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Abstract 
 
The current global dependence on liquid fossil fuels is not sustainable and as a result, 

the development of alternative renewable liquid fuel sources is paramount for future 

economic, environmental and social security. The production of liquid biofuels from 

marine microalgae offers a solution, due to its carbon-neutral capacity (mitigating 

increasing anthropogenic carbon dioxide) and its minimal impact on existing food and 

freshwater resources. In order to satisfy global demand for liquid fuel, the cultivation of 

microalgae is required at commodity scales; however, major challenges exist in order 

to ensure production is economically and sustainably viable. The aim of this thesis was 

to assess some of the key environmental constraints of industrial scale cultivation of 

microalgae, including: exposure to complex abiotic conditions; effective delivery of 

nutrient inputs and harnessing algal physiology to improve the viability of microalgae 

cultivation for biofuel production. To accomplish these aims, the application of 

quantitative physiological techniques in conjunction with a novel photobioreactor 

platform (ePBR; Phenometrics®) enabled us to assess the biological response of a 

biofuel candidate algae strain, Nannochloropsis oculata, following exposure to different 

environmental conditions and nutrient input scenarios. 

 

My thesis revealed complex responses of N. oculata to a variety of environmental 

conditions. The response to changing light and temperature environments was found to 

be influenced by the growth stage of the algal culture, whilst comparisons between 

productivity under laboratory versus simulated outdoor conditions showed sinusoidal 

light dominates the diel effect of temperature oscillations in determining final yields. 

Exposure of N. oculata to a range of temperature conditions emphasised the wide 

thermal envelope of growth and therefore, the suitability of this algae strain for use 

inbiofuel production. Moreover, physiological algal traits were found to respond to the 

magnitude and duration of exposure to sub-optimal temperatures. Acclimation to 

nutrient conditions provide evidence of how natural cellular mechanisms can be 

harnessed to reduce the initial nutrient input, and how optimisation of nutrient delivery 

can be used to produce alternative products of interest. In my thesis, the suitability of 

the ePBR platform in conjunction with physiological methods such as in vivo 

chlorophyll fluorescence was used to examine the challenges of industrial cultivation. 

Several important avenues for future biofuel research are highlighted including: the 

better understanding of recovery of cultures from different magnitudes of environmental 

stress and harnessing the inherent acclimation process of microalgae to reduce system 

inputs will help to drive the future sustainability of the algal biofuels industry.  



Chapter 1: General Introduction 
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Chapter 1 General Introduction 
1.1. Global Energy Challenge 
 

The past half a century has seen a growing global population placing an ever 

increasing demand upon the major natural resources (freshwater and food) and fuel. In 

more recent years, the increased global industrialisation has resulted in a widespread 

dependence upon petroleum-based fuels (Tsita & Pilavachi 2013). It is estimated that 

80% of the primary energy consumed worldwide is derived from fossil fuels, 58% being 

used in the transport sector (Escobar et al. 2009). With this dependence not likely to 

diminish in the foreseeable future, and our fossil fuels reserves ever-decreasing, there 

is increasing urgency for an alternative renewable resource of energy. 

 

Technological advancements in recent decades have seen the development of 

effective and sustainable renewable energy industries: hydro-electric, wind and solar 

(photovoltaic) are now seen throughout the world, which are all capable of generating 

vast amounts of sustainable electricity suitable for human consumption (Diesendorf 

2014). Currently, the inability to store these types of energy prevents these sources 

from meeting all of our entireenergy requirements, especially the need for a mobile 

energy source. This highlights the need for the development of a transportable liquid 

fuel that can be retrofitted to current infrastructure. An alternative solution to fossil-

derived fuels can be provided by the generation of a fuel from renewable biomass 

resources (i.e. biofuels; Nigam & Singh 2011), whereby improving the capacity of the 

renewable energy industry to provide social, economic and environmental benefits.  

 

The development of a sustainable fuel market would provide a 

government/nation/economy with greater fuel security. Brazil’s recent prominence as a 

major global economy can be used as a case study to demonstrate the advantages of 

becoming mostly energy-independent from fossil-derived fuel, an initiative stimulated 

by the global energy crisis in the 1970s (Robbins 2011). In addition to economic 

benefits, biofuels offer environmental benefits as they close the carbon loop, i.e. are 

carbon neutral, and provide an opportunity to aid the recent shift in global consensus in 

de-carbonising our society, culminating in the adoption of the Paris Agreement (United 

Nations 2015). The renewable energy objectives of the Paris Agreement were to 

reduce annual greenhouse gas emissions by 2020 with intentions of ‘holding the 

increase in the global average temperature to well below 2 °C above pre-industrial 

levels’ (United Nations 2015). In order to reach these targets, government mandates 
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are being implemented; for example, India intends to have 20% biofuel (ethanol) 

blending mandated by 2017 (currently 5%; Lane 2014). Increasing consistency of such 

initiatives will drive global demand/market for easily accessible biofuels, allowing 

biofuels to be traded as a commodity. However, increased demand requires greater 

production scale. At this scale, social and environmental impacts influence the 

feasibility of any biofuel production process (Rajagopal & Zilberman 2007; Fairley 

2011; Robbins 2011).  

1.2. Biofuels 
Firstly, it is imperative to have a clear definition of what constitutes a biofuel. A 

common definition is a fuel generated from renewable biomass resources (Stöcker 

2008) that can be sub-categorised as primary or secondary biofuels. Primary biofuels 

generate energy from the un-modified chemical energy present in natural unprocessed 

biomass (e.g., firewood). Secondary biofuels are considered as primary biofuels that 

have been processed prior to fuel generation and can be further classified based upon 

the feedstock and technology used in production. The three types are first-, second- 

and third-generation (advanced) biofuels (Figure 1.1; Nigam & Singh 2011). 

 

 
Figure 1.1 Biofuel classification modified from Nigam & Singh (2011).  

First-generation secondary biofuels derived from sugars, grains or seeds require 

simple processes to produce a refined fuel, many of which are currently in commercial 

production: ethanol produced from energy dense sugarcane is a prime example. This 

ethanol is then able to be blended with petroleum ranging from 10% ethanol (E10) to 
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85% ethanol (E85; Nigam & Singh 2011). Other first-generation biofuels include 

biodiesel produced from palm, soybean or rapeseed feedstocks.  

 

Second generation fuels are derived from lignocellulosic biomass from agricultural 

crops, wood, grasses and non-edible residues of food crops. The polysaccharides 

(cellulose and hemicellulose) within the feedstock are converted to glucose, and then 

fermented (in the presence of yeast or bacteria) to produce alcoholic products such as 

ethanol and butanol which are capable of being directly blended with petroleum (Chisti 

2008). 

 

Despite many primary and secondary biofuels being commercially available, limitations 

have been identified when cultivated at large scales (Pickett et al. 2008; Schenk et al. 

2008; Mata, Martins & Caetano 2010; Chisti 2013). Competition for land to produce 

food raises the question of the use of crops that are cultivated on most fertile soil; 

should they provide food or fuel?. Additionally, low yield per land area deem these 

fuels not economically favorable and as a result, while the global community is seeking 

an alternative biofuel production method that overcomes this limitation. The most 

recent shift in focus to biofuel production is the manipulation of micro-organisms’ 

natural metabolic process to produce a renewable, alternative feedstock; microalgae 

are a good example (Berry 2010).  

1.3. Algal biofuels 

1.3.1. Overview 

The idea of generating a renewable source of liquid fuel from microalgae has been 

around for over half a century. The first major documentation of large outdoor 

cultivation trials was in a publication of “Algae Culture. From Laboratory to Pilot Plant” 

(Burlew 1953) and triggered the industrial cultivation of microalgae for use as biofuels. 

One of the most extensive research programs to date took place almost two decades 

ago (between 1978 and 1996) which was performed by the United States National 

Renewable Energy Laboratory (NREL) to study the ability of microalgae to produce 

natural oils and resulted in advances in applied biology, algae production systems and 

resource availability (Sheenan et al. 1998). Furthermore, in 1990, the Japanese 

launched a major initiative that although not directly focused upon production of 

bioenergy, provided improved understanding of commercial-scale microalgae 

cultivation. The project aim was to develop ‘effective and clean methods of biological 

fixation of CO2 based on the effective integration of photosynthesis function of 

microorganisms’ (Michiki 1995). The project provided important findings in the 
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cultivation of microalgae exposed to untreated flue-gas that allowed for future research 

into bioremediation and biofuel production from algae grown using flue-gas CO2 as its 

sole carbon source. These programs are just two examples for a body of research 

which has driven our understanding of biofuel production ranging from biology and 

engineering to understanding economic constraints. Despite this, the current method of 

converting algae to fuel is not commercially competitive against current crude oil prices 

(Chisti 2013).  

1.3.2. Energy balance 

When compared with traditional methods of large-scale biofuel production such as 

ethanol from corn, microalgal biofuels is socially and environmentally more beneficial 

(Chisti 2007, 2013). This is because microalgae-derived biofuels have the capacity to 

produce a greater amount of biofuel per unit area and unit time (Georgianna & Mayfield 

2012). Furthermore, the land required for cultivation does not compete with that use for 

cultivation of food, however, the use of marine (non-potable, brackish, saltwater) 

strains for production will not diminish our freshwater resources (Milly et al. 2005; 

Vasudevan et al. 2012; Gao et al. 2013).  

 
Table 1.1 Comparison of yield and land area requirement for common sources of biodiesel 
(modified from Chisti 2007). aArea required to produce 100% of Australia transport fuel (petrol 
and diesel), 30.6 billion litres (Australian Bureau of Statistics 2014). b50% oil (by wt) in biomass. 

Feedstock Oil yield (L ha-1) Land required to produce 100 % 
Australian annual transport fuel (M ha)a 

Corn 172 178 
Soybean 446 67 
Canola 1 190 36 

Jatropha 1 892 16 
Coconut 2 689 11 
Oil Palm 5 950 5 

Microalgaeb 58 700 0.5 
 

Microalgae are capable of being converted into many different forms of biofuel 

products; commonly ‘green crude’ oil or biodiesel. In the former case, this is because 

they are capable of producing significant amounts of biomass via rapid cell division. In 

contrast, in the case of the latter, fuel precursor molecules can be extracted from high-

neutral lipid containing cells; molecules that are synthesised through the conversion of 

light energy into chemical energy via the process of photosynthesis (Figure 

1.2;Schenk et al. 2008).  
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The photosynthetic process involves the capture of light energy from the sun by light 

harvesting pigment molecules (carotenoids and chlorophylls) in the light harvesting 

complexes (LHC) within the thylakoid membrane. Here light energy is funneled to the 

chlorophyll a molecules of the reaction centres of the photosystems (PSII and PSI) 

where the primary charge separation occurs. The oxidised PSII reaction centre radical 

is then re-reduced by the electron that is obtained from the splitting of water. The 

stabilised charge separated state provides, on the reducing side, a linear electron flow 

along a series of redox components in the thylakoid membrane ending at the oxidising 

end of PSI. At some steps of the linear pathway, the electron flow is coupled to the 

pumping of hydrogen ions across the thylakoid membrane in the thylakoid lumen. 

Some of the protons deposited in the thylakoid lumen are products of the water splitting 

process, and some of the protons originate from the stroma (Figure 1.2). At the 

reducing end of PSI, the protons and electrons are recombined by ferredoxin-NADP+ 

oxidoreductase (FNR) to produce NADPH. The energy released in the return of the 

protons pumped into the thylakoid lumen back to the stroma converts adenosine 

diphosphate plus inorganic phosphate into adenosine triphosphate (ATP). These 

products, NADPH and ATP, provide the energy to drive the Calvin-Benson cycle that 

fixes carbon dioxide (CO2) into sugars (initially glyceraldhyde-3-phosphate). These 

sugars are pre-cursors for other central metabolic pathways, for example, the fatty acid 

synthesis pathway that results in the production of triacylglycerides (lipids), a pre-

cursor molecule for biodiesel production (Figure 1.2; Falkowski & Raven 2007, Schenk 

et al. 2008). Due to the complexity of the photosynthetic process, numerous factors 

such as: incident light (c.f. Chapter 1.5.4.1), temperature (c.f. Chapter 1.5.4.2), 

carbon dioxide concentration (c.f. Chapter 1.5.6) and nutrient availability can influence 

photosynthetic efficiency of the cell and therefore affect downstream processes that 

use this energy, such as cellular growth. 
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Figure 1.2 A schematic representation of photosynthetic biofuel production (adapted from 
Schenk et al. 2008). Legend in top left explains arrows. Abbreviations; LHC, light harvesting 
complex; PSI/II, photosystem I/II; PQ, plastoquinone; PQH2, reduced plastoquinone; Cyt b6f; 
Cytochrome b6/f complex; PC, plastocyanin; Fd, ferredoxin; FNR, ferredoxin/NADPH 
oxidoreductase; NADPH, reduced nicotinamide adenine dinucleotide phosphate; ADP, 
adenosine diphosphate; ATP, adenosine triphosphate; Pi, inorganic phosphate; TAG, 
triacylglycerol. Underlined products are used in biofuel production. 
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1.4. The microalgae biofuel production process 
The procedure to produce fuel from microalgae is complex and a multi-stage process 

that is summarised in Figure 1.3. 

 

 
Figure 1.3 Microalgal production process (modified from Pragya et al. 2013), where italics 
indicate possible downstream processes. 

1.4.1. Microalgal cultivation  

The first stage in large-scale biofuel production is cultivation of the selected microalgae 

strain under specific abiotic conditions; addition of nutrients (macronutrients such as 

nitrogen and phosphorus, and micronutrients such as iron), carbon (commonly in the 

form of carbon dioxide; CO2) and light. At large scales, this cultivation can occur in two 

major types of reactor design; raceway pond reactors and closed photobioreactors 

(PBRs; Chisti 2007). Basic raceway pond reactors are closed loop systems re-

circulating systems that are mixed by a paddlewheel (Figure 1.4a). There is no specific 

design for closed PBRs; common types include tubular (horizontal, tubular or helical) or 

flat panel bioreactors (Figure 1.4b). Mixing is provided through the addition of air and a 

pump to circulate the culture around the system. Once the algae have been grown to 

the required biomass or specific cell content, the cells can be harvested (Grima et al. 

1999; Borowitzka & Moheimani 2013a; Zittelli et al. 2013). 

 



Chapter 1: General Introduction 

 8 

 
Figure 1.4 Reactor design schematic- (a) an aerial view of and open raceway pond; (b) a 
tubular closed photobioreactor (PBR) with parallel horizontal tube (both taken from Chisti 2007). 

1.4.2. Downstream processing  

To refine microalgae cellular components to the quality required to produce a 

marketable product, downstream processing is required, including harvesting and 

dewatering of the microalgae which amount to 20–30% of production cost (Mata et al. 

2010). The major methods used include sedimentation, flocculation, floatation, 

centrifugation and filtrations. To date, no single method is optimal for maximising 

marketable product per unit cost of processing (Milledge & Heaven 2013). Once the 

majority of the water has been removed, the cells are ready to be refined further, where 

the specific downstream processing is dependent upon the specific end-product 

(Demirbas et al. 2009; Pragya et al. 2013). 

 

The two major processes of refining the cells into marketable fuel products are: (i) lipid 

extraction; and (ii) hydrothermal liquefaction (HTL). Lipids are converted to ‘biodiesel’; 

first intercellular cell constituents are extracted by rupturing of cells, then lipids are then 

extracted using solvents (commonly chloroform/methanol and hexane). The lipids are 

transesterified into biodiesel using an alcohol and catalyst which form fatty acid methyl 

esters (FAMEs) (Scott et al. 2010) that have a similar molecular structure to diesel and 

are currently blended at ~80% with conventional diesel. Methods of thermochemical 

conversion have improved over recent years, particularly HTL as a result of 

commercial interest, as this process has the capacity to be integrated with existing 

petroleum-refining infrastructure (Liu et al. 2013). This method converts wet algae 

biomass (80 – 90 % water content) into different types of ‘green crude’ through 

exposure to high pressure (5 - 20 MPa) and high temperature (205 - 350 °C). The 

species of algae, reaction pressure and temperature dictate the yield of fuel from the 

HTL process. The resulting product, ‘green’ (bio) crude can be further refined to 

multiple fractions using conventional petroleum refining techniques (Suali & Sarbatly 

2012). Other methods of thermochemical conversions include; gasification, pyrolysis, 
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anaerobic digestion and direct combustion (Liu et al. 2013; Pragya et al. 2013). Despite 

the level of research dedicated to improving these processes, current technology is still 

too inefficient, energy intensive, and the use of harsh chemicals in certain processes 

are prevalent, making them unsustainable options.  

 

One cost-effective method for determining the overall economic viability of a biofuel 

production facility is to perform life cycle analysis (LCA). These analyses are used to 

describe and quantify inputs and emissions of the whole (or a specific) production 

process and consider both environmental and economic consequences (Scott et al. 

2010). Often the outcomes of these LCAs have several layers of complexity that rely 

on a multidisciplinary solution. For example, engineers focus upon more cost and 

energy effective methods of harvesting microalgae, whilst chemists seek to improve 

the quality of bio-diesel products from intracellular lipids to align with the required 

regulation for sale and economists compare the suitability of production facilities at 

different locations to generate the most viable and profitable industries. The biologist’s 

role in this multidisciplinary approach is to understand the photosynthetic and central 

metabolic processes of the microalgae that underpins the whole process. This role is 

becoming increasingly important as a general trend in LCA simulations show that only 

certain locations globally are favorable for the cultivation processes (Tredici 2010). 

LCA use dynamic models to predict microalgal productivity. These predictions are 

based upon the response of microalgae to different system inputs such as light 

intensity, temperature and nutrient availability (Geider, MacIntyre & Kana 1998). Data 

collected from short-term laboratory based experiments can be used to better 

understand the relationship between biotic (microalgae) and abiotic (physical-chemical; 

e.g. light) variables. These relationships can then be described by mathematical 

models that are parameterised to derive values of interest (e.g. growth rate 

coefficients) and are then able to directly predict actual production. Dynamic 

microalgae models pose additional challenges in comparison to other model biological 

organisms (e.g. bacteria) due to the photosynthetic nature of microalgae cells (Bernard 

2011). These inherent characteristics make these systems more difficult to predict 

because of their ability to acclimate to the different surroundings (e.g. changes in 

pigments, photoacclimation, as a response to light). Initial models for large-scale 

cultivation systems focused upon the light and nutrient environment (Bernard 2011), 

advancing to consider the effect of dark respiration (Béchet, Shilton & Guieysse 2013) 

and more recently temperature (Béchet et al. 2015). Despite these recent advances, 

the data used to validate these models are often derived from studies maintained 

under static laboratory conditions and do not account for microalgae acclimation to 
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changes in diel fluctuations of light and temperature. In order to better inform these 

predictive models, detailed time resolved data collected over both hourly and daily 

time-scales exposed to fluctuating environmental conditions is required (Huesemann et 

al. 2016). These types of datasets will provide more relevant parameter values that will 

help to improve the accuracy of production predictions. 

1.5. Constraints in large-scale microalgae cultivations 

1.5.1. Scale 

Our global dependence, along with the commodity usage of crude oil, means that for 

any significant replacement of petroleum with a microalgae derived liquid biofuel, 

cultivation is essential at minimal cost over extremely large scales. For example, the 

current annual demand of crude oil in Australia is approximately 53 billion litres 

(Department of Industry Innovation and Science 2015). Conservative estimates of 

algae cultivation (Georgianna & Mayfield 2012) suggest a land area of 1 million 

hectares is required to produce enough bio-crude to meet current Australian demands 

for crude oil (approximately the size of Sydney). At such scales every step of the 

cultivation process must be close to optimal. Reactor design will dictate the capital 

investment required for infrastructure construction and maintenance (Lardon et al. 

2009). The location of the facility dictates; light and temperature conditions, proximity 

and type of water sources, each in turn influencing microalgae strain selection. 

Quantities of nutrient inputs at this scale, especially nitrogen (N), phosphorus (P) and 

carbon (C), will cause both environmental and economic concerns (Borowitzka & 

Moheimani 2013c). 

1.5.2. Reactor design and mode of operation constraints 

A major decision for large-scale cultivation is the type of reactor design to use. For low-

cost products such as biofuels, raceway ponds are used because of their relatively 

inexpensive construction costs and low energy maintenance demands (Béchet et al. 

2011; Borowitzka 1999). Trade-offs of their open design mean that cultures are 

exposed to variable natural conditions such as temperature fluctuations, contamination 

from unwanted algae and other microorganisms (e.g. grazers and zooplankton) and 

high evaporation rates. Finally, the inherent design of a raceway pond does not 

facilitate maximal utilisation of bubbled CO2. This is due to non-optimal mixing between 

the gas-water interface. As a result of the poor CO2 ultilisation, raceway systems have 

low productivities as well as excessive CO2 usage (Sheenan et al. 1998). 
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Unlike raceway ponds, higher productivity is found in closed photobioreactors (PBRs) 

that can have up to a 13-fold greater volumetric biomass productivity (Chisti 2007), 

however typically closed PBR’s have shown to be 2-3 times as productive (Raes et al. 

2014). Closed PBRs require a greater amount of energy to maintain optimal conditions 

(e.g. temperature control, removal of oxygen buildup through bubbling with carbon 

dioxide and a pump to provide highly turbulent flow preventing sedimentation; 

Weissman et al. 1988). As a result of the increased complexity of a PBR, initial 

construction costs are greater than raceway ponds and are deemed not feasible for 

large-scale production of a cheap commodity such as biofuel.  

 

Another constraint in both type of reactor designs is the effect of biofouling. Biofouling 

is the accumulation of foreign material (i.e. organic matter, bacteria, cyanobacteria, 

other microalgae, zooplankton and invertebrates) on the surfaces and in the medium of 

the reactor (Harris et al. 2013). These have significant costs if left untreated, 

biologically on culture productivities and financially through equipment maintenance. 

To date there is no solution to biofouling except careful experimentation and regular, 

comprehensive cleaning procedure the latter is costly and labour intensive (Schultz et 

al. 2011). 

 

In addition to reactor design, the mode of reactor operation is important. Both types of 

reactors can be operated in the following modes; batch, continuous (turbidostat or 

chemostat) or semi-continuous (Mata et al. 2010). Each mode of operation has 

advantages and disadvantages; for example, continuous cultures allow for consistent 

production of biomass (daily) but its complex operation require expensive equipment 

set up and maintenance costs. Because of this, the type of reactor and mode of 

operation is determined by the market value of the final product. Batch and semi-

continuous operation is favored in most outdoor large-scale microalgae facilities 

(Sheenan et al. 1998). The research completed in this thesis used batch cultivation 

throughout.  

