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Abstract 

The algal biofuels industry is under development and being investigated at large scale all around 

the world. To improve the viability of algal biofuels the ability to use closed loop systems that 

recycle waste and water thereby decreasing the overall waste produced while increasing 

profitability is being investigated. The aim of this work was to investigate closed loop systems 

associated with the algal biofuel production, focusing on its effects on the production of algal 

biomass and lipid and on the natural microbial community. The key areas of algal production 

that have been the focus of the research are the introduction of water, and the recycling of 

water and the recycling of waste produced during the biomass to biofuel stage of the 

microalgal biofuel process. Water is a key part of microalgal biofuel production; the source of 

water can contain many different microorganisms that can affect microalgal growth. 

Recycling waste streams back into the culture as a nutrient stream is an effective way to reduce 

the cost of production. Within this thesis I investigated two waste streams as a potential 

nutrient stream, microalgae digestate and the hydrothermal liquefaction aqueous phase 

(Chapter 3 and 4). I observed that high concentrations of either of the waste streams resulted 

in reduced growth in comparison to F/2 media. Negative growth was associated with high 

concentrations of ammonia, and the effect of the use of waste streams was species 

dependent.  

There is currently little known about the changes in the bacterial and algal communities during 

the harvesting/recycle process. Within chapter 5 and 7 I investigated the bacterial and algal 

diversity present during these processes. It was observed that while the electroflocculation 

stage had little impact on the bacterial community, the centrifuge stage was shown to have a 

much higher impact on the bacterial community. The recycling process also increased the 

dominance of Tetraselmis MUR233 over various recycle stages. A benefit of recycling is the 
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prevention of undesired microorganisms entering into the culture. One microorganisms that is 

of interest is Protozoa, due to the potential damages to microalgae biomass production. 

Within chapter 6 I observed the effects of protozoa within the culture; it was observed that 

was no significant difference between the final total lipid or final total dry weight produced in 

the presence and absence of protozoa. This study shows the ability of Tetraselmis MUR233 

to outgrow any potential damage caused by the presence of the protozoa. 

Developing further understanding of these processes can help improve potential outcomes when 

these processes are undertaken. 
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Chapter 1: Introduction 

 

Objectives and achievements 

The main aim of this research was to develop a deeper understanding of the closed loop systems 

that has been highlighted as a crucial component of any future algal biofuel technology.  

Large scale microalgal biofuel production is widely regarded as a significant potential future fuel. 

The first goal of large scale microalgal biofuel production is to continuously grow sufficient 

amounts of algal biomass to feed downstream processes. After production algal biomass has 

to undergo harvesting and dewatering. Various methods in combination can be used within 

this stage, including electroflocculation, settling tanks, centrifugation and filter press.  

The concentrated microalgae biomass is then converted into fuel; some conversion methods 

include lipid extraction of followed by transesterification, digestion of biomass to methane and 

hydrothermal liquefaction. 

These processes produce various waste streams that can be reincorporated within the microalgal 

biofuel system. With the development of large scale biofuel, various closed loop systems 

have been introduced to reduce the cost of operations and overall economic feasibility of the 

process. Closed loop systems can involve the reuse of water and nutrients, for the growth of 

microalgae biomass to re-feed the downstream processes. Within this thesis I examined 

closed looped systems used within the microalgal biofuels field and determined its impact to 

the microalgae, the natural bacterial community, algal biomass and lipid production. As there 

are many different microalgae used within the biofuel industry various closed loop systems 

will have varying effects on the microalgae of interest, therefore this thesis will examine the 

potential of applying these closed loop systems as a method of improvement.  
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Figure 1. A summary of some of the processes used for the production of Tetraselmis sp. 

biomass for large-scale biofuel production. Blue arrows represent water sources for the open 

pond, green arrows represents the biomass processes, and black arrows represents 

potential nutrients sources from waste production; HTL: Hydrothermal liquefaction). The 

lightning bolts indicate sections that were focused on within this thesis, and are investigated 

in various chapters. 

 

The specific objectives were: 

1) Evaluate the use of microalgal digestate as a nutrient source to from a closed loop 

nutrient system.  

 

The use of digestate as a biofertilizer for microalgae growth is a popular method of 

increasing the economic and environmental sustainability of microalgae biofuels. The 

digestion of microalgal biomass is used to produce methane; this process is commonly 

applied to lifecycle analyses that produce a biomass waste stream commonly seen with 

the transesterification process. Within this study I assessed the use of microalgal 

digestate, a by-product of the digestion for methane production that utilised microalgal 
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biomass. As the digestate effluent has been determined as a potential source of 

ammonia I examined its potential use as a nutrient source for Tetraselmis sp. and how it 

may be incorporated into a closed loop nutrient system.  

 

2) Evaluate the use of the hydrothermal liquefaction aqueous phase as a nutrient source to 

grow microalgae.  

 

Hydrothermal liquefaction is a method used to convert biomass into type II kerogen; this 

method has recently become increasingly popular within the future development of 

microalgae biofuels. During the hydrothermal liquefaction process four phases are 

produced, the oil, liquid, gas, and aqueous phase. Within this study I assessed the 

potential for the use of the hydrothermal liquefaction aqueous phase as a nutrient source 

for microalgal biofuels.  

 

3) Analyse the effects of multiple recycle stages on the microalgal and bacterial 

communities. 

 

 Water reuse is a process that is applied to ensure the low consumption of water and 

increase the economic stability of a large scale process. Little is known about how the 

bacterial and microalgae community are affected by multiple water recycling. Within this 

study I examined the effects the Tetraselmis MUR233 over various recycle cycles with 

non-sterile seawater sourced from Whyalla SA, together with an investigation into the 

impact on the bacterial and algal populations.  

 

4) Analyse the impact of protozoa within a microalgae culture, by comparing a filtered and 

non-filtered seawater culture.  

 

Protozoa have been identified as a potential problem for large scale microalgae growth, 

although there have also been various reports stating that microalgae and protozoa can 

be successfully co-cultured. I assessed the potential problems that may be caused by 

sourcing seawater containing protozoa and directly culturing microalgae with no filtration. 

This study will also assess what could potentially happen if water is not recycled and 

fresh seawater is used to replenish the water lost during the harvest.  
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5) Analyse the bacterial community throughout the harvesting process within a large scale 

open pond raceway. 

