain esters of fatty acids with long chain
alcohols ranging from 10 to 30 carbon atoms specified as wax ester and decarboxylated
long chain fatty acids ranging from 21 to 35 carbon atoms, specified as hydrocarbons
(Gurr and James 1975; Borowitzka 1988b).
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Hydrocarbons in microalgae are not as common as fatty acids and the content of
hydrocarbons is less than 5 % per dry weight, except for the green alga Botryococcus
braunii, which has hydrocarbon levels of up to 90 % per dry weight in the outer layer of
the colony matrix (Borowitzka 1988b). These hydrocarbons are classified by Metzger
and Largeau (2005) in Guschina (2006) as n-alkadienes and trienes, triterpenoid
botryococcenes, methylated squalenes, tetraterpenoid and lycopadiene (Guschina and
Harwood 2006). Aside from all these unusual hydrocarbons, this chapter will focus on
fatty acids and triglycerides and their biosynthesis in marine microalgae.
Triglycerides as an energy source in plants and algae are produced either via the
glycerol phosphate pathway or via the monoglycerides pathway described in Gurr and
James (1975), Ohlrogge et al. (1993) and Hu et al. (2008). Glycerides are the major
constituents of natural fats and oils such as triglyceride, where all three glycerol
hydroxy groups are esterified. Fatty acids such as palmitic, stearic, oleic and linoleic
acid are the most common fatty acids in glycerides according to Gurr and James (1975)
and Napier (2007). Apart from light and temperature, factors such as nutrients, CO2, pH
and salinity are considered to be associated with lipid composition and lipid production
in microalgae. In addition, N-starvation increases neutral lipids in microalgae cells.
Similar results of increased neutral lipids have been found for diatoms grown under
limitations of silicon (Guschina and Harwood 2006).
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Table 8: Fatty acid composition of fatty acids in microalgae adapted from Borowitzka (1988b); Hu et al. (2008); Lang et al. (2011)
Algal Classa
Fatty acid
Common Name
1
2
3
4
5
6
7
8
C10:0

Capric acid

9

10

11

12

≤ 50%
≤ 10%

C11:0

≤ 10%

C12:0

Lauric acid

C14:0

Myristic acid

≤ 40%

≤ 10%

≤ 20%

≤ 20%

≤ 10%

≤ 20%

≤ 20%

≤ 20%

≤ 30%

Tr.

≤ 20%

≤ 40%

C16:0

Palmic acid

≤ 60%

≤ 40%

≤ 30%

≤ 40%

≤ 30%

≤ 20%

≤ 20%

≤ 30%

≤ 30%

≤ 20%

≤ 30%

≤ 20%

≤ 40%

C16:1 n-9

≤ 20%

≤ 30%

≤ 10%

Tr.

≤ 10%

C16:2 n-4

≤ 10%

≤ 10%

≤ 10%

C16:3

≤ 20%

C16:3 n-4

≤ 20%

Palmitoleic acid

≤ 50%

Tr.
≤ 20%

C16:1 n-7

Tr.

C16:1 n-5

≤ 10%

C16:2 n-7

≤ 20%

≤ 10%

≤ 10%

≤ 30%

≤ 40%

≤ 50%

≤ 10%

≤ 10%

Tr.

≤ 10%

≤ 10%

≤ 10%

≤ 10%

≤ 20%

≤ 5%

≤ 20%

Tr.

≤ 20%

Tr.
≤ 20%

C18:1 n-9

Oleic acid

C18:1 n-7

Vaccenic acid

C18:2 n-6

Linoleic acid

C18:3 n-6

γ- Linolenic acid

C18:3 n-3

α- Linolenic acid

C18:4 n-3

Stearidonic acid

≤ 30%
≤ 40%
≤ 40%
≤ 30%
≤ 40%
≤ 30%

≤ 20%

≤ 10%

≤ 10%
≤ 50%

≤ 10%
≤ 10%
≤ 5%
≤ 20%
≤ 10%
≤ 30%
≤ 50%

≤ 40%
≤ 30%
≤ 40%
≤ 20%

C18:5 n-3
C20:0
C20:1 n-9
C20:2 n-9
C20:3 n-6

Arachidic acid

≤ 10%

≤ 10%
≤ 20%
≤ 10%
≤ 10%

≤ 10%

≤ 10%

C16:4 n-3
Stearic acid

Tr.

≤ 10%

≤ 5%

C18:0

≤ 30%

≤ 10%

C16:3 n-3
C16:4 n-1

≤ 15%

≤ 10%
≤ 20%

≤ 20%

≤ 10%
≤ 20%
Tr.

≤ 10%
≤ 10%
≤ 10%
≤ 20%
≤ 40%
≤ 10%

≤ 20%
≤ 30%
≤ 5%
≤ 20%
≤ 10%
≤ 10%

≤ 10%
≤ 10%
≤ 20%
≤ 40%

≤ 10%
≤ 20%
≤ 30%
≤ 20%
≤ 10%
≤ 10%

Tr.

≤ 10%

≤ 10%
≤ 20%

≤ 10%
≤ 10%
≤ 5%
≤ 10%
≤ 10%

≤ 10%
Tr.

Tr.

≤ 10%

≤ 10%

≤ 20%

Tr.

≤ 5%
≤ 10%

≤ 10%

≤ 10%
≤ 30%

Tr.

Tr.

≤ 20%
≤ 10%
≤ 20%
≤ 20%

Tr.

≤ 5%

≤ 5%

Tr.

Tr.

≤ 20%
≤ 20%

≤ 10%
≤ 20%
≤ 10%

Tr.
Tr.

≤ 10%
≤ 10%

Tr.

≤ 10%

≤ 10%

≤ 10%

≤ 10%
≤ 10%

Tr.

≤ 10%
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C20:4 n-6

≤ 10%

Arachidonic acid (AA)

C20:4 n-3
C20:5 n-3

Eicosapentaenoic acid (EPA)

C22:0

Behenic acid

C22:1 n-11
C22:5 n-6
C22:5 n-3

Docosapentaenoic acid

Tr.

≤ 10%
≤ 10%
≤ 10%
≤ 10%
≤ 10%

≤ 10%
≤ 10%
≤ 20%

Tr.

≤ 40%

≤ 10%
≤ 20%

≤ 20%

≤ 10%

≤ 10%
≤ 10%
≤ 30%

≤ 20%
≤ 30%

≤ 10%

≤ 10%
≤ 10%
≤ 30%

Tr.

Tr.

≤ 5%

≤ 20%

≤ 10%

≤ 10%
≤ 10%
≤ 30%
≤ 10%

Tr.

≤ 10%
≤ 10%

≤ 10%
≤ 30%

≤ 10%
≤ 10%

Tr.

≤ 20%
≤ 15%

C22:6 n-3
Docosahexaenoic acid
Tr.
Tr.
≤ 5%
≤ 10%
a
Values are blank, not reported; Tr., trace; percentage is in relation of total fatty acids; Algae classes are 1- Cyanophyceae; 2- Chlorophyceae; 3- Cryptophyceae; 4- Dinophyceae; 5Rhodophyceae; 6- Euglenophyceae; 7- Chrysophyceae; 8- Xanthophyceae; 9- Bacillariophyceae; 10- Prasinophyceae; 11- Prymnesiophyceae; 12- Haptophyceae
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Table 9: Effect of environmental factors on lipid and fatty -acid production in microalgae adapted from Khotimchenko and Yakovleva (2005); Fon Sing (2010); Griehl et
al. (2013)
Environmental
parameter

Range- /
Ref.

Influence on
lipids

Comments

Algal species

Trend
TFA

Trend FA
saturation

Ref.

Nannochloropsis sp.





1;2;3

Tichocarpus crinitus





3;4





5

Isochrysis galbana





6;7;8

Dunaliella salina





9;10

Higher production of ATP and NADPH incorporated with chlorophyll
High

Increase total
lipids

reduction to prevent photo-damage under high light -energy capture led
to TAG amounts
Enhance polyunsaturated C16 , C18 FA and MGDG, DGDG

Light
Low

Increase polar

Increase of structure lipids such as (DGDG, SQDG, PG, PC)

lipids

incorporated increase of chlorophyll

L/D range of 12:12 to 16:8 hours; fatty -acid synthesis is lower in
Period

darkness than in light; acetyl-ACP increased and malonyl-ACP
decreased

High

Increase polar
lipids

Temperature
Low

Increase polar
lipids

Increase in Glycolipids especially MGDG while DGDG is decreased

Stephanodiscus
binderanus

Regulation of membrane fluidity by increase of PC; content of TAG is
reduced; chloroplast membrane and microsomal membranes are
increased in different proportion
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Environmental
parameter

Range /
ref.

Influence on
lipids

Remarks

Algal species

Trend
TFA

Trend FA
saturation

Gymnodinium sp.





11





12

Nannochloris sp.





13

-

-

-

18

Chlorella vulgaris





19

Cyclotella cryptic





20

Dunaliella salina





21

Isochrysis sp.





23

Porphyridium
cruentum





24

Ref.

TAG increased while carbon skeletons not incorporate into proteins;
Nitrogen

Limitation
13;14;
15;16;17

Phosphate

Limitation

Iron

Increase

Silicon

Limitation

CO2

Salinity

Increase of

Chlorophyll and chloroplast are decreased which contains large

Isochrysis

neutral lipids

amounts of phospholipids and glycolipids, while triglycerides are

galbana

increased

Increase of polar

Increase of DGDG as component of extraplastidial membranes while

lipids

replacing phospholipids such as PE, PC and PG

Increase total
lipids

Increase saturation while in peroxidation

Increase total

Silicon starvation inhibits cell division and algal growth while silicate

lipids

has major compound in diatoms

Increase

Increase total

Inhibition of lipid degradation (peroxidation), especially for highly

22

lipids

unsaturated FA

Increase

Increase of total

Stabilisation of fluid cell membrane while in lipids especially

25

lipids

unsaturated FA

1-(Fábregas et al. 2004); 2-(Roessler 1990); 3-(Khotimchenko and Yakovleva 2005); 4-(Hu et al. 2008); 5-(Sicko-Goad and Andresen 1991); 6-(Liao et al. 2004); 7-(Zhu and Lee
1997); 8-(Lynch and Thompson 1982); 9-(Chen et al. 2007); 10-(Murphy 2009); 11-(Mansour et al. 2003); 12-(Fidalgo et al. 1998); 13-(Takagi et al. 2000); 14-(Piorreck et al.
1984); 15-(Gordillo et al. 1998); 16-(Rodolfi et al. 2009); 17-(Sukenik and Livne 1991); 18-(Khozin-Goldberg and Cohen 2006); 19-(Estevez et al. 2001); 20-(Roessler 1988); 21(Muradyan et al. 2004) 22-(Yu et al. 2004); 23-(Ben-Amotz et al. 1985); 24-(Cohen et al. 1988); 25-(Lee et al. 1989)
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1.6

Selection of microalgae species and strains

Similar to fermentation of organic carbon by yeast and bacteria, it has been found that
microalgae can be cultivated in a similar manner under illumination, converting inorganic carbon
and other nutrients such as N-sources, P-sources and several trace elements into organic matter
by photosynthesis. Investigations on proximate biochemical composition showed that microalgae
are capable of accumulating up to 70 % of dry weight as proteins (Spirulina maxima), 60 %
carbohydrates (Porphyridium cruentum) and 55 % lipids ( Botryococcus braunii) (Ben-Amotz et
al. 1985; Spolaore et al. 2005). The specific characteristic of the feedstock for bioenergy
conversion depends on the form of energy into which the biomass will be converted. Bioethanol
is produced from carbohydrates by fermentation and requires a raw feedstock with high
carbohydrate content. Biodiesel with a higher energy coefficient compared to bio-ethanol
requires raw feedstock with a high neutral lipid content for conversion by transesterification
(Sobczuk and Chisti 2009).
Due to those characteristics, economic modelling of the entire production process is required, to
determine the production capacity in correlation with the production area. The figures provided
by the economic information will lead to the selection of the type and quantity of bioreactors and
the most cost effective processes for microalgae species selection (Borowitzka 1992b). The
reactor type is an important criterion in algal biotechnology development and should be
integrated at an early stage of microalgae selection. Not all microalgae species are suitable to
cultivate in any bioreactor. Furthermore, the scalability of bioreactors is a significant factor
during the development process (Borowitzka 1999).
For biodiesel to be an inexpensive product a very large scale production area is required and
open raceway ponds are the most promising cultivation system. The choice for the most
promising microalgae for biodiesel application is based on their lipid productivity (Griffiths and
Harrison 2009). For example, Fon Sing reported that the diatom Amphora sp. accumulated more
lipids compared to Tetraselmis sp., but the lipid productivity was much greater for Tetraselmis
sp. due to the higher specific growth rate (Fon Sing 2010). Several other objectives that need to
be integrated in choosing the right algae for biodiesel production and commercialisation are
presented and summarised in Table 10.
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Table 10: Additional characteristics for microalgae species selection, based on Borowitzka (1992b);
Grobbelaar (2000); Griffiths and Harrison (2009); Rodolfi et al. (2009); Van Vuren and Grobbelaar (1982)
Characteristics

Advantage

Fast growing with high product content

High productivities and less contamination risk

Wide tolerance of environmental conditions*

Constant seasonal productivities, less control of culture
conditions, more competitive to contaminating organism

Wide range of pH

Less contamination risk while more competitive

Capable of CO2 sequestration

Use of waste CO2 to increase productivities

Tolerance of shear force

Fewer requirements for transfer and mixing devices

Reliable for long-term cultivation

Improvement for longer production periods

Ease of harvesting and processing

Low energy input at high separation efficient

*wide range of temperature

The literature to date provides a wide range of information on algal growth and the proximate
biochemical composition of many microalgae species across the different algae classes. In the
first instance a preliminary selection is made based on general characteristics, described as broad
band screening for the biochemical composition of microalgal species collected either from algae
culture collections or isolated from environmental habitats. For the aquatic research project in
the USA 3,000 strains were isolated and collected from natural habitats from which 300 wild
type strains, predominantly green algae and diatoms, were seen as promising strains for biodiesel
purposes after screening and characterisation (Sheehan et al. 1998).
Griffiths and Harrison (2009) reported based on information from the literature that out of 55
microalgae species, the most promising species for biodiesel application was found in the green
algae and diatoms. The advantage of using microalgae wild type isolates is the capability of
these species to grow under existing climatic conditions while seasonal population density was
monitored. Less time for developing a monoculture is required by using algae species from
culture collections, while algae from natural habitats need to be isolated and transferred into
mono-culture conditions. Most of the selection work is carried out under laboratory conditions
before transferring to trials outdoors under natural environment conditions.
Many microalgae cultures have shown very positive growth results under laboratory conditions
while only a few species were suitable for growth under natural environment conditions
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(Moheimani and Borowitzka 2006; Fon Sing 2010). Less attention is given to long term
cultivation trials for microalgae selection because it is highly time consuming. Furthermore,
several authors have reported culture loss and culture collapse after different periods of culture.
For example, Moheimani (2005) reported that after heavy rain in winter leading to a decline in
salinity after three months of cultivation, the coccolithophorid algae Pleurochrysis carterae
crashed. Fon Sing (2010) demonstrated that the diatom Amphora sp. was overgrown by
Tetraselmis sp. in autumn after four months of outdoor cultivation. Additional long-term
information of phytoplankton can be found in ecological studies in which diatoms mostly
demonstrated dominance in population density over short periods. Coccolithophorid and
dinoflagellate algae in order demonstrated a high population density across different seasons and
over longer periods (South and Whittick 1987).
Long term studies at a small scale are essential during the strain selection process to prevent
further capital loss in scaling-up for large scale mass cultivation. Several conditions should be
tested, for example the capability of CO2 sequestration and pH tolerance, while implementing
cost reduction by using waste CO2 with a focus on carbon-neutral industry. The selection of a
fast growing marine microalgal species also includes the tolerance of a wide salinity range.
Salinity fluctuations in open raceway ponds are recognised as a result of either in a decline due
to rainfall or an increase due to evaporation (Moheimani and Borowitzka 2006) . The bioreactor
choice should be made depending on the selected algal species in terms of shear force because
not all microalgae are suitable to grow in different types of bioreactors (Moheimani et al. 2011).
The major characteristics for a screening process to select the most promising microalgal species
for potential use in biodiesel production are summarised in Figure 4.

Figure 4: Schematic illustration for a successful screening process for microalgae selection
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The principal limitation for microalgae mass cultivation, especially in open pond systems, is
highlighted in the literature as the interaction between light and temperature. This requires the
most suitable location, which is driven by the main energy source (light) and the appropriate
temperatures (between 20 oC and 30 oC or as close as possible to the species optimum). Around
the globe, the highest solar irradiance exists around the subtropical climate presented in Figure 5.
Australia is a country that is principally located in this climate, providing the fundamental
conditions for successful research on “biofuel from microalgae”.

Figure 5: World climates (Reproduced from http://www.meteorologyclimate.com)

Further, Australia also has vast areas of semi-arid and desert land, whose use for algae
cultivation will not compete with agricultural land (Figure 5). Apart from high solar irradiance
and large areas of marginal land, Australia is surrounded by the oceans, which can provide a
suitable and abundant water source throughout the year.
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Figure 6: Major climate zones of Australia based on 30 year data period (Reproduced from the Bureau of
Meteorology, 2011)

By using only natural seawater, salinity will rise over time by evaporation. In terms of
photoautotrophic organisms, Australia has a wide variety of algal species growing under extreme
conditions such as hypersaline lakes. The best examples for the commercialisation of algal
biotechnology in Australia on a very large scale are the two β-carotene plants in Australia: one
plant at Hutt Lagoon, Western Australia and the other in Whyalla, South Australia owned by
BASF (Borowitzka et al. 1984; Raven 1988; Borowitzka and Borowitzka 1990; Lee 1997).
For the successful outdoor cultivation of microalgae, several parameters such as climatic
conditions are not controllable and must be determined at the point of algal species / strain
selection. For this reason, it is essential to analyse in advance the climatic condition of the
location by using meteorology statistics based on parameters such as solar irradiance,
temperature, evaporation and rainfall. Statistical data for Australia is illustrated in the following
figures: solar exposure in Figure 7, temperature in Figure 8, evaporation in Figure 9 and rainfall
in Figure 10.
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Figure 7: Annual pattern of daily average solar irradiance for Australia based on a 19 year data period
(Reproduced from the Bureau of Meteorology, 2011)

Figure 8: Annual pattern of daily average maximum temperature for Australia based on a 30 year data
period (Reproduced from the Bureau of Meteorology, 2011)
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Figure 9: Annual pattern of average evaporation for Australia based on a 10 year data period (Reproduced
from the Bureau of Meteorology, 2011)

Figure 10: Annual pattern of average rainfall for Australia based on a 30 year data period (Reproduced from
the Bureau of Meteorology, 2011)
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Based on the meteorology data, Australia seems to be very suited for establishing a large scale
algal biotechnology industry, as it has a high potential for biofuel production, especially
biodiesel from microalgae in saline water. A more recent study on site-selection in Western
Australia showed that several locations with a high production capability exist along the coast
between Geraldton and Carnarvon and further north from Exmouth to Port Headland / Broome
(Borowitzka et al. 2012). Their suitability is mainly due to close access to the ocean (saline
water), limited land use conflicts, relatively flat topography, workable soils and increasingly
ideal climatic conditions. However, in practice, biofuel from algae has not yet been produced,
though large scale algae cultivation and biodiesel production appear likely in the future.

1.6.1 Chosen microalgae
A collection of wild type phytoplankton species from local saline lakes was carried out by Fon
Sing (2010) and screened for their lipid content and growth characteristics. Only a few of the
collected Tetraselmis strains were found to be suited for further study due to their fast growth,
ease of culture and relatively high lipid content. Five favorable isolated Tetraselmis strains
(MUR-167, MUR-219, MUR-230, MUR-231 and MUR-233) and one diatom strain Amphora
coffeaeformis (MUR 158) from the Murdoch University culture collection were chosen for
further investigations in the laboratory with an emphasis on growth, biochemical and
photosynthetic responses which were determined over a range of environmental parameters such
as light, temperature, O2 and salinity (Omerhodzic 2009; Fon Sing 2010). The most positive
results were found for Tetraselmis strain (MUR-167) in preliminary investigations in outdoor
cultivation over several lengths of time and under various culture conditions while overgrowing
the diatom Amphora coffeaeformis (MUR-158) (Fon Sing 2010). The current study was carried
out on several Tetraselmis strains (MUR-167, MUR-230, MUR-231 and MUR-233).

1.6.2 Tetraselmis
Currently, 30 species of Tetraselmis are taxonomically accepted (www.algaebase.org, 26 June
2013), belonging to the phylum Chlorophyta and the Chlorodendraceae (Leliaert et al. 2012).
Members of Chlorophyta represent a large diversity in life history, morphology and distribution,
with a number of species categorised in many classes (Fritsch 1971; Metting 1996). Apart from
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unicellular forms, green algae also include colonial, filamentous and uninucleate or
multinucleate forms grown in aquatic and terrestrial habitats.
Tetraselmis was previously referred to as Platymonas and traditionally considered as a member
of the Prasinophyceae (Dodge 1979). A thorough description of the genus Tetraselmis is given
by Butcher (1959) in Hori et al. (1986). It is an ellipsoid unicellular organism, of an average size
range from 6.5 to 14.5 µm, with four flagella of equal length and usually motile. Cell
morphology including cell division and cell compounds are presented and described in Figure
11. The cell covering of Tetraselmis is characterised as a theca, which is medium to thick and
contains no silica or calcium. According to Lewin (1958), the theca of Tetraselmis is formed
from galactose and uronic acid as major compounds and traces of arabinose (Lewin 1958). The
reproduction of Tetraselmis is by cell division, where two daughter cells are formed and
completely flagellated before release from the parental theca; no evidence has been found for
sexual reproduction.
Several investigations on vegetative cell division of Tetraselmis sp. have reported that cell
division begins in the end of the light period and occurs predominantly during darkness, where
the parent cell becomes non-motile while losing its flagella. During the non-motile phase the
parent cell is adherent to the vessel walls and bottom (Grant and Vadas 1976; Trick 1979).
There are two possibilities for adhesion during cell division; one is the production of an
extracellular adhesive compound as part of the cell cycle and the other mechanism is through the
electrostatic difference induced by a double layered cell cover between the algal cell surface and
particles in suspension (Grant and Vadas 1976). Further, it is suggested that an extracellular
substance is involved in the adhesion of Tetraselmis subcordiformis by Grant et al. (1976), but
little is known about the chemical composition of these substances. However, in relation to
higher organisms and bacteria, these substances contain mucopolysaccharides, proteins and
phospholipids (Grant and Vadas 1976). Lewin found amino acids as a compound of the theca,
suggesting protein contamination (Lewin 1958); the hypothesis of proteins as a part of the
extracellular adhesive substance could explain the presence of amino acids around the theca.
Two different observations have been made for the separation of the daughter cells, where two
daughter cells left the parent theca non-motile and attached to each other, and in contrast, the
daughter cells usually formed their flagella before leaving the parent theca (Trick 1979). Trick
also reported that the release process is light independent, as daughter cells rupture the parent
theca in darkness (Trick 1979).
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AP=apical pit;
BB=basal body;
CF=cleavage furrow;
CHL=chloroplast;
CHLL=one of the four
lobes of the chloroplast;
CPY= cytoplasmic channel
within the pyrenoid;
FL=flagellum, bearing two
layers of overlapping
scales and stiff, brittle
hairs;
G=golgi body; GV=golgi
vesicles;
H=stiff hairs on flagellum,
underlain by scales;
M=mitochondrion;
N=nucleus;
NE=nuclear envelope,
NS=nucleolus;
PM=plasma membrane
(plasma lemma);
PY=pyrenoid;
SC=star-shaped scales
being assembled to form
the theca; SSTA=stroma
starch; ST=stigma
(eyespot), within the
chloroplast; STA=Starch
grain appressed to the
pyrenoid; TH=theca;
THD=theca of daughter
cell; THM=theca of
mother cell;
THYL=stacked thylakoids
Figure 11: Tetraselmis suecica. (a) Cross section through a cell, just above the base of the flagellar pit. (b)
Longitudinal section through part of a flagellum. (c) Surface view of the outer layer of flagellar scales. (d)
Cross section through flagellum, showing the 9+2 structure of the axoneme. (e) Longitudinal section through
a cell, based on EM observations. (f) The later stages of cell division. (g) An active golgi body, delivering new
star-shaped scales to the cell surface, where they are assembled together to form the theca. Adapted from
Van den Hoek et al. (1995)

The theca of the daughter cells is formed in the prophase at the end of the cell division and
within the mother cell theca by the coalescence of stellate particles. The small stellate particles
are produced by the Golgi, and are located between the protoplast and the parental theca
(Manton and Parke 1965; Manton et al. 1973). These Golgi bodies start the production of the
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stellate particles before onset of cell division (Domozych et al. 1981). Gooday (1971) found
further that the highest specific activity of the Golgi bodies was found in dividing cells.
Several investigations have been conducted on different aspects of the life cycle of Tetraselmis,
including morphology changes in life history, which demonstrated the formation of cysts and
subsequent germination (Norris et al. 1980). Cyst formation occurs in Tetraselmis under adverse
conditions such as nutrient deficiency, pH variation and desiccation (Trick 1979). The cyst,
which contains four or more daughter cells (presented in Figure 12), can remain dormant for
many months and germinate after transferral to a fresh medium. The cyst formation was
observed mostly under high pH condition with values above pH 9, while the lowest cyst
formation was monitored at a pH around 8 (Trick 1979). Further observations by Trick (1979)
demonstrated induced cyst formation under an increase in salinity, temperature, growth stage and
general depletion of nutrients.

Figure 12: Cyst formation of Platymonas impellucida in regards to changes in temperatures (reproduced from
Trick (1979))

Tetraselmis is a robust and dominant alga in laboratory mixed cultures and competes with most
other algal species. Other flagellates such as Chlamydomonas, Isochrysis, Monochrysis,
Dicrateria, Chromulina and Hemiselmis are more difficult for mass culture and less competitive
and stable in culture than Tetraselmis sp. (Regan 1988). Interactions between the two species
Pyramimonas parkerae and Tetraselmis apiculata in bialgal culture caused either decrease in the
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yield of Pyramimonas parkeae or increase of Tetraselmis apiculata which was similar compared
with the growth parameters measured in unialgal culture (Griffin and Aken 1990).
Species of Tetraselmis have been used extensively in hatcheries, especially as a diet for oyster
and mussels. As they are high in sterols (Patterson et al. 1993), they are also used as food for
zooplankton, shellfish and crustacean larvae (Dunstan et al. 1992; Fabregas et al. 1996; Ferreira
et al. 2009).
Tetraselmis is a euryhaline alga and is commonly found in fresh, brackish and marine
environments and even in hypersaline lakes and salt pans (Butcher 1959; Mercz 1994; Van den
Hoek et al. 1995; Lopez-Gonzalez et al. 1997). Cultures of Tetraselmis sp. have been grown
successfully in outdoor mass cultures in temperate and tropical regions and have high nutritional
values as direct or indirect live feedstock for larvae of crustaceans (Ronquillo et al. 1997).
Tetraselmis has been grown in culture at temperatures that range from 2 to 35ºC, with the highest
growth rates for Tetraselmis tetrathele at 25ºC (Ronquillo et al. 1997).
Methods for indoor mass cultivation of Tetraselmis spp. have been reviewed by several authors.
For example, Laing and Helm (1981) found that the maximum yield from a 200 L vessel was
achieved by a semi-continuous culture in which a fraction of the culture was harvested each day
and replaced with a fresh medium. The culture of Tetraselmis with this method was stable for 65
days on average, and on occasion for 132 days, before the culture collapsed. This scenario
showed settling cells on the surfaces of the growth vessel and is thought to be the result of
bacteria rather than protozoa infestation (Laing and Helm 1981).
The optimum pH for maximum productivities should be maintained at 7.5 ±0.3 or less, combined
with inorganic carbon addition in the form of CO2 (Laing and Helm 1981). Temperatures above
35 ºC led to non-motile, spherical shaped algal cells with high carbohydrate content such as
starch content (Trick 1979). The nutrient requirement of Tetraselmis is simple; the nitrogen
source can be ammonium, urea (Douglas 1983), nitrate or amino acids (North and Stephens
1969). The effect of various nitrogen concentrations on Tetraselmis suecica growth and protein
content, maximum cell density and growth rate were achieved at 16 mM NaNO3 as compared to
2, 4, and 8 mM (Fabregas et al. 1985a).
Okauchi and Kawamura (1997) recommended 150 mg NaNO3, 10 mg NaH2PO4 x 2H20, 15 mg
FeEDTA and 360 g MnCl2 x 4H2O, per litre of seawater as the optimum medium for large scale
culture of Tetraselmis tetrathele (Okauchi and Kawamura 1997). To prevent nutrient limitations
at high biomass concentrations, the F-medium for Tetraselmis suecica was redesigned by using a
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percentage of N,S and P of the biomass concentration, where ~ 5.0 % for both N, S and ~ 10 % P
has demonstrated a two fold increase in the biomass concentration and total lipid concentration
of 1.29 g L–1 and 108.7 mg L–1 respectively (Danquah et al. 2010). However, nitrogen uptake in
the form of ammonium was enhanced for Tetraselmis chui (PLY 429) with carbon dioxide
addition, while the rate of nitrate declined. There was no difference in phosphorous uptake when
CO2 was added (Meseck et al. 2007a) and no difference in lipid content was observed when
Tetraselmis MUR-167 was grown in different phosphate concentrations (Mercz 1994).
The studies by Fon Sing (2010) at the Algae R&D Centre in Perth Western Australia on
Tetraselmis and Amphora showed a great potential for outdoor cultivation of Tetraselmis MUR167 in saline water. The current study is following the outdoor cultivation trials for several
Tetraselmis sp. under commercial aspects by taking into account the results of Fon Sing (2010)
and Omerhodzic (2009) which were mainly generated under indoor conditions.

1.7

Aims and objectives of the study

The aims of this study were:
1. Continue the strain selection, with an investigation of the reliability and feasibility of
different Tetraselmis sp. in long term cultivation. These will include the effect of CO2 on
algal growth, biomass and lipid productivity under outdoor conditions.
2. Determine the potential of biomass and lipid productivity on a small scale. Further, the
investigation will include a pilot-scale trial to extrapolate all outcomes from the small scale trials to larger systems. In combination with scaling-up parameters, the study will
investigate the effect of different climate areas on algal growth of the most promising
Tetraselmis strain.
3. Focus on the limitations and improvements of the cultivation of Tetraselmis in hyper saline water to overcome limiting factors, with an emphasis on biomass productivity and
lipid productivity.
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2 CHAPTER 2
General Materials and Methods
In this chapter, the general methods used during the long-term observation of microalgae
cultivation in small scale raceway ponds in Perth are described. Then, information is provided
regarding the pilot -plant construction and design, including advanced methods in operation at
the pilot scale. The analytical methods in this chapter are based on guidelines from the literature
and laboratory at the Algae R&D Centre, at Murdoch University, Western Australia, and were
applied in all investigations regardless of the scale. This chapter also contains further
improvements of methods and techniques for specific applications.

2.1

Microalgae strains

Four halotolerant isolates of Tetraselmis sp. MUR-167, MUR-230, MUR-231 and MUR-233
from

the

Murdoch

University

Algal

Culture

Collection

(MUACC;

http://collections.ala.org.au/public/show/co103) were used in this study. The origin of these
strains is summarised in Table 11.

Table 11: Summary of Tetraselmis isolates, used in this study

Year of

Cell
Size
(µm)

Isolated by

Strain

Location of isolation

MUR-167

Pink Lake, Rottnest Island, WA

1986

10 x 15

Tom Mercz

MUR-230
MUR-231
MUR-233

Lake Bagdad, Rottnest Island, WA
South West, WA
Herschell Lake, Rottnest Island, WA

2005
2005
2005

10 x 13
10 x 13
10 x 13

Torsten Geissler
Torsten Geissler
Torsten Geissler

isolation

Inocula for the outdoor ponds were grown indoors. These were scaled -up stepwise from 500mL
volumes to 1 L in Erlenmeyer flasks up to a final culture volume of 15 L in stirred and aerated
carboys. The indoor culture grew in a constant temperature room (25±0.2 oC) equipped with cool
-white fluorescent light banks providing an irradiance of approximately 70 µmol photons m-2 s-1
(measured with a Licor L1-185B light quantum sensor and meter) on a 12:12 h L:D cycle.
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2.2

Culture media

The medium used for cultivation was a modified version of the F-medium (Table 12) based on
Guillard and Ryther (1962). Seawater for outdoor cultivation was collected from Hillarys Boat
Harbour (31° 48′ 25.2″ S; 115° 44′ 38.4″ E) in Perth, Western Australia and stored in the dark in
a 25 m3 holding tank at the Algae R&D Centre. Two smaller 2.2 m3 fibreglass holding tanks
were used as intermediate storage tanks for medium preparation. The molar concentration of
nitrogen and phosphorous in Table 12 corresponding to 25.5 mg .L-1 for N and 2.6 mg .L-1 for P.

Table 12: Modified F medium based on Guillard and Ryther (1962)
Quantity in 1 L of

Concentration in final

(g L dH2O)

seawater

medium (M)

NaNO3

150

1 mL

1.76 x 10-3

NaH2PO4 x H2O

10

1 mL

7.25 x 10-5

Trace metals solution

(see below)

1 mL

─

FeCl3 x 6H2O

─

6.30 g

2.33 x 10-5

Na2EDTA x 2H2O

─

8.72 g

2.34 x 10-5

MnCl2 x 4H2O

360

1 mL

1.82 x 10-6

ZnSO4 x 7H2O

44

1 mL

1.53 x 10-7

CoCl2 x 6H2O

20

1 mL

8.40 x 10-8

CuSO4 x 5H2O

19.60

1 mL

7.86 x 10-8

Na2MoO4 x 2H2O

12.60

1 mL

5.20 x 10-8

Component

Stock solution
-1

Trace metals stock solution*

* The EDTA was completely dissolved in 950 mL of dH2O first, with the other components then added one by
one and the final volume brought to 1 L with dH2O.