1.5.3. Algal strain selection 

The selection of the optimal strain is often seen as the ‘million dollar question’ for a 

successful biofuel production facility. Microalgae are a highly diverse group of 

organisms with the capacity to survive in a range of environments. The diverse nature 

of different strains yield varied cellular components (Table 1.2). For example, Chlorella 

sorokiniana is able to grow rapidly because it is capable of doubling biomass every 4 

hours; a maximum specific growth rate of 5.64 d-1 under optimal growth conditions (Lee 
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& Pirt 1981). In contrast, Nannochloropsis sp. have the capacity to accumulate up to 

30% of their dry cell mass as intracellular lipids (Larkum et al. 2012). Due to these 

differences in inherent cell properties, the final biofuel product ultimately determines 

the strain cultivated, i.e. either lipid-derived (FAME) or biomass-derived (‘green crude’). 

An additional consideration for large-scale cultivation is the water requirement of the 

alga. Since there is an increasing human demand upon diminishing freshwater 

resources, cultivation of marine strains for large-scale production is preferable 

(Borowitzka & Moheimani 2013c), but shortcomings should also be considered, such 

as evaporation resulting in increased salinity. Despite their varied environments, all 

microalgal strains have optimal conditions for their light and temperature (Schenk et al. 

2008). Characterisation of these conditions will enable the selection of the appropriate 

strain for the appropriate cultivation location and final product.  

 
Table 1.2 Biomass, lipid content and lipid productivity of different microalgae cultivated under 
continuous light at 25 oC, modified from Rodolfi et al. 2009. 

Microalgae 

Biomass 
productivity 
(g L-1 day-1) 

Lipid content 
(% biomass) 

Lipid 
productivity 
(mg L-1 day-1) 

Marine strains: 
Porphyridium cruentum  0.37 9.5 34.8 
Tetraselmis suecica (F&M-M33) 0.32 8.5 27.0 
Phaeodactylum tricornutum (F&M-M40) 0.24 18.7 44.8 
Nannochloropsis sp. (F&M-M26) 0.21 29.6 61.0 
Nannochloropsis sp. (CS 246) 0.17 29.2 49.7 
Isochrysis sp (T-ISO) (CS 177) 0.17 22.4 37.7 
Skeletonema sp. (CS 252) 0.09 31.8 27.3 
Thalassiosira pseudonana (CS 173) 0.08 20.6 17.4 
Chaetoceros muelleri (F&M-M43) 0.07 33.6 21.8 
Freshwater strains: 
Scenedesmus sp. (DM) 0.26 21.1 53.9 
Chlorella sorokiniana (IAM-212) 0.23 19.3 44.7 
Monodus subterraneus (UTEX 151) 0.19 16.1 30.4 
Chlorella vulgaris (CCAP 211/11b) 0.17 19.2 32.6 
 

1.5.4. External abiotic environmental factors 

1.5.4.1. Light intensity 

Light energy drives the photosynthetic process within a microalgae cell; the products of 

which provide precursors for the cells to synthesise biofuel molecules (Figure 1.2). The 

intensity of the irradiance (light energy) controls the rate of photosynthesis following a 

typical relationship exhibited by all microalgae species (Figure 1.5; Falkowski & Raven 

2007). 
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Figure 1.5 A typical photosynthesis vs. irradiance (light intensity) curve: A typical 
photosynthesis response curve where; shaded area is dark respiration, Pmax is maximum rate of 
photosynthesis, Ik is the half saturation irradiance. 

Figure 1.5 shows regions of sub-/supra-optimal light intensities; here the irradiance is 

either too low or too high for maximal photosynthesis to occur. At sub-optimal 

intensities, photosynthesis is directly proportional to intensity and not sufficient for 

maximal photosynthesis. At supra-optimal intensities a reduction in photosynthesis 

occurs, linked to photoinhibition. If excessive and prolonged exposure to irradiance 

occurs this may result in irreversible cell damage (e.g. the damage (denaturing) of the 

D1 protein of PSII; Raven 2011). Other factors such as temperature, nutrient status, 

carbon-dioxide availability and cultivation history (photoacclimation) influence the 

nature of the photosynthesis-irradiance response (Eppley 1972; Geider et al. 1998). 

The effect of light on photosynthetic rate is a strain-specific response; optimal light 

intensity can differ significantly between strains (Moore, Rocap & Chisholm 1998). For 

production at the scales required for biofuel production the cultivation will occur in 

outdoor environments (Weissman & Goebel 1987). Consequently, cultures will 

frequently experience sub-optimal light conditions throughout the cultivation process. 

Therefore, by understanding the underlying cellular mechanisms involved in adjusting 

to changing light conditions will assist with better management to minimise the 

associated detrimental effects on culture productivity.  
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1.5.4.2. Temperature 

Outdoors, PBRs and shallow raceway ponds are susceptible to daily temperature 

fluctuations, in some cases experiencing diel changes between 10 °C and 45 °C (Belay 

1997; Béchet et al. 2011). Temperature influences the physiology and biochemical 

properties of microalgae (Falkowski & Raven 2007). Enzyme-catalyzed reactions 

contribute to the majority of the reactions post-photosynthesis that culminate in the 

synthesis of biofuel ‘precursors’ molecules (e.g. intracellular lipids for lipid-derived 

biofuel or cell growth for biomass-derived biofuel). Supra-optimal temperatures are 

believed to primarily damage PSII (Berry & Bjorkman 1980) and in some cases have 

been demonstrated to inflict this damage via dissociation of manganese ions from the 

photocatalytic center (Allakhverdiev et al. 2008). These complex temperature 

interactions at subcellular scales impact overall microalgae growth rates, which can 

described using a asymmetric bell-shape, see Figure 1.6 (Eppley 1972; Schulte et al. 

2011). 

 
Figure 1.6 A typical growth rate vs. temperature response curve: A typical growth vs. 
temperature response curve; where Toptimum

 is the temperature at which growth is maximal; 
CTmin- minimum critical temperature and CTmax: maximum critical temperature- below and above 
this temperature no algal growth is observed.  

Growth rate increases with increasing temperatures from the minimum critical 

temperature (CTmin) until the thermal optimum (Toptimum), at this point, further increases 

in temperature result in a sharp decline in growth rate until the maximum critical 

temperature (CTmax). 
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The shape, magnitude and skew in the temperature-growth interaction is species-

specific (Boyd et al. 2013). As a result, characterising the growth response of a biofuel 

candidate strain to different light and temperature conditions is the first step in 

understanding the capacity to be a successful biofuel strain. However, common 

laboratory experiments expose cultures to static, unnatural conditions, and only few 

have analysed the deviation in response when cultivated under diurnally fluctuating 

conditions (Renaud et al. 2002; Fabregas et al. 2004; Converti et al. 2009, Simionato 

et al. 2011). The combination of diel and seasonal changes of light and temperature 

conditions result in annual productivities constraining an economically viable biofuel 

industry (Borowitzka & Moheimani 2013b). However, the physiological responses of 

biofuel candidate algae have been scarcely examined under such conditions (Sukenik 

et al. 2009; Simionato et al. 2013; Tamburic et al. 2014). One of my thesis aims is to 

provide information on how microalgae respond to changing environments.  

1.5.5. Nutrient supply 

Microalgal elemental stoichiometry of C:N:P provides information about the 

macronutrient requirements of the strain. Whilst Redfield’s ratio of 106:16:1 (C:N:P; 

Redfield 1958) provides a good starting point for understanding cellular elemental 

composition, it has been shown that this ratio is more dependent on the environmental 

conditions and species-specific requirements than previously thought (Geider & La 

Roche 2002). Inorganic N and P are acquired by a cell from the surrounding 

environments mostly through active transport via specific transporters in the 

plasmalemma (cell membrane), which is then assimilated into organic compounds 

within the cell (Raven 1984). Nitrogen plays a significant role in cellular biosynthesis 

and has an important structural function in the porphyrin ring of chlorophyll, an 

essential molecule in light harvesting and photosynthesis. Nitrogen-limitation has been 

shown to result in the accumulation of cellular lipids (Suen et al. 1987; Li et al. 2008; 

Gong et al. 2013), whereas, phosphorus is known to be the ultimate limiting element 

for microalgae growth in nature (Raven 2012). Phosphorus is a major building block in 

many cellular metabolites such as ATP which couples the light and dark reactions of 

photosynthesis and is involved in the cells capacity to assimilate carbon and nitrogen 

(Ticconi & Abel 2004).  

 

It is estimated that up to 50 - 80 kg of nitrogen (N) and 5 kg of phosphate (P) are 

required to produce 1000 kg of algal biomass (Borowitzka & Moheimani 2013c), 

making the overall microalgae production process heavily reliant on the usage of 

fertilisers. The generation of nitrogen fertilisers is energy intensive and produces 
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significant amounts of CO2, whilst phosphorus is mined from natural rock reserves that 

are estimated to be depleted within 100 - 400 years (Cordell, Drangert & White 2009; 

Fixen & Johnston 2012; Cordell & White 2014). Given that both sources are 

questionable in terms of their sustainability, it is clear that there is a need for alternative 

sources of fertilisers to secure a sustainable biofuel industry. As a result, we need to 

understand how we can supply these macronutrients in the quantities required to meet 

the physiological needs of the microalgae, the final product for the biofuel market, and 

at the same time, minimising the use of precious resources to ensure the sustainability 

of a microalgal biofuels industry. 

1.5.6. Carbon supply 

Carbon is an essential nutrient for microalgae to grow. In microalgae culture there are 

different chemical species of dissolved inorganic carbon (CO2 (aq), HCO3
- (aq), CO3

2- 

(aq)) that are bioavailable for microalgae to use (Falkowski & Raven 2007). Inorganic 

carbon is taken into the cell via diffusion, where it is assimilated into biomass through 

the Calvin-Benson cycle (Figure 1.2). However, the concentration of carbon in 

atmospheric carbon dioxide (CO2) of 0.039% (Kumar et al. 2010) which is too low to 

support dense cultures (Peng, Lan & Zhang 2013), despite many species containing 

cellular mechanisms to concentrate carbon (Giordano et al. 2005). The addition of CO2 

at higher than atmospheric concentrations is essential in order to achieve high 

productivities. It has been estimated that 1.8 kg CO2 is fixed to produce 1 kg of algal 

biomass (Borowitzka & Moheimani 2013c). Because the production of a concentrated 

CO2 source is expensive and energy-intensive, a large amount of research has 

focused upon using anthropogenic waste CO2 sources (Michiki 1995; Ho, Chen & 

Chang 2012; Anjos et al. 2013), such as flue-gas from coal power stations and cement 

facilities providing an opportunity to mitigate industrial CO2 emissions (Benemann 

1997). A limiting factor with all reactor types is poor gas transfer rates (kLa). This is the 

rate at which gaseous CO2 is dissolved into an aqueous state (Talbot et al. 1991), in an 

aqueous state the CO2 is able to be utilised by the microalgae (Raeesossadati et al. 

2014). An equally complex gas exchange problem is the super-saturation of oxygen in 

large-scale ponds which results in decreased biomass productivity (Moheimani & 

Borowitzka 2007; Peng, Lan & Zhang 2013). Overcoming practical constraints and the 

biological response of CO2 supply is imperative in securing a future market for algal 

biofuels and is further explored within the scope of this thesis.   
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1.6. Summary 
Continued commercial interest drives worldwide multi-disciplinary research to provide 

solutions to the current constraints that prevent the production of commodity biofuels. 

In the interim, the development of niche fuels (e.g. jet fuel) and production of high-

value products (e.g. nutraceuticals) can stimulate development of effective algal 

production technologies and improve our understanding of the practicalities in large-

scale management of algal production. 

 

In order to develop an environmentally sustainable, economically viable, commercial 

scale cultivation system for the production of biofuel microalgae we need to provide a 

solution to the current issues that prevent viable production efficiencies. From a 

biological perspective, these issues mainly relate to the cultivation of microalgae at the 

large scales required to facilitate viable production efficiencies. These will require: (i) 

significant amounts of nutrients (N, P and CO2); and (ii) cultivation outdoors in natural 

environments of fluctuating light and temperature conditions.  

1.7. Thesis outline 
My thesis investigates process constraints of large-scale cultivation of marine 

microalgae for biofuel production through the application of traditional physiological 

techniques along with use of an environmental photobioreactor (ePBR) platform. The 

ePBR platform allows for high resolution monitoring of simulated outdoor large-scale 

outdoor culture conditions. Physiological responses of the marine microalgae, biofuel 

candidate species, Nannochloropsis oculata, was assessed following exposure to a 

number of experimental conditions including: fluctuating light and temperature regimes; 

static thermal conditions; and various nutrient conditions to provide insights into how 

we can harness the physiological capacity of algae to improve its viability of cultivation 

for biofuel production. 

 

The ePBR platform was used in Chapter 2 to perform a multivariable design testing 

the effect of different light (square wave/sinusoidal) and temperature cycles 

(constant/sinusoidal) on growth rate, nutrient uptake and photosynthetic capacity of N. 

oculata. This experimental design allowed for comparison between laboratory-based 

studies and realistic outdoor (field) conditions to further understand the drivers behind 

growth rates and cellular yields obtained by large-scale cultivation.  

 

Non-invasive fluorometric techniques are used in Chapter 3 to advance our 

understanding of how the magnitude and duration of temperature change affects the 
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overall suitability of N. oculata cultivation at certain geographical locations. Time-

resolved data acquired over a fine scale temperature range (15 - 40 oC) of growth and 

nutrient uptake capacity provide empirical data to better inform predictive production 

models and to assess whether algae traits can be used as ‘early warning signs’ to 

improve management practices in large-scale cultivation systems.  

 

Further monitoring of functional traits in Chapter 4 advances our understanding of how 

to effectively harness existing cellular mechanisms (e.g. acclimation) in order to reduce 

the nutrient input into large-scale cultivations. Here, the effect of different starting 

concentrations and ratios of macronutrients (nitrogen and phosphorus, compared with 

traditional f/2 concentrations and ratios) were explored and the affect upon growth rate, 

photosynthetic performance (photophysiology), nutrient uptake and quantity of lipid and 

quality of the final FAME product were analysed.  

 

Chapter 5 aims to establish a scalable and transferable unit across various 

experimental designs and conditions for gas acquisition using the gas transfer of 

oxygen. Here the ePBR platform is used to describe the effect of different experimental 

set ups and physicochemical (such as salinity and pH) properties of the culture on the 

magnitude of gas transfer rates. Further experimental studies assessed the change in 

gas transfer rate through a growth cycle of N. oculata under laboratory and 

environmentally simulated conditions. 

 

The general discussion (Chapter 6) summaries the key findings and highlights new 

insights on the process constraints involved in the large-scale microalgae cultivation for 

biofuel production. The implications for commercially viable microalgal biofuel 

production are evaluated and future research directions discussed. 
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Chapter 2 Laboratory to large-scale: A multi-trait comparison 
of Nannochloropsis oculata cultivated under static 
and dynamic environmental conditions.  
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2.1 Introduction 
 

Diminishing reserves of fossil fuels coupled with increasing carbon dioxide emissions 

exemplifies the need for a sustainable and carbon-neutral fuel resource, and whilst 

solar, wind and tidal forms of renewable energy provide solutions for electricity, no 

suitable alternative for liquid fuel currently exists (Schenk et al. 2008). Biodiesel from 

microalgae provide a viable substitute compared with first/second generation biofuel 

feedstocks, showing potential to meet fuel demand, whilst minimising the impacts on 

food supply or other crop products (Chisti 2008). 

 

At scales required to address consumer demands, industrial cultivation of microalgae 

under natural, outdoor conditions is required. These natural changes in abiotic 

conditions will ultimately dictate the amount of algal biomass that can be produced by a 

cultivation system which alters photosynthesis (Geider et al. 1998) and growth (Eppley 

1972). Achieving optimal light is a ‘balancing’ act for microalgal cells; above optimal 

irradiance can result in inhibition of photosynthesis (photoinhibition) and potentially 

result in irreversible cell damage (Raven 2011), whilst insufficient light limits 

photosynthesis. Both conditions can reduce microalgal productivity. Temperature 

influences the ability of microalgae to photosynthesise (Davison 1991). For example, 

enzymatic reaction rates and electron transport are temperature-dependent (Raven & 

Geider 1988). Previous studies have analysed the effect of different constant 

temperatures on the ability of algae to grow (Converti et al. 2009). However, the 

examined ranges (20 to 30 °C) in these studies were constant and not realistic for 

large-scale microalgal cultivation where these are exposed to the weather and 

experience large seasonal fluctuations (Moheimani & Borowitzka 2007). 

 

The majority of model predictions for efficiencies and yields of microalgae biofuel 

production have been based upon data obtained in the laboratory, using constant 

conditions that are not designed to simulate the real environment (Bernard 2011; 

Béchet et al. 2013). More recently, studies such as Tamburic et al. (2014) have 

simulated the effects of diel variation in temperature on the growth and photosynthetic 

capabilities of Nannochloropsis oculata. Algal growth was unaffected by the range of 

temperature fluctuations (15 to 25 °C) measured and are consistent with the use of this 

strain in outdoor cultivation systems. Despite these findings, it remains unclear how 

this biofuel candidate strain, N. oculata, will perform at temperature conditions outside 

this range. For example, at the cultivation locations deemed to be most suitable for 

biofuel microalgae production in Australia (north-west coast of Western Australia; 
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Borowitzka et al. 2012), where daily average temperatures are approximately 30 oC 

(BOM 2016). Furthermore, it is unknown how combinations of different environmental 

stress conditions affect the final product amount and quality (cell composition), 

especially diel changes in light and temperature; the magnitude and duration of which 

are unavoidable in outdoor cultivation and are not commercially viable to implement 

mitigation solutions (Borowitzka & Moheimani 2013b).  

 

To improve the modeling of algal productivity of large-scale cultivation systems, 

empirical data derived from a factorial comparison of light and temperature 

environments where each factor is either constant or fluctuating is required (Béchet, 

Shilton & Guieysse 2013; Béchet et al. 2015; Huesemann et al. 2016). Due to the 

complexity of these types of experimental designs, inherent variation associated with 

optics, instrumental geometry and overall experimental systems makes it difficult to 

discriminate the biological response from the experimental setup and to ensure 

reproducibility between laboratories (Riebesell et al. 2010). To overcome these 

challenges, a standard platform is required, which consists of an array of unified high 

throughput control and analysis units. Such a standard platform is a matrix 

arrangement of environmental photobioreactors (ePBR) that can be used to imitate 

dynamic environmental conditions (e.g. diel fluctuations in temperature and light). By 

analysing the response of microalgae to these different conditions through parameters 

such as cell yield, growth and photosynthetic productivity provides high resolution data 

to allow for accurate comparisons under dynamic conditions (Lucker et al. 2014). Using 

this design, the effects of both irradiance (e.g. 0 - 2000 μmol photons m-2 s-1) and 

temperature (e.g. 10 – 40 °C) upon algal photosynthesis and growth could be tested to 

provide further insight into the predictability and reliability as a biofuel microalgae when 

cultivated outdoors.  

 

This study used environmental photobioreactors to replicate relevant outdoor 

environmental conditions, whilst allowing experiments to be performed in the laboratory 

without the large capital costs associated with constructing a pilot facility (Lucker et al. 

2014; Tamburic et al. 2014). N. oculata was chosen as a model organism, as it has a 

naturally high content of lipids (Rodolfi et al. 2009), the ability to tolerate a wide range 

of environmental conditions (pH, salinity, etc.) and potential for genetic manipulations; 

making it the ideal candidate strain for large-scale biofuel production (Kilian et al. 2011). 

Conditions used here allow for comparison between laboratory-based studies and 

realistic outdoor (field) conditions to further understand the environmental drivers 

behind the growth rates and cellular yields obtained by large-scale cultivation 
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(Borowitzka & Moheimani 2013a). This study monitors the dynamics and plasticity of 

growth and photophysiological response of N. oculata throughout light: dark cycles 

over a single batch growth cycle. 
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2.2 Materials and Methods 

2.2.1 Microalgal Cultures and medium 
 
Nannochloropsis oculata (Droop) Green (CS-179) was obtained from the ANACC 

(Australian National Algae Culture Collection, CSIRO, Hobart, Australia) and grown in 

f/2 media (0.2 μm filtered artificial seawater enriched with; 8.82 x 10-4 M NaNO3; 3.62 x 

10-5 M, NaH2PO4·H2O; trace metal solution and vitamin solution; Guillard & Ryther 

1962). 

2.2.2 Photobioreactor set-up 
 
N. oculata was cultured in cylindrical photobioreactors (ePBR™ v1.1, Phenometrics, 

Lansing, MI, USA) with a 450 mL working volume (Supplementary Figure 2.1). N. 

oculata cultures were exposed to four different light and temperature treatments; 

square wave light- constant temperature (SqLCT), square wave light- sinusoidal 

temperature (SqLSiT), sinusoidal light- constant temperature (SiLCT) and sinusoidal 

light- sinusoidal temperature (SiLSiT). All PBRs were illuminated with LEDs, providing 

steady white light across the PAR region, 400 to 700 nm (Tamburic et al. 2014) under 

a 12 h: 12 h light: dark cycles. Irradiance regimes were either square wave, with 

constant irradiance of 1240 μmol photons m-2 s-1 or sinusoidal, where the irradiance 

ranged from 0 to 2000 μmol photons m-2 s-1, with maximum light intensity occurring at 

midday. This design allowed for all treatments to receive equal total quanta during 

each light phase. Two different temperature treatments were used; constant at 25 ˚C ± 

0.5 ˚C and sinusoidal ranging between a minimum of 20 ˚C ± 0.5 ˚C and maximum of 

30 ˚C ± 0.5 ˚C, with the peak temperature occurring around dusk (Figure 2.1). In order 

to mimic an outdoor cultivation system as closely as possible, no aeration was 

provided but a magnetic stirrer was used to ensure a well-mixed culture that allowed 

for homogeneity of invasive (e.g. cell counts) and non-invasive (e.g. fluorescence 

measurements) sample collection, that in turn assured accuracy of auxiliary data 

collection. Temperature and dissolved oxygen were measured continuously in all 

ePBRs using temperature probes (Phenometrics, Lansing, MI, USA) and dissolved 

oxygen bare fibre minisensors (OXB430-OI; Firesting O2, Pyroscience, Aachen, 

Germany), where pO2 as a function of time was used as a proxy of photosynthesis.  

 

Prior to experimental data collection, all N.oculata cultures were maintained in the 

ePBRs under semi-continuous growth to acclimate the cultures to the ePBR conditions. 