 

Recycling water has been practiced at large scale at Karratha Western Australia to harvest 

the water and concentrate the biomass. I investigated the recycling and harvesting cycle 

to determine its overall effects on the bacterial community. Bacteria are an important 

symbiotic partner with microalgae, therefore understanding how they are affected within 

a large scale microalgae open raceway pond is important and novel. Within this study I 

investigated how the bacterial community was affected by a two stage harvesting recycle 

process which involved firstly electroflocculation and then centrifugation. The first stage, 

electroflocculation had little effect on the size and diversity of the bacterial community. 

The second stage, centrifugation resulted in a significant reduction in both the size and 

diversity of the bacterial community.  Each stage re-introduced the water back into the 

raceway pond; however after one cycle there was little difference in terms of the bacterial 

community within the raceway pond.  
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Chapter 2.  
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Literature review: recycling of water and nutrients to form a self-

sustained microalgal biofuels process.  

1 Overview 

The concept of algal biofuels has been evolving over many years; one area in particular is the 

way to increase the self-sustainability of the process by recycling waste streams. The unique 

aspect of algal biofuel research is the involvement of many different research fields from 

engineering, chemistry, microbiology and biotechnology. With the input from all the different 

research fields the ability to practice large-scale algal biofuel production has become a reality 

at various locations around the world. Large scale biofuel production however still has many 

different aspects that can further improve the economic viability of algal biofuels production. 

Recycling waste streams to produce algal biomass is an effective method of reducing 

production costs; two main waste streams within the algal biofuel production process are 

water and nutrient rich effluent (Du et al., 2012; Yang et al., 2011). The first waste stream 

produced by algal biofuel production is the water that is discarded during the harvesting and 

recycling process; the second main waste stream is the nutrient rich effluent produced during 

the conversion of biomass into biofuels. Utilising these waste streams to produce microalgal 

biomass is an effective way to form a self-sustained closed looped process. Reusing these 

waste streams and forming closed loops systems can increase the economic viability of the 

algal biofuel process and reduce the overall nutrient and water footprint of algal biofuel 

plants. Monitoring how these closed loop systems affect biomass production and evaluating 

their effects on the algae of interest is essential to prevent any negative impacts on biomass 

and biofuel production.  

Applying waste streams within the algal biofuels process is desirable, though the effects on the 

algae of interest are not always similar to other what was observed in other studies. 

Research has shown that the impact of using waste streams can be beneficial for some algal 

species while negative for other algae species (Du et al., 2012). Understanding the potential 

problems at large scale and the compatibility of the species of interest to function with 

different waste streams is important; additionally, understanding how other non-desired 

organisms function with waste streams is important to monitor and determine any potential 

change in the dominance within the culture.  
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2 Recycling water 

Water is a key part of the production of algal biofuels; recycling of water has been shown to be 

effective at reducing the water footprint of the microalgal biofuel process along with capturing 

nutrients that would otherwise have been lost within the harvested water. Water has always 

been a topic of priority within the algal biofuel sector, this is due to competition for water with 

agriculture and human consumption. The main argument is that the use of water for 

microalga production will be in direct competition with other uses (e.g. crop production) and 

will eventually lead to increased water prices. The selection of microalgae has to be tailored 

to the water environment surrounding the location of interest for potential large scale 

production. Within Australia, freshwater is not as abundant as seawater, therefore marine 

algae are a more desirable option for large scale due to their reduced cost. Additionally, 

sourcing water from a natural source that is unrestricted and not purchased can greatly 

reduce costs in comparison to sourcing water from a water utilities company.  

Recycling water during the harvesting stage has been shown to have an improved effect on 

microalgal growth (Singh & Olsen, 2011; Yang et al., 2011). The benefit of recycling the 

water back into the open raceway is the minimization of introducing new microorganisms 

from external water sources (Day et al., 2012), the recovery of nutrients that have not been 

utilised (Fon Sing et al., 2014), and the reduction of the water footprint (Singh & Olsen, 

2011). There has been little research that has investigated the changes in the microalgal and 

a bacterial community during the harvesting/recycle processes of water. Understanding how 

these processes affect the microalgal and bacterial communities can help develop an 

understanding of what may be occurring when harvesting and recycling is undertaken. As 

this water has to be reused it is important to determine if there is any potential negative 

impact to the microalgae of interest, for example understanding if some species are 

unaffected by the harvesting recycle system may increase competition with the microalgal 

species of interest. Bacteria are important to microalgae due to the close symbiotic 

relationship shared between the two microorganisms; bacteria utilise microalgae and their 

metabolites as a source of carbon, while the microalgae utilise the bacteria for as a source of 

vitamins (Cole, 1982; Kazamia et al., 2012).  

The recycle and harvesting process will be used multiple times over a year as harvesting of 

biomass is conducted; how this affects the species of interest and the microbial community is 
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important to monitor. Fon Sing (2014) investigated the effects of a large scale recycling 

process over multiple stages. They observed an increase growth of Tetraselmis MUR233 

within the recycled pond in comparison to a pond that received fresh media after each 

harvest (Fon Sing et al., 2014).  

If the water during the harvesting and recycle process is not recycled and new water is sourced 

each time the potential of introducing new microorganisms into the culture increase. 

Seawater has all different types of microbes presence such as bacteria, algae, and protozoa 

(Cole, 1982; Day et al., 2012). The presence of other microorganisms besides the 

microalgae of interests has to be accepted as the complete removal of every other micro-

organisms is not feasible and not economically wise, therefore evaluating the performance of 

Tetraselmis MUR233 in the presence of other microorganisms is important. Protozoa have 

been identified as a major concern due to their ability to consume microalgae; there have 

been varied results in the terms of effects on algal biomass production with the presence of 

protozoa within a culture. Some studies have reported the complete clarification of an algae 

culture in the presence of protozoa (Day et al., 2012), while others have reported that the 

presence of protozoa has little impact on the growth of microalgae. For example, Sananurak 

(2009) observed that in a large scale open pond, Tetraselmis sp. was not greatly affected by 

the presence of protozoa, while the rotifers growth was observed to be unstable (Sananurak 

et al., 2008).  

The reuse of water has often been discussed by proponents of algal biofuel due to its beneficial 

effects on both the economical and water foot print; however there are a number of additional 

benefits and they are summarised below: 

 It is more economical to reuse the water generated from the harvesting/recycle process. 

 The water footprint is reduced.  

 The species of interest will become more dominant over various recycle cycles.  

 The bacterial that have the strongest symbiotic relationship will be maintained and thrive. 

 The mitigation of new other microorganisms entering the microalgae pond such as 

protozoa.  

 The harvesting system can be used to clean the water of all microbes if needed.  