For the outdoor cultures the nutrient stock solutions were prepared in 8 L batches and stored in
darkness before use. The salinity of the medium was adjusted to 7 % NaCl (w/v) by adding pool
salt (NaCl) to the seawater. The 2.2 m3 fibreglass holding tanks containing the prepared medium
were aerated for at least three days prior to use to dissolve the added amount of salt. The full
composition of trace metals presented in Table 12 was added from June 2008 until September
2009. Post September 2009 only iron chloride without EDTA was added to the medium.
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2.3

Analytical procedures
2.3.1 Cell counting

To measure the algae culture population density in cells per mL, samples were taken from the
pond in front of the paddle wheel daily at a fixed time. A 10 mL Potter-type glass tissue grinder
with a loose fitting Teflon® plunger was used to homogenise gently the algae sample. The algae
cells were then immobilised by adding a drop of Lugol’s solution (0.07 g iodine and 6.0 g KI in
50 mL of deionised water with 5 % v/v glacial acetic acid). Cells were counted using a Neubauer
haemocytometer (Guillard and Ryther 1962).
The specific growth rate µ (t-1) during exponential growth was calculated following Equation 2
where No is the population density at the beginning of the period, Nt the population density at the
end of the period, over the time difference, ∆t (Wood et al. 2005).

µ=

2.4

ln( Nt ) − ln( No )
∆t

Eq. 2

Culture sampling and sample preparation

For all analyses a 200 mL sample was taken immediately in front of the paddle wheel from the
surface of the pond. The algae cells were homogenised in a 40 mL glass Potter homogeniser with
a loose fitting Teflon plunger and then filtered through a 25 mm ø GF/C filter. The volume of
culture filtered varied between 2.5 and 5.0 mL, depending on the number of cells. The cells were
then rinsed with 5 to 10 mL of 1.0 M ammonium formate to remove residual salt and the filter
with the algae cells was blotted dry with a paper towel. Three filters were folded and wrapped in
cling wrap and stored at - 20 °C until further processing.
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2.5

Dry weight and AFDW determination

The 25 mm ø GF/C glass fibre filters were pretreated by washing three -times with deionised
water and drying at 75 ºC over night. They were then combusted in a muffle furnace at 450 ºC
for 5 h. After combustion the filters were cooled to room temperature before transfer to vacuum
desiccators for storage. The filters were weighed on a six decimal place Mettler Toledo balance.
For algae dry weight and ash-free dry weight (AFDW) determination, the filters + algae were
placed in a crucible and dried for 22 h at 75 ºC over -night. After cooling, the weight of the filter
+ algae was measured and the dry weight calculated from Equation 3.

DW = w f + a lg ae − w f

Eq. 3

Where Wf = weight of plain filter [g], Wf+algae = weight of filter + algae after drying [g]; and DW
= dry weight

The filters were then returned to the crucible and placed in a muffle furnace at 450 ºC for 5 h.
After cooling, the weight of the filters + ash was measured and the AFDW was calculated from
Equation 4.

AFDW = w f + a lg ae − w f + ash

Eq. 4

where Wf+ash = weight of filter + ash after combusting [g].
The ash content represents the difference between the dry weight and AFDW values and is
calculated as a percentage of the dry weight Equation 5.

ASHcontent = ( ( DW − AFDW ) / DW ).100

Eq. 5
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2.6

Total carbohydrate analysis

Total carbohydrate was determined using the phenol-sulphuric acid digestion method of Kochert
(1978) as modified by Ben-Amotz et al. (1985) and updated by Mercz (1994) with some
modifications to improve precision. The reagents which were used in the assay were prepared
from analytical grade components and are listed in Table 13.
Table 13: Reagents for total carbohydrate analysis

Reagent

Concentration

Glucose master stock solution

1.0 mg mL-1

Glucose standard

0.1 mg mL-1

Phenol stock solution

50 mg mL-1

1 M H2SO4 (AR grade)*
Concentrated H2SO4 (AR grade)*
*(AR grade) = analytical reagent

The glucose standard was prepared by diluting 1 mL of the glucose stock solution with 9 mL
diH2O to give a final glucose concentration of 0.1 g mL-1. The phenol stock solution was kept for
a maximum of three days in storage.
The algae samples (see sample preparation above) were taken out of the freezer and the filter
containing the microalgae was homogenised in 0.5 mL of 1.0 M H2SO4 in a 10 mL acid resistant
plastic test tube with a screw lid and topped up to a final volume of 5 mL with 1 M H2SO4. For
the glucose standard curve, a set of tubes containing 0, 40, 80, 120, 160 and 200 μg glucose as
standards (Table 14) was prepared and topped up to a final volume of 2 mL with diH2O. The lid
on the tube was closed tightly and the tube was incubated in a water bath at 100 ºC for 60 min.
The tube was then cooled to room temperature (approximately 30 min) and centrifuged at 1500 x
g for 10 min: 2 mL of the supernatant was then transferred into another acid-resistant plastic test
tube.
Then 1 mL of 5 % (w/v) phenol solution was added and well mixed on a Vortex stirrer, followed
by the careful and rapid addition of 5 mL of concentrated H2SO4. The test-tube lid was again
tightly screwed on and the tube mixed on a Vortex stirrer while cooling to room temperature.
The absorbance was measured at 485 nm and the carbohydrate content calculated using Equation
6 of the function from the standard curve.
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Table 14: Quantities for the preparation of standard curve samples

Final glucose amount (µg)

0

40

80

120

160

200

standard solution (mL)

0

0.4

0.8

1.2

1.6

2.0

Di H2O (mL)

2

1.6

1.2

0.8

0.4

0

Figure 13: Typical glucose standard curve at 485 nm, (error bars are SE, n=4); R2=0.998

The glucose standard curve is a linear function following Equation 6, where x is the glucose
concentration and y the absorbance at 485nm, and m is the slope of the curve and c is the y offset
when x=0:

y = m* x + c

Eq. 6

The glucose concentration (X) of an unknown sample can be calculated from the absorbance (Y)
using the standard curve regression equation and using Equation 7.
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X =

Y −c
m

Eq. 7

After the glucose concentration of the sample was determined, the total amount of glucose in the
sample was determined by multiplying by the dilution factor of 2.5. The carbohydrate content
and a percentage of the AFDW were calculated using Equation 8.
carbohydrate [%] = carbohydrate [mg ] / AFDW [mg ] * 100%

2.7

Eq. 8

Total protein analysis

Total protein analysis was based on the method of Lowry et al. (1951) as modified by Dorsey et
al. (1978). The reagents used in the assay were prepared from analytical grade components and
are listed in Table 15.

Table 15: Reagents for total protein determination

Protein standard
(Bovine serum albumin fraction V)

Concentration

Quantity

(g L-1 dH2O)

(mL)

2.5

100

Biuret reagent

612

Na2CO3

200

60

NaOH

40

60

NaK tartrate

200

6

CuSO4 x 4H2O

50

6

dH2O

480

Folin-phenol reagent

50

Folin-phenol

25

DiH2O

25

The Biuret reagent was always freshly prepared before use by mixing the Na2CO3 and NaOH
solutions together first with dH2O, followed by the NaK tartrate and CuSO4 x 5H2O solutions.
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Triplicate protein standards were prepared from the protein stock solution (Table 16) and 5 mL
of Biuret reagent was added to make the final volume to determine the standard curve.

Table 16: protein standard concentration prepared for protein standard curve

Protein (µg)

0

BSA V (mL) 0
dH2O (mL)

0.14

50

100

150

200

250

300

350

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0

The frozen microalgae samples on the filters were placed in a 4 mL glass tube and homogenised
with a glass rod. Biuret reagent was used during cell disruption and for cleaning during transfer
into another 10 mL centrifuge tube to prevent loss of sample material.
Subsequently, 3 mL of Biuret reagent was added to bring the final volume to 5 mL. Based on a
biomass content (>0.7 mg), 2 – 3 mL were taken from the 5 mL and transferred into a new 10
mL centrifuge tube and topped up with 5 mL Biuret reagent and 0.14 mL dH2O to a final volume
of 5.14 mL. The samples and protein standards were incubated in a water bath at 100 ºC for 60
minutes. After the centrifuge tubes were removed from the water bath 0.5 mL Folin-phenol
reagent was added rapidly while mixing on a Vortex stirrer.
The centrifuge tubes were then placed in a cold water bath (10 – 15 ºC) to cool and then allowed
to equilibrate to room temperature for another 15 minutes. After cooling, the samples were
centrifuged at 1500 x g for 10 minutes. The supernatant was carefully removed and the
absorbance was read at 660 nm. The protein content of the samples was determined by using the
standard curve from the protein standard (Figure 14).
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Figure 14: Protein standard curve, (error bars are SE, n=4); R2=0.9965

The protein content and a percentage of the AFDW were calculated using Equation 9.

total protein content [%] = total protein amount [mg ] / AFDW [mg ]x100

2.8

Eq. 9

Total lipid determination

For the current study, two extraction methods were used to determine the total lipid content. The
Folch method was used from June 2008 to May 2009 (Folch et al. 1957) and from June 2009
onwards the Bligh and Dyer method was used (Bligh and Dyer 1959).
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2.8.1 Folch method
Samples were prepared as described under culture sampling and sample preparation. The filters
were placed in a 4 mL glass test tube and approximately 2 mL of liquid nitrogen was added. The
sample filters were pre-crushed with a glass rod and 1 mL of methanol (MeOH) was added.
After further crushing, the sample-methanol mix was transferred into a 10 mL centrifuge tube
with screw lid and the glass centrifuge tube was washed with another 1mL MeOH and
transferred into the 10mL tube. The crushing step with pure methanol was important to recover
all lipids bound in membranes and micelle formations (Christie 1982). To the final volume of 2
mL MeOH containing the sample material, 4 mL of chloroform was added and centrifuged at
1500 x g for 10 minutes with the lid tightly screwed on.
After centrifugation, the supernatant was carefully transferred into a 20 mL glass tube and a
second extraction of the pellet was conducted. A mixture of methanol: chloroform at a ratio of
1:2 v/v was prepared and 6 mL of the mixture added to the pellet in the 10 mL tube. The pellet
was very thoroughly mixed using a Vortex stirrer before being centrifuged at 1500 x g for 10
minutes. After centrifugation the supernatant was added to the supernatant from the first
extraction step in the 20 mL glass tube giving a final volume of 12 mL (containing 4 mL
methanol and 8 mL chloroform). Then, 3 mL of diH2O was pipetted into the 20 mL glass tube to
create a biphasic solvent system. The resulting mixture was very well mixed on a vortex stirrer
and kept in storage for 24 hours (in darkness & cool) for complete phase separation. After 24
hours, the samples were well partitioned into two phases with the methanol/water layer of non–
lipids containing sugars and amino acids and the green bottom layer containing the lipids and
pigments such as chlorophyll.
The methanol/water layer on the top was carefully removed with a very fine Pasteur pipette. The
chloroform layer then was transferred into a dry, pre-weighed 10 mL vial and six drops of
toluene were added to bind to any residual water to form droplets on the chloroform surface.
After all these droplets were removed from the chloroform layer surface, the 10 mL glass vials
were placed under a stream of pure nitrogen gas for evaporation on heating plates set at 38ºC and
left until complete dryness. The weight of the vials + lipids was then determined gravimetrically
to five decimal places using a Mettler analytical balance. The vials were then placed in vacuum
desiccators over KOH pellets overnight for further analysis such as TLC.
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2.8.2 Bligh and Dyer method
In the second period of this study, a method based on the method of Bligh and Dyer (1959) as
modified by Kates and Volcani (1966) and adapted by Mercz (1994) for total lipid determination
was used.
Samples were prepared as described under culture sampling and sample preparation. The filters
containing the algae were placed in a 4 mL glass test tube and 2 mL of liquid nitrogen for cell
disruption was added. Once the samples were thawed, they were crushed with a glass rod before
1 mL of the solvent mixture (methanol:chloroform:diH2O; 2:1:0.8) was added and homogenised
well with the glass rod. Then the homogenate was transferred to a 10 mL centrifuge tube with a
screw lid. Another 1 mL of the solvent mixture used to wash the glass rod and the 4 mL glass
tube and transferred into the 10 mL centrifuge tube. A further 3.7 mL of the solvent mixture was
then pipetted into the centrifuge tube to make the final volume 5.7 mL. The lid was tightly
screwed on before centrifugation at 1500 x g for 10 minutes. After centrifugation the supernatant
was carefully transferred into a 20mL glass tube with screw lid, which was kept closed at all
times to prevent the evaporation of the solvents.
For the second extraction, 5.7 mL of the solvent mixture was added to the pellet remaining in the
10 mL centrifuge tube. The centrifuge tube was then mixed on a Vortex stirrer to resuspend the
pellet very well before centrifugation at 1500 x g for 10minutes. The supernatant was combined
with the first supernatant in the 20 mL glass tube. At this stage, the final volume in the 20 mL
glass tube would be approximately 11.4 mL. Subsequently, 3 mL of chloroform was added
followed by mixing in a vortex. Following the addition of 3 mL diH2O phase separation
occurred. The samples were kept undisturbed for 24 h in darkness to allow for complete phase
separation.
The upper methanol/water layer containing a small proportion of sugars and amino acids was
removed with a very fine Pasteur pipette and discarded. The chloroform layer containing the
lipids was transferred into a dry pre-weighed 10 mL vial. Any residual water was removed by
adding about six drops of toluene. The droplets thus formed were removed with a pasteur pipette
from the chloroform surface. The vials with chloroform and lipids were placed under a stream of
pure nitrogen gas for evaporation on heating plates at 38 ºC to complete dryness.
When the chloroform solvent was evaporated the weight of the vials + lipids was determined
gravimetrically to five decimal places using a Mettler analytical balance. The vials were placed
in vacuum desiccators over KOH pellets overnight and for further analysis such as TLC.
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2.9

Thin layer chromatography of total lipids

The thin layer chromatography (TLC) method used is based on a compilation of techniques from
Ackman (1991), Touchstone (1995), and Fried and Sherma (1999) and was developed and

optimised in collaboration with Fon Sing (2010).

Table 17: Material and reagents for TLC
Material used for TLC

Comments

Standard 20x20 cm aluminium backed TLC plates

(Merck TLC Silica Gel 60F254)

20x20 cm clean glass plates
TLC plate carrier
TLC developing chamber with lid
Absorbent or filter paper

(Whatman 3MM Chr)

Reagent used for TLC
100 mL of 70:30:1 v/v Hexane : diethyl ether: acetic acid

(Mixture freshly prepared)

Iodine crystals in separate glass chamber with lid

For staining the bands

2.9.1 Plate activation and chamber preparation
Activation of the TLC plate is required to ensure uniform solvent migration across the plate. The
running direction of the plate was determined by looking at the production marks on the
aluminium back of the TLC plate. The plate was oriented such that production marks were
vertical and a faint horizontal baseline and reference line 10 mm on opposite sides the plate
edges were drawn with a soft pencil and clean ruler.
The plate was placed upright in between two clean and grease-free glass plates in the carrier to
prevent warping and activated for 1 hour at 120 °C in a preheated oven. After activation, the
plate was cooled to room temperature in a moisture-free environment while keeping the plate
still sandwiched between the glass plates. Meanwhile, the TLC chamber was prepared by adding
100 mL of freshly prepared solvent mixture of 70:30:1 v/v/v hexane: diethyl ether: acetic acid.
The filter paper was placed in the chamber and the TLC chamber was left undisturbed and well
sealed for 1 hour to allow the solvent vapours to equilibrate in both the liquid and vapour phases.
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2.9.2 Sample loading and TLC run
After weighing the vials with lipids, the vials were rinsed three times with 1 mL chloroform to
re-dissolve the lipids. The 3 mL chloroform/lipid mixture was collected in a separate vial and the
chloroform solvent was evaporated under the same procedure as described in the lipid extraction
procedure. The dried lipids were re-dissolved in chloroform to achieve the identical
concentration as the lipid standards. The samples and the standards were then spotted onto the
TLC plate. The loaded TLC plate was then quickly placed in the saturated developing chamber
which was then well sealed. The chromatographic process was left undisturbed until the solvent
mixture reached the reference line.

2.9.3 Derivatisation and lipid -class identification
The plate was removed from the developing chamber and allowed to dry under a fume hood.
After evaporation of the solvents the plate was carefully transferred into a different chamber that
was saturated with iodine vapour and kept in it for the derivatisation process until all spots on the

TLC plate were clearly revealed.
The visible spots were carefully outlined with a pencil (Figure 15) and the Rf value of each
individual spot calculated using Equation 10.

Rf = distance of spots from baseline / distance between baseline and referenceline

Eq. 10
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Figure 15: Typical TLC plate of lipid extracts for the Tetraselmis strains with olive oil and lipid standards

The lipids were identified by comparing calculated Rf values with the standards and values
published in the literature, where a similar solvent system had been used. The plates were also
scanned and saved electronically.

2.10 Lipid fractionation
Lipid samples were taken at constant time either during sunrise or sunset over the investigation
on biomass loss for MUR-233 in comparison between CO2 supply regulated pH versus without
CO2 supply unregulated pH.
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Triplicate samples of the cells were taken from each of the 1 m2 raceway ponds and filtered
through 25 mm diameter GF/C glass fibre filters followed by 5 mL isotonic (0.65 M) ammonium
formate solution to remove any salts. The filter was folded, dried with a paper towel and stored
at – 20ºC until further processing.
After shipment to the biochemistry and algal biotechnology laboratories under the supervision of
Professor Carola Griehl at the Anhalt University in Germany, the total lipids of algal biomass
were extracted with N-hexane-isopropanol-water solvent mixture (70:47.7:3 v/v/v). The samples
of three replicated filters including 100 mg silica-sand and 7mL solvent were transferred into 10
mL glass tube with screw lids and kept for 30 min on a shaker before being centrifuged for 10
min at 2419 x g. The supernatant of a three-step sequential extraction procedure were collected
and kept in 50 mL Falcon tubes. The total volume of 21 mL lipid and solvent mixture were
placed

in

Hettich

Combidancer

(the

description

of

which

can

be

found

at:

http://www.hettich.ch/en/products/hettich-evaporators/combidancer/combidancer),

where

the

solvents evaporated at 40 oC over 2 h at 137 mbar. After evaporation the amount of extracted
lipids were determined gravimetrically and re-dissolved in N-hexane.
Fatty acid methyl esters (FAME) were formed by acid catalyzed transesterification with 3mL
methanol-HCl (3N) at 70 oC for 1 h. After cooling, 3 mL of deionised water was added and the
top layer transferred by Pasteur pipette into the vial and placed in a Shimadzu 2P-2010 for gas
chromatography mass spectrometry (GC-MS) with further analysis by using SGE BPX70 GC
Capillary Columns, (Scientific Instrument Services).

2.11 Determination of chlorophyll
Chlorophyll extraction was conducted in dim light and samples were kept on ice throughout the
homogenisation and spectrophotometric process to avoid degradation of the pigments.
Chlorophyll was extracted using 90 % (v/v) acetone with a pinch of MgCO3 added under cool
conditions. The MgCO3 was added to remove any trace of acids from the samples or glassware
that might degrade the chlorophyll (Jensen 1978).
The microalgae samples were taken from the culture vessel and prepared as described under
sample preparation above. The filtered samples were placed in a 10 mL glass centrifuge tube and
thoroughly homogenised in 3 mL of ice-cold acetone before centrifuging at 1500 x g for 10
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minutes. After centrifugation, the supernatant was transferred into another glass tube and the
sample pellet resuspended on a vortex stirrer for re-extraction. The supernatants of both
extraction steps were combined to give a final volume of 6 mL. Subsequently, 2 mL from the
total chlorophyll extraction amount of each sample was transferred into a quartz cuvette before
the absorbance of the extracts was read at 664 nm and 647 nm.
The chlorophyll a and b content were calculated according to Equations 11 and Equation 12
(Jeffrey and Humphrey 1975).

Chlorophyll a (μg mL-1) = 11.93E664 - 1.93E647

Eq. 11

Chlorophyll b (μg mL-1) = 20.36E647 - 5.50E647

Eq. 12

2.12 Chlorophyll-a fluorescence
Several studies on the rate of photosynthesis using the rapid light curves (RLC) have clearly
demonstrated that for each species there exists a different maximum photosynthesis rate versus
irradiance (Figure 16). The RLC curve describes the electron transport for net gas exchange and
is divided into three sections, (1) -light limitation, (2) -light saturation, (3) -light inhibition. The
initial slope  (Figure 16) represents the maximum light -utilisation efficiency and the
intersection with Pmax as the maximum photosynthesis rate.

A further increase in irradiance above the saturation point where photosynthesis is no longer
limited by irradiance leads to energy dissipation as heat, followed eventually by a decline in
photosynthesis, known as ‘photoinhibition’ or ‘down regulation’ and possibly ‘photo damage’
(Goldman 1980; Beardall and Raven 2013). In this study, the RLCs were performed for two
outdoor cultures of Tetraselmis MUR-233 with additional CO2 and controlled pH, and without
additional CO2 and uncontrolled pH to identify the effect of CO2 addition and controlled pH on
the electron transport rate as shown in Chapter 4 (Figure 65). The photosynthetic electron
transport rate measures the period of adjustment due to change in irradiance associated with the
metabolic pathway as response to the different environment. The measurements at non-steady
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state condition represent the actual state of photosynthesis rather than the optimum state
achieved under steady state conditions (Ralph and Gademann 2005).

Figure 16: Rapid light curves

The RLC was performed by using a Water- Emitter Detector Unit (Water-PAM fluorometer,
Walz GmbH, Germany) connected to a PAM Control Unit and recorded onto the PAM software.
The light adapted samples were taken at the same time directly from the outdoor raceway ponds;
they were well mixed and placed in the quartz cuvette before the relative electron transport rate
(rETR) curve was generated. Dark adaptation of each sample was induced by wrapping each
sample in aluminum foil for exactly 15 minutes. For each culture and treatment a minimum of
four replicates and the average values of the relative rETR were plotted against irradiance
(Figure 65 in Chapter 4).

2.13 Data analysis
Statistical analysis was performed using SigmaPlotTM, version 11.0 from Systat Software Inc.
The data were tested for normal distribution and equal variance, using the Shapiro-Wilk test.
Paired t-tests were used for small data sets (n<10, raw data including replicates) between two
groups or within one strain. For data sets n>10 where n = mean of three replicates, a One-Sample
Signed Rank Test was performed.
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Dunn's test was used for analysis of variance (ANOVA) on ranks when the sample sizes in the
different treatment groups were different or for all pairwise comparisons with missing values.
Larger data sets such as specific growth rate data generated during the long term cultivation of
several Tetraselmis strains were analysed by ANOVA. Multiple pairwise comparisons were
performed using the Holm -Sidak method.
For multiple pairwise comparisons with smaller sample size n<10, the Kruskal–Wallis one-way
ANOVA by ranks was used as a non-parametric method for testing whether samples originate
from the same distribution. The parametric equivalent of the Kruskal-Wallis test, the one-way
ANOVA, was mainly used for seasonal comparison between the Tetraselmis strains. When the
Kruskal-Wallis test demonstrated significant results, at least one of the samples was different
from the other samples but the test did not identify where the differences occur or how many
differences actually occurred. If there was an extension test required for three or more groups,
the Mann-Whitney test was used to analyse the specific sample pairs for significant differences.

2.14 Method optimisation
This section discusses the improvements and modifications of techniques and methods
necessitated either by insufficient guidelines in the literature available or special application
requiring modification.

2.14.1 Test of the methodology for salt removal by using washing solutions
For accurate determination of dry weight the cells on the filter need to be washed to remove
adhering salts (Zhu and Lee 1997). Washing the cells reduces the load of inorganic salts that
might interfere with further analysis such as lipid or other biochemical analyses.

Distilled water as the ‘purest’ washing solution is clearly not suitable for the halophilic algae
used in this study as it inevitably leads to cell bursting and the loss of cell contents (Goldman
and Dennett 1985). Ammonium formate is a more suitable washing solution as indicated by the
higher AFDW values compared with the distilled water washed samples (Figure 17).
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Figure 17: Comparison of DW and AFDW of filtered Tetraselmis MUR230 washed with 5 mL of either (A) 1
M ammonium formate or (B) distilled water

Given the high salinity the Tetraselmis cells were grown in, as it was decided to investigate the
best cell washing procedure to minimise the ash content and the error for dry weight and ash-free
dry weight determination.
For this experiment, the algae culture was grown in 1 m2 outdoor raceway ponds. The sample for
each treatment came from the same batch of culture with a cell density of 44 x 104 cells mL-1, at
1.2 M NaCl (7.0 % w/v NaCl concentration). Ammonium formate and ammonium bicarbonate
have been recommended in the literature as washing reagents for marine algae cells (Zhu and
Lee 1997). Ammonium formate and ammonium bicarbonate solutions at different molarities and
with different washing volumes were compared using the ash content as an indicator of the cell washing efficiency (Figure 18).
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Figure 18: Ash content of Tetraselmis MUR-230 grown at 1.2 M NaCl, and washed with various volumes of
(A) 1.0 M ammonium formate, (B) , 1.5 M ammonium formate, (C) 1.0M ammonium bicarbonate and (D) 1.5
M ammonium bicarbonate, error bars are SE, n=4

For ammonium bicarbonate there was no statistical difference in the ash content between the two
molarities used (P=>0.1, grouped t-test, n=23) nor between the washing volume (P=>0.1,
grouped t-test, n=4). Ammonium formate also showed no significant difference between the two
molarities (P=>0.1, grouped t-test, n=23), but there was a significant different between 5mL and
higher washing volumes (P=<0.05, grouped t-test, n=4).
These results lead to the conclusion that:
1.

ammonium formate was the most suitable washing solution

2.

volumes equal or higher than 10mL resulted in ash content below 10 % and less error,
instead of equal or lower washing volumes

77

Based on these results all algae samples during the entire study were washed with ≥ 10 mL 1 M
ammonium formate. All biomass concentration values and productivity data shown in this thesis
are based on AFDW values.

2.14.2 Macro nutrient analysis
Macro nutrients such as nitrogen and phosphorous formulations are essential for algal growth.
The initial aim of monitoring the macro nutrient concentration in the medium was to insure that
during semicontinuous culturing with different dilution frequencies varying between one day and
six days, the algae culture does not move into a nutrient -starvation condition, especially for N
and P. The common dilution procedure in the 1m2 raceway ponds was to discard the harvest
volume and replace the harvested volume with a freshly prepared seawater-based medium at 7 %
NaCl containing NO3 and PO4 concentrations according to the F-medium shown above (Guillard
and Ryther 1962).
The first observations of macro nutrient concentrations were made for cultures of Tetraselmis
MUR-167 and MUR-230 grown in 1m2 outdoor raceway ponds in 7 % NaCl seawater without
CO2 addition and uncontrolled pH. Culture samples were taken immediately before dilution and
after dilution over two growth cycles of six days (Figure 19). For nutrient analysis the culture
sample was filtered through a 47mm ø, GF/C Whatmann filter. The final water samples were
collected in carbonate containers for further analysis for total N- and P- concentration via the
Kjeldahl method by the Marine and Freshwater Research Laboratory at Murdoch University.
Dissolved [NO3-] and [PO42-] from the culture filtrate was measured using commercial aquarium
[NO3-] and [PO42-] kit (API, Aquarium Pharmaceuticals).
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Figure 19: Solar radiation (area plot), minimum (), maximum () temperature, cell number- MUR-167
(A), MUR-230 (B) during total N- and P-concentration monitoring over two growth cycles of six days (I , II)
with a dilution frequency of 3 days indicated by arrows, error bars are SE, n=4

Interesting results were found for phosphate, where after the medium was added to the stock
culture, the phosphate concentration showed a marked difference between the theoretical
concentration of P and the measured concentration (Table 18), with the actual P concentration
being much less that the expected concentration. This probably indicates the precipitation of P
compounds in the high pH and high saline medium reducing the concentration of soluble P.
However, the overall results for total N- and P-concentration in the medium showed that there
was no apparent N or P limitation in the cultures after six days algal growth for both strains
(Table 18). MUR-230 showed higher residual concentrations of N and P compared to MUR-167
presumably as a result of the different specific growth rates [MUR-230, µ=0.08±0.009 (SE;
n=4); MUR-167, µ=0.12 ±0.018 (SE; n=4).
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Table 18: Total N-concentration and total P-concentration for two growth cycles of MUR-167 and MUR-230
uncontrolled pH in semicontinuous growth mode with a dilution frequency of six days (growth cycles
indicated with a and b)
MUR-167

Phosphorous

Residual concentration [µg L-1]
Added concentration [µg L-1]
-1

Theoretical final concentration [µg L ]
-1

Measured final concentration [µg L ]

MUR-230

a

b

a

b

27

19

38

44

534

623

356

534

561

642

394

578

280

76

220

63

6500

5500

8300

7200

7010

8178

4673

7012

13510

13678

12973

14212

13000

13000

12000

13000

Nitrogen
Residual concentration [µg L-1]
Added concentration [µg L-1]
-1

Theoretical final concentration [µg L ]
-1

Measured concentration [µg L ]

However, residues of total N and total P observed in the culture medium filtrate could have
arisen from other sources such as cell excretion or other soluble inorganic and organic
compounds in the seawater source rather than from supplied sources of N and P. This would
mean that the residue concentrations in NTotal and PTotal will not relate to any earlier reported
assumed non-starvation condition regarding NO3 and PO4 concentrations. According to long
term observations, which showed that MUR-230 under controlled pH with CO2 supply achieved
higher specific growth rates compared to uncontrolled pH, the nutrient requirement for N and P
was increased.
Therefore, further studies were conducted to determine the nutrient uptake under controlled pH
with CO2 addition to identify whether the high pH was the reason for the reduction of dissolved
phosphate. In this experiment Tetraselmis MUR-230 and MUR-233 were grown in 1m2 outdoor
raceway ponds in 7 % NaCl seawater under controlled pH conditions with CO2 addition. Culture
samples were taken at 9.00 am, 1.00 pm, and 6.00 pm. The samples were filtered as before and
analysed for NO3 (detection limit ≥5 mg L-1) and PO4 (detection limit ≥0.25 mg L-1)
concentration by using an API®-aquarium kit for seawater. Cell counts were determined during
the first sampling at 9.00 am and the following day at 9.00 am to estimate the specific growth
rate.
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Table 19: Measurement of NO3- and PO4-concentration (calculated N-/ P-concentration) for MUR-230 and MUR-233 under controlled pH with CO2 addition and biomass
productivity of 27 g AFDW m-2 d-1 and 24 g m-2 d-1, respectively
Tetraselmis strain
PO4 -concentration
NO3 -concentration
Time
P-concentration
N-concentration
mg .L-1

mg .L-1

µg .L-1

µg .L-1

5

80

9:00 AM

1125

13040

60x10 [cells .mL ]

3

50

1:00 PM

675

8150

µ=0.5 [d-1]

2

30

6:00 PM

450

4890

MUR 233 +CO2

3

60

9:00 AM

675

9780

63x104 (cells .mL-1]

2

40

1:00 PM

450

6520

0

20

6:00 PM

113

3260

MUR230 +CO2
4

-1

pH=7.30±0.3

-1

µ=0.45 (d )
pH=7.35±0.3

Note: P- and N- concentrations are estimated from PO4- and NO3- concentrations

Table 20: Nutrient concentration monitoring including measured CO2 addition and estimated demand at 1.8 g CO2 for 1 g AFDW biomass (Kohl and Nicklisch 1988; Ho,
Quigg et al. 2003; Grobbelaar 2004) for two Tetraselmis spp. used as replica in open raceway ponds in Perth, Australia under controlled pH with CO2 addition and
biomass productivity of 27 g AFDW m-2 d-1 (MUR-230) and 24 g AFDW m-2 d-1 (MUR-233)
PPNN/P
Tetraselmis strain
P
N-concentration
N
C
CO2
concentration
consumption
consumption
=10

MUR-230+CO2
60x104
[cells .mL-1]
µ=0.5 [d-1]
pH=7.30±0.3
MUR-233+CO2
63x104
[cells .mL-1]
µ=0.45 [d-1]
pH=7.35±0.3

µg .L-1

µg .L-1

mg.L-1

µg .L-1

µg .L-1

mg.L-1

ratio

mg.L-1

mg.L-1

1125

-

-

-

-

-

-

-

-

675

450

0.45

8150

4890

4.89

24

42

140

450

225

0.23

4890

3260

3.26

32

28

90

675

-

-

-

-

-

-

-

-

450

225

0.23

6520

3260

3.26

32

28

90

113

337

0.34

3260

3260

3.26

21

28

90
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Table 19 and Table 20 demonstrate that the reduction of PO4 and NO3 concentration is
simultaneous over the day period for both Tetraselmis strains under controlled pH condition. The
molar N/P ratio during N- and P- uptake for both strains was monitored between 21 and 32 and
there was no drop in phosphate concentration observed after adding the nutrient stock solution.
The consumption of N and P required the equivalent amount of carbon, which can be calculated
as demonstrated in Table 22. Inorganic carbon could be limiting during the first nutrient
monitoring of Tetraselmis sp. without CO2 addition resulting in low growth rates. According to
the results of both observations, the culture management based on cell densities where the
harvest volume is replaced with the full media at high dilution frequencies showed no N and P
limitation in the culture at any time.

2.15 Cultivation systems
The main outdoor cultivation experiments at the Algae R&D Centre of Murdoch University,
were carried out in six 1m2 illuminated surface area (four 2 x 0.5 x 0.25 m - L x W x D ponds,
and two 2 x 0.5 x 0.30 m - L x W x D ponds) open air raceway ponds (Figure 20). Other
experiments were carried out in two 2m2 raceway ponds.