All experimental cultures were operated in triplicate (n=3) in batch mode.  
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Figure 2.1: Experimental ePBR setup: (a) square wave light, constant temperature regime (b) 
square wave light, sinusoidal temperature regime, SqLSiT, (c); sinusoidal light, constant 
temperature regime, SiLCT, (d) sinusoidal light, sinusoidal temperature regime, SiLSiT. Lines 
represent light intensity (solid line) and temperature (broken line). All irradiance cycles were 12 
h: 12 h light: dark cycles of square-wave light (1240 μmol photons m-2 s-1), sinusoidal light 0 
to1920 μmol photons m-2 s-1, with peak irradiance occurring at midday. Temperature cycles 
were as follows, constant 25 ˚C ± 0.5˚C and sinusoidal temperature fluctuating between 20 - 30 
˚C with peak temperature occurring at dusk. 

2.2.3 Growth measurements 
 
1 mL sub-samples per PBR were harvested and stored in Lugol’s solution (Lovegrove 

1960) 1% (v/v) final concentration. Cell counts were performed using a 

haemocytometer with a depth of 100 µm (Marienfeld- Superior, Neubauer improved, 

bright-line) and images were captured using an automated microscope set to capture 

at least 20 images per haemocytometer chamber (Ti-E, Nikon, x20 magnification). 

Images were processed and analysed using a user-defined script in the image analysis 

software, Fiji (Schindelin et al. 2012; Suggett et al. 2015). Over 400 cells were counted 

per sample to provide a 0.95 confidence interval of about 10% (Lund et al. 1958). To 

calculate growth rates the cell density data were fitted using the non-linear logistic 

model: 

   (Equation 2.1) 

where, P is the cell density, a is maximum cell density, t is the time and k is the growth 

rate for the replicates of each different treatment. 
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2.2.4 Fluorescence measurements 
 
In vivo chlorophyll fluorescence parameters were determined using a pulse amplitude-

modulated chlorophyll fluorometer (Pocket-PAM, Walz, Effeltrich, Germany). This was 

performed by placing the Pocket-PAM head on the side of the vessel (10 cm from its 

base), providing a saturation pulse of light and analysing fluorescence parameters. 

Relative electron transport rate (rETR) was calculated using the following equation:  

    (Equation 2.2) 

where, PAR is the incoming irradiance at the surface of the culture (PBR) and (FM‘- F’)/ 

FM‘ describes effective quantum yield of photosystem II in the light, in which, F’ is 

minimal fluorescence, when all PSII reaction centers are open and FM‘ is maximum 

fluorescence when all PSII reaction centers are closed (Schreiber et al. 1994). The 

Pocket-PAM settings were; measuring light (ML) intensity of ~0.2 μmol photons m-2 s-1 

PAR (ML setting 7), saturation pulse (SP) intensity 2600 μmol photons m-2 s-1 PAR (SP 

setting 12) and a block saturation pulse width of 0.8 s. Both ML and SP were provided 

by a blue LED source. 

2.2.5 Nutrient analysis 
 
Nitrate (NO3

-), and orthophosphate (PO4
3-) concentrations in the culture medium were 

determined in the supernatant following the centrifugation of 5 mL sample and 

subsequent filtration (0.45 μm, Minisardt, Supleco, Bellefonte, PA, USA,) to remove 

any residual cellular debris. Samples were then analysed using an automated ion 

analyser (Lachat QuickChem QC8500; Lachat Instruments, Milwaukee, WI, USA). The 

samples were analysed spectrophotometrically according to QuikChem Methods; 31-

107-05-1-A and 31-115-01-1-G for NO3
- and PO4

3-, respectively.  

 , 

Briefly, nitrite (NO2
-) was diazotisatised (introduction of a diazo group [N+ N-]) under 

acidic conditions with sulfanilamide to form a diazonium ion. The resulting ion reacts 

with N-(1-naphthyl)ethylenediamine dihydrochloride to form a pink dye which absorbs 

at 520 nm, where the absorbance is proportional to the concentration of nitrite in the 

sample.  

 

To determine NO3
-, samples were reduced to NO2

- by the passage of the sample 

through a cadmium column. The resulting NO2
- was then determined according to the 

method described above. NO3
- concentrations were then obtained by subtracting the 

NO2
- values (previously determined) from the NO2

- + NO3
- values (reduced using 

cadmium column). The limit of detection in both NO2
- and NO3

- analysis is 10 μg N/L. 

≡
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PO4
3- was determined by reacting the sample under acidic conditions with ammonium 

molybdate and antimony potassium tartrate. As a result a blue complex is formed 

which absorbs light at 880 nm. The absorbance value at 880 nm is proportional to the 

concentration of PO4
3- in the sample, the limit of detection of the analysis is 0.3 μg P/L. 

 

Nutrient uptake rates were calculated from the linear region of nutrient removal and the 

time at which the regression crossed the x-axis was determined to be when culture 

became nutrient deplete. 

2.2.6 Sampling regimes 
 
Daily cell counts were performed at 09:00 h. A pilot study was completed to pre-

determine days that best represented lag, exponential and stationary growth. Based on 

these findings, sampling was performed on lag phase (day 1), exponential phase (day 

4) and stationary phase (day 13). In vivo chlorophyll fluorescence measurements were 

performed at 05:45, 06:15, 09:00, 12:00, 15:00, and 17:45. Samples for nutrient 

analysis were taken at 06:00, 12:00 and 18:00. 

2.2.7 Statistical analysis 
 
Comparisons of growth rate, final cell abundance and nutrient uptake rates were 

performed by one-way analysis of variance (ANOVA). The growth rate data were non-

normal when analysed using a Shapiro-Wilks test, and were subsequently log-

transformed. If the ANOVA result was significant (p <0.05), a Tukey’s Post Hoc 

Analysis was performed on the comparisons between means. All statistical analyses 

were computed using OriginPRO 2015 software (version b9.2.272). 
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2.3 Results  

2.3.1 Growth of N. oculata at different light and temperature regimes 
 
Cell density was used as a proxy for biomass. The greatest growth rate (0.727 ± 0.250 

d-1) of N. oculata was achieved when cultivated under square wave light and sinusoidal 

temperature (SqLSiT; Table 2.1). Other treatments had reduced growth rates that were 

not statistically different (one way ANOVA; df =3, p =0.489) of 0.521 ± 0.097 d-1, 0.531 

± 0.123 d-1 and 0.534 ± 0.111 d-1 for SqLCiT, SiLCT and SiLSiT, respectively. As a 

result of the high variability within treatments, statistically significant differences in final 

cell abundance were only found between SqLCT and SiLCT (p =0.048). In general the 

SqL treatments attained ~30% higher yield compared with SiL with a final cell 

abundance of 2.22 x 107 cells mL-1 and 2.07 x 107 cells mL-1 in comparison to 1.47 x 

107 and 1.56 x 107 cells mL-1, respectively. Figure 2.2 provides daily cell numbers used 

to calculate the growth rates and yield data provided in Table 2.1. 

 

Table 2.1 Growth rate of N. oculata grown under square wave light, constant temperature 
(SqLCT) square wave light, sinusoidal temperature (SqLSiT); sinusoidal light, constant 
temperature (SiLCT) and sinusoidal light, sinusoidal temperature (SiLSiT). µ, growth rate 
expressed in d-1 and final cell abundance expressed as 107 cells per mL. Values are mean ± 1 
SD (n=3) calculated using derived parameters from a non-linear logistic fit of individuals in each 
treatment. Asterisks correspond to the differences between treatments (one way ANOVA with 
post hoc Tukeys p <0.05). 

Treatment µ (cell d-1) Final Cell abundance (x107 cells mL-1) 

SqLCT 0.531 ± 0.041 2.22 ± 0.150* 

SqLSiT 0.727 ± 0.250 2.06 ± 0.288 

SiLCT 0.567 ± 0.076 1.48 ± 0.062* 

SiLSiT 0.539 ± 0.176 1.56 ± 0.452 

 



Chapter 2: A multi-trait comparison informs large scale cultivation 

 34 

 
Figure 2.2 Growth measurements: Cell abundance of N. oculata when cultivated in a ePBR 
under (a) square wave light, constant temperature, SqLCT (b) sinusoidal light, constant 
temperature regime, SiLCT, (c) square wave light, sinusoidal temperature regime, SqLSiT, and 
(d) sinusoidal light, sinusoidal temperature regime, SiLSiT. Symbols represent values for each 
replicate within each treatment; solid line represents the concatenated logistic fit (n=3) fitting 
using non-linear regression algorithm (OriginPRO 2015). The vertical coloured broken line 
represents the time at which, maximum oxygen concentration (blue), minimal residual nitrate 
(magenta), minimal residual orthophosphate (green) occurred. The dashed horizontal black line 
represents the predicted maximum cell number derived from the logistic fit. 

2.3.2 Nutrient limitation in simulated environmental growth 
 
In order to understand differences between potential limitations due to inorganic carbon 

availability and nutrient requirements between environmental regimes, pO2 

concentrations and residual nitrate and orthophosphate amounts were measured 

throughout the growth period. In situ pO2 concentrations plotted as a function of time 

during the diel cycles can provide a proxy for photosynthesis activity. In situ pO2 

concentrations were found to fluctuate throughout the diel cycle (Figure 2.3) and over 

the culture period. Maximum pO2 values occurred between day 5 and 6 for all 

treatments (denoted blue line in both Figure 2.2 and Figure 2.3) and declined towards 

stationary growth (day 14). Concurrent with this decrease in daily maximum pO2, a 

daily hysteresis was observed in all treatments.  
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Figure 2.3 pO2 profiles: In situ dissolved oxygen profiles of N. oculata when exposed to; (a) 
square wave light, constant temperature regime, SqLCT, (b) sinusoidal light, constant 
temperature regime, SiLCT (c) square wave light, constant temperature regime, SqLCT and (d) 
sinusoidal light, sinusoidal temperature regime, SiLSiT. Lines represent the average of 3 
replicates (solid line) n=3, average ± standard deviation (broken line) and a baseline (horizontal 
dotted line). The baseline value corresponds to the solubility of oxygen in seawater at 25 oC and 
1 bar pressure. Dashed vertical lines correspond to the maximum oxygen concentration 
throughout growth. 
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Nutrient depletion among treatments occurred at different times during growth. This 

study defines nutrient depletion when minimal residual nutrients remain within the 

media (Figure 2.2, magenta or green dotted line; Figure 2.4). In all treatments, 

orthophosphate became depleted before nitrate and in one treatment (SiLCT) nitrate 

was not completely depleted (Figure 2.4c). There were no observed significant 

differences in nitrate uptake rate between treatments tested (Table 2.2), whilst SiLSiT 

exhibited significantly decreased orthophosphate uptake of 151 ± 16.4 μg L-1 d-1
  (p 

<0.05). 

 

Table 2.2 Nutrient uptake kinetics of N. oculata grown under square wave light, constant 
temperature (SqLCT) square wave light, sinusoidal temperature (SqLSiT); sinusoidal light, 
constant temperature (SiLCT) and sinusoidal light, sinusoidal temperature (SiLSiT). Nutrient 
uptake rates are expressed as μg L-1 d-1 where values are mean ± 1 SD (n=3) calculated using 
derived parameters from a linear fit of individual replicates. Asterisk correspond to the 
differences between treatments (one way ANOVA with post hoc Tukeys p <0.05). 

Treatment Nitrate uptake (μg L-1 d-1) Orthophosphate uptake (μg L-1 d-1) 

SqLSiT 410 ± 125 223 ± 34.0 

SiLCT 431 ± 78.0 245 ± 19.1 

SiLSiT 618 ± 225 154 ± 16.4* 
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Figure 2.4 Dissolved nutrient concentrations: Concentration of dissolved nitrate (a, c, e) and 
orthophosphate (b, d, f) throughout time in experiments carried out with N. oculata under square 
wave light, sinusoidal temperature regime, SqLSiT (a, b) sinusoidal light, constant temperature 
regime, SiLCT (c, d) and sinusoidal light, sinusoidal temperature regime, SiLSiT (e, f). The 
concentrations are expressed in µg L-1 each data point is represents and individual replicate, 
horizontal broken line represents 0 µg L-1. Vertical broken lines correspond to time at which 
predicted minimal residual nutrient or minimal nitrate (magenta) and orthophosphate (green) 
nutrient amount occurred. 
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2.3.3 Relative photosynthetic electron transport rate  
 
In order to analyse photosynthesis in greater detail for cells at different growth stages, 

relative electron transport rate (rETR) was plotted along in situ pO2 concentrations 

(Figure 2.5). During the exponential growth phase an increase in rETR occurs when 

cells were cultivated under square wave light (Figure 2.5a), whereas under sinusoidal 

irradiance the rETR follows the trend of incident irradiance (Figure 2.5c, e). For all 

samples in this growth phase, the pO2 concentration increased linearly up until 

approximately midday where a decreased rate of pO2 accumulation occurred. In late 

afternoon a decrease in pO2 was observed, being more pronounced in the sinusoidal 

light treatments.  

 

The observed response of rETR and pO2 in the stationary phase showed different 

trends. Under square wave light conditions, the rETR decreased over the light phase 

(Figure 2.5b), whereas both sinusoidal light treatments showed increased rETR at 

mid-morning (09:00) and subsequently decreased over the remainder of the light 

phase (Figure 2.5f, g). The pO2 responses between treatments were somewhat 

similar, at the onset of light; there is an increase in pO2 until approximately 08:30 - 

09:00 where the daily maximum oxygen concentration occurred after which a decrease 

and apparent hysteresis occurred.  
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Figure 2.5 Dynamic oxygen and photophysiological response of N. oculata: Relative electron 
transport rate and in situ pO2 profiles of N. oculata when cultivated under different light and 
temperature regimes; (a, b) square wave light, sinusoidal temperature, SqLSiT; (c, d) sinusoidal 
light, constant temperature, SiLCT and (e, f) sinusoidal light, sinusoidal temperature regime, 
SiLSiT. Measurements were recorded at early exponential (a, c, e) and stationary phase (b, d, f). 
Solid diamonds and lines represent the average of 3 replicates relative electron transport rate 
and in situ dissolved oxygen profiles (blue line); error bars represent standard deviation (n=3). 
The solid white area represents the light intensity at the surface of the culture. 
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2.4 Discussion 
 
In this study, we provided evidence supporting the hypothesis that diel light variation 

contributes to reduced microalgae yields in outdoor cultivation systems, and may 

explain the differential yields observed in comparison to cultures grown in the 

laboratory. In general, the response of growth rates to fluctuating light have been 

shown to be species- and light intensity-dependent (Litchman 2000) and until now, the 

dynamic photophysiological response of N. oculata over a diel cycle has not been 

studied as extensively as presented in this study.  

 

In comparison to cultures grown under static light regimes, we observed no significant 

difference in growth rate, but found a 30% reduction in cell yield under sinusoidal light 

regimes (Figure 2.2 and Table 2.1). These findings suggest that the cumulative effect 

of small and statistically undetectable differences in growth rate on a daily basis 

culminates in significant differences in cell yield at final harvest. This is likely because 

under sinusoidal light conditions, cellular adjustment to non-optimal light of sub- and 

supra-saturating conditions over a diel timescale are likely to involve significant 

metabolic energy costs and consequently decreases growth rates and final cell yield 

(Raven 2011). These cellular adjustments (acclimation) may include those within the 

photosynthetic machinery: maximising light harvesting efficiency and triggering 

photoprotective and repair mechanisms over a short timescale. When light is sub-

saturating in the morning and afternoon, cells may synthesise chlorophyll and increase 

antenna size to capture more light energy (Raven 2011). The rate biomass loss at 

night through respiration may also impact growth rate and yield, unfortunately the data 

collected is unable to determine its importance but should be considered in future 

experiments. 

 

In contrast, at midday when the irradiance is equal to or above photosynthetic 

saturation rates levels of PSII photoinactivation are increased (Tamburic et al. 2012). 

This photoinactivation can have a multitude of affect upon the cellular metabolism, 

whereby energy that could otherwise be directed towards growth is required to repair 

any damage. Furthermore, the magnitude of supra-saturating irradiance could be an 

additional contributing affect upon the decreased growth rates of the sinusoidal light 

treatments. Whilst the daily quanta between light treatments is equal at midday the 

sinusoidal light treatment receives 800 μmol photons m-2 s-1 quanta more than the 

square wave light treatment, levels of is higher. Previous studies suggest that at these 

supra-saturating conditions reaction centres become ‘silent’, resulting the inability to 
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reduce QA or returning the excitation energy to the antennae (Grobbelaar 2007). Thus, 

when the magnitude of light saturation is greater, as in the sinusoidal light treatment 

the level of silencing is enhanced contributing to lower growth rates. These 

photosynthetic adjustments to sinusoidal light regimes were likely facilitated by the 

acclimation state of the culture and previous light history as these factors are known to 

influence a species growth capacity (Litchman & Klausmeier 2001). The acclimation 

period used in this study (at least 70 generations; approx. 2 weeks), was likely long 

enough for cells to alter their photosynthetic machinery to maximise light harvesting 

efficiency (Eberhard et al. 2008) and our findings suggest that harnessing these 

inherent acclamatory processes of microalgae may improve growth rates and 

productivity under outdoor cultivation conditions.  

 

Similarly, thermal acclimation may have proved beneficial for cells, because periods of 

pre-exposure to a selected temperature regime (transgenerational acclimation) can 

have positive effects on offspring, specifically with regards to their ability to tolerate 

previously unexperienced conditions such as high temperature (Munday et al. 2013). 

As a result, sinusoidal temperature regimes that exposed cells to 30 °C (ambient + 

5 °C) did not affect growth rate or final cell yield of N. oculata. Additionally, it is possible 

that the length of exposure to high temperatures (30 °C) was not long enough to 

negatively affect growth, as previous work has demonstrated 30 °C to be sub-optimal 

for this species (optimal growth between 20 and 25 °C; Cho et al. 2007; Converti et al. 

2009; Day et al. 2013). It remains unclear whether the thermal characteristics of N. 

oculata are similar to those previously reported for this genus (critical maximum 

temperature of 32 oC in N. oceanica; Sandnes et al. 2005; Sukenik et al. 2009). In 

order to understand what locations will be suitable for large-scale growth, 

understanding the upper thermal tolerance for growth and photosynthesis in N. oculata 

warrants further investigation, as these thermal characteristics are known to be 

species-specific (Boyd et al. 2013).  

 

Cellular requirements for nitrogen and phosphate remained unaffected by sinusoidal 

light and temperature, and whilst carbon-limitation was evident, increased 

environmental complexity did not increase demand for CO2 (Figure 2.3). Carbon 

limitation during the afternoon was consistent between all treatments (pO2 hysteresis; 

Tamburic et al. 2015) providing evidence that sinusoidal temperature, sinusoidal light 

or a combination of both treatments neither alleviates nor further exacerbates carbon 

limitation (Figure 2.3) at least under the conditions tested in this study. Injection of CO2 

into these systems may help to maintain high levels of photosynthesis during the 
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afternoon period (Tamburic et al. 2015) and may help to enhance overall culture 

productivity. In order for stakeholders to better understand when injections of CO2 into 

these systems are necessary, a non-invasive tool is preferred that can provide high-

resolution monitoring such as using fluorometry to track photophysiology (Hancke et al. 

2008; Kromkamp et al. 2009). 

 

Using a standard platform and non-invasive fluorometry techniques, we have traced 

the dynamic photophysiological response of N. oculata to observe diel trends in rETR 

that respond as a function of the incident irradiance, either square wave or sinusoidal. 

So far only a few studies have had the ability to strictly test the photophysiology 

response to different light and temperature using an experimental setup with consistent 

light geometries (Simionato et al. 2013; Tamburic et al. 2014). In doing so, we have 

shown photophysiological changes in response to light conditions, specifically, that 

square wave light exhibits a linear response to constant light with a positive or negative 

relationship over the light phase (Figure 2.5a, b). These findings are in agreement with 

previous studies for this genus when exposed to variable light and temperature in both 

laboratory-based studies (Sforza, Simionato, et al. 2012; Tamburic et al. 2014), as well 

as in complex outdoor conditions (Kromkamp et al. 2009). Monitoring the 

photophysiology in such high resolution also facilitated diel tracking of the 

photosynthetic response to dynamic light and temperature conditions (Figure 2.5 and 

Supplementary Figure 2.2) The daily recovery of photosynthesis suggests that 

damage to photosynthetic processes are not permanent under the conditions tested in 

this study, and may be a result of efficient photoprotective mechanisms and protein 

repair in Nannochloropsis (Sforza, Simionato, et al. 2012; Tamburic et al. 2014). It is 

likely that these protective mechanisms would be overpowered by more stressful 

conditions, such as exposures to temperatures of greater duration or magnitude (e.g. 

40 oC) and permanent damage would occur (Sukenik et al. 2009). Further high 

resolution monitoring under these conditions would improve our understanding of this 

strain under more harsh outdoor conditions.  

 

We present evidence that these photophysiological responses are further affected by 

the stage of growth that is likely a result of reduced cellular capacity to synthesise 

compounds to allow for maximal light utilisation (Havelkova-Dousova et al. 2004). 

Whilst under sinusoidal light, both treatments had similar rETR responses at 

exponential and stationary growth phases of the culture, suggesting a minimal effect of 

increasing the temperature from 20 oC to 30 oC compared to a constant 25 oC (Figure 

2.5c, d, e, f). On day 4, the rETR response mimics the sinusoidal light levels, 
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suggesting photosynthesis is not limited and the cells are actively growing, evidenced 

by the increase in cell number in the following days (Figure 2.2). In all treatments, on 

day 13, the rETR was shown to be different than that of actively growing cells. The 

reduction of rETR occurring after mid-morning, concurrent with the pO2 hysteresis 

suggests that carbon becomes the proximate limiting factor for photosynthesis.  

 

As a result, the use of photophysiology techniques such as fluorometry for monitoring 

large-scale cultivation systems offers new capacity as it provides a non-invasive probe 

to provide detailed high-resolution information regarding the photosynthesis 

performance of a culture, as well as potential information to limitations within the 

culture (other than that of light) such as inorganic carbon. Furthermore, many studies 

have shown the relationship between photosynthetic measurements and the 

production of organic matter (Litchman 2000; Hancke et al. 2008; Brindley, Acién & 

Fernández-Sevilla 2010) and used oxygen evolution (as a proxy for assimilation of 

organic matter) to apply these techniques in outdoor cultivation (Sukenik et al. 2009). 

Despite these advances, the suitability of this tool for predicting expected growth rates 

and yields remains inconclusive in some cases because an uncoupling may occur due 

to alternative oxygen consuming cellular mechanisms (such as chlororespiration, 

Mehler reaction; Wagner et al. 2006). To better improve models on algal dynamics it is 

imperative to complete species-specific studies under the conditions expected in 

outdoor cultivation to understand what series of conditions trigger the cellular 

mechanisms that lead to sub optimal growth rates, as well as, modifying the reliability 

of oxygen and fluorescence-based photosynthetic performance. 

