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ABSTRACT 

The anaerobic digestion of microalgae is a potential environmentally feasible 

option for creating a renewable source of energy for industrial and domestic needs. 

Microalgae anaerobic digestion is a key unit process that integrates efficiency and 

beneficially into the production of microalgae derived biofuels. Anaerobic digestion 

culminating in methane fermentation improves the economic viability of microalgae 

liquid biofuel production and presents an opportunity for power generation from 

wastewater derived microalgae. However the anaerobic digestion of halophytic 

microalgae biomass is not straight forward due to several technical restraints 

including low concentration of digestible biodegradable substrate, recalcitrant 

substrate constituents, cell wall degradability and effects from salinity and associated 

metal ions.  

To address the quantification of low biodegradable substrate associated with 

microalgae cultures, development of a high throughput methodology to determine 

the quantification of suspended microalgae biomass content and other water quality 

parameters via turbidity measurements was determined. The development of the 

new management tool allows faster operational control from a simple turbidity 

analysis, reducing time delays to fewer than 5 minutes and avoids expensive 

laboratory testing. Further development of this management tool will support the 

operational control for biofuel pond management and wastewater treatment plants. 

This management tool provides a rapid quantification of biomass and allows 

harvesting volumes to be calculated to allow consistent volatile solid and chemical 

oxygen demand loading to anaerobic digesters.  



The anaerobic digestion of halophytic microalgae biomass however, has a 

significant challenge to be mitigated before this technology can be beneficial for the 

burgeoning microalgae industry. The halophytic microalgae biomass as a potential 

substrate feedstock for anaerobic digestion will have salinities > 35 ppt. To address 

this issue the first section of my PhD research focussed on the changes undertaken 

in the bacterial community associated with the anaerobic digestion of piggery effluent 

under increasing saline conditions with the aim of establishing a saline tolerant 

anaerobic digestion inoculum capable of digesting feedstock’s under high salinity 

conditions.  

Favourable results from this inoculum development study allowed the second 

part of the PhD research to be investigated where the anaerobic digestion of 

halophytic biomass was investigated utilising the inoculum established from the initial 

component of the reported study. Results of the later study demonstrated that a 

hyper saline inoculum was achieved and subsequent DGGE fingerprinting of the 

bacterial community detected several high salinity methanogens at a salinity of 7% 

and validated the establishment of a halo-tolerant anaerobic digestion community. 

Establishment of a halo tolerant anaerobic digestion community was further validated 

by significant methane production at the high 7% salinities. This inoculum was then 

used for all other reported studies. 

Another major difficulty associated with the anaerobic digestion of microalgae 

is the need to disrupt the cell wall allowing the cell contents to be processed by the 

bacterial community. In this study I compared the methane production from lipid 

extracted, pre-treated disrupted and non-pretreated Tetraselmis sp. microalgae 

respectively. Results demonstrate that a methane production of 122 mL per g VS for 

the lipid extracted Tetraselmis sp. biomass. This result demonstrates that after the 



extraction of lipid for use in biofuel production residual lipid extracted microalgae 

biomass is a viable feedstock for methane production.  A methane production of 252 

mL per g VS and 248 mL per g VS was reported for the non-disrupted algae and pre-

treated disrupted Tetraselmis sp. respectively. This study also identified the ability of 

the anaerobic digestion microbial community to undertake cell lyses via microbial 

degradation of the Tetraselmis sp. microalgae. Cell lyses by the anaerobic digestion 

microbial community can offer a direct conversion pathway for energy production 

were whole biomass can be harvested and concentrated and directly fed to the 

anaerobic digester without energy intensive pre-treatment or processing being 

required. 

Investigation was also undertaken to quantify the suitability of anaerobically 

digested halophytic Tetraselmis sp. microalgae digestate as a nutrient feed stock to 

form a closed loop nutrient system. To determine microalgae digestate suitability I 

established that the following factors needed to be observed: growth, lipid content, 

and the bacterial community diversity. Microalgae digestate was diluted according to 

the concentration of NH4
+ content (20, 40, 60, 80 mg/L) and compared against a 

standard medium for Tetraselmis sp.. The growth rate on the microalgae digestate 

media was not as rapid as the F/2 standard medium and the high microalgae 

digestate media concentrations correlated with lower total lipid contents, additionally 

acyl carrier proteins (ACP) gene expression rates displayed lower lipid gene 

expression within high microalgae digestate treatments. Lastly, higher 

concentrations of microalgae digestate were correlated with a higher bacterial 

diversity in the bacterial community throughout the investigation. No significant 

difference in lipid production and satisfactory growth was recorded for the lower 

microalgae digestate treatments. These results confirmed the suitability of 



microalgae digestate as a suitable nutrient source for use in the production of 

Tetraselmis sp. biomass for lipid and biofuel production. 
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Chapter 1: Introduction 

 

1.1 Overview. 

The major aim of my PhD research was to anaerobically digest halophytic 

microalgae biomass into valuable products. These include methane bio-gas that can 

be utilised for on-site energy production, and the remineralisation of valuable nutrients 

that can be used in a closed loop system for the continuous production of halophytic 

microalgae biomass. 

The first stage of my PhD was to undertake a comprehensive literature review 

to investigate what experimental work that had been reported on the anaerobic 

digestion (AD) of microalgae biomass. This literature review identified several key 

restraints to the AD of microalgae. These key restraints included inhibition from 

salinity, cell wall permeability, concentrating and dewatering of biomass and ammonia 

inhibition.   The final literature review is presented in Chapter 2 and was published in 

the Journal of Algal research. 

One problem identified in the literature review was the requirement for a 

consistent and concentrated biomass feeding rate for the digester. This was achieved 

by dewatering and concentrating microalgae biomass. Work was undertaken on 

quantifying algae biomass content within cultures to allow correct harvest rates to be 

utilised to deliver sufficient biomass after the concentrating and dewatering steps. 

Microalgae culture biomass concentrations are highly variable and can change daily 

depending on growth conditions and environmental factors. Daily harvesting of the 

same volume of pond culture would result in different quantities of microalgae biomass 

depending on the cell concentration at the time of harvest. Therefore multiple 

1



regression correlation equations were developed to model the amount of microalgal 

biomass within the culture solution. These correlations allowed the quantification of 

the dependant variables: total solids, volatile solids, chemical oxygen demand and 

culture cell density, which were correlated with turbidity as the predictor variable. 

Turbidity can be readily measured utilising a handheld turbidity meter allowing simple 

operation by a pond operator, removing many hours of laboratory work to generate 

the equivalent data. This multiple regression model also has the potential to be utilised 

with the management of microalgae raceways at microalgae based wastewater 

treatment facilities. This work is presented in Chapter 3 and was published in the 

Journal of Water Process Engineering.    

Another major challenge of this project was to undertake AD under high ionic 

conductivity that results from the high salinities that are associated with the culture of 

halophytic microalgae. To address this issue microbiological genetic fingerprinting 

methods were utilised to understand the response of the microbial community under 

the influence of high ionic conductivity. To determine the activity and response of the 

microbes associated with this three stage process: two separate primer sets were 

used; one to target the overall microbial population (Muyzer primers) and the second 

methanogenic specific primers were used to investigate the methanogen microbial 

population. Methanogen archea have been deemed the most sensitive microbes in 

the process of converting organic material to methane. Therefore the investigation of 

these methanogen archea will have an integral role identifying the effects ionic 

conductivity plays on this community and their response to increasing environmental 

ionic conductivity. Results of this investigation are contained in Chapter 4 and 

published in the Journal of Algal Research.  

2



Due to the microbial investigation a halophytic AD inoculum was produced 

allowing further work to be undertaken on the AD of halophytic microalgae under high 

ionic conditions. With this inoculum an investigation of the cell wall permeability and 

pre-treatment methods was undertaken, which included quantifying the methane 

potential of lipid extracted microalgae biomass. This work is presented in Chapter 5 

and published in the Journal Bioresource Technology. 

Investigation of the digestate as a nutrient source was necessary as utilisation 

of the digestate produced from anaerobically digested microalgae biomass was 

required. This work also investigated the associated microbial community with the 

digestate and its effect on the microalgae culture and growth. Lipid production from 

microalgae biomass was also investigated utilising microalgae digestate during this 

study. This work is presented in Chapter 6 and published in the Journal of Bioresource 

Technology. 

 

1.2 Background 

Anaerobic digestion (AD) processes utilise microbial activity in the absence of 

oxygen for the stabilisation of organic materials and liquefaction of solids, by 

conversion to methane and inorganic end products including carbon dioxide and 

ammonia nitrogen (McCarty, 1964a). The primary objective of the anaerobic process 

is to stabilise organic matter with a concurrent reduction in odours, pathogen 

concentration, and the amount of solid organic material that requires further 

processing, making AD highly suitable for the processing of residual biofuel biomass. 

AD of organic biological matter is a complex process involving many types of microbes 

that work in an assembly line fashion (Metcalf and Eddy, 2006, McCarty, 1964a). Older 

3



research and literature identified a three stage assembly line process is involved in the 

AD process. The first of three stages are hydrolysis and liquefaction of feedstock to a 

size and form that can pass through the microbial cell walls for use as energy (Parkin 

and Owen, 1986). The second fermentation step produces volatile fatty acids (VFA) 

and hydrogen by hydrolytic and acidogenic bacteria. The third methanogenesis stage 

deals with methane biogas production by methanogenic archea (Guerrero et al., 1999, 

Parkin and Owen, 1986).  

More current literature identifies this process as a four stage process (Speece, 

2008). The first stage is the liquefaction and hydrolysis of the feedstock. The second 

stage involves the acidogenesis where volatile fatty acids are produced. The third 

stage is the acetogenesis stage where longer chain VFAs are further reduced to 

acetate. The fourth methanogenesis stage involves the conversion of this acetate to 

methane by methanogen archea (Speece, 2008).  

 

1.3 History of AD 

Historically AD has been used for the stabilisation of raw, domestic sewage 

sludge typically removed from primary sedimentation (McCarty, 1964a). As early as 

the eighteenth century the formation of methane from anaerobic decomposition of 

organic deposits was known (Hughes et al., 1982). France is credited with having 

made one of the first significant contributions towards the anaerobic treatment of 

wastewater suspended solids. In December 1881 and January 1882 there appeared 

in the French journal Cosmos a description of an airtight chamber developed by M. 

Louis Mouras called the “Mouras automatic scavenger” in which suspended solid 

4



organic materials in wastewater were liquefied (Monigo, 1882) cited in (Hughes et al., 

1982). 

Other studies on liquefaction of wastewater solids in the absence of oxygen 

were conducted by several authors these included W.D. Scott-Moncrieff in 1890/91, 

A.C. Houston in 1892/93, the Massachusetts State Board of Health in 1894, Donald 

Cameron of Exeter in England in 1895, A.N. Talbot in Illinois in 1894 and Champaign, 

Illinois in 1887 (Metcalf and Eddy, 1915) cited in (Hughes et al., 1982). Their 

discoveries were utilised in the treatment of wastewater suspended solids and were 

the beginnings of the first anaerobic digester now commonly known as the septic tank 

(Hughes et al., 1982).  

The value of methane production during sludge decomposition and solids 

liquefaction was first recognised in 1895 by Donald Cameron, and gas produced in 

septic tanks at Exeter was used for heating and lighting at the Exeter sewage works 

(Hughes et al., 1982). In 1897 waste disposal tanks at a leper colony in Matunga, 

Bombay, are reported to have also been equipped with gas collectors and used to 

drive gas engines (Buswell and Hatfield, 1928-1929). 

Research continued on the development of septic tanks and AD by engineers 

such as Clark, H.W. 1899, William O Travis, 1904, and Imhoff, K., 1905 (Metcalf and 

Eddy, 1915) cited in (Hughes et al., 1982). Collection of gas and heating experiments 

were conducted in 1914 in Germany and in 1923 the gas was collected on a large 

scale and delivered to the municipal gas system at the Essen-Rellinghausen plant 

Germany (Hughes et al., 1982).  

Numerous studies up to the 1930’s have led to a better understanding of the 

importance and the operation of anaerobic systems. Hence by the end of the 1930’s 

5



sufficient understanding of the process had developed to allow practical application 

for the treatment of municipal waste sludge’s (Hughes et al., 1982). 

Further development in AD continued and a better understanding of the process 

was developed. Buswell et al. (1932) developed several stoichiometric equations to 

quantify the end products produced from the AD process. 

 

EQ-1 

(𝐶𝑎𝐻𝑏𝑂𝑐𝑁𝑑) + (
4𝑎−𝑏−2𝑐+3𝑑

4
)𝐻2𝑂 → (

4𝑎−𝑏−2𝑐+3𝑑

4
) 𝐶𝐻4 + (

4𝑎−𝑏+2𝑐+3𝑑

8
) 𝐶𝑂2 + 𝑑𝑁𝐻3 

Where a = carbon content, b= hydrogen content, c = oxygen content and d is 

the nitrogen content contained in the substrate. 

EQ-2 

Methane yield (litres/g (VS) destroyed) =     (
4𝑎+𝑏−2𝑐−3𝑑

12𝑎+𝑏+16𝑐+14𝑑
) ∗ 𝑉𝑚   

 Where Vm is the molar volume of methane = 22.14 l at 0 °C and 1 atm. 

When the composition of the wastewater or substrate is known, Equations 1 and 2 

allow the theoretical gas composition to be calculated on a percentage basis and also 

the volume of methane gas to be calculated. The volume of gas is dependent on the 

quantity of volatile solids available or the Chemical Oxygen Demand (COD) of the 

substrate being digested.  

Equations 1 and 2 are now formally accepted and a large quantity of literature 

and wastewater engineering manuals utilise these equations to calculate the 

theoretical gas production and quantities of end products produced from different 

substrates (Metcalf and Eddy, 2006, Sialve et al., 2009).The percentage of methane 

gas and other products produced can be calculated from Equation 1. In Equation 1, 
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the organic matter is stoichiometrically converted to methane, carbon dioxide and 

ammonia. The adaption of Equation 1 (Buswell and Boruff, 1932) to Equation 2 allows 

the specific methane yield expressed in litres of CH4 per gram of volatile solids (VS) 

to be calculated (Sialve et al., 2009).The use of Equation 1 and 2 allows the theoretical 

stoichiometric gas potential to be compared to actual gas volumes produced during 

AD operation and experimental work. They have become very useful to determine the 

efficiency of the digester setup and operational conditions used in digesters.  

 

1.4 Development of AD 

The development of AD has become quite detailed over the years since its first 

discovery back in 1882. A large amount of experimental research has been done on 

different aspects of AD including hydraulic retention times, loading rates, carbon 

nitrogen ratios, temperature and pH (Parkin and Owen, 1986, McCarty, 1964a, 

McCarty, 1964b, McCarty, 1964c, McCarty, 1964d). Currently digesters are operated 

under two different modes, the batch mode and the continuous mode: batch digesters 

are the simplest, the process involves loading the feedstock into the digester vessel 

and starting the digestion process. Once the digestion is complete, the residue is 

removed and another batch digestion started. The second mode is the continuous 

digestion mode; continuously run digesters involve regular feeding of waste into the 

digester vessel to continuously produce biogas (Metcalf and Eddy, 2006). This type of 

digester is suitable for large-scale operations processing large amounts of continuous 

waste and is highly suited to the processing of residual biofuel biomass (Metcalf and 

Eddy, 2006).  
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Since 1882 a large amount of research has been done on the design and 

engineering of the actual digester configuration. Different designs have become 

available and include covered pond digesters (Heubeck and Craggs, 2010), plug flow 

digesters (Lansing et al., 2010), membrane filtration digesters (Anderson et al., 1986, 

Nagano et al., 1992), up-flow anaerobic sludge blanket digesters (USAB) (Goodwin et 

al., 2001, Gao et al., 2007, Ramasamy et al., 2004), two stage digesters (Ward and 

Kumar, 2010, Dinsdale et al., 1996), anaerobic sequencing batch reactors (ASBR) 

(Dugba and Zhang, 1999, Shao et al., 2008), anaerobic film expanded bed digesters 

(AFEB) (Kelly and Switzenbaum 1984), buoyant filter bed reactors (BFBR) (Haridas 

et al., 2005) and submerged in pond fermentation pits (Green et al., 1995). These 

anaerobic digesters have been developed to digest different substrates with different 

characteristics for example the USAB reactor is ideal for wastewaters with a high 

suspended solid loading rates (Goodwin et al., 2001), whereas the BFBR reactors are 

ideal for wastewaters with a high lipid contents (Haridas et al., 2005). Most research 

into anaerobic digester technology has predominately evolved and changed to suit the 

treatment of wastewater where energy maximisation has not been the first priority 

(Shilton and Guieysse, 2010).  

Recent research on AD has utilised molecular biology techniques to identify 

and monitor different microbes associated with the AD process (Patil et al., 2010a, 

Patil et al., 2010b, Skilman et al., 2009). These new genetic and molecular techniques 

are revolutionising the understanding of the AD process as they are directly quantifying 

the microbial responses that these microbial communities undergo when stress or 

environmental change is applied to the AD community (Patil et al., 2010a). One 

molecular method utilised to study the microbial community utilises a genetic 

fingerprinting technique called polymerase chain reaction denaturing gel gradient 
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electrophoresis (PCR DGGE) to separate the microbial community (Patil et al., 2010b, 

Patil et al., 2010a). The separation of the microbial community is important as it allows 

the diversity and identification of the methanogen and microbial community and allows 

the influence from high salinity conditions and the associated response and adaptation 

of these communities. The PCR DGGE technique is used in this PhD study to 

investigate the microbial community change when high ionic conductivities are applied 

to the AD microbial community.  

The AD process has been adapted to deal with a large amount of different 

wastewaters from industry, food processing plants, intensive livestock system wastes 

and human effluent aspects (Speece, 2008). Nallathambi et al. (1997) provides an 

excellent review on various types of substrates that have been used for digestion. 

Although this publication was published in 1997 it still provides a good insight into the 

diversity of wastewaters and plant feed stocks that have been researched in scientific 

literature. Substrates covered in this paper include weeds, woods, grasses, leaves fruit 

and vegetable solid waste, organic fractions of municipal wastes and fresh and salt 

water derived biomasses. A large quantity of literature has been produced on the AD 

of microalgae. The fundamentals of this research is not discussed in this introduction 

section as a comprehensive literature review on the AD of microalgae is presented in 

chapter two of this thesis.  

 

1.5 Biofuel and the AD perspective 

The AD of biomass for bio-gas production received renewed attention when 

global oil crisis occurred, due to its viability as an alternative fuel source (Sialve et al., 

2009). Interest in AD has greatly increased during these periods as bio-gas was seen 
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as a renewable and viable source of energy. In the 1970s oil crisis there was a strong 

interest in the cultivation of highly productive macroalgae for bio energy production 

(Briand and Morand, 1997). Development of feedstock for methane bio-fuel production 

from marine macro-algae biomass led to significant plans for extensive marine farms 

(North, 1980) but these failed as the economic climate became favourable once again 

for fossil fuels. 

The “first and second generation of bio-fuels” have focused largely on the 

production of bio-fuels from food plant crops (Habig and Ryther, 1983). In these 

systems solar energy is used to drive the photosynthetic fixation of carbon dioxide to 

organic matter. The organic matter (biomass) is then harvested and then used directly 

as a combustible fuel or converted to another form such as ethanol hydrogen or 

methane (Keenan, 1976, Hansson, 1983, Chang et al., 2010). These “first and second 

generation bio-fuels” have been highly criticised for their use of valuable food crops 

as feed stock for fuel production. This negative criticism is due to use of valuable 

agricultural land and scarce water resources for their production (Fenton and 

Ohuallachain, 2012). Biofuel production from food crops places increased pressure on 

the price of food and the use of valuable land and water resources, and has been 

deemed unsustainable (Ras et al., 2010). 

Recent research focus on bio-fuel production has transitioned towards what is 

known as “third generation of bio-fuels” (Mussgnug et al., 2010). Third generation 

biofuels utilise macroalgae and microalgae as a feedstock for the production of 

alternative bio-fuel (Mussgnug et al., 2010). Microalgae are highly productive and are 

generally able to produce large quantities of biomass more efficiently than terrestrial 

plants (Collet et al., 2010, Stephans et al., 2013).  The photosynthetic efficiency of 

microalgae in engineered systems can reach 4-5% of the solar energy compared to 
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1-2% for terrestrial plants (Walker, 2009, Shilton and Guieysse, 2010). Some species 

of microalgae that have also been identified for their potential as feedstock for bio-

fuels are grown in a marine environment (Fon Sing et al., 2014). The use of saline 

water for their production offers a great incentive due to their ability to use unproductive 

land and sea or brackish water, hence reducing pressure on current agricultural land 

and water resources. However ionic conductivity / salinity at moderate concentrations 

can inhibit microbes associated with AD and pose a significant problem to overcome  

(Parkin and Owen, 1986, McCarty, 1964b). 

 

1.6 Ionic conductivity 

Ionic conductivity is made up of multiple elements and can vary depending on 

the source of water and its associated environment. The sodium ion which makes up 

a large percentage of the ionic conductivity of seawater has been shown to cause 

inhibition in AD (Sialve et al., 2009, Speece, 2008). The AD under high ionic 

conductivities is a major issue addressed by my PhD research. The inhibition by 

sodium can vary depending on the source of inoculum and overall composition of the 

total ionic conductivity of water and substrate being digested (Metcalf and Eddy, 2006, 

Parkin and Owen, 1986, Mc Carty and Mc Kinney, 1961, Speece, 2008). The inhibition 

by sodium on AD is well documented and reported in scientific literature (Speece, 

2008, Parkin and Owen, 1986, Chen et al., 2008, McCarty, 1964c, Mc Carty and Mc 

Kinney, 1961, Rinzema et al., 1988, Kugelman and McCarty, 1964, Zhang et al., 2012, 

Metcalf and Eddy, 2006). 

Parkin et al. (1986) and McCarty (1964b) have recorded that a sodium 

concentration of 3500-5500 mg/l can have a moderate inhibitory effect on AD and at 
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sodium concentrations above 8000 mg/l can be extremely inhibitive. Halophytic 

microalgae used in the experiments reported in this thesis are grown at ionic 

conductivities that average 7% (Fon Sing et al., 2014). Approximately 21000 mg/L of 

this salinity or ionic conductivity is comprised of sodium (Segar, 1997).  

This average microalgae production sodium concentration is approximately 2.5 

times higher than the extremely inhibitory sodium concentrations reported in literature 

by (Parkin and Owen, 1986, McCarty, 1964b). This high sodium concertation of the 

culture environment for the Tetraselmis sp. microalgae utilised as feedstock in this 

thesis demonstrates the challenge to be overcome by this research. The development 

of a halophytic AD microbial community is essential for the implementation of this 

biotechnology into a high salinity biofuels production system.    

 

1.7 PhD objectives  

The main focus of my PhD will be to investigate the influence of high ionic 

conditions on the anaerobic digestion microbial community utilising Tetraselmis sp. 

microalgae as a feedstock. The development of a halophytic AD microbial community 

and the determination of the anaerobic digestibility of Tetraselmis sp. microalgae and 

quantification of AD end products are key objectives of my PhD study.  These valuable 

end products include methane bio-gas that can be utilised for energy production on 

site, and the remineralisation of valuable nutrients that can be used in a closed loop 

system for the continuous production of halophytic microalgae biomass. It is envisaged 

that this high salinity AD community could reduce electrical consumption and offset 

the nutrient use within the microalgae biomass production systems greatly benefitting 
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the economics and environmental sustainability of the microalgae based biofuels 

industry. 
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The anaerobic digestion of microalgae is a prospective environmentally feasible option for creating a renewable
source of energy for industrial and domestic needs. Microalgae anaerobic digestion is a key unit process that in-
tegrates efficiency and beneficially into the production ofmicroalgae derivedbiofuels. Anaerobic digestion culmi-
nating in methane fermentation improves the economic viability of microalgae liquid biofuel production and
presents an opportunity for power generation from wastewater derived microalgae. However the anaerobic di-
gestion ofmicroalgae biomass is not straight forward due to several technical restraints including low concentra-
tion of digestible biodegradable substrate, recalcitrant substrate constituents, cell wall degradability, low carbon
to nitrogen ratio, ammonia toxicity and effects from salinity and associated metal ions.
Current productionmethods for liquid biofuel production frommicroalgae produce approximately 60–70% resid-
ual biomass that is currently a byproduct. Anaerobic digestion provides biogas, but it can also provide essential
nutrient recovery from lipid extracted microalgae biomass. The biogas produced from the anaerobic digestion
process can be used to generate onsite electrical power or thermal heat to offset biomass processing and extrac-
tion processes. When both of these processes are integrated and operated simultaneously, the benefits to
microalgae biofuel production and wastewater treatment derived energy production are increased significantly.
To consider the integration of anaerobic digestion into a commercial-scale integratedmicroalgae production and
biofuel refinery facility or wastewater treatment plant we present a review of the literature, the current state of
the art and future directions for research.
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1. Introduction

1.1. Algae based biofuels

With the current increasing global population and the associated in-
crease in fossil fuel use and demand, there has been an increased inter-
est in renewable energy sources based on biomass transformation
[1–3]. The use of agricultural derived biomass to produce biofuels has
gained momentum [4,5]. This push for agricultural based biofuel pro-
duction can lead to other less obvious problems for example eutrophica-
tion, resource depletion, reduced biodiversity due to current farming
practices and the direct competition with current food crops [5,6].

Microalgae offer an interesting alternative feedstock for the produc-
tion of biofuels. Microalgae have a high total yield and hence a lower
land use footprint and can utilise land areas that are unsuitable for
food production [1,7]. In additionmicroalgae production has the poten-
tial to utilise CO2 emissions and offers the potential for a carbon neutral
biofuel [8].

Biofuel production frommicroalgal feedstock has several challenges
to overcome before it can become a mainstream industry capable
of producing the quantity of biofuel required at a competitive price.
Challenges faced by the industry include demand for fertiliser due to
microalgae's significant utilisation of nutrients, high energy inputs
required for harvesting and dewatering biomass and for the lipid ex-
traction and conversion processes. Anaerobic digestion can offer a path-
way to eliminate some of the overheads of the production cycle by
producing biogas for utilisation in electricity production or thermal en-
ergy production. This benefit is highly dependent on the biofuel plant
process and location, and the costs associated with natural gas prices
and electricity prices will determine the efficiency improvement
resulting from the biogas utilisation. In addition, the recovery of valu-
able nutrients from biomass via anaerobic digestion is essential for the
sustainability of the algae biofuel industry. It is anticipated that the in-
corporation of anaerobic digestion in microalgae biofuel production
and bio-refinery processes will increase the cost effectiveness of the
productionmethods, helping it to becomeeconomically feasible and en-
vironmentally sustainable. Fig. 1 illustrates the conceptual implementa-
tion of anaerobic digestion into algal production processes. Three
pathways have been defined: pathway 1 shows the direct anaerobic di-
gestion after the biomass harvest and concentration step. Pathway 1
could be utilised in a wastewater process where the cell wall is degrad-
able by bacterial activity within the digester. The second pathway

illustrates the anaerobic digestion of biomass after cell wall disruption
prior to conversion. The third pathway is the traditional biodiesel prac-
tice where lipid is extracted and residual algal biomass is converted to
biogas by anaerobic digestion and methane fermentation.

1.2. Historical perspective of anaerobic digestion

Historically anaerobic digestion has been exploited for the
stabilisation of raw, domestic sewage sludge that is typically removed
from primary sedimentation basins [9]. However anaerobic digestion
for bio-methane production has received renewed attention due to its
viability as an alternative and renewable fuel source [10,11].

Municipal and Industrial anaerobic digestion of organic waste
streams is widely practiced and recognised as a mature technology for
producing biogas [12]. Anaerobic digestion has been included in the
“first generation of biofuels” that have been developed in recent years.
The “first generation biofuels” have focused largely on the production
of biofuel from terrestrial plant crops [13]. In these systems solar energy
is used to drive the photosynthetic fixation of carbon dioxide to organic
matter. The energy crop is harvested and then used directly as a com-
bustible fuel or converted to another form such as ethanol, hydrogen
or methane [14–16]. These “first generation biofuels” have been highly
criticised for their use of valuable food crops as feedstocks for fuel pro-
duction. This criticism is due to the utilisation of valuable agricultural
land and scarce water resources for feedstock production. With the up-
ward pressure exerted on food prices, biofuel production from food
crops has been deemed unsustainable [6,16].