Figure 20: Cultivation systems (A – 1m2 raceway ponds; B – 2m2 raceway ponds; C – Biocoil at Algae R&D
Centre, Murdoch University
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The six 1 m2 raceway ponds had a marine plywood frame, which was fibreglass coated and
painted with epoxy paint. The 2 x 2 m2 raceway ponds were built of fibreglass without any extra
coating. All ponds were divided into two channels and the microalgae culture was continuously
circulated by a four-blade paddlewheel that rotated at 18 rpm and generated an average flow rate
of ~0.2 m s-1, depending on the culture depth and distance to the paddlewheel.
Prior to the beginning of outdoor cultivation, the ponds were treated with commercial pool
hypochlorite at a concentration of 1.5 % w/v in 7 % seawater for three days. Afterwards the
ponds were filled with tap water, which was re-circulated for 48 h and then discarded. The
ponds were then thoroughly rinsed with tap water before medium addition. The same sanitation
and washing treatment was applied whenever the pond was used for a different algal strain. The
cleaning and washing equipment was kept in 1.5 % w/v hypochlorite.
Additional experiments in Perth were carried out in two 2 m2 (2.7 x 0.8 x 0.35 m - L x W x D)
open air raceway ponds and a 40 L helical photobioreactor (Biocoil) with 4.0 m2 illuminated
surface area for comparison study between the two open pond systems and the enclosed
photobioreactor (PBR). The photobioreactor was based on the Biocoil design of Robinson et al.

(1989) containing a volume of 40 L. The detailed design of the particular Biocoil is described in
Moheimani et al. (2011) and Raes et al. (2014).

2.16 Culture management of the long -term cultures in Perth
The raceway ponds were initially inoculated from 20 L carboy cultures of each Tetraselmis
strain grown indoors. Before inoculation of the 1 m2 raceway ponds, the ponds were filled to 13
cm depth with seawater enriched with nutrients and with NaCl added to reach a salinity of 7 %
w/v NaCl. The choice of 7 % w/v NaCl was based on the strain selection work of Fon Sing
(2010), who showed that Tetraselmis MUR-167, MUR-230 and MUR-233 grew well over a
salinity range between 3.5 and 9.0 % w/v NaCl.
For the first week, the cultures were grown in batch mode to allow them to adapt to the outdoor
conditions and subsequently, the cultures were maintained in semicontinuous culture mode using
a dilution frequency of three times per week. The dilution rate was based on the cell number
(average of 4 counts) and the total volume of the pond. During culture dilution, the discarded
cultures were collected in a 1 m3 container for further investigations on downstream processing.
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To replace the harvested volume, the raceway pond was replenished with seawater and NaCl was
added to adjust the salinity to 7 % w/v NaCl and nutrients were added based on the replaced
volume. One important observation made during the first two months of outdoor cultivation was
the occurrence of a decline in cell growth immediately after dilution, resulting in a much lower
specific growth rate (µ) for the day after each dilution (Figure 21).

Figure 21: Tetraselmis MUR-230 grown in semi-continuous culture without CO2 addition and with
unregulated pH. Top panel: total daily solar irradiance (area plot), daily minimum temperature () and
maximum temperature () Bottom panel: cell density (—) and specific growth rate (bar plot)

Several reasons could be responsible for this decline in cell growth after dilution:
(a) Sudden osmotic variations from high to low salinity due to topping up with seawater
followed by a further rapid change from low to high salinity after NaCl addition during the
dilution procedure.
(b) Variation in nutrient concentrations including inorganic carbon and pH variation during
dilution must be considered as a potential reason for the existing lag phase. Variation in light
intensity experienced by the cells due to dilution and depending on the dilution rate, potentially
resulted in photoinhibition of the more dilute culture after dilution.
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As a consequence of the observations during the first two months, an effort was made to keep the
salinity constant during the dilution process for the rest of the experimental period. Thus, to
prevent any major fluctuations in salinity due to dilution, the seawater was pre-adjusted to 7%
(w/v) NaCl salinity before adding to the culture. The salinity adjustment of the medium before
dilution eliminated the lag phase and had a much smaller inhibitory effect on the specific growth
rate after dilution (Figure 22). However, even with salinity adjustment, a lag phase was
sometimes still observed under certain conditions.

Figure 22: Tetraselmis MUR-230 grown in semi-continuous culture without CO2 addition and with
unregulated pH after salinity adjustment of the medium salinity before culture dilution. Top panel: Total
daily solar irradiance (area plot), daily minimum temperature () and maximum temperature () Bottom
panel: cell density (—) and specific growth rate (bar plot)

These lag phases or reduced growth appeared to be mainly due to reduced solar irradiance on
those days as shown in Figure 22 (indicated by the letters a-d). However, to maintain
consistency, the specific growth rates presented in this chapter are always calculated according
to Equation 2 over the period between the dilution intervals instead of the daily intervals, unless
otherwise stated.
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From October 2009 onwards, the medium was pre-prepared and stored in two 2.2 m3 fibre-glass
tanks, which were connected by a 20 mm pipe-network with floating ball valves in the raceway
ponds. This pipe-network was also connected to a freshwater source to replace automatically
water loss due to evaporation.
Samples for cell counts were taken every day, always at the same time as the dilution procedure
at 9:00 am, while samples for analysis were taken directly before and after dilution. Productivity
data are calculated over the growth period between the culture dilutions according to the sample
interval. The pH (Hanna Instruments, pH-meter) and salinity (ATAGO, Refractometer) were
monitored daily at 9.00 am and the pond temperature was monitored continuously by a
submersible temperature logger (Tiny-Tag 4100). Solar irradiance and temperature data were
obtained from the Murdoch University weather station (http://wwwmet.murdoch.edu.au/).

2.17 Karratha Pilot plant Design and Methods
Cultures of Tetraselmis MUR-233 were transported from Perth to Karratha (Western Australia)
in July 2010 and initially established in two 2 m2 raceway ponds at the Aurora Algae site where
they were grown for a period of three months (Figure 23). The cultures were then transferred
from the temporary location at Aurora Algae to the pilot plant in December 2010.

Figure 23: Satellite view of the location of the algae pilot plant and the Aurora Algae plant in Karratha,
(Source: http://maps.google.com.au)
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The Pilot Plant (Figure 24) is located on a site provided by Rio Tinto next to the Rio Tinto
Yurralyi Maya Power Station, at 7-Mile, in Karratha (-20.76’19”; 116.73’11”), and was
constructed from June to November 2010 and commissioned in November 2010. The pilot plant
was designed and engineered by Boro Designs (Kalamunda, Western Australia) and Michael
Borowitzka, with the electrical engineering design by Theo Kalaizides, David Lewis, and
Andreas Isdepsky. Construction of the pilot plant was carried out by Laing O’Rourke.

Figure 24: Aerial view of the pilot plant in Karratha showing the 20 m2 and 200 m2 raceway ponds, the three
water storage tanks and associated buildings, (Source: http://maps.google.com.au)

The algae pilot plant has two 2 m2 fibreglass raceway ponds, and two 20 m2 and two 200 m2
earthen high density polyethylene (HDPE)–lined raceway ponds with six blade paddle wheels
for mixing (Figure 25). The third 200 m2 raceway pond did not have a paddle wheel and was
used as a storage and buffer pond.
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Figure 25: Raceway ponds at the Karratha pilot plant: - (A) 2 m2 pond, (B) 20 m2 pond and (C) 200 m2 ponds
inoculated with Tetraselmis MUR-233

A detailed cross section of a 20 m2 pond is shown in Figure 26. Each size of pond was duplicated
to provide the opportunity for comparison between control and experimental pond operation at
different scales. The 1:10 ratio between the pond sizes was designed to allow inoculation of the
larger ponds from the smaller ponds.

Figure 26: Detail of the original pond drawing (MUR-G-002_c - General pond design Karratha pilot plant)
showing a cross section of a 20 m2 pond. (© used with permission of Boro Designs, Kalamunda, Western
Australia)
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The challenge for salinity management by evaporation of seawater as the only water source
(Figure 27) is less for the 20 m2 ponds compare to the 2m2 ponds due to the pond design as
shown in Figure 26 with a pond wall slope of 1:1.5 ratio (depth: width). This means that the
water surface area increased with increasing culture depth as did the pond volume (Table 21).
Therefore, calculations of areal and volumetric productivities in the 20 m2 and 200 m2 ponds
must account for the sloping pond walls.
Table 21: Estimated surface area and volume of the 20 m2 and 200 m2 ponds at the Karratha pilot plant at
different culture depths

20m2 pond
Pond

Average

200m2 pond
Surface

Surface
2

Volume
3

Pond

Average

Surface

Surface
2

Volume

depth

cm

area %

m

m

depth

cm

area %

m

m3

0
5
10
15
20
25
30
35

100.00
115.00
130.00
145.00
160.00
175.00
190.00
205.00

100.00
115.00
130.00
145.00
160.00
175.00
190.00
205.00

20.00
23.00
26.00
29.00
31.00
35.00
38.00
41.00

0.00
1.08
2.30
3.68
5.10
6.88
8.70
10.68

0
5
10
15
20
25
30
35

300.00
315.00
330.00
345.00
360.00
375.00
390.00
405.00

100.00
105.00
110.00
115.00
120.00
125.00
130.00
135.00

200.00
210.00
220.00
230.00
240.00
250.00
260.00
270.00

0.00
10.25
21.00
32.25
44.00
56.25
69.00
82.25

Figure 27: Theoretical salinity pattern over time due to evaporation for the 20 m2 pond (--) at 20 cm depth
(equal to 5000 L) due to evaporation of 1.5 cm d-1 and measured salinity in the 2 m2 pond after inoculation at
the pilot plant in Karratha () by using only seawater as a replacement for evaporation loss
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The paddle-wheel motors had variable speed drives to generate different velocities allowing the
mixing speed to be varied. The Reynolds number of the ponds was calculated using Equation 13
- 15 and the dimension presented in Table 10, Chapter 3, while flow rates for the 20 m2 and 200
m2 ponds were determined at fixed points over the total pond channel length (Figure 28). The
flow rates in the raceway ponds were measured using the pH tracer method by introducing 1 M
HCl and 1 M NaOH at the tracer injection point. The pH then was determined at three fixed
points as demonstrated in (Figure 28) of increasing distance from the paddle wheel (1 - 3) in the
open raceway pond, and the pH change was measured using the YSI 600XL multi-sensor electrode.

Figure 28: Bird’s eye perspective of a paddle wheel driven raceway pond (T = tracer injection point and 1; 2;
3 are the pH -detection points). The arrows show the direction of flow.

The culture velocity (Ul) was calculated using the distance from the tracer injection to the detection
points (Lt) and the time (t) between injection and detection (Molina et al. 2001), as described by
Equation 13.

Ul =

Lt
t

Eq. 13

Reynolds numbers were calculated from the specific flow rates and the dimensions of each
cultivation systems.
The internal flow needed to be described by the hydraulic diameter, Dh, which is defined as four
times the cross-sectional area (A), divided by the wetted perimeter (P) which for an open pond is
the total perimeter of all channel walls that are in contact with the flow Equation 14.

Dh =

4A
P

Eq. 14
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The Reynolds number was calculated by Equation 15.

Re =

Ul.Dh. p

µ

Eq. 15

where:
p is the density of seawater at 20 °C at 7 % salinity (1051.8 kg m-3) and μ is the dynamic
viscosity of seawater at 20 °C at 7 % salinity (1.168x10-3 kg m-1 s-1).
Seawater for the cultures was collected at the Karratha Back Beach boat ramp, trucked to the
pilot plant and stored in two 45 m3 water tanks on-site. Freshwater was collected from the main
freshwater pipeline of Karratha trucked to the pilot plant and stored in the third 45 m3 water tank
on-site. Regarding the standard pH-stat system applied for the small scale raceway ponds in
Perth, there was a need for an improved system for supplying CO2 in the larger ponds at the
Karratha pilot plant.
The CO2 diffuser system for the pilot plant was based on the observations made in the small scale 1 m2 and 2 m2 ponds in Perth. The CO2 supply to the small scale 1m2 raceway ponds in
Perth was monitored and logged using a chart recorder connected parallel to the solenoid valve
(Figure 29).

Figure 29: CO2 supply interval time for Tetraselmis MUR-233 recorded from 9.00am to 6.00pm by Linear
Instruments Corp. Chart Recorder-142 (speed: 2 cm .min-1, when the solenoid valve was switched on)

CO2 supply was provided from a CO2 cylinder (food grade) using a pressure regulator and flow
regulator with a flow rate adjusted at 6 L min-1 through a circular diffuser (120 mm ø) located
upstream of the paddle wheel and was controlled using a pH-stat system with the set point at pH
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7.3. Figure 29 and Table 22 demonstrates that a consistent amount of CO2 was added to the
ponds over the entire daylight period.
Table 22: Summary of the CO2 addition during the day for MUR-233 grown in a 1 m2 pond in Perth with a
biomass productivity of 25 g AFDW m-2 d-1. Inorganic carbon uptake was calculated assuming 1.8 g CO2 for 1
g AFDW biomass and is displayed in the left columns

Total

C uptake

CO2 uptake

CO2 uptake in g

Duration of

CO2 supply

CO2 supply

C supply

C supply

CO2 supply

mg L-1

mg L-1

per 200L*

CO2 supply

L*

g*

g*

mg L-1

mg L-1

72 sec

7.2

12.38

3.38

16.9

62.02

78 sec

7.8

8.27

2.26

11.3

41.47

81 sec

8.1

15.93

4.34

21.7

79.64

42 sec

4.2

15.31

4.18

20.9

76.70

63 sec

6.3

14.12

3.85

19.3

70.83

336

33.6

66.01

18.01

70

230

45

* Amount per raceway pond at 200 L volume

The efficiency of the diffuser was estimated by dividing the amount of CO2 uptake by the
amount of CO2 that was added to the pond giving 68 % efficiency. The efficiency of the diffuser
is dependent on the CO2 transfer from the gas phase to the liquid phase as a function of the
bubble surface area and the contact time between the gas in the bubble and the liquid. Since the
ponds are shallow, this is only a short time.
Table 23: Estimated requirement for CO2 at the algae pilot plant in Karratha
Pond size in m2

2

20

200

Biomass productivity 30 g AFDW m-2 d-1

60

600

6000

Amount of ponds for each scale

120

1200

12000

1.8 g CO2 required for 1 g AFDW algae biomass

216

2160

21600

32% CO2 loss

69.12

691.2

6912

Sum (g)

285.12

2851.2

28512

Amount for 7days of storage on-site

1995.84

19958.4

199584

Number of CO2 cylinders required at 31 kg

Sum (kg)

221.5
7.1

Based on the calculations in Table 23 a 15 cylinder manifold with a single outlet was installed at
the pilot plant. The CO2 manifold outlet was connected to each pond by a 15 mmØ PVC pipe
network. The scaling up of the cultivation pond sizes requires the CO2 supply system to be
scaled up also as the ratio of the diffuser area and pond surface area plays an important role to
provide sufficient CO2 efficiently to the larger ponds.
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Figure 30: Schematic of the design of the single CO2 diffuser (A) and the pipe diffuser battery, empty pipe
indicate the potential extension of the battery to increase the diffuser capacity regarding the pond surface
area (B) applied in the 20 m2 and 200 m2 raceway ponds at the algae pilot plant in Karratha, Western
Australia

To achieve better CO2 uptake efficiency from the CO2 supply system in the larger ponds a new
design for the in-pond supply system with a greater diffuser surface area and longer gas hold-up
time was developed. This consisted of a battery of pipes with the diffusers located within the
pipes. The diffusers used were porous garden hose (POPE© Micro Water Weeper). The
dimension of the diffuser pipe battery as shown in Figure 30 was estimated from the surface area
of the porous garden hose and multiplied by the amount required for each pond size.
The total diffuser area was based on the work of Becker (1994a), who suggested that a 1 m2
injector area could supply the required demand of CO2 for 25 g m-2 d-1 algae biomass
productivity in a range of 40 – 75 m2 pond surface area. Therefore it was calculated that for the
20 m2 ponds a diffuser battery of 5 pipes of 1.2 m length were required to obtain approximately
0.6 m2 diffuser area, while for the 200 m2 ponds 15 pipes at 1.5 m length were required with a
2.13 m2 diffuser area.
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The CO2 diffuser was placed upstream of the paddle wheels and fixed so that there was no
movement of the pipe in the paddle wheel area. The pipe battery was held at the bottom of the
pond by concrete plates to prevent the flotation of the diffuser system due to CO2 addition. The
construction frames also gave support for monitoring equipment and cleaning net (Figure 31).
The pipe battery was submersed in the pond with an angle of inclination of 2 degrees, with the
higher end of the pipes facing upstream so that the water flow maintained the gas bubbles for as
long as possible in the liquid phase. The flow rate of the CO2 was adjusted to 15 L min-1 and the
set point of the pH-stat system was pH regulation of 7.3 ±0.5 for the 20 m2 raceway ponds.

Figure 31: 20m2 raceway pond at the algae pilot plant in Karratha, 1=support frame for diffuser pipe battery
(3) across the pond with additional support (2) for pH electrode

For all studies at the pilot plant regardless of the scale, the pond depth was maintained at
approximately 20 cm. A multi parameter YSI 600XL Sonde was used for in-pond monitoring of
temperature, pH, dissolved O2 (DO) and conductivity.
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3 CHAPTER 3
Long -term Feasibility
Initial screening under laboratory conditions by Mercz (1994) and Fon Sing (2010) of newly
isolated high lipid containing halophilic microalgae indicated that the diatom Amphora
coffaeoformis (MUR-158) and several strains of the green alga Tetraselmis sp. had promising
characteristics for large-scale cultivation for the production of biodiesel. Further studies
comparing one of the promising Tetraselmis strains (Tetraselmis MUR-167) with the diatom
Amphora coffaeoformis (MUR-158) under outdoor conditions in 1m2 outdoor raceway ponds at
Murdoch University, found that this diatom was unsuitable for outdoor cultivation due to
recurring invasion and overgrowth by Tetraselmis MUR-167 (Fon Sing 2010). These results
demonstrated clearly the importance of selecting the best alga under outdoor conditions
irrespective of the promising results obtained from indoor laboratory conditions.
The studies of Mercz (1994) and Fon Sing (2010) on the interaction between salinity, growth
phase and biochemical composition on Tetraselmis sp. MUR-167 also showed that lipid content
is higher in exponential phase and increases with increasing salinity, both key requirements for
biodiesel production from microalgae in saline water (Borowitzka 2010). These previous studies
demonstrated the potential of the selected algal species, but provided little data on the reliability
and productivity of the cultures under outdoor conditions over a long period. To assess
commercial viability, it is essential to test the algae cultures for their reliability and productivity
over a long period under the environmental conditions the cultures will experience in a
production plant, as well as to optimise the culture management protocol.
The first part of this chapter describes the long-term outdoor culture of several Tetraselmis
strains in 1 m2 outdoor raceway ponds with and without the addition of CO2 in Perth, Australia.
The second part of this chapter describes the transfer of the selected Tetraselmis strain in Perth to
the pilot scale in Karratha. The data presented in this chapter represent the control raceway
ponds using the basic culture management protocols described in Chapter 2.
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3.1

Long-term outdoor culture and strain comparison at small scale in Perth

Table 24 shows the periods over which the cultures were grown. The cultures were grown as
semi-continuous cultures, either without addition of CO2 (i.e. the pH was unregulated), or with
the addition of CO2 using a pH-stat system with the culture pH regulated at pH 7.5 ±0.3. The
term ‘regulated pH’ in this chapter refers always to regulation by CO2 addition. Further, it is
important to note that all results in this chapter are based on the control ponds only, and without
any further attempts to optimise biomass and lipid productivity. The harvest regime during the
long term cultivation varied between the seasons from high as three times a week during summer
to low as ones a week during winter which is further described in Chapter 4 under 4.9 and
demonstrated in Figure 77.

Table 24: Overview of inoculation and culture period of several Tetraselmis strains for long -term cultivation
Tetraselmis strains
Initial inoculation
End of monitoring
Without CO2 addition (unregulated pH)

MUR-167
*October 2007
October 2009

MUR-230
November 2008
December 2010

MUR-231
January 2009
March 2009

MUR-233
January 2009
December 2010
With CO2 addition (regulated pH)

MUR-167
May 2009
October 2009

MUR-230
January 2009
November 2010

MUR-233
August 2009
December 2010
*inoculated by (Fon Sing 2010)

Three of the Tetraselmis strains (MUR-167, MUR-230, and MUR-233) grew well without
addition of carbon dioxide over the whole experimental period of up to two years in the outdoor
raceway ponds in semicontinuous culture under Perth climatic conditions (Figure 32). A fourth
Tetraselmis strain (MUR-231) was also trialled, but could not adapt to the outdoor conditions.
From the start of outdoor cultivation the culture of Tetraselmis MUR-231 grew slowly followed
by cell clumping and bleaching indicating culture collapse (Fon Sing 2010). Further studies of
this strain were therefore abandoned.
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Figure 32: Top two panels: total solar irradiance (—), maximum (•••) and minimum (—) temperatures (top
panel), cell densities (—). Lower panels: specific growth rates () for Tetraselmis MUR-167, MUR-230 and
MUR-233 in 1m2 outdoor race way ponds in Perth without CO2 addition and with no pH control

All three Tetraselmis strains also adapted very well to CO2 addition and a constant pH and grew
well over the entire experimental period (Figure 33).
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Figure 33: Top two panels: total daily solar irradiance (—), maximum (•••) and minimum (—) air temperatures,
Lower three Panels: cell densities (—) and specific growth rates (•) for Tetraselmis MUR-167, MUR-230 and
MUR-233 in 1m2 outdoor race way ponds with CO2 supply and regulated pH in Perth
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MUR-167 was grown under enriched CO2 conditions for a period of five months before the
culture was stopped. The mean specific growth rate of this strain was similar to the other two
Tetraselmis strains (Table 25). MUR-230 with CO2 grew well for almost two years and the mean
specific growth rate over this period was similar to MUR-233 with CO2 addition (Figure 33,
Table 25). Compared to MUR-230 over a period of one year, the mean specific growth rate of
MUR-233 of 0.246 ±0.08 d-1 was 11 % higher than that of MUR-230 (0.221 ±0.09 d-1). The
lowest specific growth rate of less than 0.15 d-1 for MUR-230 and MUR-233 was observed
during winter 2010 (June – August) with CO2 addition when the solar irradiance reached the
lowest point and temperatures were between 6 oC and 19 oC (Table 2; Figure 33).
The Tetraselmis strains grown without CO2 addition had a similar seasonal growth pattern
(Figure 32) with similar mean specific growth rates over the entire experimental period (Table
25). There was no significant difference (P=0.098, Kruskal-Wallis One Way) in specific growth
rates between the three strains grown without CO2 addition. Similar results (P=0.184, KruskalWallis One Way) were observed for Tetraselmis strains MUR-230 and MUR-233 grown with
CO2 addition. However, a seasonal significant difference in specific growth rates was found in
both Tetraselmis MUR-230 and MUR-233 with additional CO2 between summer and winter. The
overall growth pattern for MUR-230 and MUR-233 regardless of CO2 and pH condition showed
a decline in specific growth rate each year from December 2009 to August 2012 (summer to
winter) due to the decline in solar irradiance and temperature.
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Table 25: Mean specific growth rates (µ, d-1) over the total culture period for all Tetraselmis strains without CO2 supply and unregulated pH (-CO2) and with CO2 supply
and regulated pH (+CO2)
- CO2
+CO2
- CO2
+CO2
- CO2
+CO2
Tetraselmis strains
Season

SR (mean)
Temperature
[MJ m-2 d-1]** range [oC]**

MUR-167
µ(mean)
± SE*

MUR-167
µ(mean)
± SE*

MUR-230
µ(mean)
± SE*

MUR-230
µ(mean)
± SE*

MUR-233
µ(mean)
± SE*

MUR-233
µ(mean)
± SE*

winter 2008; (June – August)

11.4

7

— 19

0.075 ± 0.004

n/a

n/a

n/a

n/a

n/a

spring 2008; (September – November)

22.6

11 — 23

0.089 ± 0.006

n/a

n/a

n/a

n/a

n/a

summer 2008/2009; (December –February)

26.7

18 — 30

0.199 ± 0.012

—

0.250 ± 0.009

0.368 ±0.009

n/a

n/a

autumn 2009; (March – May)

18.2

13 — 27

0.232 ± 0.010

0.197 ±0.008

0.193 ± 0.005

0.262 ±0.007

0.220 ±0.006

n/a

winter 2009 ; (June – August)

13.0

8 — 18

0.178 ± 0.008

0.172 ±0.008

0.185 ± 0.008

0.166 ±0.008

0.160 ±0.006

n/a

spring 2009; (September – November)

24.3

11 — 23

n/a

0.180 ±0.008

0.169 ± 0.009

0.256 ±0.013

0.212 ±0.006

0.242 ±0.009

summer 2009 / 2010; (December –February)

30.4

17 — 32

n/a.

n/a

0.175 ± 0.009

0.371 ±0.013

0.181 ±0.007

0.415 ±0.011

autumn 2010; (March – May)

17.5

13 — 26

n/a

n/a

0.147 ± 0.005

0.171 ±0.005

0.216 ±0.010

0.225 ±0.005

winter 2010; (June – August)

12.5

6 — 19

n/a

n/a

0.127 ± 0.006

0.087 ±0.005

0.101 ±0.008

0.103 ±0.006

spring 2010; (September – November)

23.8

9 — 23

n/a

n/a

0.121 ± 0.005

n/a

n/a

n/a

*n=108; **n=120; n/a= not applicable
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3.2

Growth and proximate composition - Tetraselmis MUR-167
3.2.1 Without additional CO 2

Figure 34 presents the mean monthly specific growth rates and proximate composition of
Tetraselmis MUR-167 grown without CO2 addition as well as the irradiance and the minimum
(night) and maximum (daylight) air temperatures. A clear seasonality in all of these parameters is
obvious. The lowest growth rate and AFDW per cell was found during winter when the average
irradiance was lowest and when average night temperatures were below 10 oC. Figure 34 also
shows that the increase in air temperature lags behind changes in solar irradiance and that the
specific growth rate of MUR-167 without CO2 addition follows the trend in air temperature more
than the changes in solar irradiance.
For MUR-167, the lowest AFDW per cell of 0.256 ng cell-1 was observed in winter 2008 when
the daily average total solar irradiance was 18,984 W m-2 d-1 and air temperatures were between
10 and 24 °C. The maximum cell weight for MUR-167 (0.620 ng cell-1) was observed during
summer at a higher average daily total solar irradiance (43,522 W m-2 d-1) and air temperatures
of between 18 – 31 °C.
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Figure 34: Top panel: total daily solar irradiance (area plot), minimum () and maximum () air
temperature. Lower panels: specific growth rate () for (A) and () for (B) and cell AFDW (bar plot), lipid
() and protein () content of Tetraselmis MUR-167; (A) with additional CO2 and regulated pH; (B) without
CO2 addition and pH control, (error bars = SD, n=36 for AFDW, n=12 for lipid and protein)
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The highest lipid content of 0.276 ±0.009 ng cell-1 was observed during the period of maximum
specific growth of 0.614 d-1 and temperatures between 15 and 29 °C in March 2009 (Table 26).
The lowest lipid content of 0.117 ±0.018 ng cell-1 was observed in July 2009 when the daily total
solar irradiance averaged 21,667 W m-2 d-1 and air temperatures ranged between 7 and 18 °C.
The specific growth rate for MUR-167 without CO2 addition increased with higher solar
irradiance and air temperatures, but the maximum specific growth rate of 0.279 ±0.026 d-1 was
observed in March 2009 at a daily total solar irradiance of 38,272 W m-2 and air temperatures
between 15 and 29 °C (Table 26).
The protein and lipid content per cell increased over spring and summer with increasing solar
irradiance and temperature, but from March to May 2009 the per cell protein content and AFDW
reduced considerably compared to the cell lipid content without any major decline in specific
growth rate as shown in Figure 34 (B) and Table 26.

3.2.2 With additional CO 2 at constant pH
Tetraselmis MUR-167 with CO2 addition grew similarly to MUR-167 without CO2 addition and
unregulated pH over the cooler months from May 2009 to September 2009 as shown in Figure
34.
In winter, the specific growth rate and biochemical composition were constant, presumably due
to the low solar irradiance and temperatures (Table 26). From May 2009 to September 2009
there was no significant difference in specific growth rate (P>0.9, n=48, One way ANOVA) and
biochemical composition (P>0.36, n=10, One way ANOVA) between MUR-167 with additional
CO2 compared with MUR-167 without additional CO2.
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Table 26: Monthly means of specific growth rate and biochemical composition for MUR-167 without additional CO2 without pH regulation and with additional CO2
supply and regulated pH, in Perth, Western Australia
MUR-167 without additional CO2 and unregulated pH
Carbohydrate
Temperature range
AFDW
Lipid
Protein
SR (mean)
Season
Date
[ng cell-1]
µ(mean) ± SE*
-2 -1
o
-1
-1
[ C]
[ng cell ] ±SE*
[ng cell ] ±SE**
[W m d ]
[ng cell-1] ±SE**
±SE**
0.090
0.006
16521
8
20
0.256
±0.014
n/a
n/a
n/a
Jun-08
winter

spring

summer

autumn

winter

spring

Jul-08

0.065 ±0.009

13860

8 - 18

0.272 ±0.013

n/a

n/a

n/a

Aug-08

0.070 ±0.008

26572

6 - 19

0.264 ±0.012

n/a

n/a

n/a

Sep-08

0.010 ±0.011

28651

10 – 20

0.333 ±0.018

n/a

n/a

n/a

Oct-08

0.095 ±0.010

38613

12 – 24

0.476 ±0.007

n/a

n/a

n/a

Nov-08

0.161 ±0.012

45759

12 – 24

0.360 ±0.001

0.066 ±0.005

n/a

n/a

Dec-08

0.176 ±0.013

43545

18 – 27

0.404 ±0.033

0.110 ±0.020

0.041 ±0.013

0.253 ±0.017

Jan-09

0.183 ±0.027

46189

19 – 32

0.437 ±0.104

0.033 ±0.004

n/a

n/a

Feb-09

0.239 ±0.021

43522

18 – 31

0.620 ±0.011

0.239 ±0.001

0.129 ±0.039

0.394 ±0.020

Mar-09

0.279 ±0.026

38272

15 – 29

0.419 ±0.026

0.276 ±0.009

0.064 ±0.017

0.079 ±0.013

Apr-09

0.232 ±0.012

29388

13 – 29

n/a

n/a

n/a

n/a

May-09

0.186 ±0.014

23241

10 – 24

0.312 ±0.007

0.230 ±0.012

0.043 ±0.016

0.116 ±0.014

Jun-09

0.166 ±0.015

18333

9 – 19

0.484 ±0.003

0.275 ±0.012

0.039 ±0.031

0.261 ±0.021

Jul-09

0.208 ±0.017

21667

7 – 18

0.330 ±0.006

0.117 ±0.018

0.037 ±0.024

0.230 ±0.021

Aug-09

0.161 ±0.008

25000

9 – 19

0.505 ±0.003

0.246 ±0.010

0.041 ±0.035

0.218 ±0.022

Sep-09

0.164 ±0.009

31667

9 – 19

0.527 ±0.003

0.192 ±0.010

0.100 ±0.023

0.235 ±0.017
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MUR-167 with additional CO2 and regulated pH
Season

Date

µ(mean) ± SE*

SR (mean)
[W m-2.d-1]

Temperature range
[oC]

AFDW
[ng cell-1] ±SE*

Lipid
[ng cell-1] ±SE**

Carbohydrate
[ng cell-1]
±SE**

Protein
[ng cell-1] ±SE**

autumn

May-09

0.197 ±0.014

23241

10 - 24

0.426 ±0.006

0.220 ±0.010

0.051 ±0.026

0.153 ±0.018

Jun-09

0.170 ±0.014

18333

9 - 19

0.491 ±0.002

0.190 ±0.011

0.042 ±0.026

0.258 ±0.019

Jul-09

0.172 ±0.010

21667

7 - 18

0.314 ±0.0002

0.123 ±0.008

0.027 ±0.019

0.221 ±0.014

Aug-09

0.175 ±0.016

25000

9 - 19

0.336 ±0.001

0.092 ±0.010

0.023 ±0.021

0.221 ±0.015

Sep-09

0.180 ±0.014

31667

9 - 19

0.404 ±0.003

0.194 ±0.010

0.088 ±0.024

0.122 ±0.017

winter
spring

*n=36; **n=12
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3.3

Growth and proximate composition - Tetraselmis MUR-230

3.3.1 Without additional CO 2
Tetraselmis MUR-230 without additional CO2 grew consistently over the 20 months of outdoor
cultivation (Figure 35, B and Table 27). The specific growth rate increased during the first three
months after inoculation, but after this was fairly constant without any significant seasonal
difference (P>0.1, n=33, Holm-Sidak) over the second year of outdoor cultivation (Figure 35).
The total organic content (AFDW) for this strain seems to be influenced by light, with a similar
pattern to the solar irradiance after the cells had acclimated to the outdoor environmental
conditions (Figure 35, B).
The highest lipid content of 0.296 ng cell-1 was recorded in April 2009 with temperatures
between 13 and 27°C with an average cellular content of 0.5 ng cell-1 (Table 27). The lowest
lipid content of 0.071 ng cell-1 was after inoculation in summer between December 2008 and
February 2009 and was significantly different from the following seasons (P<0.02, n=7, MannWhitney Rank Sum Test). For MUR-230 without CO2 protein was the major organic component
and showed no significant seasonal differences (P>0.1, n=7, Mann-Whitney Rank Sum Test)
over the period of outdoor cultivation (Table 27).
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Figure 35: Top panel: total daily solar irradiance (area plot), specific growth rate () for (A) and () for (B),
Lower panels: minimum () and maximum () temperature and AFDW (bar plot), lipid () and protein ()
content of MUR-230 (A) with additional CO2 and regulated pH, (B) without CO2 addition and pH control,
(error bars SD, n=36 for AFDW, n=12 for lipid, protein)
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3.3.2 With additional CO 2 and constant pH
Tetraselmis MUR-230 with additional CO2 and regulated pH had an average specific growth rate
of 0.267 d-1 resulting in a 20 % higher growth rate compared to MUR-230 without CO2 addition
over the entire period (Figure 35 and Table 28). The overall cell composition of Tetraselmis
MUR-230 under enriched CO2 and regulated pH condition was affected by environmental
parameters such as light and temperature and indirectly affected by specific growth rate. The
lowest growth rate of 0.079 d-1 for Tetraselmis MUR-230 was during winter (June to August
2010) at a low solar irradiance of approximately 2000 W m-2 d-1 and temperatures between 6 and
19 oC (Table 28).
Overall, there was a decline in specific growth rate from January 2009 to September 2010, with a
significant difference between winter 2009 and winter 2010. The specific growth rate for MUR230 with the addition of CO2 showed a significant seasonal difference (P<0.05, n=36, HolmSidak), but there was no significant difference between spring and autumn. MUR-230 with CO2
addition had fairly similar AFDW values per cell over the entire experimental period (Table 28),
without significant seasonal differences (P>0.05, n=7, Holm-Sidak). Similar results were
observed for the protein and lipid content, also without seasonal differences (P>0.05, n=7, Holm
-Sidak).
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Table 27: Monthly means of specific growth rate and biochemical composition for MUR-230 without additional CO2 supply and unregulated pH in Perth Western
Australia
Date