 

In this study, we highlighted complex biological responses to realistic environmental 

conditions of sinusoidal light and temperature. We showed that changes in diel light 

mainly drive changes in productivity through small, undetectable daily effects that can 

culminate in significant differences in final cell yield. Despite these effects on final cell 

yield, we show that Nannochloropsis oculata is a highly plastic algal strain with the 

capacity to photosynthetically recover following exposure to light intensities equivalent 

to direct sunlight (2000 μmol photons m-2 s-1). Whilst these environmentally complex 

conditions do not appear to change cellular nitrogen, phosphorus or carbon 

requirements, the occurrence of carbon limitation in the afternoon should be alleviated 

in order to enhance culture production. Furthermore, we demonstrated that by applying 

a standard platform in conjunction with non-invasive tools such as chlorophyll 

fluorometry we can accurately discriminate the biological response as a function of 

environmental conditions from the potential artifacts that may originate from the 
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experimental set-up. This technology allowed for accurate testing of challenges posed 

by large-scale algae cultivation such as daily changes in algal dynamics as a response 

to changes in light, nutrient and carbon conditions. Further research in this area could 

assess the implications of these fluctuations through the use of non-invasive tools to 

better inform the decision-making process with respect to whether periods of exposure 

to unfavorable conditions may have downstream implications on final harvest.  
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2.7 Supplementary Figures 
 

 

Supplementary Figure 2.1 Phenometrics ePBR schematic diagram (taken from Tamburic et al. 
2014: Light intensity is controlled using a white light LED array and culture temperature is 
controlled with a Peltier controlled temperature jacket. The PBR is comprised of a magnetically-
stirred and dissolved oxygen (pO2) is measured optically (PyroScience). 
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Supplementary Figure 2.2 Dynamic oxygen and photophysiological response of N. oculata: 
Quantum yield of photosystem II and in situ pO2 profiles of N. oculata when cultivated under 
different light and temperature regimes; (a, b) square wave light, sinusoidal temperature, 
SqLSiT; (c, d) sinusoidal light, constant temperature, SiLCT and (e, f) sinusoidal light, sinusoidal 
temperature regime, SiLSiT. Measurements were recorded at early exponential (a, c, e) and 
stationary phase (b, d, f). Open diamonds and lines represent the average of 3 replicates 
relative electron transport rate and in situ dissolved oxygen profiles (blue line); error bars 
represent standard deviation (n=3). The solid white area represents the light intensity at the 
surface of the culture. 
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3.1 Introduction 
 
Microalgae are attractive sources for many commercial biotechnological applications, 

such as their potential to clean wastewater (Mallick 2002), generating high-value 

products (Borowitzka 1999, 2013) or as a sustainable feedstock for biofuel production 

(Chisti 2007). In order to meet market demands, mass cultivation of microalgae is 

required and often large-scale outdoor systems such as open ponds are used in order 

to produce the commercial scales required (Fon Sing et al. 2013). In these systems, 

microalgae experience natural abiotic fluctuations in both light and temperature over 

diurnal, seasonal and annual timescales- presenting numerous challenges in order to 

provide consistent production for the market.  

 

Microalgae exhibit numerous biochemical mechanisms that enable them to 

photoacclimate to their light surroundings allowing for maximal utilisation, such as 

adjustments of intracellular pigment composition (Raven & Geider 2003; Sforza, 

Simionato, et al. 2012). Processes involved in photo-acclimation have been well 

studied in the field of photophysiology (see review, Falkowski & LaRoche 1991) and 

specifically on biofuel candidate genera such as Nannochloropsis (Fisher et al. 1996). 

This knowledge has been applied in the context of biofuels to optimise light provision 

through strategies such as alteration of culture depth or adjustment of cell density 

(Moheimani & Borowitzka 2007). In contrast, approaches to mitigate large fluctuations 

in temperature in commercial-scale ponds are non-existent or not economically viable 

(Borowitzka 1999). The most favorable solution to this challenge is the strategic 

selection of microalgae that has optimal growth/productivity for the temperature 

regimes prevalent at the cultivation system’s location (Lundquist et al. 2010). 

 

In order to inform this selection process, a better understanding of thermal responses 

in biofuel candidate species is required. This can be conducted through thermal 

screening using thermal performance curves (TPCs). TPCs are used to describe the 

relationship between temperature and the response of an organism’s trait (e.g. growth) 

and have a characteristic bell-curve shape where maximal performance occurs at an 

‘optimal’ temperature (Topt) (Huey & Stevenson 1979). Typically, this curve is 

asymmetric, where the rise in temperature from the minimum critical temperature 

(CTmin) is a gentle slope towards the Topt, but further increases result in a steep decline 

towards the maximum critical temperature (CTmax) (Figure 1.6; Huey & Stevenson 

1979). This thermal function provides insight into common problems associated with 

outdoor cultivation. For example, when sub-optimal periods are experienced by 
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microalgae during the early morning and as a result, decreased photosynthetic rates 

and daily biomass production are often observed (Richmond et al. 1980; Moheimani & 

Borowitzka 2007). In summer, supra-optimal temperatures are often experienced by 

microalgae, where high temperatures often result in the closure of algae farms during 

periods of excessive heat, restricting the annual operational period, thus reducing the 

annual productivity (Belay 1997).  

 

In order to improve predictive growth models that inform life-cycle analyses (LCAs), 

there is a need for more comprehensive data on algal TPCs, as these environmental 

processes play a key role in determining the location and feasibility of future cultivation 

systems (Borowitzka et al. 2012). To date, TPC characterisation in biofuel candidate 

species has revealed considerable variation between and within species, in terms of 

thermal optimum and overall shape. For example, some model species such as 

Chlamydomonas reinhardtii have shown to be thermal ‘specialists’ as they exhibit 

relatively high Topt (30 °C) over a relatively narrow thermal range (Lukeš et al. 2014), 

whereas other more ‘generalist’ species such as Nannochloropsis oculata have a wider 

thermal range demonstrating comparable growth between 20 and 30 °C (Chen et al. 

2012). These TPCs can, however, shift depending on the ‘trait of interest’ (e.g. growth 

rate or lipid accumulation), acclimation period and time of temperature exposure (Huey 

et al. 2012). To date, the majority of TPCs have been collected following a week or 

more of exposure (Sandnes et al. 2005), and as a result, it remains unclear whether 

the acclimation rate of these TPCs are more rapid and can occur over shorter 

exposure times (minutes-hours-days). Furthermore, it remains unknown how TPCs for 

other algal traits that are relevant to the biofuel industry, such as nutrient uptake (initial 

seed inputs) and photophysiology (reflective of culture productivity) mirror that of 

growth or if these traits can acclimate more rapidly to changes in temperature. 

Understanding how the magnitude and time scale of temperature exposures affect cell 

physiology in terms of short- (e.g. photophysiology) and long-term (e.g. growth) 

responses would better inform stakeholders about the quality of the algal product. 

Additionally, this information could improve management practices to reduce costs (e.g. 

the early harvest of cultures prior to a period of unfavorable growth conditions).  

 

In order to refine appropriate locations for the cultivation of the biofuel candidate 

microalgae, Nannochloropsis oculata, we applied a screening process specifically 

designed to assess the thermal tolerance of this strain to different magnitudes and 

durations of temperature exposure. Through quantitative physiology, we obtained 

thermal performance curves (TPCs) at different timescales of exposure in order to 
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examine the response of overall growth, photophysiology and nutrient uptake dynamics 

of N. oculata over a wide range of continuous temperature conditions, in order to (i) 

provide empirical data to better inform predictive growth models used to determine the 

location and feasibility of future cultivation systems, and (ii) understand whether some 

algae traits (such as photophysiology) can be used as ‘early warning signs’ to improve 

management practices in large-scale cultivation systems.  
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3.2 Materials and methods 

3.2.1 Stock microalgal culture and medium 
 
Nannochloropsis oculata (Droop) Green (CS-179) was obtained from the ANACC 

(Australian National Algae Culture Collection, CSIRO, Hobart, Australia) and grown in 

f/2 media (0.2 μm filtered artificial seawater enriched with; 8.82 x 10-4 M NaNO3; 3.62 x 

10-5 M, NaH2PO4·H2O; trace metal solution and vitamin solution; (Guillard & Ryther 

1962). Stock cultures of N. oculata were maintained at 25 ˚C under cool-white 

fluorescent irradiance at 120 ± 10 μmol photons m-2 s-1 (12 h: 12 h light: dark cycle).  

3.2.2 In vivo chlorophyll fluorescence  
 
This study used in vivo chlorophyll fluorescence techniques to probe the photochemical 

reactions of photosynthesis (i.e. the transfer of light energy into chemically fixed 

energy; Schreiber 2004) such as maximum quantum yield of photosystem II (FV/FM) 

and relative electron transport rate (rETR) to examine the response of N. oculata over 

a range of temperatures. 

 

To measure FV/FM, samples were dark-adapted for 15 min and subjected to a 

saturation pulse (SP; 3000 μmol photons m-2 s-1,,800 milliseconds). Maximum quantum 

efficiency (FV/FM) was calculated using the following equation (Genty, Briantais & Baker 

1989): 

Maximum quantum yield (   (Equation 3.1) 

Where, Fo and Fm are the minimum and maximum fluorescence yield of PSII in the 

dark-adapted state, respectively. In order to measure rETR, samples were exposed to 

light of known intensity and then subjected to a SP (3000 μmol photons m-2 s-1,,800 

milliseconds). From the values obtained the rETR was derived using the following 

equation (Genty, Briantais & Baker 1989): 

   (Equation 3.2) 

Where, Fo’ is the minimal fluorescence yield and Fm’ the maximum fluorescence yield 

both in the light-adapted state and PAR is the photosynthetically active radiation. All of 

the fluorometric photosynthetic measurements used in this study were derived using 

pulse-amplitude modulation (PAM) instruments. The different PAM instruments used in 

this study were to serve different purposes. The Multiple Excitation Wavelength 

Chlorophyll Fluorescence analyser (MC-PAM; Heinz Walz GmbH, Germany) was used 

to provide precision measurements at multiple wavelengths, whereas the Imaging-PAM 



Chapter 3: Understanding the duration and magnitude of thermal stress 

 56 

(Heinz Walz GmbH, Germany) allowed for screening of multiple samples 

simultaneously at fixed wavelength. 

3.2.3 Short-term (5 min) temperature stress analysis- MC-PAM 
 
To examine the short-term effects of temperature (5 min), nutrient and carbon-replete 

cultures of N. oculata were exposed to short-term temperature exposures ranging from 

10 - 50 ˚C. An MC-PAM fitted with a temperature control unit (US-T, Heinz Walz GmbH, 

Germany) provided 98 μmol photons m-2 s-1 PAR (white light) for 5 min at the different 

temperatures. Following the 5 min temperature exposure, a rapid light curve (RLC; 10 

s white actinic light steps) was performed. For each light step the rETR was calculated 

according to Equation 3.2. Maximum relative electron transport (rETRmax), and the 

irradiance at which photosynthesis is saturated (Ek) Supplementary Figure 3.2 was 

derived from the RLC curve fit according to methods used in Ralph & Gademann 

(2005). 

3.2.4 Long-term (4 day) temperature stress analysis  
 
To examine the longer-term effects (hours to days) of the response of N. oculata to 

different temperatures a growth experiment was performed as described below. 

3.2.4.1 Experimental conditions 
 
35 mL cultures were grown for 4 days over a gradient of temperatures between 17.2 ˚C 

and 39.9 ˚C. A temperature gradient was generated using an aluminum block 

(dimensions, l x w x h: 1200 cm x 30 cm x 15 cm) heated and cooled at each end with 

circulation thermo-regulated cold (15 ˚C) and hot (40 ˚C) water, respectively. 50 μmol 

photons m-2 s-1 of cool-white light was provided by an array of LEDs (Schenzen Cidly 

Group, China) programmed to a 12 h: 12 h light: dark cycle. 

3.2.4.2 Growth measurements 
 
Sub-samples were harvested daily and optical density measurements were performed 

at 750 nm using a microplate spectrophotometer (Infinite 200 PRO series, TECAN) and 

then fixed in 1% (v/v) glutaraldehyde solution. A correlation analysis of optical density 

and cell counts (R2 =0.950) was performed, where cell counts were determined using 

the image analysis method described earlier (Chapter 2.2.3; Suggett et al. 2015). 

3.2.4.3 Imaging PAM 
 
Daily in vivo chlorophyll fluorescence of N. oculata was performed with an Imaging-

PAM (Heinz Walz GmbH, Germany), allowing for the simultaneous analysis of multiple 



Chapter 3: Understanding the duration and magnitude of thermal stress 

 57 

treatments (12 samples total). Dark-adapted samples were subjected to an SP then 

illuminated with an actinic light intensity of 21 μmol photons m-2 s-1 (blue light; 450 nm), 

with saturation pulses occurring every 30 s to allow for calculation of FV/FM and rETR 

according to Equation 3.1 and 3.2, respectively. In order to ensure saturating actinic 

light intensity was used for the calculation of rETR, a steady state light curve was 

performed on samples of inoculum (Supplementary Figure 3.2), whereby 21 μmol 

photons m-2 s-1 was found to be appropriate. Whilst the absolute values of rETR cannot 

be directly compared to those measured at 5 min exposure (due to geometrical 

differences between the two instruments, different types of actinic sources, and 

different absorbance in the experimental setup), the trends and relative values in 

photosynthetic electron transport rate under the applied temperatures can be analysed.  

3.2.4.4 Nutrient uptake analysis 
 
Cell suspensions of N. oculata were centrifuged at 5000 g for 5 min (Eppendorf 5424R), 

the supernatant was removed and stored at -20 ˚C until analysis. Nutrient uptake rates 

were calculated as a difference between the initial nutrient concentration at the 

beginning and residual concentration at the end of the experiment. Analysis of nitrate 

(NO3
-), nitrite (NO2

-) and orthophosphate (PO4
3-) were performed according to the 

methods described in Baker et al. (2016). Briefly, NO3
- were determined indirectly as 

described in Schnetger & Lehners (2014), where NO2
- analysed by the Griess-Illsovay 

method were subtracted from values of total nitrogen (NOx) obtained through reduction 

with vanadium (III) chloride analysed spectrophotometrically at 540 nm. The nitrate 

values were linear between 1 and 100 μM and the detection limit was 0.15 μM. 

Orthophosphate concentrations were determined spectrophotometrically at 620 nm 

using the method described in Hoenig et al. (1989) where values were linear between 

1 and 15 μM and the detection limit was 0.95 μM. 

3.2.5 Statistical analysis 
 
Data were analysed with either a one-way or two-way repeated measures analysis of 

variance (RM-ANOVA) with subsequent Bonferroni comparison tests to identify 

significant differences between groups; a p value of <0.05 was regarded as significant. 

Data were checked for the assumption of sphericity using the Mauchly’s test. When 

these assumptions were violated the Greenhouse-Geisser or Huynh-Feldt correction 

were used when the epsilon was >0.75 or <0.75, respectively, according to Girden 

(1992). All statistical analysis was computed using OriginPRO 2015 (version b9.2.272). 
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3.3 Results 

3.3.1 Short-term thermal response on photophysiology of N. oculata 
 
In order to study the short-term thermal response of N. oculata, the photosynthetic 

response was measured at different temperatures up to 40 ˚C. Relative electron 

transport rate (rETR) provides an estimate of photosynthetic response to PAR (Kroon 

et al. 1992) and was determined from a rapid light curve (RLC) following a short 

exposure (5 min) over a range of temperatures (10 - 40 oC). Temperature was shown 

to affect both the rETRmax and IK. For example, the rETRmax increased with temperature 

i.e. 11.1 ± 0.1 (a.u.) and 27.0 ± 2.4 (a.u.) at 10 oC and 40 oC, respectively (Figure 3.1). 

For comparison with the growth experiment, the rETR at 54 μmol photons m-2 s-1 after 5 

min exposure to the different magnitude of temperature treatment were derived (Figure 

3.2). At this light intensity, rETR was shown to have a wide thermal optimum (Topt) of 

32.5 ± 7.5 oC (Figure 3.2). Slight reductions in rETR were seen as the temperature 

decreased from the optimum, whereas a steep decline is evident at elevated 

temperatures (> 40 oC).  

 
Figure 3.1 (a, b) Rapid light curves performed in the MC-PAM of nutrient replete cultures of N. 
oculata after exposure to 98 μmol photons m-2 s-1 (PAR; white light) for 5 min at (a) 10 oC and 
(b) 40 oC, where closed diamonds represent triplicate samples (n=3) and errors bars 
corresponding to ± 1 standard deviation. (c, d) Derived parameters of RLC curve fits at different 
temperature exposures where (c) maximum relative electron transport rate (circles) and (d) 
saturating irradiance (triangles).  
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Figure 3.2 Relative electron transport rate (rETR) of N. oculata at different temperatures: rETR 
was determined using the multi-colour PAM (MC-PAM, Walz, Germany), samples were 
exposed to temperature for 5 min under 98 μmol photons m-2s-1 (PAR; white light) prior to 
performing a rapid light curve (10 s step). rETR was derived from the 54 μmol photons m-2 s-1 

light step. 

3.3.2 Thermal response following 24 hours exposure 
 
To understand how the photosynthetic response changes through time (hours – days), 

cultures of N. oculata were grown over a range of temperatures (17.2 - 39.9 oC). After 

24 h exposure, increasing temperature resulted in decreased rETR (Figure 3.3a). This 

decrease is most significant in temperatures above 32.9 oC (p <0.001), with values 

found to be zero above 36.2 oC. A flatter response is seen in FV/FM between 17.2 - 32.9 
oC, with significantly reduced values present under 36.2 oC (Figure 3.3b). Despite the 

flat response (17.2 - 32.9 oC), statistical analysis shows a clustering (denoted a and b; 

p <0.05), with colder temperatures (17.2 - 20.8 oC) having increased FV/FM values. 

Growth and nutrient uptake rates (nitrate and orthophosphate) tested after 24 h were 

found to be highly variable (Supplementary Figure 3.1). 
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Figure 3.3 Relative electron transport rate (rETR) and maximum quantum yield of N. oculata 
after 24 hours at varying temperatures: (a) rETR corresponds to value at 2 seconds after 
induction of light performed on Imaging-PAM. (b) Maximum quantum yield was determined after 
dark adaption for 15 min. Symbols represent the average of triplicates (n=3) with errors bars 
corresponding to ± 1 standard deviation. Square brackets cluster treatments where non-
significant difference were found (p >0.05), whilst letters correspond to statistical difference 
between groups (p <0.05). 
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3.3.3 Long-term thermal response 
 
Although variability is seen in the physiological response after 24 h, a typical thermal 

growth response is evident after 96 h (Figure 3.4a). Here growth rate increases slowly 

as temperature increases towards Topt (26.9 oC), at which point any further increase in 

temperature resulted in a sharp decline until no growth was observed (36.2 oC). Due to 

high variability between replicates, there is no statistical difference in the growth rates 

except at extremely high temperatures where no growth was observed (one way 

repeated measures ANOVA; p <0.05). Nutrient uptake was determined from the 

residual nitrate and orthophosphate in the medium relative to the initial concentration. 

Uptake of either nutrient was shown to have a similar relationship; nutrient uptake 

decreased with increasing temperature (Figure 3.4b, c). Due to reduced variability, a 

larger response to increased temperature was observed in orthophosphate uptake than 

nitrate uptake. Despite this, N. oculata exhibited the capacity to uptake both nutrients in 

the treatments. No growth was observed after 96 h (above 36.2 oC). 



Chapter 3: Understanding the duration and magnitude of thermal stress 

 62 

 
Figure 3.4 Physiological responses of N. oculata after 96 hours at varying temperatures: (a) 
specific growth rate (diamonds), (b) nitrate uptake rate (squares) and (c) orthophosphate uptake 
rate (circles) where symbols represent the average of triplicates (n=3) with errors corresponding 
to ± 1 standard deviation. Square brackets and letters represent groups of statistical different 
values (p <0.05). 
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In terms of photophysiological response of N. oculata following 96 h (Figure 3.5), rETR 

was significantly greater between 20.8 and 29.5 oC (denoted a; Figure 3.5a) with no 

observed photosynthesis at 36.2 oC where rETR was zero (p <0.05). Comparatively, 

FV/FM shows a near flat response between 17.2 and 32.9 oC and zero values above 

36.2 oC (Figure 3.5b). Unlike at 24 h, rETR and FV/FM increased significantly after 96 h 

exposure in treatments where growth was observed (17.2 - 32.9 oC; Figure 3.3, Figure 

3.5, respectively). However, unlike FV/FM that showed a similar thermal response 

through time (flat), the decreased rETR at elevated temperatures (> 29 oC) after 24 h 

was not evident after 96 h (Figure 3.3and Figure 3.5a, respectively).  

 

 
Figure 3.5 Relative electron transport rate (rETR) and maximum quantum yield of N. oculata 
after 96 hours at varying temperatures: (a) rETR corresponds to value at 2 seconds after 
induction of light performed on Imaging-PAM. (b) Maximum quantum yield was determined after 
dark adaption for 15 min. Symbols represent the average of triplicates (n=3) with errors 
corresponding to ± 1 standard deviation.  
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3.4 Discussion 
 
In order to understand the direct implications of temperature (magnitude and duration) 

on large-scale microalgae cultures, we provided an in-depth characterisation of thermal 

responses in the biofuel candidate strain N. oculata, by obtaining time-resolved thermal 

performance curves for a number of algal traits. Furthermore, we demonstrated that 

the time scale of temperature exposure can shift thermal tolerance ranges and some 

algal traits, such as photophysiology responded more rapidly to changes in 

temperature, whereas other traits such as nutrient uptake and growth took longer to 

respond.  

 

Early responses to temperature change in N. oculata were detected in subcellular 

responses such as photophysiological parameters, specifically rETR following thermal 

exposures as short as 5 min (Figure 3.1). Through deriving parameters from the RLC 

we were able to show that components of the photosynthetic process (rETRmax and IK) 

reacted rapidly to changes in the surrounding environment such as light and 

temperature (Murchie et al. 1999; Hancke et al. 2008). Whilst studies have examined 

the rate of these thermal changes to the photosynthetic apparatus in Nannochloropsis 

(Figueroa et al. 1997), few studies measure photophysiological responses over a 

comprehensive range of temperatures (Salleh & McMinn 2011; Mackey et al. 2013) 

and until now was not available for N. oculata. This type of continuous data can be 

used to better inform models that predict growth of N. oculata in outdoor cultivation 

systems, particularly in response to temperature (Béchet et al. 2013). 