3 Recycling nutrients 
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Nutrients are one of the most important aspects of large scale microalgae production; nitrogen, 

phosphorus, carbon and trace elements are essential to the successful production of 

microalgae (Chen et al., 2011; Yang et al., 2011). There are many variations to concentration 

and forms of nutrients that can be used to culture microalgae, this is often due to the ability of 

the species of interest to utilise different nutrient sources and the most economical viable 

source.  

3.1 Carbon 

Carbon is a highly important nutrient for the production of lipid and biomass as it has the highest 

requirement for algae growth according to the Redfield ratio (Tett et al., 1985). Algae can 

utilise carbon as a form of chemical energy such as sugars or as CO2 which is converted to 

carbonic acid (Tsuzuki et al., 1990). Different waste streams have been utilised as a carbon 

source such as flue gas, dairy waste and industrial effluents (Iyovo et al., 2010a; Iyovo et al., 

2010b). Carbon dioxide is naturally present within the atmosphere and has been the cause of 

much concern due to its negative environmental impact with its increase atmospheric 

concentration (reference). The ability of algae’s to use CO2 as a source of carbon from the 

atmosphere is essential when forming a future sustainable source of algae.  

Various studies have investigated the effects of using CO2 from waste gaseous streams for the 

production of algal biomass. Chiu etal.(2009) investigated the difference in lipid accumulation 

under different CO2 concentrations for Nannochloropsos oculata. The study tested various 

concentrations of CO2, 2%, 5%, 10% and 15% CO2. It was observed that growth under 2% 

CO2 resulted in the highest lipid accumulation in comparison to the other CO2 concentrations 

used (Chiu et al., 2009). Jiang 2011 cultivated Nannochloropsis sp. under 15% CO2 at a 

continuous flow rate of 0.1 L min-1, and under high light and nitrogen deprivation conditions 

they achieved 2.23 g L-1 cell density with a total lipid content of 59.9% (Jiang et al., 2011). 

Another study compared lipid and growth production of Dunaliella viridis under various CO2 

concentrations (0.035% and 1% CO2) and under different nitrogen and light conditions. A 1% 

CO2 enriched-air with sufficient O2 and nitrogen resulted in the highest growth rates of 

Dunaliella viridis; triglycerides were also increased by 22% when D. viridis was grown in 1% 

CO2 enriched-air under N deprived conditions (Gordillo et al., 2001).  

The effects of adding either 10% CO2 or a real flue gas containing 5.5% CO2 on the growth and 

lipid production of B. braunii and Scenedesmus sp. were compared. While there was no 

significant difference between the yields obtained using the two carbon sources (Yoo et al., 
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2010). Zeiler (1995) also investigated the assimilation and utilization of CO2 from flue gas. At 

laboratory scale they showed efficient utilisation of simulated CO2, as well sulphur oxide and 

nitrogen oxide when used as feedstock to produce biomass. Additionally at their large scale 

facility (Two 0.1 hectare ponds) in New Mexico they demonstrated there was no significant 

engineering barrier to prevent moving from small scale to large scale (Zeiler et al., 1995). 

Other studies have also shown direct utilisation of actual flue gas at demonstration-scale 

ponds with seawater (Negoro et al., 1993). Currently in Hawaii flue gas produced by power 

plants is being used as a CO2 source for the production of algal biomass (Pedroni P, 2001). 

Doucha (2009) investigated the use of flue gas as a source of CO2 in pilot plant 

photobioreactors at large scale. The investigation observed that 38.7% of the CO2 in flue gas 

was utilized for the biosynthesis of biomass with 4.4 kg of CO2 in flue gas required for the 

production of 1 kg of dry algal mass (Doucha et al., 2005). Douskova (2009) investigated the 

bioremediation of flue gas as a means of reducing microalgal biomass production costs. 

Their investigation compared flue gas to different concentrations of CO2 and O2. The highest 

growth of C. vulgaris strain P12 was observed under cooled flue gas which contained 13-

20% (v/v) of CO2. Higher growth was observed in flue gas in comparison to a controlled 

mixture of clean CO2 and O2; this was due to lower partial pressure of O2 in flue gas 

(Douskova et al., 2009). Oxygen concentrations can influence the phenomena of 

photorespiration and photoinhibition which may have caused the lower growth in the clean 

CO2 and O2 mixture (Foyer & Noctor, 2003). Another large scale study was conducted for a 

100 L air-lift photobioreactor for the cultivation of S. obliquus WUST4. Flue gas from a 

combustion chamber was captured and utilized as a carbon source. Under optimal conditions 

a CO2 removal ratio of 67% (Li et al., 2011) was observed. However, the use of flue gas has 

also been shown to have an inhibitory effect on algae production due to presence of NOx 

(Hauck et al., 1996; Matsumoto et al., 1997), though other studies have shown no inhibitory 

effects of flue gas on algae productions due to the presence of NOx  (Doucha et al., 2005). 

Overall the use of flue gas appears highly beneficial in comparison to the use of clean CO2 

due to the higher growth rates and environmental benefits for using flue gas.  

Industrial effluents that are rich in carbon have also been investigated for their potential for use in 

the production of microalgae biomass. Yeh (2012) investigated the growth of C. vulgaris 

ESP-31 under heterotrophic growth conditions. His investigation showed that C. vulgaris 

ESP-31 did not grow well under heterotrophic conditions but did grow well under 

photoheterotrophic conditions with a 15 fold increase in biomass. The highest carbohydrate 
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concentration was obtained when carbon was added to the media, although the highest lipid 

content (19%-53%) was obtained when using MBL media due to its low nitrogen 

concentration (Yeh & Chang, 2012). Organic carbon from industrial dairy waste has been 

used for the mixotrophic cultivation of C. vulgaris. A comparison was formed between 

phototrophic and mixotrophic growth with dairy waste as an organic carbon source showed 

that lipid productivity was shown to be at the highest with mixotrophic growth (253 mg/L d) 

while  phototrophic growth only achieved 42 mg/L d. In terms of biomass, once again 

mixotrophic growth led to greater biomass production (3.58 +- 0.12 g/L d compared with 1.22 

+_ 0.12 g/L d) (Abreu et al., 2012). The use of carbon waste streams is certainly effective 

and can be incorporated in the production of algal biomass, though as discussed each 

species will vary in the production rates that can be achieved with different waste streams.  