2. Macroalgae and anaerobic digestion

Interest in the cultivation of microalgae for the production of bio en-
ergy, as one form of solar energy, was born in the 1950s, but when the
global supply of oil was interrupted twice during the 1970s, interest in
the cultivation of highly productive macroalgae for bio energy produc-
tion was accelerated [11]. Macroalgae received a large amount of atten-
tion as a biofuel feedstock due to its prolific growth in eutrophic coastal
water fouling beaches and coastal waterways. Anaerobic digestion has
been used to dispose and process thismaterial for the production of bio-
gas [11,17]. Development of feedstocks for methane biogas production
from macroalgae biomass led to significant plans for extensive marine
farms [18,19], but these failed as the economic and geopolitical climate
became favourable once again for fossil fuels.

2. Disrupted
Biomass

3. Lipid 
Extracted 
Biomass

1. Direct  
Conversion

Biomass 
cultivation

Concentration Disruption Biomass 
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Biofuel

Anaerobic 
Digestion

Methane
Nutrients recycle

Fig. 1. Conceptual visualisation of anaerobic digestion incorporation into algal biofuel production.
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Some of the problems that have been associated with anaerobic
digestion of marine macroalgae include recalcitrant material such as
polyphenols, cellulosic fibres and lignin type components resulting in
the reduced biodegradability of the biomass by bacterial processes,
hence limiting digestibility and gas production [20,11]. Also some high
sulfide containing macroalgae species have been found to inhibit the
anaerobic digestion process [17]. Other problems associated with the
use of macroalgae for biofuel production include the seasonal growth
associated with different types of macroalgae and hence variable feed-
stock for biogas production [11,17]. Macroalgae are again receiving
attention as a substrate for anaerobic digestion, but macroalage are
not discussed in the context of this review article.

3. Microalgae and anaerobic digestion

3.1. Historical and current perspectives

The focus on biofuel production is shifting towards what are known
as second and third generation biofuels [10]. The second generation of
biofuels utilise alternatives to food sourced biomass crops for feedstocks
in biofuel production. The third generation or advanced biofuels are
sourced from non-food crops, but the resulting fuel is indistinguishable
from its petroleum counterparts [5]. A promising approach within the
second and third generations of biofuels is the use of microalgae as a
biofuel feedstock [10]. Microalgae are highly productive and are able
to produce large quantities of biomass more efficiently than current

cultivation practices for terrestrial crops. The photosynthetic efficiency
of microalgae in engineered systems can reach 4–5% of the solar energy
compared to 1–2% for terrestrial plants [21].

The first authors to report on the anaerobic digestion of microalgae
biomasswere Golueke et al. [22]. They investigated the anaerobic diges-
tion of Chlorella vulgaris and Scenedesmus, microalgae species grown as
part of a wastewater treatment process. Oswald, the co-author from the
Golueke et al. [22,23] papers, continued research on anaerobic digestion
of microalgae that is reported in a series of scientific publications de-
scribing the role ofmicroalgae in sewage treatment using “Advanced In-
tegrated Wastewater Pond Systems” [24–33].

This early work by Oswald and co-authors identified several key fac-
tors that could hinder the digestion ofmicroalgae biomass; these factors
are discussed later in this review article. The data shown in Table 1 pro-
vides a summary of the research that has been undertaken on several
different microalgae species to date and highlights the gas potential
from microalgae as a viable process for the production of biogas.

The lowest gas production recorded from freshwater microalgae
biomass was ~70 mL g−1 VS (volatile solids) for untreated Microcystis
sp. [34]. The gas production reported in this experiment was low due
to the researcher's investigating inoculum start up volumes during the
bio-methane potential assays rather than maximising gas productivity.
The authors later recorded a gas production of 153 mL g−1 VS for the
same microalgae species utilising an optimised inoculum ratio. The au-
thors Lakaniemi et al. [35] reported a low production rate of 24 mL g−1

VS for the saline microalgae species Dunaliella tertiolecta. This low

Table 1
Methane production from the anaerobic digestion of microalgae biomass reported in scientific literature. (NR = Not reported).

Microalgae species C/N Ratio Methane yield Loading rate Reference

Arthrospira maxima 4.3–5.33 173 mL g−1 VS 500 mg/TS/L [48]
Arthrospira platensis N/R 481 mL g−1 VS 2000 mg/TS/L [10]
Blue green algae N/R 366 mL g−1 VS 281.96 mg/VS/L [121]
Chlamydomonas reinhardtii N/R 587 mL g−1 VS 2000 mg/TS/L [10]
Chlorella kessleri N/R 335 mL g−1 VS 2000 mg/TS/L [10]
Chlorella sp., Pseudokirchneriella sp. and Chlaqmydomas sp. N/R 0.28–0.60 m3/kg/VS 402 mg VS [8]
Chlorella sp., Scenedesmus, Euglena and Oscillatoria N/R 300–800 mL g−1 VS N/R [23]
Chlorella sp., Scenedesmus N/R 170–320 mL g−1 VS 1.44–2.89 g/VS/L [22]
Chlorella sorokiniana N/R 212 mL g−1 VS N/A [122]
Chlorella vulgaris N/R 403 mL g−1 VS 2 g/VS/L [66]
Chlorella vulgaris N/R 286 mL g−1 VS 5000 mg/VS/L [35]
Chlorella vulgaris 6 240 mL g−1 VS 1000 mg/VS/L [6]
Chlorella vulgaris N/R 189 mL g−1 VS N/R [122]
Chlorella vulgaris N/R 0.40–0.45 L 2677–6714 mg (COD) [43]
Dunaliella N/R 440 mL g−1 VS 910 mg/VS/L [123]
Dunaliella salina N/R 505 mL g−1 TS 2000 mg/TS/L [10]
Dunaliella tertiolecta N/R 24 mL g−1 VS 5000 mg/VS/L [35]
Durvillea Antarctica N/R 492 mL g−1 VS 3000 mg/dry/TS/d [72]
Euglena gracilis N/R 485 mL g−1 VS 2000 mg/TS/L [10]
Lake Chaohu natural population consortium N/R 295 mL g−1 VS N/R [77]
Macroystis pyrifera and Durvillea Antartica(50% blend) N/R 540 mL g−1 VS 3000 mg/dry/TS/d [72]
Macroystis pyrifera N/R 545 mL g−1 VS 3000 mg/dry/TS/day [72]
Microcystis sp. N/R 70.33–153.51 ml 1500–6000 mg/VS [34]
Nannochloropsis oculata N/R 204 mL g−1 VS N/R [110]
Nannochloropsis salina (lipid extracted biomass) 4.4 130 mL g−1 VS 2000 mg/l/VS [80]
Phaeodactylum tricornutun N/R 0.35 L g−1 COD 1.3 ± 0.4–5.8 ± 0.9 [47]
Scenedesmus obliquus N/R 287 mL g−1 VS 2000 mg/TS/L [10]
Scenedesmus obliquus N/R 240 mL g−1 VS 2000 mg/VS/L [47]
Scenedesmus sp. N/R 170 mL g−1 COD 1000 mg/COD/L [61]
Scenedesmus sp. (single stage) N/R 290 mL g−1 VS 18,000 mg/VS/L [107]
Scenedesmus sp. (two stage) Note: 46 mL/g/VS Hydrogen N/R 354 mL g−1 VS 18,000 mg/VS/L [107]
Scenedesmus sp. and Chlorella sp. N/R 16.3–15.8 ft3 7.8–9.2 ft3/lb (VS) [22]
Scenedesmus sp. and Chlorella sp. 6.7 143 mL g−1 VS 4000 mg/VS/L [67]
Spirulina Leb 18 N/R 0.79 g/L 72,000 mg/L/TS [124]
Spirulina maxima 4.16 0.35–0.80 m3 20–100 kg/m3 (VS) [125]
Spirulina maxima N/R 320 mL g−1 VS 910 mg/VS/L [123]
Spirulina maxima N/R 330 mL g−1 VS 22,500 mg/VS/L [126]
Spirulina platensis UTEX1926 N/R 0.40 m3 kg N/R [12]
Tetraselmis 7.82 0.25–0.31 L g−1 VS 2000 mg/VS [109]
C/N ratio-[127]
Waste water grown community N/R 497 mL g−1 TS 2.16 g/L/TS [81]
Zygogonium sp. N/R 344 mL g−1 TS N/R [76]
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production rate was attributed to the effects of salinity. The highest
methane production recordedwas by De Schamphelaire and Verstraete
[8] who recorded a gas production of 600 mL g−1 VS for a mixed unde-
termined freshwater microalgae consortium. The data shown in Table 1
also highlights the difference in units and terminology used to report
gas production from microalgae. Units range from gas production per
grams of chemical oxygen demand (COD) destroyed, gas produced
per gram of volatile solids loaded and gas produced per gram of total
solids loaded. The standardisation of terminology and standard units
to report biogas productivities are essential for comparing microalgae
and other digestible substrates.

Themethods used to determine volatile solids are also used to deter-
mine the ash free dry weight (AFDW) of microalgae [36,37]. Ash free
dry weight is used extensively by phycologists to report quantities of
microalgae biomass. When reporting microalgae biomass, the ash free
dry weight or the volatile solids (digestible component) of the
microalgae biomass is a percentage of the total solids and varies be-
tween species. The data in Table 2 includes the AFDW or VS of some
common microalgae species. The variation in AFDW and VS can vary
by up to 50% between species and can significantly affect predicting
the theoretical biogas production potential for the anaerobic digestion
of microalgae.

4. Problems with anaerobic digestion of microalgae

4.1. Low concentration of digestible substrate

The majority of authors listed in Table 1 conclude that the concen-
trating or harvesting of microalgae biomass presents a fundamental
challenge to the financial viability of an energy system usingmicroalgae
biomass as a substrate for anaerobic digestion or alternative biofuel
production.

Gouleke et al. [22] identified the lowvolatile solids loading rate that is
associated with microalgae when used as a digestible substrate. The low
VS rate is due to the low concentration of microalgae biomass present in
large volume of water. Significant research has focussed on engineering
issues associated with the, harvesting, dewatering, and further concen-
trating of the microalgae biomass energy. Engineering issues common
in microalgae production for biofuel are discussed by Benemann et al.
[26], Chen et al. [38], and Molina et al. [39–42]. Regarding the data pre-
sented in Table 1, all experiments except for the work published by
Sanchez-Hernandez and Trvieso [43] and De Schamphelaire and
Verstraete [8] were performed using concentrated microalgae. In the

Sanchez-Hernandez and Trvieso [43] paper no concentrating step was
reported and the chlorophyll a ranged from 2.87 mg/L to 9.62 mg/L.
This higher chlorophyll a content would indicate that the microalgae
were at a higher density, and the problem of low volatile solids may
have not been evident in the experiment.

In the De Schamphelaire and Verstraete [8] experiment the authors
came to the conclusion that a concentrating step would be required for
optimal performance of the anaerobic digestion process. Results indicate
that the digester completely failed once during the experimental period.
The authors observed that the required volatile solids loading rate com-
prising of microalgae biomass was too dilute and contained excessive
water, leading to the washout of the anaerobic bacteria community.
Bacterial washout is due to a low digestible content of the wastewater
or digestible feedstock. Hence when the subsequent hydraulic retention
time within the digester is shortened to less than the bacterial genera-
tional time, the result is a decreased bacterial population [44,45].

McCarty [46] indicated that a settling tank could be utilised after the
digester to allow bacteria and solids to settle via gravity. These solids
could then be reintroduced to the digester for further processing. This
step is essential to reduce bacterial washout when the hydraulic reten-
tion time (HRT) is lower than the solid retention time (SRT) of the
substrate.

Bacterialwashout can also be addressed by better anaerobic digester
design. Zamalloa [47] used a laboratory scale membrane reactor to an-
aerobically digest Phaeodactylum tricornutum. The addition of themem-
brane to the reactor gave a hydraulic retention time of 2.5 days, while
the solids retention time was increased to between 10 and 20 days
depending on the solids loading rate. The decoupling of the hydraulic
retention times and the solids retention time can also be achieved by
utilising upflow anaerobic sludge blanket (USAB) reactors, anaerobic
membrane reactors (AnMBR), anaerobic filters (AF) and anaerobic
fluidised bed reactors (AFBR) [48] and by fermentation cells [24] or by
in-pond digesters [27,28].

The paper by Collet et al. [1] reports a novel approach to concentrat-
ing microalgae. The authors first use a gravity settling-step to separate
the microalgae before transferring it into a centrifuge for dewatering
and concentrating to a higher percent biomass solid. The results indicat-
ed that by settling the culture for 1 h, 65% of the microalgae biomass
was separated into slurry with a concentration 20 times higher than
in the original culture stream. The authors then used centrifugation
and reported a further concentration factor of five times. However this
initial settling step was more effective with non-motile microalgae
species.

Table 2
The volatile solids (VS) or ash free dry weights (AFDW) as a percentage of the total solids (TS) reported for different microalgae species.

Species Fresh or saltwater VS and AFDW as % of TS Reference

Arthrospira maxima Brackish 80–93% [48]
Blue green algae Fresh 94% [121]
Chorella vulgaris Fresh 93% [128]
Chorella vulgaris Fresh 90% [6]
Chlorogloeopsis fritschii Salt 92% [128]
Dunaliella sp. Saltwater 82% [36]
Isochrysis galbana Saltwater 86% [36]
Nannochloropsis oculata Saltwater 45% [110]
Nannochloropsis salina Fresh 77% [80]
Nannochloropsis sp. Saltwater 93% [36]
Nitzschia closterium Saltwater 78% [36]
Phaeodactylum tricornutum Fresh 82% [47]
Porphyridium cruentum Saltwater 91% [36]
Scenedesmus dimorphus Fresh 88% [128]
Scenedesmus obliquus Fresh 72% [47]
Scenedesmus sp. Fresh 60% [61]
Spirulina maxima Saltwater 86% [58]
Spirulina platensis Salt 92% [128]
Spirulina platensis Fresh 93% [47]
Wastewater consortium Fresh 88% [91]
Wastewater consortium (lipid extracted) Fresh 86% [91]
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The publications by Golueke et al. [29], Benamann et al. [26] and
Harun et al. [49] investigated the use of chemical coagulation, floccula-
tion and centrifugation as a means of harvesting, concentrating and
dewatering microalgae. All three papers discuss the high energy costs
associated with the use of centrifugation and flocculation harvesting
techniques. Golueke and Oswald [33] identified that digester perfor-
mance is unaffected by the centrifugation or by alum addition as a floc-
culant. Their work has shown that concentrations in sludge up to 4%
aluminium have no effect on digester stability or gas production.
Many new commercially formulated coagulants exist and are com-
prised of cationic and anionic poly-electrolytes, synthetic polyacryl-
amide polymers and starch-based polymer flocculants [50–52]. Most
of these flocculants are currently utilised in the wastewater treatment
industry, and their use has shownvery fewdetrimental effects to digest-
er stability or gas production [50,51].

The authors Kalyuzhnyi et al. [53] and Callander [54] have reported
improved anaerobic digester performancewhen commercially available
chemical coagulants have been utilised. The increased performance is
due to better solid retention times of particulate matter, allowing
more complete digestion of solids and resulting in higher conversions
to biogas. Barford et al. [52] also noted that the use of the chemical floc-
culants resulted in an increased biomass concentration in the digester
compared to the control that did not utilise a flocculant. The author
noted that this higher concentration of particulate matter enabled con-
siderably higher solids loadings per unit volume to be applied to the
digester. However the authors also noted that the higher concentration
of biomass could induce ammonia inhibition due to the much higher
loading rates that could be applied to a digester with a flocculated bio-
mass. Zhang et al. [55] reported that a high pH by chemical adjustment
associated with struvite formation had no negative effect to the perfor-
mance of anaerobic digestion.

With the high cost associated with these harvesting and dewatering
stepsmanynew cost efficient laboratory and pilot scale technologies are
under development. Many of these technologies are still to be proven in
full commercial scale settings, and their impact to anaerobic digestion is
yet to be established.

4.2. Cell wall degradability and pre-treatment of microalgae biomass

Golueke et al. [22] demonstrated the ability of microalgae to pass
through an anaerobic digester intact and remain undigested. The
authors noted that microalgal cells are known to be able to effectively
resist bacterial attack and found intact microalgae cells in digestate
leaving a digester after a 30-day hydraulic retention time. Sanchez-
Hernandez and Trvieso-Cordoba [43] observed that when C. vulgaris
was added to a digester the chlorophyll a concentrations increased
within the digester for the first two weeks of the experimental period
but was still detectable 64 days after the start of the experiment. Zhou
et al. [56] also found intact cells in digestate from a digester after
45 days. The longest duration reported for intact microalgae cells sur-
viving within an anaerobic digester was reported by Mussgnung et al.
[10]. They identified viable Scenedesmus cells after 6 months that had
switched to mixotrophic growth.

Work byMussgnung et al. [10] highlighted the role of the cell wall in
the digestion process. Their results indicated that the higher gas produc-
tion reported was due to the microalgae species that had either no cell
wall or a cell wall made from protein. Gas production was observed to
decrease for microalgal species that had a carbohydrate-based cell wall
containing hemicellulose. The lowest gas production came from the spe-
cies S. obliquus that has a particular rigid cell wall containing sporopol-
lenin like biopolymers. Little or no cell wall degradation was detected
in S. obliquus and very little gas was produced by the substrate. The au-
thors concluded that the degradation of the cell wall was strongly corre-
lated to the amount of gas produced during anaerobic digestion [10,57].
The results reported byMussgnug et al. [10] also correlate to findings by
Ras et al. [6] who noted changes in cell wall chemistry and its influence

on substrate degradability. Their results indicate the need for a pre-
treatment step to disrupt the cell wall and increase bacterial hydrolysis
before addition to the anaerobic digester [10,23,25,47,57–60]. Cell lysis
is also essential for solvent extraction of the lipid fraction in microalgae
biomass [42], allowing solvents to react with internal cell lipids. Hence
microalgal cell wall disruption processes are essential for both lipid-
based biofuel applications and for optimal microalgae anaerobic diges-
tion or co-digestion processes.

Golueke and Oswald [23] investigated a thermal pre-treatment step
of microalgal biomass wherein the temperature was raised above the
thermal limit of the microalgal species, resulting in cell disruption.
Chen andOswald [25] undertook experiments that investigated thermal
pre-treatment combined with chemical pre-treatment using sodium
hydroxide and variable exposure times. Their results demonstrated
that all pre-treatments tested produced better results than untreated
control comparisons. It was demonstrated that the most efficient pre-
treatment for microalgal biomass required heating to 100 °C for 8 h
without an increase in pH using the addition of sodium hydroxide.
This treatment increased gas productivity by 33% as compared to un-
treated microalgae biomass. This study also indicated that up to 60% of
the untreated microalgae biomass added to the anaerobic digester
will remain undigested due to the cell wall remaining intact throughout
the digestion process [25]. More recent studies by Gonzalez-Fernandez
et al. [61] reported that thermal pre-treatment of Scenedesmus sp. in-
creased methane potential. At 70 °C, a 9% increase in methane produc-
tion was reported, which increased to 57% at 90 °C when compared to
untreated microalgae biomass. Further work by Gonzalez-Fernandez
et al. [62] investigated the effect of the organic loading rates and the
thermal pre-treatment of biomass at 90 °C for 1 h. Results indicated
that a 2.9 and 3.4 fold increase in methane production for organic load-
ing rates of 1 and 2.5 kg COD m−3 day respectively. Research reported
by Alzate et al. [63] showed an increase of 46% to 62% in methane
productivity utilising thermal hydrolysis. However results from De
Schamphelaire and Verstraete [8] reported no benefit when pre-
treating a mixture of Chlorella, Pseudokirchneriella and Chlamydomonas
microalgae species at 80 °C for 2.5 h.

Samson and Leduy [58] investigated thermo-chemical (heat and
sodium hydroxide addition), mechanical and ultrasonic disintegration
pre-treatment methods. The authors reported that at a temperature of
50 °C there was a 20% increase in substrate solubilisation and at
150 °C there was a 43% increase in substrate solubilisation. Their exper-
iments indicated that the ultrasonic treatment gave similar results as
the 150 °C heat treatment. The time taken for the ultrasonic treatment
was relatively short and only took 10 min compared to 1 h for the ther-
mal pre-treatment. Paris and Oswald [25] and Samson and Leduy [58]
both indicated that the simple addition of sodium hydroxide was ineffi-
cient as a pre-treatment step for the anaerobic digestion of microalgae
biomass or biosolids.

Gonzalez-Fernandez et al. [60] investigated sonic disruption pre-
treatment of microalgae biomass. They utilised a frequency of 20 Hz
but at varying power levels. All sonicated biomass exhibited higher
methane production during the first days of digestion compared to un-
treated biomass. Overall the highest microalgae biodegradability of 44%
was recorded for the longest sonication treatment as compared to 23%
for un-sonicated biomass.

Samson and Leduy [58] reported a 26% increase in the solubilisation
of microalgal substrates by freezing the biomass. This was due to the
disruption of the microalgae cell wall by ice crystals. Keymer et al. [64]
adapted high pressure thermal hydrolysis (HPTH), a commercially
available technology used for the disruption of waste activated sludge
biosolids for the purpose of pre-treatingmicroalgae biomass. HPTH pro-
cesses heat substrate to approximately 160 °C at a pressure of approxi-
mately 6 bars. After these conditions have been maintained for
20–30 min the contents are then reduced in pressure via a flash drum
where the pressure change causes the cells to rupture and release the
cell contents. Keymer et al. [64] reported that the process substantially
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increased methane potential for lipid extracted and non-lipid extracted
algae. The authors also reported an extraction method using a soxhlet
apparatus with hexane to extract the lipid that increased the bio-
methane potential of the microalgae biomass. When both lipid extrac-
tion and HPTL were combined an increase in the digestibility of the
lipid extracted and HPTL microalgae biomass of 110% was recorded
compared to untreated microalgae biomass. However this process is
energy intensive but energy balances demonstrate that HPTL coupled
with anaerobic digestion can be energy positive due to the increased
methane potential from the substrate [65].

The various mechanical, physical, thermal and chemical methods
used to improve microalgae methane potential can have a high energy
requirement. Several authors have found that the energy consumption
for the pre-treatment of microalgae biomass is equal to or higher than
the energy gained from the microalgal cell [42,59,66–69]. Due to this
high energy demand alternative methods including enzymatic and bac-
terial methods have also been investigated. Lu et al. [66] cited results by
Sander andMurthy [70] wherein they reported the cell walls of amixed
microalgae culture to be susceptible to degradation by lipase and cellu-
lase. Results reported by Ehimen et al. [71] showed an increase inmeth-
ane production by treating Rhizoclonium biomass with the addition of
an enzymatic mixture. The greatest increase in gas production resulted
from the addition of the single enzyme cellulase. Bacterial cell disrup-
tion has also been shown to increase methane production [66]. The au-
thors Lu et al. [66] demonstrated an increase of 17–24% in biogas
production by adding the bacterium Clostridium thermocellum to
C. vulgaris biomass.

4.3. The carbon/nitrogen ratio associated with microalgae biomass

Vergara-Fernandez et al. [72], Sialve et al. [59] and Yen and Brune
[67] identified further difficulties with the anaerobic digestion of
microalgae biomass, due to the low carbon to nitrogen ratio present in
microalgal species. Data reported in Table 1 shows that the carbon/ni-
trogen (C/N) ratio varies from 4.16 to 7.82 for microalgal species that
have been investigated for anaerobic digestion. When the C/N ratio is
below 20 there is an imbalance between carbon and nitrogen require-
ments for the anaerobic bacterial community or consortia [59]. This im-
balance leads to nitrogen release in the form of ammonia during
digestion, which can become inhibitory to methanogenic bacteria and
result in volatile fatty acids accumulating within a digester [59].
Ammonia-nitrogen and volatile fatty acids (VFA) are important inter-
mediates in anaerobic digestion processes but can also be potential in-
hibitors when allowed to accumulate [44].

To overcome problematically low C/N ratios, several researchers
have investigated co-digestion, were microalgae has been co-digested
with other waste streams or biomass to increase the C/N ratio. These
studies include Gonzalez-Fernandez et al. [73] and Shouquan et al.
[74] who investigated the addition of microalgae to pig manure prior
to digestion. Saxena et al. [75] recorded increased methane production
for the anaerobic co-digestion of green filamentous microalgae and
water hyacinth supplemented with cow manure. Ramamoorthy
and Sulochana [76] also investigated the addition of Zygogonium sp.
with various quantities of cow manure. Shuchuan et al. [77] reported a
significant increase in methane potential when blue green algae was
co-digested with corn stalks. Samson and Leduy [78] undertook a co-
digestion experiment wherein they blended sewage sludge with Spiru-
lina maxima and observed a 2-fold increase in gas production when a
mixture of 50% by weight of sewage sludge to microalgae ratio was
used. Yaun et al. [79] reported increased methane potential in the co-
digestion ofmunicipalwastewater solidswith Chlorella sp. and Spirulina
platensis microalgae species respectively. Park and Li [80] investigated
co-digestion using Nannochloropsis salina and lipid-rich fats, oil and
grease. They observed higher methane production and were able
to use an increased organic loading rate due to a more balanced C/N
ratio with less inhibition and digester imbalance. An increase in gas

production was also reported by Salerno et al. [81] by co-digesting do-
mestic municipal wastewater grown microalgae and soybean oil.

Glycerol is a carbon-rich by-product of the trans-esterification
conversion of lipids to biodiesel, and it can be used as a carbon source
to maximise gas production in anaerobic co-digestion [82]. Ehimen
et al. [83] investigated using glycerol produced from transesterified
microalgae lipid. A slight increase in gas production rate was noted in
this study; however a low application rate of glycerol was utilised. An
increase in gas production was also observed by Salerno et al. [81]
when co-digesting glycerol and domestic municipal wastewater de-
rived microalgae biomass.

Yen and Brune [67] considered the addition of paper waste to im-
prove the C/N ratio of the microalgae combination comprised of
Scenedesmus sp. and Chlorella sp. Yen and Brune [67] illustrated that
with the addition of waste paper there was an increase in the C/N ratio
from 6.7 to 36.4. Results from this experiment showed that the best
co-digestion ratio was 50% paper and 50% microalgae. The final C/N
ratio of this combination was 18.0 with 1170 ± 75 mL/day biogas pro-
duced. In comparison themicroalgae-only anaerobic digestion produced
573±28 mL/day of biogas, whichwas about a 50% reduction in gas pro-
duction compared to the more favourable C/N ratio treatment. Yen and
Brune [67] concluded that the best C/N ratio for anaerobic digestion is
in-between 20:1 and 25:1. This conclusion is similar to the C/N ratio
discussed by the authors Parkin and Owen [44] wherein they indicated
an optimum C/N ratio range of between 20:1 and 30:1.

Yen and Brune [67] indicated that as the C/N ratio increased the
amount of total ammonia-nitrogen decreased as the C/N ratio became
more favourable thus reducing ammonia-nitrogen inhibition effect.
Ehimen et al. [83] suggested that a C/N ratio of 15 or below can result
in a build up of free ammonia-nitrogen,which can be detrimental to an-
aerobic digestion processes. The high C/N ratio treatment of 36.4/1 used
in the experiment was on the upper extreme for anaerobic digestion as
high volatile fatty acid (VFA) concentrations can also become inhibitory
to anaerobic digestion. At a high C/N ratio, the amount of total
ammonia-nitrogen can be too low for the cellular needs of the anaerobic
microorganisms. It has been shown that aminimumconcentration of 50
to 200mg/L of nitrogen as ammonia is essential for the requirements of
the bacterial community associated with anaerobic digestion [44,84].
The co-digestion of two substratesmay improve C/N ratio andVFA/alka-
linity ratios and attenuate unfavourable ratios in a single substrate.

One problem thatmust be consideredwith the co-digestion of a sec-
ondwaste streamor biomass is the seasonal availability of the feedstock
and location of production. This problem was highlighted previously
where seasonal growth of macroalgae limited anaerobic digestion to
only six months of the year [11,17].

4.4. Lipids and microalgae

Lipids are an attractive substrate for anaerobic digestion and have a
higher theoretical methane potential compared to proteins and carbo-
hydrates [85]. However due to their low alkalinity and buffering capac-
ity, lipids can cause inhibition due to their intermediate products such
as long chain fatty acids (LCFAs) and VFAs [80]. It has been suggested
that the conversion of microalgal biomass to methane rich biogas is
energetically more favourable than lipids removal frommicroalgae bio-
mass with the total lipid content is lower than 40% [59]. However, the
removal of lipids frommicroalgae biomass for liquid biofuel production
prior to anaerobic digestion of the residual microalgae biomass can be
beneficial to anaerobic digestion processes, as high lipid concentrations
can be inhibitory [59,80,86].

Crine et al. [86] reported that there was no inhibition for lipid con-
centrations of 5, 10 and 18% respectively. However inhibition was ob-
served for lipid concentrations of 31, 40 and 47%, where inhibition
increased due to higher lipid fractions. It is anticipated that the lipid
concentration for economically viable lipid-based biofuel microalgae
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species generally exceeds 30%, which could have negative conse-
quences for anaerobic digestion if the lipids are not extracted.