 

The thermal responses of subcellular traits such as photosynthetic rate were 

dependent on the magnitude and duration of the temperature excursion and thermal 

acclimation of this trait was evidenced by acclimation of the TPC through time. Short-

periods of exposure (5 min duration) of N. oculata to temperatures ± 15 °C from long-

term culture conditions (25 °C) resulted in a 15% reduction in rETR in comparison to 

the thermal optima range between 25 – 40 oC (Figure 3.2). Following intermediate 

exposure times, this thermal optima range narrows, as the CTmax approaches 36 oC (24 

h; Figure 3.3a) likely reflecting irreversible damage to PSII at these higher 

temperatures. Damage of this nature may occur due to the occurrence of QB non-

reducing centres, the highly sensitive oxygen evolving complex (Sukenik et al. 2009), 

as well as, the impairment of repair to the reaction centre protein, D1. Previous 

observation in Nannochloropsis suggest that this repair is irreversible above 40 oC, 

(Figueroa et al. 1997). This thermal window of photosynthetic operation remains stable, 



Chapter 3: Understanding the duration and magnitude of thermal stress 

 65 

but acclimation to warmer temperatures becomes evident as rETR at temperatures 

greater than 27 oC is more similar to the thermal optima range producing a thermal 

performance curve that is less bell-shaped and more flat (Figure 3.5). These changes 

in photosynthesis through time may indicate the regulatory mechanisms that control 

thermal acclimation are triggered following exposure to either different magnitudes of 

temperature stress and/or duration of exposure.  

 

Compared to sub-cellular traits, a definitive TPC of whole-organism traits (e.g. growth) 

manifested following much longer timeframes (days). Unlike rETR that exhibited clear 

differences following 24 h exposure (Figure 3.2, Figure 3.3), growth and nutrient 

uptake remained highly variable until 96 h of temperature exposure (Supplementary 

Figure 3.1 and Figure 3.4, respectively). These differences in timeframes between 

whole-organism and sub-cellular response times are mostly likely due to differences in 

the underlying mechanisms that define the time limits of thermal exposure, whereby 

adaptive changes in population traits such as growth take longer to respond (Pörtner 

2002). This is because growth is comprised of hundreds if not thousands of underlying 

sub-cellular traits, each with different tolerances, sensitivities and acclamatory capacity 

(Willmer et al. 2009). Trade-offs in these traits must first occur and reassemble if 

necessary, in order for the final thermal performance curve (growth) to take shape 

(Angilletta et al. 2003). 

 

A rapid response in thermal acclimation was exhibited by N. oculata, as the thermal 

performance curve for growth appeared to stabilize following 96 h of exposure to new 

temperatures (Figure 3.4), reflecting thermal performance curves for this species 

following 10 days of exposure (Chen et al. 2012) and others of this genus (Sandnes et 

al. 2005). N. oculata showed similar productivity over a wide range of temperatures 

(continuous exposure between 15 and 30 °C) demonstrating a thermal ‘generalist’ 

response. These findings aid our understanding of why fluctuations in temperature (diel 

range of 10 °C; Tamburic et al. 2014 and Chapter 2) do not appear to affect 

productivity in this strain and furthers the potential of its use for large-scale cultivation 

(Shurin et al. 2013). This is because if large temperature excursions occur, it is less 

likely that the culture will ‘crash’ and production of reliable yields can be obtained over 

a large temperature range.  

 

Temperature screening of N. oculata in this study has obtained empirical data in order 

to determine the appropriate conditions for growth and therefore suitable cultivation 

locations for this strain to be used as a biofuel stock. Firstly, our findings suggested 
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that monocultures of N. oculata would be ideal for cultivation locations where culture 

temperatures do not frequently exceed exposure to 30 oC for more than three 

consecutive days. Secondly, N. oculata could serve as a reliable generalist in 

polyculture biofuel feedstocks. At the cultivation locations deemed to be most suitable 

for biofuel microalgae production in Australia (north-west coast of Western Australia; 

Borowitzka et al. 2012), high temperature specialists are likely to be required because 

average daily air temperatures fluctuate around 30 oC or higher (BOM 2016) and may 

result in a high temperature culture environment. However, these high temperature 

specialist cultures are not very reliable because small swings in temperature can 

dramatically reduce productivity (Belay 1997). In order to ensure production at these 

cultivation systems is more predictable, the implementation of artificial algal 

assemblages could be highly effective, whereby N. oculata could serve as an ideal 

candidate to support high temperature specialist strains and ultimately yield a highly 

productive and consistent biofuel feedstock (Nalley et al. 2014).  

 

The better understanding of thermal limits of N. oculata obtained in this study in 

conjunction with meteorological data (anticipated magnitude and duration of 

temperature conditions) can be used to monitor the productivity of the biofuel feedstock 

through time and better predict the production outputs. Non-invasive techniques such 

as fluorometry that can be used to probe sub-cellular processes that respond rapidly to 

changes in temperature such as photosynthesis, could serve as valuable tools in 

management strategies as early detectors of temperature stress. Especially, given that 

these non-invasive techniques couple well with other measures of productivity such as 

oxygen evolution and carbon fixation (Hancke et al. 2008; Sukenik et al. 2009). These 

findings are significant because the ability to detection significant reductions in 

photosynthetic capacity over 24 h timescales has important implications for large-scale 

cultivation of N. oculata. For example, the most suitable and highly productive locations 

for cultivation are found at coastal locations in tropical regions where temperatures are 

sustained close to those shown to disrupt photosynthetic mechanisms within N. oculata 

(Tredici 2010). In the present study, changes in photosynthesis, specifically rETR and 

FV/FM were detected within minutes after the onset of increased temperature and days 

before a change in cell yield could be detected. These findings provide further 

evidence of the capacity of fluorometry-derived photosynthetic parameters to be 

implemented as non-invasive tools in management strategies. 

 

In this study, thermal screening of N. oculata has provided useful insights into potential 

cultivation locations for this strain as either monoculture or polyculture seeds for biofuel 
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feedstocks as its thermal ‘generalist’ nature provide thermally reliable cultivation seeds 

for algae farms where locations experience high variability in climate. It is likely that 

further screening of other biofuel candidate strains through bio-prospecting over 

multivariate conditions will shed light into other valuable strains that can be matched to 

specific locations. For example, cultures with high temperature and hypersaline 

tolerance would be ideal seed inoculums in regions that have sustained high 

temperatures, as these locations are also synonymous with high evaporative rates 

(Mata et al. 2010). The detailed active chlorophyll fluorometry characterisation of the 

thermal responses of N. oculata presented suggests that fluorometric-derived 

photosynthetic parameters provide useful measures of culture health as their short-

term responses to changes in temperature enable rapid detection of thermal stress. 

Further understanding of how these indicators translate into longer term responses 

such as changes in final culture yields, will enable us to better predict when culture 

crashes are likely to occur by monitoring responses through time. Advancing our 

mechanistic understanding behind these responses over different timescales and how 

these changes translate into effects on biomass will better our management practices 

and improve productivity.   
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3.7 Supplementary figures 
 

 
Supplementary Figure 3.1 Physiological responses of N. oculata after 24 hours at varying 
temperatures: (a) specific growth rate (diamonds), (b) nitrate uptake rate (squares) and (c) 
orthophosphate uptake rate (circles) where symbols represent the average of triplicates (n=3) 
with errors corresponding to ± 1 standard deviation.  
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Supplementary Figure 3.2 Steady state light curve of N. oculata: rETR was calculated using 
the Imaging-PAM (Walz, Germany), samples were exposed to 5 min actinic light prior 
determination of relative electron transport rate. Symbols represent the average of triplicates 
(n=3) with errors corresponding to ± 1 standard deviation. Data from this analysis was used to 
determine the actinic light required for the induction curves. 
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4.1 Introduction 
 
Microalgae have potential for many ‘renewable’ commercial applications such as 

bioremediation and the production of nutraceuticals and bioenergy (Mata et al. 2010). 

In order to ensure that these microalgal applications are commercially viable, maximum 

quantities of microalgae must be produced at minimal input costs. Life cycle analysis 

(LCA) of production at cultivation scale indicates the nutrient requirement of microalgae 

will ultimately determine whether these applications will be both economically and 

environmentally viable (Johnson et al. 2013; Markou et al. 2014).  

 

In order to produce the algal biomass required for commercial scale production, large 

quantities of nitrogen (N) and phosphorus (P) are necessary to support growth, as 

these nutrients are essential elements for all organisms. The absolute nutrient 

requirements scale as a function of yield, for example, to produce 1000 kg of algal 

biomass, up to 50 - 80 kg of N and 5 kg of P are required (Borowitzka & Moheimani 

2013c) and are delivered to these cultivation systems in the form of fertilisers. At 

present, these fertilisers are dispensed in an unsustainable and poorly controlled 

manner because their initial production from present sources uses fossil fuels and 

involve considerable greenhouse gas emissions (Wood & Cowie 2004; Johnson et al. 

2013). Furthermore, the use of P-based fertilisers in competition with agriculture is not 

sustainable in the long-term since exploitable sources are finite, with estimates of 

exhaustion of P reserves on the order of a few centuries (Cordell et al. 2009; Fixen & 

Johnston 2012). To ensure these fertilisers are used effectively, the potential for reuse 

of N and P from microalgal biomass (post-harvest) and reuse in the spent culture 

medium must be explored, as well as the quantity of fertiliser added initially.  

 

A major limitation in the mass-cultivation of microalgae for the bioenergy market is the 

price of fertilisers which contribute towards a significant portion of the overall energy 

and financial cost of production. The lower profit margins of the bioenergy industry 

based on calculations of Borowitzka (2013), dictate that a barrel of algae crude oil 

needs to be produced at an overall production cost of $AU 59.73 per barrel in order to 

be equivalent to market price of crude oil. This algal derived product is more expensive 

to produce in comparison to high-lipid containing cells, as they require a greater 

amount of fertilisers to support production on a per cell basis (Borowitzka 2013). This is 

because microalgae acquire inorganic N and P from the surrounding environment via 

active transport (Hipkin et al. 1983; Gauthier & Turpin 1997) in order to synthesise key 

cellular components for growth and photosynthesis and ultimately generates a positive 
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feedback loop that regulates its own cellular synthesis (Ticconi & Abel 2004). This 

means that in order to generate biomass rapidly, the provision of optimal growth 

conditions is a necessity, meaning N and P macronutrients must be delivered in 

quantities equal to algae requirements. The delivery of a commercially viable 

alternative to fuel can be aided by cost-efficiency analysis and balancing nutrient inputs 

with algal requirements to ensure the product matches the quantity and quality of the 

market demand and to ensure that the usage of fertilisers is sustainable.  

 

Whilst economics dictate nutrient inputs for the bioenergy industry, understanding algal 

metabolic pathways underpins the ‘high-value product’ market. Over the past decade, 

valuable algal metabolites (e.g. carotenoids, poly-unsaturated fatty acids and 

phycobilins) and their derived products have received significant interest by research 

and commercial communities (Maity et al. 2014). In particular, the decline of wild fish 

stocks have driven interest into alternative sources of the omega-3 fatty acids that 

these fish contain, for either direct extraction for use in nutraceuticals or as a 

supplement fish feed (including bivalves) for the aquaculture industry (Robert & 

Trintignac 1997; Li et al. 2009; Lim et al. 2012; Rasdi & Qin 2014). As a result, market 

interest has driven research to investigate specific metabolic pathways, such as 

eicosapentaenoic acid (EPA) production. It is known that unfavorable growth conditions 

such as nutrient stress result in the accumulation of lipid components including fatty 

acids such as EPA (Adarme-Vega et al. 2012) that ultimately yields a lower biomass, 

but with a greater lipid-content on a cellular basis. A greater understanding of how the 

quantity and quality (% of targeted fatty acid) of cellular lipid changes as a function of N 

and P concentration would better facilitate the production of these high-value 

metabolite algal products.  

 

Much research has focused on limiting N inputs whereby an algae stress response 

increases cellular lipid content (Suen et al. 1987; Hu & Gao 2003; Converti et al. 2009). 

In contrast, using phosphate stress to increase lipid production has received a limited 

amount of attention with mixed conclusions as to the role in algal physiology (Liang et 

al. 2013; Roopnarain et al. 2014). Fewer studies have coupled N and P limitation to 

understand the complex relationship between the two nutrients and the influence this 

has upon the final product (Mayers et al. 2014; Rasdi & Qin 2015). In all of these cases, 

the final product has been found to be a function of physiological changes by the alga 

to different N:P supplies but the effect of varying starting concentrations of N and P (but 

with stable N:P ratios) remains relatively unexplored. This aspect is particularly 

important in the context of biomass production, as final productivity is directly 
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proportional to the initial nutrient supply (Liebigs limitation), but also in terms of cellular 

lipid accumulation for the “high-value product” industry (Borowitzka 2013). This is 

because the initial nutrient supply will determine the length of the exponential growth 

phase, where lower starting supplies result in earlier onset of the stationary phase and 

therefore higher lipid accumulation than conditions where higher starting supplies are 

given and growth continues for longer (Haney 1996). To advance our understanding of 

the minimum inputs of both N and P required for commercial cultivation (i.e. to achieve 

the maximum rate of biomass production with the greatest lipid content per unit 

biomass), we need to investigate a more comprehensive N:P matrix over varying N and 

P starting concentrations.  

 

In this study, we examined the effect of different starting N to P concentrations (but 

keeping the N:P ratios fixed at 24:1) on algal productivity by measuring growth, nutrient 

uptake and photosynthetic performance in N. oculata. This will aid management 

practices with regards to the quantities of fertiliser for use in mass-cultivation. To 

further the potential of algae for metabolites as industrial products, we then compared 

the effects of optimal and non-optimal N:P on total lipid content and fatty acid methyl 

ester (FAME) composition over a comprehensive N:P matrix. This will determine 

whether all nutrient stress conditions increase lipid accumulation or if there is 

characteristic FAME profile that is specific to N:P ratios. In both cases, algal 

characteristics were analysed over timescales (e.g. growth) relevant to commercial 

applications in order to understand how initial starting concentrations affect the final 

microalgal product. 
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4.2 Materials and methods 

4.2.1 Microalgal culture and medium 
 
Nannochloropsis oculata (Droop) Green (CS-179) was obtained from the ANACC 

(Australian National Algae Culture Collection, CSIRO, Hobart, Australia) and grown in 

f/2 media (0.2 μm filtered artificial seawater enriched with; 8.82 x 10-4 M NaNO3; 3.62 x 

10-5 M, NaH2PO4·H2O; trace metal solution and vitamin solution; Guillard & Ryther 

1962). Stock cultures of N. oculata were maintained at 25 ˚C under cool-white 

fluorescent irradiance at 120 ± 10 μmol photons m-2 s-1 (12 h: 12 h light: dark cycle).  

4.2.2 Experimental nutrient matrix 
 
Prior to experimental growth, 40 mL cultures of N. oculata were pre-acclimated for 3-4 

generations to different starting nutrient concentration, light and temperature conditions. 

All cultures had the following trace metals (1.17 x 10-5 M FeCl3·6H2O; 1.17 x 10-5 M 

Na2EDTA·2H2O; 9.10 x 10-7 M MnCl2·4H2O; 7.65 x 10-8 M ZnSO4·7H2O; 4.20 x 10-8 M 

CoCl2·6H2O; 3.93 x 10-8 M CuSO4·5H2O; 2.60 x 10-8 M Na2MoO4·2H2O) and vitamin 

concentrations (2.96 x 10-7 M Thiamine HCl; 2.05 x 10-9 M Biotin; 3.69 x 10-10 M 

Cyanocobalamin). The concentrations of macronutrients nitrogen (NaNO3) and 

phosphorus (NaH2PO4·H2O) were manipulated (Figure 4.1 and Supplementary Table 

4.1). N. oculata was cultivated at 25 ˚C under cool-white fluorescent irradiance at 120 ± 

10 μmol photons m-2 s-1 (12 h: 12 h light: dark cycle) on an orbital shaker table (Bioline, 

Australia) to provide gentle agitation. Carbon addition was provided daily through 

bubbling with 100% CO2 to return the pH to 6.77 ± 0.29, maintaining carbon-replete 

conditions. All treatments were grown under batch conditions. 
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Figure 4.1 Schematic of nutrient supply experimental design. Solid diamonds represents 
treatments performed in this study with three replicates per treatment (n=3). Open diamonds 
represent treatments performed in Mayer et al. 2013 and open circles represent Rasdi and Qin 
2015. Numbers represent treatment identification and asterisks indicate those samples chosen 
for total lipid quantification and fatty-acid methyl ester (FAME) analysis. Black diagonal line 
represents constant N:P ratios (24:1) with different magnitude of nutrient supply. Magenta and 
green broken lines represent samples cultivated under changing N:P, whilst maintaining 
consistent nitrogen and orthophosphate supply, respectively. The control treatment is traditional 
f/2 media (882 μM nitrate and 36.2 μM orthophosphate). 

4.2.3 Growth analysis 
 
Daily optical density (O.D.) was measured at 750 nm using a microplate 

spectrophotometer (Infinite 200 PRO series, TECAN). O.D. measurements were then 

correlated to cell density (R2
 =0.951), using the image analysis method described in 

Suggett et al. (2015) and Chapter 2.2.3. Specific growth rate was calculated from 

changes in cell density (cells mL-1) using the following equation:  

Specific growth rate (μ)    (Equation 4.1) 

where, N0 and N1 are the cell densities at time t0 and t1. 
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4.2.4 Nutrient analysis 
 
Cell suspensions of N. oculata were centrifuged at 5000 g for 5 min (Eppendorf 5424R), 

and the supernatant removed and stored at -20 ˚C until analysis. Analysis of NO3
- and 

PO4
3- were performed according to the methods described in Chapter 3.2.4.4. Nutrient 

uptake rates were calculated as the amount of nutrient removal from the media as a 

function of time and standardised on a per cell basis. 

4.2.5 Photophysiological analysis 
 
Maximum quantum efficiency of PSII (FV/FM) in N. oculata was measured with an 

Imaging-PAM (Heinz Walz GmbH, Effeltrich, Germany). Samples were dark-adapted 

for 15 min, subjected to a saturation pulse (> 3000 μmol photons m-2 s-1, 800 

milliseconds), values were derived according to the following equation: 

Maximum quantum efficiency of PSII (FV/FM) =   (Equation 4.2) 

Where, FO is the minimum fluorescence of dark-adapted samples and FM the maximum 

PSII fluorescence in dark-adapted state. 

4.2.6 Lipid content and fatty acid composition analysis 
 
N. oculata biomass (10 mL) for lipid and FAME analysis were harvested in the early 

stationary phase (n=3) by centrifugation at 3600 g for 10 min. Cells were washed by 

three repeated cycles of centrifugation and re-suspension in 0.1 M phosphate buffer 

prior to freeze-drying. Extraction of total lipids from dry biomass was performed 

according to the Folch et al. (1957) method. Lyophilized samples were extracted with 3 

mL of chloroform/methanol mixture (2/1, v/v) by vortexing (1 min) followed by 

centrifugation. Supernatants were collected and residues re-extracted twice with 2 mL 

of chloroform/methanol mixture as stated above. Pooled supernatants were dried under 

a stream of N and total lipid contents were determined gravimetrically. FAMEs were 

prepared by transmethylation of lipid samples following the reactions given as below. 

One microlitre of 1% NaOH in MeOH was added, followed by heating for 15 min at 55 
oC, adding 2 mL of 5% methanolic HCl and further heated for 15 min at 55 oC. 

Nonadecanoic acid (10 ppm) was used as the internal standard. FAMEs were 

extracted by with hexane (3 x 1 mL) and evaporated to dryness under nitrogen, re-

dissolved in 300 µL of hexane and analysed by GC-MS. 

 

GC-MS analysis was performed on an Agilent 7890 series GC coupled to an Agilent 

quadrupole MS (5975N) using a HP-5MS fused capillary column (5%-phenyl-

methylpolysiloxane, 30 m long, 0.25 mm i.d., film thickness 0.25 μm, Agilent 
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Technologies). The GC carrier gas was helium at a flow rate of 0.9 mL/min. The GC 

inlet temperature was 280 °C and a splitless mode of injection was used with a purge 

time of 1 min. Injection volume was 5 µL. The column temperature program was as 

follows: initial oven temperature 50 oC (held for 2 min), followed by a 4 oC/min ramp up 

to 220 oC, and then to 300 oC at 60 oC/min (held for 3 min). Peaks were identified by 

comparison of their retention times with authentic standards (Sigma Aldrich, NSW, 

Australia). 

4.2.7 Statistical analysis 
 
The different treatments were assessed by one-way analysis of variance (ANOVA). If 

the result was significant (p <0.05), a Tukey’s Post Hoc Analysis was performed on the 

comparisons between means. All statistical analyses were computed using OriginPRO 

2015 software (version b9.2.272). 
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4.3 Results and discussion  
 
In this study, we used different starting concentrations of N and P in order to determine 

the minimum inputs required to seed N. oculata cultures. The impact of various N:P 

ratios on the final product were examined by assessing growth and biochemical 

composition.  

4.3.1 Growth and nutrient uptake dynamics 
 
The highest specific growth rate (0.49 ± 0.07 d-1) was obtained in the control treatment 

using traditional f/2 medium concentrations at optimal N:P. However, growth rate did 

not significantly deviate from this value in seven out of the twelve treatments tested 

(Figure 4.2; p >0.05). When N:P were supplied in the optimal ratio of 24:1, growth was 

comparable for most N and P concentrations assessed, except when N and P 

concentrations were below 442 μM and 18.1 μM, respectively. These results suggest 

that the growth rate rather than the final cell yield was restricted by these nutrient 

concentrations. These findings are unexpected as they are indicative of Blackman 

rather than Liebig limitation (Andersen 2005). Cellular acclimation to nutrient 

concentration is controlled by the density of uptake sites on the plasmalemma and in 

turn controls growth and nutrient uptake (Beardall et al. 2001). We see further evidence 

of this acclimation in N. oculata following the usual response where N and P uptake 

scale with growth (Figure 4.3a) and supply until maximum uptake capacity is reached 

(Figure 4.3b). The time scale of acclimation over which this occurs remains unclear 

(Smith et al. 2009). It is possible that acclimation period is a function of N and P 

concentration; thus acclimation may take longer when there is a greater differential in 

concentrations (i.e. between Control and Treatment 4). This may help to explain why 

the lowest concentrations of N and P showed signs of nutrient stress, as the cells had 

not had a chance to completely acclimate like the optimal N:P treatments.  

