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ABSTRACT

Over the next decade, the expanding Coal Seam G&&)(industry in the Bowen and Surat
Basins is expected to produce between 50 to 30@fGLSG water per year as a by-product of
its methane extraction processes. CSG water i$ imgodium, salts, carbon in the form of

bicarbonates and other undesirable substances giakinfit for direct use.

Typically CSG water has been considered as a vpastirict, and is currently discharged in large
evaporation ponds. The QLD Government has recentlpduced policy encouraging the
beneficial utilization of this water. Due to itggh bicarbonate concentration, CSG water has the

potential to be used as a medium for growing migaafor the production of biofuel.

Microalgae derived biofuel is one of the more praing alternate green energy fuel sources to
emerge in recent years. This method is superitrattitional crop based biofuels as it requires
substantially less water and land area to yieldvadgent oil volumes. Furthermore, it has the

additional potential of cleansing nutrient rich weawaters.

Hence, the aim of this dissertation was to assesgadtential of using CSG water as a medium
for growing microalgae to produce biofuel. Additadhy, investigation was made of the carbon
sequestration and nutrient removal capacity of gnscess. Three sets of batch experiments
were conducted using a 3.5 L batch bio-reactor.allrtrials, DO, pH and temperature were
monitored in real time, along with daily samplin§g @arbon, nitrogen and phosphorous to
calculate the depletion rates. Furthermore, algj@wth was documented by measuring

suspended solids concentrations, and by opticaijemeasurement using a spectrophotometer.

A preliminary set of trials were completed to valiel the growth and monitoring capacity of the
bio-reactor. The trials inoculated microaldaklorella vulgarisin a controlled MBL media. A

florescent light source, compressed air and a fé@d were provided to facilitate algal growth.
The pH was set within the range 7.5+0.6. Trialultssgenerally validated monitoring and

growth capacity using the installed bio-reactors.



Trials were then conducted using the microalDaealiella tertiolectain a CSG water medium.
All trials were run for 5 days. The reactor wdkefl with 3L CSG water, inoculated with 250ml
Dunaliella tertiolecta and 5ml/L of F2 concentrate was added to prowigeitrient source. The
bicarbonate level in the CSG water was increasetd feean concentration level (216 C mg/L),
through the addition of sodium bicarbonate (NaHICOThe pH was controlled at a set point
7.62£0.5. A fluorescent light source was providedd assessment was made of the effect of
aeration on algal growth and carbon stripping. rRpowth was recorded for non-aeration and
aeration scenarios, with initial growth rates oD2Z®2 g SS/L/d and 0.0303 g SS/L/d,
respectively. Over the five day trial periods, ahlgarbon sequestration quantities of up to
90.9mg/L were achieved, and aeration was foundts& carbon stripping of up to 81.52 mg/L.
Nitrogen and phosphorous removal rates were 0.818fhfgl and 0.362 mg P/L/d for the non-
aeration trial, and 1.523 mg N/L/d and 0.381 mg/®for the aeration trial. Nutrient depletion
P:N ratios of 1:2 to 1:4 were observed.

Due to the poor growth performance, identificatiwsas made of the optimal salinity level for
growth of Dunaliella Tertiolectain CSG water (10 mg NacCl/L), trials were then wpd.
Results found high growth in the non-aeration amchi@on trials, with growth rates of 0.0935 g
SS/L/d and 0.0808 g SS/L/d, respectively. Growttfgpenance suggested no overall benefit in
adopting aeration for algal growth facilitationurthermore, carbon sequestration levels of up to
82.2mg/L were achieved, and carbon aeration wasdfdo cause carbon stripping of up to 72.4
mg/L. Nitrogen and phosphorous removal rates We385 mg N/L/d and 1.156 mg P/L/d for
the non-aeration trial, and 2.808 mg N/L/d and 9.9%g/L/d for the aeration trial. Nutrient
depletion P:N ratios of 1:2 to 1:3 were observdte @lgal dry mass and total lipid content of the

trials were 0.39 g and 24% for the non-aeratiod, @41 g and 20% for the aeration trial.