3.2 Phosphorus  

Phosphorus is an essential nutrient due to its high use in cell synthesis e.g. for phospholipids and 

DNA production. Wu et al. (2012) investigated the limitations of phosphorus and the effects 

on C. raciborskii.  They concluded that inorganic phosphorus played an important role in 

regulating growth, photosynthesis and metabolism. It was observed the synthesis of Chl-a by 

Microcystis aeroginosa was inhibited by low P conditions (Wu et al., 2012). The composition 

and concentration of stored chemical energy has been shown to change under different 

phosphorus nutrient levels. Sigee et.al. (2007investigated the effects of different phosphorus 

levels on algal growth and observed that t only at very low phosphorus levels was an 

increase in carbohydrate synthesis demonstrated (Sigee et al., 2007). Cade-Menun (2010) 

investigated the effects of phosphorus stress on algae and showed that in low phosphorus 

conditions the algae had significantly higher C:P and N:P ratios (Cade-Menun & Paytan, 

2010). Vanucci et al. (2012) demonstrated that over the whole growth cycle there was an 

increase in cell volume under phosphorus limited conditions (Vanucci et al., 2012).  B. braunii 

KMITL2 was shown to produce higher biomass at high concentration of phosphorus (444mg 

L-1). Ruangsomboon (2012) found there was a 7.3 fold increase in biomass when the 

phosphorus concentration increased from 22- 444 mg L-1, although lower lipid content was 

also observed. Within the study they observed maximum lipid production at a phosphorus 

concentration of 222 mg L-1 (Ruangsomboon, 2012). 

Algae have the ability to store phosphorus internally and utilise these internal source of 

phosphorus when the medium is depleted. Anu Ruiz (2014) investigated the effects when 
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microalgae are deprived of phosphorus within a continuous culture that is fed with nitrogen. It 

was found that the microalgae were still capable of growth, though when phosphorus was 

supplemented back into the culture over time the microalgae increased growth (Ruiz-

Martinez et al., 2014). The ability of microalgae to tolerate phosphorus deprivation and 

continuously grow is a good indication of how well microalgae can survive within harsh 

environments.  

A potential source of phosphorus that can be used within the closed loop algal biofuels process is 

the ash produced during the combustion and gasification, Lane et al (2014) observed that the 

ash produced by the combustion of microalgae consists of a high content of trace metals and 

phosphorus that can potentially be utilised for the growth of microalgae. To date there has 

been little research within this area as the need for phosphorus is much lower in comparison 

to the carbon and nitrogen (Lane et al., 2013). Utilising ash as a source of phosphorus for the 

production of microalgal biomass can potentially help reduce the overall costs of microalgae 

biomass production, though determining the effectiveness of this ash as a phosphorus 

source still needed to be investigated.  

3.3 Nitrogen 

Nitrogen is one of the most important nutrients for microalgae production. Its influence on lipid 

and biomass production by microalgae has been well researched. The application these 

waste sources of nitrogen for microalgal growth have been investigated due to the fact that 

nitrogen availability generally leads to increases in lipid and biomass production. Different 

waste sources can potentially be used as a nitrogen nutrient source; each form may have a 

different effect on the algae in terms of growth and lipid production. The source and 

concentrations of nitrogen in the media will also have an effect on the target species. 

Nitrogen is commonly added for increasing the growth of algae; the Redfield ratio identified 

the optimal molar ratio to be 16:1 (Tett et al., 1985). Under nitrogen deficient conditions algae 

will increase the production of lipids and carbohydrates rather than proteins. The introduction 

of a nitrogen rich stage for growth followed by a nitrogen limited stage for carbon energy 

production is the common cycle used within the microalgae biofuel process (Richardson et 

al., 1969). Therefore monitoring the ratio of nitrogen to carbon within a culture is important to 

determine to potential products that are being produced.  

As there are many waste streams that contain nitrogen, the waste streams can be utilised to form 

closed loop nutrient systems. Closed loops systems can include the use of by-products 
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produced during the biomass to biocrude conversion within the algal biofuel process. 

Biomass can be converted into biofuels, with the digestion of biomass or the conversion of 

biomass into biocrude with hydrothermal liquefaction.  

After the extraction of lipid from microalgae a large amount of biomass is leftover, this biomass 

can be used for digestion. Digestion works anaerobically with methanogens which are 

capable of breaking down the microalgae biomass into methane (Rösch et al., 2012). After 

digestion has taken place and methane production has ceased the digestate effluent can be 

collected and reused as a source of nitrogen due to its high ammonia content. Studies have 

shown that digestate can be used for the growth of microalgae (Iyovo et al., 2010a). This is 

important since it displays the use of waste streams as a nutrient source. The benefit of using 

microalgae digestate for microalgae growth is due to its self-sustaining cycle. The reuse of 

digestate has been shown to be an economical advantage for microalgae fuel production. 

A problem with some of these waste streams is the high concentration of ammonia. Ammonia is 

a common source of nitrogen for algal growth; the most common source of ammonia is 

through manure, digestate and farming fertilizer (Uggetti et al., 2014). Studies have shown 

that when the concentration of digestate is increased, lipid and growth production if 

negatively affected. Xin et.al (2010) examined the growth of 14 different algae on digestate 

effluent; only 4 of the 11 species were able to grow on the digestate (Xin et al., 2010).  

Hydrothermal liquefaction has been shown to be the new focus of biomass to biocrude 

conversion. This process has been shown to be an effective method for dealing with biomass 

in comparison to the traditional solvent extraction and lipid conversion with transesterfication 

(Biller et al., 2012; Brown et al., 2010). During hydrothermal liquefaction a waste product in 

the form of the aqueous phase is produced which is rich in nitrogen. Current research has 

shown that microalgae can utilise this waste stream for microalgae growth, though heavy 

dilution, up to 500-fold is required (Biller et al., 2012). Studies have identified that the 

hydrothermal liquefaction aqueous phase (HTL AP) is highly toxic to some microalgae, due 

to its high concentration of ammonia, phenols, nickel and total organic carbon (Biller et al., 

2012; Jena et al., 2011). The concentration of ammonia within the HTL AP is much higher in 

comparison to digestate effluent, although the composition is highly variable due to the 

presence of hydrocarbons, high levels of organic nitrogen and other heavy metals not 

commonly seen in digestate effluent.  

Table 1, A comparison of different types of hydrothermal liquefaction aqueous phases observed. 
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The overall the growth that is achieved using HTL AP is very low even when high dilutions are 

used to reduce the toxicity (Table 1). The use of the HTL AP as a potential nutrient source 

may not be suitable for algae. As shown in table 1 various different microalgae have 

undergone growth trials using the HTL AP, the highest growth is 0.6g/L by Du et.al 2011 

which is very low for Chorella Vulgaruis (Du et al., 2012).  