 

Additionally, this study demonstrated that the N:P provided in f/2 (24:1) is close to the 

optimal ratio for N. oculata, as treatments which were supplied with higher P or N 

(Treatments 7 and 8, respectively) did not significantly enhance growth rates under the 

conditions tested (Figure 4.2). This is because the N:P uptake rate saturates around 

20 moles of N to every mole of P (Figure 4.3b), which is similar to the Redfield ratio of 

16:1 (Redfield 1958). Unexpectedly, when N was supplied at high N:P ratios (120:1; 

Treatment 10), uncharacteristically high values of N:P uptake were observed (Figure 

4.3b). This may indicate non-saturable or biphasic N uptake kinetics, as has been 

observed for obligate requirements of silicate in diatoms (Collos et al. 1992). Under 
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these conditions, when nutrient concentrations are in excess of what is required for 

growth, diffusional uptake can occur and as a result the net flux of N is greatest, but 

does not necessarily enhance growth and N may get compartmentalised intracellularly 

(Figure 4.3b).  

 

 
Figure 4.2: Specific growth rates of N. oculata cultivated under a matrix of varying nitrate and 
orthophosphate supply. Bubbles size corresponds to the magnitude of growth rate; bigger 
bubbles indicate higher growth rates. Each bubble represents the average of triplicate samples 
(n=3). Similarities between treatments are denoted by same letters (one way ANOVA with post 
hoc Tukeys p >0.05), differences in treatments are denoted by different letters (p <0.05). 

Monitoring growth and uptake kinetics over the comprehensive matrix in this study has 

demonstrated that harnessing the physiological acclimation capacities in N. oculata can 

reduce the absolute N and P concentrations required. As a result, initial starting 

concentrations of these nutrients can be used in order to avoid excess nutrient usage 

that could support further batch cultures. Our findings show that under the light and 

temperature condition used in this experimental set up the initial starting concentrations 

of f/2 media are currently twofold greater than that required for growth and reducing this 

by 50% can support the same productivity. Secondly, the matrix experiment showed 

that it is possible that by providing a longer acclimation period, these nutrient 

concentrations could be reduced further. Finally, whilst under the conditions tested in 

this study the optimal ratio of N: P was consistent with f/2 media (24:1). For both 

optimal ratio and the potential reduction of initial concentrations, it remains unknown 



Chapter 4: Supplying nutrients sustainably for fuel security 

 84 

how the response of the microalgae may differ under conditions likely to be 

experienced in large-scale cultivation systems (i.e. open pond or closed 

photobioreactor). In these commercial applications, nutrient requirements of either N 

and/or P may be greater (shift in N:P ratio) under increased mean incident irradiance, 

temperature or fluctuations of these abiotic parameters and should be investigated 

further, as the N:P ratio in the cells of a given alga is not constant but may be regulated 

by environmental conditions (Geider & La Roche 2002).  

 
Figure 4.3: Nutrient uptake dynamics of N. oculata; (a) Nitrate uptake (solid diamonds) and 
orthophosphate uptake (open circles) compared to the resulting cell specific growth rate. Solid 
and broken lines represent the linear regressions (y = mx + c) for nitrate (m =50.1; R2 =0.71) 
and orthophosphate uptake (m =2.44; R2 =0.20) respectively. (b) Moles of N uptake per mole of 
P taken up in N. oculata cultivated under different N:P supply ratio. Closed circles represent the 
average of triplicate samples (n=3) with error bars corresponding to ± 1 standard deviation, a 
Michaelis-Menten model was fitted to the data (solid line; R2 =0.80).  
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4.3.2 Physiological dynamics: 
 
Monitoring the maximum quantum efficiency of PSII (FV/FM) of N. oculata through time 

provided an indication of PSII operating efficiency under variable N and P 

concentrations. Specifically, we observed a relationship between FV/FM and N and P 

concentrations as a function of time, where during the period of nutrient uptake 

(decrease in residual N and P), FV/FM increased until nutrients became deplete (dotted 

line; Figure 4.4a, b). At the start of the experiment low FV/FM (~0.2 a.u.) values are 

observed, this may be due to the cultures being inoculated with cells from late 

exponential phase, where they would have been under a certain level of nutrient (N, P) 

and carbon stress. An additional decrease may have been the result of culture 

inoculation (culture transfer to new vessel); this has previous been seen in Chapter 2 

where upon inoculation low FV/FM were observed in all treatments. Despite the low 

initial FV/FM ,all experimental cultures started to grow as a result of nutrient repletion. 

Additionally, we showed that the absolute concentrations of initial N and P supply 

determine the time of depletion. For example, in the control treatment where N and P 

concentrations were five-fold greater than in Treatment 4, nutrient depletion occurred 

two days later (time differential indicated by arrow; Figure 4.4b). These FV/FM dynamics 

through time aid an explanation to the significant reduction in FV/FM observed in 

treatments where initial N concentrations were reduced (Treatments 4 and 5; Figure 

4.4c) and therefore experience a longer period in N-depletion. Nitrogen is known to be 

a fundamental component of the synthesis of chlorophyll molecules and associated 

apoprotein involved in capturing light energy for photosynthesis is nitrogen intensive 

(Raven 1984). Severe nitrogen limitation will cause the reduction in the PSII reaction 

centres, as well as, the energetic uncoupling of light harvesting antenna from reaction 

centres (Simionato et al. 2013), strongly impacting the FV/FM. Comparatively, when 

initial P concentrations were reduced, no significant differences in FV/FM were observed 

(Treatments 6 and 10), suggesting that these specific concentrations of P limited 

growth (Figure 4.2) but not the light reactions of photosynthesis.  
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Figure 4.4 (a, b) Nutrient concentration of nitrate (solid diamonds), orthophosphate (solid circles) and maximum quantum yield, FV/FM (open squares) over a 
batch growth of N. oculata cultivated under (a) control (882 μM N and 36.2 μM P) and (b) treatment 4 (176 μM N and 7.24 μM P) starting nutrient conditions. 
Vertical broken line represents the day in which nutrient depletion occurred, double headed arrow indicates time differential of nutrient depletion between the 
control and treatments 4. (c) Maximum quantum yield (FV/FM) of N. oculata cultivated under a nutrient matrix measured on the day of harvest. Bubbles size 
corresponds to the magnitude FV/FM (n=3) values are represented by scale-bar adjacent. Letters denote similarity to control (882 μM N and 36.2 μM P; one 
way ANOVA with post hoc Tukeys p >0.05), numbers represent the different treatment identification. 
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4.3.3 Biochemical response  
 
Under optimal nutrient conditions for growth (N:P 24:1) total lipid content was 2.58 ± 

0.23 pg cell-1. Deviations from this ratio produced different outcomes in terms of cellular 

lipid accumulation. Total lipid content increased when N:P was reduced below 24:1. 

When N supply was reduced by 80% and 50% in Treatments 5 and 9, respectively, a 

~20% increase in total lipid content was observed compared to the Control (p <0.05; 

Figure 4.5a), supporting findings that it is solely N-limitation that induces the 

production of cells with high cellular lipid content (Suen et al. 1987; Sukenik & Carmeli 

1990; Gong et al. 2013). This is further supported by the total lipid contents of 

treatments with N:P ratios greater than 24:1 (Treatment 6; 120:1 and Treatment 10; 

73:1) was found when P was limiting and higher N, showed no associated increase in 

lipid content despite reduced growth rates. These findings are contradictory to those of 

Rasdi & Qin (2015) who show greatest lipid production occurred at the highest N:P 

studied (120:1) and are likely due to differences in the way the N:P ratio was 

experimentally obtained. In the present study, the 120:1 was obtained at threefold 

higher concentrations of N and P in comparison to Rasdi & Qin (2015), demonstrating 

that it is not only the N:P, but the importance of specific concentrations of N and P in 

determining total cellular lipid accumulation. 

 

It is not exclusively lipid content that is targeted for commercial applications but specific 

fatty acids are also high-value products. The major fatty acids found in all treatments 

were myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1) and 

eicosapentaenoic acid (EPA; C20:5), the complete fatty acid composition of N. oculata 

are shown in Table 4.1. In this study, an inverse relationship between EPA% and the 

total cellular lipid was observed (Figure 4.5). For example, in Treatments 5 and 9 

where cellular lipid content was highest, the EPA% was significantly reduced (p <0.05; 

Figure 4.5b). The largest EPA% was found in Treatment 12 where a 30% increase in 

N (relative to the control) showed an EPA increase by 36%. Increasing N supply in this 

way has been found to increase the EPA content similarly within Nannochloropsis sp. 

(Sukenik 1991). Further to cellular nutrient requirements external conditions, i.e. light 

and temperature have been shown to impact EPA productivity. Chrismadha & 

Borowitzka (1994) observed increased EPA concentration in Phaeodactylum 

tricornutum with increased cell density and increased irradiance but observed a 

decreased in EPA content when cultures were supplemented with additional CO2, 

suggesting a shift in storage of carbon from lipid to carbohydrate. Similarly, Zittelli et al. 

1999, showed EPA productivity of Nannochloropsis sp. cultivated in outdoor 
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bioreactors mimicked biomass productivity which was shown to seasonal, where 

summer irradiances and temperatures had the best results. Inducing significant 

changes in EPA would be of particular interest for the aquaculture industry with 

microalgae such as N. oculata with greater EPA content providing high quality 

feedstocks for marine larvae (Adarme-Vega et al. 2012). 
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Table 4.1 Fatty acid composition of N. oculata cultivated under different nutrient concentrations: Fatty acids are expressed as a % of total fatty acid. Values 
are means of triplicate samples (n=3), ±1 standard deviation.  
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Figure 4.5 Biochemical analysis of N. oculata cultivated under a matrix of varying nitrate and 
orthophosphate supply. (a) Cellular lipid content (pg cell-1), bubble size corresponds to the 
cellular lipid content according to scale adjacent, where values represents the average of 
duplicate samples. Letters denoted significant difference in lipid content when compared with 
control (one way ANOVA with post hoc Tukeys p <0.05). (b) Eicosapentaenoic acid (EPA) 
percentage, bubble size corresponds to the magnitude of EPA % in scale adjacent. Each 
bubble represents the average of triplicate samples (n=3). Similarity in treatments are denoted 
by same letters (one way ANOVA with post hoc Tukeys p >0.05), whilst different between 
treatments are denoted by different letters (p <0.05).  
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4.3.4 Implications to large-scale 
 
From a bioenergy perspective (i.e. bulk biomass or lipid-derived biofuel) the N:P ratio in 

the traditionally used f/2 media, provides the optimal ratio of N:P, however the 

concentrations supplied are twice that required to saturate growth. Scaling back the N 

and P concentration in equal proportions to 442 μM N and 18.1 μM P showed no 

reduction of growth rates. Therefore, the nutrient supply cost can be reduced by 50% 

for production of bulk biomass for conversion into ‘green’ crude. Alternatively, if the 

final product is to be used in lipid-derived biofuels, the starting N:P ratio needs to be 

decreased below 24:1 providing a surplus of P, producing cells with higher cellular lipid 

content (Treatment 5). Whilst producing greater lipid yield may be of economic benefit, 

the additional P requirement is not sustainable given the finite availability of usable 

rock P (Fixen & Johnston 2012). In terms of higher value products such as secondary 

metabolites (e.g. EPA-rich cells), we found that EPA increases proportionally to the 

amount of excess N supplied (i.e. 30% increase in EPA when N supplied in 30% 

excess; Treatment 12). Whilst the increased initial supply is economically more costly, 

the final product attracts a higher market value due to the ‘superior’ quality.  

4.3.5 Future directions 
 
Whilst this study has provided quantitative information regarding nutrient supply inputs 

and final product outputs, data were obtained under controlled laboratory environments 

of constant light and temperature. It is known that these environmental conditions 

alters the optimal N:P ratio of mircoalgae and in turn is likely to have implications on 

growth, lipid content and fatty acid composition (Sukenik 1991; Converti et al. 2009). 

Previous studies have shown irradiance to effect fatty acid composition, for example, 

Fábregas et al. (2004) observed in Nannochloropsis sp. that as the irradiance 

increased from 40 to 480 μmol photons m-2 s-1
 the degree of unsaturation of fatty acids 

decreased. It is unknown whether these changes in nutrient supply along with the 

environmental changes experienced at a commercial scale (i.e. varying irradiances) 

will result in similar final products.  

 

Evidence for the commercial sustainability of industries involving microalgae-derived 

products remains inconclusive. In this study, we showed the final product varies as a 

response to starting N and P supply and/or N:P ratio. Bulk production of biomass can 

be achieved with a N and P supply of 442 μM and 18.1 μM (i.e. at a optimal ratio of 

24:1), whereas a lipid derived biofuel will need a surplus of P. By altering the N:P ratio 

through increasing N supply it would be possible for the aquaculture industry to yield 

cells with higher EPA content improving the quality of feedstocks. 
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4.6 Supplementary Figures 
 
Supplementary Table 4.1 Starting macronutrient concentrations (NO3

- and PO4
3-): Asterisk (*) 

represent samples chosen for lipid/ fatty acid methyl ester (FAME) analysis. 

Treatment 
ID 

NO3
- PO4

3- 

N:P 
µM µM 

Control* 882 36.2 24.36 
1 1764 72.4 24.36 
2 1323 54.3 24.36 
3 441 18.1 24.36 
4* 176.4 7.24 24.36 
5* 176.4 36.2 4.87 
6* 882 7.24 121.82 
7 441 36.2 12.18 
8 882 18.1 48.72 
9* 441 54.3 8.12 

10* 1323 36.2 73.09 
11 882 54.3 16.24 
12* 1323 36.2 36.55 

 
 
 



Chapter 5: A practical approach to optimise gas exchange 

 98 

Chapter 5 Assessing gas transfer rates as an essential link in 
scale-up studies for mass microalgal cultivation 

 
Authors: 

Dale T. Radford1, Christian Evenhuis1, Joseph R. Crosswell1, Milán Szabó1,2, John A. 

Raven1,3 and Peter J. Ralph1  

 

Affiliations  
1 Climate Change Cluster (C3), University of Technology Sydney, NSW 2007, Australia 
2 Division of Plant Sciences, Research School of Biology, The Australian National 

University, Sullivans Creek Road, Acton, ACT 2601, Australia 
3 Division of Plant Sciences, University of Dundee at the James Hutton Institute, 

Invergowrie, Dundee DD2 5DA, UK 

 

Keywords 

Nannochloropsis oculata, oxygen transfer coefficient, environmental PBR platform. 

 
Abbreviations 
CO2: carbon dioxide 

kLa: gas transfer coefficient 

CCM: carbon concentrating mechanism 

ePBR: environmental photobioreactor  

O2: oxygen 

P: photosynthesis rate 

R: respiration rate 

  



Chapter 5: A practical approach to optimise gas exchange 

 99 

5.1 Introduction 
 
Microalgae have an important role for the future fuel security of the planet. They offer 

the potential to sequester anthropogenic carbon dioxide (Wang et al. 2008; Ho et al. 

2011), treatment of wastewater (Mallick 2002), and produce high-value compounds 

and bioenergy products (Borowitzka 1999; Borowitzka & Moheimani 2013a). However, 

to effectively replace existing raw material for these applications, mass outdoor 

cultivation is required. To obtain commercial quantities of algae, optimal growth 

conditions are required for example, ideal light and temperature conditions, as well as 

sufficient macronutrients; nitrogen, phosphorus and carbon (Geider & La Roche 2002). 

Manual control over light and temperature conditions is difficult, as these factors will 

ultimately be governed by the location of the cultivation facility; however, control over 

the addition of macronutrient is possible, as the operator ultimately dictates quantities 

added. However, unlike nitrogen and phosphorus that are delivered in salt form, the 

precise control of gas exchange (e.g. CO2) in large-scale cultivations is more 

challenging, and must be optimised for maximal productivity. 

 

The rate at which any gas (e.g. O2, CO2) can be dissolved into a liquid is defined by the 

mass (gas) transfer rate (kLa; h-1), for example, the addition of CO2 into culture medium. 

Conceptually, the kLa value consists of two terms, (i) kL and (ii) a. In the case of the 

former, kL is a function of the gas and the physicochemical properties of the liquid 

phase, whereas, a is dependent upon the hydrodynamic conditions, which in turn, are 

inherent properties of the reactor and the gas production rate (Lee & Pirt 1984). As a 

result, kLa values will vary depending on the geometry of the operational gas input and 

reactor design (i.e., factors that control a), type of gas and physicochemical 

characteristics of the solution/ growth media (i.e., factors that control kL).  

 

The understanding of kLa in biological processes was initially focused upon oxygen 

(O2) transfer in aerobic processes (Pauss et al. 1990). It was then recognised the 

importance of mass transfer in microalgae reactor design (Märkl 1977; Grima et al. 

1993). For microalgae cultivation, the addition of carbon is essential for enhanced 

production rates and is achieved by bubbling cultures with carbon dioxide (CO2). In 

large-scale applications, such as closed tubular or flat panel photobioreactors (PBRs), 

and open raceway ponds, observed values of kLa are low (Richmond 2004). 

Subsequently, low values of kLa often result in inefficient, and therefore expensive 

supply of CO2 because most of this gas is lost to the atmosphere via outgassing (Fon 

Sing et al. 2013; Asadollahzadeh et  
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al. 2014).  

At the biological level, the availability of gases especially CO2 ultimately governs 

growth and because poor gas to liquid transfer rates are usually observed in natural 

conditions, microalgae have developed biological mechanisms to cope with low gas 

availabilities. For example, the process of CO2 diffusion into the cell is slow, often 

causing carbon to be limiting at the cellular level. As a result, microalgae have evolved 

carbon concentrating mechanisms (CCMs) that mediate the acquisition of inorganic 

carbon via; active, direct uptake of HCO3
-, a CO3

2- active transport mechanism, and 

external carbonic anhydrase (CA) (Colman et al. 2002). At the cellular level, the 

operation of CCMs are energy consuming processes (Giordano, Beardall & Raven 

2005) and can use a significant proportion of the cells total energy budget (Raven, 

Beardall & Giordano 2014). Therefore, from the cellular perspective, any means by 

which a system (e.g. reactor) set-up can be used to improve the bioavailability of 

inorganic carbon this may reduce the cells reliance on CCMs for carbon uptake. 

Subsequently, cellular energy that would otherwise be used to operate CCMs could be 

used for growth (Raven, Beardall & Giordano 2014) and therefore facilitate a more 

productive cultivation system.  

 

Additionally, poor gas transfer rates of oxygen can also be problematic in some 

cultivation systems. This is because inefficient removal of oxygen from the cultivation 

system can result in O2 super-saturation within the culture, which subsequently reduces 

biomass production (Moheimani & Borowitzka 2007; Peng, Lan & Zhang 2013). 

Attempts to alleviate this issue have been made through improved reactor design and 

additional devices such as; sumps, baffles/ static mixers (Ugwu et al. 2002; de Godos 

et al. 2014). Furthermore, the implementation of strategies such as counter-current 

injection of gas (Weissman, Goebel & Benemann 1988), hollow fiber modules 

(Carvalho & Malcata 2001), and carbonation columns (Putt et al. 2011) have also been 

used. Despite all of these techniques, O2 super saturation remains a problem in all 

large-scale reactor designs. At the decision-making level, this results in a trade-off 

between energy required (Grima et al. 1993) to remove inhibitory levels of O2 (i.e., 

through bubbling) and the benefit of increased in culture productivity through the 

addition of CO2 (Mendoza et al. 2013).  

 

The use of flue-gas as the sole carbon source in cultivation is seen as a favorable 

option for the overall success of a microalgal cultivation facilities because carbon 

addition is estimated to be relatively costly, equating to 8 – 27% of the overall 

production cost (Ho et al. 2011; de Godos et al. 2014). As a result, many manipulative 
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laboratory experiments have measured utilisation of carbon by microalgae to optimise 

the concentration of CO2 input. These studies have shown the concentrated CO2 

delivered to the system enhances the overall productivity of the culture (Chiu et al. 

2009; Ho et al. 2012). However, these experiments often use a wide variety of 

experimental aeration (i.e., gas input) techniques making it difficult to distinguish 

genuine biological responses from what may be operational differences (i.e., 

inappropriate data collection, poor consistency between experimental designs; 

Riebesell et al. 2010). For example, providing high concentrations of CO2 using less 

efficient set-up may be equivalent to delivering low concentrations of CO2 in a more 

efficient manner. As a result, our current level of understanding of microalgal 

performance under different CO2 input conditions remains ambiguous (Kumar et al. 

2010).  

 

Furthermore, it is likely that other inconsistencies between CO2 enrichment studies 

(Chiu et al. 2009; Ho et al. 2012; Sforza et al. 2012; Kao et al. 2014) in terms of the 

physical variables applied (i.e., temperature and light) are not only likely to affect 

microalgal growth rates (Figure 1.5 and 1.6) but also change the physicochemical 

properties of the culture medium and therefore the exchange of CO2 from gas to liquid 

phase. These differences can affect gas transfer rates and ultimately dictate gas 

bioavailability for the microalgae (Shene et al. 2016). For example, temperature can 

change the solubility of gas in liquids, whereby higher temperatures decrease solubility 

(Henry’s Law, Talbot et al. 1991). As a result, we hypothesise gas transfer rates should 

increase with increasing temperature. Other physical variables such as light may 

indirectly influence gas transfer rates through their effect on biological processes such 

as photosynthesis and respiration (Geider 1987). For example, photosynthesis (i.e., the 

production of oxygen) increases with increasing light until a saturation point (Falkowski 

& Raven 2007; Figure 1.5). In this case, we hypothesise that gas transfer rates should 

decrease with increasing light levels because of changes in the oxygen concentration 

gradient due to photosynthesis. It is therefore apparent, that physical variables such as 

temperature and light are likely to affect the efficiency of gas transfer within the culture 

medium, however our understanding of these dynamics remains unknown. Further to 

this the ratio of the different carbon species (CO2(l): HCO3
-: CO3

-) in the culture medium 

must be considered as these have been shown to be a function of temperature, salinity 

and alkalinity, as microalgae are only capable of utilsing CO2(l) and HCO3
- .CO2 

addition experiments are often conducted using unrealistic environmental conditions, 

for example constant light (Chiu et al. 2009; Ho et al. 2012) and/or constant 

temperature (Sforza, Cipriani, et al. 2012). The simplistic nature of these experiments 
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makes it difficult to relate that data to large-scale outdoor systems (Kumar et al. 2010) 

in which these environmental conditions are continuously changing. Whilst CO2 

addition experiments have been conducted outdoors (Kao et al. 2014), the effects of 

environmental conditions on gas transfer rates has not yet been explicitly tested. For 

example, it is likely that both temperature and light have direct and indirect effects 

respectively on gas transfer rates by changing gas solubility (as described above). Yet, 

how changes in the frequency and amplitude of changes in temperature and light affect 

gas transfer rates remains unknown. Understanding these dynamics will allow us to 

predict how gas transfer efficiencies may change temporally and are essential for 

providing data for dynamic predictive models that are used to determine the feasibility 

of large-scale cultivation systems (Bernard 2011).  