The research suggest that the microalgaraliella Tertiolectahas the potential to be grown in
CSG water, in an open pond settings, for biofueldpction purposes. Trials found that the
microalgaeDunaliella Tertiolectawould grow in the CSG media, however increasethisal
levels of about 10 g/L were required to achievanogt growth. This suggests that if the CSG
water is subjected to reverse osmosis treatmem tihe resulting brine having a high
concentrated salinity could be used as an idealunetb grow the desired algal strand. Further

analysis would be required to determine the ecoaambility of this process.
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INTRODUCTION

The expected increases in world energy usage iodheng years, means that a number of new
green renewable energy sources must be developedesd future demands and to reduce
greenhouse gas emissions (Mata et al 2010). Inr#dlizs approximately 75% of transport fuel
comes from local oil and gas sources. It is ptedi¢hat this market portion could reduce to
45% by 2030 with growing national demand, and withany new discoveries or technological
breakthroughs (CSIRO 2011). Alternate methodsuef production will need to be developed
and or expanded in the coming years to limit théemial of future foreign fuel source

dependency, and to ensure national fuel security.

Currently, the prominent alternate to fossil fuets crop based biofuel, accounting for
approximately 2% of the domestic fuel market (Aalsan Treasury 2011). This production
method has limitations however, it is not sustdi@adnd it competes with the agricultural
industry for farmable land. Microalgae derivedfbals offer an alternative that overcomes these
limitations. This fuel production method requirgignificantly less land area, does not need
arable land and can utilize saltwater, brackishewat wastewater for production. Conservative
estimates by the CSIRO, based on an algal oil obraé 20%, states that a pond area of
10,000kn3 would be required to produce enough microalgaéubldo meet Australia’s current
domestic demand needs. Alternately, a farmable @frd,320,000 kin(17% of Australia’s land
mass) and a fresh water supply would be requirgitdduce the same oil yield using a soy bean
crop, which is one of the more popular biofuel @opThis disparity highlights both the

limitations of traditional methods and the potelntifamicroalgae biofuels.

The utilization of Coal Seam Gas (CSG) water asediom for microalgae biofuel production
presents one opportunity for the creation of a navbon neutral fuel source. CSG water, a by-
product of the CSG extraction process, is constlasea waste material and is typically disposed

of in large evaporation ponds. This water is fickarbon in the form of bicarbonates.

Optimal algal production, requires a source of carkihis generally is supplied by a €@ed

from industry or power stations. This project diffintiates in that the carbon source is pre-

1



existing in the CSG water. Therefore there is pwential to use existing open pond
infrastructure for algal growth, without the needdevelop a C®feed method. There are
several other potential benefits in using CSG wédebiofuel production, including offsetting
carbon emissions by replacing fossil fuel produgenerating new industry in rural areas and

assisting in decentralising fuel production.

With no current published research pertaining galagrowth for biofuel production in a CSG
water media, this dissertation was intended as elingnary investigation to evaluate the
feasibility of this process. Assessment will bedméy conducting lab scale batch experiments
growing a marine algad(naliella tertiolectd in a CSG water media. A critical analysis will
be made of the algal growth, carbon sequestratiotrient removal and oil production capacity

of this process.

1.1 AIMS AND OBJECTIVES

The aim of this project is to assess the potenfigrowing microalga®unaliella tertiolectain a
Coal Seam Gas water media, for the purpose of pmogdwiofuel. Determination of the carbon

sequestration and nutrient removal capacity ofgihagess will also be assessed.
The objectives of the research were to:

* Obtain a CSG water sample and test for nutrientciiednical composition
» Conduct batch experiments with microalgaealiella tertiolectain CSG water and
simultaneously measure
o algal growth
0 pH variation
o dissolved oxygen variation
o carbon variation
0 nutrient variation (supplemented nitrogen and phospus)
» |dentify optimal salinity levels for algal growth
» |dentify algal growth, pH and DO patterns
* Measure carbon and nutrient depletion rates

» Harvest the algae and measure total lipid prodoctio



1.2 SCOPE OF STUDY

The scope of this study is to identify the potdntibundertaking biofuel production, carbon

sequestration and nutrient removal, udinmaliella tertiolectain a CSG water medium.
Limitations of this research were:

* Only one algal strand was tested in CSG water

» All batch experiments were only conducted once

* Assessment could not be made of the quantitieseandval rates of trace elements

* While most of the inputs and outputs could be assksthe chemical and biological
reactions within the system could not be describédsentially the system represented a
black box.