Many of these nitrogen waste streams contain of high concentrations of ammonia. Ammonia can 

cause inhibitory effects at high pH levels (pH 8.5-10) Ammonia is capable to penetrate the 

cell and elevate the internal pH, preventing the production of electron acceptors for 

photosynthesis (Abeliovich & Azov, 1976).  Exposure of microalgal cells to ammonia for 

several hours at a high pH (pH 9-10) results in a long-term negative effect. At large scale C. 

vulgaris has been shown to be effective at ammonia removal. Kim (2010) utilised C. vulgaris 

to remove ammonia at a large scale waste water facility. A reduction of 7.6 mg/L to 3.4 mg/L 

of ammonia occurred during the rapid growth phase (24 to 96 h) at a constant pH of 7 (Kim et 

al., 2010). With effective control of pH the use of ammonia has been shown to be an effective 

means of nitrogen at large-scale.   

3.4 Trace metals  

Trace metals are an important part of the production of algae for biofuels. There has been little 

research in the alteration of trace metals concentration at large scale, but small scale studies 

have been conducted to investigate the effects of trace metals on organisms. Understanding 

what effects trace metals have at small scale will give a better understanding of large scale 

production problems.  

The function of iron has been well documental in the chloroplast structure, function and 

development (Pushnik et al., 1984; Terry and Abadía, 1986; Guerinot, 2010). Iron has also 

been shown to play a key part in regulating phytoplankton and microalgal biomass 

(Behrenfeld et al., 2006). Hu (2004) reported that when there is an iron deficiency present it 

U Jena et.al 2011
L. Garcia Alba et.al 

2013
Du. et.al 2011

S. platensis Desmodesmus sp. Chlorogloeopsis Spirulina 
Chlorella 

300oc
Chlorella S. dimorphus Chlorella vulgaris

Tetraselmis sp. 

(Before) 

Tetraselmis sp. 

(After) 

TKN 16200 – 5636 8136 6636 6888 3139 9650 ± 1582 52000 ± 520 5900 ± 59

Ammonia 12700 1964 4748 6295 5673 5920 5280 1343 ± 75 2800 ± 28.00 3100  ± 310

Nitrate 26.76 70 508 194 329 237 192 211 ± 20 0.2  ± 0.00 1.7 ± 0.51

Phosphate  795 159 280 2159 3109 1121 1470 343 ± 43 1.25  ± 0.01 0.49  ± 0.15

Phenols 50.9 58 178 98 108 158 80 1 ± 0.01 0.1 ± 0.00

Potassium – – 303 1506 1460 1419 1150 775.45 2400 ± 336 3500 ± 35 

Nickel – – 3.8 0 0.1 0.4 0.8 0.005 0.1 ± 0.00 0.067 ± 0.02

TOC – – 9060 15,123 11,373 13,764 11,119 45700 ± 1513 19000  ± 190 13000 ± 130

Total dry 

weight

C. minutissima , 500x,  

0.52g/L, 12 days 
20x, 0.21g/L, 96 hours 

100x 0.498g/L, 

12 days

400x 0.66g/L, 

12 days

100x, 0.88g/L, 

12 days 

200x, 0.09 g/L, 

12 days

400x, 0.05g/L, 

12 days

50x, ~0.6g/L, 5 

days 
0.23 g/L, 12 days 0.34 g/L, 12 days

P. Biller 2012 This study
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reduces the growth and overall biomass of the algae (Hu, 2007). Borowitzka (1990) identified 

Fe as one of the major nutrients which was added to ponds for Dunaliella salina production at 

large scale (Borowitzka and Borowitzka, 1990). High iron concentrations can help increase 

total lipid and biomass concentration (Liu et al., 2008). Iron can also prolong the exponential 

phase and increase final cell density (Liu et al., 2008). Chen (2011) investigated the changes 

in concentration of metals during the growth of D. tertiolect. The investigation monitored the 

concentrations of iron, cobalt, zinc, manganese, molybdenum, silicon, calcium and sulphur 

over time. Only iron and molybdenum dropped statistically significantly in concentration, iron 

(8 % decrease) and molybdenum (49 % decrease) (Chen et al., 2011).  

Copper concentrations have been shown to have varying effects on different types of microalgal 

growth. Bentley-Mowat and Reid (1977) found concentrations of lead and copper as high as 

5 x 10 -4 M were required to inhibit the growth of Phaeodactylum tricornutum, Tetraselmis  

sp.,  Dunaliella  tertiolecta, and  Cricosphaera  elongata  in  s88  medium (Bentley-Mowat & 

Reid, 1977).  

As trace metals are found in natural water sources it is essential to understand the 

concentrations present to maximise lipid and biomass production. Iron has been shown to 

play a major role in biomass and lipid production at both small and large scale and 

represents a key element to monitor due to its impact on productivity. There has to date been 

little research on the waste streams that can be potentially utilised as a source of trace 

metals, although preliminary analysis suggests that they are commonly found within most 

waste sources.  

4 Conclusion 

Forming closed loop systems to recycle the waste products to produce microalgal biomass is an 

effective way of increasing the economic viability and maximising the benefits of producing 

fuel using microalgal biomass. There are many different waste streams that can be used to 

produce biomass; however their suitability needs to be assessed before implementation at 

large scale. As discussed previously different waste streams will have different effects on 

various species. Additionally not only should the impact on the algal species of interest be 

determined but also the impact on the natural bacterial and microalgae communities should 

also be assessed to prevent any potential shift in the culture dynamics  
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Abstract  

In order to enable microalgae derived biocrude competitive with fossil fuels, it is essential to 

increase microalgal production rates coupled with reduced operating costs. One method is to 

recycle the water used in production. However the effects of this water recycle process on 

both the microalgal and bacterial communities is unknown. The aim of this study was to 

compare the use of fresh seawater and the reuse of the harvested water to replenish the 

microalgae cultures, and how that effected the bacterial and algal communities. PCR-DGGE 

was used to evaluate the bacterial and algal communities. The dominating bacteria were 

identified as members of Vibrio sp., Cyanobacterium sp., and Rhizobium sp.. It was also 
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observed that the algae culture was more monoculture when reusing recycled media in 

comparison to using fresh seawater.  