µ(mean) ± SE*

SR (mean)
[W m-2 d-1]

Temperature
range [oC]

AFDW [ng cell-1]
±SE*

Lipid [ng cell-1]
±SE**

Carbohydrate [ng cell-1]
±SE**

Protein [ng cell-1]
±SE**

summer

Jan-09
Feb-09
Mar-09

0.236 ±0.011
0.382 ±0.022
0.228 ±0.012

46189
43522
38272

0.421 ±0.030
0.462 ±0.012
0.440 ±0.006

0.076 ±0.008
0.169 ±0.006
0.270 ±0.009

0.017 ±0.018
0.060 ±0.017
0.056 ±0.022

n/a
0.314 ±0.014
0.167 ±0.015

autumn

Apr-09
May-09
Jun-09

0.180 ±0.009
0.172 ±0.007
0.201 ±0.013

29388
23241
18333

0.498 ±0.005
0.526 ±0.003
0.480 ±0.004

0.296 ±0.011
0.216 ±0.014
0.202 ±0.013

0.075 ±0.031
0.064 ±0.038
0.058 ±0.028

0.127 ±0.020
0.275 ±0.026
0.220 ±0.020

winter

Jul-09
Aug-09
Sep-09

0.203 ±0.017
0.150 ±0.009
0.158 ±0.011

21667
25000
31667

0.388 ±0.010
0.347 ±0.004
0.407 ±0.002

0.122 ±0.007
0.168 ±0.014
0.124 ±0.023

0.033 ±0.019
0.042 ±0.025
0.058 ±0.025

0.315 ±0.013
0.212 ±0.019
0.225 ±0.025

spring

Oct-09
Nov-09
Dec-09

0.177 ±0.016
0.171 ±0.020
0.224 ±0.025

41667
48333
54085

0.503 ±0.002
0.623 ±0.008
n/a

0.254 ±0.012
0.172 ±0.008
0.353 ±0.005

0.035 ±0.015
0.061 ±0.033
0.089 ±0.021

0.213 ±0.013
0.447 ±0.021
0.746 ±0.013

summer

Jan-10
Feb-10
Mar-10

0.174 ±0.011
0.128 ±0.011
0.235 ±0.006

53303
44629
37415

0.630 ±0.008
0.514 ±0.004
0.353 ±0.016

n/a
0.214 ±0.009
0.153 ±0.009

n/a
0.069 ±0.021
0.025 ±0.017

n/a
0.231 ±0.015
0.175 ±0.013

autumn

Apr-10
May-10
Jun-10

0.118 ±0.010
0.089 ±0.009
0.154 ±0.007

27941
22109
18255

0.282 ±0.013
0.251 ±0.004
0.465 ±0.006

0.151 ±0.003
0.163 ±0.008
0.165 ±0.028

0.061 ±0.015
0.049 ±0.014
0.067 ±0.019

0.069 ±0.009
0.038 ±0.011
0.233 ±0.023

Jul-10
0.148 ±0.019
Aug-10
0.079 ±0.006
*n=36; **n=12; n/a= not applicable

19320
25037

19 — 32
18 — 31
15 — 29
13 — 27
10 — 24
9 — 19
7 — 18
9 — 19
9 — 19
11 — 23
13 — 26
16 — 30
18 — 34
18 — 32
17 — 30
13 — 25
8 — 22
7 — 19
6 — 18
6 — 19

0.404 ±0.011
n/a

0.100 ±0.003
n/a

0.047 ±0.009
n/a

0.257 ±0.006
n/a

Season

winter
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Table 28: Monthly means of specific growth rate and biochemical composition for MUR-230 with additional CO2 supply and regulated pH in Perth Western Australia
Season

Date

µ (mean) ± SE*

Jan-09
0.335 ±0.022
Feb-09
0.401 ±0.011
Mar-09
0.407 ±0.018
Apr-09
autumn
0.207 ±0.013
May-09
0.172 ±0.007
Jun-09
0.185 ±0.015
Jul-09
winter
0.142 ±0.013
Aug-09
0.170 ±0.015
Sep-09
0.237 ±0.014
Oct-09
spring
0.247 ±0.024
Nov-09
0.284 ±0.030
Dec-09
0.395 ±0.025
Jan-10
summer
0.409 ±0.027
Feb-10
0.308 ±0.015
Mar-10
0.234 ±0.007
Apr-10
autumn
0.131 ±0.011
May-10
0.149 ±0.007
Jun-10
0.111 ±0.011
Jul-10
winter
0.084 ±0.010
Aug-10
0.067 ±0.006
*n=36; **n=12; n/a= not applicable
summer

SR (mean)
[W m-2 d-1]

Temperature
range [oC]

AFDW [ng cell-1]
±SE*

Lipid [ng cell-1]
±SE**

Carbohydrate [ng cell-1]
±SE**

Protein [ng cell-1]
±SE**

46189
43522
38272

19 — 32
18 — 31
15 — 29
13 — 27
10 — 24
9 — 19
7 — 18
9 — 19
9 — 19
11 — 23
13 — 26
16 — 30
18 — 34
18 — 32
17 — 30
13 — 25
8 — 22
7 — 19
6 — 18
6 — 19

0.329 - 0.010
0.449 - 0.008
0.348 - 0.016

0.070 - 0.007
0.292 - 0.011
0.212 - 0.021

n/a
0.079 - 0.027
0.069 - 0.022

n/a
0.156 - 0.014
0.124 - 0.016

0.455 - 0.009
0.302 - 0.004
0.435 - 0.006

0.287 - 0.004
0.292 - 0.037
0.261 - 0.018

0.095 - 0.025
0.049 - 0.029
0.040 - 0.031

0.140 - 0.017
n/a
0.135 - 0.025

0.447 - 0.008
0.355 - 0.003
0.324 - 0.002

0.177 - 0.019
0.226 - 0.003
0.139 - 0.004

0.037 - 0.027
0.030 - 0.026
0.035 - 0.023

0.206 - 0.023
0.100 - 0.015
0.150 - 0.013

0.361 - 0.17
0.333 - 0.009
0.456 - 0.014

0.163 - 0.012
0.182 - 0.003
0.234 - 0.014

0.060 - 0.010
0.062 - 0.017
0.052 - 0.015

0.138 - 0.011
0.150 - 0.011
0.170 - 0.015

0.361 - 0.005
0.361 - 0.010
0.261 - 0.007

0.173 - 0.004
0.185 - 0.005
0.131 - 0.007

0.018 - 0.013
0.030 - 0.014
0.051 - 0.013

0.228 - 0.009
0.146 - 0.010
0.078 - 0.010

0.260 - 0.003
0.262 - 0.006
0.274 - 0.005

0.187 - 0.003
0.170 - 0.005
0.183 - 0.017

0.057 - 0.015
0.058 - 0.013
0.054 - 0.021

0.016 - 0.009
0.034 - 0.009
0.037 - 0.019

0.474 - 0.022
n/a

0.109 - 0.011
n/a

0.072 - 0.012
n/a

0.293 - 0.011
n/a

29388
23241
18333
21667
25000
31667
41667
48333
54085
53303
44629
37415
27941
22109
18255
19320
25037
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3.4

Growth and proximate composition - Tetraselmis MUR-233

3.4.1 Without additional CO 2
Tetraselmis MUR-233 without additional CO2 showed similar growth to MUR-230 and was
stable from February 2009 to September 2010 (Figure 36, B and Table 29). The overall specific
growth rate for Tetraselmis MUR-233 without additional CO2 showed no significant seasonal
differences (P>0.05, n=75, Kruskal-Wallis). The highest cell AFDW was observed during spring
in October 2009 (Table 29), which was 40 % higher than in the following autumn (P<0.05, n=18,
Kruskal-Wallis) but there was no seasonal difference in AFDW over the entire experimental
period.
The percentage of lipids on the basis of AFDW in Tetraselmis MUR-233 without CO2 addition
was constant irrespective of the specific growth rate and environmental conditions and no
seasonal difference was observed. The protein content without CO2 addition increased with
increasing solar irradiance followed by a decline in protein content when temperature increased
close to the optimum (Table 29). The increase in protein content during spring 2009 was
accompanied by constant lipid content and specific growth rate.
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Figure 36: Top panel: total daily solar irradiance (area plot), specific growth rate () for (A) and () for (B),
Lower panels: minimum () and maximum () temperature and AFDW (bar plot), lipid () and protein (--)
content of MUR-233; (A) with additional CO2 and regulated pH; (B) without CO2 addition and pH control,
(error bars SD, n=36 for AFDW, n=12 for lipid, protein)
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3.4.2 With additional CO 2 and constant pH
The specific growth rate of Tetraselmis MUR-233 with CO2 and regulated pH followed a more
synchronous pattern with air temperature over the season with respect to solar irradiance and
temperature (Figure 36, A). The highest specific growth rate was greater than 0.4 d-1 in summer
from December 2009 to February 2010, in which period it was up to four times higher than in the
winter of June to September 2010 (Table 30) (P<0.05, n=33, Holm-Sidak).
The cell AFDW was quite constant over the thirteen-month outdoor cultivation period without
seasonal differences (Table 30). Similarly, no seasonal differences in cell lipid and protein
content were observed (P>0.05, n=7, Kruskal-Wallis).
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Table 29: Monthly means of specific growth rate and biochemical composition for MUR-233 without additional CO2 supply and unregulated pH in Perth Western
Australia
Date

µ(mean) ± SE*

SR (mean)
[W m-2 d-1]

Temperature
range [oC]

AFDW [ng cell-1]
±SE*

Lipid [ng cell-1]
±SE**

Carbohydrate [ng cell-1]
±SE**

Protein [ng cell-1]
±SE**

Sep-09

0.222 ±0.006

31667

n/a

n/a

n/a

n/a

spring

Oct-09
Nov-09
Dec-09

0.212 ±0.009
0.202 ±0.017
0.146 ±0.006

41667
48333
54085

0.730 ±0.004
0.604 ±0.008
0.413 ±0.002

0.186 ±0.013
0.173 ±0.011
0.306 ±0.014

0.049 ±0.016
0.072 ±0.019
0.073 ±0.023

0.502 ±0.015
0.359 ±0.015
0.241 ±0.019

summer

Jan-10
Feb-10
Mar-10

0.191 ±0.013
0.207 ±0.018
0.305 ±0.014

53303
44629
37415

n/a
0.581 ±0.009
0.277 ±0.016

n/a
0.264 ±0.010
0.141 ±0.010

n/a
0.069 ±0.022
0.046 ±0.013

n/a
0.257 ±0.016
0.170 ±0.011

autumn

Apr-10
May-10
Jun-10

0.211 ±0.024
0.133 ±0.012
0.132 ±0.020

27941
22109
18255

0.263 ±0.007
0.241 ±0.010
0.314 ±0.003

0.184 ±0.006
0.135 ±0.011
0.141 ±0.009

0.046 ±0.016
0.053 ±0.013
0.047 ±0.001

0.104 ±0.011
0.153 ±0.011
0.126 ±0.005

Jul-10
0.099 ±0.012
Aug-10
0.072 ±0.009
*n=36; **n=12; n/a= not applicable

19320
25037

9 — 19
11 — 23
13 — 26
16 — 31
18 — 34
18 — 32
17 — 30
13 — 25
8 — 22
7 — 19
6 — 18
6 — 19

0.373 ±0.007
n/a

0.115 ±0.001
n/a

0.050 ±0.009
n/a

0.209 ±0.005
n/a

Season

winter
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Table 30: Monthly means of specific growth rate and biochemical composition for MUR-233 with additional CO2 supply and regulated pH in Perth Western Australia
Date

µ(mean) ± SE*

SR (mean)
[W m-2 d-1]

Temperature
range [oC]

AFDW [ng cell-1]
±SE*

Lipid [ng cell-1]
±SE**

Carbohydrate [ng cell-1]
±SE**

Protein [ng cell-1]
±SE**

Sep-09

0.235 ±0.008

31667

9 — 19

0.352 ±0.016

0.111 ±0.009

0.048 ±0.017

0.205 ±0.011

spring

Oct-09
Nov-09
Dec-09

0.256 ±0.019
0.235 ±0.023
0.390 ±0.013

41667
48333
54085

11 — 23
13 — 26
16 — 31

0.369 ±0.004
0.440 ±0.017
0.401 ±0.011

0.155 ±0.025
0.306 ±0.009
0.241 ±0.005

0.055 ±0.007
0.110 ±0.037
0.048 ±0.013

0.160 ±0.009
0.153 ±0.025
0.113 ±0.011

summer

Jan-10
Feb-10
Mar-10

0.421 ±0.027
0.435 ±0.027
0.285 ±0.005

53303
44629
37415

18 — 34
18 — 32
17 — 30

0.411 ±0.011
0.344 ±0.008
0.249 ±0.003

0.194 ±0.006
0.150 ±0.001
0.149±0.027

0.041 ±0.015
0.032 ±0.010
0.028 ±0.009

0.191 ±0.010
0.166 ±0.008
0.128 ±0.005

autumn

Apr-10
May-10
Jun-10

0.240 ±0.014
0.149 ±0.006
0.128 ±0.014

27941
22109
18255

13 — 25
8 — 22
7 — 19

0.242 ±0.003
0.364 ±0.005
0.387 ±0.006

0.154 ±0.001
0.200 ±0.013
0.195 ±0.015

0.036 ±0.015
0.066 ±0.016
0.057 ±0.019

0.070 ±0.008
0.088 ±0.015
0.147 ±0.017

Jul-10
0.083 ±0.008
Aug-10
0.098 ±0.009
*n=36; **n=12; n/a= not applicable

19320
25037

6 — 18
6 — 19

0.477 ±0.009
n/a

0.141 ±0.008
n/a

0.069 ±0.010
n/a

0.268 ±0.009
n/a

Season

winter
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3.5

Biomass and Lipid Productivities

The product of specific growth rate and standing stock biomass or lipid content generates the
productivities, and these productivities appear to be dependent on solar irradiance and
temperature. Reduced specific growth rate for all Tetraselmis strains was observed during winter
when the total daily solar irradiance was below 22,000 W m-2 d-1 and night temperatures were
below 10 oC (Figure 37). Therefore, for all Tetraselmis strains under the current culture
management, the areal biomass productivity was strongly correlated with solar irradiance and
temperature (Figure 37).
A peak of 10 g AFDW m2 d-1 biomass productivity was achieved by the Tetraselmis strains
without CO2 addition towards the end of summer and at the beginning of spring, whereas the
lowest biomass productivity of approximately 2.0 g m2 d-1 was in winter. The biomass
productivity of MUR-167 showed a seasonal significant difference only between summer
2008/2009 and winter 2008 and winter 2008 and autumn 2009 (P=0.017, n=12 Kruskal-Wallis)
without CO2 addition, but there was no significant difference in lipid productivity over these
periods (Figure 37 and, Table 31). With respect to solar irradiance, all MUR-Tetraselmis strains
without CO2 showed similar trends, which strongly indicates that light acts as a major factor for
biomass production. Further, the MUR-Tetraselmis strains without CO2 showed similar trends
between specific growth rate and temperature which confirmed that temperature, as well as light,
acts as an important factor for biomass production in outdoor raceway ponds.
The Tetraselmis strains grown under regulated pH and CO2 addition had higher specific growth
rates and overall higher productivities compared to the strains without CO2 addition. In
comparison, over the same period, but without additional CO2, Tetraselmis MUR-230 and
Tetraselmis MUR-233 achieved a specific growth rate of <0.2 d-1, which was 50 % less than the
growth rate with CO2 supply. With CO2 addition the maximum specific growth rate of 0.4 d-1 for
MUR-230 and MUR-233 was achieved in summer 2009/2010 at temperatures between 18 – 34
o

C (Figure 38).
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Figure 37: Top panel: total daily solar irradiance (area plot), maximum air temperature (--), minimum air
temperature (--); Lower panels: biomass productivity in AFDW (bar plot) for all Tetraselmis strains: (A)
MUR-167; (B) MUR-230; (C) MUR-233 without CO2 addition in relation to specific growth rate ()
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Figure 38: Top panel: total daily solar irradiance (area plot), maximum air temperature (-●-), minimum air
temperature (--), Lower panels: biomass productivity in AFDW (bar plot) and specific growth rate () for
(A) MUR-230 and (B) MUR-233 with CO2 addition

The effect of irradiance and temperature on biomass productivity is clearly illustrated in Figure
39 and Figure 40. In winter, on some days with night temperatures below 10 oC and a total daily
solar irradiance of less than 22,000 W m2 d-1, the biomass productivity of MUR-233 dropped to
2 g m2 d-1 which is only 10 % of the highest biomass productivity achieved in February with CO2
addition and regulated pH and there is a significant seasonal difference between summer
2009/2010 versus winter 2010 (P=0.022, n=12, Kruskal-Wallis).
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The average biomass productivity for MUR-230 with CO2 addition for the period from January
to June 2009 was twice as much as that of MUR-230 without additional CO2 which is a
significant difference (P=0.005, n=12, Kruskal-Wallis).

Figure 39: Correlation between total daily solar irradiance and biomass productivity for (A) MUR-230 and
(B) MUR-233 cultured with additional CO2 and controlled pH

Both MUR-230 and MUR-233 demonstrated a better correlation between biomass productivity
and solar irradiance when grown with CO2 addition and regulated pH in comparison with the
Tetraselmis cultures without additional CO2 and unregulated pH condition. The maximum
biomass productivity of approximately 20 g m-2 d-1 was achieved for both strains cultured with
additional CO2 which was twice as much as that in the cultures grown without CO2 addition
(Figure 37 and Figure 38). The gradient for both Tetraselmis sp. were identical with y=0.0003x 4.1 for MUR-230 and y=0.0003x -3.3 for MUR-233 indicating similar effect of solar irradiance
on biomass productivity.
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Figure 40: Correlation between maximum air temperature and biomass productivity for MUR-230 (A) and
MUR-233 (B) with additional CO2 and controlled pH

The biomass productivity of both MUR-strains (MUR-230 and MUR-233) also correlated
(R2>0.5) with the maximum temperature, which is directly associated with solar irradiance. The
difference in biomass productivity between Tetraselmis MUR-230 and MUR-233 can be seen in
the steeper relationship between productivity and maximum temperature for Tetraselmis MUR233 as shown in Figure 40B, underlined by the gradient with y=0.86x-12.9 compared to MUR230 with y=0.60x-8.11, which indicates that Tetraselmis MUR-233 is more suitable for
cultivation in areas with higher temperatures.

Table 31: Seasonal biomass productivity comparison for MUR-230 and MUR-233 (Kruskal-Wallis, n=12)
MUR-230 summer
2009/2010
-2

9.2 g m d

-1

MUR-230 autumn 2010

MUR-230 winter
2009/2010
-2

5.2 / 3.7 g m d

P=<0.001

-1

MUR-230 winter 2010
P=<0.001

MUR-233 autumn
2009

MUR-233 winter
2009

11.4 g m-2 d-1

6.3 g m-2 d-1

MUR-233 spring/
summer/ autumn
2009/2010

MUR-233 winter
2010

11.4 g m-2 d-1

3.7 g m-2 d-1

10.5/12.0/ 9.2 g m-2 d-1

5.1 g m-2 d-1

MUR-230 (with CO2)
spring / summer /
autumn 2009/2010

MUR-230 (with CO2)
winter 2009;2010

MUR-233 (with CO2)
spring / summer /
autumn 2009/2010

MUR-233 (with
CO2) winter 2010

11.4/ 12.0/ 10.0/ 14.4/
12.6 g m-2 d-1

6.5/ 5.9 g m-2 d-1

9.4/15.5/ 15.3 g m-2 d-1

7.3 g m-2 d-1

P=<0.001
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Figure 41: Lipid productivity (bar plot) for (A) MUR-167, (B) MUR-230, (C) MUR-233 cultured without CO2
addition in relation to total daily solar irradiance, maximum air temperature (--), minimum air
temperature (--), specific growth rate ()
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For Tetraselmis MUR-230 and MUR-233 without additional CO2, the highest lipid productivity
was achieved in March 2009 and March 2010 (autumn) and the lowest lipid productivity was
observed in July 2009 and July 2010 (winter) (Figure 41).
A definite increase in lipid productivity with respect to increasing solar irradiance was observed
for all Tetraselmis strains, but the highest lipid productivity was not obtained at the highest solar
irradiance (Figure 41). The highest lipid productivity for all MUR-strains without CO2 addition
was observed between 25 and 30 oC in early autumn and not at the maximum temperature
(Figure 41).

Figure 42: Total daily solar irradiance and lipid productivity for (A) MUR-230 and (B) MUR-233 without
additional CO2 and uncontrolled pH

The two Tetraselmis strains MUR-230 and MUR-233 increased their lipid productivity with
increasing solar irradiance (Figure 42) and temperature (Figure 43), but there was no direct
correlation between solar irradiance and temperature and lipid productivity. However, the
observations for all Tetraselmis strains without CO2 addition in the current study have
demonstrated no correlation between environmental parameters with respect to biomass and lipid
productivity. The gradient for both Tetraselmis sp. were identical with y=0.0005x+1.1 for MUR230 and y=0.0005x+2.2 for MUR-233 indicating similar effect of solar irradiance on lipid
productivity.
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Figure 43: Maximum air temperature and lipid productivity for (A) MUR-230 and (B) MUR-233 without
additional CO2 and uncontrolled pH

The highest specific growth rates and maximum lipid and biomass productivities were obtained
in summer for MUR-230 and MUR-233 cultures that were pH-regulated and supplied with CO2
(Figure 44).
The difference between summer and winter in biomass productivity for the both Tetraselmis
strains without CO2 addition was higher compared with lipid productivity over the same period.
The overall lipid productivity over a period of one year for MUR-230 and MUR-233 with
regulated pH and CO2 supply was twice as much as that obtained when MUR-230 and MUR-233
were grown with unregulated pH (Figure 41 and Figure 44). However, the gradient for MUR233 is steeper with y=0.24x -3.1 compared with MUR-230 with y=0.096x -0.35 which indicates
that MUR-233 is more suitable for higher lipid productivities at higher temperature.
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Figure 44: Lipid productivity (bar plot) for (A) MUR-230 and (B) MUR-233 with additional CO2, in relation
to total daily solar irradiance; maximum temperature (--), minimum temperature (--), specific growth rate
()

Significantly different lipid productivities for MUR-230 were obtained with CO2 addition and
without additional CO2 treatment (P=0.005, n=18, Kruskal-Wallis). MUR-233 without CO2
addition showed no seasonal significant difference in lipid productivity, whereas MUR-233 with
controlled pH with CO2 supply showed a seasonal significant difference between summer and
winter (P=0.009, n=7, Kruskal-Wallis). Between MUR-233 grown with and without CO2
addition, there was a significant difference in lipid productivity during the November 2009 to
March 2010 period (P=0.005, n=12, Kruskal-Wallis).
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Figure 45: Total daily solar irradiance and lipid productivity for (A) MUR-230 and (B) MUR-233 with
additional CO2 and controlled pH

When CO2 was supplied to the Tetraselmis MUR-230 and MUR-233, an indication of a
correlation between environmental parameters and productivities was found. The correlation
between solar irradiance and lipid productivity showed steeper slopes for both strains with CO2
addition compared to the cultures without CO2 addition (compare Figure 42 and Figure 45).
More important than the steeper slopes was the fact that the correlations were much stronger and
may almost be statistically significant for the +CO2 cultures than the –CO2 cultures. Further, the
correlation for MUR-233 also was slightly steeper under both treatments (-CO2 / +CO2)
compared to MUR-230 (Figure 45) underlined by a slightly steeper gradient for MUR-233 with
y=0.0002x -2.3 and y=0.0001x -0.72 for MUR-230.
The maximum lipid productivity for both MUR-strains was observed below the maximum solar
irradiance which is similar to the trend observed for the biomass productivities (Figure 38). This
implies that the cultures with CO2, being less CO2 limited, can actually respond to the change in
irradiance with respect to the lipid productivity, (i.e. usage of the available light to lipid
conversion), whereas the cultures without CO2 cannot, as they are C-limited. Given the fact that
the cellular lipid content changes little, the increased lipid productivity is mainly a result of the
increase in growth rate.
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Figure 46: Maximum temperature and Lipid Productivity for (A) MUR-230 and (B) MUR-233 with
additional CO2 and controlled pH

The relationship between maximum temperature and lipid productivity for both strains with CO2
addition also had a steeper slope than the cultures without CO2 addition (compare Figure 43 and
Figure 46). Further, the gradient for MUR-233 is steeper with y=0.44x -6.7 compared to MUR230 with y=0.25x -2.7.
However, the highest total lipid productivity for MUR-230 was achieved at 25 oC and for MUR233 at 32 oC which was strongly affected by the specific growth rate opposed to the lipid content
per cell. These results are similar to the observations for biomass productivity which further
indicates that MUR-233 with controlled pH and additional CO2 is the most promising MURstrain for algae mass cultivation for potential biodiesel production.

3.6

General culture conditions Perth

The decision to terminate the Tetraselmis strain MUR-167 in September 2009 was made because
during summer and autumn, the algal cells tended to form clumps and stick to the walls of the
raceway pond as demonstrated in Figure 47.
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Figure 47: Comparison of biofilm formation on the pond surfaces for: [A] MUR-230 after 12 months, [B]
MUR-167 after 10 months and [C] MUR-233 after 12 months without cleaning

Without cleaning of the pond walls, the adhering cells of MUR-167
formed a heavy biofilm over 10 months whereas MUR-230 and
MUR-233, even after 12 months formed only a thin mucilaginous
layer containing algal cells on the pond walls. This thin biofilm was
comprised of foreign organisms such as bacteria, cyanobacteria
filaments and diatoms, to which the cells of Tetraselmis sp. adhered.
The overall culture of Tetraselmis MUR-230 and MUR-233 during
the whole experimental time was more stable without clumps and
unusual cell formation compared to MUR-167 which in summer
2008/2009 under unregulated pH showed four-daughter cell
formation during cell division illustrated in Figure 48. Normal cell
Figure 48: Four daughter
cell formation for MUR167 during cell division

division of Tetraselmis sp. has two daughter cells covered by the
mother theca.
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Foaming on the culture surface and an unhealthy pale green colour of the culture of Tetraselmis
MUR-167 with additional CO2, indicating possible problems with the culture. This was observed
once in the morning during winter 2009 as illustrated in (Figure 49 A), but no foaming was
observed in the other Tetraselmis cultures without additional CO2. During summer, insects
especially bees appeared in the raceway ponds; these were successfully removed using a small
net (Figure 49, B).

Figure 49: Outdoor raceway ponds (A) foaming in a culture of Tetraselmis MUR-167 and (B) removing
insects using a fish net
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3.7

Transfer to the pilot scale in Karratha

This section of the chapter describes the scale-up and growth of Tetraselmis MUR-233 at the
pilot plant in Karratha. The first part demonstrates the growth comparison of Tetraselmis MUR233 under different climatic conditions between Perth and Karratha, followed by the comparison
of the growth, proximate composition (lipids, proteins and carbohydrates) containing the
descriptions of operational and environmental challenges at various scales at the pilot plant in
Karratha.
The main aim of this section of the study was to demonstrate the feasibility of Tetraselmis
cultivation in saline water at a pilot scale in a location with a different climate in Australia.
Tetraselmis MUR-233 was selected because it demonstrated better growth at higher temperatures
during the long term cultivation experiments in Perth. Karratha, in the north-west of Western
Australia, approximately 1,600 km north of Perth (Figure 50) was selected as the site for the
pilot plant because of the high annual irradiance and low and very seasonal rainfall, factors that
should favour high annual average productivity for algae cultures. The Pilbara region of Western
Australia, where Karratha is located, is also an optimal region for the construction of a future
algae biofuels production plant, as it has large areas of flat land suitable for algae pond
construction, a large source of seawater (the Indian Ocean), several potential sources of CO2
(e.g. ammonia plant, power stations, natural gas processing plants), and available infrastructure
such as roads, ports and towns as demonstrated in a recent report (Borowitzka et al. 2012).
The selection of the correct location for developing a facility for microalgae cultivation is the
key to future success. As light is the key energy source for microalgal growth, higher irradiances
and optimal temperatures result in higher productivities as long as the culture is correctly
managed, that is the average irradiance received by the cells is close to optimal (Goldman 1977a;
Raven 1988; Torzillo and Vonshak 1994). Therefore, once culture management is optimised at
higher irradiances, one can operate at higher cell densities. It is worth noting that at no stage of
the study described here were the cultures in Karratha optimised because the time available was
too short for major improvements to be made in either the culture management protocols or in
the design of the raceway pond.
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Figure 50: Map showing location of Perth and Karratha and annual solar radiation (Reproduced from
http://www.bom.gov.au)

Figure 51: Thirty years of climate data means. Top panels: solar irradiation; middle panels: rain fall; bottom
panels: minimum temperature; left panels: in Perth; right graphs: in Karratha. (Data from
http://www.bom.gov.au)
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The annual pattern of climate data for Perth and Karratha clearly shows the differences in solar
irradiance and temperature (Figure 51), with the major difference being in temperature, with an
annual average minimum of 20 oC in Karratha compared to Perth, which has an 11 oC annual
average minimum temperature. The annual average solar irradiance in Karratha is approximately
25 % higher compared to Perth, with Karratha having 50 % fewer cloudy days per year than
Perth, as indicated by the negative peaks in irradiance in Figure 51 (top panels). The potential of
Karratha as a favourable location for the cultivation of saline algae is further supported by the
fact that it is has a 70 % less rainfall and a 65 % higher evaporation rate compared to Perth.

3.8

Comparison - Perth versus Karratha

The results achieved in Perth for Tetraselmis MUR-233 demonstrated that this strain would be
most suitable for cultivation in Karratha due to a slightly higher optimum growth temperature
(Chapter 3) and higher tolerance to O2 (Fon Sing 2010). The long term cultures in Perth
demonstrated that all the Tetraselmis strains cultivated outdoors responded better to seasonal
environmental variations with additional CO2 and at controlled pH. Therefore a Tetraselmis
MUR-233 culture grown over 12 months in Perth with additional CO2 and at controlled pH was
selected. Knowing that at the temporary site in Karratha at which there was no CO2 available, a
second inoculum of Tetraselmis MUR-233, which had been grown without CO2 addition and at
uncontrolled pH over 17 months in Perth. These two different inocula provided the opportunity
to determine how the different inocula can adapt to the climatic conditions in Karratha.

The two inocula of Tetraselmis MUR233 were transferred from Perth to Karratha over seven
days in 20L black closed drums in August 2010 and inoculated into two 2 m2 ponds at the
Aurora Algae site next to the Dampier salt works (as shown in Figure 23, Chapter 2) and the
algae were cultured in these ponds between August and November 2010. Three days after
inoculation, Tetraselmis MUR-233 from the CO2 cultured inoculum demonstrated better growth
(µ=0.29 d-1±0.06SD, n=11) than the culture inoculated with the non-CO2 grown culture (µ=0.20
d-1±0.04SD, n=11). This was followed by a similar pattern in cell densities to each other over the
experimental period as shown in Figure 52. The growth comparison of MUR-233 between Perth
(µ=0.17 d-1 ±0.02SD, n=11) and Karratha (µ=0.25 d-1±0.05SD, n=11) was made by aiming at
simultaneous growth in time, season and dilution frequency.
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Higher specific growth, higher cellular organic weight (AFDW) and consequently higher
biomass productivity were achieved during winter in Karratha even without regulated pH and
CO2 supply (Table 32).
Over a period of three months, growth comparison for Tetraselmis MUR-233 with increasing
solar irradiance and temperature from September to October 2010 resulted in double biomass
productivity in Perth independent on CO2 addition. Tetraselmis MUR-233 grown in Karratha
over August and October 2010 with higher solar irradiance compared to Perth and temperature
fluctuation between 15 and 30 oC achieved much higher biomass productivities. Temperature
and irradiance data are summarised in Table 32.