1.3 DISSERTATION OUTLINE

Chapter 2 Literature Review

This chapter reviews and summarises the curreatatiire pertaining to beneficial uses of
microalgae, culturing techniques and algal growtlages. The properties and issues of CSG
water in Queensland are evaluated. And a briefvoe of photosynthesis and the resulting DO

and pH fluctuations is provided.
Chapter 3 Methodology

This chapter provides an overview of the methodplagsed to analysis wastewater
characteristics, microalgae growth patterns, cadrmahnutrient depletion rates and lipid content.
It also demonstrates how the experimental equipmeas set up, and reviews the equipment

used.

Chapter 4 Growth Characteristics of Microalgae Qtata vulgaris Grown in MBL Media
and the effects of CO2 input.

This chapter presents the results relating toekeng of microalga€horella vulgarisgrown in
MBL media. It shows growth patterns, pH fluctuasp dissolved oxygen variability and

nitrogen removal. This chapter also assessedfdwt of CO, feed on algal growth.



Chapter 5 Growth Characteristics of Microalgae Dliaba tertiolecta Grown in a CSG

Water Media and the Effects of Aeration

This chapter presents the results relating to #@sting of microalgaédunaliella tertiolecta
grown in a CSG water medium. It shows growth pa#te carbon sequestration, nutrient
removal, pH fluctuations and dissolved oxygen \@lity. This chapter also assesses the effect

of aeration on algal growth.

Chapter 6  Growth Characteristics and Lipid Production of Moaigae Dunaliella
tertiolecta Grown in Salinity Modified CSG Water dite and the Effects of
Aeration

This chapter presents the results relating to #@sting of microalgaédunaliella tertiolecta
grown in a salinity modified CSG water medium. dhows growth patterns, carbon
sequestration, nutrient removal, pH fluctuationd dissolved oxygen variability. This chapter

also assesses the effect of aeration on algal gramd evaluates lipid extraction results.
Chapter 7 Conclusions and Future Works

This chapter presents the conclusions of the stndyreviews future works.



LITERATURE REVIEW

The literature review covers the topic of biofuahd compares traditional crop methods with
microalgae biofuels. Assessment is made of CS@rwand its potential utilisation. In addition,
an overview of microalga®unaliella tertiolecta algal culturing techniques and reactions

involving photosynthesis are provided.

2.1 MICROALGAE AS A FUEL SOURCE

The oil sector accounts for approximately 35% & ghobal energy market (Lin et al. 2010).
With increasing crude oil prices and limitations forture reserves, coupled with a conscious
public and political shift towards reducing carbemissions, huge opportunities are now
emerging for greener renewable fuel sources. Risfuncluding biodiesel, bioethanol and
biomethane represent a viable alternative to pairol These fuels are theoretically carbon
neutral, renewable, and can generally be applied bend or direct substitute for petroleum,

with little or no modification to modern vehiclegines (Mata 2010).

It is expected that the global biofuel industrylwicrease rapidly, to a value of over US $500bn
by 2050 (Stern 2007). In Australia biofuel curkgrdgccounts for only 2% of the national fuel
market. However the federal treasury departmeedipts that the inclusion of heavy vehicle
fuel usage into the impending carbon tax legistatwill drive significant investment and
development into the biodiesel industry. Modellimg the department suggests that biodiesel
usage will become the dominant fuel source for f1eahicles by 2030, and it will represent
over 75% of the market by 2050. The departmerihéurstates that the transition to a biofuel

market will occur regardless of a carbon tax (Feld€reasury Department 2011).

Biofuels are produced predominantly from plant eratt Essentially the production process
entails growing plant matter which converts solarergy into chemical energy through
photosynthesis. This chemical energy in the fornfats, sugars and oils is then extracted

through various processes to create a usableduets. Traditional biofuels are produced using



higher order plant crops, with the most popularpsrancluding corn, soy bean, canola and
rapeseed (Singh & Gu 2010).

Microalgae derived biofuels have recently emerged potential fuel source able to overcome
many of the environmental and economic limitation§ traditional biofuel methods.
Fundamentally this process replaces higher orgertgrops with microalgae as the biomass for
fuel production. Microalgae have an extractablecontent of between 10% and 80%, with oil
contends of 20% to 50% being the most common (C2@$t7). Oil content is dependent on the

algal strand and the set growing conditions.

2.2 MICROALGAE BIOFUELS Vs CROP BASED BIOFUELS

Fuel derived from higher order plants is currently most common form of biofuel production
globally (Schneck etal. 2008). This method is peotatic for two main reasons, the limitations
of arable land availability and the developing cetitppn with food production industries for

feedstock acquisition.