Lipid extraction methods used on microalgal biomass can affect the
digestibility of residual microalgal biomass. Ehimen et al. [83] and
Thiel [87] reported a significant decrease in gas production due to resid-
ual chloroform from the Bligh and Dyer extraction process even though
it had been heat treated to remove residual entrained solvents after the
extraction process [88]. Butanol, hexane and methanol have been
shown to have no detrimental effects on anaerobic digestion when re-
sidual solvents are removed by heating [83].

5. Theoretical methane production

When the C, H, O and N composition of a wastewater or substrate is
known, the stoichiometric relationship reported by Buswell and Boruff
[89] can be used to estimate the theoretical gas composition on a per-
centage molar basis.

CaHbOcNdð Þ þ 4a−b−2cþ 3d
4

� �
H2O→

4aþ b−2c−3d
8

� �
CH4

þ 4a−bþ 2cþ 3d
8

� �
CO2 þ dNH3

ð1Þ

where a, b, c and d equal the carbon content, hydrogen content, oxygen
content and nitrogen molar composition respectively [59,89,90].

Methane yield litres=g VSð Þ destroyedð Þ ¼ 4aþ b−2c−3d
12aþ bþ 16cþ 14d

� �
� Vm

ð2Þ

where Vm is the molar volume of methane or 22.14 L at 0 °C and 1 atm
[59]. Eq. 2 is used to calculate the volume of methane gas depending on
the amount of volatile solids (VS) available in the substrate being
digested.

The data shown in Table 3 illustrates the theoretical methane poten-
tial for several microalgae species utilising Eq. 2 and values from litera-
ture. However Eq. 2 overestimates the gas production as it assumes
100% conversion of the volatile solids to biogas and also does not consid-
er the needs for bacterial cell maintenance and anabolism [59,90].
When the theoretical methane potential was calculated for lipid ex-
tracted and non lipid extracted wastewater microalgae consortium re-
ported in Chinnasamy et al. [91], a 13% decrease in the theoretical
methane potential was reported highlighting the residual gas potential
of lipid-extracted microalgae biomass.

6. Inhibition of anaerobic digestion

6.1. Ammonia-nitrogen toxicity

Ammonia-nitrogen is produced from thebiological breakdownof ni-
trogenousmatter, mostly in the form of proteins and urea [84]. The high

nitrogen and protein levels found in microalgae can lead to significant
release of ammonia-nitrogen during anaerobic digestion [59]. The
equilibrium established between un-ionised ammonia- (NH3-N) and
ammonium- (NH4-N) nitrogen can be affected by a change in pH or
temperature within the anaerobic digester. An increase in temperature
or pH can be very detrimental to the bacterial community as the equilib-
rium shifts to the more toxic un-ionised form of ammonia-nitrogen
NH3-N [44,59,92].

McCarty [93] indicated that ammonia gas within the digester is in-
hibitory at a much lower concentration than the aqueous ionised form
of ammonium–nitrogen. Ammonia toxicity has been shown to affect
methanogenic bacteria in twoways: (1) the ammonium ionmay inhibit
the methane synthesising enzyme directly, and (2) the hydrophobic
ammonia-nitrogenmoleculemay diffuse passively into the cell, causing
proton imbalance and/or potassium deficiency [59,94]. Ammonia-
nitrogen is toxic at high levels and has a moderately inhibitive effect
from 1500–3000 mg/L. Above 3000 mg/L there is a strong inhibitive
effect associated with ammonium–nitrogen [44], which can lead to a
drop in gas production. Inhibition of the methanogenic or acidogenic
groups of anaerobic microbes was not quantified in this study.

There is a large amount of conflicting information in the literature
relating to the ammonia-nitrogen tolerance of anaerobic microbes.
Research based on methane production and growth rate comparisons
indicate that inhibitory effects are greater for the acidogenic bacteria
compared to the methanogenic bacteria [84,95–100]. It has been ob-
served that acetate consuming methanogens have relatively high resis-
tance to high ammonia-nitrogen concentrations [84,94,100–102].

This difference in opinion demonstrates the distinctive responses that
can be associated with bacterial consortiums that are involved with
anaerobic digestion. Among the methanogenic strains commonly found
in digesters (for example: Methanospirillum hungatei, Methanosarcina
barkeri, Methanobacterium thermoautotrophicum, and Methanobacterium
formicicum) the species M. hungatei was found to be the most sensitive
microbe to ammonia-nitrogen, with inhibition observed at 4200 mg/L
compared to the other three strains where inhibition did not occur until
ammonia-nitrogen levels were above 10,000 mg/L [103]. The inhibition
of M. hungatei at 4200 mg/L is the only methanogenic strain out of the
five methanogenic strains tested that corresponds to the findings of
Parkin and Owen [44].

The utilisation of volatile fatty acids by methanogens must balance
the production of volatile fatty acids by hydrolytic and acetogenic bacte-
ria in order tomaintain digestion stability. Efficient digester performance
is therefore dependent upon maintaining the ammonia-nitrogen con-
centration below the inhibitory limits for all of the associated digestion
bacteria [100].

A solution to the problem of digester stability and balancing the bac-
terial populations and end products is to separate the bacterial commu-
nities. This can be done by utilising a two-stage anaerobic digestion
process [72]. Themetabolic pathways of the two-stage anaerobic diges-
tion processes are the same as those of single-stage anaerobic digestion.
However the stages are physically separated with the hydrolytic and

Table 3
Biochemical analysis of microalgae species and their theoretical methane potentials calculated from the mean carbon, nitrogen, hydrogen and oxygen values.

Species Carbon Hydrogen Nitrogen Oxygen Calculated methane potential (ml/g/VS) Reference

Chlorogloeopsis fritschii 54.4 ± 2.1 6.9 ± 0.5 7.3 ± 0.3 31.4 309 [128]
Spirulina platensis 55.7 ± 0.4 6.8 ± 0.1 11.2 ± 0.1 26.4 319 [128]
Chlorella vulgaris 52.6 ± 0.8 7.1 ± 0.1 8.2 ± 0.2 32.2 283 [128]
Scenedesmus dimorphus 53.4 ± 0.6 7.8 ± 0.2 7.9 ± 0.1 31.0 260 [128]
Wastewater consortium 49.4 ± 0.1 6.7 ± 0.1 9.3 ± 0.2 21.6 347 [91]
Wastewater consortium (lipid extracted) 45.9 ± 1.9 6.2 ± 0.1 9.3 ± 0.9 23.6 303 [91]
Nannochlorospsis sp. (lipid extracted) 49.7 7.1 5.8 26.7 340 [3]
Nannochlorospsis sp. 47.6 6.6 5.5 21.7 383 [3]
Nannochlorospsis sp. (low lipid) 52.0 7.5 4.8 22.4 414 [3]
Nannochlorospsis sp. (high lipid) 51.5 7.3 4.5 22.4 414 [3]
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acetogenic bacteria in the first stage and the methanogenic bacteria in
the second phase [72]. Several authors have indicated that by using
two-stage digestion there is increased degradation of organic matter,
improved biogas production and better control over the conditions
inside the digester limiting inhibition of the microbial populations
[72,104–106].

Yang et al. [107] demonstrated that by utilising a two-stage
digestion process an increased methane yield of 22% was achieved
when anaerobically digesting Scenedesmus sp. The authors also recorded
46 ml g−1VS of hydrogen production in the first stage of the two-stage
digestion process. The hydrogen production was in addition to the
methane production recorded for the second stage. A soluble COD
reduction of 75% was recorded for the single stage digestion, whereas a
soluble COD reduction of 81.8% was recorded for the two stage process.

Recent work by Inglesby and Fisher [48] has shown that the integra-
tion of microbial fuel cells can be beneficial in decreasing ammonia-
nitrogen inhibition during anaerobic digestion. Improved performance
is achieved by allowing the ammonium ion to migrate across the cation
exchange membrane from the anode to the cathode. The use of the
microbial fuel cells decreases the chance of free ammonia-nitrogen inhi-
bition ofmethanogenic bacteria improving the stability of the anaerobic
digestion process [48].

6.2. Saline microalgae and the effect of salinity

Some species ofmicroalgae that have been identified for their poten-
tial as feedstock for liquid biofuels are grown in a saline environment.
The use of saltwater for their production offers a sustainable alternative
due to the ability to use non-arable land and seawater, hence reducing
pressure on current agricultural land and scarce freshwater resources.
Several scientific publications cited in Table 1 have dealt with saline
species of microalgae. The marine species Macrocystis pyrifera and
Tetraselmis sp. have been used as a substrate for anaerobic digestion.
The cyanobacteria Spirulina sp. has also been identified for having the
potential to be grown in saline waters [108].

Alkaline earth metal salts are needed in very low concentrations for
cellular metabolism in bacteria, and higher concentrations can be ex-
tremely toxic to methanogenic bacteria [93]. Salinity and more specifi-
cally sodium divalent cations do pose a problem to bacteria associated
with anaerobic digestion [44,93]. Vergara-Fernandez et al. [72] demon-
strated that the digestion of marinemicroalgae is possible. They record-
ed a total biogas production of between 95 and 260 mL g−1 TS
microalgae loaded using a two-stage digestion process to obtain these
results. However this work did not quantify the salinity of the concen-
trated paste that was used to feed the digester, and the actual salinity
of the substrate was less than that of seawater salinities.

Asinari Di San Marzano et al. [109] showed that a gas production of
310ml and 440mL g−1 VS for dry anaerobically digested Tetraselmis sp.
of saline microalgae. Both methane production rates are for Tetraselmis
sp. microalgae biomass that has a salinity of b1 g/L. However they also
recorded 450 mL g−1 VS added with a substrate salinity of 35 g/L. The
authors did not indicate whether this is for dry or wet Tetraselmis sp.,
and they did not indicate the source of inoculum used for this experi-
ment. Buxy et al. [110] reported a methane potential of 204 mL g−1

VS for the marine microalgae Nannochloropsis oculata. This microalga
was grown under seawater salinity conditions, harvested, concentrated
to a paste and then used for the bio-methane potential experiments.
Due to the use of concentrated paste and its addition to a freshwater
anaerobic digester, the final salinities of the digestion vessel are not
reported.

High salinity levels have been shown to be inhibitory as it can cause
bacterial cells to dehydrate due to increased osmotic pressure [84].
Salinity is made up of multiple elements and can vary depending on
the source of water and its associated environment [111]. The light
metal ions including sodium, magnesium, calcium and aluminium can
all be toxic at high levels [84,93].

The sodium ion is themost inhibitory to anaerobic digestion of these
metal ions, and it makes up a larger percentage of the light metal ions
found in seawater [59]. However inhibition due to sodium varies de-
pending on the source of inoculum and overall elemental composition
of the saline water and substrate being digested [111]. Rinzema [111]
demonstrated that sodium concentrations of 5, 10 and 14 g/L caused
10, 50 and 100% inhibition in acetoclastic methanogen bacteria respec-
tively. These measured sodium inhibition rates were also observed by
Parkin and Owen [44] who reported a moderate inhibitory effect on
anaerobic digestion at sodium concentrations ranging from 3.5 to
5.5 g/L. Above 8.0 g/L of sodium can be extremely inhibitive.

However, Parkin and Owen [44] noted that amelioration of sodium
ions and potassium ions was possible. When this amelioration occurred
it could reduce the toxicity caused by light metal ions during anaerobic
digestion. In addition, the presence of sodium ions was found to be an-
tagonistic to ammonia-nitrogen inhibition. Experiments by Kugelman
[112] demonstrated that at an ammonia-nitrogen concentration of
0.15 mol/L, the methane production from acetic acid was reduced by
20%. The addition of 0.002–0.05 mol of sodium (Na+) produced 5%
more methane compared to that of the control. This research indicated
a further increase of 10% in methane production was achieved by using
a combination of sodium and potassium or sodium andmagnesium cat-
ions [112].

Zhang et al. [113] identified that sodium induced build up of propio-
nate to be problematic in their digester system, which became inhibito-
ry and caused digester pH imbalance and digester failure. Zhang et al.
[113] offered a solution to overcome the inhibition from sodium in
syntrophic acetogenic bacteria. To help address high sodium inhibition,
Zhang et al. [113] utilised an electrical current delivered to the digester
via an iron anode and graphite cathode. They found by adding an elec-
trical current to the digester enough free energy was produced to con-
vert propionate acid to acetic acid allowing methanogens to further
transform the acetic acid to methane [113].

6.3. Sulfur and its role in anaerobic digestion

Freshwater microalgal biomass contains low levels of sulfurated
amino acids and their digestion releases lower amounts of hydrogen
sulfide than other types of substrates [59]. However oxidised sulfur
compounds can be present in saline waters and saline substrates.
These sulfur compounds can act as electron acceptors for sulfate-
reducing bacteria that convert organic compounds in an anaerobic reac-
tor and produce hydrogen sulfide gas. Hydrogen sulfide when present
in gas is corrosive and can cause damage to machinery, such as gas-
engine power generators, and piping [90]. Except for sulfide, sulfur
compounds are not harmful to anaerobic bacteria unless at high
concentrations.

Sulfide is needed for cellular metabolism in low concentrations by
bacteria, but concentrations higher than 200 mg/L become extremely
toxic to methanogenic bacteria[44,114]. Also like un-ionised ammonia-
nitrogen, un-ionised sulfide is much more toxic than ionised sulfide. The
speciation between the two compounds is also dependent on tempera-
ture and pH [44]

Sulfate reducing bacteria compete with methanogenic bacteria for
acetate and hydrogen. The sulfate reducing bacteria have a higher affin-
ity for acetate than methanogens, outcompeting them under low ace-
tate concentrations [114]. This competitive inhibition results in the
shunting of electrons from methane generation to sulfate reduction.
Sulfate reducers and methanogens are very competitive at COD/SO4 ra-
tios of 1.7 to 2.7. An increase of this ratio is favourable to methanogens,
whereas a decrease is favourable to sulfate reducers [90,114].

The conclusion on the optimum COD/SO4 ratio is supported by the
paper by Aspe et al. [115]wherein they foundmethane fermentation in-
hibition at a COD/SO4 ratio lower than 0.5. Aspe et al. [115] highlighted
the difference between inoculums used for seeding anaerobic digesters.
Their research focused on two inoculums: one was sourced from
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piggery effluent and the other was sourced from a marine sediment in-
oculum. The authors indicated that the sulfate reducing bacteria did not
grow as well in the marine sediment sourced inoculum as compared to
the piggery effluent sourced inoculum.

7. Bacterial consortium and its role in anaerobic digestion

Aspe et al. [115] highlighted the different results that can be obtain-
ed from the source of the bacterial inoculum. Little work has been done
on bacterial communities within themicroalgal anaerobic digester, and
there is a lack of information in the scientific literature on this topic.

The authors Zhang et al. [113] and Patil et al. [116] used polymerase
chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) to
profile the microbial communities associated with anaerobic digestion.
This analysis revealed the presence of unknown and as yet uncultured
microorganisms associated with the digestion process. Unknown or-
ganisms and differences within anaerobic communities are problematic
when comparing the variety of results from similar substrates for anaer-
obic digestion. The inoculum source and the associated bacterial species
can change over geographical and environmental locations.

The ability of bacteria to utilise environmental plasticity to change
and adapt to different substrates and environmental conditions over
time is reported by Buxy et al. [110], who reported an adaptation of
bacteria to saline conditions when undertaking bio-methane potential
experiments shown by an increase in gas potential and a decrease in
the initial lag phase of the digestion process. Further investigation of
the microbial community's adaptation and environmental plasticity
could potentially offer improvements in the bacterial metabolism and
the anaerobic digestion process under adverse conditions.

8. Anaerobic digestion and nutrient recycling

Nutrients are a large and expensive input into the mass production
of microalgal biomass. Large amounts of nitrogen and phosphorous
are needed for algae biomass production.With the proposed expansion
of the commercial algal biomass production industry, the competition
with current agricultural industries for organic fertilisers is expected
to increase [5], which could increase fertiliser prices. Historically
fertiliser prices are closely related to the cost of fossil fuel, and as fossil
fuels becomes more expensive fertiliser prices will also increase
[5,117]. This increase in oil prices combined with greater fertiliser and
energy demand from the agricultural sector could result in increased
oil prices making inorganic fertiliser un-competitive for algal biofuel
production [5]. Due to these compounding factors, nutrient recovery
from processed biomass via anaerobic digestion is highly desirable for
the sustainable growth of the algal biomass.

Lyovo et al. [118] indicated that 45 kg of nitrogen is needed for one
ton of algal biomass based on a composition of CO0.48H1.83N0.11P0.01
[118]. When analysing this stoichiometric relationship, an 11:1 ratio
of nitrogen to phosphorus can be determined. This nitrogen to phos-
phorus ratio indicates that approximately 4 kg of phosphorous is re-
quired for every one tonne of algal biomass grown. This ratio further
highlights the role that anaerobic digestion provides in the recycling
of nutrient that is vital to the sustainability and economic feasibility of
commercial-scale algal biofuel industries [1,59,64,80].

Phosphorus as a nutrient has had very little research attentionwhen
compared to other nutrients such as carbon and nitrogen [119]. Vaccari
[119] stated, “the on-going supply of phosphorus has become one the
most significant sustainability issues facing our future” [119].

Several authors have highlighted that there are finite reserves of
rock phosphorus available and human civilisation is heading towards
a similar scenario as peak oil except with dwindling phosphorus re-
serves. However the exact quantity of reserves and timing of the short-
age is still highly disputed [117,119,120]. This future decline in available
phosphorus reserves must be addressed for the sustainable growth of
algae for commodity products such as biofuel [2].

Anaerobic digestion of algal biomass produces a nutrient-rich
digestate containing both nitrogen and phosphorus nutrients. Digestate
nutrient values of 2940 mg/L ammonia-nitrogen, 390 mg/L of total
phosphorous, and 320 mg/L of potassium have been reported by Collet
et al. [1]. However, these values are in the moderate to high inhibition
ranges recorded for ammonia-nitrogen by Parkin and Owen [44].
In contrast, studies conducted by Zamalloa [47] indicated a clear liquid
digestate was produced with a total ammonia-nitrogen (TAN) concen-
tration of 546 ± 48 mg/L and a phosphate concentration of 141 ±
41 mg/L from anaerobically digested P. tricornutum. These results dem-
onstrate the high strength nutrient-rich digestate that can be produced
from the anaerobic digestion of microalgae biomass. Results from De
Schamphelaire and Verstraete [8] also indicate that the high strength,
nutrient-rich digestate nitrogen to phosphorous ratio from several di-
gestion experiments was in the range of 10 to 17:1 that is ideal for the
cultivation of algal species.

The gross chemical composition of microalgae can be highly depen-
dent upon environmental conditions such as light intensity, tempera-
ture and nutrient availability. Generally microalgae contain varying
proportions of proteins, lipids, carbohydrates, nucleic acids, pigments
and vitamins [85]. The mineral composition of microalgae also meets
the nutrient and mineral requirements for the microbial micro-flora
that are associated with the anaerobic digestion process [59].

The use of digestate fromdigestedmicroalgae biomass is highlighted
in the research by Asinari Di San Marzano et al. [109], Benemann et al.
[26], De Schamphelaire and Verstraete [8], Gonzalez-Fernandez [60]
but first by Golueke and Oswald [23]. Golueke and Oswald [23] and
Ras et al. [6] both setup a closed looped system where microalgae was
grown and then harvested and immediately digested to produce biogas.
The digestate from the anaerobic digester was then fed back into the
high rate pond or photo-bioreactor and used as a nutrient source for
further microalgae growth.

A further synergistic benefit of integrating anaerobic digestion with
a algal biofuel program is the ability to utilise themicroalgae cultures for
purifying the methane content of the biogas [12,59,85]. The concentra-
tion of carbon dioxide derived biogas from anaerobically digested
microalgae is in the range of 30 to 50% [59]. From an energy recovery
perspective the biogas CH4/CO2 ratio needs to be above 1 [72] indicating
that a gas purification step is required for microalgae derived biogas.
Due to the low solubility of methane and high solubility of carbon diox-
ide, uptake of carbon dioxide is high leaving high concentrations of
methane after the purification step [1]. Also during this process other
impurities such as hydrogen sulfide are removed from the biogas [1].
Biogas CO2 bio-fixation by microalgae is discussed by Green et al. [28].

Research undertaken by Converti et al. [12] also highlighted an in-
creased methane percentage in the biogas produced by utilising the
microalgae culture to strip carbon dioxide gas from the biogas as it is
produced. This is similar to the highmethane gas composition recorded
with the advanced integratedwastewater pond systemutilising in pond
fermentation pits [24]. Methane has been shown to be non-detrimental
to microalgae growth and the upgrading of biogas via high density
microalgae cultures would be beneficial due to the supply of carbon di-
oxide to microalgae cultures. The carbon dioxide that is stripped from
the biogaswould be utilised as a nutrient source by themicroalgae [59].

9. Conclusions

Early and more recent research have provided greater understand-
ing of the complexity of individual algal species as a substrate for anaer-
obic digestion or co-digestion. This knowledge will be extremely
beneficial to the anaerobic digestion of algae andwill allow themethane
production rates from individual algae species to be increased and
optimised. Each individual species of algae must be treated differently
and processed specifically to optimise biogas yields. Anaerobic digestion
of algal biomass is a key unit process that integrates efficiently and ben-
eficially into the production of algae-based biofuels and algae-based
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wastewater treatment. The integration of algae-based biofuel produc-
tion with the anaerobic digestion of algae residuals is the most applica-
ble scenario for the maximisation of methane-rich biogas.

Several technical issues including the low concentration of digestible
(biodegradable) algal substrates and cell wall disruption can be over-
come by the pre-treatment methods used to process algae for liquid
or gaseous biofuels. The integration of anaerobic digestion into pro-
posed algae-derived biodiesel operations has the benefit of being able
to utilise glycerol, a by-product, in a co-digestion with microalgae im-
proving the carbon to nitrogen ratio and thus increasing gas production.
Gas production can also be utilised for electrical or thermal energy pro-
duction, while algal cultures can also be utilised for biogas upgrading.

The resulting digestate can improve efficiency as it has been shown
to be an ideal nutrient source for the production of algal biomass. The
utilisation of this digestate for regrowth of additional algal biomass
will help to close the nutrient loop associated with large scale algal bio-
mass production and to achieve more widespread environmental
sustainability.

With a greater understanding of algal species and their growth and
biological characteristics, the anaerobic digestion of macroalgae and
microalgae, and their residues, can be optimised to play a promising
role in the sustainable future of clean energy derived from algal
biomass.

Acknowledgements

This researchwas conducted as part of an Australian Research Council
Linkage Project (project number LP100200616). The views expressed
herein are those of the authors and are not necessarily those of the
Australian Research Council.

References

[1] P. Collet, et al., Life-cycle assessment of microalgae culture coupled to bigas pro-
duction, Bioresour. Technol. 102 (2010) 207–214.

[2] E. Stephans, et al., Future prospect of microalgal biofuel production systems,
Trends Plant Sci. 15 (10) (2010) 554–564.

[3] D.C. Elliott, et al., Process development for the hydrothermal liquefaction of algae
feedstock's in a continuous flow reactor, Algal Res. 2 (4) (2014) 445–454.

[4] N. Pragya, K.K. Pandey, P.K. Sahoo, A review on harvesting, oil extraction and
biofuels production technologies: a review, Renew. Sustain. Energy Rev. 24
(2013) 159–171.

[5] O. Fenton, D. Ohuallachain, Agricultural nutrient surplus as potential input sources to
grow third generation biomass (microalgae): a review, Algal Res. 1 (2012) 49–56.

[6] M. Ras, et al., Experimental study on a coupled process of production and anaerobic
digestion of Chlorella vulgaris, Bioresour. Technol. 102 (1) (2010) 200–2006.

[7] E. Stephans, I.L. Ross, B. Hankamer, Expanding the microalgal industry—continuing
controversy or compelling case? Chem. Biol. 17 (2013) 444–452.

[8] L. De Schamphelaire, W. Verstraete, Revival of the biological sunlight-to-biogas
energy conversion system, Biotechnol. Bioeng. 103 (2) (2009) 296–304.

[9] P.L. McCarty, Anaerobic waste treatment fundamentals, PublicWorks 95 (9, 10, 11,
12) (1964) 123–126.

[10] J.H. Mussgnug, et al., Microalgae as substrates for fermentative biogas production
in a combined biorefinery concept, J. Biotechnol. 150 (2010) 51–56.

[11] X. Briand, P. Morand, Anaerobic digestion of Ulva sp.1. Relationship between Ulva
composition and methanisation, J. Appl. Phycol. 9 (1997) 511–524.

[12] A. Converti, et al., Biogas production and volorization by means of a two step bio-
logical process, Bioresour. Technol. 100 (2009) 5771–5776.

[13] C. Habig, J.H. Ryther, Methane production from the anaerobic digestion of some
marine macrophytes, Resour. Conserv. 8 (1983) 271–279.

[14] J.D. Keenan, Bioconversion of solar energy to methane, Energy 2 (1976) 355–373.
[15] G. Hansson, Methane production from marine, green macro-algae, Resour.

Conserv. 8 (1983) 185–194.
[16] H.N. Chang, et al., Biomass-derived volatile fatty acid platform for fuels and

chemicals, Biotechnol. Bioprocess Eng. 15 (2010) 1–10.
[17] E. Moen, S. Horn, K. Østgaard, Alginate degradation during anaerobic digestion of

Laminaria hyperborea stipes, J. Appl. Phycol. 9 (1997) 157–166.
[18] W.J. North, Biomass frommarinemacroscopic plants, Sol. Energy 25 (1980) 387–395.
[19] G.M. King, G.G. Guist, G.E. Lauterbach, Anaerobic digestion of Carrageenan from the

red macroalga Eucheuma cottonii, Appl. Environ. Microbiol. 49 (3) (1985) 588–592.
[20] K.T. Bird, D.P. Chynoweth, D.E. Jerger, Effects on marine algal proximate composi-

tion on methane yields, J. Appl. Phycol. 2 (1990) 207–213.
[21] A. Shilton, B. Guieyesse, Sustainable sunlight to biogas is via marginal organics,

Curr. Opin. Biotechnol. 21 (2010) 287–291.
[22] C.G. Golueke, W.J. Oswald, H.B. Gotaas, Anaerobic digestion of algae, Appl.

Microbiol. 5 (1) (1957) 47–55.

[23] C.G. Golueke,W.J. Oswald, Biological conversion of light energy to the chemical en-
ergy of methane, Appl. Microbiol. 7 (4) (1959) 219–227.

[24] W.J. Oswald, F.B. Green, T.J. Lundquist, Performance of methane fermentation pits
in advanced intergrated waste-water pond systems, Water Sci. Technol. 30 (12)
(1994) 287.

[25] P.H. Chen, W.J. Oswald, Thermochemical treatment for algal fermentation, Environ.
Int. 24 (8) (1998) 889–897.

[26] J.R. Benemann, et al., Energy production by microbial photosynthesis, Nature 268
(1977) 19–23.

[27] F.B. Green, T.J. Lundquist, W.J. Oswald, Energetics of advanced intergrated waste-
water pond systems, Water Sci. Technol. 31 (12) (1995) 9–20.

[28] F.B. Green, et al., Methane fermentation, submerged gas collection, and the fate of
carbon in advanced intergrated wastewater pond system, Water Sci. Technol. 31
(12) (1995) 55–65.

[29] C.G. Golueke, W.J. Oswald, H.K. Gee, Harvesting and processing sewage-grown
planktonic algae, SERL report, University of California, 1964.

[30] F.B. Green, Energetics of Advanced IntegratedWastewater Pond Systems, Universi-
ty of California, Berkley, Berkley, 1998. 292.

[31] W.J. Oswald, Gas production from microalgae, Clean fuels from Biomass and
Wastes1976. 311–324.

[32] D.M. Eisenberg, et al., Methane fermentation of microalgae, International Sympo-
sium on Anaerobic Digestion, University College Cardiff, United Kingdom, 1979.

[33] C.G. Golueke, W.J. Oswald, Power from solar energy via algae produced methane,
Sol. Energy 7 (3) (1963) 86–92.

[34] S.J. Zeng, et al., Effect of inoculum/substrate ratio onmethane yield and orthophos-
phate release from anaerobic digestion of Microcystis spp, J. Hazard. Mater. 178
(1–3) (2010) 89–93.

[35] A. Lakaniemi, et al., Biogenic hydrogen and methane production from Chlorella
vulgaris and Dunaliella tertiolecta biomass, Biotechnology for Biofuels, 342011.

[36] C.J. Zhu, Y.K. Lee, Determination of biomass dry weight of marine microalgae, J.
Appl. Phycol. 9 (1997) 189–194.