Figure 52: Comparison of Tetraselmis MUR-233 grown in 2 m2 ponds at 20 cm depth in Perth and Karratha
showing cell density (--) and cell AFDW (). Perth cultures P3: grown without CO2 supply; P5: grown with
CO2 supply with regulated pH; Karratha cultures - M1: inoculated from P3 - Perth; M2: inoculated from P5
- Perth, but both (M1, M2) are operated without CO2 addition.
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Figure 53: Daily solar irradiance and pond temperature during the first period of cultivation in Karratha.
The negative peaks in conductivity indicate culture dilution, the middle panel presents the percentage of
dissolved O2 (DO), and the bottom panel shows the pH of the culture (in-pond monitoring using YSI 600XL),
(Irradiance data from http://www.bom.gov.au)

Solar irradiance showed a gradual increase from mid August 2010 until December 2010, but
temperatures rose abruptly at the end of September 2010 (Figure 53). As the temperature
increased abruptly to day temperature at 30 oC and night temperatures >20 oC the dissolved O2
(DO) level increased with a similar pattern (Figure 53). The daytime temperature increased
closer to the optimum >30 oC, enhance the photosynthetic and metabolic activity and
consequently the O2 evolution displayed as O2 concentration.
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Two Tetraselmis MUR-233 cultures were transferred from Perth to Karratha, while one of the
cultures was cultivated in Perth with CO2 addition and the other culture was cultivated without
CO2 addition. In Karratha, both Tetraselmis cultures were grown without CO2 addition.
Interesting results demonstrated the culture MUR-233 grown in Karratha where the culture with
CO2 addition from Perth (pond-M2) showed reduced productivity from August 2010 to October
2010 whereas the culture without additional CO2 treatment from Perth (pond-M1) demonstrated
constant productivity with increasing solar irradiation and temperature (Table 32).
Table 32: Biomass productivities of Tetraselmis MUR-233 grown at 20 cm depth in Perth and Karratha
(without CO2 addition); (+CO2: with CO2 addition), (M1: inoculated from control pond); (M2: inoculated
from CO2 pond); both ponds in Karratha were without CO2 addition; solar irradiance, temperature range
are minimum and maximum mean (n=30)
Time Period
Solar irradiance
Temperature range
Biomass productivity
[MJ m-2 d-1]
min T – max T [oC]
[g m-2 d-1] ±STDEV n=6
Perth
P3 (Control)
P5 (+CO2)
Aug-10

15.8

6.4 - 19.3

3.25 ±1.75

5.85 ±0.91

Sep-10
Oct-10

22.0
27.9

8.3 - 21.9
10.2 - 24.6

Aug-10
Sep-10
Oct-10

19.9
23.2
28.1

16.0 - 28.1
17.5 - 29.4
22.2 - 34.8

3.39 ±2.31
6.30 ±2.01
7.87 ±2.27
14.56 ±2.19
Karratha
M1
M2
11.30 ±1.43
13.86 ±2.90
10.50 ±2.01
12.50 ±2.43
8.62 ±1.93
7.53 ±2.67

The biomass productivity between the two inoculated Tetraselmis MUR-233 from high CO2 precondition showed 70 % higher biomass productivity in the first month of culturing in the
Karratha climate compared to the MUR-233 from the low inorganic carbon condition culture.
The slight difference in biomass productivity between the two Karratha Tetraselmis cultures (M1
and M2) was due to higher AFDW containing 20 % higher lipid and 22 % higher protein content
as intracellular storage of inorganic carbon under previous CO2 addition, compared to the algae
cells without additional CO2.
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3.9

Growth in Karratha at various Scales

After the adaptation time at the Aurora Algae site, the ponds demonstrated similar growth and
biomass productivity; the culture from the 2x 2 m2 ponds was mixed together for transport and
inoculation in the pilot plant. Tetraselmis MUR-233 was sequentially inoculated in the 2 m2, 20
m2 and 200 m2 raceway ponds at the pilot plant (as described in Chapter 2) and grew over six
months in the two 2 m2 raceway ponds without any culture crashes or culture loss (Figure 54).
The 20m2 ponds were inoculated in December 2010 from the 2 m2 ponds and the 200 m2 ponds
were inoculated in January 2011 from the 20 m2 ponds. The inoculation of the first 20 m2 pond
was made at above 8 % salinity to prevent foreign contaminating algae at 10 cm depth. This was
followed by a gradual increase in pond depth accompanied by a gradual decline in salinity until
the final depth of 20 cm at 7.4 % salinity was achieved (Figure 55B). To reach higher salinities
the seawater was pre-evaporated in the 20 m2 ponds before the culture was inoculated, and the
inoculum reached 9 % salinity after two weeks of cultivation.
A different inoculation procedure was applied for the 200 m2 ponds, which were inoculated at
salinities of approximately 4 %. However, 2011 became a year with a great amount of rainfall,
breaking rainfall records in Karratha. There was almost continuous rain over four weeks, with a
total of 50 cm rainfall during January and February 2011, including very heavy rain peaks of 10
cm per day, a consequence being the flooding of the pilot plant access roads, making it
impossible to drive to the plant during this period (Figure 55). Overall the freshwater due to
heavy rainfall, in combination with high pond walls that did not have overflow devices to
prevent higher water level, led to a reduction in salinity in the 20 m2 and 200 m2 ponds to below
seawater salinity as presented in Figure 55. The reduction of salinity below 2 % NaCl w/v in the
20 m2 and 200 m2 ponds resulted in a loss of the cultures. Therefore the 20 m2 and 200 m2 ponds
had to be re-inoculated from the backup cultures in the 2 m2 ponds.
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Figure 54: Comparison of growth of Tetraselmis MUR-233 displayed as cell densities for 2 m2 (A); 20 m2 (B)
and 200 m2 (C) ponds at 20 cm depth and CO2 addition in Karratha. (Patterned area indicates rain period)
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Compared to the 20 m2 and 200 m2 ponds the 2 m2 ponds were more successfully maintained
throughout the period of rain because they filled up completely and then overflowed and salinity
management with NaCl addition was easier in these ponds. The initial aim for maintaining the
algae culture at larger scale in the Karratha climate, before entering the rainy season, was to
increase the salinity up to 12 %, which prevents extreme dilution by rain to below seawater
salinity.
Under constant climate conditions (solar irradiance, wind without rain), the evaporation rate
would be mostly constant. After 31 days, there was an increase in salinity over three- times that
of seawater salinity. However, the time after inoculation of the 20 m2 and 200 m2 ponds was too
short before entering the rainy season, and there was not enough time to reach the secure high
level of salinity in these ponds (Figure 55).
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Figure 55: Effect of heavy rainfall on salinity of the ponds in the 2 m2 (A); 20 m2 (B); and 200 m2 (C) ponds in
Karratha. Top panel: daily solar irradiance, minimum and maximum air temperature and daily rainfall. The
ponds were operated as replicate pairs.
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Figure 56: Comparison of proximate composition of Tetraselmis MUR233 with additional CO2 grown at
different scales (2 m2 ponds, 20 m2 ponds and 200 m2 ponds) from 15 December 2010 to 24 January 2011, the
dots represent outlier

In contrast to the differences in cell densities and biomass concentrations for MUR-233 in the
different sized ponds, the results on biochemical composition for MUR-233 during batch mode
cultivation before the rain period demonstrated no difference between the different sized ponds
as shown in Figure 56. A greater difference was found in the maximum cell density between the
2 m2 and 200 m2 ponds compared to the 2 m2 and 20 m2 ponds which were almost identical to
each other.
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Investigations on hydrodynamics between the different scales demonstrated that the turbulence
decreased with increasing distance from the paddle wheel of the 200 m2 raceway pond according
to the Reynolds numbers as shown in Table 33 with laminar flow occurring at the end of the first
channel.

Table 33: Cell densities, biomass concentration and Reynolds numbers for raceway ponds at different scales
for batch -mode cultivation of MUR-233 with additional CO2 and controlled pH over a period of eight days at
the pilot plant in Karratha, where the distance from the paddle wheels increased from 1 to 3 as sampling
locations (presented in Figure 13, Chapter 2)
2 m2 raceway pond

20 m2 raceway pond

200 m2 raceway pond

Maximum cell
density cells x 104
mL-1

152±8*

163±11*

88±3*

Maximum biomass
concentration mg L-1

720±10.1*

768±26.6*

469±3.5*

Reynolds number
0
1
2
3

6022
4211
2947

8888
4223
3005

5268
1708
955
723

*standard error (n=4)
Turbulent flow at Reynolds number ≥2000 over the total distance from the paddle wheels was
measured and estimated for the 2 m2 and 20 m2 raceway ponds at the pilot plant. High Reynolds
numbers generated by the paddle wheels such as in 2 m2 and 20 m2 ponds resulted in a high
biomass concentration and higher achievable cell densities during batch mode cultivation (Table
33). In comparison to the 2 m2 and 20 m2 ponds, the 200 m2 pond with more than 50 % laminar
flow over the total channel length, demonstrated less achievable cell densities and less biomass
concentration at similar salinity and pond depth. The biomass- and lipid productivity for
Tetraselmis MUR-233 grown at different pond sizes are presented in Figure 57.
In comparing biomass productivity and lipid productivity between the different pond sizes, there
was a significant difference between the smaller ponds (2 m2, 20 m2) and the 200 m2 pond
(P≤0.03, n=6, One-way ANOVA). There was no significant difference in biomass and lipid
productivity between the 2 m2 pond and the 20 m2 pond (P≥0.16, n=6, One-way ANOVA).
Lower biomass productivity and lipid productivity can be seen as result of the reduced velocity
in the 200 m2 raceway pond in comparison to the 20 m2 and 2 m2 raceway ponds (Figure 57).
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Figure 57: Biomass (dark grey bar); lipid (light grey bar); productivity of MUR-233 with additional CO2
addition grown in different scales (2 m2 ponds, 20 m2 ponds and 200 m2 pond) from 15 December 2010 to 24
January 2011 (error bars=SE, n=6)

After the cyclone and rainy season, the culture of Tetraselmis MUR-233 was recovered from the
2 m2 ponds until the culture again appeared ‘healthy’ over a two week period before being used
to inoculate the 20 m2 ponds; the 20 m2 pond cultures were then used to inoculate the 200 m2
ponds.

3.10 Overall culture condition
The major contaminants were single celled Chroococcales-like cyanobacteria (Figure 58), which
were observed with a decline in salinity after the heavy cyclonic rain, with several centimetres of
rain in less than an hour. The cyanobacteria (approximately 2 – 3 µm in diameter) were difficult
to manage due to their small size and high cell division rate compared to Tetraselmis MUR-233.
Quantification of the contaminating cyanobacteria was not undertaken; only microscopic
observation demonstrated wide spread presence in high amounts, but 5 − 7 times less than
Tetraselmis MUR-233. Higher salinities of up to 5 % NaCl did not inhibit growth of these
cyanobacteria. Additional to the cyanobacteria contamination, a rotifer (Figure 58B) was
observed.
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At this time there was a slight decline in cell density of Tetraselmis MUR-233 which led to two
assumptions, first that the rotifer was grazing the Tetraselmis sp. and second that the Tetraselmis
cells stuck to the mucilaginous layer surrounding the cyanobacteria. However, there was no total
culture loss due to rotifers during this period.
The algae culture was harvested by 90 % of the total pond volume by electroflocculation and the
supernatant of the harvested medium was returned to the pond. At salinities greater than 5 %,
Tetraselmis MUR-233 demonstrated high specific growth without any growth of cyanobacteria.
Further, no rotifers were observed at salinities above 5 % NaCl, but a few rotifer cysts, which are
able to survive extreme environmental conditions, were observed for a short time before being
completely washed out during harvesting. At salinities greater than 6.5 % a few contaminating
diatoms were occasionally also observed.

Figure 58: Tetraselmis sp. and periodically observed contaminating organism at the pilot plant in Karratha.
(A) Tetraselmis sp. contaminated with pennate diatom; (B) zooplankton (rotifer); (C) pennate diatom; (D)
mucilaginous layer of contaminating unicellular cyanobacteria (Chroococcales- like); (E) amoeba; (F) diatom
and cyanobacteria; (G) mucilaginous layer with diatoms and Tetraselmis sp.
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4 CHAPTER 4
Limitations and Improvements
The results of the long term observation have shown seasonal variation in growth, proximate
biochemical composition and consequent fluctuations in biomass and lipid productivities. Light
and temperature are considered the major limiting factors affecting algal growth and productivity
(Venkataraman and Becker 1985). Additionally, nutrient concentrations and sources, the
availability of inorganic carbon, O2 concentration and salinity also can lead to limitations in algal
growth and can affect the biochemical composition of the cells (Abeliovich and Azov 1976;
Borowitzka 1998; Richmond 2004). Operational factors such as cell density, culture depth,
dilution rate, dilution frequency, and mixing are important factors in optimising the algae
cultures. Culture temperature, irradiance, turbulence, salinity and cell concentration also interact
in a complex manner, and seasonal variations in temperature and irradiance confound treatment
effects due to other parameters (e.g. cell concentration, salinity) and therefore, make controlled
optimisation studies in outdoor ponds difficult.
This chapter examines each of these factors and their interactions for Tetraselmis sp. grown
outdoors in raceway ponds, with the aim of assessing potential options to enhance growth,
biomass and lipid productivity in the outdoor cultures.

4.1

Irradiance

Light is the key factor affecting biomass production in photosynthetic organisms; while too little
light will limit productivity, too much light can also have a detrimental effect on productivity.
The condition beyond the light saturation point is the result of too much light reaching the algal
cell. For example, at the culture surface where photons are not photosynthetically absorbed by
the cells and the accumulation of excess energy within the photosynthetic apparatus can be
harmful for photosynthesis (Ralph et al. 2010). Conversely with increased culture depth when
light is limited while all available photons are absorbed by the algae cells at the culture surface,
the algae growth shifts from exponential growth to a stationary phase. The major challenge in
microalgae mass cultivation is to maximise the light efficiency under natural environmental
condition which is strongly affected by seasonal and diurnal temperature fluctuations influencing
enzymatic activity of the metabolic pathway.
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4.2

Cell density

The configuration of open raceway ponds provides light distribution at one dimension where
light penetrates the culture on the surface with a gradual decline into a dark phase at the bottom
of the pond. Several factors, including cell density in interaction with the optical properties of the
cell, length of the optical path of the reactor and the mixing rate of the culture are highlighted as
potential parameters to optimise light energy efficiency in microalgae mass culture (Richmond
2004). Omerhodzic (2009), tested the effect of light and different cell densities on the electron
transfer rate by P-E curve on Tetraselmis MUR-230 under indoor conditions. Tetraselmis MUR230 grew in a 150 mL conical flask placed under cool white fluorescent lights (~ 70 - 100 µmol
photons m-2 s-1) with 12:12 hour light /dark cycle at 25 oC. The rETR was measured over a range
of irradiances for Tetraselmis MUR-230 in 3.5 % (w/v NaCl) seawater based F-medium over
three cell densities: 1x106 (±5 %), 3.5x105 (±5 %), and 6.5x105 cells mL-1 (±5 %).
Omerhodzic (2009) found a slightly difference in the rETR between various cell densities where
rETRmax was obtained at the lowest cell density at 600 - 700 µmol photons m-2 s-1 compared to
higher cell densities with rETRmax at 400 µmol photons m-2 s-1. A higher rETRmax at low cell
densities for the current Tetraselmis sp. indicates a higher photosynthesis capacity due to the
higher light saturation point. Similar effects were found for Dunaliella salina with a saturation
point at higher irradiance due to reduced antenna size, compared to normally pigmented cells,
which led the author to estimate 2 - 3 times higher productivities compared to algae cells with
normal antenna size (Melis 1998). Conversely, photoinhibition for Tetraselmis MUR-230 was
observed only at low cell density below 3.5x105 cells mL-1 compared to higher cell densities
(Omerhodzic 2009).
Increasing cell densities reduce the average light availability to the individual cell due to selfshading, with consequent light limitation (Tamiya 1957). To counteract self-shading, algae mass
cultures are usually mixed so that, the algal cell moves across a different optical path with a
frequency generated by turbulence, depending on the reactor design. The phenomenon of the
light/dark frequency was investigated by various authors with frequencies from 1 - 10Hz
resulting in the enhancement of the photosynthesis rate and productivity (Richmond et al. 1980;
Grobbelaar 1991; Vonshak and Torzillo 2004). However, these high frequencies of 1 - 10 Hz are

impossible to achieve in open ponds and therefore the concept of light attenuation due to selfshading must be controlled by cell density versus pond depth.
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Further, the light acclimation process under light limitation conditions will increase the effect of
self-shading by increasing light-harvesting complexes due to pigmentation increases (Masojidek
et al. 2004). At high cell densities in open ponds the first layer absorbs much of the light but
cannot efficiently utilise it thus wasting energy in the form of fluorescence and heat, while only
few photons are received by cells deeper in the culture (Vonshak and Torzillo 2004). The light
path through the pond depth was measured by Quantum Scalar Laboratory Radiometer (QSL2200) with a spectral response of 400 - 700 nm (PAR). Applied cell densities for the observation
represented the most common range of target cell densities after dilution in this study.

Figure 59: Irradiance at different pond depths and at different cell densities of [] 68x104 cells mL-1 and []
16x104 cells mL-1 of Tetraselmis MUR-230 (error bars = SE, n=6)

Most of the total irradiance that reached the culture surface was absorbed in the first 5 cm with
70 % of the total irradiance absorbed at a cell density of 16x104 cells mL-1. At 10 cm depth the
culture of MUR-230 at cell density 68x104 cells mL-1 reached reduced irradiance condition
below the rETRmax of 400 µmol photons m-2 s-1 (Figure 59). The study of the effect of different
cell densities on algal growth and biomass productivity was conducted using two outdoor 1m2
raceway ponds at 20 cm depth inoculated to cell densities of 30 to 60x104 cells mL-1 (low cell
density); two other 1m2 raceway ponds were inoculated to cell densities of 60 to 100x104 cells
mL-1 (high cell density) with Tetraselmis MUR-230. All inocula came from the same stock
culture of each strain cultivated in F-medium at 7 % NaCl (w/v) without CO2.
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Maximum final cell densities ranging from 90 to 110x104 cells mL-1 were obtained during
semicontinuous cultivation with a dilution frequency of three days starting from initial cell
densities ranging from 30 to 70 x104 cells mL-1. The gradual increase in cell density by 10x104
cells mL-1 after each culture dilution was accompanied by a gradual decline in specific growth
rate for Tetraselmis MUR-230. Therefore, the highest specific growth rate was achieved at lower
cell densities and was further affected by solar irradiance (Figure 60). Further, there was a
decline in cellular AFDW observed with a similar trend as the specific growth rate (Figure 60).

Figure 60: Total daily solar irradiance, specific growth rate, and cellular AFDW in relation to cell density for
MUR-230 during semicontinuous growth with a three day retention time and gradual increase in cell density
in Perth from February 2009 to April 2009

Independently of the Tetraselmis strain, there was a positive trend in cell density in relation to
solar irradiance indicating the potential of higher achievable cell densities at higher solar
irradiance (Figure 60). The cell densities for both Tetraselmis strains showed a decline in cellular
AFDW when the cell density increased (Figure 60). Further, the Tetraselmis cultures growth was
faster at lower cell densities and demonstrated higher cellular AFDW compared to the same
Tetraselmis cultures at high cell density. However, to achieve maximum productivities an
optimum cell density is required that is not related to either maximum growth or maximum
biomass concentration. The optimum cell density for maximum biomass productivity was further
investigated by using cell densities for maximum cell weight (20 x104 cells mL-1), the maximum
biomass concentration (100 x104 cells mL-1) and the intermediate cell density (65 x104 cells mL1

) between the two extreme values.
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From the values in Figure 60 it can be concluded that the highest biomass productivity will be
achieved at cell density approximately 60 x104 cells mL-1. The results of the investigation on
different cell densities for MUR-230 at 20 cm culture depth are summarised in Table 34.
Markedly higher biomass productivities were achieved at lower cell densities with close to twice
as much compared to high cell densities (P< 0.05, n=27, grouped t-test). The key factor for
biomass productivity in the current study is more specific growth rate than high standing stock
biomass. The specific growth rate that was two -times higher at relatively low cell densities
resulted in close to double biomass productivities compared to the maximum achievable cell
densities (Table 34).
Table 34: Effect of cell density and specific growth rate on cellular weight, standing crop concentration and
area biomass productivity of MUR-230, at semicontinuous cultivation by every two days dilution from
01.01.2009 to 31.03.2009, with daily total solar irradiance between 21 and 33 MJ m-2

Cell density @20 cm pond depth

20x104cells mL-1

65x104cells mL-1

100x104cells mL-1

µ [d-1]

0.50

0.35

0.16

[ng AFDW cell-1]

0.60

0.45

0.31

[g AFDW L-1]

0.12

0.27

0.31

12

19

10

[g AFDW m-2 d-1]

More attention is given to the lipid productivity regarding the potential of Tetraselmis sp. for
biodiesel production. This began with the strain selection work by Fon Sing (2010) because in
this research, the main influence on lipid productivity was found in the specific growth rate (Fon
Sing 2010).
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Figure 61: Lipid productivity of MUR-167 and MUR-230 comparing low cell density <70x104cells mL-1 (1)
and high cell density >70x104cells mL-1 (2); semicontinuous cultivation from 01.01.2009 to 31.03.2009 with
daily total solar irradiance between 21 and 33MJ m-2

The potential for algal oil production is clearly shown in the results between low cell densities
and high cell densities for both Tetraselmis strains (Table 34) with significantly higher lipid
productivities at low cell densities compared to high cell densities (P<0.02, n=27, Grouped ttest).

4.3

Culture depth

At cell densities of >20 x104 cells mL-1 most of the light is absorbed in the upper 10 cm of the
culture in the raceway pond (Figure 59), whereas at lower cell densities more light penetrates
deeper into the pond. By changing pond depth (or cell density) the average irradiance the cells
receive changes. Theoretically, by reducing the culture depth (or cell density), the continuous
light gradient is shifting, where the light zone will be increased and the dark zone will be
decreased, which will increase the average irradiance received by the individual cell in the
culture.
In a deep pond the cells near the bottom potentially receive insufficient light for photosynthetic
O2 production to compensate for respiratory O2 uptake (i.e. the irradiance is below the
compensation irradiance (Ic) of the P-E curve).
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However, as the algae culture gets mixed, the cells move between the high light upper regions
and the low light lower regions in a particular frequency that is dependent on the cell density,
pond depth and degree of turbulence (Richmond et al. 1980). The effect of different pond depth
on algal growth and biomass productivity under outdoor cultivation conditions was investigated.
An experiment was established in August 2009 (beginning of the Austral winter) and in February
2010 (Austral summer) in Perth using two 1 m2 raceway ponds operated at 15 cm and 20 cm
depth for Tetraselmis MUR-230. The choice of using 15 and 20 cm culture depth was limited by
the pond design with a pond wall height of 25 cm and a channel width that was too narrow, with
marked shading effects of 50 % below 15 cm culture depth. Tetraselmis MUR-230 was grown in
F-medium at 7 % NaCl concentration at cell densities maintained between 30 - 70x104 cells mL-1
in semi continuous culture mode with a dilution frequency of three days and without additional
CO2 and unregulated pH.
The results of different culture depths clearly showed that the effect of operational pond depth on
algal growth and biomass productivity was greater in winter at low irradiance than in summer at
high irradiance (Table 35). Reduced light availability during winter is the result of shorter
sunshine hour and surface reflection of solar irradiance due to lower sun gradient to earth at the
latitude of Perth. During winter, there was a significant difference in specific growth rate and
biomass productivity at different culture depths (P≤0.1, t -test, n=18), but not in cell weight
(P≥0.3, t-test, n=18). In contrast to the winter results, during summer there was no significant
difference (P≥0.2, t-test, n=18) in either specific growth rate, cell weight or biomass
productivity.
The differences between summer and winter in specific growth rate and biomass productivity are
classic examples demonstrating limiting effects in light and temperature by considering that
specific growth rate is more affected by light, while biomass accumulation is more affected by
temperature due to enzymatic activity (Q10). The current results indicating that the change in
operational depth is the most promising procedure to overcome light limitations in outdoor algae
cultures during winter compared to the change in cell density. For instant, higher light
availability to the algae cells during winter will not consequently increase the utilisation of solar
energy while unoptimised temperature and high irradiance can lead to cell damage due to photooxidation.

149

Table 35: Comparison between 15 cm and 20 cm culture depth in growth and productivity for semicontinuous cultivation of Tetraselmis MUR-230 in 1 m2 raceway ponds
in Perth

Average
Solar irradiance
(MJ m-2 d-1)

14

Average
Temperature
range
(oC)

2 - 22

Pond depth
20 cm

Pond depth
15 cm

±SE, n=18

±SE, n=18

Specific growth rate (d-1)

0.16±0.01

0.22±0.01

+25 %

Cell weight (ng cell-1)

0.42±0.03

0.47±0.03

+12 %

Biomass productivity
(g m-2 d-1)

3.30±0.10

4.40±0.10

+33 %

Specific growth rate (d-1)

0.20±0.03

0.22±0.04

+10 %

Cell weight (ng cell-1)

0.57±0.03

0.56±0.04

-2 %

Biomass productivity
(g m-2 d-1)

10.90±0.30

12.60±0.40

+ 15 %

Winter

Difference between
20 cm and 15 cm pond depth

Summer

27

10 - 42
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4.4

Temperature

Metabolic activities affected by temperature are known as the most fundamental growth factor
for all living organisms and are a widely measured environmental parameter (Vonshak 1997b).
The effect of temperature on microalgal growth, especially in open raceway ponds is difficult to
determine because multiple parameters including solar radiation, pH, and nutrient concentration
also have a strong influence on algal growth. However, suboptimal temperatures are observed
mainly in outdoor cultures in the early morning when the solar irradiance is rising faster than the
culture temperature, which can lead to photoinhibition (Vonshak et al. 2001). The temperature
profiles between an open pond and a Biocoil reflect clearly that the temperature, regardless of
the season, always lags behind solar irradiance (Figure 62).

Figure 62: Diurnal solar irradiance (●) and pond temperature (□) for winter (A) and summer (B) for 1 m2
raceway ponds at 20 cm depth

To examine the effects of temperature two raceway ponds were inoculated with Tetraselmis
MUR-230 at 20 cm depth and operated semicontinuously. To prevent a temperature decrease at
night below 10 oC a submersible aquarium heater (EHEIM Jaeger-TSRH 25 - 300 W) adjusted to
18 oC was installed in one of the raceways with the other pond without a heater as control.
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The choice of 18 oC as maximum night temperature was based on approximately 10 oC higher
temperature than the control pond. The difficulty of the experiment was to adjust the heatingelement to the correct temperature range, due to the strong effect of air-temperature variations.
The pond temperature for the heated pond after set up with the heater prevented temperatures
below 15 oC, while the unheated pond temperatures were similar to the air temperatures. The air
temperature was recorded at the Murdoch University weather station and pond temperatures
were monitored using a submersible Tinytag TG- 4100 data logger (Gemini Data Loggers).
The overall growth and biomass data for MUR-230 showed no major difference between the
heated and unheated ponds. There was a significant difference in temperature between the two
treatments (P=0.002, n=6, grouped t-test), but there was no significant difference observed for
specific growth rate (P=0.394), cell density (P=0.240), cell weight (P=0.093), and biomass
productivity (P=0.486) (Table 36). To determine the effect on higher night temperatures (greater
than 20 oC) on biomass loss under field conditions, a second series of experiments on the effects
of night temperatures above 20oC was carried out in Perth in collaboration with Frances Suckale
(Anhalt University Germany). This study also examined the effects on the lipid and fatty acid
composition. The high night temperatures above 20 oC were based on the temperature conditions
observed at the pilot plant in Karratha, which had night pond temperatures of up to 30 oC. As in
the previous experiment, the pond temperature was adjusted using two aquarium heaters (TSRH
25 - 300 Eheim Jäger) for each 1 m2 raceway pond. This particular experiment also investigated
the possibility of night biomass loss at higher night temperatures.
The results in Table 37 demonstrate higher biomass accumulation during the day and higher
night biomass loss observed for Tetraselmis MUR-233 at higher night temperature, while the
overall biomass loss as a percent is similar to the culture at lower night temperature. However,
the net biomass productivity over 24 hours was 41 % higher at higher night temperature
compared to lower night temperature due to the higher biomass accumulation during daytime.
Investigation on the proximate cell composition showed that the protein content is increased and
lipids and carbohydrates decreased at high night temperature, while under low night temperature
carbohydrates, lipids and protein content decreased (Table 38). One potential reason for the
increase in protein content at higher night temperature could be found in the involvement of
enzymes with temperature dependent activity (Q10) to link amino acids together. Further, the
amino acids are produced from carbon sources such as carbohydrates or other energy sources
which explains the decrease in carbohydrates and lipids at higher protein synthesis rate.
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Table 36: Comparison of growth and biomass of Tetraselmis MUR-230 in heated and unheated outdoor ponds over 20 days during Austral winter 24.07.2009 – 14.08.2009,
SE=standard error, n=9

Average
Total daily solar
irradiance

Average Pond
temperature
Tmin

Average Pond
temperature
Tmax

Average
cell weight

Average
specific growth
rate

Average
Biomass
productivity

[MJ m-2 d-1]

[oC]

[oC]

[ng cell-1]±SE

[d-1] ±SE

[g m-2 d-1] ±SE

Heated- High night temperature, exponential
growth phase, (40x104 cells mL-1)

13

14

19

0.28±0.02

0.21±0.02

5.8±1.0

Unheated -Low night temperature, exponential
growth phase, (40x104 cells mL-1)

13

6

19

0.34±0.02

0.18±0.02

4.7±0.8

-

-

-

-16 %

18 %

20 %

Treatment

Difference between heated and unheated

Table 37: Biomass accumulation and night biomass loss for MUR-233 without additional CO2 and uncontrolled pH grown semicontinuously over nine days in 1m2 raceway
pond at 20 cm culture depth in relation to different night temperatures (*n=27)

Treatment

Average
Total daily solar
irradiance

Low night temperature, exponential growth phase,
(40x104 cells mL-1), µ=0.14 ±0.04 SE, n=9)

Average Biomass
accumulation

Average
Biomass loss

o

[g m-2 d-1]
±SE

Average
Pond temperature
Tmax

Average
Biomass
loss

[MJ m d ]

[ C]

[ C]

[g m-2 d-1]
±SE

16

21

27

19.8±0.40

-10.9±0.22

55±2

16

4

27

9.4±0.30

-5.7±0.18

58±3

-2

High night temperature, exponential growth phase,
(40x104 cells mL-1), µ=0.19 ±0.05 SE, n=9)

Average Pond
temperature
Tmin

-1

o

[%]
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Table 38: Change in proximate cell composition for MUR-233 without additional CO2 and uncontrolled pH grown semicontinuously over nine days in 1m2 raceway pond
at 20 cm culture depth in relation to different night temperatures (*n=6)

Change in proximate cell composition

High night temperature, exponential
growth phase, (40x104 cells mL-1),
µ=0.19 ±0.05 SE, n=9)
Low night temperature, exponential
growth phase, (40x104 cells mL-1),
µ=0.14 ±0.04 SE, n=9)

Average
Pond
temperature
Tmax
[oC]

Average
change in
total Lipids

Average
change in
Proteins

Average
change in
Carbohydrates

[MJ m-2 d-1]

Average
Pond
temperature
Tmin
[oC]

[%]±SE

[%]±SE

[%]±SE

16

21

27

-30.9±1.5

+16.9±0.9

-36.0±2.0

16

4

27

-10.9±0.4

-12.2±1.1

-17.4±0.9

Average
Total daily solar
irradiance
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4.5

Effect of CO 2 addition

The effects of CO2 addition and controlled pH were also observed visually as shown in Figure
63. Independent of reactor design (i.e. raceway and Biocoil), there was a heavy development of
biofilm on the reactor walls resulting in major decrease in algal growth in the cultures of
Tetraselmis MUR-233 without CO2 addition. The biofilm formation was always observed in the
lower parts of the raceway pond (beginning from 10 cm surface at 20 cm culture depth) in the
reduced light zones of the pond. This biofilm was removed by CO2 addition and culture dilution
to reduce the dark zone in the open raceway (Figure 63, C and D). Similar biofilm development
has been shown in the Biocoil after CO2 addition resulted in spontaneous detachment of the
biofilm (Raes et al. 2014).