Crop based biofuels could not be considered adumefisubstitute to petroleum fuels, as the
arable land area required to meet fuel demand needst best unsustainable and at worst
unachievable. Table 2.1 shows a comparison of saintike more popular biofuel crop types,
and their oil yield per hectare ratios. Also shpware estimates of the land areas required to
meet 50% of the USA’s current fuel demand, andetipgvalent percentage of existing crop area
in the USA (Chisti 2007). Results clearly demoatgtrthe limitations of traditional crop
methods. In Australia it is conservatively estieththat 1 million hectares or 0.13% of the
nation’s total land area would be required to posdenough algae (20% oil content) to meet all

of the current domestic fuel demand needs (CSIRT1R0

An additional concern with traditional crop basedfieel production, is the potential that
existing rainforest and ecologically significaneas, particularly in developing countries, could

be lost as a result of increased pressures favatitin of biofuel cash crops (Mata, 2011).



TABLE 2.1 Comparision of some biofuel sources (@t2607)

Crop Oil yield Land areato meet  Equivalent precent
(L/ha) 50% of USA fuel of existing USA

demand (million ha)  cropping area (%)

Corn 154( 154( 84¢€
Soybeans 594 594 32€
Canola 119( 228 122
Jatropha 189: 14C 77
Coconut 268¢ 99 54
Oil Palm 595( 45 24
Microalgae (70% oil) 136,90( 2 1.1
Microaglae (30% oil) 58,70( 4.t 2.5

The second major limitation of traditional biofuedethods is that it competes directly with
agricultural industries for arable land usage. 1Of&% of the cost associated with producing
crop based fuels comes from the acquisition of gemak (Schneck etal. 2008). As traditional
biofuel production expands, so does the industigsiand for additional feedstocks, which in
turn leads to greater competition between food laintuel producers for land use, driving up
prices for both forms of industry. Crop based tuiel production has increased tenfold from
2000 to 2008, and since 2002 a strengthening etiwalhas been observed between world food
prices and biodiesel production (L Lin et al. 2Q15hortages and subsequent increases in prices
of food stocks can have, and has had major dettaheffects on a global scale. Recent food

price rises have been linked civil unrest in namhend western Africa (L Lin et al. 2011).

Microalgae biofuels have the advantage in that tieeyot require fertile or productive lands for
cultivation and they use much less area and watezduivalent yields of oil (Harun et al 2011).
The algae strands used for these fuels typicalyuire water, sunlight, C9 O,, and key
nutrients potassium and nitrogen (Schneck etal8R0CAdditionally there is the capacity for
algae to be farmed in saltwater or brackish, thereducing dependency on limited fresh water
supplies (Singh & Gu 2010).



2.3 ADDITIONAL USES

There are a number of products that can be prodfroed alga. Including food and nutrient
supplements, organic fertilisers, livestock feed &ne organic chemicals for pharmaceutical
goods (Singh & Gu 2010). Furthermore, as micraaldeave a greater capacity for
photosynthesis than higher plants, there is mudbnpial to utilize this organism for offsetting
CO, emissions (Fernandes 2010). Table 2.2 shows tleenBouse gas emissions over the
biofuel life cycle for microalgae and other popubéofuel crops. As a comparison, the rates for
gasoline and diesel are 94 kg €@J and 83 kg C&MJ, respectively (Groom et al. 2008). The
high negative net carbon output rate for microalge83 kg CG/MJ) demonstrates the

sequestration potential of this process.

TABLE 2.2 Comparison of Greenhouse gas emissiorsr diofuel life

cycle for popular biofuel crops (Groom et al. 2008)

Crop GHG emissions (kg CG/MJ)
Corn 81 to 8t

Soybeans 49

Canola or Rapeseed 37

Oil Palm 51

Sugar Cane 4to 17

Native prairie grasses -88

Microalgae (Biodiesel) -18¢

There is also the potential to combine algal bibfureduction with water cleaning processes.
Nutrient rich industry wastewater can be used teedstock for algae biofuel production, algae
have the capacity to absorb and remove nutrieats fwastewater. The treatment of wastewater
can be costly for industries, by combining wateatment with bio-fuel production, there is the
capacity to turn a waste cost into a profitableuvese (SARDI 2010).