[37] L.S. Clesceri, A.E. Greenberg, A.D. Eaton (Eds.), StandardMethods For The Examina-
tion Of Water And Wastewater, 20th ed., American Public Health Association,
Washington, USA, 1998.

[38] C.Y. Chen, et al., Cultivation, photobioreactor design and harvesting of microalgae
for biodiesel production: a critical review, Bioresour. Technol. 102 (2011) 71–81.

[39] G.E. Molina, et al., Recovery of microalgal biomass and metabolites: process oper-
ations and economics, Biotechnol. Adv. 20 (2003) 491–515.

[40] S.P. Pahl, et al., Harvesting thickening and dewatering microalage biomass algae for
biofuels, Springer, 2012.

[41] D. Klien-Marrcuschamer, et al., A matter of detail: assessing the true potential of
microalage biofuels, Biotechnol. Bioeng. 110 (9) (2013) 2317–2322.

[42] A.K. Lee, D. Lewis, P.J. Ashman, Force and energy requirements for microalgal cell
distruption: an atomic force microscope evaluation, Bioresour. Technol. 128
(2013) 199–206.

[43] E.P. Sanchez-Hernandez, L. Trvieso-Cordoba, Anaerobic digestion of Cholrella
vulgaris for energy production, Resour. Conserv. Recycl. 9 (1993) 127–132.

[44] G.F. Parkin, W.F. Owen, Fundamentals of anaerobic digestion of wastewater
sludges, J. Environ. Eng. 112 (1986) 867–920.

[45] P.L. McCarty, Anaerobic waste treatment fundamentals: part 1, Public Works 95
(9,10,11,12) (1964) 107–112.

[46] P.L. McCarty, Anaerobic waste treatment fundamentals, PublicWorks 95 (9, 10, 11,
12) (1964) 95–98.

[47] C. Zamalloa, J.D. Vrieze, N. Boon, W. Verstraete, Anaerobic digestibility of marine
microalgae Phaeodactylum tricornutum in a lab-scale anaerobicmembrane bioreac-
tor, Bioenergy Biofuels 93 (2012) 859–869.

[48] A.E. Inglesby, A.C. Fisher, Enhanced methane yields from anaerobic digestion of
Arthrospira maxima biomass in an advanced flow-through reactor with an
intergrated recirculation loop microbial fuel cell, Energy Environ. Sci. 5 (2012)
7996–8006.

[49] R. Harun, et al., Bioprocess engineering of microalgae to produce a variety of con-
sumer products, Renew. Sust. Energ. Rev. 14 (2010) 1037–1047.

[50] V. Krishnan, D. Ahmad, E.M. Endut, Effect of coagulation on palm oil mill effluent
and subsequent treatment of coagulated sludge by anaerobic digestion, J. Chem.
Technol. Biotechnol. 81 (2006) 1652–1660.

[51] E. Campos, et al., Feasibility study of the anaerobic digestion of dewatered pig slur-
ry by means of polyacylamide, Bioresour. Technol. 99 (2008) 387–395.

[52] J.P. Barford, et al., Anaerobic digestion of High Strength Chees whey utilising
semicontinuous digesters, Biotechnol. Bioeng. 28 (1985) 1601–1607.

[53] S. Kalyuzhnyi, L. Estrada De Los Santos, J. Rodriguez Martinez, Anaerobic treatment
of raw and preclarified potato maize wastewaters in a UASB reactor, Bioenergy
Biofuels 66 (1998) 195–199.

[54] I.J. Callander, J.P. Barford, Cheese whey anaerobic digestion—effect of chemical floc-
culation, Biotechnol. Lett. 5 (3) (1983) 153–158.

[55] D.M. Zhang, et al., Optimisation of struvite crystallisation for pretreating the swine
wastewater and its impact on subsequent anaerobic biodegradation of pollutants,
Bioresour. Technol. 116 (2012) 386–395.

[56] Q. Zhou, et al., Influences of suspended carrier on anaerobic digestion process
of blue algae, Jiangsu Nong Ye Xue Bao (J. Agric. Sci.) 25 (6) (2009)
1305–1308.

[57] C. Gonzalez-Fernandez, et al., Impact of microalage characteristics on their conver-
sion to biofuel. Part 2: focus on biomethane production, Biofuels Bioprod. Bioref. 6
(2012) 205–218.

[58] R. Samson, A. Leduy, Influence of mechanical and thermochemical pretreatments
on anaerobic-digestion of Spirulina-maxima algal biomass, Biotechnol. Lett. 5 (10)
(1983) 671–676.

213A.J. Ward et al. / Algal Research 5 (2014) 204–214

28

http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0005
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0005
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0010
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0010
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0540
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0540
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0015
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0015
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0015
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0020
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0020
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0025
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0025
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0030
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0030
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0035
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0035
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0545
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0545
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0040
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0040
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0045
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0045
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0050
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0050
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0055
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0055
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0060
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0065
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0065
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0070
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0070
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0075
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0075
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0080
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0085
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0085
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0090
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0090
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0095
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0095
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0100
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0100
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0105
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0105
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0110
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0110
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0110
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0115
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0115
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0120
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0120
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0125
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0125
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0130
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0130
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0130
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0550
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0550
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0555
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0555
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0560
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0560
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0565
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0565
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0570
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0570
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0145
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0145
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0145
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0575
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0575
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0155
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0155
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0580
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0580
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0580
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0165
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0165
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0170
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0170
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0585
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0585
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0175
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0175
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0180
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0180
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0180
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0185
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0185
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0590
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0590
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0595
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0595
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0600
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0600
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0190
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0190
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0190
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0195
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0195
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0195
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0195
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0200
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0200
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0205
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0205
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0205
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0210
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0210
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0215
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0215
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0605
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0605
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0605
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0220
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0220
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0225
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0225
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0225
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0230
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0230
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0230
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0235
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0235
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0235
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0240
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0240
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0240


[59] B. Sialve, N. Bernet, O. Bernard, Anaerobic digestion of microalgae as a necessary step
to make microalgae biodiesel sustainable, Biotechnol. Adv. 27 (2009) 409–416.

[60] C. Gonzalez-Fernandez, et al., Comparison of ultrasound and thermal pretreatment
of Scenedesmus biomass on methane production, Bioresour. Technol. 110 (2012)
610–616.

[61] C. Gonzalez-Fernandez, et al., Thermal pretreatment to improve methane produc-
tion of Scenedesmus biomass, Biomass Bioenergy 40 (2012) 105–111.

[62] C. Gonzalez-Fernandez, et al., Effect of organic loading rate on anaerobic digestion of
thermally pretreated Scenedesmas sp. biomass, Bioresour. Technol. 129 (2013)
219–223.

[63] M.E. Alzate, et al., Biochemical methane potential of microalgae: influence of sub-
strate to inoculum ratio, biomass concentration and pretreatment, Bioresour.
Technol. 123 (2012) 488–494.

[64] P. Keymer, et al., High pressure thermal hydrolysis as pre-treatment to increase the
methane yield during anaerobic digestion of microalage, Bioresour. Technol. (131)
(2013) 128–133.

[65] U. Kepp, et al., Enhanced stabilisation of sewage sludge through thermal hydrolysis:
three years of experience with full scale plant, Water Sci. Technol. 42 (2000) 89–96.

[66] F. Lu, L. Shao, P. He, Bacterial bioaugmentation for improving methane and hydro-
gen production from microalgae, Biotechnology for biofuels 6 (1) (2013) 92.

[67] H.W. Yen, D.E. Brune, Anaerobic co-digestion of algal sludge and waste paper to
produce methane, Bioresour. Technol. 98 (2007) 130–134.

[68] A.M. Lakaniemi, O.H. Tuovinen, J.A. Puhakka, Anaerobic conversion of microalgal
biomass to sustainable energy carriers—a review, Bioresour. Technol. 135 (2013)
222–231.

[69] A.K. Lee, D. Lewis, P.J. Ashman, Disruption of microalgal cells for the extraction of
lipids for biofuels: process and specific energy requirements, Biomass Bioenergy
46 (2012) 89–101.

[70] K. Sander, G.S. Murthy, Enzymatic degradation of microalgal cell walls, ASABE
annual international meeting, American Society of Agricultural and Biological En-
gineers, Reno, Nevada, USA, 2009.

[71] E.A. Ehimen, et al., Influence of different pre-treatment routes on the anaerobic di-
gestion of a filamentous algae, Renew. Energy 50 (2013) 476–480.

[72] A. Vergara-Fernandez, et al., Evaluation of marine algae as a source of biogas in a
two-stage anaerobic reactor system, Biomass Bioenergy 32 (2008) 338–344.

[73] C. Gonzalez-Fernandez, B. Molinuevo-Salces, M.C. Garcia-Gonzalez, Evaluation of
anaerobic codigestion of microbial biomass and swine manure via response sur-
face methodology, Appl. Energy 88 (2011) 3448–3453.

[74] W. Shouquan, et al., Effect of inoculum to substrate ratios on methane production
in mixed anaerobic digestion of pig manure and blue green algae, Trans. CSAE 25
(5) (2009) 172–176.

[75] V.K. Saxena, S.M. Tandon, K.K. Singh, Anaerobic digestion of green filamentous
algae and water hyacinth for methane production, Natl. Acad. Sci Lett. 7 (9)
(1984) 283–284.

[76] S. Ramamoorthy, N. Sulochana, Enhancement of biogas production using algae,
Curr. Sci. 58 (11) (1989) 646–647.

[77] P. Shuchuan, et al., Performance of anaerobic co-digestion of corn straw and algae
biomass from Lake Chaohu, Chin. Soc. Agric. 28 (15) (2012) 173–178.

[78] R. Samson, A. Leduy, Improved performance of anaerobic digestion of Spirulina
maxima algal biomass by addition of carbon rich wastes, Biotechnol. Lett. 5 (10)
(1983) 677–682.

[79] X. Yaun, et al., Microalage growth using high strength wastewater followed by an-
aerobic digestion, Water Environ. Res. 84 (5) (2012) 396–404.

[80] S. Park, Y. Li, Evaluation of methane production and macronutrient degradation in
the anaerobic co-digestion of algae residue and lipid waste, Bioresour. Technol. 111
(2012) 42–48.

[81] M. Salerno, Y. Nurdogan, T.J. Lundquist, Biogas production from algae biomass
harvested at wastewater treatment ponds, Bioenergy Engineering Conference,
American Society of Agricultural and biological Engineers, Washington, USA, 2009.

[82] J.A.S. Lopez, M.M. Santos, A.F.C. Perez, Anaerobic digestion of glycerol derived from
biodiesel manufacturing, Bioresour. Technol. 100 (2009) 5609–5615.

[83] E.A. Ehimen, et al., Energy recovery from lipid extracted, transesterified and glycerol
codigested microbial biomass, GCB Bioenergy 1 (2009) 371–381.

[84] Y. Chen, J.J. Cheng, K.S. Creamer, Inhibition of anaerobic digestion process: a re-
view, Bioresour. Technol. 99 (2008) 4044–4064.

[85] C. Zamolla, et al., The techno-economic potential of renewable energy through the
anaerobic digestion of microalgae, Bioresour. Technol. 102 (2011) 1149–1158.

[86] D.G. Cirne, et al., Anaerobic digestion of lipid rich waste—effects of lipid concentra-
tion, Renew. Energy 32 (2007) 965–975.

[87] P.G. Thiel, the effect of methane analogues on methanogenesis in anaerobic diges-
tion, Water Res. 3 (1969) 215–223.

[88] E. Bligh, W.J. Dyer, A rapid method of total lipid extraction and purification, Can.
J. Biochem. Physiol. 37 (8) (1959) 911–917.

[89] A.M. Buswell, C.S. Boruff, The relationship between chemical composition of organ-
ic matter and the quality and quantity of gas produced during sludge digestion,
Sew. Work. J. 4 (3) (1932) 454–460.

[90] Metcalf, L. and H.P. Eddy, eds.Wastewater Engineering Treatment and Reuse. 4th ed.,
ed. G. Tchobanoglous, F.L. Burton, and H.D. Stensel. 2006, Tata McGraw-Hill Pub-
lishing Company Limited: New York. 1819.

[91] S. Chinnasamy, et al., Microalgae cultivation in awastewater dominated by carpetmill
effluents for biofuel applications, Bioresour. Technol. 101 (9) (2010) 3097–3105.

[92] S.S. Patil, et al., Utilising bacterial communities associated with digested piggery ef-
fluent as a primary food source for the batch culture on Moina australiensis,
Bioresour. Technol. 101 (2010 b) 3371–3378.

[93] P.L. McCarty, Anaerobic waste treatment fundamentals: part 3, Public Works
(9,10,11,12) (1964) 91–94.

[94] M. Kayhanian, Ammonia inhibition in high-solids biogasification, an overview and
practical solutions, Environ. Technol. 20 (1999) 355–365.

[95] I. Angelidaki, B.K. Ahring, Thermophilic digestion of livestock waste, the effect of
ammonia, Applied Microbiology Biotechnology 38 (1993) 560–564.

[96] S.K. Bhattacharya, G.F. Parkin, The effect of ammonia on methane fermentation
process, J. Water Pollut. Control. 61 (1) (1989) 55–59.

[97] R. Borja, E. Sanchez, M.M. Duran, Effect of the clay mineral zeolite on ammonia in-
hibition of anaerobic thermophilic reactors treating cattle manure, J. Environ.Sci.
Health A31 (2) (1996) 479–500.

[98] I.W. Koster, G. Lettinga, The influence of ammonia nitrogen on the specific activity
of pelletized methanogenic sludge, Agric. Waste 9 (1984) 215–216.

[99] J.E. Robbins, S.A. Gerhard, T.J. Kappel, Effects of ammonia in anaerobic digestion
and an example of digester performance from cattle manure protein mixtures,
Biol. Wastes 27 (1989) 1–14.

[100] M. Kayhanian, Performance of a high solids anaerobic digestion process under var-
ious ammonia concentrations, J. Tech. Biotechnol. 59 (4) (1994) 349–352.

[101] W.M. Wiegant, G. Zeeman, The mechanism of ammonia inhibition in the thermo-
philic digestion of livestock wastes, Agric. Wastes 16 (1986) 243–253.

[102] G. Zeeman, et al., The influence of the total ammonia concentration on the thermo-
philic digestion of cow manure, Agric. Wastes 14 (1985) 19–35.

[103] K.F. Jarrell, M. Saulnier, A. Ley, Inhibition of methanogenesis in pure cultures by
ammonia, fatty acids, and heavy metals, and protection against heavy metal toxic-
ity by sewage sludge, Can. J. Microbiol. 33 (1987) 551–555.

[104] D. O'Keefe, D.P. Chynoweth, Influence of phase separation, leachate and aeration
on treatment of municipal solid waste in simulated landfill cells, Bioresour.
Technol. 72 (2000) 55–66.

[105] H. Yu, et al., Energy recovery from grass using two-phase anaerobic digestion,
Waste Manag. 22 (2002) 1–5.

[106] S.G. Shin, et al., A comprehensive microbial insight into two-stage anaerobic diges-
tion of food waste-recycling wastewater, Water Res. 44 (2010) 4838–4849.

[107] Z. Yang, et al., Hydrogen and methane production from lipid extracted microbial
biomass residues, Int. J. Hydrogen Energy 36 (2011) 3465–3470.

[108] M. Ahsan, B. Habib, M. Parvin, FAO Fisheries and Aquaculture Circular No. 1034: a
review on culture, production and use of Spirulina as food for humans and feeds
for domestic animals and fish, Circular 1034 (2008) 41.

[109] C.M. Asinari Di San Marzano, et al., Biomethanation of the marine algae
Tetraselmis, Int. J. Sol. Energy 1 (1983) 263–272.

[110] S. Buxy, R. Diltz, P. Pullammanappallil, Biogasification of marine algae
Nannochloropsis oculata, Ceram. Trans. 239 (2013) 56–67.

[111] A. Rinzema, J. Van Lier, G. Lettinga, Sodium inhibition of acetoclastic methanogens
in granular sludge from a USAB reactor, EnzymeMicrob. Technol. 10 (1988) 24–32.

[112] I.J. Kugelman, P.L. McCarty, cation toxicity and stimulation in anaerobic waste
treatment, J. Water Pollut. Control. Fed. 37 (1964) 97–116.

[113] J. Zhang, Y. Zhang, X. Quan, Electricity assisted anaerobic treatment of salinity
wastewater and its effects on microbial communities, Water Res. 46 (2012)
3535–3543.

[114] Bitton, G., ed. Wastewater microbiology. 1 ed. Ecological and applied microbiology,
ed. R. Mtchell. 1994, Wiley-liss: Florida. 478.

[115] E. Aspe, M. Cristina Marti, M. Roeckel, Anaerobic treatment of fishery wastewater
using a marine sediment inoculum, Water Res. 31 (9) (1997) 2147–2160.

[116] S.S. Patil, M.S. Kumar, A.S. Ball, Microbial community dynamics in anaerobic biore-
actors and algal tanks treating piggery wastewater, Environ. Biotechnol. 87 (2010)
353–363.

[117] D.A. Vaccari, N. Strigul, Extrapolating phosphorous production to estimate resource
reserves, Chemosphere 84 (2011) 792–797.

[118] G.D. Lyovo, G. Du, J. Chen, Sustainable bioenergy bioprocessing: boimethane pro-
duction, digestate as biofertiliser and as supplemental feed in algae cultivation to
promote algae biofuel production, J. Microb. Biochem. Technol. 2 (4) (2010)
100–106.

[119] D.A. Vaccari, Phosphorus: a looming crisis, Sci. Am. 300 (6) (2009) 54–59.
[120] D. Jones, et al., Nutrient stripping: the global disparity between food security and

soil nutrient stocks, J. Appl. Ecol. 50 (2013) 851–862.
[121] X. Rui, et al., The potential of blue-green algae for producingmethane in biogas fer-

mentation, Proceedings of ISESS Solar World Congress 2007: solar Energy and
Human Settlement, Tsingua University Press, China, 2007.

[122] G. Polakovicova, et al., Process integration of algae production and anaerobic diges-
tion, Chem. Eng. Trans. 29 (2012) 1129–1134.

[123] P.H. Chen, Factors Influencing Methane Fermentation of Micro-algae, University of
California, Berkley Berkley, USA, 1987.

[124] J.A.V. Costa, et al., Microalgae biomass and biomethane production in the south of
Brazil, Biotechnol. Lett. 136 (2008) S402–S403.

[125] R. Samson, A. Leduy, Detailed study of anaerobic-digestion of Spirulina-maxima
algal biomass, Biotechnol. Bioeng. 28 (7) (1986) 1014–1023.

[126] V.H. Varel, T.H. Chen, A.G. Hashimoto, Thermophilic and mesophilic methane pro-
duction from anaerobic degradation of the cyanobacterium Spirulina maxima,
Resour. Conserv. Recycl. 1 (1988) 19–26.

[127] S.O. Lourenco, E. Barbarino, Distribution of intracellular nitrogen in marine
macroalgae: basis for the calculation of specific nitrogen-to-protein conversion
factors, J. Phycol. 34 (1998) 798–811.

[128] P. Biller, et al., Nutrient recycling of aqueous phase formicroalgae cultivation from the
hydrothermal liquefaction process, Algal Res. 1 (1) (2012) 70–76.

214 A.J. Ward et al. / Algal Research 5 (2014) 204–214

29

http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0245
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0245
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0250
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0250
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0250
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0255
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0255
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0260
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0260
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0260
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0265
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0265
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0265
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0610
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0610
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0610
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0270
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0270
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0275
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0275
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0280
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0280
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0285
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0285
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0285
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0290
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0290
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0290
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0615
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0615
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0615
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0295
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0295
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0300
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0300
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0305
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0305
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0305
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0310
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0310
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0310
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0315
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0315
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0315
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0320
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0320
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0620
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0620
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0330
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0330
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0330
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0335
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0335
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0340
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0340
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0340
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0625
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0625
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0625
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0345
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0345
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0350
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0350
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0355
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0355
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0630
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0630
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0365
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0365
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0370
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0370
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0375
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0375
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0380
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0380
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0380
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0390
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0390
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0635
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0635
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0635
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0640
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0640
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0395
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0395
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0400
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0400
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0405
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0405
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0410
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0410
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0410
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0415
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0415
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0420
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0420
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0420
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0425
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0425
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0430
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0430
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0435
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0435
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0440
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0440
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0440
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0445
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0445
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0445
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0450
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0450
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0455
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0455
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0645
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0645
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0650
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0650
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0650
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0655
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0655
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0465
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0465
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0470
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0470
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0660
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0660
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0475
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0475
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0475
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0665
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0665
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0670
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0670
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0670
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0490
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0490
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0495
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0495
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0495
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0495
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0500
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0505
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0505
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0675
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0675
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0675
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0510
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0510
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0680
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0680
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0685
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0685
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0520
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0520
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0525
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0525
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0525
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0530
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0530
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0530
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0535
http://refhub.elsevier.com/S2211-9264(14)00021-6/rf0535


2.12. Supplementary literature review 

This supplementary literature review addresses further experimental work on 

the anaerobic digestion (AD) of microalgae that has been completed since the 

publication of  “Anaerobic digestion of algal biomass: A review” (Ward et al., 2014) 

(chapter 2). Additional publications investigating the pre-treatment of microalgae 

biomass have been published. The pre-treatment methods that have been reported 

since publication of Ward et al. (2014) include ultrasonic pre- treatment (Passos et al., 

2014, Ometto et al., 2014), auto-hydrolysis and alkaline pre-treatment (Mahdy et al., 

2014c), thermal pre-treatment (Kinnunen et al., 2014, Ometto et al., 2014, Passos and 

Ferrer, 2015, Zielinski et al., 2015, Mendez et al., 2014) and enzymatic pre-treatment 

(Mahdy et al., 2014a, Munoz et al., 2014, Mahdy et al., 2014b, Ometto et al., 2014). 

Ultrasonic pre-treatment experimental findings where consistent with previous 

reported literature, where ultrasonic pre-treatment of biomass increases the methane 

yield from anaerobically digested microalgae biomass (Ometto et al., 2014, Passos et 

al., 2014). However Passos (2014) concluded that the energy requirements to 

ultrasonically pre-treat microalgae biomass was greater than the additional methane 

recovered from the increased cell wall disruption. This finding was also noted by 

Ometto (2014) where results indicated that the energy input and energy output ratio 

was negative for all ultrasonic treatments tested. 

Results on the auto-hydrolysis pre-treatment method reported in Mahdy et al. 

(2014c) also identified an increased methane yield utilising auto- hydrolysis pre-

treatment methods as previously reported in Ward et al. (2014).
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Table 1: Methane biogas production from anaerobic digestion of different species of 

microalgae biomass. 

Microalgae species C/N 
Ratio 

Methane Yield Loading Rate Reference 

Waste water grown 
community 

N/R 196.4 (ml/Ch4/g VS) 5 g COD/L (Passos et al., 
2014) 

Scenedesmus obliquus N/R 411 (ml/Ch4/g VS) N/R (Ometto et al., 
2014) 

Chlorella sorokiniana N/R 318 (ml/Ch4/g VS) N/R (Ometto et al., 
2014) 

Arthrospira maxima N/R 141 (ml/Ch4/g VS) N/R (Ometto et al., 
2014) 

Chlorella vulgaris N/R 160 (ml/Ch4/g VS) N/R (Mahdy et al., 
2014c) 

 ‘Scenedesmus’ sp. N/R 165 (ml/Ch4/G VS) N/R (Mahdy et al., 
2014c) 

Waste water grown 
community 

N/R 225 (ml/Ch4/g VS) 1.7 to 0.3 g VS/L-1D-1 (Kinnunen et 
al., 2014) 

Oocystis sp. N/R 170 (ml/Ch4/g VS) 0.7 g VS/L-1D-1 (Passos and 
Ferrer, 2015) 

Chlorella vulgaris (68%) & 
Scenedesmus sp. (28%) 

N/R 347 (ml/Ch4/g VS) 1 g VS/L-1 (Zielinski et al., 
2015) 

Scenedesmus sp. N/R 194 (ml/Ch4/g COD) 3.2% TS/L-1 (Mendez et al., 
2014) 

Chlorella vulgaris N/R 225 (ml/Ch4/g COD) 1.6% TS/L-1 (Mendez et al., 
2014) 

Chlorella vulgaris N/R 299 (ml/Ch4/g COD) N/R (Mahdy et al., 
2014a) 

Chlamydomonas reinhardtii N/R 289 (ml/Ch4/g COD) N/R (Mahdy et al., 
2014a) 

Chlorella vulgaris N/R 255 (ml/Ch4/g COD) N/R (Mahdy et al., 
2014b) 

Nanochloropsis gaditana N/R 282 (ml/CH4/g VS) 2 g TS/L-1 (Munoz et al., 
2014) 

Scenedesmus sp. 6.0 140 (ml/CH4/g VS) N/R (Ramos-Suarez 
et al., 2014) 

Chlorella sp. N/R 210 (ml/Ch4/g VS) 6.7 g VS/L-1 (Li et al., 2014) 
Chlorella sp. 6.80 337 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 

2014) 
Chlorella sp. (LEB) 5.51 314 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 

2014) 
Nanochloropsis sp. 7.55 357 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 

2014) 
Nanochloropsis sp. (LEB) 6.36 399 (ml/Ch4/g VS)  10 g VS/L-1 (Zhao et al., 

2014) 
Nanochloropsis salina 14.87 557 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 

2014) 
Nanochloropsis salina (LEB) 8.46 383 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 

2014) 

(N/R = not reported and (LED) = lipid extracted biomass  
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Table 1 Continued: Methane biogas production from anaerobic digestion of different species of 

microalgae biomass. 

Microalgae species C/N 
Ratio 

Methane Yield Loading Rate Reference 

Nanofrustulum sp. 9.47 507 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 
2014) 

Nanofrustulum sp. (LEB) 6.89 304 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 
2014) 

Phaeodactylum tricornutum  6.86 337 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 
2014) 

Phaeodactylum tricornutum 
(LEB) 

5.68 339 (ml/Ch4/g VS) 10 g VS/L-1 (Zhao et al., 
2014) 

Nanochloropsis sp. N/R 399 (ml/Ch4/g VS) 1 g VS/L-1 (Alzate et al., 
2014) 

Nanochloropsis sp. (LEB) N/R 381 (ml/Ch4/g VS) 1 g VS/L-1 (Alzate et al., 
2014) 

Nanochloropsis gaditana 
(LEB) 

N/R 236 (ml/Ch4/g VS) N/R (Hernadez et al. 
2014) 

Tetraselmis sp. (LEB) N/R 203 (ml/Ch4/g VS) N/R  

(N/R = not reported and (LED) = lipid extracted biomass  

 

However the authors also report that the use of sodium hydroxide with Chlorella 

vulgaris resulted in the formation of precipitating by- products from the addition of the 

chemical catalysts. They conclude that these precipitates  may have contributed to 

the resultant lower methane production that was reported (Mahdy et al., 2014c).  

Thermal pre-treatment experimental results reported by Kinnunen et al. (2014), 

Ometto et al (2014), Mendez et al. (2014), Zielinski et al. (2015) and Passos et al. 

(2014) also correlated with reported findings in Ward et al. (2014). All experimental 

results found increased methane potential when microalgae biomass was thermally 

pre-treated prior to AD. Ometto (2014) found one treatment combination for 

Scenedesmus obliquus that had a favourable energy return when thermally pre-

treated. In contrast to this result, Passos (2015) and Ometto (2014) concluded that all 

the microalgae thermal pre-treatments they tested all utilised more energy than what 

was recoverable from the pre-treated biomass. Passos (2015) went further and 

calculated a theoretical total solids AD loading rate that would give a positive energy 
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balance if utilised. The author stipulated that a centrifugation step would be needed to 

reach the required total solids content needed for a positive energy balance. When the 

required theoretical loading rate was calculated and compared to scientific literature it 

indicated that this theoretical loading rate would be too high. The literature indicated 

that the calculated loading rate would be detrimental to the AD process due to high 

ammonia levels resulting from the breakdown of protein, hence causing AD inhibition. 

Passos (2015) also noted that a higher organic loading rate may not achieve a higher 

methane potential as current literature was inconclusive on gas potential at higher 

loading rates. The work by Menedez et al. (2014) adds additional experimental 

evidence to this. Menedez (2014) investigated higher loading rates utilising pre-treated 

substrate at loading rates ranging from 1.6% to 13% TS (W/V) basis. Results 

demonstrated that the increased loading rate did not yield additional methane 

production. Additionally results showed that a concentration above 3.2% TS (W/V) 

was detrimental and decreased methane production for the Scenedesmus sp. of 

microalgae biomass was recorded.  