Figure 63: Biofilm development of Tetraselmis sp. without CO2 addition and unregulated pH (A, C) and with
CO2 controlled pH (B, D) in an enclosed photo bioreactor (A = without CO2 addition; B = biofilm is detached
after CO2 addition) and open raceway pond (C = without CO2 addition; D = with CO2 addition)
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The advantage of injecting CO2 in the algae culture is to prevent an increase in pH due to
photosynthetic CO2 uptake. When cultures of Tetraselmis MUR-233 photosynthesise and
consume CO2, the pH of the cultures increases significantly, while with an increase in pH from
7.2 to 8.2, the rETR was markedly reduced from 107.6±13.2 to 80.7±9.1 μmol electrons m-2 s-1
(Omerhodzic 2009). Therefore, all investigations with additional CO2 were carried out at pH 7.5
by using a pH stat system according to the principles of Hayes (1978).
The pH stat system includes a pH-controller, connected to a solenoid valve installed in the CO2
pipeline, where CO2 was added when the pH increased above the set-point. During CO2 addition,
the pH decreased and switched the solenoid valve off when below pH 7.5 (Hayes 1978). At pH
7.5 most of the inorganic carbon is available as CO2 (even at salinity of 7 %) and the pH is
within the normal pH range that does not affect other processes in algae such as nutrient uptake
(e.g. nitrate) nor is it likely to have a direct effect on the H+ balance.
The most common way of photosynthesis measurement is the production of O2 during
photosynthesis. For investigations on the photosynthesis rate between CO2 treated outdoor
culture and non CO2 treated culture, a multiple parameter monitoring sonde (YSI, 600XL) was
installed into the raceway ponds. The YSI-sonde containing sensors for temperature,
conductivity, dissolved oxygen and pH recorded the data for each treatment. The results shown
in Figure 64 indicate that photosynthetic CO2 uptake raises the pH to pH 9.5±0.5. In contrast,
CO2 addition at pH 7.5±0.5 was monitored, where during photosynthesis the dissolved O2
concentration in the culture increased (Figure 64) and showed higher values compared to the
culture without CO2 supply.
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Figure 64: Diurnal pattern of (upper panels) solar irradiance (areal plot), air temperature () and (lower
panels) pH (●●●), dissolved O2 [DO] (─), for Tetraselmis MUR-233 without CO2 addition and uncontrolled pH
and with CO2 addition and controlled pH in 1 m2 raceway pond in Perth
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Further long term observation for Tetraselmis MUR-233 with additional CO2 and controlled pH
demonstrated a constant trend in O2 concentration as an indicator for photosynthesis rate,
independent of the dilution frequency. Even after four days without culture dilution, the algae
culture with additional CO2 continued to photosynthesise at a constant dissolved O2
concentration, whereas the photosynthesis in the culture without CO2 showed a decline from day
to day in dissolved O2. Interesting results were found in the different shape of the diurnal O2
changes. The dissolved O2 pattern with CO2 addition followed the diurnal irradiance having a
fairly bell-shaped pattern, unlike the culture without CO2 which began to decline at noon.
The data support the hypothesis that the photosynthesis inhibition in the culture without
additional CO2 was induced by CO2 limitation. The frequency and amount of supplied CO2 due
to the pH stat system can be used as an indicator for photosynthesis activity and together with
biomass productivity can be used to estimate inorganic carbon consumption as applied for the
diffuser size calculation presented in Chapter 2. The rapid light curve was performed by using a
Water-PAM fluorometer (Walz GmbH, Germany) and samples were prepared as described in
Chapter 2. The relative ETR plotted against irradiance is shown in Figure 65.

Figure 65: Comparison of relative ETR versus PAR/irradiance curves for Tetraselmis MUR-233 ( with CO2
addition, O without CO2 addition) grown in 1 m2 raceway pond outdoors during Austral winter (July 2010) at
(A) light adapted (straight from the outdoor culture) and (B) dark adapted (15 min in total darkness) (error
bars are SE, n=4)

The experiment was conducted to demonstrate the effect of CO2 addition and pH control during
culture dilution when the algae cells get into transition from high cell densities (low light
conditions due to self shading) into low cell density (high light conditions) at low temperature
during Austral winter.
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To increase the effect of low light, the algae culture in Figure 65 B was kept in absolute darkness
for 15 min after sampling. The algae samples in Figure 65 A and B came from the same
inoculum of Tetraselmis MUR-233 cultivated over a period of 12 months in 1 m2 outdoor
raceway ponds with CO2 addition and without CO2 addition. Further, the algae samples were
taken before culture dilution and the both samples were diluted and equalised to the same cell
density. There was no further adjustment undertaken to normalise the oxygen evolution rate to
the biomass content due to the time shift for in-situ monitoring.
Higher photosynthesis activity was found when comparing the rETR as a function of irradiance
for Tetraselmis MUR-233 with additional CO2 and without additional CO2 from the outdoor
culture. From Figure 65, it can be observed that the rETR for light adapted Tetraselmis MUR233 with additional CO2 under controlled pH was markedly higher at 60 %, accompanied by up
to three-times higher irradiance saturation compared to Tetraselmis MUR-233 without additional
CO2 under unregulated pH. The fact that Tetraselmis MUR-233 with additional CO2 increased
their photosynthesis activity with a more efficient light absorbance, resulted in a more feasible
cultivation over a long period under outdoor conditions. The lower photosynthesis activity of the
dark adapted algae culture with CO2 addition also indicates that higher cell density and increased
self-shading affect the lag phase which increased after culture dilution. Further results of total
cellular chlorophyll content with 1.8 % ±0.3 AFDW were obtained for Tetraselmis MUR-233
with additional CO2 and pH control in comparison to Tetraselmis MUR-233 without additional
CO2 and unregulated pH, which were similar and not significantly different (P≥0.9, n=12, t-test).
The effect of CO2 addition resulted in higher biomass productivity as a result of higher specific
growth rates.
The results in Figure 66 demonstrate that during summer the biomass productivity and lipid
productivity for MUR-230 and MUR-233 clearly underline the effect of additional CO2, with
more than double the productivities (as demonstrated in Figure 66) compared to the culture
without CO2 addition (P≤0.005, t-test, n=5). In contrast, there were no improvements in biomass
and lipid productivity by CO2 addition for MUR-230 and MUR-233 during the Austral winter
(P≥0.1, t-test, n=5). Further, the difference between the productivities for biomass and lipid for
MUR-230 and MUR-233 under additional CO2 were three times higher in summer than in
winter, while biomass and lipid productivities without additional CO2 increased twice as much in
summer than in winter (Figure 66).
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Figure 66: Biomass and lipid productivity for Tetraselmis MUR-230 and MUR-233 grown without CO2
addition and with CO2 addition in 1 m2 raceway ponds during summer (November 2009 to March 2010) top
panels and winter (May 2010 to September 2010) bottom panels in Perth

Inorganic carbon represents the major element with approximately 50 % of algal biomass and is
considered the most limiting nutrient source in algae mass cultivation with a significant
contribution in biomass and lipid productivity. The current study showed that without additional
CO2, the biomass and lipid productivity in summer is 55 % lower compared to the Tetraselmis
culture with CO2 addition.
Further investigation of the effect of CO2 on diurnal biomass accumulation for Tetraselmis
MUR-233 at low and high night temperatures were conducted under the experimental set-up as
described previously under the Temperature section in the current Chapter. The results of this
investigation include (apart from biomass accumulation data) the change in proximate cell
composition that is summarised in Table 39 and Table 40.
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Regardless of the temperature, Tetraselmis MUR-233 with CO2 addition and controlled pH
showed after the dark phase a similar biomass loss percentage of 15 % ±1 percent of the
accumulated biomass during the light phase. However, the biomass accumulation at higher
temperatures was 57 % higher, accompanied by an only 31 % higher biomass loss compared to
the culture at a lower temperature. The total biomass productivity at a higher temperature
resulted in 61 % greater values as compared to the low temperature. These results clearly
underline the effect of temperature on biomass productivity under CO2 addition. With respect to
the biomass loss evaluation, there was an increase of lipids in the Tetraselmis culture at low
temperature accompanied by a decline in proteins. In contrast, the culture at high temperature
demonstrated a decline in lipids and proteins. The carbohydrate contents in all conditions are not
available due to the accidental loss of samples during analysis.
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Table 39: Biomass loss during the night for MUR-233 with CO2 addition and controlled pH, grown semicontinuously in 1 m2 raceway pond at 20 cm culture depth in
relation to different night temperatures (*n=6), carbohydrate data not available

Treatment

Average pond
temperature
Tmax
[oC]

Biomass
accumulation

Biomass loss

Biomass
loss

[MJ m-2 d-1]

Average pond
temperature
Tmin
[oC]

[g m-2 d-1]

[g m-2 d-1]

[%]

16

21

28

15.2 ±0.5

2.1 ±0.06

14±3.0

16

4

28

9.7 ±0.2

1.6 ±0.03

16±2.0

Total solar
irradiance

High night temperature, low cell density,
exponential growth phase,
(40x104 cells .mL-1), µ=0.25±0.03 SE, n=8)
Low night temperature, low cell density,
exponential growth phase,
(40x104 cells .mL-1), µ=0.20±0.05 SE, n=8)

Table 40: Change in proximate cell composition for MUR-233 with CO2 addition and controlled pH grown semicontinuously in 1m2 raceway pond at 20 cm culture depth
in relation to different night temperatures (*n=6), carbohydrate data not available

Average
Total daily solar
irradiance

Pond
temperature
Tmin

Pond
temperature
Tmax

Change in
cellular
Lipids

Change in
cellular
Proteins

Change in
cellular
Carbohydrates

[MJ m-2 d-1]

[oC]

[oC]

[%] ±SE

[%] ±SE

[%] ±SE

High night temperature, exponential growth phase,
(40x104 cells .mL-1), µ=0.25±0.03 SE, n=9)

16

21

27

-26.0 ±0.5

-42.0 ±1.3

─

Low night temperature, exponential growth phase,
(40x104 cells .mL-1), µ=0.20±0.05 SE, n=9)

16

4

27

27.0 ±0.6

-34.4 ±0.5

─

Change in proximate cell composition
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4.6

Sub-effect of CO 2 addition on growth, N-consumption and proximate biochemical
composition

The results of the investigations on macro-nutrient monitoring in Chapter 2 have shown reliable
values for N-consumption and P-consumption for the Tetraselmis culture with additional CO2
and controlled pH as well the association between N-uptake and inorganic carbon supply. The
first investigation was undertaken to identify the effect of P-limitation on growth for Tetraselmis
MUR-233 grown semicontinuously at 7 % salinity with additional CO2 and without CO2 addition
in open raceway ponds. To induce P-limitation in open ponds the supply of additional phosphate
to the seawater was stopped, while N-concentrations were kept constant at 80 mg NO3 L-1. At
this point it was unclear whether the P-concentration in the natural seawater was high enough to
overcome the limitation conditions.

Figure 67: Cell density during cultivation of MUR-233 in 1 m2 raceway ponds in Perth with CO2 addition;
comparison between P-depleted (A) and P-sufficient (B) condition indicated by shaded area and harvest
volume (bar chart)
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The results in Figure 67 clearly demonstrate the need for P-supply in cultures of Tetraselmis
MUR-233 with additional CO2 and controlled pH indicated by a decline in specific growth rate.
However, culture growth is also observed after culture dilution, which indicates the use of
inorganic P from the natural seawater source. Straight after phosphate addition (after the shaded
area in Figure 67), the culture growth gradually increased to show similar growth pattern as the
Tetraselmis culture with constant phosphate supply. Further investigation on the proximate
biochemical composition was unavailable due the accidental loss of the sample material.
Apart from phosphate, investigations on the effect of N-limitation in association with additional
CO2 and controlled pH on the growth and biochemical composition of Tetraselmis MUR-233
grown semicontinuously at 7 % salinity with additional CO2 and without CO2 addition in open
raceway ponds were undertaken in collaboration with Frances Suckale in Perth. The N-limitation
was naturally induced by stopping the supply of sodium nitrate during culture dilution for both
Tetraselmis cultures after day one (27 April 2011). Further culture dilutions were conducted
every second day by replacing the harvested medium with natural seawater and monosodium
phosphate addition up to 5 mg L-1 final concentration.

Figure 68: Cultivation of MUR-233 with CO2 addition and without additional CO2 in 1m2 raceway pond in
Perth; comparison between N-sufficient and N-depleted condition indicated by NO3 concentration (bar chart)

After eight days of semicontinuous cultivation of Tetraselmis MUR-233 with CO2 supply
without nitrate addition, the algae culture went into N-starvation condition with reduced specific
growth (Figure 68). In contrast, the Tetraselmis culture without CO2 supply and unregulated pH
did not reach nitrate depletion conditions and showed a constant proximate composition under
field conditions.
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Figure 69: Organic composition of Tetraselmis MUR-233 grown in 1m2 raceway pond in Perth with CO2
addition and without additional CO2 at different N-concentrations regarding Figure 68

Reduced algal growth due to N-depleted condition for Tetraselmis MUR-233 with CO2 addition
resulted in a decline in proteins and an up to five times higher carbohydrate content, while total
lipids were constant (Figure 69). For Tetraselmis MUR-233 without CO2 addition the nitrate
concentration after 14 days of semicontinuous growth was reduced to a tenth of the initial nitrate
concentration resulting in a slight increase in total lipids, and quite constant proteins with a slight
decline in carbohydrates (Figure 69).

4.7

Influence of different N-sources

The most dominant N-source in natural habitats as dissolved nitrogen form is nitrate, while
ammonium is the major excretory product of animals in the marine environment and urea is the
major excretory product of mammals and birds, with a possibility of approximately 10 % of Nexcretion by zooplankton. The low levels of ammonium in natural habitats throughout the year
are considered the result of the rapid uptake by phytoplankton after excretion by zooplankton
(Flynn and Butler 1986). However, N-fertiliser and P-fertiliser supplement for microalgae mass
cultivation is necessary to achieve high biomass productivities and plays a major role in the
expense factor. Therefore, nutrient supply and the choice of fertiliser are dictated by economic
factors. The choice of the fertiliser that supplies nitrogen and no phosphorus should consider the
cost per unit of nitrogen of the fertiliser. For example, urea contains the highest amount of N
with 46 %, followed by 27 % and 21 % for ammonium nitrate and ammonium sulphate
respectively.
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Figure 70: Structure formula of ammonium chloride, urea and sodium nitrate

Due to economic reasons and with a focus on commercial scale, the effects of different Nsources were studied using Tetraselmis MUR-230 grown in 1 m2 raceway ponds in Perth. The
inoculum was a culture grown in a raceway pond for seven days without N addition under
controlled pH with CO2 supply at 7 % salinity. The experimental medium in one of the ponds
was then enriched with sodium nitrate and the other two ponds were enriched with equimolar
amounts of N of either ammonium chloride or urea. The cultures were grown in semi continuous
mode over a period of six weeks, pH was not controlled and no additional CO2 was supplied.
There was an initial lag in growth for the Tetraselmis culture with ammonium chloride as the
cultures adjusted from the N-limiting condition. After the adaptation time, Tetraselmis MUR-230
was able to grow on all three nitrogen sources over six weeks. The pH values of the culture with
ammonium chloride were slightly lower at pH 8.4±0.3 and significant different (P>0.8, n=18,
grouped t-test) compared with the pH values at 8.8±0.3 of the culture with urea and sodium
nitrate. No significant difference (P>0.8, n=18, grouped t-test) was found between the culture
medium of urea and sodium nitrate.
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Figure 71: Adaptation time of growth, indicated by cell number () for Tetraselmis MUR-230 at 7 % salinity
and different N-sources without CO2 addition and pH control in 1m2 raceway ponds in Perth

Figure 72: Comparison of specific growth rate and biomass productivity between ammonium chloride, urea,
and sodium nitrate for MUR-230 without CO2 addition and pH control
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There was no significant difference in cell density, specific growth rate, biomass concentration
and biomass productivity between the cultures grown on ammonium chloride, urea or sodium
nitrate as shown in Figure 72.

Figure 73: Proximate biochemical composition for MUR-230 grown in ammonium chloride, urea, and sodium
nitrate without CO2 addition and pH control

The trend of total cellular organic content is similar to the protein content of all applied Nsources as shown in Figure 73. The mean cell AFDW of the cells grown on sodium nitrate was
significantly lower (P<0.05, n=36, grouped t-test) than that of the cultures grown with urea and
ammonium chloride. The lowest protein content was also observed in the cells grown with
sodium nitrate (P<0.05, n=9, grouped t-test). The cells grown with ammonium chloride had a
high amount of total organic content (AFDW) and a high protein content, as well as the lowest
lipid content (P<0.05, n=9, grouped t-test). All three N-sources showed no significant difference
in cell carbohydrate content (P=0.364, n=9, grouped t-test).
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4.8

Dilution / harvesting frequency

Dilution frequency can be seen as a crucial task in managing the interaction between daily
changes in cell density and fluctuation in natural light availability. Apart from light availability,
higher dilution frequency under semicontinuous cultivation will prevent nutrient limitations and
can be used to reduce the load of contaminating organisms such as other algae species, bacteria
and ciliates.
Cell density is important because it affects light distribution to the individual algal cell. For
example, when microalgae cells divide once per day independently from the amount of doubling
cells, the best manner of culture maintenance will be semi-continuous culture, where the cell
density increases over a period followed by dilution back to the initial cell density. For example,
a specific growth rate based on cell concentration of 0.2 d-1 required a dilution rate of 15 % of
the total culture volume, while maximum growth rate of 0.7 d-1 for Tetraselmis MUR-230 and
MUR-233 required a dilution rate of 50 % of total pond volume. The dilution rate can also
depend on dilution frequency.
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Figure 74: Tetraselmis MUR-230 with additional CO2 and pH control in 1m2 raceway pond in Perth
regarding different dilution frequencies (A) two/three days of dilution and (B) dilution every day in relation
to solar irradiance (top panel) and temperature (middle panel)

The investigation of different dilution frequencies clearly showed that even with a slight decline
in solar irradiance (Figure 74), shorter dilution intervals resulted in higher specific growth rates
(Table 41). Further, it can be observed that the longer dilution intervals require much higher
dilution rates, indicated by the range between initial cell density and maximum cell density.
Several parameters such as nutrient concentration and the average irradiance the cells receive
expose the cells to greater fluctuations. In contrast, high dilution frequencies can lead to reduced
cell concentration or culture wash-out (Figure 74B).
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Table 41: Summary of specific growth rate, doubling time (DT), AFDW and lipid productivity for Tetraselmis
MUR-230 regarding Figure 74, values are mean ±SE, n=21
µ [d-1]

DT [d ]

AFDW [g m-2 d-1]

Lipid [g m-2 d-1]

MUR 230 every two / three days dilution

0.31 ±0.06

2.2 ±0.09

8.13 ±0.9

3.3 ±0.5

MUR 230 every day dilution

0.42 ±0.03

1.6 ±0.02

14.82 ±2.0

6.7 ±1.2

Tetraselmis strains

The fact that culture management was based on cell number and showed improved specific
growth rates when diluted early morning leads to the assumption that more light was available
for the individual algae cell and therefore the self-shading effect of the microalgae cells was kept
in a daily steady state.

4.9

Interaction between parameters for Tetraselmis species in outdoor algae mass
cultivation

The uniqueness of the entire study on Tetraselmis sp. was the fact that all investigations were
carried out at 7 % NaCl salinity which is twice as high as seawater, and these showed long term
feasibility without any culture loss across the seasons. Salinity is recognised as one of the
limiting factors in specific growth and biomass accumulation for marine microalgae (Fabregas et
al. 1984). Previous indoor experiments by Fon Sing (2010) demonstrated different growth
characteristics for different Tetraselmis strains grown in a batch mode at different salinities
ranging from 3.5 % NaCl up to 9 % NaCl. Under these conditions, a constant pattern in specific
growth rate up to 9 % NaCl was found for Tetraselmis MUR-230 without CO2 addition.
Tetraselmis MUR-230 was grown in 1m2 outdoor raceway ponds at 20 cm depth without CO2
addition over a period of six weeks in Austral autumn 2009 at 5 %, 7 % and 9 % NaCl. The
culture was adapted to the target salinity one week in advance. Any reduction in salinity due to
rainfall was adjusted by the addition of NaCl, and increases in salinity due to evaporation were
compensated by topping up with freshwater. The environmental parameters from 1 April to 13
May 2009 demonstrated average values of 17 MJ m-2 d-1 solar irradiance accompanied by a
temperature range between 12 and 27 oC over the period of investigation in Perth.
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Figure 75: Organic composition of Tetraselmis MUR-230 grown in F-medium at 5 %, 7 % and 9 % NaCl
concentration (AFDW, lipid-, protein-, (n=12), carbohydrate content (n=9)

The overall cell composition showed no major changes and no statistical difference (One -way
ANOVA, P>0.05) in total organic content (AFDW) and organic composition for Tetraselmis
MUR-230 at different salinities (Figure 75). There was no significant difference for MUR-230 in
the specific growth rate of MUR230 grown at 5 %, 7 % and 9 % NaCl (P=0.383, n=15,
ANOVA), although the median values decreased slightly when salinity increased from 5% to 9
% NaCl (Figure 76). Further, there was no significant difference for Tetraselmis MUR-230
grown without CO2 addition in biomass productivities (P=0.878, n=15, ANOVA) and in lipid
productivity (P=0.559, n=15, ANOVA) between 5 %, 7 % and 9 % NaCl concentration (Figure
76).
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Figure 76: Box plot of specific growth rate, biomass- and lipid productivity of MUR-230 grown in 5 %, 7 %
and 9 % NaCl concentration (n=15)

The fact that all Tetraselmis sp. grew at 7 %±0.5 (w/v) NaCl concentration outdoors minimised
the risk of contamination by other microalgae in long term outdoor cultivation, but there was one
occasion on which diatom cell numbers exceeded those of Tetraselmis MUR-233.
High specific growth rates for MUR-233 with CO2 addition demonstrated promising results
outcompeting foreign microalgae species such as diatoms. This occurrence was recorded in
winter of July 2009 where the diatoms were more abundant than the Tetraselmis MUR-233.
When the cell concentration of the diatom reached 80x104 cells mL-1 while the Tetraselmis
MUR-233 cell concentration was only 30x104 cells mL-1 a pH stat system using CO2 addition
was established and the pH of the culture was kept constant at pH 7.5±0.1.
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After ten days following the onset of CO2 addition, Tetraselmis MUR-233 was again the
dominant alga, and after twenty days the diatoms were completely eliminated from the culture.
No diatom concentration above 1x104 cells mL-1 was observed for Tetraselmis MUR-233 with
controlled pH at 7.5 with CO2 addition indicating that the diatoms were not capable of
competing under these conditions with the Tetraselmis sp. of the current study. Similar
observations were made in the Karratha climate, where the population densities of a foreign
diatom rose to a critical number that was equal to the Tetraselmis population without CO2
addition. After CO2 addition, the growth of the Tetraselmis population increased rapidly and
overgrew the diatoms that were washed out during culture dilution.
Maintaining high specific growth rates due to high dilution frequency is essential for high
biomass productivities as shown in Figure 77 and is strongly dependent on the addition of CO2
with respect to solar irradiance and temperature
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Tetraselmis MUR-233without CO2 addition

Tetraselmis MUR-233 with CO2 addition

Figure 77: Seasonal dilution frequency for MUR-233 grown over all four seasons in 1m2 raceway ponds in Perth, without CO2 addition and uncontrolled pH as well with
CO2 addition and controlled pH
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Further, high dilution frequencies prevented the culture from entering the early stationary phase
accompanied by a reduction in biomass loss, while additional CO2 markedly reduced the
biomass loss regardless of the growth stage (Table 42).
Table 42: Effect of growth phase and CO2 addition on night-time biomass loss and proximate biochemical
composition of Tetraselmis sp. grown outdoors in raceway ponds at 7 % salinity, average solar irradiance 16 19 MJ m-2 d-1, low pond temperature range 4 -20 oC () , high pond temperature range 20 -30 oC (), arrows
indicating () increase, () decrease, () no change

Exponential growth

Early Stationary growth

phase

phase

Temperature
(oC)



Night-time Biomass
loss



(g m-2 d-1)

+CO2

-CO2

+CO2

-CO2

-16 %

-65 %

-30 %

- 85 %

-15 %

- 60 %

- 25 %

- 95 %
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(%)
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It is demonstrated that at exponential growth, the algal cells contain a higher amount of lipids
and carbohydrates, which is intensified due to CO2 addition accompanied by a decrease in
proteins, especially at low temperatures. Proteins mainly increase in stationary phase and at
higher temperature.
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Combining the results regarding the effect of light distribution through the culture (Cell density,
in the current Chapter page 144) with the results of dilution frequency suggests that the best
pond management at daily dilution should be at 60x104 cells mL-1 cell density regarding a
specific growth rate ≥0.3 d-1 to achieve high lipid productivities, up to twice as much compared
to lower dilution frequency for Tetraselmis MUR-230 and MUR-233 with additional CO2 and
regulated pH (Table 41).

Figure 78: Interdependency between specific growth rate, dilution rate (daily based), standing stock culture
age (culture turnover), cellular lipids and protein content for MUR-230 and MUR-233 with additional CO2
and regulated pH

A further advantage of operating at specific growth rate ≥0.3 d-1 was found in the short detention
period of the individual algal cell which reduces the risk of high contamination by increasing the
feasibility of long term operation. The potential in biomass and total lipid productivity for
Tetraselmis MUR-230 and MUR-233 grown at 7 % salinity in open raceway ponds with CO2
addition can be estimated by using the achievements from the long term investigation in Chapter
3 for Perth and Karratha, and combining these results with the improvements of the current
Chapter 4, which are summarised in Figure 79. Estimated total lipid productivities were based on
the average lipid content analysed during the time of cultivation in Perth and Karratha as shown
in Chapter 3.
Higher average biomass productivity for a period of 365 days with 36 g m-2 d-1 corresponding to
131 t ha-1 year-1 can be achieved in the Karratha climate that has more annual sunny days and
annual temperatures close to the optimum for Tetraselmis MUR-233 compared to the average
biomass productivities over a period of 365 days of 21 g m-2 d-1 for MUR-230 and 19 g m-2 d-1
corresponding to 69 t ha-1 year-1 and 76.6 t ha-1 year-1 and for Tetraselmis MUR-233 when
grown with additional CO2.
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The advantage of the Karratha climate counts less for the total lipid productivity of MUR-233
with CO2 addition as shown in Figure 79 with similar average productivities over a period 365
days of 10 g m-2 d-1 and 12 g m-2 d-1 corresponding to a yield of 36.5 t ha-1 year-1 for Perth and
Karratha respectively.

Figure 79: Prognosticate biomass productivities (top panel) and lipid productivities (lower panel) integrating
all improvements for Tetraselmis sp. grown in open ponds at 7 % salinity for MUR-230 (), MUR-233 (O),
with CO2 addition in Perth and MUR-233 () with CO2 addition grown in open ponds in the Karratha
climate

4.10 Factors affecting total lipid profile and fatty acid profile
Several attempts to study the effect of light period on algal growth have been made, and it has
been suggested that the physiological state of phytoplankton coupled with environmental
conditions creates a rhythm in photosynthesis and cell division (Harding Jr and Heinbokel 1984).
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Therefore, it is crucial to investigate the diurnal pattern of the cell division under constant
conditions as a controlled start-up point for further improvements.
To determine the mitotic ratio, Tetraselmis MUR-230 was collected from the outdoor culture at 7
% NaCl and inoculated in several 500 mL and 1000 mL Erlenmeyer flasks with 250 mL and 500
mL to provide enough sample material for analysis without interruption of the culture
performance. The culture was maintained for one week in the adapted indoor conditions and
grown at 25 oC in a growth cabinet under a 12:12 hour light/dark cycle. To synchronise the cell
densities of the various flasks including three replicates the cultures were diluted at the same cell
density.
The samples were taken every two hours for mitotic ratio determination, wheras AFDW,
chlorophyll and lipid content were taken every six hours over a 24 hour period. Mitotic ratio was
analysed by counting 1,000 cells under a light microscope at 40x10 magnification, including the
presence of cells in the cell division stage (i.e. anaphase or teleophase as seen as double cells),
followed by calculation using Equation 16.

Mitotic ratio [%] =

Number of double cells
x 100%
Total cell number

Eq. 16

Tetraselmis MUR-230 showed a cell division for the same period with a peak of 10 % in the
mitotic ratio at the beginning of the dark phase as illustrated in Figure 80. The summary of the
mitotic ratio showed 41 % dividing cells from the initial cell concentration of 63x10-4 cells mL-1
accompanied by a specific growth rate of 0.36 d-1, which led to a dividing phase of
approximately two hours for Tetraselmis MUR-230. The observed cell division of Tetraselmis
MUR-230 can be characterised as discontinuous or phased cell division with an estimated
duration period of up to eight hours during the dark phase. The loss of the flagella for the mother
cells of Tetraselmis MUR-230 to begin anaphase were monitored accompanied by attachment to
the culture vessel until the daughter cells were formed and ruptured the mother theca.
During the light phase, there was an increase in cellular AFDW, total chlorophyll, total lipid
content and pH due to the photosynthesis, with a maximum of pH 9.7 monitored. During the
dark phase, there was a decrease in pH due to night respiration, and a decrease in cell AFDW
and total lipid content.
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The total chlorophyll content seemed to be more stable during the dark phase, while the increase
during the light phase represented the adaptation to changed light distribution due to the self shading effect after cell division. The drop in AFDW during the phase of cell division indicated a
reduced cell volume of the daughter cells with a temporary cessation of their cell metabolism.

Figure 80: Diurnal pattern for MUR-230 without CO2 addition and controlled pH (), cell density (),
mitotic ratio (), chlorophyll a (), chlorophyll b (), AFDW per cell () and lipid content ()
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Further, it was noted that the lipid content at the end of the dark phase had declined markedly to
the initial cellular lipid content at the beginning of the light phase. These observations lead to the
assumption that the lipids have been used as an energy source for intracellular metabolism,
including flagella production.

Figure 81: Diurnal lipid profile pattern for Tetraselmis MUR-230 without CO2 addition and controlled pH (1)
wax ester, (2) triglycerides, (3) fatty acids, (4) sterols]. Olive oil was used as an indicator for the qualitative
success of the TLC analysis

The highest intensity in fatty acids, triglyceride and wax ester were observed at noon. As shown
in Figure 80 the total lipid content increased during the light phase and reached the maximum at
the highest mitotic ratio to begin the dark phase. In this stage, the cells required mainly structure
and membrane lipids, resulting in a decrease in storage lipids as shown in Figure 81. From the
same figure it can be seen, that the intensity for wax ester reduced when the cell division began
and increased in the end of the cell division. The lowest intensity in fatty acids, triglyceride and
wax ester was monitored at the end of the dark phase, reflecting the decline in total lipids.
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4.10.1 Effect of different N-sources on lipid profile
Regarding the results of the investigation on different potential N-sources for the growth of
Tetraselmis MUR-230 there was no major difference in growth and proximate biochemical
composition between the different N-sources except for Tetraselmis MUR-230 grown in
ammonium-N with lower content in total lipids compared to sodium nitrate and urea.
The spots on the TLC plate of the extracted total lipids indicated the ammonium chloride and
sodium nitrate had identical lipid profiles (Figure 82). In contrast, the cells grown on urea had a
similar total lipid content as the cells grown on sodium nitrate (Figure 73), but less intense spots
of wax ester, triglycerides and fatty acids (Figure 82). These results led to the hypothesis that
urea grown culture contains higher amounts of phospholipids as structure lipids than storage
lipids. In contrast, lower total lipids were found at ammonium-N but showed similar amounts of
fatty acids, triglycerides and wax ester as nitrate-N for Tetraselmis MUR-230.

Figure 82: TLC analysis of extracted lipids from Tetraselmis MUR-230 sample grown with ammoniumchloride (A), urea (B), sodium-nitrate (C) without CO2 addition and pH control, (ST= olive oil standard with
1=wax ester, 2=triglycerides, 3=fatty acids and 4=sterols)
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4.10.2 CO 2 and pH effect on lipid profile
A short term experiment over two weeks was conducted to determine the effect of CO2 on lipid
composition especially for fatty acids, triglyceride and wax ester and the rapidity of the algal cell response to enriched carbon condition at pH 7.5. As shown in Figure 66, in summer, the
lipid productivity markedly increased when CO2 was supplied to the algal culture. Therefore, an
experiment was conducted to study the effect of CO2 addition and controlled pH on lipid
composition by using one raceway pond with Tetraselmis MUR-233 without CO2 addition
(experimental pond = P3) and one raceway pond with CO2 addition (control pond = P5). In the
experimental pond CO2 was added for the first eight days and then stopped. In the control culture
CO2 was added until day four, when the CO2 was switched off. On day eight CO2 was once
again supplied to the pond.

Figure 83: Comparison of a TLC lipid profile of Tetraselmis MUR-233 with CO2 addition and without
additional CO2 (P3= experimental pond, P5= control pond, ST= olive oil standard with 1= wax ester, 2=
triglycerides, 3= fatty acids and 4= sterols)

After an initial three days of CO2 addition, there was an increase in fatty acids, triglycerides and
wax esters with similar TLC dot intensity of the Tetraselmis culture at constant pH 7.5 and CO2
addition (Figure 83). A similar effect was observed in the control culture from day eight until
day ten when the CO2 supply had been restarted. When the CO2 addition was ceased between
days four and seven in the control culture (P5), the amount of fatty acids decreased over time
with less TLC dot intensity compared to the pond with additional CO2 (P3) as shown in Figure
83.