Another production alternately, is to use the bissnwaste remaining after lipid extraction to
produce biogas through anaerobic digestion. Hatwah (2011) suggest that production cost and
carbon emission from biofuel production systemsla¢dheoretically be reduced by 33% and

75% respectively through the integration of biodiggoduction with biogas production.



2.4 MICROALGAE BIOFUELS AS A VEHICLE FOR
DECENTRALISATION AND NATIONAL FUEL SECURITY

The decentralisation of energy distribution is gatg recognised as a more efficient, reliable
and environmentally friendlier method for deliveyirenergy, compared to the traditional
centralised distribution method (Alanne & Saari 200 Through this process, large energy
conversion units are replaced by smaller ones, thighcapacity to be located closer to energy
consumers. Microalgae biofuel production can &slg applied to a decentralisation model, as

there is capacity at most wastewater and carbottiegifacilities to generate this fuel source.

Furthermore, a microalgae biofuel market has theerg@l to provide a secure national fuel
source. In Australia approximately 75% of transgoel comes from local sources, however
with growing demands and source limitations, tharket portion could reduce to 45% by 2030
(CSIRO 2011). Therefore alternate fuel sourcestrha developed to avoid future dependency
on foreign fuel importation. Algal derived biofgdhave the capacity to be produced year round

and can be harvested daily, ensuring a steadypglg.

2.5 CSG WATER — PROPERTIES, ISSUES AND POTENTIALS

The Coal Seam Gas (CSG) industry has grown sultgnh Queensland over the last decade.
Encouraged through the State Governments “Queeahdtaergy Policy — A Cleaner Energy
Strategy”, the production of CSG increased from #P1998-1999 to 125PJ in 2007-2008. In
2010 it comprised over 80% of Queensland’'s gas etarRespite the significant grow to date it

is still considered a new industry with major exgian expected (Kinnon 2010).

The CSG extraction method involves drilling weltsa coal seams and pumping the water from
these wells to reduce pressure within the mati& #tts to contain the methane gas in the coal.
This causes methane to desorb and begin to flom fitee coal, gas and water then travel

together to the surface where they are then seggh(itnnon 2010). Through this process, large

guantities of CSG water is produced. Current ests for CSG water to be generated from

Queensland’'s Surat and Bowen Basins over the repdd# range from 50 to 300GL per year

(Pratt et al 2011).



CSG water contains variable levels of sodium, saiésbon in the form of bicarbonates and
several trace elements, making it unfit for direse. Table 2.3 shows water quality sampling
results from various well depths and locations inith single field in the Bowen Basin.

Comparison is made with the chemical compositioseaiwater.

TABLE 2.3 CSG water quality statistics within a gl field in the Bowen Basin grouped according to

seam and position relative to fault (Kinnon et24l10)

Upper seam Upper seam Upper seam Lower seam Seawate

north of south of north of north of fault

fault fault fault
Depth (m) 277 177 332 22¢€
pH 7.€ 7.€ 8 7.6 8.1
Electrical Conductivity 10,57( 7,86¢ 8,64°¢ 11,14(
at 25°C (S/m)
TDS at 180°C (ppm) 5,81( 4,48¢ 4,83¢ 5,84¢ 35,00(
Hydroxide alkalinity as <1 <1 <1 <1
CaCO; (mg/L)
Carbonate alkalinity as 2% 4 12 <1
CaCO; (mg/L)
Bicarbonate alkalinity 71€ 667 1,482 55C
as CaCQ; (mg/L)
Total alkalinity as 727 67C 1,49¢ 55C
CaCO; (mg/L)
Sulphate as S@, (mg/L) <1 <1 <1 1
CI (mg/L) 3,28( 2,33( 2,22: 3,67( 19,70(
Ca (mg/L) 40 46 15 52 41C
Mg (mg/L) 23 16 9 26 131¢
Na (mg/L) 2,42 1,73( 2,05¢ 2,46¢ 1,90(
K (mg/L) 17 10 8 12 39C
Fe (mg/L) 5.4¢ 5.3(C 5.3i 5.1¢ <0.0z
Al (mg/L) 0.0¢ 0.3€ 0.07 0.0¢ <0.01
F (mg/L) 1.2 1.€ 2.4 1.€ 1.4
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Typically CSG water has been disposed of in lakggeration ponds, it is essentially considered
a waste product. In October 2008 the Queenslantgki@ment released the Queensland Coal
Seam Gas Water Management Policy, which outlinedsthategy for CSG water management.
Central to the policy was the discontinuation cégeration ponds as the primary means of CSG
water disposal. A 3 year transitional period whgcated for the remediation of existing open
ponds. In June 2010 DERM implemented the Coal SBamWater Management Policy. This
policy states that the preferred management optmm&@SG water utilization was either through
augmenting depleted natural aquifers, through tlimee methods or through treatment methods
for varying application. The purpose of the DERMigy is twofold to ensure that CSG water

does not contaminate the environment, and to eagetthe beneficial use of CSG water.