The author Ramos-Suarez et al. (2014) also investigated methane production 

from increased loading rates ranging from 2 to 6g VS L-1. When Scendesmus sp. was 

co-digested with Opuntia maxima sp. at a loading rate of 2g VS L-1 the lowest methane 

production was reported. This increased to its maximum reported production at 4g VS 

L-1 however this again decreased considerably at 6g VS l-1. 

The inoculum to substrate ratio, which also relates to loading rate was 

investigated  by Li et al. (2014). Li et al. (2014) found a maximum methane production 

when a 1:3 inoculum to substrate ratio was utilised. Li et al. (2014) also reported if a 

ratio of 1 or below was used the methane was significantly reduced due to ammonia 

inhibition. This finding could have a significance implications to continuously run 
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anaerobic digesters where undigested biomass may continuously accumulate if high 

loading rates are utilised. 

 

Pre-treatments utilising enzymatic activity also reported increased methane 

production as reported in Ward et al. (2014). The enzymes Viscozyme (carbohydrlase) 

and  Alcalase (protease) where tested by Mahdy et al. (2014a), (2014b) and both these 

enzymes were found to increase methane production from Chlorella vulgaris and 

Chlamydomonas reinhardtii microalgae species. However Mahdy (2014a) noted that 

the enzymatic hydrolysis of Chlamydomonas reinhardtii was not favourable due to the 

already high degradability of Chlamydomonas reinhardtii. The increased methane 

production from enzyme pre-treatment reported by Mahdy (2014) was insufficient to 

be a viable option. Alternatively the enzymatic pre-treatment of Chlorella vulgaris was 

seen as a promising pre-treatment to decrease the energetic input required for cell 

wall disruption of this species (Mahdy et al., 2014a).     

Ometto et al. (2014) utilised the commercially available  enzymes  Depol™ 40L, 

Lipomod™ 957, Depol™ 220L, pectinase P2611 and Lipimod™ 166P to successfully 

pre-treat Scenedesmus obliquus and Chlorella vulgaris microalgae biomass (Ometto 

et al., 2014). 

Munoz (2014) identified a new approach for the enzymatic pre-treatment of 

microalgae biomass. Munoz (2014) utilised live marine bacteria with cellulolytic activity 

as a whole-cell enzymatic pre-treatment for microalgal biomass (Munoz et al., 2014).  

This bacterial enzymatic pre-treatment had the advantage of being more energy 

efficient than current commercial enzymes. It also had the advantage of being able to 

be cultured on the same site as the microalgae reducing financial costs when 

compared to other commercial enzymatic pre-treatments (Munoz (2014). This method 
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also demonstrated positive gas production when microalgae biomass was pre-treated 

by this method (Munoz et al., 2014). 

Further work investigating methane potential was undertaken on lipid extracted 

biomass (Zhao et al., 2014, Alzate et al., 2014, Herandez et al., 2014). Positive gas 

potentials were reported for all lipid extracted biomass. However only Zhao et al. 

(2014) reported lower biogas production from extracted biomass. The extraction 

method used by Zhao et al. (2014) utilised a soxhlet with hexane and isopropanol as 

the solvent in the extraction method.  Alzate  et al. (2014) used ethanol but also used 

a thermal pre-treatment step for the disruption and the extraction process. Herandez 

et al. (2014) used Supercritical carbon dioxide extraction and also utilised microwave 

pre-treatment. Both authors  conclude that the extraction process constitutes a pre-

treatment step and the more rigours extraction methods also increase the 

solubilisation of cell contents allowing better conversion to methane by the AD 

microbial community   (Herandez et al., 2014, Alzate et al., 2014).  The lower methane 

reported in Zhao et al. (2014) may have resulted from a less vigorous extraction 

technique than that used by Alzate et al. (2014 and Herandez et al. (2014) resulting in 

less solubilisation of cell contents reducing the digestibility of the substrate.  

The author Zhao et al. (2014)  investigated the Bligh and Dyer extraction 

method (Bligh and Dyer, 1959) which uses chloroform mixed with solvent to extract 

the lipid. Chloroform has been identified as a major inhibitor in the AD process (Zhao 

et al., 2014). Chloroform disrupts the microbial cell membrane and compromises the 

cell’s viability, resulting in inactivation of essential membrane functions and 

denaturation of essential enzymes (Yun et al., 2014). This inhibition was demonstrated 

during the experimental work undertaken by Zhao et al (2014) where extensive 

biological inhibition was reported when the Bligh and Dyer method was utilised. 
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Further work on the effect of chloroform on the AD process was carried out by Yun et 

al. (2014). Yun et al. (2014) investigated the effect of chloroform on both the 

acetogenic bacterial community and the methanogen archea community.  Chloroform 

inhibition 30, 60 and 90 concentrations for acetogenic microbial community were 138, 

319, and 622 mg CHCL3/L-1, and 15, 37, 86 mg CHCL3/L-1 for the methanogen 

community respectively (Yun et al., 2014). Inhibition from chloroform was highlighted 

in Ward et al. (2014) however these more recent publications have now quantified the 

inhibitory concentration of chloroform on the AD microbial community. Also highlighted 

by this work is the higher sensitivity of the methanogen community when compared to 

acetogenic community this was also reported in Ward et al. (2014).  

Further scientific literature on the AD of microalgae include the AD of halophytic 

microalgae and halophytic methanogen and acetogenic microbial communities (see 

chapter 4), Pre-treatment of microalgae biomass and lipid extracted biomass (see 

chapter 5) and AD digestate as a nutrient source (chapter 6). 
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The  objective  for this  paper  was to  develop  a high  throughput  methodology  to  determine  chemical  oxy-
gen  demand  (COD),  five-day  biochemical  oxygen  demand  (BOD5) and  other  water  quality  parameters  via
turbidity  measurements  of  the  treated  effluent  that has  residual  suspended  microalgae.  This  method-
ology  has  twin  applicability  and  can  be utilised  in wastewater  management  scenarios  as  well  as  pond
management  for the  aquaculture  and  biofuel  microalgae  pond  management  applications.  The  final  results
indicated  high  correlations  of turbidity  with  most  of  the  studied  standard  parameters  with  the  excep-
tion  of BOD5.  This  paper also  suggested  that COD is  a  more  reliable  method  than  BOD5 in measuring  the
effluent  from  AIWPS®.

© 2014  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Frequent monitoring of effluent from wastewater treatment
plants is essential for public safety. Advanced Integrated Wastewa-
ter Pond Systems (AIWPS®), which exploit microalgae for nutrient
removal in municipal wastewater with the added benefit of carbon
dioxide absorption and mitigation, are not exceptions. Monitor-
ing, however, creates burdens on these systems as they are often
designed for small operating flows and monitoring adds further
delays in time and management of the wastewater plant. A man-
agement tool is, thus, required for rapid estimation and detection
of desired monitoring parameters. A fast and reliable parameter is
needed as an input measurement. While some significant param-
eters such as 5-day Biochemical Oxygen demand (BOD5) need a
period of six working days or 3 h for Chemical Oxygen Demand
(COD) testing, the turbidity parameter is a highly probable candi-
date as less than 5 min  is required for its analysis. Turbidity reflects
the high recorded residual suspended microalgae conditions in the
effluent in which AIWPS® experience.

The focus of this paper is, therefore, to initiate the development
of a management tool by utilising turbidity of the treated efflu-
ent with residual suspended microalgae. This simple indicator can

∗ Corresponding author at: 685 Lower North East Road, Paradise, SA 5075,
Australia.  Tel.: +61 403 195 427.

E-mail addresses: latn90@gmail.com, l.a.tu.nguyen@gmail.com (L.A.T. Nguyen).

be then correlated with a number of different parameters which
are implicated under the current US EPA and South Australian EPA
guidelines. Number of cells, total solids and volatile solids, 5-day
BOD5 and COD are the five parameters which were investigated for
correlation with turbidity in this study.

1.1. AIWPS® system

A  natural wastewater treatment system namely AIWPS® would
provide answers to current industry challenges. The AIWPS® in
which microalgae plays a key role in nutrient removal, carbon
dioxide uptake and extra dissolved oxygen production is a sim-
ple upgrade from the Waste Stabilisation Pond (WSP). The system
is a series of four ponds in order of Advanced Facultative Pond
(AFP), High Rate Pond (HRP), Algal Setting Pond (ASP), and the
final Maturation Pond (MP) [1]. While the AIWPS® has three times
lower operating and maintenance cost than conventional wastewa-
ter treatment systems, only high rate ponds are currently applied
in the regional Australian wastewater treatment facility (WWTF)
[2].

In AIWPS®, ponds are highly integrated with one another in
order to remove chemical oxygen demand, nutrients, pathogens
and toxicants. The AFP with additional in-pond digesters promotes
methane fermentation, disinfection, nutrient removal and odour
control. The consumption of carbon dioxide from the microalgal
photosynthesis in the facultative ponds upgrades methane from in
pond digesters to 84% methane in the captured biogas [3]. Thus,

http://dx.doi.org/10.1016/j.jwpe.2014.09.009
2214-7144/© 2014 Elsevier Ltd. All rights reserved.
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electrical generation from captured Biogas is feasible. Unlike the
AFP, in the HRP, the interaction between microalgae and aerobic
bacteria is more profound [3]. The purpose of the algae is to provide
extra dissolved oxygen for bacteria to breakdown BOD. Meanwhile,
bacteria supply carbon dioxide and nutrient to promote the growth
of those algae [2]. ASPs, however, have a primary focus on algae
removal under gravity as the main driving force in order to meet
required effluent quality management [4].

1.2. Microalgae involvement in AIWPS® system

The implication of microalgae in AIWPS® starts from the need to
provide a system with sustainable energy consumption in order to
compete in pollutant removal of conventional wastewater treat-
ment [4] and later, Abdel-Raouf et al. [5] have pointed out that
the photosynthetic capability of microalgae and the adsorption of
nutrients namely nitrogen and phosphorus are of particular inter-
est. In fact, the growth of microalgae increases dissolved oxygen
which in turn encourages bacterial growth in order to maintain
BOD removal as well as removing nutrients at the same time.

In  general, the growth and species of microalgae that are present
in the pond depend on the environment and location of the pond.
Most microalgae species are classified under either Chlorophytes
(green algae) or Cyanobacteria (blue-green algae). A study [5] found
that eight most common species in natural microalgae populations
were Chlorella, Ankistrodesmus, Euglena, Chlamydomonas, Oscil-
latoria, Micractinium and Golenkinia. In particular, in high rate
ponds, under the mixing influence of paddle wheels, Scenedesmus
and Micractinium are the two most common colonial microalgal
species [2].

Microalgae also contribute to the removal of carbon dioxide
which indirectly removes E. coli. In term of carbon dioxide, Singh
and Ahluwalia [6] insist microalgae can both collect carbon diox-
ide (CO2) from the atmosphere and water soluble carbon sources,
in wastewater. While standard atmospheric conditions exist, which
contains CO2 at a level of 0.0387% (v/v) could not support the entire
microalgae population. Thus, the main sources of carbon and specif-
ically carbon dioxide for microalgae to undergo photosynthesis
depend on bacteria during BOD breakdown processes in waste-
water treatment ponds [4]. Furthermore, under rapid demand of
dissolved CO2, microalgae indirectly increase the pH value of the
wastewater present in the pond to greater than 10. Under influence
of microalgae, E. coli was efficiently removed with the recorded
effluent from maturation pond at 10 MPN/100 mL,  which met  the
US EPA guidelines for water reuse.

1.3. Limitation of AIWPS®

Even though, AIWPS® have benefits in WWT,  management con-
cerns are needed to be addressed. The first concern is the removal
of total suspended solid (TSS). The primary reason is the addition of
microalgae in suspension over the entire system and HRP in partic-
ular. While the impact of microalgae on nutrient removal and their
tolerances with wastewater composition have been well investi-
gated [5,7], there is limited data in regard to the effect of the high
concentration of suspended microalgae in effluent.

1.4. Effectiveness of turbidity as an indicator

While, turbidity is a measure of water clarity, this parameter is
an integrated measurement of suspended and dissolved particu-
lates in the water. The methodology of measuring turbidity utilises
the reflection of light that passes through the water without being
scattered and absorbed. The measurements of light scattering are
usually quantified and reported in nephelometric turbidity units
(NTU) [8]. Under the requirement of US EPA and Australian and

Fig. 1. Turbidity NTU measured in HRP, ASP and MP  in the Delhi AIWPS® WWTF.

New Zealand Guidelines of Fresh and Marine Water Quality, the
average discharge turbidity is to be lower than 2 NTU over a 24-h
period. In addition, the instantaneous measurement should never
exceed 5 NTU. The recommended turbidity should be met  prior to
disinfection. Currently, based on United State Environmental Pro-
tection Agency (2012) [9] use of turbidity as an indicator for total
suspended solids is used in the State of Florida, US, Turbidity metres
are also employed as a measure of system performance.

2. Materials and methods

2.1.  Test samples

Due  to the unavailability of colonial microalgae samples from
an actual Advanced Integrated Pond System, water samples with a
single suspended marine microalgae species (Tetraselmis sp.) were
utilised as a sample proxy. Tetraselmis sp. was chosen as it is a
conventional aquaculture feed utilised by the aquaculture industry
[10,11] and is also utilised in the production of biofuel [12] and illus-
trates the twin applicability of these techniques use in other algae
pond management scenarios. Under the unique growth condition
in the laboratory, salt was added to the mixture at a concentration
of 7.00% which was twice the concentration of natural seawater.
High salinity was  used for culture of this species as outlined in
Fong Sing et al. [12] which details the commercial culture of this
species.

The tests commenced after the Tetraselmis sp. growth medium
provided a turbidity reading of higher than 418 NTU utilising the
Hach 2100N Turbidimeter, which correspond to the average read-
ing from high rate ponds in the Delhi AIWPS® WWTF  during the
highest recorded period between 20/03/13 and 20/06/13 (Fig. 1).
Since this study purpose is to establish correlation in a wide range
of turbidity which observed in a AIWPS®. The choice of average
turbidity during highest recorded period is therefore necessary to
limit the highest end value with lowest end recorded at 0 NTU.
Tests were conducted in triplicate under minimum of five differ-
ent turbidity values in order to establish regression models for the
number of cells, total solids, volatile solid, COD and BOD5 water
quality parameters.

2.2.  Cell counts

Since  Tetraselmis sp. is considered as unicellular, direct counts
are considered the best technique in examining the number of algal
cells. From the previous five sets of test samples, 5 mL  aliquots
of well mixed sample were extracted for analysis. In order to
limit microalgal cells mobility, three drops of lugol’s solution were
added to sample vials to kill and immobilise the cells. The sample
vials containing the sample were shaken vigorously to homogenise
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microalgae cells and keep microalgae in suspension. 1 mL  of sample
was then extracted using fine-tipped pipette. The extracted sample
was then transferred to a hemocytometer with a coverslip already
placed on top. The cells were then counted on the hemocytometer
as described in the methods reported by [13].

The reading was conducted utilising an Olympus IX 50 micro-
scope. Two microalgae counts were taken for each sample. For
additional accuracy, equation one was utilised where the average
number was multiplied by 0.98 to reduce any error from the sample
counts. This method is described in more detail in [13].

Number of cells [cells/L] = A × 104
0.98

(1)

where  A = average number of cell counted in the number of cells.

2.3. Total suspended solids and volatile solids

Total suspended solids (TSS) analysis was required in order to
determine the quantity and soluble solids in the water samples con-
taining the suspended microalgae (Tetraselmis sp.). Crucibles were
initially fired at 550 ◦C to remove any residual volatiles. The crucible
weight was then recorded before 5 mL  of each sample was  added.
The sample filled crucibles were then placed in a Qualtex Solid-
stat oven at a temperature of 104 ◦C until the final weight utilising
four decimal place scales had stabilised with no significant change.
The crucibles were then again placed in the drier. The process was
repeated until no change in dry weight was observed. A volatile
solid (VS) analysis was  then carried out utilising the same sam-
ples. The crucibles were fired using a muffle furnace at 550 ◦C over
a 16 h period ensuring complete combustion of all volatile mat-
ter. The same steady weight procedure was carried out in order to
record the final ash weights of samples [14,15].

Since samples contained salt, a standard salt solution of 7.00%
was prepared and placed under the same test conditions. The aver-
age weight of salt was then obtained in order to subtract salt
content for each of five sample sets. Due to the influence of the
additional salt the equations for total suspended solid and volatile
solid [15] were modified as follow:

TSS [mg/L]  = [(A − B) − (C − D)] × 1000/V (3)

VS [mg/L]  = [(E − A)] × 1000/V (4)

where:

A  = weight of crucible + dried residue in mg,
B  = weight of crucible in mg,
C  = weight of crucible + dried salt in mg,
D  = weight of crucible in mg,
E  = weight of crucible + residue after ignition in mg,  and
V = sample volume in mL.

2.4. Five-day biochemical oxygen demand (BOD5)

The  BOD test procedure was developed under the 5-day BOD
test methods reported in [14]. No seed was added as this method
only determines the actual oxygen demand of living Tetraselmis sp.
microalgae. After five days in a dark incubator, the determination of
the final DO was undertaken. Standard laboratory conditions were
maintained within the laboratory to ensure the correct initial and
final readings from the DO probe [14].

According to the standard method, to produce meaningful
results only bottles with a 2 mg/L minimum DO depletion and at
least 1 mg/L residual DO is applicable for the calculation of BOD5
under Eq. (5) [14]:

BOD5 [mg/L]  = D1 − D2
P

(5)

Fig. 2. Volatile solids under turbidity variation.

where:

D1 [mg/L] = DO of diluted sample immediately after preparation
D2 [mg/L] = DO of diluted sample after 5-day incubation period
P = decimal volumetric fraction of sample used

2.5.  Chemical oxygen demand (COD)

The closed reflux potassium dichromate colorimetric method,
which is outlined in [14], was  determined to be the best method
under the equipment availability within the laboratory. A serial
dilution of 10% was  applied to samples to bring them into a suit-
able range for the analysis. A wave length of 600 nm was  set in the
Shimadzu UV–vis spectrometer for the absorbance determination.
The absorbance reading from the spectrometer is a direct correla-
tion between the colour intensity which increases as the chemical
oxygen demand of the sample increases. This relationship between
chemical oxygen demand and absorbent has been shown to be lin-
ear, and the following regression equation was determined from
running know concentration standards to form a calibration curve
to describe this relationship mathematically. Thus, the change in
absorbance and its correlation to COD is given by Eq. (6).

COD [mg/L]  = 41020 × X − 148.89 (6)

where  X = absorbent.

3. Results

3.1. Cell count, total suspended solids and volatile solids

The  obtained results of turbidity in relation to cell counts sug-
gest a linear regression with high correlation of R2 = 0.993 as shown
in Fig. 2. Similar trends were recognised for total suspended solids
and volatile solids (Figs. 3 and 4) and with R2 equal to 0.964, 0.978
respectively. The result is expected since turbidity is a measure
of water clarity, and an integrated measurement of suspended
and dissolved particulates in the water. With higher density of
Tetraselmis sp. more light would be absorbed or scattered. Thus
higher turbidity value would be observed. The use of the param-
eters in the model is acceptable since R2 indicate a value greater
than 0.95. The use of these regression equations is acceptable for
use within the ranges analysed, however, additional testing of cor-
relations for predictions are required for extrapolated values using
univariate regression model [16]. The following equations were
then established for the above parameters.

Cell count [cells/mL] = 4896.6 × X (7)

TSS [mg/L]  = 29.959 × X (8)
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Fig. 3. Total suspended solids under turbidity variation.

Fig. 4. Volatile solids under turbidity variation.

VS [mg/L]  = 24.199 × X (9)

where  X = turbidity value in NTU.

3.2.  BOD5 experiment

Under  standard laboratory conditions, without the addition of
seed, BOD5 tests indicate no insignificant decline in DO (Fig. 5)
with R2 value is equivalent to 0.0087. Further addition of waste-
water from Bolivar wastewater treatment facility was added to
provide low bacterial inoculums (additional 1.5 mL  of wastewater)
and high bacterial inoculums (additional 4 mL  of wastewater). The
addition of seed was undertaken to determine if a rise in DO off-
set with the increase of additional bacteria in the samples. Since

Fig. 5. BOD5 under turbidity variation.

Fig. 6. The change in DO under turbidity variation.

the results did not reach the minimum required depletion in DO
of 2 mg/L under the standard condition, the calculation of BOD5
would not produce meaningful results. From the outcome of BOD5
experiments, with no light to support photosynthesis, the insignif-
icant DO reading prove conclusively that there is no BOD5 from
live Tetraselmis sp. even with additional bacterial inoculums under
the five day test regime (Fig. 6).The analysis of live microalgae in
BOD5 experiments is a concern as the microalgae may  not break-
down fast enough during the period of five-day incubation. Further
investigation would require the quantification of the ultimate BOD
after 20 days. However, the quantification of 20 day BOD  may  not
fully represent the oxygen demand of living algae as microalgae
cells are able to resist bacterial attack [17]. Zhou et al. [18] reported
live microalgae cells were detected in digestate from an anaerobic
digester after 45 days. In fact, Chen and Oswald [19] found that up to
60% of untreated microalgae biomass would survive throughout the
anaerobic digestion process as a result of their resistant cell wall.
Scenedesmus spp. is another example of cell resistance to bacterial
attacks, Scenedesmus spp. was still detected after 6 months in an
anaerobic digester. During this 6 months period, the authors deter-
mined that Scenedesmus spp. cells had switched to mixotrophic
growth and were still viable after the 6-month duration [20]. This
literature highlights that the microalgae cells are very resistant to
bacterial attack even in an extremely harsh bacterial environment
such as an anaerobic digester.

In  addition, the presence of microalgae in effluent does not grant
additional adverse impacts. The presence of microalgae, in fact,
indicates a negative oxygen demand because of their continuity
in photosynthesis during daylight hours. The addition, microalgae
is also considered to be beneficial for irrigation purposes, but could
be detrimental for aquifer recharge schemes. Microalgae have been
shown to be beneficial soil conditioners which promote microbial
activity and improve water retention in soils [21]. In comparison
to non-algae effluent, the addition of microalgae does not have a
detrimental effect upon freshwater aquatic life. This, however, has
the added benefit, as a carbonaceous source from biomass would
be immediately consumed by fish, and other phytoplankton con-
suming aquatic life, upon its release into the natural water body
[2].

3.3. COD experiment

Unlike  the BOD5 results, the results from COD experiment sug-
gest a rise in the demand of oxygen as the turbidity increase (Fig. 7).
A linear regression model is recognised with a correlation value
of R2 equal to 0.967. This correlation is similar to previous results
reported for cell count, total solids and volatile solids, as COD is
the measure of chemical decomposition of organic and inorganic
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Fig. 7. COD under turbidity variation.

solids in the tested sample. Thus, as the volume of suspended solid
increase, the light is absorbed or scatter and results in higher tur-
bidity value. This outcome suggested a significant reduction can be
achieved in estimating COD monitoring as the time delay could be
further reduced by use of the regression model. An equation was
later developed to model this correlation using the line of best fit.

COD [mg/L]  = 3.5827 × X (10)

where X = turbidity value in NTU
Furthermore, there are limitations which may  in turn pose influ-

ences on BOD5 results. BOD5 analysis requires high concentration
of active, acclimated seed bacteria [14]. Pre-treatments are needed
to minimise the effect of toxic waste and pH value and nitrify-
ing organism in the reading of dissolved oxygen reading. Finally,
the lack of stoichiometric validity reduces the usefulness of the
obtained results [15].

On  the other hand, COD in theory is corresponding to the
ultimate BOD value. In reality, the COD method has a further advan-
tage by quantifying the total demand in oxygen as some oxygen
demands in wastewater are not readily oxidised under the ultimate
BOD method of quantification [15]. In addition, from an operational
and management point of view, COD is an efficient monitoring
parameter because of its quick determination of 3.0 h [15]. Thus,
COD analysis would be a more effective parameter than BOD5 in
determining the efficiency of the AIWPS®. However as specific lab-
oratory equipment and hazardous chemicals are required the use
of turbidity as a proxy to COD is much more desirable. The regres-
sion model for COD from the correlation with turbidity will allow
rapid determination of COD and would reduce the time, expense
and hazards involved with COD determination.

While both US EPA and Australian guidelines favour the use of
BOD5, COD is also adopted in the Australian guidelines as an impor-
tant parameter. In fact, Tasmanian emission limit guidelines state
that COD may  be used in lieu of BOD testing [22]. However, the
actual figure for COD is based on the type of industry for the area
and the size and sensitivity of the receiving water body. According
to the Australian and New Zealand Guidelines of Fresh and Marine
Water Quality (2000) [23], in most cases the standard level for COD
which is often set at the maximum value of 40 mg/L is considered
on a case by case basis under the local EPA. The results of both the
BOD and COD experiments clearly indicate that BOD does not cap-
ture the residual microalgae in effluent over a five-day period and
may  be overlooked by the USA EPA. Australian guidelines, on the
other hand, are more rigorous and robust, and will account for this
residual algae biomass as COD is also used to asset water discharge
quality.

4.  Conclusion

The results from laboratory experiments indicate a high cor-
relation between turbidity and COD readings. Similar correlation
regression models were recognised for number of cells, total sus-
pended solids and volatile solids. Meanwhile, BOD5 analysis does
not fully represent the reality of the continuity in photosynthe-
sis of living microalgae during daylight hours as well as its cell
wall toughness and its resistance to bacterial attack and bacterial
assisted breakdown.

The  reduction of expensive laboratory tests and the minimum
time delay is achievable under the management tool that is devel-
oped from the regression models utilising turbidity as an input
parameter. Further development of this management tool will sup-
port the operational control for wastewater treatment plants in
regional Australia and overseas operators.

Nevertheless, due to the choice of Tetraselmis sp. of microalgae
and use of saline cultural medium as a sample proxy, the exper-
imental outcomes are relevant to the Tetraselmis sp. and culture
medium. Further studies and site specific ground proofing would
be required for each specific site where this model is utilised. Indi-
vidual site validation and calibration of regression models would be
required for the various species of microorganisms located at each
site. On-site calibration is also required to account for the nature of
the wastewater and effluent variation at each site, and particular
plant location.
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Halophytic microalgae as a feedstock for anaerobic digestion

Andrew Ward a,b,⁎, Andy Ball b, David Lewis a,c

a Microalgae Engineering Research Group, The University of Adelaide, South Australia 5005, Australia
b Environmental Microbiology, RMIT University, Melbourne, Victoria, Australia
c Muradel Pty Ltd., Maylands 5069, Australia

a b s t r a c ta r t i c l e i n f o

Article history:
Received 22 July 2014
Received in revised form 19 November 2014
Accepted 22 November 2014
Available online xxxx

Keywords:
Halophytic microalgae
Halo-tolerant anaerobic digestion
PCR DGGE
Halophytic methanogen
Bacterial community

Anaerobic digestion can be employed to producemethane biogas from residualmicroalgae biomass derived from
either a lipid based biofuel process or wastewater treatment. There is interest in using halophytic microalgae for
biofuel production due to their potential robustness in large-scale openpond production. The anaerobic digestion
of halophytic microalgae biomass would however be challenging due to the high salinities not typically experi-
enced in anaerobic digestion scenarios. Halophytic microalgae biomass as a potential substrate feedstock for an-
aerobic digestion would have salinities in excess of 3.5%, which is typically found in marine environments. To
investigate the anaerobic digestion of halophytic microalgae issue the first stage of the reported study focuses
on the changes undertaken in the bacterial community associated with the anaerobic digestion of piggery efflu-
ent under increasing saline conditions, with the aim of establishing a saline tolerant anaerobic digestion inocu-
lum capable of digesting feedstocks under high salinity conditions. Favourable results from this inoculum
development study allowed the investigation of anaerobic digestion of halophytic microalgae. The reported re-
sults demonstrate that a saline tolerant inoculum was maintained. Subsequent denaturing gradient gel electro-
phoresis (DGGE) fingerprinting of the resulting halophytic bacterial community showed several halophytic
methanogens. The inoculum was used to digest the halophytic microalgae. The resulting gas data showed that
biogas production of 358 ± 53 mL/g of volatile solids (VS) with a methane content of 54 ± 4.3% methane was
achieved at 7% salinity. The volume of biogas produced on a wet weight microalgae biomass basis was 122 ±
26 and 175± 25mL/g of halophytic microalgae biomass respectively (74± 2.8wt.%moisture content). The con-
version of carbon in the feedstock to methane achieved an efficiency of 26.4% and 46.6% at 3.4% and 7% salinity
respectively. A halo-tolerant anaerobic digestion microbial community could be further optimized to complete
the loop with nutrient recycle required with the production of halophytic microalgae based biofuels and poten-
tially, hypersaline wastewater treatment applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The anaerobic digestion of halophytic microalgae biomass offers
a valuable opportunity to produce methane biogas from waste
microalgae biomass derived from a lipid based biofuel process or sa-
line wastewater treatment. This resultant methane biogas can be
utilised to run a co-generation plant to produce renewable electricity
and thermal energy. The production of electricity from extracted bio-
mass could substantially reduce the requirements of electricity
sourced from an electrical supply grid. The potential reduction in
electrical requirements would greatly improve the commercial via-
bility of the microalgae biofuel production operation as well as re-
ducing the greenhouse gas emissions associated with the plant [32].