183

The results of the current study indicate that CO2 addition at controlled pH 7.5 increases the fatty
acid amount in Tetraselmis MUR-233 under semicontinuous cultivation. Higher total fatty acid
amounts under additional CO2 for Tetraselmis MUR-233 were obtained during further
investigations on additional effects of temperature on biomass accumulation and proximate cell
composition (Table 39 and Table 40 on page 165). Higher fatty acid content, with up to double
amounts, occurred only under CO2 addition at higher night temperature, while at low night
temperature the fatty acid content was 25 % higher in the culture without additional CO2 as
shown inTable 43.
Further, there was a rather constant decline in fatty acid content for Tetraselmis without CO2
addition regardless of the night temperature. The interactions between temperature and stage of
growth (i.e. exponential or stationary growth stage) on fatty acid profile under additional CO2
and without CO2 addition for Tetraselmis MUR-233 grown in 1m2 open raceway ponds at 7 %
salinity are summarised in Table 44.
Regarding the results in Table 44, there are no differences in fatty acid composition influenced
by CO2 addition and stage of growth. In contrast, the fatty acid profile is influenced by
temperature with the unsaturated long chain fatty acids increasing with increasing temperature.
Further, the Tetraselmis cells in early stationary phase have higher content/percentage of
C18:2n-6t and C18:3n-3 (Table 44).
Recommendations
These results for Tetraselmis MUR-233 indicate that CO2 addition is essential to achieve high
total lipid yields. However, it strongly recommended to investigate the effect of pH and
inorganic carbon addition on lipid content and fatty acid profile for Tetraselmis MUR-233. For
future commercial mass cultivation of Tetraselmis MUR-233 it would be beneficial for high lipid
productivities to select a location in a climate zone with an annual average minimum temperature
greater than 15 oC.
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Table 43: Change in total fatty acid content from early morning (9.00 am) and at the end of the day (4.00 pm) for Tetraselmis MUR-233 with CO2 addition
and controlled pH grown semicontinuously in 1 m2 raceway pond at 20 cm culture depth in relation to different night temperatures regarding Table 39
and Table 40, (n=6)
Change in total fatty acid content based on
AFDW

High night temperature, exponential growth
phase, (40x104 cells mL-1), µ=0.25±0.03 SE,
n=8)
Low night temperature, exponential growth
phase, (40x104 cells mL-1), µ=0.20±0.05 SE,
n=8)

+CO2
Initial Fatty
acid content
[%] ±SE

+CO2
Change in Fatty
acid content
[%] ±SE

-CO2
Initial Fatty
acid content
[%] ±SE

-CO2
Change in Fatty acid
content
[%] ±SE

16.7 ±0.5

+8.85 ±0.17

8.3 ±0.1

-5.40 ±0.11

9.5 ±0.2

-2.65 ±0.05

11.8 ±0.1

-6.68 ±0.15

Table 44: Effect of growth phase and CO2 addition and the effect of temperature on fatty acid profile of Tetraselmis MUR-233 grown outdoors in raceway
ponds at 7% salinity, average solar irradiance 16 -19 MJ m-2 d-1, low pond temperature range 4 -20 oC () , high pond temperature range 20 -30 oC ()
Stationary growth phase
FA
C14:0

+CO2
Low
High
Temperature Temperature
1.4
1.5

C16:0

43.8

33.4

C16:1

1.4

3.3

C17:1

─

─

C18:0

20.5

15.3

C18:1 n-9t

─

─

C18:1 n-9c

2.5

10.8

C18:2 n-6c

─

─

C18:2 n-6t

5.2

17.4

C18:3 n-6

─

─

C18:3 n-3

12.1

1.5

↔
↓
↑
─
↓
─
↑
─
↑
─
↓

Exponential growth phase

-CO2
Low
High
Temperature
Temperature
1.6
2.6
40.7

35.9

1.9

4.0

3.0

13.4

19.9

14.5

─

─

9.6

5.4

─

─

3.8

4.8

─

─

10.4

1.1

↑
↓
↑
↑
↓
─
↓
─
↑
─
↓

+CO2
Low
High
Temperature
Temperature
1.6
1.9
43.6

42.0

─

─

─

─

25.9

16.4

─

─

5.4

14.9

─

─

2.1

6.5

─

─

5.4

7.1

↑
↓
─
─
↓
─
↑
─
↑
─
↑

-CO2
Low
High
Temperature
Temperature
1.1
2.0
44.4

39.8

1.1

2.2

─

─

22.6

13.1

14.9

0.7

5.4

17.7

─

─

1.5

6.8

─

─

6.9

9.6

↑
↓
↑
─
↓
↓
↑
─
↑
─
↑
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5 CHAPTER 5
Discussion
This chapter discusses the cultivation feasibility of several Tetraselmis strains in hypersaline
water over long periods in open raceway ponds in Perth and Karratha. It then discusses some
limiting factors in algae mass cultivation, including potential improvements for algal growth and
productivities, before analysing interactions between a-biotic limiting factors and operational
factors for algae growth. Finally, this chapter discusses several effects on biochemical
composition and lipid productivity.

5.1

Long term feasibility of outdoor mass cultivation

An important step in developing algal cultures with high commercial potential is the ability to
grow the algal culture outdoors exposed to the variable natural environment in continuous or
semicontinuous cultivation mode over long periods. In fact, due to lower capital and operating
costs, regardless of whether in batch, semicontinuous or continuous cultivation mode, the
dominant system for large commercial application is the open air cultivation system. Several
studies in the literature have highlighted that the main disadvantages of open air pond systems
are that the productivity achieved is less than the theoretical possibility, and that there is a high
risk of contamination by foreign organisms (Richmond and Becker 1986; Becker 1994a;
Borowitzka 1999; Pulz 2001; Grobbelaar 2009a). There is little data in the literature on long
term cultivation that is available and this is only for a small number of species with cultivation
periods of approximately six months. The longest continuous culture of algae on a commercial
scale is that of Dunaliella salina at Hutt Lagoon, which has been carried out for over 10 years.
The success of a long term microalgae outdoor cultivation over the different seasons will depend
on the location of cultivation in interdependency of the original condition from which the algal
species was isolated. For example, Oh-Hama and Miyachi (1988) categorised different Chlorella
species into mesophilic and thermophilic strains and concluded that mesophilic strains are
suitable for growing over the entire year, whereas thermophilic strains are not able to be grown
in the cold winter months (Tamiya 1957; Oh-Hama and Miyachi 1988).
The fact that the Tetraselmis strains MUR-167, MUR-230 and MUR-233 were isolated from
natural habitats around Western Australia was important for the climate adaptation ability
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contributing to the successful long term cultivation reported. Aside from coping with an
environment that varies diurnally and seasonally, long term culture stability also requires
resistance to contaminating organisms such as algae, protozoa, fungi and other potential
contaminating organisms.
Therefore it was important that the selected algal species could grow well within a wide variation
of environmental factors such as temperature, pH, salinity, and nutritional composition /
concentrations to out-compete any potentially contaminating microorganism. A particular
advantage of the Tetraselmis sp. used in the current study was their high growth rates at high
salinity, especially at constant pH with CO2 addition and in semicontinuous cultivation mode.
Growth in a selective environment is important for culture stability and is well known for several
commercially grown algae, for example, Dunaliella salina, which is grown at very high salinity,
Spirulina sp., which is grown at high alkaline conditions, and Chlorella sp., which is grown at
high nutrient levels (Borowitzka and Moheimani 2013). The advantage of 7 % w/v NaCl culture
medium was clearly found to be a specific selective environment for the Tetraselmis strains used
in this study, as most of the organisms in the freshwater used for evaporation top up and the
natural seawater used for medium exchange could not withstand the osmotic shock when
transferred into the 7 % w/v NaCl culture medium.
Similar strategies regarding osmotic tolerance for contamination prevention have been applied
even for several fresh water algal species such as Chlorella sp. and Scenedesmus sp. by several
researchers using fertilised saline water with up to 2 % salinity as a culture medium; this was
reported in Sinchumpasak (1980). These methods require a salinity tolerance of the target algal
species, which must be able to respond rapidly to salinity fluctuation without any adverse effects
on growth. However, there was still an infection with fungal parasites such as Chytridium sp. in
outdoor cultures of Scenedesmus actuca grown in saline water (Sinchumpasak 1980).
A major feature of all the achievements in the entire study occurred when the experiment was
carried at 7 % NaCl concentration. This was begun by Fon Sing (2010) and in the current study
demonstrated successful results over more than two years of outdoor cultivation for several
Tetraselmis strains. The long term results of several Tetraselmis strains in outdoor raceway
ponds showed that salinity at 7 % NaCl concentration created a very suitable habitat with only
few contaminating diatoms and cyanobacteria observed. Salinities higher than seawater for
commercial purposes are very well known for Dunaliella sp. with up to 32 % NaCl
concentration tolerance (Borowitzka and Borowitzka 1988a). Most of the published studies were
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conducted on marine Tetraselmis sp. at seawater salinities for application in aquaculture
(Patterson et al. 1993; Okauchi and Kawamura 1997; Jo et al. 2004; Nieves et al. 2005).
Ghezelbash (2008) reported the best growth rates for the marine Tetraselmis chuii were achieved
at 4 % NaCl followed by 3 %, 5% and 2 % NaCl concentration by high illumination and no
difference between salinities were observed by low illumination. A reduction in specific growth
with increased salinity for Dunaliella salina and Isochrysis sp. was reported by Ben-Amotz et al.
(1985).
A remarkable potential in salt tolerance has been found for microalgae with species varying in
their salinity range with up to 9 % salinity (w/v) for cultures of Amphiprora kufferathii, Nitzschia
and Thalassiosira antarctica isolated from the Weddell Sea (Kirst 1990). Salt tolerance in
Tetraselmis sp. (Platymonas subcordiformis), Dunaliella parva, and Dunaliella tertiolecta have
shown a fast increase in Na+ concentrations partially balanced by Cl- in the vacuoles with short
response of ≤60 minutes, followed by a progressive decrease, while mannitol and glycerol
reached their final concentrations after 60 to 90 min, respectively (Kirst 1990). However, the
most challenging period in pilot plant operations is the period of rainfall, which demonstrates the
importance of the association between design and strategy to manage such conditions and their
consequences at a larger scale. An interesting observation was made in Perth where, after rainfall
in winter accompanied by cloudy days, the diatom contamination occurred. Similar observations
on high contamination risk due to rainfall, cloudy days and high pH while algal growth declined,
were also observed by other researchers (Sinchumpasak 1980; Richmond et al. 1980; Borowitzka
1997a; Vonshak et al. 2001). Further, several authors reported that the most serious problems in
large scale outdoor algal mass cultivation were created by contaminating algae and zooplankton
such as cyanobacteria and rotifers (Borowitzka 1999; Sinchumpasak 1980).
The main problem with having foreign microalgae such as contaminating cyanobacteria is they
can grow rapidly with a tolerance in temperature, salinity and pH including the ability of N2
fixation for some species and will compete in nutrient availability with the target population.
However, the current study showed a great growth of contaminating cyanobacteria at pH 7.5 and
salinities slightly higher than seawater, with up to 4.7 % and daylight temperatures at 35 oC,
which are favourable growth conditions for several cyanobacteria as reported by Van Liere and
Walsby (1982).
Van Liere and Walsby (1982) also found that apart from N2 fixation for heterocystous
cyanobacteria, the major N-source in the form of nitrate dominated for cyanobacteria. However,
no harm occurred from the contaminating cyanobacteria but they will compete for nutrients,
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which is one of the key cost factors in very large scale production plants. The diluted culture of
Tetraselmis MUR-233 grew very well under high irradiance and rapid increase in salinity to 5.5
%, whereas the cyanobacteria could not survive under these conditions.
In contrast, when the salinity of the Tetraselmis culture exceeded 6.5%, contaminating diatom
began to be present with a general cell amount of 5 % at a similar cell size as Tetraselmis MUR233. By maintaining constant pH at 7.5 with the addition of CO2, the contaminating diatoms
were not able to overgrow the Tetraselmis at the Karratha pilot plant. Similar observations were
made in Perth; only several occasions at salinities greater than 5 % were monitored in which the
foreign diatom population increased significantly, which could be controlled with pH control and
CO2 addition. However, Tetraselmis MUR-230 grew outdoors up to 9 % NaCl, and the specific
growth rate showed no major difference between the salinities. Alternative methods to prevent or
control contamination such as the applications of pesticides and chemical treatments are
considered uneconomical at a large scale and they may also not be compatible with the final
product (Borowitzka and Moheimani 2013).

5.2

Biomass productivity

The majority of reported biomass productivity data in the literature is for short term
investigations rather than for long term (365 days and longer) data. Currently, there are few
available long term biomass productivities for periods greater than three months; those that do
exist are summarised in Table 2, Chapter 1.
The productivities obtained during the unoptimised long term study for three Tetraselmis strains
without CO2 addition can compete only on few occasions with the reported data in the literature.
Materassi et al. (1983), reported long term biomass productivity data for Tetraselmis tetrathele in
outdoor ponds with an average of 14.2 g DW m-2 d-1 for a period of 355 days in southern Italy.
These results were achieved at seawater salinity and were slightly higher compared with the
biomass productivities in the current study where the cultures were as yet unoptimised.
Further, Materassi et al. (1983) measured dry weight, whereas in the present study AFDW is
used and the ash content of algae cultures is generally at least 5 -8% and often greater than 20 %
of the dry weight and therefore, the productivities based on DW are overestimated. For example,
the ash content of 40 % for Tetraselmis sp. in the current study is similar to reported values for
seven marine microalgae species with an average of 49 % ash content depending on species and
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growth phase (Fernandez-Reiriz et al. 1989). Even for freshwater microalgae species, the ash
content can vary from 5.3 to 55 % (Reynolds 1984). Therefore it was necessary to investigate the
methodology for salt removal described in the Advanced Methods section in Chapter 2, and to
gain confidence in any data from this method.
If the lag phase after dilution is ignored and the estimation of the biomass productivity in the
current study uses the data for the fastest growth rate between the harvesting intervals, an
average biomass productivity of 21 g AFDW m-2 d-1 can be calculated for a period of 365 days.
As shown in the results of the Advanced Methods section in Chapter 2, the lag phase can be
almost completely eliminated by ensuring that the algae are not exposed to a salinity shock
during the dilution step and by using a more optimised dilution strategy. Further, it is noteworthy
that the long term results reported in Chapter 3 are for unoptimised cultures and culture
management with respect to cell density and dilution frequency has not been adjusted to account
for seasonal changes in environmental factors such as irradiance and temperature.
High biomass productivities greater than 30 g AFDW m-2 d-1 were achieved in short term
experiments (≤ 1 month) at optimised cell densities and with higher dilution frequencies during
summer under high solar irradiance and more favourable temperatures. This is significantly
higher than the average dry weight biomass productivity of 10 g m2 d-1 reported for the
cyanobacterium Spirulina (Arthrospira) in 500 m2 raceway ponds in Musina, South Africa
(Grobbelaar 2009).
Seasonal differences in productivity are a normal feature of long term cultures. For example,
Spirulina cultured in 450 m2 open raceway ponds in Southern Spain demonstrated a fluctuation
in dry weight biomass productivity between the winter and summer of 2.0 and 15 g m-2 d-1
(Jimenez et al. 2003). The effect of seasonal variations in light and temperature was clearly
shown for the freshwater alga Chlorella saccharophila by De Pauw et al (1980), who reported
that the dry weight biomass productivity between winter and summer varies between 0 and 1 and
10 g m-2 d-1.
Similarly Moheimani and Borowitzka (2010) found that the productivity of the coccolithophorid
alga Pleurochrysis carterae varied from as low as 3.2 g AFDW m-2 d-1 in winter to 33.7 g
AFDW m-2 d-1 in summer. In the present study the strains of Tetraselmis showed a seasonal
variation in ash free dry weight productivities between 3 g m-2 d-1 to >20 g m-2 d-1 at maximum
growth (0.4 d-1) in March 2009 (spring) at 7 % salinity.
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The average long term biomass productivities of the current study in Perth are strongly affected
by several limiting factors due to seasonal variations. Limiting factors to algal growth were
already pointed out and were summarised by Borowitzka (1998) as containing a-biotic factors
and operational factors. A-biotic factors include light, temperature, nutrient concentration
(especially N,P,C), CO2, pH, salinity, while operational factors include mixing, dilution rate,
culture depth, dilution frequency (Borowitzka 1998); these were investigated in Chapter 4.
Preliminary improvements in biomass productivity were achieved during the long term
cultivation when CO2 was added to the algae culture at controlled pH condition. However, all
productivities without additional inorganic carbon supply are limited to a maximum of 13
gAFDW m-2 d-1 considering that all inorganic carbon is taken up from the seawater at 2.1 mM
DIC (dissolved inorganic carbon).

5.3

Light as limiting factor

All commercial algae culture systems are light limited with maximum biomass concentrations
between 0.1 and 0.5 g DW L-1 (Borowitzka 1999), with the light penetration through the culture
decreasing with increased cell density and vessel cross section. For example, higher biomass
concentrations up to 1.2 g DW L-1 for other Tetraselmis sp. were achieved at low specific growth
rates between 0.19 d-1 and 0.24 d-1 (Huerlimann et al. 2010).
In contrast, diluted cultures exposed to high irradiance tend to become photo-inhibited with a
decrease in specific growth rate and signs of photo damage (Vonshak and Torzillo 2004). Similar
results were found by several authors, especially when other Tetraselmis spp. were grown under
continuous culture regime (Helm and Laing 1981; Camacho et al. 1990). High cell densities and
maximum cell growth in algae mass cultivation contribute to high biomass productivity, lower
contamination risk and better harvest efficiency. Cell concentration correlates with biomass
concentration, but converse and progressively, in 1m2 raceway ponds under outdoor conditions,
maximum cell growth did not correlate with high cell concentration.
By employing the light response curve to determine the effect of irradiance on photosynthesis, it
was observed that below 300 µmol photons m-2 s-1 irradiance the photosynthesis for Tetraselmis
MUR-230 was limited due to areal density and light attenuation. The light path in 1 m2 open
raceway ponds with a 20 cm culture depth showed that at least 50 % of the algal cells are in light
limited region. The results of the investigation on the effect of different pond depth in Chapter 4
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where Tetraselmis MUR-230 grew in two 1m2 raceway ponds with 15 cm and 20 cm culture
level, showed greater biomass concentration and biomass productivity at 15 cm culture level at
very low irradiance. When the irradiance increased there was no difference in biomass
productivity between 15 cm and 20 cm pond depth observed. Greater effects of pond depth on
algal growth will be achieved in large scale open raceway ponds with culture levels ranging from
15 cm to 50 cm. Reducing the initial cell density from 60.104 cells mL-1 to 20.104 cells mL-1
showed an increase in irradiance through the first 10 cm accompanied by an increase in specific
growth rate by more than three times. Higher biomass concentrations up to 1.2 gDW L-1 for
other Tetraselmis sp. were achieved in laboratory cultures at low specific growth rates between
0.19 d-1 and 0.24 d-1 (Huerlimann et al. 2010).
Higher biomass productivities are generated at intermediate cell densities, which indicates that
specific growth rate contributes more to higher biomass productivities than biomass
concentration while increase in retention time enhance only the cell weight. Similar results were
found by several authors, especially when other Tetraselmis spp. were grown under a continuous
culture regime (Helm and Laing 1981; Camacho et al. 1990). The decline in biomass
productivity caused by the mutual shading effect resulted in a decline in lipid productivity. Some
effects of different pond depth on algal growth for Pleurochrysis carterae were found by
Moheimani (2005), where better growth and higher volumetric productivities were achieved at
lower pond depth during autumn, but greater growth and productivities were achieved at higher
pond depth during summer (Moheimani 2005). Greater effects of pond depth on algal growth
will be achieved in large scale open raceway ponds with culture levels ranging from 15 cm to 50
cm.

5.4

Temperature

Temperature is the second most important environmental parameter and is considered a limiting
factor in terms of metabolic enzyme regulation for any microorganism growth including
microalgae. Previous indoor studies on Tetraselmis MUR-230 and MUR-233 showed, under
high illumination, a maximum photosynthesis rate between 25 oC and 35 oC and the lowest
photosynthesis was observed at 15 oC (Omerhodzic 2009). Apart from a decline in solar
radiation, a temperature decline in winter approaching 0 oC at night, although there was cell
division during dark phase, could be one reason for low growth rates. Preventing the night
temperature from falling under 15 oC showed slightly higher median values with 20 % difference
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in algal growth and biomass productivity for Tetraselmis MUR-230. Despite technical issues, the
major problem for the current study was created by inversely proportional trends in temperature
to solar radiation under natural environmental conditions, showing weak evidence for the effect
of night temperature.
Significant effects of modified day temperatures or modified day and night temperatures were
found for Spirulina platensis, but no effect of modified night temperature above 10 oC was
observed (Richmond et al. 1980). Higher biomass yields were achieved for Chlorella sp. under
modified day and night temperatures above 15 oC (De Pauw et al. 1980). Low night temperatures
refer to low early morning temperatures where the algae culture in the pond is at suboptimal
temperature for efficient use of the early morning light. By the time the pond has warmed to the
optimum temperature for the algae, the irradiance and the O2 concentrations were now
suboptimal and the algae never reached its maximum photosynthetic capacity.
In contrast, the climate in the Pilbara area proved to be favourable for the selected Tetraselmis
strain MUR-233 grown at day temperatures around 35 oC and night time temperature above 15
o

C over the whole year. The most constant annual temperature with fewer seasonal variations

was demonstrated in Karratha algal growth compared to the seasonal temperature variation in
Perth. These temperature variations, apart from solar irradiance, are crucial reasons for
commercial developments in applied phycology and are recognised by several earlier
investigations conducted in Israel, the US, Mexico and the Asia Pacific rim (Belay 1997).
Therefore, higher biomass productivities can be achieved at higher temperatures rather than
higher irradiance, given the fact that the increase of absorbed energy resulted in an increase close
to saturation of the single cell at higher temperatures.
Obviously algae will be more photosynthetically and metabolically efficient when at their
optimum temperature. This optimum temperature of course depends on the species (Ras et al.
2013). As such, a key selection criterion for a species to be produced on a large scale outdoors is
the temperature optimum of the species, as well as the preference for a species with a wide
temperature optimum rather than a narrow temperature optimum.
If the temperature range between summer and winter at the location of the production facility is
minimal, it will be easier to achieve higher productivities with a single strain of an alga.
Otherwise, it might be necessary to change strains between summer and winter using strains with
different temperature optima. Similar observations were reported for Scenedesmus quadricauda
grown in thin layer open cultivation units in Czech-Republic; the highest biomass productivities
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were shown in summer (June – August) at higher average daily temperatures between 15 and 17
o

C even at lower irradiance (Simmer 1969). However, the major advantage of the Karratha

climate in comparison to Perth was observed during winter with biomass productivities up to
three times higher due to higher solar irradiance and temperatures, which were the greatest
differences between Karratha and Perth. However, a smaller difference in solar irradiance and
temperature in summer will lead to a smaller difference in biomass productivity. Higher
temperatures with values at >25 oC during the night could result in higher biomass loss at night.
Detailed studies on temperature in photosynthetic response with Spirulina sp. in association with
irradiance have been conducted by Vonshak (1997), who pointed out that the optimal
temperature varies between algal strains (Eppley 1972; Payer et al. 1980; De Oliveira et al. 1999;
Renaud et al. 2002). Therefore, suboptimal temperatures demonstrated a significant decline in
net productivity, which is directly correlated to the rate of photosynthesis and respiration
(Vonshak 1997b). One of the challenges of the pilot plant built in the Pilbara region was that the
climate had extremes in temperature with up to 46 oC. Failure of the electronic equipment in the
field occurred as consequence from these high ambient temperatures because most of the
electronic equipment was suited which require low ambient temperatures.

5.5

Irradiance and temperature interaction on biochemical composition

Apart from nutrients such as nitrogen and other growth related parameters, light and temperature
have been widely responsible for the overall biochemical composition of algal cultures
(Carvalho et al. 2009; Vonshak and Richmond 1985; Vonshak and Torzillo 2004). The role of
two parameters are categorised, where light is essential to provide the required energy for
autotrophic organisms. Depending on the captured and transformed energy, the effect of
temperature is mainly related to the metabolic regulatory mechanism and reaction rate especially
for proteins and lipids as biochemical cell components (Hu 2004; Carvalho et al. 2009).
Conversely, a reduction in photosynthesis capacity occurs at irradiance higher than
photosynthetic saturation induced by reactive O2 and known as photoinhibition (Neale et al.
1993; Vonshak et al. 1996; Grima et al. 1996; Vonshak et al. 2000).
The effect of photoinhibition includes the destruction of proteins, lipids and pigments by
generated free radicals mainly in the chloroplast, while plants and algae develop multiple repair
and protection mechanisms in the chloroplast (Cherry and Nielsen 2004). The photosynthetic
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saturation point depends on the interdependency of irradiance and temperature and occurs for
Spirulina cells under high light and CO2 depletion (Vonshak 1997b). The explicit variations in
growth rates and maximum cell density across the seasons can be seen as a function of intensity
and duration of the light cycle. Jacob-Lopes (2009) showed that cell concentration decreased
proportionally with light period accompanied by linear decline in biomass production and CO2
fixation of the cyanobacterium Aphanothece microscopica in bubble column photobioreactors.
Therefore, the interaction between specific growth rate and biochemical cell composition under
natural environmental conditions is important in optimising biomass productivity and the “target
product” productivity.
The current results in specific growth rate demonstrate that all tested Tetraselmis strains interact
positively with higher solar irradiance and temperature, resulting in maximum specific growth
rates in summer and minimum specific growth rates in winter. Temperature, especially the night
temperature, played an important role in lipid production and showed a significant drop in lipid
productivity at <10 oC, which is similar for growth rate and overall biomass productivity.
Acclimation of the different strains over the summer months indicates the potential of the
presence of a subpopulation of each strain. This acclimation process is common in experiments
used for comparative physiological studies in which the cultures to be studied are subject to a
consistent set of conditions commonly referred as the ‘common garden’ approach. The length of
the acclimation period varies and can be arbitrarily defined (Sullivan and Andersen 2001;
Martins et al. 2004) or dependent on the stabilisation of the property of interest. With short time
variations in cultivation conditions, the cells adapt through reversible physiological changes that
make it possible to survive the new conditions (Pigliucci et al. 2006). The phenomenon of having
different genotypes during long term cultivation can be seen as a limiting factor for maximum
biomass productivity in algae mass cultivation, where each season is dominated by one
genotype. The new conditions of the phytoplankton culture might lead to a relevant evolutionary
adjustment as selection directs the phenotype of the culture to a new optimum (Lynch et al.
1991).
Further, even after many generations, during long term cultivation, the origin characteristics in
the temperature difference between the two strains still exist. However, investigation on
Tetraselmis MUR-233 for the possibility of in-culture evolution after a 14 month outdoor
cultivation in comparison with the parent indoor culture of MUR-233 by Pais (2011). Pais found
a significant difference between the clones of the population of the outdoor and indoor culture of
MUR-233 in cellular AFDW, carbohydrate and RLC parameters. The results suggested that the
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difference was caused by the long term acclimation of the culture grown outdoors. Further, the
clones isolated from the outdoor population showed marked development of two sub-populations
indicating different levels of acclimation (Pais 2011). Such acclimation times are considered and
applied in phytoplankton ecology for comparative physiological studies in which cultures to be
compared are grown under a consistent set of conditions for a length of time until some property
of interest has stabilised (Lakeman et al. 2009).
Apart from abiotic factors, operational factors are considered important parameters in algae mass
cultivation to improve algal growth. Mixing of microalgal cultures as one of the operational
parameters can be characterised by velocity, turbulence and hydrodynamics. Light and
temperature are the most important parameters in mass cultivation of algae and difficult to
control, while mixing of microalgal cultures can be adjusted to the individual culture condition.
Velocity, as a result of mixing, is necessary and important to quantify the light distribution to
which the individual cell is exposed inside the algal culture and the effect of gas transfer and heat
exchange. Higher Reynolds numbers generated in the 2 m2 and 20 m2 raceway ponds in
comparison with 200 m2 raceway ponds showed higher biomass concentration and consequently
in higher biomass productivities for Tetraselmis MUR-233 as represented in Chapter 3.
Lower light / dark frequencies <10 Hz in which the alga cell is less exposed to light reduce
respiration rate and increase the exchange rate between the algal cell and the environment
(Grobbelaar 1991). However, there are few operational limitations recognised with interactions
between culture velocity, pond depth, and pond size. Large raceway ponds of >0.5 ha, require a
minimum pond depth (>15 cm), while energy input increases by a cube factor as a function of
water velocity and pond depth. Water velocity is dependent and limited by culture depth (Oswald
1988b; Grobbelaar et al. 1990; Benemann and Oswald 1996; Borowitzka 2005).

5.6

Effects of CO 2 addition with seasonal influence on biomass and proximate
composition

All results in the present study with CO2 addition demonstrate a strong interaction between
specific growth rate, biomass productivity, lipid productivity, solar irradiance, and temperature.
These results indicate that additional CO2 combined with a pH of 7.5±0.3 for the Tetraselmis
strains in this study have a strong influence on the metabolic cell processes. Tetraselmis MUR230 grew about 20 % faster with additional CO2 than the culture without additional CO2 over a
period of 20 months from January 2009 and the difference in specific growth rate was
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statistically significant (P<0.001, n=307, t-test). For example, the present study showed that the
specific growth rate for Tetraselmis MUR-230 with CO2 addition was 60 % faster in summer
compared to the growth rate of MUR-230 without CO2 addition.
The present study also showed that MUR-230 with CO2 addition had a 10 % reduced cell growth
during winter as compared to MUR-230 without CO2 addition at a similar cell weight. One of the
potential reasons could be associated with the pH control system, because the pH stat system is a
two point regulation system with a hysteresis affected by photosynthesis activity. In summer at
optimum temperatures at high photosynthesis activity, the pH regulation is maintaining a better
stability of the carbonation system due to the high rate of inorganic carbon uptake, which
prevents the pH from going below the minimum switching point. In winter with unoptimised
temperatures and a lower carbon uptake rate, there is the potential that the amount of supplied
CO2 will be higher with a drop in pH under the minimum switching point due to the slow
response time of the pH regulator. This phenomenon of unoptimised pH could be responsible for
lower biomass accumulation for Tetraselmis culture with CO2 addition at a low temperature
compared to the culture without CO2 addition. Tetraselmis MUR-230 with CO2 had a stable lipid
content irrespective of whether CO2 was added (P>0.05, n=21, t-test), but the protein content
was 40 % less in the cells from the culture with additional CO2 (P<0.001, n=21, t-test). It has
been reported for Nannochloropsis sp. that the biomass yield increased by 39 % when the culture
was enriched with CO2 compared to a control culture without CO2 and the highest lipid content
was also observed with CO2 addition (Hu and Gao 2003). In the present study the total lipid
productivities for both Tetraselmis strains MUR-230 and MUR-233 with CO2 addition during
summer also were more than twice as high as the cultures without additional CO2.
Investigation on Dunaliella viridis showed that under enriched CO2 conditions the lipid
composition changed and the amount of triglycerides increased from 1 to 22 % of the total lipids
in combination with nitrogen limitation (Gordillo et al. 1998). Apart from nitrogen and
phosphorous as macro nutrient sources, carbon is the major source in phototrophic organisms
such as microalgae and represent the major elemental amount with approximately 50 % of the
entire organic biomass. Redfield’s C/N ratio of 6 to 14 with N/P ratio up to 50 depending on the
specific growth underline the importance of carbon as the principal nutrient source for
phototrophic organisms (Kohl and Nicklisch 1988; Grobbelaar 2004). Apart from optimum
substrate concentrations for high metabolism efficiency, general intracellular metabolism is also
affected by pH while most metabolic reactions are based on enzymes that require an optimum
temperature and pH.
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However, it is not clear which parameter has a stronger influence on photosynthesis efficiency
while pH relates to C availability where C becomes limited as pH increases accompanied with an
increase in O2 level due to photosynthesis with a consequently reduction in photosynthesis rate.
Omerhodzic (2009) showed on Tetraselmis sp. a strong effect of pH in the rate of
photosynthesis, where the highest photosynthesis rate was found at pH 7.2 without CO2 supply.
Identical results in a higher photosynthesis rate for Tetraselmis sp. (light and dark adapted) were
found with CO2 supply and controlled pH of 7.5±0.7 under field conditions. Assuming that
higher photosynthesis rates generate more O2, suggests that the decline in photosynthesis is more
correlated to the C limitation and unoptimised pH rather than to the O2 level. Findings of further
investigations on various Tetraselmis sp. showed that with between 140 and 160 % O2 saturation
in water, cross photosynthesis is reduced whereby other crucial factors such as light intensity,
salinity and temperature affect the O2 tolerance (Omerhodzic 2009).
According to Raven (1974), the control of the CO2 fixation rate in the algal cell is affected by
external factors including inorganic carbon supply and pH, intensity and wavelength of light,
oxygen concentration, organic and inorganic nutrient supply. The incorporation of CO2 supply
and controlled pH on photosynthesis was clearly shown during long term monitoring for
Tetraselmis MUR-233, with an increase in photosynthesis rate at higher O2 concentrations
compared to Tetraselmis MUR-233 without CO2 supply. Higher O2 evolution due to
photosynthesis under CO2 supply at pH 7.0 was also found for Scenedesmus sp. by Gabev et
al.(1993). However, higher specific growth rates were obtained at higher irradiance, where the
culture of Tetraselmis MUR-230 and Tetraselmis MUR-233 with CO2 supply showed a greater
relation to solar radiation than the culture without CO2 supply. Conversely, control of the
incorporation of CO2 fixation and irradiance was influenced to a certain degree by temperature
and showed for Tetraselmis MUR-233 a greater relationship between growth and solar radiation
at higher temperature compared to Tetraselmis MUR-230 at lower temperature. Similar
observation for the incorporation of O2 evolution and CO2 fixation in correlation with irradiance
for Phaeodactylum tricornutum grown in a tubular airlift reactor was made by Sobczuk et al.
(2000). Higher biomass productivities corresponding to a higher CO2 fixation rate at higher
irradiance for Synechocystis aquatilis were reported by Ugwu et al. (2005).
These findings confirm the results of the current study, where higher biomass productivities were
achieved at higher irradiance for Tetraselmis MUR-230 and Tetraselmis MUR-233 with CO2
supply and controlled pH. Under low irradiance, especially during winter, the difference between
the cultures with and without CO2 supply, in growth, biomass and lipid accumulation was close
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to zero. Major effects of CO2 supply were monitored in the maximum biomass and lipid
productivity values which achieved up to double the amounts of the culture without CO2 supply.
Improvements in biomass productivity with up to 20 g AFDW m-2 d-1 by CO2 supply at 7 %
NaCl are still quite low, while historical achievements showed higher biomass productivities
with an average of 20 - 30 g m-2 d-1 for various microalgae species.
Conversely, biomass productivities obtained in laboratory experiments with several microalgae
for comparison showed less than 20 g DW m-2 d-1 including Tetraselmis sp. with 14.4 g DW m-2
d-1 biomass productivity and 3.37 g m-2 d-1 lipid productivity (Thomas et al. 1983). The lipid
productivities for both Tetraselmis strains in the current study were similar in their median
values and were more than twice the maximum values achieved under a natural environmental
condition with controlled pH and CO2 supply.
Enhanced total lipid content for Tetraselmis MUR-230 and MUR-233 due to CO2 supply with a
response time of three days, showed higher amounts in fatty acids, triglycerides and wax ester. A
similar increase in fatty acid content by 30 % after one day with further increase up to 2.7 fold
higher in fatty acid content after seven days at higher CO2 concentration was found for
Dunaliella salina by Muradyan et al. (2004). In contrast, higher neutral lipid content was found
for Dunaliella viridis under nitrogen limitation (Gordillo et al. 1998). It is worth noting that
Tetraselmis sp. under nitrogen limitation increase their carbohydrate content and decrease their
lipid content (Thomas et al. 1983), which was confirmed during the current study. At higher
growth rates the difference in cell weight and cell size was even more decreased. For example a
60 % higher specific growth rate in summer for MUR-230 with additional CO2, resulted in a
decline in AFDW per cell with up to 40 % less compared to MUR-230 without additional CO2
(compare Table 27 and Table 28). A potential reason for the decline in AFDW per cell was
reported by Vonshak et al. (2000) because unoptimised temperatures, especially at low early
morning temperatures have shown marked decreases in almost all the photosynthetic parameters.
Phaeodactylum tricornutum grown in a tubular photobioreactor showed higher cell densities,
resulting in a higher growth rate and more stable cultures under 5 % CO2 supply and high
irradiance compared to the cultures without CO2 supply (Chrismadha and Borowitzka 1994).
However, photosynthetic CO2 uptake raises the pH of the growth medium and photosynthesis
inhibition will occur at pH ≥8.1 (Borowitzka 1998). The pH dependent inorganic carbon uptake
was studied for two Thalassiosira sp. by Chen (1994) who obtained a decline in growth above
pH 8.8 and enhanced carbon uptake rates when the pH was adjusted from pH 8.8 to lower levels
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in the range of pH 8.0 to 8.3. In contrast, freshwater species such as Scenedesmus obliquus and
Chlorella vulgaris algae have shown growth in up to pH 10.6, while the marine species,
Phaeodactylum tricornutum was markedly affected by pH change up to its maximum of pH 10.3
(Goldman et al. 1982d).
According to Soeder and Stengel (1974), the effect of pH is related to the chemical composition
of the culture medium in terms of dissociation and ionic state, which affects the electric charge
of the cell surface and promotes the ion transport. The optimum pH varies among different algal
species and has a strong interrelationship to the metabolic processes (Soeder and Stengel 1974),
while pH optimum refers to the predominant form of inorganic carbon used by the algal species
(Riebesell and Wolf-Gladrow 2007). Some Dunaliella sp. with inorganic carbon supply appear
tolerant to high irradiance and temperatures (Ginzburg and Ginzburg 1981). It is clear that
specific growth rate correlates with solar irradiance and temperatures in a manner in which
higher temperatures enhance algal growth. Night temperatures of ≤10 oC decreased significantly
the specific growth rate independently of the day temperature for Tetraselmis in the current study
(Table 2 – 7, Chapter 3).
Clearly, it is important to consider the diurnal changes in temperature, pH, irradiance and O2
concentration in the ponds and the manner in which they interact throughout the day, which
includes more factors than the maximum and minimum temperatures in isolation. Unoptimised
conditions for the unicellular alga Nannochloropsis such as high temperature and high pH in
combination with high irradiance led to a substantial reduction in the photosynthetic rate
(Sukenik et al. 2009; Kromkamp et al. 2009). The most favourable growth night/day
temperatures for all Tetraselmis strains were found to be between 15 oC and 35 oC in the outdoor
cultures (Table 2 – 7, Chapter 3).
These results confirmed the aim of the microalgae strain selection work reported by Fon Sing
(2010) who selected the same Tetraselmis strains with the optimal temperature between 25 oC
and 35 oC grown indoors, while temperatures below 15 oC limited the PE-curve significantly.
The original location of the isolated Tetraselmis strains was expected to be in the temperature
range of 25 oC and 35 oC such as for tropical and desert microalgae species while temperate
algae have their optimum below 25 oC (Renaud et al. 2002). De Pauw et al. (1980) found for the
species of Chlorella saccharophila (a typical temperate algal species) an increase in algae yield
of 32 % at 23 oC as compared to <15 oC with constant illumination. They also showed that with
less illumination and at a constant temperature of 20 oC the algal yield decreased (De Pauw et al.
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1980). Regardless of the specific optimum temperature, the majority of metabolic processes such
as photosynthesis, respiration, and other biochemical reactions are associated with the Q10 value
of approximately 1.8 can vary between species and culture condition (Davison 1991).