Keywords: Tetraselmis sp.; Bacteria; Recycle Media; Microbial community; PCR-DGGE  

 

1 Introduction.  

Biofuels produced from microalgae has raised significant attention as a potentially sustainable 

alternative to fossil fuels (Chisti 2007; Singh and Gu 2010; Stephens et al. 2013). The 

popularity of microalgal biofuels is due to the carbon neutral process that can be utilised to 

produce a renewable energy resource. Furthermore, microalgal biomass requires less land 

and production energy than traditional biofuel crops such as palm oil (Biller et al. 2012; 

Tilman et al. 2009). Tilman et al. (2009) determined that the use of land for microalgal 

biofuels does not compete for fields that are used for agriculture, or the freshwater that 

additionally would be used for food crops (Tilman et al. 2009).   

Tetraselmis sp. has generated a lot of attention recently as a suitable microalga for biofuel 

production due to its fast growth rate, high biomass content and presence of lipid during most 

stages of growth (Fon Sing et al. 2014; Griffiths and Harrison 2009; Huerlimann et al. 2010; 

Montero et al. 2010). Studies have shown Tetraselmis sp. to have an average lipid 

production of 3.9 to 32 mg/L/day (Griffiths and Harrison 2009; Huerlimann et al. 2010; 

Montero et al. 2010). However, technical challenges still exist for commercialising microalgae 

to produce biocrude economically. Large scale production of microalgal biocrude encounters 

difficulties such as inconsistent microalgal growth rates due to environmental influences 

(Mata et al. 2010), the requirement of nutrients, and the need to develop more economical 

harvesting techniques (Lee et al. 2010; Pienkos and Darzins 2009; Scott et al. 2010). To help 

reduce operating cost and the water footprint, the harvested water containing some nutrients 
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that otherwise would have been disposed of can be recycled back to the microalgal culture 

(Biller et al. 2012; Yang et al. 2011).  

It is well known that complex interactions between microalgae and bacteria exist in natural 

habitats (Mouget et al. 1995). Some studies have shown a coherent growth of bacteria 

attached to phytoplankton cells (Sapp et al. 2007). Bacterial symbiosis with microalgae has 

been observed to be due to their production of vitamin B12 (Kazamia et al. 2012) and 

nitrogenous compounds by bacteria (Ceh et al. 2013), in exchange for the microalgal supply 

carbon sources such as lipid and starch, both of which are critical elements for bacterial 

growth (Goecke 2013). Erkelens et.al (2014) observed that the bacteria community was 

present throughout a harvesting/recycle cycle process during continuous production of 

microalgae; the bacteria observed within were Cyanobacteria sp, Phaeobacter sp, and 

Ruegeria sp. (Erkelens et.al 2014). Therefore, maintaining such beneficial bacteria within the 

microalgae cultures may be crucial for maintaining high yields of microalgal biomass.  

The aim of this study was to observe the growth of Tetraselmis subcordiformis and the bacterial 

and algal community over multiple harvesting and recycle cycles with non-sterile seawater 

adjusted to hypersaline conditions. Achieving this aim will give a novel insight on the effects 

of harvesting and recycle of both the bacterial and algal communities over multiple 

harvesting/recycle cycles, and the effects on the growth rate of the Tetraselmis 

subcordiformis.   

2 Materials and methods 

2.1 Experimental design.  

Tetraselmis subcordiformis was grown in 5L photo-bioreactors for a total period of 17 d at 25ºC 

under 24 h cool-white fluorescent lamps. The medium was initially made from seawater 

obtained from the Spencer Gulf near Whyalla, South Australia, and enhanced with F/2 
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media; additionally the salt content was also increased to hyper saline conditions (7%) using 

RedSea Salt (Red Sea USA). Duplicate photo bioreactors (PBRs) were created to cultivate 

Tetraselmis subcodiformis. The investigation was carried out over four recycle periods with a 

harvesting threshold of 500,000 cells/ml, after the fourth time the threshold of 500,000 cell/ml 

is reached we will finalise the investigation. Depending on the treatment the water, reclaimed 

recycled media was returned back to the PBR for the recycled treatment (RT), or fresh 

hypersaline seawater was used for make up for the water discarded after harvesting (FT). 

Recycled media was obtained by collecting supernatant from chemical flocculation of 2.5L 

microalgae medium (20 g/L aluminium sulphate solution, with 35 mL added for each harvest). 

When either the RT or FT was replaced back into the PBR it was enhanced with F/2 medium. 

Samples (40 mL) were taken from the middle of the PBRs on day 0, the final day, and prior to 

harvest. Samples were stored at -20oC for future analysis.  

2.2 Cell counts.  

Cell counts were conducted daily using an Olympus IX50 microscope with a Neubauer improved 

haemocytometer (Precicolor, HBG, Germany). Cell counts where undertaken daily with 

triplicate samples.  

2.3 DNA extraction & polymerase chain reaction (PCR). 

Duplicate aliquots (12 ml) of each sample were defrosted at room temperature and centrifuged at 

3270 g for 10 min. 0.2 g of wet sample was placed in PowerBead Tubes, and Solutions C1 to 

C6 was added according to the MoBio PowerSoil DNA extraction Kit instructions (MoBio, 

USA). DNA amplification of the bacterial community was performed using PCR in a 48 µl 

solution with 16S rDNA primers pairs (Muyzer et al. 1993). The PCR solution consisted of 38 

µl dH2O, 5 µl 10×buffer, 5 µl dNTP, 2 µl 314F GC, 2 µl 907R, 0.2 µl Taq. The PCR cycle 

conditions were: 94ºC for 10 min, then 33 cycles of 94ºC 1min, 55ºC for 1 min, 72ºC for 1 
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min, then 72ºC for 10 min and 8ºC for the final hold stage. PCR amplicons where then stored 

at -20 ºC for future use. Microalgae DNA was amplified using 18S rRNA primers pairs (Diez 

et al. 2001). The PCR solution for the algal community was 38 µl dH2O, 5 µl 10×buffer A, 5 

µl dNTP, 2 µl R0580, 2 µl P0579, 0.2µl Taq. PCR cycle conditions were: 94ºC for 2:10 min, 

34 times cycles of 94ºC 0.5 min, 56ºC for 45 s, 72ºC for 2:10 mins, then 72ºC for 7 min, and 

8ºC for the final hold stage. PCR amplicons were validated on a 0.8% agarose gel using 

SYBRsafe. 