 

Finally, whilst previous works on gas transfer (of both O2 and CO2) has been carried 

out in the context of photobioreactors, both in closed tubular (Talbot et al. 1991; Grima 

et al. 1993; Grima, Acién Fernández & Chisti 1999; Babcock, Malda & Radway 2002) 

and open pond systems (Weissman, Goebel & Benemann 1988; Lívansky 1990; 

Lívansky & Doucha 1996), these studies have only described the mass transfer 

characteristics in order to understand the spatial variability of dissolved gases 

(dissolved O2 and CO2) within the cultivation medium. Despite this data being 

fundamental to the development of earlier predictive models to facilitate reactor design 

(Rubio et al. 1999), it remains unknown how the dynamics of gas transfer will change 

under highly variable conditions (e.g. light and temperature) like those found outdoors. 

Fortunately, since these past experiments the development of new sensor technology 

has allowed for the high-resolution detection of small changes in concentrations of 

dissolved gases, in particular, oxygen (Suresh, Srivastava & Mishra 2009; Zhao et al. 

2015). This high-resolution capacity of the technology is important as microalgae are 

known to respond to their external environment on timescales as short as seconds to 

minutes (Geider et al. 1993). Therefore, the application of such in-situ gas monitoring 

technology can provide a comprehensive understanding of the influence of variable 

light and temperature on temporal gas transfer rates. 

 

This study assessed the gas transfer of oxygen, kLa (O2), which has been shown to 

relate to kLa (CO2) by a correction factor involving the diffusivity of the two gases 

(Talbot et al. 1991; Grima et al. 1993). Using the ePBR platform, we first characterised 

kLa (O2) coefficients under environmentally relevant abiotic conditions in the absence of 

biological material. Next, in order to determine whether the presence of microalgae 

influences gas transfer rates, the kLa (O2), photosynthesis and respiration rates of 
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biofuel candidate microalgae, Nannochloropsis oculata were analysed under: (i) 

laboratory controlled conditions using (square-wave diel light and constant 

temperature), and (ii) simulated outdoor conditions using in situ light and temperature 

data.   
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5.2 Materials and methods 

5.2.1 ePBR gas transfer characterisation set-up 

For gas transfer characterisation, vessels used in environmental photobioreactors 

(ePBR, Phenometrics Inc.) were filled with 500 mL of solutions of desired 

physicochemical characteristics. Dissolved oxygen was measured with oxygen probes 

(OXROB3; oxygen probe, Firesting O2, Pyroscience). Nitrogen or ambient air was 

supplied via a hypodermic needle (0.34 mm, NN-2338R, Terumo) positioned 2 cm from 

the base of the vessel and additional agitation was provided by a magnetic stirrer set at 

200 rpm. Gas flow rates were controlled using programmable mass flow controller 

(FMA5400/5500, Omega Engineering), whilst two solenoid valves (SS0905, Jaycar 

Electronics) allowed for the delivery of either nitrogen or ambient air according to the 

set-up shown in Supplementary Figure 5.1. Gas transfer rates in the ePBR were 

determined using a method similar to that described in Mendoza et al. (2013). Briefly, 

the ePBR was filled with 500 mL of sample solution; nitrogen gas was bubbled to 

reduce the oxygen concentration in the solution. Once the oxygen concentrations were 

reduced, the gas flow was switched to ambient air using the solenoid switch. The 

solution was then bubbled until the oxygen concentration returned to equilibrium, 

denoted by horizontal broken line (Figure 5.1). Through this method the gas transfer 

coefficient of oxygen (kLa) was calculated using the following equation derived from the 

exponential curve fit (OriginPRO 2015; version b9.2.272):  

 
(Equation 5.1) 

Where, [O2] is the dissolved oxygen concentrations at time points t0 and t1, Δ[O2] is the 

change in oxygen concentration and kLa is the gas transfer coefficient of oxygen. To 

determine the changes in gas transfer rate as a function of (1) different experimental 

set-ups and, (2) physiochemical characteristics of solutions, samples were bubbled 

with different gas inputs devices (i.e., varied needle aperture; 0.21 mm, 0.34 mm, NN-

2613R, NN-2328R,Terumo), different gas flow rates (0 – 500 mL min-1) and solutions 

with different physiochemical characteristics (temperature, pH and salinity). For 

physiochemical gas transfer characterisation, a 0.34 mm needle (NN-2328R, Terumo) 

at a flow rate of 450 mL min-1 was used as it was shown to provide the most 

reproducible gas transfer data (data not shown).  

d O2[ ](t) = O2[ ]0 +Δ O2[ ]e−kLat
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Figure 5.1 Schematic of oxygen concentration trace (blue line) used to calculate the gas 
transfer coefficient. Gas transfer rates were derived from equation 5.1 where the red solid line 
represents a typical fit, R2 >0.98. The vertical broken line represents the switching of gas types 
from N2 to ambient air and the horizontal broken line represents oxygen saturation.  

5.2.2 Microalgal culture and medium 
 
Nannochloropsis oculata (Droop) Green (CS-179) was obtained from the ANACC 

(Australian National Algae Culture Collection, CSIRO, Hobart, Australia). For all 

biological experiments performed, N. oculata was grown in f/2 medium lacking silicate 

(0.2 μm filtered artificial seawater enriched with; 8.82 x 10-4 M NaNO3; 3.62 x 10-5 M, 

NaH2PO4 H2O; trace metal solution and vitamin solution; Guillard & Ryther 1962).  

5.2.3 Static cultivation (tank reactor) setup 
 
N. oculata was cultivated in a clear plastic tank (14 L) to ensure a culture depth of 21 

cm (equivalent to the depth of 500 mL in the ePBR vessel). The culture was illuminated 

from above using white light emitting diodes (LEDs; WLED50, IronHorse) providing 300 

μmol photons m2 s-1 irradiance at the surface of the culture under a 12 h: 12 h light: 

dark cycle. Temperature and dissolved oxygen (pO2) were continuously recorded 

(OXROB3; oxygen probe, Firesting O2, Pyroscience) and constant pressurised gas 

(ambient air) was provided through custom-made gas input systems. 

5.2.4 Simulated outdoor condition (ePBR) setup 
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Environmental PBRs (ePBRs) with a working volume of 500 mL were programmed with 

light and temperature data from the UTS rooftop facility, Sydney, Australia (33.88 oS, 

151.20 oE), collected between 1st and 12th August 2015. Here, environmental light and 

temperature values were obtained using HOBO temperature/ light logger (UA-002-64, 

Onset) placed at the surface of a 435 L raceway pond agitated using a paddlewheel. In 

the ePBR, the culture was illuminated from above using a solar LED (Phenometrics 

Inc.) calibrated to provide programmed irradiance level at the surface of the 500 mL 

culture. Gas (ambient air under constant pressure) was supplied through 0.34 mm 

needles. Temperature, dissolved oxygen and pH were measured continuously, 

whereby in-built sensors were used to measure temperature and pH (Phenometrics 

Inc.) and optode sensors (OXROB3; oxygen probe, Firesting O2, Pyroscience) were 

used to measure dissolved oxygen.  

5.2.5 Growth measurements 
 
Growth rate measurements were calculated from optical density and cell count basis. 

For these measurements, 1 mL sub-samples were harvested for optical density 

measurements (at 750 nm) using a spectrometer (Varian Cary 50 Bio, Agilent). For cell 

counting, the same samples were stored in glutaraldehyde solution (1% (v/v) final 

concentration). Stored samples were then used to correlate optical density 

measurements with cell counts. Cells were enumerated using an automated 

microscopy method complemented with image analysis software as previously 

described in Section 2.2.3. 

5.2.6 In situ photosynthesis, respiration rate and gas transfer calculations 
 
The concentration of oxygen in  an algal culture is determined by three processes: 

equilibrium with atmosphere and is determined by the gas transfer rate, photosynthesis 

which contributes oxygen, and respiration which consumes oxygen. Mathematically 

these fluxes of oxygen are described by the following differential equation: 

 
(Equation 5.2) 

The equilibrium concentration of oxygen in solution depends on the concentration of 

oxygen in the atmosphere, the salinity and the temperature and has been extensively 

parameterised (Garcia & Gordon 1992).  

 

It is possible to analytically solve the above equation if the mass transfer coefficient, 

the equilibrium oxygen concentration and rates of photosynthesis and respiration can 

be assumed to be constant over time. This approach was employed in Tamburic et al. 

d O2[ ]
dt

= kLa O2[ ]eq − O2[ ]( )+P − R
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(2015) (Figure 5.2). Two cases are presented: (i) when the gas flow is stopped (Figure 

5.2b) and (ii) when the gas flow is switched back on (Figure 5.2c): 

 

(i) Gas flow stopped: 

 

When the gas flow is stopped the gas transfer term is removed and the oxygen 

deviates from equilibrium. The rate the oxygen accumulates is the net photosynthesis 

(P) -respiration (R) rate: 

  (Equation 5.3) 

where t is time since the gas flow was stopped and [O2]0 is concentration of oxygen 

was the gas flow was stopped. These are the spikes shown in (Figure 5.2 and 

Supplementary Figure 5.2), as a result, net photosynthesis (Figure 5.2b) or dark 

respiration (Figure 5.2c) was calculated as a linear function during this period.  

 

(ii) Gas switched back on: 

 

When the gas flow is resupplied, the oxygen concentration returns to steady state 

equilibrium. Solving Equation 5.1 gives  

 
(Equation 5.4) 

Where, [O2] dissolved oxygen concentration at time points t0 and t1, Δ[O2] is the change 

in oxygen concentration and kLa is gas-transfer coefficient of oxygen. The gas transfer 

rate can be determined by fitting this data to an exponential decay function. 

O2[ ] t( ) = O2[ ]0 + P − R( )t

d O2[ ](t) = O2[ ]0 +Δ O2[ ]−kLa(t−t1 )
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Figure 5.2 (a) A typical dissolved oxygen trace of microalgae (solid blue line) cultivated under 
square wave light, white and gray background represents light on and light off respectively. 
Where the spike in the dissolved oxygen trace (a) were used to calculate (b) net photosynthesis 
and (c) respiration rates, both indicated by blue lines and gas transfer coefficient (kLa; b, c) 
indicated by red line. 

5.2.7 Modeling gas-transfer rates, photosynthesis and respiration 
 
The above analysis only holds if photosynthesis and respiration and temperature are 

constant. In a fluctuating environment all of these terms are changing so it is necessary 

to solve Equation 5.4 numerically. Equation 5.4 was solved using the Runge Kutta 4th-

order method. Here, it is necessary to allow the terms to be dependent on temperature 

and light. The equilibrium solubility of oxygen is particularly sensitive to temperature 

(e.g. as temperature decreases, more O2 is dissolved in solution). As the fluctuations in 

temperature are relatively small and have low frequency, these changes are 

comparatively minor, but must be accounted for across the day. 

 

The most important terms but hardest to characterise are ones associated with 

biological processes. Photosynthesis (P) is the most rapidly changing term, as it 

directly proportional to light intensity (I) and responds very rapidly to changes (<1 sec). 
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These fast changes are described with a PI-curve (Figure 1.5). The maximum 

photosynthesis (Pmax) term can vary diurnally due to increased biomass. Additionally 

Pmax can decrease due to limitations such as nutrients or dissolved carbon. Respiration 

(R) also depends on the light, but to a lesser extent. Respiration is low at night-time 

and increases during the day, due to the up regulation of metabolic processes 

associated with photosynthesis (light-enhanced respiration). It is assumed that light-

enhanced respiration reflects the average photosynthesis that can take place in 

preceding 15 min or so. In addition to this, photosynthesis and respiration depend on 

temperature (T). The changes in photosynthesis and respiration rates through the day 

were represented using Hermite spline functions (h). This function allows complex 

changes to be easily captured by adding more spline points. In addition, constraints 

were places on the behavior of respiration and photosynthesis. Respiration was 

constrained to increase monotonically in the light and the decrease monotonically in 

the dark, consistent with light enhanced respiration. Photosynthesis was allowed to 

either increase during the light due to cell division or to decrease due to limitation (such 

as carbon or light).  

(Equation 5.5) 

 

For a given set of parameters, the above equation was integrated across the day and 

the squared difference between model and observations calculated. By minimising the 

least squares error, the unknown photosynthesis and the unknown parameters could 

be estimated. 

  

dO2

dt
= kLa(1+ dKT ) O2equ(T )−O2

⎡⎣ ⎤⎦+Pmax (3pts)(1− exp −
I

Ih

⎛

⎝
⎜

⎞

⎠
⎟− R(10pts)
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5.3 Results 

5.3.1 Gas transfer characterisation 
 
Gas input techniques were found to have a significant effect on gas transfer 

coefficients, with needle diameter and flow rates significantly altering gas transfer of 

oxygen (Figure 5.3). Gas transfer rate was observed to increase with increasing flow 

rate. Maximum flow rate did not result in maximum gas transfer rate once a threshold 

flow rate was reached, 450 mL min-1 and 350 mL min-1 for 0.34 mm and 0.21 mm 

needle gauge respectively. In these cases, additional flow rates did not increase the 

gas transfer rate. Irrespective of flow rate, larger needle gauges resulted in greater 

oxygen gas transfer.  

 
Figure 5.3 Characterisation of gas transfer coefficient at different gas flow rates provided 
through different needle diameters of 0.21 mm (open diamond) and 0.34 mm (solid diamond). 

Gas transfer coefficients were affected by some, but not all physicochemical 

characteristics. Temperature appeared to have the most significant effect, whereby the 

gas transfer coefficient increased with temperature from 1.5 h-1 at 11 oC in comparison 

to 3.5 h-1 at 40 oC (Figure 5.4a). In contrast, when all other variables remained equal 

(i.e. needle aperture, temperature, flow rate), a gas transfer of 2.6 h-1 was maintained 

over a pH range between 2 and 12 (Figure 5.4b). Similarly, a gas transfer of 2.6 h-1 

remained consistent over a salinity range from 0 to 40 gL-1 (Figure 5.4c). Together 

these results indicate that it is more difficult to transfer oxygen at colder temperatures 

but other media characteristics such as dissolved salts and pH have negligible effects.  
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Figure 5.4 Characterisation of gas transfer coefficients at different (a) temperature, (b) pH and (c) salinity using the ePBR set-up, each symbol represents 
the individual replicates. Broken line represents the gas transfer coefficient at 450 mL min-1 at 26 ˚C, 0 g L-1 and pH 5.93. 
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5.3.2 Response to static growth conditions 
 
Under static growth conditions of constant light (300 μmol photons m-2 s-1) and 

temperature (28 ± 2 oC), N. oculata remained in lag phase between day 0 and day 5 as 

cell numbers remained relatively stable until day 6 (Figure 5.5a). Cell numbers began 

to double from day 6, corresponding to exponential growth phase until day 12, with an 

overall growth rate of 0.083 d-1 (R2 =0.87) (Figure 5.5a). Diel changes in temperature, 

oxygen gas transfer and rates of photosynthesis and respiration were observed 

throughout the growth cycle and appeared consistent between days (data not shown); 

day 4 (lag phase) and day 9 (exponential phase) shown in (Figure 5.5b - e) are 

representative of these diel trends.  

 

Our model revealed changes in gas transfer coefficients over a diel cycle, increasing 

from a rate of 0.9 h-1 at the onset of the light period to a rate of 1.1 h-1at the end of the 

light period (Figure 5.5b). These results indicate that the gas to liquid transfer of 

oxygen becomes more efficient over the course of the day. These changes were 

concomitant with a gradual change in temperature over the light period, increasing in 

the morning from 25 oC to 28 oC. A decrease in temperature was observed at the onset 

of the dark period. These trends were consistent between lag phase (Figure 5.5b) and 

exponential growth phase (Figure 5.5c). Photosynthetic rate was maximal at the onset 

of light and then decreased over the light period. In lag phase (Figure 5.5d) this 

decrease is linear, whereas, later in growth the photosynthetic decline follows a more 

exponential decline over the light period (Figure 5.5e). Modeled response of 

respiration showed a similar trend between the days observed (day 4 and day 9; 

Figure 5.5d, e). 

5.3.3 Response to simulated outdoor growth conditions 
 
Under winter simulated outdoor conditions in Sydney, Australia, no growth in N. oculata 

was observed between day 0 and day 7 as cell numbers remained relatively stable until 

day 8 (Figure 5.6a), indicating a longer lag period than that observed under static 

laboratory conditions. Significant differences in cell number were observed after day 7, 

corresponding to exponential growth phase until day 12, with an overall growth rate of 

0.048 d-1 (R2 =0.78) (Figure 5.6a). Diel changes in temperature and light varied 

significantly between days over this growth cycle (Figure 5.6a). 

 

Day 4 (lag phase) and day 9 (exponential phase, Figure 5.6b - e) revealed diel 

patterns in light, temperature, as well as in the rate of oxygen transfer, photosynthesis 
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and respiration. Consistent with results obtained under static laboratory conditions, gas 

transfer appeared to follow changes in temperature. For example, during lag phase 

(day 4 to 5), gas transfer increased with increasing temperature to approximately 

midday and then decreased with decreasing temperature until nightfall (Figure 5.6b). 

This pattern was similar during exponential growth phase between day 9 and 10 

(Figure 5.6c). However, in contrast to static conditions where oxygen gas transfer 

varied consistently over a diel cycle (between 0.9 to 1.1 h-1; Figure 5.5b - e), the rates 

were greater and more variable under simulated outdoor conditions. For example, 

during lag phase (day 4 to 5) transfer rates varied between 2.0 and 5.0 h-1 (Figure 

5.5b) and between 1.5 and 4.0 h-1 during exponential phase (Figure 5.6c). 

 

Unlike static laboratory conditions, where maximal photosynthetic rates coincided with 

the onset of light period (Figure 5.5d, e), photosynthetic and respiration rates trailed 

light onset in both lag and exponential growth (Figure 5.6d, e). Furthermore, these 

rates were far more variable in comparison to controlled laboratory conditions. In 

contrast to a maximal photosynthetic rate in the morning followed by a smooth decline 

towards the afternoon, photosynthetic rates of N. oculata grown in simulated outdoor 

conditions were far more difficult to predict (Figure 5.6d, e). 
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Figure 5.5 (a) Growth of N. oculata under laboratory conditions (light intensity, white blocks), 
where temperature (red line), cell number (closed diamonds) were monitored over the growth 
cycle. Modelled rates of gas transfer (green line), photosynthesis (blue line), and respiration 
(black line) are shown during lag (a, d) and exponential (b,c) growth phases.  
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Figure 5.6 (a) Growth of N. oculata under simulated outdoor conditions obtained from raceway 
pond at UTS rooftop facility, where light intensity (white blocks), temperature (red line) and cell 
number (closed diamonds) were monitored over the growth cycle. Modelled rates of gas transfer 
(green line), photosynthesis (blue line), and respiration (black line) are shown during lag (a, d) 
and exponential (b,c) growth phases.   
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5.4 Discussion 
 
This study demonstrates the importance of thorough analysis of the gas to liquid mass 

transfer coefficient when conducting gas addition experiments. Whilst previous studies 

have reported gas flow rates in order to create reproducibility between experimental 

set-ups (Hu & Gao 2003; Sforza et al. 2012), we have shown that flow rates alone are 

not indicative of the efficiency of the gas to liquid mass transfer (kLa) (Carvalho, 

Meireles & Malcata 2006). This is because the geometry of the operational set-up can 

significantly affect bioreactor hydrodynamics and gas production rates, as these factors 

influence the ‘a’ component of the kLa term (Pauss et al. 1990). For example, a 75% 

increase in kLa (from 1.70 to 2.98 h-1) could be achieved by decreasing the aperture of 

the gas input device (from 0.34 mm to 0.21 mm at the same flow rate of 250 mL min-1; 

Figure 5.3). Changes in the needle aperture altered characteristics of the gaseous 

stream, such as bubble size and velocity, as well as the distribution of bubbles 

throughout the culture medium (Shah et al. 1982; Ugwu et al. 2008), which in turn 

altered hydrodynamics within the culture medium. Needle aperture followed theoretical 

predictions, where smaller apertures resulted in higher gas transfer rates as a result of 

smaller bubbles being produced (Miller 1974). It is evident that geometry of the 

operational set-up has a significant impact upon the kLa (Carvalho & Malcata 2001). 

Likewise, we were also able to manipulate kLa by changing gas production/flow rates 

(Figure 5.3). Together, these findings demonstrate that operational differences can 

have profound effects on the rate of gas transfer. Therefore, reporting kLa values as 

part of experimental documentation can help to alleviate these experimental obstacles 

and allow consistencies between experimental designs.  

 

Unlike the operational set-up, which influences the ‘a’ component of the kLa term, 

physicochemical properties of the liquid determines the ‘kL’ (Pauss et al. 1990). In this 

study, no relationship was observed between kLa (O2), and the pH and salinity of the 

solution (Figure 5.4b, c). Whilst this may not affect the kLa of O2, changes in pH and 

salinity are likely to be significant for CO2 addition studies. For example, pH changes 

have been shown to alter kLa (CO2) coefficients due to changes in diffusivity, the gas 

bubble size, and reaction kinetics at the gas/liquid boundary (Lee & Pirt 1984). In 

contrast, liquid temperature significantly changed kLa (O2) coefficients, whereby 

warmer temperatures facilitated more efficient oxygen transfer (Figure 5.4a). These 

results are consistent with our hypothesis based on Henry’s Law, whereby, the gas to 

liquid solubility decreases with increasing temperature, and hence the rate of transfer 

occurs more rapidly. However, because the kLa coefficient describes the rate of 
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transfer in either direction (gas to liquid or liquid to gas), the rate of oxygen being lost 

from the liquid to gaseous phase also increases (Talbot et al. 1991). These findings are 

significant in the context of the culturing of microalgae, especially in outdoor 

bioreactors/ ponds that are exposed to temperature fluctuations over relatively short 

timescales e.g. diurnal (Tamburic et al. 2014). This is because gas transfer efficiencies 

may vary over a temporal timescales and may need to be corrected for over the course 

of the day in order to ensure stable gas to liquid transfer rates. 