5.7

Nutrient concentration and sources

The first analysis of residual total N and P concentration indicated that after either three or six
days dilution frequency N and P were still present in the medium. Algae culture in open raceway
ponds is not axenic and the origin of the residual nutrient concentration could be excreted from
Tetraselmis cells or bacterial metabolites. Important information was found after nutrient top up
to the initial concentration, where the measured total P concentration went below the theoretical
concentration with up to 90 % of inorganic P loss (advanced methods, Chapter 2).
One of the reasons for the reduced phosphate concentration after nutrient addition could be the
high pH of 10, where inorganic phosphate precipitates in the culture medium during nutrient
supply (Grobbelaar 2004). Similar results were found with more than 60 % inorganic phosphorus
precipitation at pH>9 by (Diaz et al. 1994). Precipitation of inorganic phosphorus changed the
N:P ratio in the water from initial 11N:1P for F/2 medium up to 46N:1P for MUR-167, which
indicated a phosphorus limitation while inhibited N uptake resulted in an increase of the residue
N:P of 290N:1P respectively. Another reason for change in N:P ratio apart from P precipitation,
might be found in carbon limitation for inhibited N uptake according to the Redfield ratio of
106C:16N:1P (Grobbelaar 2004).
Further investigations on NO3- and PO4- concentration in outdoor cultures of Tetraselmis MUR230 and MUR-233 showed no sign of precipitation in inorganic phosphorus at pH<8 and
synchronised phosphate uptake for both Tetraselmis strains. Further, the initial N:P ratio at the
beginning of the observation for MUR-230 showed a ratio of 26N:1P and for MUR-233 a ratio
of 32N:1P and after photosynthesis during daylight, a ratio of the residue concentrations for
MUR-230 was 32N:1P and 21N:1P for MUR-233. The overall lower N:P ratio measured for
Tetraselmis sp. with CO2 supply indicate higher specific growth and excluded limitation in
inorganic N-sources and P-sources. These results led to the theoretical estimation of Redfield’s
C:N ratio with an average value of 10C:1N where the estimated carbon consumption varies
between 23 mgC L-1 and 35 mgC L-1 and 3.26 mgN L-1 and 4.89 mgN L-1 respectively. Variation
in the N:P ratio between 13.3 and 53.5 and C:N ratio between 4.6 and 14.4 are suggested by (Ho
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et al. 2003). Variations in the C:N ratio with an increase of the ratio up to 9.4 due the supplied
CO2 concentration were found for Emiliania huxleyi (Riebesell et al. 2000).
These findings confirm non macro-nutrient limitations when F-medium is used in
semicontinuous cultivation for Tetraselmis sp. with CO2 supply by pH<8, while Tetraselmis sp.
without CO2 with pH>9 led to carbon limitation followed by phosphorus limitation due to
phosphorus precipitation. Okauchi and Kawamura (1997) reported for different Tetraselmis sp.
maximum growth was achieved by 150 mgNO3 L-1 and 10 mgPO4 L-1 which is identical to the Fmedium concentration (Okauchi and Kawamura 1997). The ratio of N:P is dependent on the
specific growth rate while an increase in specific growth rate decreased the N:P ratio
(Grobbelaar 2004). A potential reason for the decrease of the N:P ratio at higher cell division rate
is the increase in phospholipids as a major component in cell membranes.
Assuming that growth rate correlates with biomass productivity, the highest uptake of NO3 and
PO4 was achieved at a maximum specific growth rate 0.7 d-1 for Tetraselmis MUR-230 with 50
mgNO3 L-1 (8.15 mgN L-1) and 3 mgPO4 L-1 (0.68 mgP L-1) respectively. The highest production
rates measured by the highest crude protein for several alga species were achieved at 25 mgN L-1
and 2 mgP L-1 with 3NO3:3NH3 ratio reported by (Mostert and Grobbelaar 1987). Further
research on Tetraselmis MUR-230 and MUR-233 is required to determine the minimum amount
of inorganic N and P to achieve maximum biomass productivities apart from luxury uptake
where mainly P is stored intracellular. It is strongly recommend investigating the loss of N
sources under certain conditions.
Microalgae are capable of growth using several N-sources such as nitrate, nitrite, ammonia, urea
and amino acids, but nitrate, ammonia and urea are the most common N-sources used in algae
mass culture (Grobbelaar 2004). Tetraselmis MUR-230 grew using ammonium chloride, urea
and sodium nitrate and showed, under outdoor conditions different biochemical compositions by
similar specific growth among the different nitrogen sources. Better N-assimilation by
ammonium chloride and urea resulted in higher cellular protein content compared to nitrate in
the experiment. The slightly lower pH of the algae culture with ammonium chloride could have
led to the higher protein content of the algae cells due to the favourable enzymatic activity.
Unsurprisingly, cellular AFDW correlated well with cellular protein content and showed slightly
higher biomass concentrations and biomass productivities for ammonium chloride and urea.
Different results are reported for the green alga Neochloris oleoabundans grown in a batch
culture at 30 oC and continuous illumination where the highest biomass concentration was
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achieved in sodium nitrate followed by urea while ammonium bicarbonate had the lowest
biomass concentration (Li et al. 2008a).
In contrast, highest lipid content was obtained with nitrate followed by urea, while ammonium
chloride showed the lowest lipid content. Similar results were found by Li et al. (2008), where
sodium nitrate showed the highest lipid content followed by ammonium bicarbonate and urea
slightly lower than ammonium bicarbonate (Li et al. 2008a).
Other authors have reported that the effect of various N-sources (e.g. ammonium, nitrate and
urea) for biomass accumulation is dependent on the algae species and affected by environmental
factors (Flynn and Butler 1986; Lourenco et al. 2002). The most critical effect with ammonium
is the pH drop due to photosynthesis with CO2 supply coupled with a pH stat system where the
pH can reach critical acidic levels for the alga cell. However, the results of the current study by
coupling biomass productivity with lipid content showed sodium nitrate and urea as the most
suitable nitrogen sources for lipid production. According to the lipid profile, higher amounts of
triglycerides, fatty acids and wax ester were found in using ammonium and nitrate, which favour
nitrate as the most promising nitrogen source for Tetraselmis MUR-230. In contrast, the highest
fatty acid content was found in the early stationary phase for Isochrysis galbana grown in urea
and was affected by growth phase (Fidalgo et al. 1998).

5.8

Biomass loss

Previous investigation by Fon Sing (2010) on Tetraselmis MUR-233 showed higher respiration
rates at 35 oC compared to 25 oC. The night biomass loss decreased with increasing temperature
during the day, but was greater in cultures grown under high light intensity. Conversely, in the
absence of light energy, intracellular stored carbohydrate in Chlorella pyrenoidosa is
metabolised as an energy source in part for cell maintenance and in part for protein synthesis. At
any given growth phase, the night biomass loss increased with increasing cell carbohydrate
content. Further biomass loss could be reduced by lowering the temperature and avoiding mixing
of the culture during the night, but could not be completely prevented under a strict autotrophic
condition. Investigation on microalgae species with the capability of heterotrophic growth on
organic carbon sources during the dark period such as Chlorella pyrenoidosa showed no night
biomass loss due to a cyclic light autotrophic/dark-heterotrophic culture (Ogbonna and Tanaka
1996).
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The other form of biomass loss can be found during all phases of growth when organic
substances are released from phytoplankton cells, while 77 % of the excreted material consisted
of macromolecules, mainly polysaccharides and 23 % of small molecules such as
monosaccharide’s, amino acids and organic acids including glycolic acid. Mainly carbohydrates,
comprise 8 - 40 % of the total extracellular release, while the amount and composition of the
exudates is affected by nutrient availability. The form and quantity of polysaccharides excreted
and the effects of nutrient limitation are often highly species specific and vary for different
diatom species from 1 to 56 % of the total cellular carbohydrate content (Myklestad 1995). The
release rate as a percentage of the total carbon fixation will depend upon the permeability
coefficient of the membrane for the substance and the concentration gradient across the
membrane (Hellebust 1974). Apart from polysaccharide excrete, glycerol was the most abundant
extracellular product of Dunaliella tertiolecta as the most common intracellular metabolite
(Myklestad 1995).
Apart from biomass loss, night respiration as part of the diurnal metabolic cycle has a crucial
effect on the biochemical composition of some algae (Payer et al. 1980; Ogbonna and Tanaka
1996). Such results were found for Chlorella sp. with cellular energy in the form of carbohydrate
used for protein synthesis at night, independent of the state of growth (Ogbonna and Tanaka
1996). In contrast and with respect to high temperatures, Tetraselmis MUR-233 showed a slight
decline in total lipids accompanied by a higher cellular protein content in the present study.
Night respiration can be influenced by various factors such as the previous irradiance
experienced by the cell, O2 tension, exogenous substances and the physiological state of the
algae where temperature plays a centre role for metabolic and chemical processes (Grobbelaar
and Soeder 1985).
Indirect effects on algal growth and biochemical composition caused by different temperatures
can be found in pH drift due to high demands in inorganic carbon including a decrease in CO2
solubility at high temperatures accompanied by high O2 concentration (Payer et al. 1980;
Richmond et al. 1990; Vonshak 1997b). Inhibition of respiration, photosynthesis, nitrogen
fixation and growth for Anabaena flos-aquae was found at high O2 concentrations (Stewart and
Pearson 1970). The opposite effect was found for Pithopora sp. where the respiration rate was
increased up to 300 % saturation followed by a decline in respiration, similar to other plankton
species such as Asterionella formosa and Fragilaria crotonensis (LLoyd 1974).
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5.9

Scaling up to the pilot scale

Scaling up of microalgae culture is considered a topic in which biological optimisation is taken
over by technological optimisation to understand its effect on biomass and biochemical
compositions (Grobbelaar 2000). Observations during pilot plant operations using various pond
sizes under the Karratha ambient conditions were made to obtain information concerning the
attainable efficiencies and productivities, specific physical requirements, media requirements and
climatological conditions as discussed above.
The results of the current study indicated that turbulence due to culture mixing plays a central
role in algal growth and biomass productivity at various scales. Lower cell growth and 40 % less
biomass concentration were obtained in the 200 m2 ponds compared to the 20 m2 and 2m2 ponds
during batch mode cultivation due to significant loss in turbulence. Opposite to the 200 m2 ponds
with laminar flow, turbulent flow shown in the 20m2 ponds with a Reynolds number close to
9,000 did not cause any mechanical cell damage to the Tetraselmis culture in achieving a similar
biomass concentration as the 2 m2 ponds at a Reynolds number of 6,000. Similar results were
reported by Persoone et al. (1980) with 30 % higher yields of the mixed Chlorella culture
compared to the unmixed culture (Persoone et al. 1980).
In contrast, it must be considered that the trade off in required power by keeping the algae in
suspension increase exponentially at higher velocity (Neenan et al. 1986). Turbulence does not
always bring advantages to algae culture, and growth inhibition at higher turbulence for
Anabaena spiroides has been reported (Soeder and Stengel 1974). Therefore the degree of
turbulence for the employed algal species must be investigated.
With respect to the settling of algae cells to the bottom, Tetraselmis with four flagella are very
motile and may not require high turbulence compared to non-motile algae species. The loss of
flagella in Tetraselmis sp. is part of the cell division, when two daughter cells are formed, which
occurs during the dark phase and does not result directly in mortality of the algal cell, but
requires additional energy to make new flagella (Grant and Vadas 1976). However, mixing in
large scale cultures is important for reasons other than the settling and sticking of cells to the
bottom of the culture system, for example to avoid thermal stratification between the top- and
bottom layer with a temperature difference of 8 oC, reported for unmixed systems at 30 cm depth
on sunny days (Oswald 1988a; Persoone et al. 1980). Oswald (1988) also noted that a mixing
velocity of 0.05 m s-1 will be enough to prevent thermal stratification, but to achieve the velocity
in all locations in a large scale raceway pond, a minimum linear velocity of 0.15 m s-1 is required
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(Oswald 1988a). To improve mixing in larger ponds it was recommended by Laws et al. (1986)
to install arrays of foil similar in design to segments of airplane wings where the water flows
over and under the foils at high frequency which creates systematic mixing. The production rate
for algae culture with foils was approximately twice compared to the algae culture without foils.
Factors such as light/dark frequency, mass transfer for nutrients and gas exchange are recognised
for their indirect influence on the degree of mixing and are discussed in the literature for
enclosed photobioreactors (Thomas and Gibson 1990; Grobbelaar 1991, 1994; Contreras et al.
1998; Grima et al. 1999; Babcock et al. 2002). The preferred mixing velocity in large scale open
raceway ponds is reported to be as fast as 0.2 m s-1 and was applied to all pond sizes in the
current study (Neenan et al. 1986).

5.10 Pond management
Culture management in terms of dilution rate is a crucial task in algae mass cultivation to
improve biomass productivities. Microalgae culture for commercial purposes is maintained
either continuously or semicontinuously.
The mitotic ratio of Tetraselmis MUR-230 showed synchronised cell division, where cell
division occurs during the same period. The unsuccessfully completed synchrony of MUR-230
was monitored with only 30 % dividing cells of the total cells during the mitotic ratio
investigation. Completely synchronised cultures have 100 % dividing cells in less than 10 % of
the cell cycle time for completed cell division (Lorenzen and Hesse 1974). The reason for an
unsuccessfully synchronised culture might be found to be unoptimised light quantity, pH and
CO2 availability, while outdoor cultures exposed to higher irradiance coupled with CO2 supply
and controlled pH showed up to 100 % cell division. Similar uncompleted synchronised cultures
were observed for Nannochloropsis sp. Pleurochrysis carterae and Emiliania huxleyi under
laboratory conditions and it seems to be more usual that natural conditions are favourable for
completed synchronised cultures (Sukenik and Carmeli 1990; Moheimani 2005). However, the
most important information was provided during cell division and physiological activities that
lead to maintaining Tetraselmis MUR-230 in a semicontinuous mode with a maximum dilution
frequency of one day if 100 % of cells are dividing. To increase the porportion of dividing cells
in the current study, the culture dilution was undertaken in the early morning to begin of the
photosynthesis activity.

206

Highest biomass and lipid productivity will be achieved by culture dilution before cell division at
the end of the photosynthesis activity combined with the highest cellular organic content. At this
stage the Tetraselmis cell of the present study have the highest lipid content, high amounts of
fatty acids and triglycerides. Identical trends in cellular organic, total lipid and triglyceride
content were observed for Nannochloropsis sp. (Sukenik and Carmeli 1990). There is no
guarantee for 100 % cell division and short generation time under natural environmental
conditions, while seasonal and daily variations in irradiance and temperature affect alga growth.
More success in algal growth with an improvement in biomass and lipid productivities was
achieved when CO2 was supplied with regulated pH.
Cyclostat cultures are different from traditional chemostat cultures in the use of cycles of
light/darkness that cause a synchronous or phased cellular division. As a consequence of using a
light/dark photoperiod under replacement of 50 % of the total culture volume, the cultures were
completely synchronised (Fabregas et al. 1995). However, the best steady conditions are
achieved in continuous cultures, where for as long as possible constant conditions prevail,
growth will be balanced over any time interval (Campbell 1957). The cell cycle for
Chlamydomonas sp. can be divided into four phases: the S -phase in which deoxyribonucleic
acid (DNA) is synthesised, the mitosis M -phase in which cell division is occurring, and the two
“growth” -phases, G1 and G2, which follow M and S, respectively, passing two major control or
restriction points, one at the G1-S transition, and the other at the G2-M transition (Carpenter et al.
1998).
By growing cells in alternating periods of light and darkness, it was found by Spudich and Sager
(1980) that the synchronisation of phototrophic grown Chlamydomonas populations is regulated
at two specific points in the cell cycle: the primary arrest A point, located in early G1, and the
transition T point, located in mid G2. At the arrest point, cell cycle progression becomes light
dependent, while at the transition point the completion of the cycle is light independent. In fact,
it is possible that cells perform their divisions synchronously but that the timing and/or the
duration of the cell divisions is different for the three kinds of cells. The synchrony seems to be
perturbed when the cells move from the G to the S phase (Lemaire et al. 1999).
When cells transfer from light to dark between the two regulatory points a reversible resting state
is altered in which they are still metabolically active, but do not progress through their cycles
(Spudich and Sager 1980). This phenomenon could describe the stage of growth when the algae
cells become light limited due to self shading and leads to the hypothesis that, at this stage, the
metabolites are excreted from the cell into the culture medium which is then measured as
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biomass loss. Highest biomass and lipid productivities for various Tetraselmis strains during the
current study were achieved at shorter dilution rates in summer at higher irradiance. A strong
correlation between specific growth rate and irradiance exposed to the individual alga cell
required culture dilution to prevent light inhibition, while during active photosynthesis biomass
concentration increased and resulted in the self shading effect.
Higher irradiance with consequently higher biomass productivities resulted from higher growth
rates and higher dilution frequency obtained for Pleurochrysis carterae (Moheimani 2005). In
contrast, Thomas et al. (1983) achieved higher biomass productivities with Tetraselmis sp. in
batch culture compared to semicontinuous culture. In semicontinuous culture, dilution is taken at
frequent intervals by volumetric exchange between culture and the new medium leads to the
creation of lag phases. Several reasons for lag phases in microalgae culture such as medium
condition, physiological condition of the inoculum and methodological reasons are pointed out
and further described by Vonshak (1993).
The observed lag phase of the current study can be categorised in physiological reasons where
the inoculum reached early stationary growth phase. The lag phase was largely eliminated by
increasing dilution frequency accompanied by a decrease in dilution rate. A higher dilution rate
decreased biomass productivity for other Tetraselmis sp. (Thomas et al. 1983). However, there is
no guarantee for constant growth and biomass productivity under unstable weather conditions
while culture conditions vary between either culture washout or light limitation. Similar
problems are recognised with continuous culture maintenance over chlorophyll-a fluorescence
regulated output rate by maximum growth and biomass concentration, resulting in culture
washout or light limitation (Evers 1991; Okay et al. 2003).

5.11 Lipid productivities
The energy content of microalgal biomass was determined by multiplying the values obtained for
protein, carbohydrate and lipid by 23.86, 17.16 and 36.42 kJ g_1, respectively (Brett and Groves
1979). The published biomass productivities summarised in Chapter 1 have an average
composition of energy compounds of 20 % lipids and 35 % carbohydrates resulting in using the
above energy indices for lipids and carbohydrates, in summary, of 13.28 kJ g-1, which is
approximately 50 % lower than the direct energy content of the achievements in the current
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study with 27.11 kJ g-1 for the Tetraselmis strains MUR-230 and MUR-233 with additional CO2
and pH control. Protein in all organisms remains for cell growth or cell maintenance at the
expense of cellular energy sources such as carbohydrate and lipids. Therefore, proteins play a
different role as an energy source under energetic considerations, shown in an energetic value
between carbohydrates and lipids. The demand of energy for protein synthesis, degradation and
conversion is a great amount higher compared to carbohydrates and lipids. Further, the reported
biomass productivities of the current study reflected and indicated the trend in total lipid
productivities to achieve maximum productivities of the target product rather than the entire
biomass. However, in the current study, the target products were lipids, and the majority of
attention was focused on lipid productivity rather than biomass productivity.
Griffiths (2008) plotted data for lipid productivity against biomass productivity of 20 algae
species from various studies showing that at low biomass productivities of up to 0.2 g DW L-1 d-1
the increase in lipid productivity was linear and reached a plateau at 70 mg L-1 d-1. The
maximum lipid content estimated from the productivities resulted in approximately 30 % of dry
weight lipid content and is a great amount lower compared to the current study with >40 % of
AFDW lipid content. The effect of CO2 on the fatty acid composition has been reported for
Phaeodactylum tricornutum by Chrismadha and Borowitzka (Chrismadha and Borowitzka
1994), where the amount of long chain fatty acids (EPA) declined and the short chain increased,
while the overall EPA increased with increase in cell densities due to lower irradiance.
Investigations by Materassi et al. (1980) showed that in green algae, the lipid composition is
affected by light and temperature and the total lipid content is dependent on the physiological
state of the algal cell. For instant 9 of 32 strains were examined by Materassi et al. (1980)
contained 20 % more total lipid content in early stationary phase compared to exponential
growth phase. The correlation between growth phase and total lipid content varies for different
species (Materassi et al. 1980; Huerlimann et al. 2010).
The current investigation showed Tetraselmis MUR-230 has a high potential of growth without
CO2 addition over a wide salinity range, while current published studies on Tetraselmis sp.
showed in some cases higher productivities carried out at seawater salinity by various
researchers (Fabregas et al. 1995; Herman 1991; Chini Zittelli et al. 2006; Ulloa et al. 2012;
Bondioli et al. 2012). Additional facts for low biomass productivity can be found in
environmental factors such as low light and suboptimal temperatures. However, the lipid
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proportion of the biomass can be estimated at 43 % in up to three times seawater salinity and
showed favourable potential for being used as raw feedstock for biodiesel production.
The results of the current study compare very well with the data of 55 microalgae species
reported by Griffiths and Harrison (2009). A similar lipid / organic biomass proportion was
found for Rhodomonas sp. (40.2 %) in late stationary phase, Phaeodactylum tricornutum (38.75
%) in early stationary phase in Pavlova lutheri (37.83 %) in late stationary phase and
Heterosigma akashiwo (49.96 %) in exponential phase; this was found by Fernandez-Reiriz et al.
(1989) at 3.5 % salinity (w/v) (Fernandez-Reiriz et al. 1989). Species such as Heterosigma
akashiwo contain their highest lipid content in exponential growth phase similar to the
Tetraselmis strains in this study with consequent high lipid productivities as fundamental
feedstock characteristic for biodiesel production. However, the majority of microalgae species in
which high lipid proportion was found have conflicting shown growth limiting conditions such
as low light intensity, nitrogen starvation, low temperature and in some cases salinity effects
(Herman 1991). The lipid content showed constant values and therefore the lipid productivities
for all tested Tetraselmis strains without additional CO2 in this study showed a correlation with
specific growth rates that were similar to the observations for biomass productivity.
Maximum lipid productivity for Tetraselmis MUR-233 in February 2009 with 6.9 g m-2 d-1
(equal to volumetric productivity of 0.035 mg L-1 d-1) at temperatures between 18 and 32 oC
while Herman (1991) reported for Tetraselmis suecica grown in open ponds high lipid
productivity of 0.7 g m2 d-1, but only over a 30 day mid-summer trial. However, lipid
productivities for Tetraselmis sp. reported by several authors range from 1.85 to 4.2 g m-2 d-1
(Thomas et al. 1983; Sheehan et al. 1998). Higher lipid productivity values of 117 mg L-1 d-1 are
reported for Nannochloropsis sp. grown in a 110 L enclosed photobioreactor (Rodolfi et al.
2009). However, different culture systems have different limitations and should be compared for
the individual algal species with consideration of the target product.
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6 CHAPTER 6
Conclusion
Developing a biofuel production industry, especially for biodiesel based on a lipid rich
microalgal biomass cultivated in saline water is a positive idea for withstanding global
environmental issues without major competition with food sources. This study was focused on
the feasibility of long term cultivation at various environmental conditions of a highly promising
high lipid yielding microalgae species in hyper saline water. Part of the study was to overcome
challenges in algae growth and productivities from a broad range of variables due to different
climates and different scales.
The results of the current study clearly showed the feasibility of successful growth of three new
isolates of Tetraselmis sp. (MUR-167, MUR-230, and MUR-233), which can grow successfully
over very long periods in paddle wheel driven small scale open raceway ponds and withstand all
four seasons of the climate in Perth, Australia. The strains of a halophilic Tetraselmis sp. can be
grown longer than 20 months in semi continuous culture outdoors at 7 % salinity with high lipid
productivity and therefore are promising species for commercial applications with potential for
biodiesel production. The chosen salinity of 7 % for all investigations on Tetraselmis spp. in this
study was the mean value of salinities without negative effects on specific growth, biomass and
lipid productivity. The high salinity, double that of seawater, can be seen as one of the key
reasons for the long term feasibility without any serious contamination issues.
Apart from long term feasibility, seasonal variation in temperature and solar irradiance at the
climate in Perth resulted in marked differences in specific growth and biochemical composition
of the Tetraselmis cells. Fluctuation in environmental factors with consequently induced
variation in biochemical composition represents limitations in specific growth rate and
productivities for the Tetraselmis sp. The major advantage of these Tetraselmis strains was that
the total lipid content with annual averaged annually greater than 40 % AFDW and lipid
productivity was achieved in exponential growth phase, meaning that the algae can be grown in
continuous culture rather than batch culture.
Preliminary improvements under semicontinuous cultivation at dilution frequencies of two and
three days were made with CO2 addition and controlled pH at 7.5 resulting in an average AFDW
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biomass productivity of 13.0±0.5 g m-2 d-1 and 5.3±0.4 g m-2 d-1 lipid productivity over a period
of 365 days in the climate conditions in Perth, Australia.
In open raceway ponds the control of environmental parameters such as irradiance and
temperature is very limited to impossible. Therefore a different location for the algae pilot plant
was chosen in Karratha in northern Western Australia with average annual temperature between
18 and 35 oC. The most suitable Tetraselmis strain for the Karratha climate condition was
selected during long term cultivation in Perth. One of the important outcomes of the study was
the growth comparison for Tetraselmis MUR-233 between Perth and Karratha with close to three
time higher biomass productivity during Austral winter in Karratha. The Austral winter season
was the season with the major difference in irradiance and temperatures between Perth and
Karratha.
Further improvements could be made for growth, biomass and lipid productivities through
optimum cell density, dilution frequency and culture depth. However, with optimisation a
realistic hypothetical average biomass productivity of 20 g AFDW m-2 d-1 and a lipid
productivity of 10 g m-2 d-1 over a period of 365 days should be achievable under Perth climate.
The potential for higher biomass productivities were achieved under the climate condition in
Karratha due to less seasonal fluctuation in irradiance and temperature. The hypothetical average
biomass productivity of 36 g AFDW m-2 d-1 and a lipid productivity of 12 g m-2 d-1 over a period
of 365 days under optimised conditions should be achievable under Karratha climate. The
disadvantage of the Karratha climate apart from heavy cyclone rainfall with up to 100 mm per
day, was found in the reduced total lipid content of 33 % AFDW compared to in Perth which had
43 % AFDW. Therefore, the difference in total lipid productivity between Perth and Karratha is
marginal compared to the biomass productivity data.
Interesting results in economic aspects were found for Tetraselmis MUR-230, which was able to
grow under different N-sources e.g. ammonium chloride, urea and sodium nitrate without major
difference in growth and biomass productivity with the exception for ammonium chloride with
significant lower total lipid content compared to urea and sodium nitrate. Urea as the cheapest Nsource on the market showed up as very suitable as N-source with an additional C-atom for the
Tetraselmis sp. of the current study.
The need for additional CO2 was clearly shown, especially at higher photosynthesis activity due
to higher irradiance and optimum temperatures. Dilution frequency was one of the major
findings for operational factors to maximise biomass and lipid productivity, with values up to
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twice as much in lipid productivity and 80 % increased biomass productivity when harvested
every day compared to dilution frequencies of two to three days.
The study clearly indicated that CO2 addition at controlled pH influenced the macronutrient
demand by increasing the consumption of nitrogen and phosphorous (Chapter 4). Inorganic
carbon uptake is associated with N-consumption and pH≤8 prevents major P precipitation. The
necessity of factors behind the improvements in growth, biomass and lipid productivity for
Tetraselmis sp in hypersaline water reported in the current study varies between the factors as
following from high to low in order: irradiance, CO2(pH), temperature, dilution frequency,
nutrients and salinity.
The cellular lipid content is directly associated with specific growth rate and indirectly
associated with irradiance, while irradiance is directly associated with specific growth rate. The
fatty acid content could be increased by CO2 addition to the Tetraselmis culture. Furthermore it
was found that temperature has a strong influence on the fatty acid profile, with the un-saturated
long chain fatty acids increasing with increase in temperature.

6.1

Future directions

The outcomes of this study clearly showed the feasibility and positive potential of Tetraselmis sp
as a high lipid yielding feedstock grown in saline water for biofuel production. However, the full
capacity in biomass productivity and lipid productivity at pilot scale in Karratha was not fully
shown due to the timing of my PhD candidature. Therefore, further studies for optimisation of
the Tetraselmis culture at the pilot plant in Karratha for maximum biomass and lipid productivity
are required. The optimisation study should include the production process development with
integrated downstream processes on site. Further, and most important, is to investigate the
feasibility of medium recycling due to the integrated harvest technology. Technical and
engineering improvements for each technology involved in the entire production process,
including automation, should be considered before scaling up to the demonstration scale.
Further improvements in online culture monitoring for culture growth and culture medium
parameters such as chlorophyll fluorescence, conductivity, turbidity, dissolved organic carbon
(DOC) and optical sensors would benefit generated data sets with reduced errors.
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Since the data of the current study clearly demonstrated beneficial effects of CO2 addition to the
algae culture, there is still a demand for optimisation of the CO2 inlet systems in open ponds for
higher conversion efficiency. An additional improvement on the regulation characteristics for the
pH control unit is recommended.
General interest is rising in metabolic and genetic engineering approaches for enhancing lipid
production and photosynthetic capacity in algae for biofuel production (Roessler et al. 1994;
Rasala et al. 2013) Genetic approaches could be used for better understanding of metabolic
pathway regulation, alteration of gene sequence and controlled evolution.
Lowering the chlorophyll content through reduction of chlorophyll antenna size as a strategy to
improve light penetration and improvements of photosynthetic CO2 fixation in algal mass
cultures (Lee et al. 2002) is worthy of future study.
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