2.4 Denaturing Gradient Gel Electrophoresis (DGGE) and identification of bands of interest.  

PCR amplicons were analysed on a DGGE gel with a 40% -60% gradient. An aliquot (15 µl) of 

each sample was loaded into a well with 2µl of loading dye. The PCR-DGGE gels were then 

run for 60ºC at 60V for 20 h. After a successful run, the PCR-DGGE gels were developed by 

silver staining (Girvan et al. 2003). Bands that were of interest were excised from the PCR-

DGGE gel with a sterilised razor blade and transferred in molecular grade water (100 µl), the 

bands were left at 55ºC overnight. Re-amplification was then carried out using PCR with the 

isolated band as the DNA template and the addition of the primer sets described above, 

though this time without a GC clamp present on the forward primer for both 18S and 16S 

bands. PCR amplicons were then adjusted to the submission requirements of the Australian 

Genomics Research Facility (AGRF). The sequences where compared to a nucleotide 

database (National Centre for Biotechnology Information) via a BLAST algorithm to 

determine the band of interests identification 

(http://www.ncbi.nlm.gov.library.vu.edu.au/BLAST).  

2.5 Statistical analysis  

Gels obtained from PCR-DGGE were digitalised and Total Lab Quant 1.02, software was used to 

quantify the changes in the bacterial and algal communities at each harvest stage. Shannon 
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Weaver and Equitability indices were calculated using the Gaussians volumes obtained from 

Total Lab Quant 1.02. This allowed the determination of the diversity and evenness of 

bacterial and algal community distributions respectively (Girvan et al. 2003).  

3 Results and Discussion. 

3.1 Growth of Tetraselmis sp. in FT and RT treatments.  

 

Figure 1. Tetraselmis subcordiformus growth curves in recycled and fresh medium the four 

harvests. 

 

Over the harvest and recycling stages cell counts were performed daily (Figure 1). There was no 

significant difference between the growth rates of the FT and RT, though a slight 

enhancement of the growth rate was seen in the RT on day 7.  

3.2 Bacteria community dynamics between the use of recycled media and fresh seawater. 
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Figure 2. Bacteria selected for identification within the bacteria PCR-DGGE gel. 

Table 1. Bacteria identified within the RT and FT treatments.  

 

 

The bacterial community for the RT and FT treatments were investigated using PCR-DGGE. It is 

important to investigate the bacteria communities present within a microalgae culture since 

bacteria can play a significant role in microalgal growth, as bacteria has been found to either 

stimulate or prohibit microalgal growth (Cole 1982). Therefore understanding how the 

harvesting and recycling process effects the bacterial community is essential (Goecke 2013). 

Some bacteria are able to provide essential growth element such as vitamins and nitrogen 

Band Species Similarity Accession number

Band 1 Vibrio sp. 86% JQ068793.1

Vibrio corallitlyticus 86% JQ307097.1

Band 2 Cylindrospermum stagnale 79% NR_102462.1

Cylindrospermum stagnale 79% NR_117352.1

Band 3 Rhizobium sp. 96% KF647254.1

Rhizobium sp. 96% HG518324.1

Band 4 Uncultured organism  85% JN447524.1

Uncultured bacterium clone 85% KF817477.1

Band 5 Uncultured marine bacterium 91% KF185572.1

Uncultured marine bacterium 91% KF185463.1
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sources to microalgae (Kazamia et al. 2012; Mouget et al. 1995). Promoting such bacteria 

growth could contribute to a higher Tetraselmis subcordiformis production rates.  

It was observed that the bacterial community through the whole investigation was stable and 

there was little differences seen within the bacterial communities (Figure 2). A dominating 

bacterium found within both the FT and RT treatments was Vibrio sp. (Figure 2), studies have 

observed that Vibrio sp. has the ability to fix nitrogen within aquatic environments (Chimetto 

et al. 2008; Criminger et al. 2007). The other bacteria found within this study were uncultured 

Cyanobacterium sp. (band 2), and Rhizobium sp. (band3), these bacteria where found both 

in RT and FT treatments. Cyanobacterium sp. are a group of phototropic bacteria that have 

the ability to fix nitrogen and photosynthesize (Meeks and Elhai 2002). Many Rhizobium sp. 

bacteria also specialise in nitrogen fixation (Masson-Boivin et al. 2009), though studies have 

recently found that Rhizobium sp. also aid in plant defence (Soto et al. 2006; Yang et al. 

2009). Cyanobacteria sp. does not require specific environmental partners to survive (Meeks 

and Elhai 2002), however Rhizobium sp. requires a host plant, normally legumes, to 

generate nitrogen. There might be a link between Rhizobium sp. and Tetraselmis 

subcordiformis though further research will be required to show this symbiosis.  

Figure 3. Bacterial communities analysis with recycled media and fresh media: (a) Shannon 

Weaver Index (b) Equitability Index (c) Bacteria dendogram (“F” represents Fresh Media, and 

“R” represents Recycled Media. Also F4 (1), F4 (2), and R4 (1), R4 (2) are samples from the 

last date of growth period.) 

The dendogram indicated further distinctions between the FT and RT treatments. For the RT 

bacteria community there is a gradual shift between the first harvest and last harvest 

samples, while the bacterial community within the FT treatments is more randomly distributed 

throughout the dendogram (Figure 3c). The gradual change of bacterial community within the 
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RT treatment may indicate that the bacteria present within the RT culture were under a 

higher selective environment; therefore bacteria more suited to the hypersaline conditions 

and are able to grow with Tetraselmis subcordiformis and become more dominant.  

To further estimate the diversity and distribution of the bacterial community within the RT and FT 

treatments, Shannon Weaver index and Equitability indices were calculated (Figure 3a and 

3b). The diversity of RT bacterial community tended to increase before the first harvest, and 

remained stable during the other harvest cycles, and finally decreased at the last harvest 

cycle of the investigation. The diversity of the bacterial community from FT did not show a 

clear trend in this study, exhibiting increases and decreases in bacterial diversity throughout 

the experimental period (Figure 3a). The RT bacterial diversity would have had fewer 

introductions of new bacteria during each harvest cycle stage in comparison to the FT 

treatment which used fresh seawater to replenish the water loss during the harvesting stage, 

this may explain why the RT treatment bacterial diversity was much more stable in 

comparison to the FT treatment.  

The Equitability index shows how evenly the bacterial communities are distributed (Figure 3b). 

The Equitability index of the RT treatment declined gradually from the first harvest to last 

harvest (EI: 0.7 – 0.5), this may indicate that a few bacterial strains such as Vibrio sp. where 

becoming dominant over the investigation. Again, the Equitability index of the FT treatment 

bacteria community did not follow a trend, this could be a result of the harvesting and 

reintroducing new bacteria during each harvest cycle.  

3.3 Algal community dynamics between the use of recycled media and fresh seawater. 
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Figure 4. Microalgae selected for identification within the algal PCR- DGGE gel. 