Anaerobic digestion of the residual 60–70% extracted microalgae
biomass will also have the added benefit of recovering valuable nutri-
ents, hence closing the nutrient loop associated with its production

[27,28]. Nutrients are biologically locked up within this residual
microalgal biomass and anaerobic digestion has the potential to unlock
these nutrients making them bio-available and suitable for regrowing
microalgae biomass [24]. The use of anaerobic digestion under saline
conditions is an appropriate process for integration into microalgae
biofuel production and/or salinewastewater treatment, and is of utmost
importance for increasing the feasibility of themicroalgae biofuel indus-
tries [31,32].

The anaerobic digestion of halophyticmicroalgae biomass has sever-
al challenges to be addressed before the commercialisation of this tech-
nology can be beneficial for the microalgae industry. Two distinct
challenges are faced when anaerobically digesting saline microalgae
biomass: one being the associated high salinity from halophytic
microalgae culture conditions and the second aspect is the physical
characteristics of microalgae biomass as a substrate feedstock for anaer-
obic digestion.

Existing literature indicates that methane production decreases sig-
nificantly as salinity concentrations increase [25,31]. The effects of salin-
ity on anaerobic digestion are well documented [4,10,17,29], where it is
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suggested that anaerobic digestion can be significantly inhibited at sodi-
um concentrations of 5745 mg L−1 [15]. However this inhibitory con-
centration was later reviewed by McCarty and was increased to
8000mg L−1 [17]. This concentration is problematic to the anaerobic di-
gestion of seawater derived biomass as surface sea water typically con-
tains approximately 10,000–11,000 mg L−1 of sodium [30]. Work by
Lefebvre et al. [11] identified several methanogen species that are de-
tectable at higher salinities using 16S rDNA techniques; however the
specific methanogenic activity and methane production decreased as
the salinity concentration increased. The authors also noted that the
feedstock substrate influenced the reduction of methane by sodium in-
hibition [11]. Lefebvre et al. [11] indicated thatwhen operating a reactor
with distillery vinasse feedstock the reaction appeared to be inhibited at
a lower salt concentration of 10 g L−1 compared to a second reactor op-
erating with ethanol feedstock where inhibition was not detected until
60 g L−1. This result demonstrates how the digestion feedstock sub-
strate can influence the inhibition of themethanogenic bacteria. It is ev-
ident that independent analysis of each substrate should be undertaken
to characterise its' effect on the bacterial community response.

Due to the inhibitory effect of salinity on anaerobic digestion an ini-
tial investigation of a functioning piggery effluent anaerobic digestion
community was undertaken utilising polymerase chain reaction dena-
turing gradient gel electrophoresis (PCR DGGE) analysis. This DGGE
study utilised microbial community samples taken from an operating
piggery effluent anaerobic digester subjected to increased salinity to in-
vestigate the response and adaptation of the microbial community to
increasing saline conditions.

During the second phase of the reported study a halophytic alga,
Tetraselmis sp., was utilised as a feedstock for bio-methane production
utilising anaerobic digestion under saline conditions. Change in the mi-
crobial community during anaerobic digestion was investigated
utilising PCR DGGE to profile the response and adaptation of the bacte-
rial community. Methanogen bacteria have been shown to be highly
influenced by environmental conditions when compared to the
acidogenesis and hydrolysis stages of anaerobic digestion [18,25,31].
Therefore to specifically understand the activity ofmethanogen bacteria
responsible for methane production, Archaea specific primers were also
utilised in conjunction with universal bacterial primers. The Archaea
specific primers target methanogen bacteria and provide a more com-
plete understanding on the influence that increased salinity has on the
methanogen microbial population.

Methane production was also recorded over a 100-day period dur-
ing the second stage of the experiment allowing proper evaluation of
Tetraselmis sp. to be evaluated for its gas potential under increased sa-
line conditions.

2. Methods

2.1. Saline inoculum development

2.1.1. Piggery effluent feedstock source
Piggery effluent was collected at the University of Adelaide

Roseworthy Campus piggery research facility, from the central piggery
sump and transferred in 20 L containers. The collected piggery effluent
was kept refrigerated at 4 °C to inhibit any pre-digestion during storage.
The effluent was used to establish a stable anaerobic digestion commu-
nity for the inoculum development section used in the reported study.

2.1.2. Initial inoculum development digester conditions
A 5 L conical flask with an initial working volume of 2 L was used for

the experiment. The conical flask was fitted with a stopper and an air-
tight tube from the stopper was connected to an inverted measuring
cylinder and water displacement was used to monitor gas production.
Piggery effluent was added to the inoculum digester at a rate of
500 mL per week until a total working volume of 4 L was achieved.
The digester was then run for approximately 4 weeks under these

conditions until steady-state was achieved within the reactor. An ali-
quot (500 mL) of piggery effluent was fed to the digester over a five-
day period in 100 mL aliquots. The digester was not fed on days six
and seven to allow the digester time to process any undigestedmaterial.
The anaerobic digester vessel was purged with nitrogen gas after each
feeding to displace any oxygen that may have entered the vessel during
the feeding period, and digestate was removed once the final volume
was reached. The inoculum digester was placed on a magnetic stirrer
hotplate and a constant temperature of 37 °C was maintained during
the entire experimental period. The magnetic stirrer hotplate was set
at 90 rpm for the duration of the experimental period. The initial salinity
of the digester was 1.6%. Gaswas produced over the initial inoculum di-
gester setup period, although the quantity andmethane content are not
reported. This initial procedure was undertaken to ensure a viable an-
aerobic digester bacterial inoculum. This stable functioning inoculum
was then treated with increasing salinity to investigate the influence
on the anaerobic microbial community.

2.1.3. Salinity increase of inoculum digester and sampling
Digester salinity was adjusted by adding Red Sea Aquarium Salt® to

the piggery effluent feedstock. Piggery effluent feedstock was adjusted
to the final treatment salinity concentrations required weekly at the
start of the experimental period. Adjusted piggery effluent feedstock
was stored at 4 °C to reduce any pre-digestion during the experimental
period. The initial increase in feedstock salinity ensured that the bacte-
rial community present in the piggery effluent had been exposed to the
higher salinities for themaximumperiod of time before being fed to the
digester. To adjust the remaining digester volume each week, Red Sea
salt was added to the remaining digester volume to give the final treat-
ment salinities. The digester was fed (200 mL) once per week over a
ten-week period. The feeding rate corresponded to a total solids (TS)
loading rate of 1.42 g per week, and a volatile solid (VS) loading rate
of 0.28 g per week, which is equivalent to 0.071 g VS L−1 of the digester
working volume. The adjusted lower feeding rate was utilised to reduce
operational pressure upon the bacterial communities. The lower operat-
ing pressure was essential to allow bacterial communities to adjust to
saline conditions without exerting pressure due to higher feeding
rates. The lower feeding rates facilitate lower volatile fatty acid (VFA)
productionwhich balances the reducedmetabolism and gas production
rates, due to the influence of increased salinity.

The salinity adjusted digester was placed on a magnetic stirrer
hotplate at a constant temperature of 37 °C, whichwasmaintained dur-
ing the experimental period. The magnetic stirrer hotplate was set at
90 rpm for the duration of the experimental period. Prior to periodically
increasing digester salinity, weekly samples (50 mL) were collected in
Sardstedt® sample tubes and stored at−20 °C for later use in bacterial
DNA extractions. This sampling method was utilised for the duration of
the experiment, and ensured that the bacterial communities had been
exposed to the higher salinity environment for a minimum of seven
days before being sampled for DNA extraction and PCR DGGE analysis.

2.1.4. DNA extraction
DNA extractions were undertaken on samples collected from the

piggery effluent and the halophytic microalgae anaerobic digesters.
DNA extractions were undertaken using a Fast DNA® spin kit for soil
(MP Biomedicals, USA). An aliquot, (25 mL) of sample was used to con-
duct the DNA extractions that had an additional centrifugation step of
5 min at 1400 rpm, where the resultant concentrated pellet was then
used for extraction as per manufacturer's instructions. A yield of 40 μL
of DNA was obtained and stored at −20 °C.

The V3 region of the 16S rDNA gene from the members of the do-
main Bacteria was amplified using the 314F primer with incorporation
of a 40-bp GC clamp at the 5′ primer end and a 518 R primer. PCR re-
agents and thermo-cycler conditions utilised are outlined in Muyzer
et al. [21]. For members of the methanogenic Archaea bacterial species
a nested PCR was used utilising the Met 357F/Met 1340R primers and

17A. Ward et al. / Algal Research 7 (2015) 16–23
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357F-GC/691R primer sets. Initial amplification using the Met 357F and
Met 1340Rprimers used a touchdown PCR cyclewhich included a 3min
initial denaturation at 94 °C followed by 94 °C for 30 s and 68 °C for 30 s.
This was followed by 72 °C for 90 s; this process was repeated ten times
until the annealing temperature of 68 °C reached 58 °C. This was follow-
ed by 30 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 90 s
of denaturation, annealing and extension followed by 10min of final ex-
tension at 72 °C. The final reaction mixture (50 μL) contained 10 × PCR
buffer (Sigma Aldrich Red Taq® Genomic DNA polymerase without
MgCl2) (5 μL), MgCl2 (25 mM, 5 μL), Red Taq polymerase (1 U/μL,
(2.5 μL), dNTP (10 mM, 1 μL) (Promega, Madison, WI, USA), 10 pmol
(2 μL) each of forward and reverse primers and 2 μL DNA template.
The second stage of the nested PCR utilised the primers 357F and
691R and was run utilising conditions outlined in Watanabe et al. [37]
and 40 cycles were utilised for amplification. An aliquot (2 μL) of DNA
templatewas used to provide a yield of 40 μL of DNA amplicon products,
which were verified on a 1.2% agarose gel with SYBR® Safe then stored
at−20 °C for later use (Invitrogen Life Technologies, USA).

2.1.5. PCR-DGGE of the bacterial community
Changes in the bacterial and methanogenic Archaea community

were examined through the utilisation of PCR-DGGE, which identified
diversity and dominance. Selective bacterial primers 341F GC & 518R
[21] and methanogen specific primers Met 86F and Met 1340R in con-
junction with 357F-GC and 691R were used to observe the microbial
communities. DGGE analysis was conducted on a Universal Mutation
Detection systemDcode systemusing a 6%polyacrylamide gel (BIORAD,
USA). The denaturing gradient used for bacterial PCR amplicons was
40–60% and for the methanogen amplicons 40–55%. DGGE run condi-
tions were 120 V at 60 °C for 10 h.

2.1.6. Statistical analysis of DGGE gels
DGGE gels were digitised and analysed using Phoretix 1D advanced

gel analysis package. This software undertakes several procedures in-
cluding: defining the different lanes, background subtraction, marker
assisted normalisation, which includes compensating for intensity dif-
ferences between lanes, and assigning the different bands in each
lane. Each band was considered to be a operational taxonomic unit
(OTU) and two bands in separate lanes were considered to be related
if they migrated the same distance on the DGGE gel [22]. Phoretix anal-
ysis provided Gaussian values from gels and these were then used for
further analysis. Dendrograms were produced from Dice–Sorensen's
similarity matching index generated by Phoretix 1D software. Moving
Windows Analysis (MWA) [33,34] consisted of plotting the evolution
in time of the correlation values between two consecutive analysing
dates. Consequently the rate of change (Δt) value can be calculated as
the average of the respective window curve data points. The higher
the changes between the DGGE profiles of two consecutive sampling
points, the higher the corresponding moving window data point will
be, and hence the higher the Δt values [14,33,34].

2.1.7. Feedstock change to microalgae

2.1.7.1. Source of biomass. The halophytic Tetraselmis sp. was grown in
outdoor open raceway ponds located at Karratha, Western Australia,
Australia (20S 45′47.72″, 116E 44′9.88″). Microalgae culture conditions
are described in Fon Sing et al. [7]. The biomass was harvested and con-
centrated to 20% solids by a T10 Evodos centrifuge and transported fro-
zen to the laboratory. Biomass was then defrosted and resuspended to
10% TS concentration in synthetic seawater for experimental use. Prior
to use the microalgae was sonicated using a Branson sonicator at a res-
onance of 10 kHz for 10 min to disrupt themicroalgae cell wall to allow
the bacteria to access the internal cell contents. Treatment salinity was
also adjusted to the required treatment salinities for all treatments.

2.1.7.2. Experimental saline microalgae digester setup. Three 10 L Schott
bottles with an initial working volume of 4.7 L were used for the exper-
iment. The Schott bottleswere fittedwith a stopper and an air tight tube
that was connected to a gas counting fluid displacement manometer
fitted with a solenoid switch to release gas when a specified volume
had been reached. Gas was then evacuated to a gas bag for storage
and analysis. The halophytic Tetraselmis sp. was fed to the digester at
an initial loading rate of 0.70 g VS L−1 and decreased to 0.52 g VS L−1

at day 50 due to the increase in overall volume and no removal of
digestate. The microalgae were disrupted by sonication prior to feeding
the digesters. Microalgae feedstockwas stored at 4 °C to reduce any pre-
digestion during the experimental period. No digestate was removed
from the digester over the 50-day experimental period, hence eliminat-
ing any problems associated with bacterial washout due to short reten-
tion times. The initial digester working volume was 4.7 L and increased
to 6.4 L at the endof the 50-day experimental period. The digesterswere
placed on magnetic stirrer hotplates and a constant temperature of
37 °C was maintained during the experimental period. The magnetic
stirrer hotplate was set at 90 rpm for the duration of the experimental
period.

The salinity of the 3 treatment digesters was 1.6, 3.4 and 7% respec-
tively. Gas production and methane percentage were recorded for the
3.4 and 7% salinity treatments. Gas production for the 1.6% salinity di-
gester was not recorded due to lower feeding rates being utilised.
These lower feeding rates resulted from high dilutions, which were
employed to reduce the associated salinity of the feedstock biomass.
Methane was checked by an LMSxi multifunction gas analyser (Gas
Data Ltd. UK). Digester pH, temperature and salinity were also recorded
for the experimental period. On day 50 of the experimental period di-
gesters were sampled for the microbial PCR DGGE investigations. The
day 50 digestate samples were transferred to Sardstedt® 50 mL sample
tubes and stored at −20 °C for later use in bacterial DNA extractions.
The associatedmethods utilised in DNA extractions, PCR and DGGE pro-
tocols utilised are the same as appear in the inoculumdevelopment sec-
tion of this study.

2.1.7.3. PCR identification of methanogenic Archaea. Identification of the
methanogenic Archaea was undertaken on samples collected from the
microalgae digesters on day 50 of the experimental period. Identifica-
tion was conducted using the 357F and 691R methanogenic Archaea
primers that target the conserved region on the 16S DNA. PCR
amplicons underwent a cleanup stage using a Promega Wizard SV Gel
and PCR Clean-Up System (Promega, USA). Products were sent to the
Australian Genomic Research Facility for sequencing. PCR was conduct-
ed using a Red Taq® Genomic DNA polymerase and dNTP mix on a
BIORAD T100 Thermocycler (Sigma Aldrich; Promega, USA; BIORAD,
USA). Excised bands were identified using BLAST nucleotide sequences
and were analysed using Sequencher software (Sequencher version
4.1.4). Homology searches were carried out with the BLAST server of
the National Centre for Biotechnology Information (NCBI) using a blast
algorithm (http://www.ncbi.nlm.gov.libary.vu.edu/BLAST/) for the
comparison of a nucleotide query sequence database (blastn).

3. Results

3.1. Inoculum development (stage 1)

Gas was produced over the entire ten-week experimental period;
however amuch lower volumewas noted for weeks 6, 7 and 8 although
gas production did increase in thefinal twoweeks. As thiswas the initial
inoculum development investigation, the exact quantification of gas
was desirable; however it was not essential due to the focus of this
study being on the profiling of the microbial community by PCR
DGGE. Table 1 shows the average weekly parameters of pH and salinity
(%) and equivalent ionic conductivity (ms cm−1) value over the exper-
imental duration.
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The microbial communities present in digester samples were
assessed by DGGE using PCR-amplified V3 regions of the 16S rDNA frag-
ment. Bands of the DGGE profile correspond to different PCR-amplified
16S rDNA fragments obtained from the different species. Duplicate PCR
amplicons also resulted in identical DGGE patterns for all DGGE gels
produced. DGGE results indicate a total of 31 different dominant opera-
tional taxonomic units (OTUs), or species of bacteria, detected in the
piggery effluent digester over the ten-week period. Table 1 illustrates
the number of bacterial OTUs that were detected at a particular salinity.
Only the 5.8% salinity had all 31 OTUs of bacteria detected. The other sa-
linities ranged from 27 to 30 bacterial OTUs detected within the anaer-
obic digester community.

The DGGE profiles generated from the bacterial community sam-
pling were also analysed utilising MWA [33]. The MWA was used to
quantify the change in the bacterial community over time as a result
of the increasing salinity gradient applied to the bacterial community.
The rate of change perweek calculated for the piggery digester bacterial
samples was 9.89 ± 8.58% per week over the experimental period. The
MWA scores for the bacterial and methanogen populations are shown
in Fig. 2.

A total of 14 different bands, indicative of dominant methanogen
specific OTUs were detected in the piggery effluent digester over the
ten-week period. Table 1 lists the number of OTUs that were detected
at a particular salinity. The maximum number of methanogen OTUs de-
tected was 12 in the 1.6 and 2.2% salinity treatments. After the 2.2% sa-
linity treatment the number of methanogen OTU's detected decreased
as the salt concentration increased. This decreasing trend in
methanogen OTUs detected continued until a salinity of 5.5%, where
only seven bands representingmethanogen bacteria OTUswere detect-
ed. This trend however reversed and the number of OTUs detected
began to increase after 5.8% salinity with 9 OTUs detected. This dropped
to 8 OTUs detected at the highest 7.0% salinity treatment.

The dendrogram analysis of the DGGE gel utilising the methanogen
primer sets clearly detects six different salinity groups of methanogens
over the salinity gradient (Fig. 1, A). The dendrogram analysis groups
the 1.6 and 2.2% salinity treatments as one group. The 2.8, 3.4 and
4.0% salinity treatments were found to be 95% similar to that group
comprised of the 1.6 and 2.2% salinity treatments. The third group com-
prising of the 4.6 and 5.2% salinity treatments was found to be 93% sim-
ilar to that of the 2 lower salinity treatment groups. The largest
difference of 30% was found between the lower salinity groups under
5.2% salinity and the higher salinity groups. The higher salinity treat-
ments were further grouped into the 5.8% salinity treatment where it
was found to be 84% similar to the 6.4 and 7% salinity treatments. The
6.4 and 7.0% salinity treatments were found to be 92% similar to each
other.

The results from theMWA showed that themethanogen population
changed at a rate of 7.11%±10.07%perweek over the experimental du-
ration and the bacterial species changed at a rate of 9.89 ± 8.58% per

week. The MWA score for both the bacterial population change and
the methanogen population change over the experimental period is
shown in Fig. 2.

3.2. Anaerobic digestion of saline microalgae biomass

3.2.1. Gas production
Gas production data including mean bio-gas production and meth-

ane percentage are shown in Table 2. All treatments produced biogas;
however, no gas production and methane data were kept for the 1.4%
salinity treatment. This was due to the need for constant dilution of
feedstock due to increases in salinity due to the residual salt within
the halophytic Tetraselmis sp. even though it had been washed and re-
suspended in Milli Q water.

Biogas production over the 50 day period averaged 249±54mL and
358±53mL/g of VS fed to the 3.4% and 7% salinity digesters respective-
ly. This equates to approximately 111 and 179mL of methanewhen ap-
plied to the gas volume. The volumeof biogas produced on awetweight
microalgae biomass basis was 122 ± 26 and 175 ± 25 mL/g of
microalgae biomass respectively (74 ± 2.8 wt.% moisture content).
This equates to 54mL and 94mL ofmethane per gramme of wetweight
microalgae biomass. On a carbon conversion basis the conversion of car-
bon content in feedstock to methane a conversion efficiency of 26.4%
and 46.6% was recorded for the 3.4 and 7% salinity treatments respec-
tively. Carbon conversion in the feedstock to carbon dioxide was 12%
and 21% for the 3.4 and 7% salinity treatments. This left a residual carbon
content of 61.6% and 32.4% within the digestate. The pH of all digesters
remained within the 6.5–7.6 range reported for efficient anaerobic di-
gestion [25], indicating that there were no deleterious effects within
the digesters.

The microbial communities present in the microalgae feedstock di-
gester were assessed by DGGE using PCR-amplified V3 region of the
16S rDNA fragment. Samples were collected from digesters 50 days
after the commencement of the study. A total of 20 different OTUs of
bacteria were detected by DGGE fingerprinting in the piggery effluent
digester at day 50. The number of bacterial OTUs that were detected
for each of the experimental salinities tested is shown in Table 2. No
treatments had the total number of OTUs detected and approximately
12 OTUs were detected at any one time from the 20 total bacterial
OTUs detected. However the bacterial species detection rate was
found to increase by 1 to 13 bacterial OTUs detected for the high salinity
treatment.

A total of 13 different dominantmethanogen OTUs were detected in
themicroalgae digester samples taken at day 50 of the experimental pe-
riod. The number of methanogen OTUs that were detected at the three
different treatment salinities is shown in Table 3. The maximum num-
ber of methanogen OTUs detected was 10 in the 7% salinity treatment,
this then decreased to 9 OTUs in the 3.5% and further decreased to 7
methanogen OTUs in the 1.6% salinity treatment.

The dendrogram analysis of the DGGE gel utilising the methanogen
primer sets clearly detects three different groups of methanogens over
the salinity gradient, the 1.6 and 3.5% salinity treatments were grouped
as one group and indicated that they have 75% similarity to each other
(Fig. 1, B). The third group detected by Phoretix was the high salinity
7% treatment. This treatment has been determined to be 60% similar
to the 1.6 and 3% salinity anaerobic digestion methanogen populations.
This is the largest difference detected between themethanogen popula-
tions within the microalgae anaerobic digesters. The methanogen den-
drogram produced for the day 50 samples, taken from the three
different salinity microalgae anaerobic digesters, is shown in Fig. 1.

3.2.2. DGGE analysis of PCR amplicons sequencing
Excised bandswere identified using BLAST nucleotide sequences and

were analysed using Sequencher software (Sequencher version 4.1.4)
(Fig. 1, B). Homology searches were carried out with the BLAST server
of the National Centre for Biotechnology Information (NCBI) using a

Table 1
Sample salinities, pH and the number of bacterial and methanogen OTUs detected by
DGGE in piggery digester samples.

Week pH Salinity
(%)

Salinity
(ms cm−1)

Number of
bacterial species
detected

Number of
Methanogen
species detected

1 7.87 ± 0.01 1.6 19,428 28 12
2 7.77 ± 0.09 2.2 26,714 28 12
3 7.69 ± 0.02 2.8 233,999 29 11
4 7.70 ± 0.04 3.4 41,285 30 11
5 7.74 ± 0.02 4.0 48,571 30 11
6 7.78 ± 0.04 4.6 55,857 27 10
7 7.87 ± 0.10 5.2 63,142 29 10
8 7.87 ± 0.06 5.8 70,428 31 7
9 7.86 ± 0.04 6.4 77,714 28 9
10 7.65 ± 0.04 7.0 85,000 27 8
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blast algorithm (http://www.ncbi.nlm.gov.libary.vu.edu/BLAST/) for the
comparison of a nucleotide query sequence database (Blastn) (accessed
on 18/07/2014). All blast sequences and their corresponding matches
are shown in Table 4.

4. Discussion

The initial experimental anaerobic digesterwas originally inoculated
and allowed to run at steady-state for a four week period to ensure a vi-
able bacterial community existed. Stable conditions within the digester
during the initial four weeks and commencement of the salinity adjust-
ment were confirmed by the MWA results. Analysis of DGGE data by
MWA confirmed that the bacterial and Archaeal communities were sta-
ble, as MWA analyses indicated a score of zero for both communities
(Fig. 2). Wittebolle et al. [33] established that a lowMWA score indicat-
ed stable bacterial communities.

Several methanogen OTUswere no longer detectable by DGGE anal-
ysis at the higher salinity treatments. This non-detection appears to be
at a higher concentration than that presented in the scientific literature

Fig. 1.UPGMAdendrogram constructed fromDice–Sorensen's similaritymatching index produced fromDGGEprofiles generatedusing Phoretix advanced analysis package for: A) piggery
effluentmethanogen archaeal community for salinities 1.6 through to 7% salinity and B)microalgaemethanogen community for the 1.6., 3.5 and 7% salinity treatments. The scale bar rep-
resents a unitary scale of similarity, and arrows indicate positions on the profile where bands particular to a specific lane or group of lanes were analysed.
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[17,25,32]. The detection of 6 separatemethanogen OTUs across the en-
tire salinity gradient and the two additionalmethanogen OTUs detected
in the 6.4 and 7% salinity treatments indicate a positive outlook for the
anaerobic digestion process at higher salinities.

The initial digester feeding ratewas reduced at the start of the exper-
imental increase in salinity adjustment to the digesters. The initial start-
up feeding rate of 1.42 g/TS perweekwas reduced to 0.46 g/TS perweek
for the experimental duration. The lower feeding rate of 0.46 g/TS was
implemented to accommodate lower gas production frommethanogen
bacteria due to the possible detrimental effects from higher salinities,
hence reducing the chances of souring or overloading digesters.
McCarty [16] stated that methanogen bacteria are the slowest and
most vulnerable step to environmental pressures in the anaerobic di-
gestion process. The methanogens utilise volatile fatty acids produced
from the breakdown of organic matter by acidogenic bacteria to pro-
ducemethane [18,25]. This lower feeding ratewould have allowed a de-
crease in methanogen bacterial activity without a build-up of volatile
fatty acids due to the reduced conversion of VFAs to methane. No
souring or crashing of the digester was observed (as confirmed by pH
data). The pH remained relatively stable over the experimental period
indicating no acidification or souring of the digesters by a build-up of
VFAs andwas within the optimal range for digestion reported by Parkin
and Owen [25].

DGGE offers a powerful tool for the investigation of the dominant
community structure and to analyse the structural variation of the dy-
namics of the system when influenced in this case by an increasing sa-
linity gradient [21]. For the analysis of the DGGE profiles it was
assumed that each band represented one bacterial species or OTUs.
However Muyzer and Smalla [20] indicate that bands within a DGGE
gel are not necessarily derived from the same species. To address this
issue preliminarily DGGE gels were undertaken and from this a gradient
that was very narrow and gave good separation of bands was utilised.
The bacterial primer set 341F and 518R indicated a total of 47 OTUs.
However the number of OTUs in a single salinity treatment ranged
from 27 to 31 and only differed by 4 OTUs over the salinity gradient.
The rate of change recorded by MWA indicated a rate of 9.89 ± 8.58%
per week and the methanogen population recorded a 7.11 ± 10.07%
rate of change per week as the salinity increased over the experimental
period.

Due to the detection of high salinity methanogen OTUs and positive
gas production at 7% salinity, further anaerobic digestion utilising halo-
phytic microalgae as a feedstock with this anaerobic digester as a seed
source for inoculum was considered a viable option for further
investigation.

Positive biogas production from saline Tetraselmis sp. microalgae
was recorded in the 3.4 and 7% salinity treatments during the

experimental period. Increased biogas results for the 7% salinity treat-
ments compared to the 3.5% salinity treatment further validate that a
halo-tolerant anaerobic digestion bacterial community had been
established. Gas data is shown for the 3.4 and 7% salinity treatments
in Table 3. Methane biogas production was approximately 44% higher
in the high salinity (7% salinity) treatment when compared to the 3.4%
salinity (seawater salinity) treatment.

Biogas production reported in the 7% salinity treatment was
193 mL g VS for Tetraselmis sp., representing increased biogas produc-
tion at a salinity of 7% when compared to lower salinity treatments.
Asinari Di San Marzano et al. [1] reported a methane production of be-
tween 250 and 310 mL of methane per g/VS. However this gas produc-
tion was recorded in freshwater conditions, as themicroalgae had been
re-suspended in freshwater. Mottet et al. [19] reported methane yield
from halophilic methanogens at 35 g L−1 of salinity (3.5% salinity) and
this was close to their defined reference value of methane production,
howevermethanogenesis was considerably reduced at the higher salin-
ities tested. Methane biogas production under high salinity conditions
has been reported by Zhang et al. [36], where anaerobic digestion of su-
crose at 5% salinity was shown. However this gas was produced when
electrical anodes and cathodes were added to the digester. The addition
of electrodes to the digester was to overcome the accumulation of VFA
in the form of propionate. No build-up of propionate or VFA (volatile
fatty acid) was observed in this study, which was demonstrated by
the stable pH of the 7% and 3.4% salinity treatments (Table 3).