The policy further states that, an alternate uggeMal can be granted where CSG water is
converted from a waste to a resource that can bé fmg beneficial purposes (DERM 2010).
This paper examines the potential to utilise thasbon rich CSG water for algae biofuel
production purposes. Potential benefits includeating industry in rural areas, aiding to
decentralise fuel production sources and createtaCy offset by replacing fossil fuels and

other carbon intensive products with alga deriviextipcts.

Table 2.4 shows estimates by Pratt et al. (20Xtheoproduction and profit generation potential
of algal derived products grown in a CSG water medwith a nutrient waste supplement, also
estimated is the carbon capture and offset capatityis process. Estimates have been based on
conceptual 900 ha pond design, managing 10 GL db @f&ter per year and incorporating
agricultural waste inputs to produce biodiesel,iragé and biosolid products.
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TABLE 2.4

year (Pratt et al. 2011)

Input/output estimates of a 900 ha ponahaging 10GL of CSG water per

Product Volume Value
Algae 108,000

Water 10 GL

Biodiesel 24,000 n® $24 M
Methane 891, 000 G $6.2N
Biosolids 45,000t D! $1.18
CO, capture and oft-setl

Capture in algae biomass 206,000

Off-set via biodiesel 58,500 $1.17 NV
Off-set via methane 54,000 $1.08 v

2.6 MICROALGAE STRAND DUNALIELLA TERTIOLECTA

The microalgaédunaliella tertiolecta(Figure 2.1 a & b) is a unicellular green marithgaa 9-

11um in size. This alga has a reported oil yield 6#6342%.

It is simple to cultivate, fast

growing, does not clump or form chains, and it ¢sn grown in saltwater, wastewater or

brackish water (Chen et al 2011). As sudbnaliella tertiolectais an ideal candidate for

application in an untested medium. Should thestade experiments usim@unaliella tertiolecta

prove successful, there is the future potentialige this algal strand in large outdoor pond

settings.

a) B AP Tk SRl |

FIGURE 2.1

b

Microalga®unaliella tertiolecta a) (Encyclopaedia of Life 2011), b) (CSIRO 2011).
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2.7 CULTURING TECHNIQUES

The growth of algae is limited by various physieald biotic factors (Moheimani 2005). The

following section addresses the main contributoralgae growth.

2.7.1 LIGHT

The most important limiting factor for algae grovisHight (Moheimani 2005). For a fixed fluid
dynamic and temperature, the growth rate of migaalis a function of light exposure within a
reactor. At low light intensity, net oxygen ratesulting from photosynthesis increase linearly
with light intensity (Masojidek, Koblizek & Torzitl 2004). In dense cultures, light penetration
can be impeded by self-shading and light absorgfe@ndnandes 2010).

Analysis of the light effects oBunaliella tertiolectaby Tang et al (2010), found a significant
increase in cell growth rates, when light intensiyas increased from 1QB/(nfs) to
200uE/(nfs), while only a slight difference in growth occedr between light intensities of
200uE/(nfs) and 35QE/(nTs). They also found that growth was unaffecteddnying the light
wavelength. Using red LEDs, white LEDs or floredcéights as the main source had an

insignificant effect on the algae’s growth rate otmme.

2.7.2 CARBON SUPPLY — COAND HCO5

Carbon is a key parameter for intensive culturiguoicellular algae (Camiro-Vargas et al.
2004). The C@content in air is 0.03%, algae have the capaoigrow under these conditions,
however greater concentrations of carbon are requo achieve high growth rates. Tang et al.
(2010) found that C®levels of between 2-6% produced optimal growtlesaor Dunaliella
tertiolecta, with sharp reductions in growth outside of thisimai range. Algae can tolerate up
to 12% CQ at 35°C (Pulz 2001).

Most species of alga are capable of importing ei®®, or H