Table 2.Algae identified within the both the recycled and fresh media.  

 

The algal community was investigated to observe how competitive Tetraselmis subcordiformis 

was in comparison to other algae in unsterile conditions. It was observed that there were two 

Tetraselmis sp. present throughout all of the samples; they were identified as band 1 and 

band 2 (Figure 4). Additionally it was observed that there were more microalgae present 

within the FT culture in comparison to the RT culture (Figure 4), this suggests that the 

environmental pressure in hyper saline conditions help Tetraselmis subcordiformis (Band 1) 

to become dominant over time. The FT would have introduced new algae as fresh seawater 

was added to replace the lost water during the harvest cycles, as a result of the continuous 

Band Species Similarity Accession number

Band 1 Tetraselmis subcordiformis 99% FJ559380.1

Tetraselmis cordiformis 97% HE610165.1

Band 2 Tetraselmis striata 98% FN563077.1

Tetraselmis carteriiformis 98% L42992.1

Band 3 Chlamydomonas pitschmannii 99% Z15152.1

Chlamydomonas Moewusii 97% X68916.1
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introduction of the new algae into these hyper saline conditions caused constant changes in 

the algal diversity. 

 

Figure 5. Algal communities analysis for recycled and fresh seawater media: (a) Shannon 

Weaver Index (b) Equitability Index (c) Dendogram (F: Fresh seawater medium, R: Recycled 

medium, and F4,1; F4,2; R4,1;R4,2 represent the last day of growth period.). 

The FT and the RT treatments were separated into two groups according to the algal dendogram 

(Figure 5c). The FT was found to have similar algal communities over the whole 

investigation. The RT algal communities were separated into two clusters in the dendogram 

(Figure 5c). The Shannon Weaver index illustrates that the FT had a higher diversity over the 

whole investigation in comparison to the RT, additionally a similar trend was observed with 

the algal Equitability Index, where a more dominant microalgae where observed in the RT 
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treatment in comparison to the FT treatment. This indicates that the use of a RT can maintain 

a microalgal monoculture better than if adding fresh seawater to replace lost water during 

harvesting.  

3.4 Water footprint.  

 

Figure 6. RT and FT treatments seawater usage comparison in litres. 

In order to compare the water footprint of RT and FT treatment, the seawater usage was 

compared for recycled and fresh media treatments. It was obvious that RT used the same 

amount of seawater throughout the period, while FT required continuous addition of 

seawater. For three repetitive harvests, eliminating the minor loss of water from evaporation, 

a total of 15 litres of seawater was saved. Therefore a large sum of seawater usage could be 

reduced for larger scale production.   

4 Conclusion. 

It was observed within this investigation that the use of recycled media helped control non-

desired bacteria and was slightly selective towards Tetraselmis subcordiformis. The 
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dominating bacteria found within both the RT and FT treatments where Vibrio sp., 

Cyanobacterium sp. and Rhizobium sp.. The water footprint was significantly reduced using 

recycled media. Hence it is suggested for large-scale production to use recycled media not 

only to be selective towards certain beneficial bacteria, but also to obtain higher microalgae 

growth rate with reduced water footprint for the bio crude oil production.  
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Conclusion 

This thesis presented the different closed loop systems that are used within the microalgae 

biofuels sector. Previously there was little known about how these closed loop systems 

affected the algae of interest and the microbial community present within the culture. 

Developing a greater understanding of closed looped systems   provide   insight into the 

future research goals within the algal biofuel industry. 

Nutrient closed loops 

Nutrient recycle loops are an important research area within the algal biofuel industry due to 

the potential economic benefits. Digestate in particular was identified as a key nutrient, its 

benefits are associated with a high nitrogen content and potential methane production. 

Digestate may be an alternative nutrient source although it may only be suitable for some 

microalgae as studies have also shown negative growth on digestate. With this consideration 

the application of digestate as a nutrient source is feasible but is highly species selective.  

With the current trends in algal biofuels, HTL is becoming more popular. The use of the HTL 

AP is now seen as a potential nutrient source. HTL AP has a much higher nitrogen content of 

in comparison to algal digestate effluent. As discussed in chapter 4 the use of the HTL AP 

has it draw backs due to its negative impact on microalgal growth and high levels of dilution 

required for the growth of Tetraselmis sp.. However it was shown that it was possible to 

introduce the use of active carbon filtration to improve the growth of microalgae digestate. I 

believe that future research within the algal biofuels field will be more focused on the HTL AP 

and utilising it to produce biomass or energy.  There is plenty of scope with the various 

microalgae that it can be applied too. However further research is required to firmly seed the 

HTP AP as a nutrient source.  

Nutrient recycling has been identified as a process that would be applied at large scale. Initial 

testing of the suitability of the microalgae of interest is suggested to determine its potential 

performance on waste streams.  

Water closed loops 

The recycling of water is an essential step within the algal biofuels sector to ensure that the water 

footprint is reduced and that the technology is economically viable. Within this thesis I have 

displayed that there are many additional benefits of recycling water; the culture tended more 



pg. 82 
 

towards a monoculture of Tetraselmis sp. with each recycle period, whilst the beneficial 

bacteria associated with the growth of the Tetraselmis sp. were preserved. 

Additionally it was shown that the introduction of new water into a culture can introduce 

undesired microorganisms such as other microalgae, bacteria, and protozoa. Interestingly 

the presence of protozoa was found to have no impact on our culture over 10 days. This was 

an interesting outcome as the perception of large-scale microalgal growth was if protozoa are 

present, there exists a high potential for biomass losses. The rotifers were more varied in 

terms of their growth patterns in comparison to Tetraselmis sp. which exhibited highly stable 

growth patterns throughout the experiment. This indicates that the impact of protozoa may be 

may be species and culture dependent, with optimisation of the algal culture preventing 

culture damage. Further research within this area may lead to enhanced understanding of 

why some different studies report very different outcomes in terms of microalgal growth in the 

presence of protozoa. I believe that future research on closed loop water systems will be 

focused on tracing nutrients through large scale open ponds, and on how symbiotic 

organisms grow and improve microalgal growth within these closed loop water systems. 

There is little known about the nutrients loads within each section, the changes to the 

chemical composition, trace metals and vitamins over each recycling stages, and how the 

harvesting systems after electroflocculation effects the chemical composition of the water. In 

addition, following algal death and lysis during the water recycle process, and how the 

microorganisms consume the dead algae and the products will also lead to significant 

increased knowledge. 

Overall this thesis expanded the understanding of closed loop systems used within the algal 

biofuels sector.  
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