Results of themicroalgae anaerobic digestion bacterial primer DGGE
fingerprinting identified a total of 20 different bacteria OTUs present in
themicroalgae anaerobic digester samples. Between 12 and 13 of these
bacteria OTUs were dominant at one of the three treatment salinities
sampled. Results indicate that no specific trend was associated with
the increase in salinity and this result was similar to the previous bacte-
rial DGGE fingerprinting of the piggery effluent inoculum digesters in
the inoculum development stage of this study.

However the initial piggery effluent inoculum digester recorded ap-
proximately 30%moreOTUs than that detected in themicroalgae anaer-
obic digesters. There was a lower number of bacterial OTUs detected in
all three salinity treatments for the halophytic microalgae digesters. No
specific trend indicating a decrease in bacterial OTUs was detected in
both the halophytic microalgae and piggery effluent digesters, indicat-
ing no adverse effects from the increased salinity. The highest salinity
treatment in the piggery effluent inoculumdevelopmentwork recorded
27 different bacterial OTUs at 7% salinity compared to only 13 OTUs in
the 7% microalgae anaerobic digesters. It is therefore suggested that
the lower number of bacterial OTUs detected during the operation of
the digesters using halophytic microalgae feedstock was due to the
elimination of piggery effluent and its associated bacterial load as a
feed stock.

Analysis of themethanogenDGGE gels for the halophyticmicroalgae
anaerobic digesters gave a differing result when compared to the results
presented for the methanogen piggery effluent inoculum development
digesters. A total of 13 different methanogen OTUs were detected over
the three experimental salinities tested. From these 13 OTUs only 10
of the OTUs were detectable in any one of the three treatment salinities
tested.

Althoughmethanogen OTUswere detected at all three treatment sa-
linities tested, the halophytic microalgae day 50 samples indicated that
the highest number ofmethanogenOTUs detectedwas in the 7% salinity

Table 2
Biogas production,methane content, carbondioxide content and pH formicroalgae anaerobic digesters,where appropriate the results are themeans of threemeasurementswith standard
errors given.

Treatment Biogas production (ml g VS) Mean methane content (%) CO2 content (%) pH

1.6% salinity N/A N/A N/A 7.44 ± 0.07
3.4% salinity 249 ± 54 44 ± 8.99 21 ± 3.16 7.50 ± 0.13
7% salinity 358 ± 53 54 ± 4.3 27 ± 1.54 7.40 ± 0.05

Table 3
Number of OTUs detected in the microalgae anaerobic digesters after 50 days utilising
bacterial and methanogen primers.

Treatment Salinity
(ms cm−1)

Number of bacterial
OTUs detected

Number of methanogen
OTUs detected

1.6% salinity 21,250 12 7
3.4% salinity 42,500 12 9
7.0% salinity 85,000 13 10
Total number of
OTU's detected

20 13
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treatment. DGGE fingerprinting undertaken on day 50 of themicroalgae
digester experiments indicates that there was a total of 13methanogen
OTUs detected and an increase in the number of methanogen OTUs in
all treatments except for the 1.6% salinity treatment where only 7
methanogen OTUs were detected.

Lefebvre et al. [11], Omil et al. [23], and Feijoo et al. [6] suggested that
the adaptation by themethanogenic communities to tolerate higher sa-
linities and other detrimental environmental and inhibitory chemicals
is made possible by the bacterial communities. This point was also
raised by Buxy et al. [3] where they reported higher gas production
under saline conditions after running an experiment for the second
time. The ability of the anaerobic digestion bacterial communities to
adapt to environmental change via their entrained environmental plas-
ticity could offer a promisingmethod to adapt a bacterial community to
work at higher salinities; however few positive outcomes are reported
in the scientific literature at 7% salinity as reported in this study. The re-
sults reported for this study validate findings by Lefebvre et al. [11],
Omil et al. [23] and Feijoo et al. [6]) and suggest that the inoculum de-
velopment experiments influenced themethanogens into an adaptation
period where they have becomemore tolerant to saline conditions and
may now favour higher salinities than at the initial piggery effluent ex-
perimental salinity of 1.6%. Dendrograms generated from the DGGE
methanogen microalgae gel by Phoretix software indicate that the
1.6% salinity treatment and the 3.4% treatment were 74% similar that
the two methanogen populations are highly related. This similarity de-
creases to 60% for the high salinity treatment indicating that the high sa-
linity 7% treatment methanogen community is 40% different to the 1.6%
and the 3.4% salinity treatment. This result also suggests that a halo-
tolerant community of methanogens are present within the 7% salinity
treatment.

DNA sequences thatwere obtained fromDGGEmethanogen analysis
were compared to sequences in the NCBI database and identified. Nu-
cleotide sequence data (Table 4) illustrate that Archaea methanogens
are present within the digesters andwere detected by the DGGE finger-
printing technique. From the identification analysis all detected OTUs
were matched to Archaea. From this identification excised bands A
and G were identified as uncultured Archaea OTUs, samples C and G
have a high (95%) similar to the Methanospirillum stamsii and
Methanogenium marinum species of methanogen. Lower similarities
(93%) were reported for excised bands D and E that were found similar
to Methanospirillum lacunae and Methanoplanus petrolearius species of
methanogen. Sample B was (86%) similar toMethanococcus maripaludis
and sample F was (83%) similar to the Natrialba magadii strain of
methanogen species. From the identified Archaea samples, bands B
and E were found in samples associated with offshore drilling oil wells
[2,8]. Bands A and C have been detected and reported in functioning an-
aerobic digesters [26,35]. Bands D and H have been detected in

environmental soil samples [9,12]. While samples G has been detected
in a marine sourced sample [5] and sample F was found to be a
Haloalkaliphilic Archaea methanogen [13].

The positive gas production and the DGGE fingerprinting analysis
clearly identify the establishment of a halo-tolerant anaerobic digestion
community. The reduction in biogas and reduction in detected
methanogen OTUs identified in the 3.4% compared to the 7% salinity
treatment during this investigation illustrates the operation and perfor-
mance of a halo-tolerant anaerobic digestion community operating at
conditions of 7% salinity.

5. Conclusion

A molecular investigation of the influence of salinity to a working
piggery effluent digester was undertaken during this study. Results in-
dicated biogas production at 7% salinity and a transformation in the
methanogen community. This methanogen community was then used
to inoculate digesters in the halophytic microalgae anaerobic digestion
study. The halophyticmicroalgae anaerobic digestion study further con-
firmed the transformation to a halo-tolerant anaerobic digestion com-
munity. Positive gas production at 7% salinity indicated that the
halophytic Tetraselmis sp. was suitable as a substrate for anaerobic di-
gestion resulting in methane production. It is envisaged that this halo-
tolerant anaerobic digestion microbial community could be further de-
veloped and may play a crucial role in closing the loop in the nutrient
cycle associated with the production of halophytic microalgae based
biofuel production systems. Further development of this halo-tolerant
anaerobic community could also be utilised to anaerobically digest
other hyper saline waste steams providing additional pathways for
waste treatment.
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Pre-treatment options for halophytic microalgae and associated
methane production
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h i g h l i g h t s

� All anaerobic digestion successful at 7% salinity (2� seawater salinity).
� Methane production rate of 122 mL per g VS for lipid extracted Tetraselmis sp.
� Methane production rate of 252 mL per g VS for non-disrupted Tetraselmis sp.
� Methane production rate of 248 mL per g VS for pretreated disrupted Tetraselmis sp.
� Microbial degradation of Tetraselmis sp. demonstrated during anaerobic digestion.
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a b s t r a c t

Methane production from lipid extracted, pre-treated disrupted and non-pretreated Tetraselmis spp. mic-
roalgae was investigated. The results demonstrated that 122 mL per g VS methane was produced for the
lipid extracted Tetraselmis spp., demonstrating that lipid free Tetraselmis can be effectively digested in an
anaerobic environment. A total of 252 mL per g VS and 248 mL per g VS of methane was reported for non-
disrupted and pre-treated disrupted Tetraselmis sp. respectively. It was also observed that the microbial
community caused cell lysis of Tetraselmis spp. during the anaerobic digestion process. Cell lyses can offer
a direct conversion pathway of intact Tetraselmis spp. for energy production, thus negating the need for
pre-treatment.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic digestion of residual microalgae biomass after lipid
extraction for lipid based biofuel production provides the ability
to recover nutrients whilst producing methane for conversion to
electrical and thermal energy (Ward et al., 2014). The anaerobic
digestion of intact microalgal biomass offers great potential for
biogas production from microalgae based wastewater treatment
systems (Golueke et al., 1964).

One of the major problems associated with the anaerobic diges-
tion of microalgae is the need to break the cell wall allowing the
cell contents to be processed by the bacterial community to form
precursor chemicals for the formation of methane biogas (Chen
and Oswald, 1998; Gonzalez-Fernandez et al., 2012b; Mussgnug

et al., 2010; Samson and Leduy, 1983; Sialve et al., 2009; Ward
et al., 2014).

Golueke et al. (1957) demonstrated the ability of Scenedesmus
spp. and Chlorella spp. of microalgae to pass through an anaerobic
digester intact and remain undigested. The authors noted that
Scenedesmus spp. and Chlorella spp. microalgal cells are known to
effectively resist bacterial attack, and the authors detected intact
microalgae cells in the digestate after a 30-day hydraulic retention
time.

Research undertaken by Mussgnug et al. (2010) highlighted the
role of the cell wall in the digestion process. Mussgnug et al. (2010)
results indicate that the highest gas production reported was due
to microalgae species that had either no cell wall or a protein based
cell wall. Gas production was observed to decrease for microalgal
species that had a carbohydrate-based cell wall containing hemi-
cellulose. The lowest gas production reported came from the
species Scenedesmus obliquus that has a particular rigid cell wall
containing a large proportion of sporopollenin like biopolymers.

http://dx.doi.org/10.1016/j.biortech.2014.11.114
0960-8524/� 2014 Elsevier Ltd. All rights reserved.
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Little or no cell wall degradation was detected in S. obliquus and
very low methane volumes were produced by the microalgae sub-
strate when anaerobically digested. The authors Mussgnug et al.
(2010) and Gonzalez-Fernandez et al. (2012a) both concluded that
the degradation of the cell wall was strongly correlated to the
amount of biogas produced during anaerobic digestion.

Multiple authors indicated the need for a pre-treatment step to
disrupt the cell wall increasing bacterial hydrolysis during anaero-
bic digestion (Golueke et al., 1957; Mussgnug et al., 2010; Ward
et al., 2014). The various mechanical, physical, thermal and chem-
ical methods used to improve microalgae methane potential have a
high energy investment (Lee et al., 2013). Lee et al. (2013) have
shown that the disruption or cell lyses of Tetraselmis spp. of micro-
algae is higher than the energy content of the Tetraselmis spp. cell.
Therefore the method of cell disruption and biomass treatment
plays a critical role in energy utilisation and overall commercial
feasibility of a microalgae based biofuels production and microal-
gae wastewater treatment systems.

This reported study investigates the role of cell disruption and
biomass lipid extraction by comparing methane gas potentials
from anaerobically digested Tetraselmis sp. with 3 different pre-
treatment scenarios. The first treatment comprises microalgae that
have been disrupted and the lipid content extracted with hexane,
as is the standard procedure for lipid based biofuel production
(Pragya et al., 2013). The second treatment evaluates the gas
potential of disrupted Tetraselmis sp. biomass, and the third treat-
ment investigates un-disrupted, un-treated, direct digestion of
intact Tetraselmis sp. biomass for methane potential.

2. Methods

2.1. Source of microalgae

The microalgae Tetraselmis sp. (MUR 233) was grown in outdoor
open raceway ponds located in Karratha, Western Australia, Aus-
tralia (20S 45047.7200, 116E 4409.8800). Microalgae biomass was first
harvested utilising electroflocculation and then further concen-
trated to 20% dry weight solids by centrifugation utilising a T10
Evodos centrifuge and transported frozen to the laboratory. Bio-
mass was then defrosted and resuspended to 10% solids w/w con-
tent for experimental use. Prior to use, the disrupted and lipid
extracted microalgae biomass treatments were sonicated using a
Branson sonifier at a resonance of 10 kHz for 10 min to disrupt
the microalgae cell wall. The lipid extracted biomass was prepared
from dried Tetraselmis spp. that was solvent extracted (Hexane)
using a soxhlet apparatus. After lipid extraction the residual bio-
mass was dried to remove any entrained solvent and resuspended
in saline water (7%) at 10% solids w/w concentration for experi-
mental use. For the third treatment, intact Tetraselmis spp. was
used with no pre-treatment.

2.2. Digester setup

Twelve 500 mL Schott bottles with an initial working volume of
450 mL were used for the experiment, allowing four separate treat-
ments in triplicate. The four treatments consisted of non-disrupted
Tetraselmis spp., sonicated disrupted Tetraselmis spp., extracted Tet-
raselmis spp. and a control inoculum treatment. This inoculum was
sourced from a anaerobic digester operating at 7% salinity (Ward
et al., 2015). The control treatment contained only the inoculum
volume as used in all treatments, and biogas produced from the
control treatment was deducted from the biogas volumes pro-
duced from the three experimental treatments. The Schott bottles
were fitted with a stopper and an air tight tube, which was con-
nected to an inverted measuring cylinder. The displacement of

water within the measuring cylinder was used to quantify the
gas volume produced, which was recorded and reset daily. The
methane content was determined using a SRI 8610C gas chromato-
graph (SRI Instruments, Torrance, CA) fitted with a thermal con-
ductivity detector (TCD), using helium as a carrier gas in a 0.3-m
HaySep-D packed Teflon column with a capillary 60 silica gel col-
umn and a capillary molecular sieve column (60MS13X) (Labatut
et al., 2011). A total of 2.43 g of the Tetraselmis spp. was fed to
the digester at the start of the experimental period, which equated
to a loading rate of 5.4 g VS L�1 per replicate. The Tetraselmis spp.
feedstock was stored at 4 �C to prevent pre-digestion prior to use
during the experimental period. The treatment digesters were
placed in a water bath held at 37 �C for the duration of the exper-
iment. The Schott bottles were shaken daily to resuspend settled
material. Gas production and the corresponding methane percent-
age were recorded for all treatments over the experiment. The Tet-
raselmis spp. feedstock was characterised for total solids (TS) and
volatile solids (VS) content. The TS content of the Tetraselmis spp.
feedstock was determined by drying the samples at 50 �C until a
constant weight was recorded. The VS content was determined
using standard wastewater methods (Clesceri et al., 1998), where
the oven dried samples were placed in pre weighted crucibles
and then ignited for 2 h at 550 �C in a muffle furnace. The data
was analysed for significant differences utilising a One-way
ANOVA of variance with least significant difference test utilising
the software package SPSS version 21. All data was checked for
population normality and homogeneity of variance prior to
analysis.

3. Results and discussion

All treatments produced biogas. The pH ranged between 7.22
and 7.88 for the control treatment. This was significantly different
to the non-disrupted, disrupted and extracted treatments
(P = 0.00), although no significant difference was found between
the non-disrupted, disrupted and extracted treatments (P = 1.00).
The pH for the non-disrupted, disrupted and extracted Tetraselmis
spp. treatments ranged from 6.79 to 7.11 for the non-disrupted,
6.80 to 7.29 for the disrupted and 6.78 to 7.41 for the extracted
biomass treatment respectively. The reduced pH within the non-
disrupted, disrupted and extracted Tetraselmis spp. treatments
was within the optimum anaerobic digestion operational pH range
of 6.5–7.6 reported by Parkin and Owen (1986). This initial
decrease in pH is believed to be due to the solubilisation of organic
material and production of volatile fatty acids (VFA’s) produced
from the degradation of Tetraselmis spp. by the acetogenic bacteria.
Increasing pH was noted in the non-disrupted, disrupted and
extracted Tetraselmis spp. treatments during later stages of the
experimental period. This indicates that the methanogenic bacteria
were utilising the precursor VFA’s and converting them to meth-
ane, which indicated that the acetogenic and methanogenic bacte-
rial communities were balanced and essential for stable digester
performance (McCarty, 1964; Ward et al., 2014).

A significant difference (P = 0.00) between treatments was
found for the total biogas produced for both the disrupted and
non-disrupted Tetraselmis spp. biomass treatments. However no
significant difference (P = 0.607) was found between the non-dis-
rupted and disrupted Tetraselmis spp. treatments. Daily biogas pro-
duction over the experimental period followed a similar trend for
the non-disrupted and disrupted Tetraselmis spp. treatments
(Fig. 1). Gas production increased rapidly and remained elevated
until day 15 where upon, gas production reduced to the end of
the experimental period. The extracted Tetraselmis spp. treatment
also followed a similar trend with gas productivity until day 10
before a reduction occurred. This trend was repeated in the
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cumulative gas production data (Fig. 2) where the gas production
increased for the non-disrupted and disrupted Tetraselmis spp.
treatment however gas production continued to increase until
approximately day 20 and after this the cumulative gas production
decreased with little additional biogas recorded over the final
experimental period. The extracted Tetraselmis spp. gas production
also increased daily until day 10 without any further increase for
the final experimental period.

Biogas volumes of 23 ± 2, 1060 ± 50, 1009 ± 15 and 422 ± 41 mL
were recorded for the control, non-disrupted, disrupted and
extracted Tetraselmis spp. treatments respectively. The methane
percentage recorded for the non-disrupted, disrupted and
extracted Tetraselmis spp. biomasses were 58 ± 3.66, 60 ± 2.55
and 34 ± 1.26 mL, respectively. This resulted in a methane produc-
tion rate of 252 mL per g VS and 248 mL per g VS for the non-dis-
rupted and disrupted treatments respectively. The recorded
methane production rate was within the range of gas production
volumes reported by Asinari Di San Marzano et al. (1983) for Tetra-
selmis spp., of between 250 and 310 mL per g VS. The lowest gas
production rate of 122 mL per g VS was recorded for the extracted
Tetraselmis spp. treatment. Lower gas production from the

extracted Tetraselmis spp. biomass was expected, as the removed
lipid portion of the biomass has a higher theoretical methane
potential when compared to protein or carbohydrate fraction of
biomass as reported by Zamalloa et al. (2012). Ehimen et al.
(2009) presented an additional contributing factor for lower gas
production when using extracted biomass, which is affected by
the method used for lipid extraction. In this experiment lipid was
extracted from dry biomass with a soxhlet apparatus using hexane
as a solvent as reported by (Pragya et al., 2013). Hexane, butanol
and methanol extraction has been shown to be non-detrimental
to anaerobic digestion if entrained solvents are vaporised by drying
within a hot oven (Ehimen et al., 2009). However as Tetraselmis
spp. was dried for the extraction process and redried after the
extraction to remove entrained hexane, it is considered that this
excessive drying of biomass could have significantly influenced
the bio-methane potential of the substrate, further reducing gas
potential. Kinnunen et al. (2014) reported a significant decrease
in methane potential between dry and wet extracted Nannochlor-
opsis, where wet biomass produced 482 mL per g VS compared to
194 mL per g VS for dry biomass. This reduction in methane clearly
illustrates that the processing methods utilised for lipid extraction
in microalgae needs to be considered if the residual biomass is tar-
geted for anaerobic digestion. The conversion of carbon in the feed-
stock to methane in this experiment, achieved an efficiency of 29%,
60% and 59% for the extracted, non-disrupted and disrupted Tetra-
selmis spp. biomass respectively. TS conversion for the non-dis-
rupted and disrupted Tetraselmis spp. treatments was 35%
compared to 39% for the extracted Tetraselmis spp. biomass.
Extracted Tetraselmis biomass in this study showed an 11% increase
in TS conversion compared to the disrupted and non-disrupted Tet-
raselmis spp. treatments, however the VS conversion for the non-
disrupted, disrupted and extracted Tetraselmis spp. biomass dem-
onstrated much less variation at 66%, 65% and 66%, respectively.
This indicates that the bacterial degradation rate of biomass was
comparable for all treatments in this study. The TS and VS conver-
sion rates for the disrupted and non-disrupted Tetraselmis spp.
were also revealed in the biogas production over the experimental
period. The initial and final TS and VS conversion over the experi-
mental period are shown in Table 1.

The activity of this bacterial degradation has resulted in compa-
rable gas production as well as similar VS and TS conversion rates
for both non-disrupted and disrupted Tetraselmis spp. treatments.

Samson and Leduy (1983) reported a 26% increase in solubilisa-
tion of biomass when biomass was frozen, due to the disruption of
the microalgae cell wall by ice crystal formation. Although Tetrasel-
mis spp. biomass used in this experiment was subjected to freezing
during transportation and storage, the 26% increase reported from
freezing would not result in the similar gas production reported for
the non-disrupted Tetraselmis spp. treatment when compared to
the sonicated Tetraselmis spp. treatment as higher rates of TS and
VS conversion were reported in this study.

The ability of the microbial community to degrade the Tetrasel-
mis spp. allowing conversion of cell internal contents to methane
biogas is an important finding from this study. Lee et al. (2013)
has reported that the calculated theoretical energy requirement
and the actual measured energy requirement to physically disrupt
Tetraselmis sp. required more energy than what is contained and
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Table 1
Extracted, disrupted and non-disrupted treatments initial TS and VS loading rate and the final TS and VS concentrations and the TS and VS destruction over the experimental
period.

Treatment Initial (%) TS Final (%) TS TS (%) destruction Initial (%) VS Final (%) VS VS (%) destruction

Non-disrupted algae 10.63 ± 1.34 6.95 ± 0.09 35% 45.82 ± 0.41 15.70 ± 0.65 66%
Disrupted algae 10.63 ± 1.34 6.95 ± 0.17 35% 45.82 ± 0.41 15.79 ± 0.66 65%
Extracted algae 10.41 ± 0.66 6.40 ± 0.19 39% 45.69 ± 4.96 15.59 ± 1.12 66%
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recoverable from the Tetraselmis spp. cells. The use of microbial
degradation and associated enzymatic activity for cell lyses offers
a promising outlook for future work and may play an important
role in future biofuel operations. Cell lyses via an anaerobic diges-
tion microbial community offers a direct conversion pathway for
energy production where whole biomass can be harvested and
concentrated, and directly fed to an anaerobic digester without
energy intensive pre-treatment or processing being required.

4. Conclusion

This study demonstrated that the major problems associated
with the disruption and lyses of microalgal cell walls are readily
overcome by anaerobic digestion processes. No significant differ-
ence in methane production was found between pre-treated dis-
rupted Tetraselmis sp. and non-disrupted non-treated Tetraselmis
spp. Cell lyses by the anaerobic digestion microbial community
provides a direct conversion pathway for energy production where
whole biomass can anaerobically digest. Anaerobic digestion of
residual lipid extracted biomass has been shown to be a potentially
energetically viable process that also facilitates the recovery of
valuable nutrients whilst producing methane for use as biogas.
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Microalgae digestate effluent as a growth medium for Tetraselmis sp. in
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h i g h l i g h t s

� Tetraselmis sp. is capable to utilised MDE media to form a closed loop system.
� Low diluted MDE media caused lower total lipid content and growth.
� Higher bacteria diversity observed within lower dilutions of MDE media.
� ACP lipid gene regulation was low in all MDE treatments.
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a b s t r a c t

This study investigated an alternative nutrient source arising from anaerobically digested Tetraselmis sp.
effluent (MDE) as a nutrient feed stock to form a closed loop nutrient system. To determine MDE suitabil-
ity the following factors were observed: growth, lipid content, and the bacterial diversity. MDE was
diluted according to the concentration of NH4

+ content (20, 40, 60, 80 mg/L) and compared against F/2
medium a standard medium for Tetraselmis sp. The growth rate on the MDE medium was not as rapid
as the F/2 medium and the less diluted MDE correlated (R2) with lower total lipid contents (R2, 0.927),
additionally acyl carrier proteins (ACP) gene expression rates displayed lower gene expression within
MDE treatments. Lastly, higher concentrations of MDE were correlated with a higher bacterial diversity
throughout the investigation. The suitability of MDE as a nutrient supplement for the production of
Tetraselmis sp. biomass and lipid is feasible.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Microalgae biofuel production has recently become a viable
option as a feedstock source for fuel (Fon Sing et al., 2014;
Nashawi et al., 2010). The production of alternative sources of fuel
such as the oil from microalgae has been shown to be effective at
the laboratory and pilot scale (Fon Sing et al., 2014). Biomass and
lipid produced by microalgae can be converted into various fuels
with processes such as transesterification, pyrolysis, gasification,
and hydrothermal liquefaction (Lane et al., 2013; Yang et al.,
2011). Therefore optimising the performance of growth and lipid
production of microalgae can be advantageous for those processes.
However this potential shift to alternative fuel sources could lead
to increasing pressure on the requirement for nutrients between
the microalgal biofuel sector and the agriculture sector. Due to

the competition for nutrients, alternative nutrient sources are
now being explored such as digestate effluent (Uggetti et al.,
2014). The use of microalga digestate effluent (MDE), following
anaerobic digestion of biomass or waste from the production of
methane could offer a potential source of future nutrients and
essentially form a closed loop system (Prajapati et al., 2014;
Ward et al., 2014).

However the use of anaerobic digestate as a nutrient source for
microalgae may affect growth rates, lipid production, and the
growth of undesired organisms when compared to levels achieved
with expensive defined media (Gao and Li, 2011; Vasseur et al.,
2012; Xin et al., 2010). A major source of nitrogen within the
anaerobic digestate is ammonia; studies have observed microalgal
growth inhibition with the use of anaerobic digestate that is high
in ammonia (Cho et al., 2013; Källqvist and Svenson, 2003).
Growth inhibition occurs due to the ability of ammonia to nega-
tively affect the photosynthesis process by restricting the electrons
available for photosynthesis with the cell (Konig et al., 1987). With
the use of an optimal concentration of anaerobic digestate, growth
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inhibition can be avoided and the growth of microalgae can be sup-
ported (Uggetti et al., 2014). Yang et al. (2011) observed the com-
bination of seawater and wastewater can eliminate the need from
all nutrient sources besides phosphate to support microalgal
growth (Yang et al., 2011). Alternatively growth trials are required
to determine the suitability of the microalgae species to grow on
anaerobic digestate effluent. Studies have shown that not all mic-
roalgae species are suitable to grow on high concentrations of
ammonia associated with digestate effluent. Microalgae species
isolated from waste water locations have had better success with
growth on substrates derived from waste (Abou-Shanab et al.,
2013; Xin et al., 2010). Xin et al. (2010) screened 11 species of mic-
roalgae on wastewater to identify the most suitable species; only
four of the species showed effective growth on the undefined med-
ium (Xin et al., 2010). Recently Uggetti et al. (2014) investigated
the use of anaerobic digestate as a substrate for a microalgae cul-
ture; it was found that the growth was satisfactory and the
increase of digestate and microalgae may of reduced the initial
growth (Uggetti et al., 2014).

The effects of innovative nutrient feeding regimes have to be
understood to ensure that adequate lipid productivity can be
achieved. Microalgae lipid production with MDE has shown to
be directly affect by the concentration of ammonia in the dige-
state (Li et al., 2011; Uggetti et al., 2014; Wang et al., 2010). Lipid
gene expression is a valuable tool when monitoring lipid produc-
tion in microalgae due to its ability to show lipid activity
throughout the different growth phases (Lei et al., 2012). This
study will observe how lipid gene expression rates are affected
by the use of MDE. Acyl carrier protein (ACP) plays a crucial role
in fatty acid synthesis, its responsibility is to transfer acyl inter-
mediates during fatty acid synthesis (Byers and Gong, 2007).
Previous research has shown a positive correlation between ACP
gene expression and lipid production (Lei et al., 2012). Monitoring
lipid gene regulators like ACP represents a novel and simple
method which can be used to evaluate the performance of a
new nutrient source such as the use of digestate for lipid produc-
tion. Additionally a traditional approach to monitor the final total
lipid content will help determine how effective MDE can support
lipid production. The combination of lipid gene expression and
final total lipid content is a novel aspect of this study that will
contribute to the understanding and the suitability of MDE for
microalgae lipid production.