 

To further understand how temporal variation in temperature influences the efficiency 

of gas to liquid transfer, we obtained kLa coefficients at high resolution over several diel 

cycles. Under more static laboratory-like conditions, gas transfer efficiencies were more 

predictable compared to simulated environmental conditions. This was evidenced by 

differing degrees of variation in kLa coefficients between laboratory and environmental 

conditions, despite consistent operational set-ups. For example, we controlled for 

variation in component ‘a’ of the kLa term; under laboratory-like settings, gas transfer 

rates varied by approximately 10% over a diurnal cycle in comparison to 50% when 

exposed to simulated ‘natural’ environments. These findings indicate that simulated 

‘natural’ environments create more fluctuation in the ‘kL’ (physicochemical properties of 

the liquid; Pauss et al. 1990; Talbot et al. 1991). These findings are significant in the 

context of CO2 addition experiments, as the temperature of the culture medium will 

influence CO2 transfer efficiencies. For example, in bioreactors which are exposed to 

large daily deviations in temperature e.g. greater than 20 oC, (Belay 1997), operators 

may need to consider alterations to the system set-up (i.e. increased gas flow) that 

help to increase the ‘a’ in order to compensate for the loss in kL component of the kLa 

term (Grima et al. 1993).  

 

To implement these operational strategies effectively, model-based predictive controls 

(MPC) could be used (Camacho & Bordons 1995). By incorporating meteorological 

data into the models, we can use forecasted future conditions to predict their influence 

on gas to liquid mass transfer coefficient. For example, as demonstrated in this study, 

high temperatures increase the kLa for oxygen. By tailoring the gaseous stream 

characteristics e.g. flow rate, we can manipulate the kLa to suit forecasted in situ 

conditions. In this way, productivity can be maximised without oversaturating gas 

requirements. For example, García Sánchez et al. (2003) implemented MPC 

controllers in outdoor closed tubular photobioreactors to increase profits margins, 

whereby productivity was increased by 15.6% and biomass production costs were 

reduced by 6%. This was achieved by reducing the mean daily CO2 flow rate as a well 
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as an on-off CO2 value to balance culture requirements. Similarly, MPCs could be used 

to predict conditions where O2 concentrations could become inhibiting for growth e.g. 

over 100% air saturation (Raso et al. 2012; Peng, Lan & Zhang 2013; Shene et al. 

2016). In comparison to the continuous oxygen concentrations provided in Raso et al. 

(2012), the oxygen concentrations observed in this study (Supplementary Figure 5.2) 

do not appear to inhibit growth. As a result, we suggest that kLa values between 0.8 

and 5.0  h-1 are sufficient to prevent the accumulation of inhibitory O2 concentrations for 

N. oculata under the temperature and light conditions examined in this study (Figure 

5.5 and 5.6). 

 

To advance our understanding of the importance of kLa on large-scale cultivation the 

use of a ‘standard platform’ is essential (Lucker et al. 2014). This is because, as shown 

in the current study, the geometric operational set-up (e.g. gas input) as well as 

physicochemical characteristics of the solution (e.g. temperature) influences the 

magnitude of kLa (Figure 5.5b). For example, developing existing infrastructure, such 

as ePBRs, would allow for the collection of robust, reproducible data. Firstly, the 

fabrication of a platform with capacities to measure and analyse CO2 concentrations 

would improve the relevance of the data for commercial scale production. It would also 

provide the capability to carry out studies that accurately resolve the complex nature of 

the biological CO2 absorption story (i.e., CO2 influencing the carbonate chemistry). 

Furthermore, the development of more sophisticated gas input and control systems 

that are capable of programming a specific gas transfer coefficients would enable 

multiple avenues of exploration. For example the accurate gas transfer simulation of 

reactor design (e.g. raceway pond or closed PBR) would allow studies to test the effect 

of different reactor designs, i.e. additional sumps, mixers, dimensions etc. on the 

productivity of the culture. At the same time, the microalgal culture would receive light 

and temperature conditions that are representative of field scenarios. All of these future 

studies could be completed cost-efficiently in the laboratory prior to more costly large-

scale field trials. 

 

In conclusion, this study highlights the necessity for gas transfer coefficients to be 

correctly described in the literature to facilitate accurate interpretation and prevent 

conflicting conclusions due to operational differences. These operational differences 

are often overlooked and warrant more thorough consideration. The methods 

presented here contribute to producing a standard protocol of gas exchange rates and 

aim to harmonise data analysis among different research groups (Riebesell et al. 

2010). Further growth experiments should attempt to separate biological and physical 



Chapter 5: A practical approach to optimise gas exchange 

 119

controls on gas exchange using empirical data under laboratory and simulated natural 

conditions. The methods used in this manuscript represent a practical approach to 

optimise gas exchange, as opposed to complex modeling of bubble dynamics. In order 

to directly scale these results to commercial facilities, further studies should implement 

these methods on a case-by-case scenario.  
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5.7 Supplementary Figures 
 

 
Supplementary Figure 5.1 The environmental PBR set up used to determine gas transfer 
within the solution, the top two reservoirs allow for the water to be humidified, MFC are gas flow 
controllers and the solenoid switch allowed for the switching between nitrogen and air.  
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Supplementary Figure 5.2 Dissolved oxygen trace (pO2) of N. oculata cultivated under (a) 
laboratory conditions (square- wave light) and (b) under simulated outdoor condtions. Spikes 
correspond to time points in which gas supply was switched off in order to calculate net 
photosynthesis/ dark respiration and gas transfer coefficients. 
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Chapter 6 General Discussion 
 

The work presented in my thesis investigates some of the key process constraints in 

the scale-up of the marine microalgae Nannochloropsis oculata (CS-179) for biofuel 

production. The application of quantitative physiological techniques has provided new 

insights into the microalgae response when cultivated under a range of different 

experimental and environmental conditions. Furthermore, the manipulative 

experiments and use of the ePBR platform expand the capacity to answer biological 

and economically relevant questions. For example assessing the response of N. 

oculata under environmental relevant conditions (Chapters 2 and 5) or minimising the 

nutrient inputs for growth (Chapter 4). The key outcomes and implications from these 

new insights are discussed in the subsequent sections. As a result of these new 

understandings, proposed and future research directions of the physiological/biological 

responses that constrain the scale-up of large-scale microalgae cultivation are 

examined in light of the of the insights gained through this research. 

6.1 The ePBR platform - a suitable technique for improving large-scale 
biofuel production 

 
Improving the production of biofuel from microalgae is a multifactorial problem, where 

many factors (e.g. light, temperature and nutrient availability) influence the overall 

systems productivity (Chisti 2007). This research has shown that these environmental 

factors interact with each other and becomes more complicated when cultures are 

exposed to dynamic environmental conditions. In order to understand these complex 

biological responses within a culture, high-throughput, non-invasive measurements of 

multiple traits are required (Lucker et al. 2014). Furthermore, to facilitate accurate 

comparison between data sets in order to provide robust empirical data for the biofuel 

industry, the use of a standard platform is necessary.  

 

The ePBR has been used as an example of a standard platform. Data from Chapters 

2, 5 (and Tamburic et al. 2014) as well as studies by Lucker et al. (2014) have provided 

further evidence of the suitability for such technology to answer critical questions about 

the feasibility and scalability of microalgae for biofuel production. For example the 

capacity to fully program ecologically relevant temperature regimes (diel fluctuations) is 

something that previous photobioreactor technologies have lacked. Data presented in 

Tamburic et al. 2014 and Chapter 2 highlight that when the daily temperatures 

fluctuation are between 15 – 25 oC and 20 – 30 oC, compared to constant temperatures 



Chapter 6: General Discussion 
 

 

128 

of 20 oC and 25 oC, no difference in growth rate is observed. On reflection of these 

results, the data presented in Chapter 3 provides evidence to show that temperatures 

between 15 – 30 oC are not ‘stressful’ for N. oculata. Based on these findings of the 

research, it is proposed that future work upon determining the thermal fluctuation 

capacity (e.g. variation with higher amplitudes) of biofuel microalgae candidate strains 

is essential.  

 

For advancements and discoveries to be made the cultivation of microalgae under 

ecologically relevant field conditions along with invasive and non-invasive analytical 

methods to monitor the condition of the microalgae is paramount. Whilst continual non-

invasive techniques such as optical density, oxygen concentrations and chlorophyll 

fluorescence are informative, other more destructive but high-throughput analytical 

methods (e.g. lipid and FAME analyses, metabolic profiling) are required to provide 

absolute values of products (e.g. areal/ volumetric productivity) for biofuel industry 

(policies makers need predictions of production). One drawback of the ePBR systems 

is the small culture volume (500 mL). This limits the amount of culture able to be 

harvested for the collection of ‘invasive’ measurements at time points during the culture 

growth cycle. To overcome these challenges further developments of existing 

methodologies are required, for example one outcome of this thesis was a miniaturised 

nutrient analysis technique that allowed for the collection of daily nutrient samples and 

facilitated the calculation of nutrient uptake rates (see Chapter 3.2.4.4 for more details). 

Further technical developments such as this will strengthen the reliability of the data 

collected with such an ePBR system. 

 

The next step in the development of the ePBR system would be to determine how 

realistic and comparable the data is to an outdoor culture (Huesemann et al. 2016). 

Mixing in outdoor large scale cultures is a major factor that directly impacts the in-

culture light dynamics and subsequently the culture productivity (Bernard & Rémond 

2012). Whereby changes in light environment need to be considered on a daily time 

scale, incident irradiance on the culture (clear sky versus cloudy day) as well as over a 

time scale of seconds as cell are vertically mixed in the cultivation system (Hartmann, 

Béchet & Bernard 2013). Along with the affect upon in-culture light the uptake of 

nutrient and release of metabolites (e.g. O2) as a result of must be considered.  
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Another, less discussed consideration is the availability of carbon (in the form of CO2 

(aq)). Many studies, both laboratory-based and outdoor, have performed experiments 

using poor mass transfer conditions which limits cultivation productivity (Grima et al. 

1993; Moheimani & Borowitzka 2007; Peng, Lan & Zhang 2013). Evidence in Chapter 

5 highlights the suitability of the ePBRs platform to provide specific gas transfer rates, 

whilst demonstrating the complexities involved. The development of a programmable 

aeration system that facilitates gas transfer at specific time intervals would allow the 

simulation of paddle wheel (or sump, etc.) aerating a body of water. This would allow 

for the simulation of any reactor design (open or closed) to facilitate the improvement 

of reactor design without associated construction costs, whilst allowing the experiment 

to assessing microalga responses under ecologically relevant conditions.  

 

Taken together, once validation of both the light and gas availability has been achieved 

between laboratory and outdoor cultivation systems the ePBR robustness of the 

system will be known. Nevertheless, the future use of the ePBR platform will allow for 

accelerated microalgae biofuel research to help us overcome the challenges posed for 

the scale-up of microalgae cultivation. 

6.2 New insights gained from an in-depth physiological characterisation 
of a biofuel candidate microalga. I. Understanding constraints on 
large-scale production. 

 
New insights into the biological response of a biofuel-candidate microalga to dynamic 

outdoor conditions (Chapter 2) were gained by applying traditional physiology to 

characterise the biological constraints of temperature and irradiance (Chapter 3). The 

multivariate platform and development of analytical techniques described above 

facilitated the simulation of relevant outdoor conditions to assess these responses 

through time.  

 

The biofuel candidate species used in this thesis, N. oculata, demonstrated high 

capacity to cope with large diel (sinusoidal) fluctuations in light intensity (0 - 2000 μmol 

photons m-2 s-1), comparable to traditional laboratory conditions (square wave light) of 

equal daily quanta (Chapter 2) and temperatures between 15 – 25 oC (Tamburic et al. 

2014) and 20 – 30 oC (Chapter 2). These findings were demonstrated by high 

resolution monitoring of photosynthetic responses to light of light harvesting and 

photochemistry processes of PSII (rETR; Chapter 2) and overall biological response 

(photosynthetic oxygen production; Tamburic et al. 2014) providing evidence of high 
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photosynthetic plasticity. Untangling these multivariate effects highlighted the 

importance identifying of thermal windows for optimal algal productivity and the 

response of the microalgae in periods of exposure outside the thermal window. Short 

periods (24 h) of lethal temperatures (> 32 oC) are initially detected by declines in 

photosynthetic parameters (declined electron transport rates), followed shortly by 

declines in biomass, whereas longer exposures (96 h) to sub-lethal temperatures (32 
oC) affects other cellular mechanisms such as nutrient uptake leading to reductions in 

overall growth.  

 

Further understanding of the ability of N. oculata to recover from different magnitudes 

of temperature excursions remains relatively unknown. Understanding different 

microalgae responses is essential for the optimisation of management practices in 

cultivation systems. For example, whether it would be more cost-effective to harvest 

the culture prior to a forecasted large temperature excursion would the culture 

acclimate or how long would it take to recover from that damage. The main non-

invasive technique used throughout this thesis was in vivo chlorophyll fluorometry, as 

this measures a trait (photosynthetic electron transport rate) that rapidly responds to 

stress conditions (Chapters 2 and 3; Eberhard et al. 2008). Use of this technique 

allows for high-resolution sampling on scales that correspond to the timeframe over 

which detrimental damage occurs (0 - 24 h; Chapter 3). Furthermore, chlorophyll 

fluorometry has been shown to couple with other photosynthetic measurements (e.g. 

oxygen accumulation; Hancke et al. 2008; Kromkamp et al. 2009). Similarly designed 

experiments have been conducted in the context of terrestrial plants and temperature 

stress (Haldimann & Feller 2004), coral bleaching  (Warner et al. 1999) and 

Nannochloropsis sp. (Figueroa et al. 1997; Sukenik et al. 2009). Advances could be 

facilitated through the ePBR platform by programming meteorological data into the 

instruments software and measuring rates of recovery after exposure to sub-optimal 

conditions e.g. high temperature. Specifically with regards to biofuel-related research, 

the collection of ancillary data such as cell composition through time of appropriate 

responses would be essential. Moreover, evidence provided in Chapters 2 and 4 

demonstrates how the culture’s nutrient status determines capacity of the culture to 

recover from stressful conditions (Figure 4.4). For example, under nutrient depletion 

conditions cells have a decreased capacity to harvest light (Suggett et al. 2009; White 

et al. 2011). As a result, the timing of temperature excursions may also dictate how 

well the culture is able to recover from photoinhibition, ultimately responding to the dual 
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stress of high temperature and nutrient limitation. Despite the complexity, it is possible 

to untangle these effects by carefully designing experiments using standard platforms 

such as the ePBR.  

 

The incorporation of complex thermal and light responses (magnitude and duration of 

exposure) in predictive models is limited and data of this nature are essential to 

increase efficiencies in large-scale cultivation. This thesis has demonstrated the 

significance of integrating the field of applied physiology within biofuels research 

towards understanding both the identity of environmental factor(s) and associated 

mechanisms that control large-scale outdoor microalgal cultivation to better inform 

dynamic predictive growth models.  

6.3 New insights gained from an in-depth physiological characterisation 
of a biofuel candidate microalga. II. Harnessing the natural capacity 
of microalgae.  

 
Harnessing the physiological capacity of microalga to acclimate to their surrounding 

nutrient environments (Chapter 4) whilst delivering the nutrients more efficiently 

specifically those in gaseous form (Chapter 5) has shed new light on how inputs can 

be minimised without affecting output and progressed our understanding on how to 

sustainably yield microalgal products.  

 

In the past half-century, physiologists have regularly observed the capacity of 

microalgae to acclimate to their nutrient surroundings (Geider et al. 1997, 1998, 

MacIntyre and Cullen 2005). The traditional method of laboratory batch culturing of 

microalgae provides nutrients in excess of that required to support growth (Harrison, 

Thompson & Calderwood 1990). At the scale of cultivation required for biofuel 

production this nutrient requirement questions the sustainability of the production 

system (Mata et al. 2010; Borowitzka & Moheimani 2013). The most commonly used 

medium in laboratory experiments (e.g. f/2) may not necessarily be the most suitable 

for large-scale cultivation, any reductions in initial nutrient input without lower biomass 

would make the production process more cost-efficient. Chapter 4 shows that by 

acclimating N. oculata to its nutrient surroundings a 50% reduction in supply of N and P 

supply can be made whilst maintaining the same productivity (growth rate) compared 

to cultures grown under traditional nutrient concentrations (f/2). Exploiting natural 

beneficial mechanisms such as nutrient acclimation will be a key to further improving 

the sustainability of the overall biofuel cultivation process. One possible approach to 
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harness this trait is through ‘contemporary evolution experiments’ and where it is 

possible to breed strains with beneficial characteristics (Reboud et al. 2007). These 

concepts of selective breeding have previously been applied in crops and cattle and 

more recently in phytoplankton, in the context of heavy metals (Huertas et al. 2010) 

and climate change (Jin et al. 2013; Hutchins et al. 2015; Schaum et al. 2015) and 

could be extended in the context of biofuels. A study completed by Huertas et al. 

(2011) provides evidence of these ‘evolution’ methodologies on the biofuel candidate 

strains, Tetraselmis suecica and Isochrysis galbana specifically selected for high-

temperature adaptation. The method involves gradually exposing the microalgae to a 

specific selection pressure (i.e. increased temperature) whilst ensure the culture 

maintains the same levels in the trait of interest (e.g. growth). This gradual increase in 

selection intensity will facilitate random beneficial mutation in response to the selection 

pressure whilst not impacting the trait of interest (Huertas et al. 2010). For example, 

this method may increase the critical maximum temperature of N. oculata above 32 oC 

as described in Chapter 3. Further work in biofuel research could focus upon 

selectively evolving strains with low nutrient requirements. Whereby over long periods 

(months – years) the nutrient dose provided to the culture is gradual diminished, 

eliminating any ‘luxury uptake’ of nutrients, whilst ensuring that the culture maintains 

the capacity to produce the same level of a selected trait (e.g. growth rate). For 

example, it may be possible to generate a strain that requires 75% less nutrients to 

grow at the same rate as the original strain thereby producing four-times as much 

microalga product per unit of nutrient input. Other avenues of research could combine 

dual selection variables (e.g. high light and high temperature), or harness the capacity 

of the ePBRs to select for strains with the ability to grow rapidly under large diel 

fluctuations (> 30 oC; Chapter 2). For all the suggested avenues of research, in-culture 

evolution must also be considered as many cultures used in literature have been 

maintained in culture collections for decades, under square wave and static 

temperature conditions. Over this time scale strain selection will have occurred both 

physiological acclimation and genetic changes. As a result it is suggested that future 

experiments should use strains freshly isolated from the environment to prevent 

incorrect observations resulting from any potential in-culture evolution. Using this 

method of ‘evolution’ would also overcome the current governmental regulations 

preventing the cultivation of genetically modified microalgae strains in large open 

systems (Henley et al. 2013).  

 



Chapter 6: General Discussion 
 

 

133 

A greater understanding of how these physiological acclimation strategies in algae 

could reduce nutrient inputs further demonstrating the importance of incorporating 

applied physiology into biofuels in order to develop a sustainable industry into the 

future.  

6.4 Perspectives for future research 
 
My thesis has provided new insights into how incorporating the physiological response 

of microalga can enhance our understanding for large-scale cultivation conditions. The 

work provides evidence that the ePBR platform is a suitable, cost-effective and 

scalable platform to accelerate research into large-scale biofuel production. However, it 

is important to emphasise that the findings presented in this thesis raise further 

questions that should be addressed in future research, as discussed in the points 

below. 

• In this thesis physiological response analysed under fluctuating conditions 

(Chapter 2) or through time with differing magnitudes of thermal conditions 

(Chapter 3), highlight the dynamic nature of physiological responses. Further 

research should focus upon the importance of both light and temperature 

history, in terms of magnitude and duration of exposure on growth and suitable 

biofuel product. Initially, this would be performed under static conditions and 

further expanded to examine diel fluctuating conditions. The results would 

determine whether environmentally resilient algae are ideal candidates for 

biofuel production especially when cultured under controlled conditions. Or 

whether it would be more suitable to used optimised algae to efficiently produce 

specified biofuel products. 

• In conjunction with the findings from Chapter 5, it is apparent that a greater 

understanding of catabolic physiological responses during the night is required. 

Estimates suggest that the loss of daily biomass production through dark 

respiratory processes is greater than 30% of the total daily biomass gained 

during sunlight (Torzillo et al. 1991). Future research should aim to implement 

cost-effective management practices to alleviate, or at least minimise these 

potential losses (Raven & Ralph 2015). For example, a cost-benefit analysis of 

artificial culture illumination during the night; an experiment that could be 

completed within the ePBR system. 

• This thesis used Nannochloropsis oculata as a model biofuel candidate strain 

due to its natural high lipid content; however, the cellular physical attributes 
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(small size and thick cell wall) are proven to be problematic for downstream 

processing techniques and the commercial potential for biofuel production of 

the strain remains unknown. Nevertheless, the findings of the thesis on N. 

oculata could be a prime example for further bio-prospecting and isolation of 

other strains to expand culture collections of potential candidates. In addition, 

the presented experimental procedures and outcomes may allow for the 

characterisation of strains with beneficial physiological traits suitable for all 

aspects of biofuel production. It is suggested that the ePBR matrix provides a 

reliable platform for these experiments. A suggested method to achieve this bio-

prospecting using the ePBR is outlined in Figure 6.1.  
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Figure 6.1: Proposed method of bio-prospecting potential site for microalgae cultivation for 
biofuel production using the ePBR platform. 

6.5 The future of microalgae biofuel production- concluding remarks 
 
The results presented in this thesis use newly developed tools and platforms (i.e. 

ePBR matrix) in combination with physiological techniques to provide new insights into 

the constraints associated with large-scale microalgae cultivation for biofuel production. 

The further development of these physiological insights, through harnessing natural 

cellular mechanisms will enhance our knowledge to improve the prospects for biofuel 

production. Moreover, it is imperative to integrate the expansive knowledge of 

agriculture practices that spans thousands of years with existing technology to ensure 
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that the biofuels industry does not ‘reinvent the wheel’. Examples of these include the 

production of seasonal crops (product), the use of selective breeding techniques (to 

further improve algae strains).  

 

Despite this, the goal posts for the biofuels industry are constantly changing. At the 

start of this thesis (February 2013), a barrel of crude oil (West Texas Intermediate) was 

on average US$95.32 compared to the prices on near submission of US$43.65 (US 

Office of Natural Resources and Revenue 2016; NASDAQ 2016). The only way to 

strive towards a stable biofuels industry is to supplement this with a secondary industry 

(non-commodity market), such as, high-value products (i.e. nutraceuticals) or waste 

ultilsation (i.e. bioremediation) producing biomass for use as a biofuel feedstock. The 

signing of the recent Paris Agreement (United Nations 2015) has renewed interest in 

industry partnerships with research providers and has expressed the urgency to 

provide appropriate solutions. 
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