Large scale sterilisation of an open pond system is not feasible
therefore the presence of bacteria has to be accepted and con-
trolled (Erkelens et al., 2014). Studies have shown the growth of
bacteria can compete for nutrient resources with microalgae (Li
et al., 2011; Vasseur et al., 2012). Studies that have investigated
the bacteria present with microalgae have shown that they are
greatly affected by the use of digestate effluent (Vasseur et al.,
2012). The presence of bacteria with microalgae can be beneficial
as they are a natural symbiotic partner; studies have shown bacte-
ria are capable of providing nutrients and vitamins to microalgae
(Croft et al., 2005). There has been minimal reported research on
the how the bacteria are influenced by the use of MDE for microal-
gal growth. A unique aspect of this work is the use of PCR-DGGE to
observed changes within the bacterial diversity and how it is influ-
enced by MDE.

The suitability of MDE for the growth of Tetraselmis sp. was ana-
lysed to determine how effective it was as a growth medium for
biofuels production before large-scale applications. The suitability
of MDE was determined by observing the effects of the growth,
final total lipid content, and the effects to the bacterial diversity.

The aims of this research were:

1. To evaluate the potential suitability of anaerobic digestate as a
potential feed stock for microalgae at large scale.

2. To assess how effective ACP gene regulation is for the assess-
ment of lipid production.

2. Methods

2.1. Set up and experimental design

The reported investigation was conducted at laboratory scale.
Plastic bag photobioreactors (5 L) were used with a light intensity
of 210 lm photon/m2/s with continuous illumination. The temper-
ature was maintained at room temperature (23–25 �C) throughout
the experiment period. Each photobioreactor was allocated its own
air intake for the purpose of mixing the microalgae. The flow rate
of air was regulated at 4 L per min for all treatment replicates. Salt
concentrations were achieved with the addition of Red Sea Salt to
the desired salinity concentration of 7% (w/v). Sampling from pho-
tobioreactors was conducted daily; an aliquot (50 mL) was taken
from each photobioreactor and stored at �40 �C for later analysis.
Inoculation of the photobioreactor was conducted using a 10% (v/v)
inoculum sourced from a stationary phase culture. F/2 medium
was made according to Keller et al. (1987). Microalgae digestate
was obtained from anaerobically digested Tetraselmis sp. Nutrient
analysis of the digestate produced from the plug flow bioreactor
was found to contain 833.2 NH3 mg/L, 0.005 NO3� mg/L, 8.16
NO2� mg/L, 7.40 total phosphate mg/L. Other studies have shown
that ammonia concentrations may be toxic to microalgae at high
concentrations (Abeliovic and Azov, 1976; El-Shafai et al., 2004).
Therefore in this study MDE was diluted according to the level of
ammonia, the dilutions used within this study where 20, 40, 60,
80 mg/L of ammonia.

2.2. Anaerobic digestion plug flow reactor conditions

A 3 L plug flow anaerobic digester with a working volume of 2 L
was utilised as the source of digestate for this experiment. The 3 L
plug flow anaerobic digester utilised Tetraselmis sp. as a feedstock.
The microalgae was disrupted by sonication pretreatment at
10 KHz for 15 min by a Branson sonifier prior to being fed into
the digester. Disrupted microalgae feedstock was stored at 4 �C
to reduce any pre-digestion prior to digester feeding. A hydraulic
retention time was used and a feeding rate of 1.0 g of ash free
dry weight of Tetraselmis sp. biomass was applied to the reactor.
The equivalent volume of digestate was removed from the digester
prior to feeding, thus maintaining a constant volume within the
digester. Removed digestate was stored in a glass bottle and
allowed to accumulate until sufficient volume was collected.

2.3. DNA and RNA extraction

DNA extractions were conducted on samples collected from the
photo-bioreactors. DNA extractions were undertaken using a MO
Bio DNA extraction kit (MO Bio, USA). An aliquot, (1.2 mL) of sam-
ple was used to conduct the DNA extraction which had a homoge-
nisation stage for 10 min as per the manufacturer’s instructions. A
yield of 100 lL of DNA was obtained and stored at �20 �C.

RNA was extracted using a MO Bio Power Plant RNA extraction
kit (MO Bio, USA). An initial amount (1.2 mL) of sample was used as
directed by the supplier’s instructions. The total yield of RNA from
the kit was 50 lL. RNA, which was then stored at �80 �C for later
use if not used immediately. The MO Bio Power Plant RNA extrac-
tion kit included a DNAase stage.

PCR was conducted with universal microalgal primers
(Sherwood and Presting, 2007), with the isolated RNA used as tem-
plate to identify the presence of DNA. If no PCR amplicons were
identified, the production of RNA to cDNA was conducted using a
Turbo RNA to cDNA kit (Invitrogen Life Technologies, USA). An
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aliquot (2 lL) of RNA template was used to provide a yield of 20 lL
of cDNA. cDNA products were verified on a 1.2% agarose gel with
SYBR� Safe then stored at �20 �C for later use (Invitrogen Life
Technologies, USA).

2.4. Real-time PCR for the quantification of specific genes of interest

Real time PCR assays where performed using a Corbett
Roto-Gene 6000 (QIAGEN, USA) with a KAPA Master Mix 1X SYBR
green (KAPA, USA) with a final volume of 20 lL per reaction. Tem-
plate DNA (1 lL) was used for each reaction. Each run included a
standard curve which was formed by serial dilutions of the target
gene. At the end of each run a melt curve was undertaken to
determine specific PCR products where present.

2.5. PCR identification of Tetraselmis sp. inoculums

Identification of the Tetraselmis sp. was undertaken before the
initial inoculation of photo-bioreactors. Identification was con-
ducted using universal microalgal primers which targets the con-
served region on the 23S chloroplast DNA (Sherwood and
Presting, 2007). PCR amplicons underwent a cleanup stage using
a Promega Wizard SV Gel and PCR Clean-Up System (Promega,
USA). Products were sent to the Australian Genomic Research
Facility for sequencing (AGRF). PCR was conducted using a KAPA
master mix on a BIORAD T100 Themocycler (KAPA, USA; BIORAD,
USA). Retrieved sequences were analysed using the BLASTN algo-
rithm of the National Center of Biotechnology Information (NCIB)
database to determine their identities.

2.6. Microscopy of Tetraselmis sp.

The reported investigation was conducted under non sterile
conditions to simulate open pond conditions. The possibility of
contamination of other microalgae represented an important con-
sideration. Morphological identification of Tetraselmis sp. was used
to differentiate it from possible contamination by other microal-
gae. An Olympus IX50 Microscope at 40�magnification and haem-
ocytometer (0.2 mm deep) were used to determine total cell
volume per millilitre. Cells were allowed to settle for 5 min before
cell counting was undertaken. Triplicate cell counts were under-
taken for each sample.

2.7. Growth of bacteria via real-time PCR

The final concentration of bacteria was analysed at the end
point to determine how it would affect harvested biomass rates.
The growth of bacteria was not selective to any individual bacteria.
The use of universal bacterial primers 314F and 581R (Muyzer
et al., 1993) with RT-PCR was used to determine final bacterial cell
concentration. Day 10 was selected due to it coinciding with the
harvesting day. Samples were conducted in duplicate, a mean
value was used to determine the concentration and form a stan-
dard error. Mean Ct values were calculated from duplicates and
compared to a standard curve to determine total cell number per
mL.

2.8. Total lipid content of Tetraselmis sp.

The total lipid production of the microalgae was investigated to
calculate the total lipid yield expected from treatments. The final
volumes of each day 10 culture were centrifuged (3257g � 5 min
at 21 �C). Samples were dried at 35 �C for 12 h before lipid extrac-
tion. Dried microalgae (700 mg) was used for the lipid extraction
stage. Samples underwent chloroform/methanol extraction and
was quantified gravimetrically (Bligh and Dyer, 1959).

2.9. Lipid gene expression rate via real time PCR

ACP lipid gene regulation was investigated throughout the
growth phase of this study. Real time PCR was conducted on cDNA
libraries, with 1 lL cDNA used as template. Each sample was run in
duplicates. Lipid gene expression primers were taken from Lei et al.
(2012) which were designed for Haematococcus pluvialis (Lei et al.,
2012). Tetraselmis sp. has the ability to produce lipid during the
exponential phase. Subsequently samples were selected over the
exponential phase from days 2, 4, 6 and 8 (Guzmán et al., 2010).
Gene expression was compared using normalisation to 23S rRNA
(BIORAD, USA). The amplification efficiencies of the standard
curves of both 23S rRNA and ACP genes were close (97–99%).The
ACP target gene was normalised to the 23S rRNA target of the same
sample using the formula; DC(t)sample = average C(t)ACP � aver-
age C(t)23S RNA. For the 2�DDC(t) analysis (Livak and Schmittgen,
2001).

2.10. PCR-DGGE of the bacterial community

Changes in the bacterial community were examined through
the use of PCR-DGGE which identified diversity and dominance.
Selective bacterial primers 341F GC & 518R (Muyzer et al., 1993)
were used to observed the bacterial community. DGGE analysis
was conducted on a Universal Mutation Detection system Dcode
system using a 6% polyacrylamide gel (BIORAD, USA). The denatur-
ing gradient used for bacterial PCR amplicons were 40-60%. DGGE
run conditions were 60 V at 60 �C for 20 h.

2.11. Statistical analysis

DGGE gels were digitalized and then analysed using TotalLab
20.1 to determine the band intensity. The band intensities were
then analysed using the Shannon Weaver diversity index
(H ¼ �P ni

N

� �
log ni

N

� �
) for each sample over time (Shannon and

Weaver, 1963).

3. Results and discussion

The use of digestate was investigated as a potential replacement
of F/2 medium. Its suitability as a replacement nutrient source was
quantified on its ability to grow Tetraselmis sp. and in terms of the
microalgae’s lipid production.

3.1. Genetic identification of Tetraselmis MUR233

Initially the Tetraselmis sp. strain used in this study was
assessed in terms of the similarity to other isolates. The PCR ampli-
cons which were produced were analysed on BLAST, and a high
similarity was observed to other Tetraselmis species. Due to the
high similarity of our sample to other Tetraselmis sp., it would be
considered to be a Tetraselmis sp.

3.2. Effect of microalgae digestate effluent on growth for Tetraselmis
sp.

The results show that Tetraselmis sp. was capable of growth in
MDE medium (Fig. 1). Higher rates of biomass production are
highly desirable when assessing the commercial potential of a
new feeding nutrient source such as MDE. The growth of microal-
gae was monitored to determine the growth rate of Tetraselmis sp.
on MDE medium (Fig. 1). F/2 medium achieved the highest growth
rate of 1.8 � 106 cells per/mL over a 10 d period. For MDE medium,
there was little difference between each of the MDE dilutions
though the highest growth was observed in the 80 mg/L dilution
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(0.5 � 106 cells per/mL). This indicates that the use of microalgae
digestate was not as effective as F/2 medium for the growth of
Tetraselmis sp. and at large scale may be detrimental to the produc-
tion of biomass. Various studies have shown similar results when
growing microalgae on digestate, low growth was attributed to
poor nutrient ratios, shading and ammonia (Abou-Shanab et al.,
2013; Levine et al., 2011; Li et al., 2011; Arumugam et al., 2011;
Nielsen et al., 2012; Uggetti et al., 2014). An example of a poor
nutrient ratio was shown when Li et al. (2011) compared TAP med-
ium to municipal waste water concentrate. TAP medium achieved
a growth rate of 0.4614 g/L d�1 while non-autoclaved raw munici-
pal wastewater concentrate achieved 0.1677 g/L d�1 (Li et al.,
2011). Nielsen et al. (2012) grew Ulva lactuca on digestate and
found that lowering the concentrations of NH4

+ had a positive effect
on growth rates (Nielsen et al., 2012). In the reported study there
was no significant difference between growth rates of Tetraselmis
sp. on the various dilution of digestate effluent, indicating that
20 mg/L NH4

+ may have been too high for Tetraselmis sp. Uggetti
et al. (2014) observed a similar trend with a growth trial of micro-
algae on anaerobic digestate; it was observed that an increase of
both digestate and the microalgae initial concentrations may have
reduced the initial growth rate of the microalgae. Their study con-
cluded that anaerobic digestate showed satisfactory growth rates
and biomass production (Uggetti et al., 2014). In addition, the
low growth that occurred could be due to the potential unsuitabil-
ity of MDE for the growth of Tetraselmis sp. Xin et al. (2010) grew
11 various microalgal species on secondary effluent and found only
four were capable of growth on the secondary effluent (Xin et al.,
2010). Abou-Shanab et al. (2013) determined the best microalgae
to be grown on waste water was commonly found at the source
of the wastewater (Abou-Shanab et al., 2013). Other studies have
reported success in growing Chlorella vulgaris on piggery digestate
with a growth of 11.6 � 106 cells per/mL over 6 days (Kumar et al.,
2010). It is hypothesised that the microalgal species used in the
reported study may have not been optimal in terms of microalgal
productivity though the MDE medium was still capable to support
growth. The Tetraselmis sp. used within this study was isolated
from hyper-saline ponds, and would not be expected to be found
around wastewater locations and may not be the best suited mic-
roalgae for the growth on MDE medium. The results confirm that
MDE medium is capable of growing Tetraselmis sp. but not as effec-
tively as F/2 medium.

3.3. Total lipid and ACP gene regulation

The Tetraselmis sp. was chosen due to its production of lipid in
the exponential phase (Fon Sing et al., 2014; Guzmán et al., 2010).
The total lipid content was determined at the end of the

exponential phase (day 10). Total lipid was found to be at its high-
est in the F/2 medium (49%). The lipid content grown on the dige-
state varied from 48% total lipid in 20 mg/L NH4

+ to 27% total lipid
in 80 mg/L NH4

+ and found to be negatively correlated with ammo-
nia concentrations (R2 = 0.927) (Fig. 3). The gene regulation of ACP
was used to quantify how alternative nutrient regimes would
affect lipid productivity. ACP was monitored over the exponential
phase as it was the main stage in the life cycle of Tetraselmis sp.
where lipid production was undertaken (Fig. 2). Day 0 was norma-
lised using 2�DDC(t) to determine changes in the expression rate
over the exponential phase. The inoculants used came from a sta-
tionary phase culture where lipid production does not commonly
occur (Costa et al., 2004). F/2 medium displayed the highest level
of gene expression rates with a 4.75 fold increase on day 4, slowly
returning to normal at day 8 which is close to the end of the
exponential phase. ACP gene expression rates in the microalgal
digestate mostly decreased after day 0, although an ammonia
concentration of 60 mg/L gene expression increased slightly for
samples taken on days 4 and 6 (Fig. 2). The overall performance
of ACP gene expression in microalgal digestate generally showed
a negative impact. The results suggested that ACP gene regulation
was not up-regulated when compared with that in ACP gene regu-
lation in F/2 medium. However, other pathways may have been
used for the production of lipid. Studies have shown other genes
such as FATA, KASIII, acetyl CoA, and pyruvate decarboxylases are
implicated in the production of lipid (Lei et al., 2012; Li et al.,
2012). Nevertheless the overall lipid production was not signifi-
cantly different when compared to what was observed in the F/2
medium, suggesting the potential of MDE medium as a nutrient
source.

The lower lipid production and low ACP gene regulation in
Tetraselmis sp. grown on MDE medium may have been due to
ammonia and its ability to change internal cell pH and cause a lack
of electron donors for photosynthesis (Abeliovic and Azov, 1976;
Källqvist and Svenson, 2003). The reported results are similar to
those reported in other studies that investigated the use of digestate
effluent for lipid production. Wang et al. (2010) investigated the use
of dairy digestate for lipid production in Chlorella sp.; it was
observed that the growth of Chlorella sp. on higher dilutions of dig-
estate resulted in a higher percentage of total fatty acids (Wang
et al., 2010). A 10% dilution of digestate had a total lipid content of
9%, while microalgae grown on digestate which was diluted 20%
and 25% had a higher total lipid content of 13.6% and 13.7% (Wang
et al., 2010). Levine et al. (2011) investigated the growth of
Neochloris oleoabundans in the presence of ammonia and its ability
to grow on anaerobically digested dairy manure. N. oleoabundans
grown on modified Bold’s Basal Medium with 50 mg L�1 NH4

+ pro-
duced no lipid while growth in the 10 mg L�1 NH4

+ digestate
achieved 3.6 ± 0.6 mg L�1 d�1 of lipid. N. oleoabundans grown on

Fig. 1. Cell count of Tetraselmis sp. in F/2 medium and MDE medium over 10 days.

Fig. 2. ACP gene regulation for F/2 medium and digestate medium over the
exponential phase.
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1:50 dilution of digestate achieved a 2.57 mg L�1 d�1. A 1:200 dilu-
tion had a lipid productivity of 4.7 mg L�1 d�1(Levine et al., 2011).
The reduced level of lipid production reported may have been
caused by the increasing presence of ammonia in the medium
(Levine et al., 2011). Therefore the trend seen within the results
was similar to that observed within other studies, the less diluted
the digestate the lower the total lipid content.

3.4. Bacterial community dynamics

PCR-DGGE was used to determine the bacterial community
dynamics with the use of microalgal digestate effluent. The growth
of bacteria with the microalgae is expected to occur, and it is
essential that there is a positive symbiosis between bacteria and
microalgae (Croft et al., 2005). There was a significant increase in
the bacterial diversity in the MDE medium treatments, which indi-
cated that the MDE medium may have influenced the bacterial
community. MDE medium was also observed to influence the ini-
tial bacterial diversity on day 0 for all the MDE treatments; as
the concentration of MDE increased the bacterial community
diversity also increased on day 0 (R2 = 0.852).

The bacterial content on the harvest day (day 10) were investi-
gated to determine if the MDE medium may have influenced the
bacterial cell content during the harvest stage. The final bacterial
cell counts on the harvest day were the following: F/2
9.19 � 102 ± 5.60 � 101; 20 mg/L NH4

+ 1.19 � 1010 ± 3.32 � 109;
40 mg/L NH4

+ 3.14 � 105 ± 8.60 � 104; 60 mg/L NH4
+ 1.04 � 107 ±

8.27 � 105; 80 mg/L NH4
+ 3.55 � 1010 ± 7.80 � 109. The final bacte-

rial growth in the MDE medium treatments were observed to be
higher in comparison to F/2 medium, this indicates that the use of
MDE medium enhanced the bacterial content on the harvest day.
The enhanced bacterial growth can be associated to the high
diversity of bacteria on day 0 within the MDE treatments (Fig. 4),
the bacteria within the hypersaline MDE would have already under-
gone natural selection for the best suited bacteria to grow within a
hypersaline environment. The bacterial diversity of the F/2 medium
treatment on day 0 was very low and remained low throughout the
investigation (Fig. 4), this indicating the bacterial community within
the F/2 medium was not well adjusted to the hypersaline conditions
and had little effect on the bacterial content during the harvesting
stage.

The presence of bacteria within this study was similar to that
found with other studies that have utilised digestate effluent as a
nutrient source for microalgae. Li et al. (2011) grew Chlorella sp.
on non-sterile municipal wastewater and found that 10% of the
final biomass was bacteria. Levine et al. (2011) also detected bac-
terial growth with the growth of N. oleoabundans on anaerobically
digested dairy manure (Levine et al., 2011). Vasseur et al. (2012)
investigated the relationship between microalgal and bacterial
growth on digestate. They observed that with the presence of

bacteria increased the carbon conversion efficiency, bacteria from
the anaerobic digesters were capable of recycling the carbon lost
during photosynthesis (Vasseur et al., 2012). Therefore the use of
anaerobic digestate at large-scale should be monitored closely as
the reported data indicates that non-sterile digestate effluent can
influence the bacterial community, though as shown in other stud-
ies the presence of bacteria can be beneficial.

4. Conclusion

The overall performance of MDE for biofuel production is feasi-
ble but needs further development to optimise performance with
regard to providing a commercially viable medium. The final eval-
uation of MDE for Tetraselmis sp. production was; (1) lower micro-
algal growth in low diluted MDE medium when compared to F/2
medium, (2) higher lipid production rates at lower MDE concentra-
tions, (3) low lipid ACP gene expression found in MDE medium in
comparison to F/2 medium, (4) high bacterial diversity was found
to be parallel to low dilution of MDE, (5) Tetraselmis sp. growth and
lipid production can be supported by MDE.
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7.0 Summary of conclusions 

7.1 Introduction 

All the objectives of my PhD were achieved. The principal outcome was the 

characterisation of the response of a methanogenic anaerobic digestion community, 

when influenced under high saline conditions that are associated with high salinity 

microalgae used in a biofuels production system. This work demonstrated that as the 

salinity increased the species abundance of the methanogen community decreased. 

However, when high salinities where investigated several species of methanogens 

were detected and only appeared at these higher salinities. Further work utilising these 

detected high salinity methanogens allowed the anaerobic digestion of halophytic 

microalgae resulting in methane production and nutrient recovery.  

 

7.2 Biomass quantification and feedstock management 

The development of a simplified and cost effective protocol for the quantification of 

biomass and resulting chemical parameters that is essential for maintaining optimum 

anaerobic digestion was achieved. Utilising turbidity as an indicator for Chemical 

oxygen demand (COD) and volatile solids content allows improved management of 

pond system and permits the harvesting of a precise volume of microalgal culture to 

deliver a standardised quantity of volatile solids or COD loading to an anaerobic 

digester. This is essential and has the added advantage of being able to be utilised 

within microalgae based wastewater systems and also biofuel pond scenarios.  

A strong correlation between COD and volatile solids and turbidity as the indicator 

variable was found. Another finding from this work was the failure of this relationship 
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when it was applied to biological oxygen demand (BOD). Experimental results 

indicated that there was a relationship between BOD and turbidity and this may have 

ramifications to wastewater quality, as microalgae are not adequately accounted for 

with BOD testing. This methodology has the potential to reduce labour and laboratory 

costs, hence reducing the cost of pond management and digester management.  

 

7.3 Inoculum development 

This work highlighted the difference between utilising a standard PCR procedure 

utilising single primers when compared to utilising several sets of primers in a nested 

PCR method. The nested PCR resulted in a much higher detection rate when 

compared to the single PCR and primer set. This additional resolution allowed a 

greater understanding of the bacterial community due to better detection rates. The 

profiling of the genetic diversity of the anaerobic community highlighted the decrease 

in methanogen species as a result of increased salinity. However the detection of 

several methanogen species at the higher salinities was a novel finding. Further work 

with this inoculum and the introduction of microalgae as a feedstock further enhanced 

the microbial diversity and an increase in the number of species at 7% salinity was 

noted utilising the DGGE molecular fingerprinting technique. Quantification of gas 

production also confirmed the transformation of this microbial community to halophytic 

conditions due to a reduced detection rate of methanogenic activity when they were 

reintroduced to lower salinity waters. This result confirmed the formation of a truly 

halophytic anaerobic digestion community able to digest microalgae biomass at 7% 

salinity. 

 

73



 

7.4 Pre-treatment  

Results from this work indicated that lipid extracted biomass was suitable for anaerobic 

digestion and highlighted the residual energy that is recoverable from the extracted 

biomass. It was demonstrated that the microbial breakdown of Tetraselmis sp. cells 

occurred due to microbial attack. No significant difference was found between the gas 

production from sonicated and non-sonicated Tetraselmis sp. cells. This result 

indicated that the conversion of Tetraselmis sp. to methane can exclude the energy 

intensive cell disruption process. This offers a direct pathway to methane production 

where cells can be directly fed into an anaerobic digester. This direct pathway can 

potentially eliminate cost and energy required for pre-treatment of microalgae biomass 

and again increases the cost effectiveness of microalgae biofuel production.  

 

7.5 Digestate as a nutrient source 

The overall performance of microalgae digestate for biofuel production is feasible but 

may need future development to optimize its performance with regards to microbial 

community. The final evaluation of microalgae digestate for Tetraselmis sp. production 

demonstrated no significant difference in lipid productivity when compared to 

commercial F/2 media. However as the concentration of digestate increased and 

associated nitrogen levels became higher than commercial F/2 media, lipid production 

decreased. The growth and lipid production of Tetraselmis sp. can be supported by 

anaerobic digestate, however proper management of the microbial community must 

be undertaken to limit competition within the microalgal community. The use of 
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anaerobic digestate as a nutrient source has the potential to reduce production costs 

significantly. There is also the added benefit of a reduced carbon footprint as the need 

for commercial nutrients are reduced decreasing the associated CO2 emissions of 

microalgae biofuel production.  

 

7.6 Future work 

Future work resulting from this study would involve the full commercialisation 

of the halophytic inoculum. This would require the implementation of a pilot scale 

methane digester into a microalgae biofuel production plant. Further work into the 

optimisation of digestate as a commercial nutrient replacement could then be 

undertaken at pilot scale to maximise the benefits of its use. Future laboratory scale 

work to be undertaken would include the investigation of the halotolerant digestion 

inoculum for higher salinities and to evaluate the ionic conductivity limits of the 

methanogen community. The investigation of the acetogenic community for hydrogen 

production under high ionic conditions would also be beneficial. The investigation into 

the suitability of this inoculum to treat other high ionic conductivity wastewaters would 

also be beneficial. This research could lead to other opportunities for bio-methane 

production incorporated into the treatment of other high ionic conductivity 

wastewaters, leading to greater sustainability and environmental outcomes of these 

operations.  
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Molecular comparison of nested and non nested 16S 
rDNA polymerase chain reaction (PCR) amplicons. 

Introduction 

To investigate the microbial diversity of methanogenic 
Archaeal bacteria under increasing saline conditions. A 
molecular genetic study was carried out on marine 
microalgae anaerobic digestion microbial communities. 
To validate the PCR methods employed in this 
investigation, three digesters at 1.6, 3.4 and 7% salinity 
were sampled for methanogenic populations. 
Methanogenic communities were investigated using a 
denaturing gel gradient electrophoresis (DGGE) using 
the V3 region of the 16S rDNA gene. Two PCR methods 
were compared for the best detection of methanogen 
bacteria. 

PCR Treatment 1.4% Salinity 3.4% Salinity 7% Salinity 

Nested 7 9 10 

Non-Nested 5 7 8 

Table 1: Biogas production and conditions recorded for anaerobic 
digesters 

Treatment Biogas 

production 

(ml/g/VS) 

 Methane 

content (%) 

Temp (C˚) Mixing 

(RPM) 

Ph 

1.6% Salinity N/A N/A 37 ± 0.5 90 7.44 ± 0.07 

3.4% Salinity 165 ± 54 44 ± 9 37 ± 0.5 90 7.50 ± 0.13 

7% Salinity 290 ± 53  54 ± 4 37 ± 0.5 90 7.40 ± 0.05 

Methods 
The two PCR methods were compared for the best 
detection of methanogen bacteria. For DGGE analysis 
the variable V3 regions of the 16S rDNA gene were 
amplified using the methanogen specific primers 0357F-
GC and 0691R. The second PCR primer set consisted of 
a nested PCR using the methanogen specific primers 
Met86F and Met 1340R and 0357F-GC and 0691R 
primers sets. To validate data via gas production three 
anaerobic digesters were set up and operated for a 50 
day period. The digester treatment salinities were 1.6, 
3.4 and 7.0% salinity respectively. 

Table 2: Number of  methanogen bacterial species detected  

Results 
Good separation and quality of band patterns were 
achieved in DGGE gels by both primer sets at all three 
digester salinities (Figure 2). The data shown in Table 1 
lists the gas production and digester conditions 
recorded during the experimental period. Table 2 
indicates higher detection rates and sensitivity by the 
nested PCR when compared to the non-nested PCR 
method. Gas data closely correlates to the nested PCR 
dendograms shown in Figure 1. Nested dendograms 
indicate a significant difference between the seawater 
and high salinity communities which corresponds to 
the large difference in gas data between the high 
salinity and seawater salinity communities 
respectively. This difference in gas production does not 
correlate with the non-nested dendograms where little 
difference between communities is recorded. Both 
methods indicate the presence of high salinity 
methanogen bacteria in the 7% treatments (arrows in 
Figure 2)  

Figure 2: DGGE gels for the nested and non-nested PCR amplicons. 
Arrows indicate high salinity methanogen bacteria species. 

Figure 1: Dendograms from Phoretix analysis of DGGE gels 
(arrows indicates the similarity between high salinity and 
seawater communities). 

Nested PCR  

Non-nested PCR  

Conclusion 
Both PCR methods tested detected methanogen  
bacteria species. The nested PCR method had a much 
higher sensitivity and detection rate then the non-
nested PCR method. The gas data clearly correlated with 
the difference in the bacteria communities indicated in 
the dendograms for the nested PCR method tested, 
Hence making the nested PCR the better method. Also 
gas data and detection of high salinity methanogen 
bacteria at 7% salinity indicates anaerobic digestion of 
saline microalgae at 7% salinity is achievable.  
(This work has been submitted to The Journal of Phycology for 
publication) 

Non-nested DGGE results Nested PCR results 

Andrew Ward      Supervisors: David Lewis and Andy Ball 

This research was supported under 
Australian Research Council's Linkage 
Projects funding scheme (project number 
LP100200616) and Adelaide Brighton 
Cement 78



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8.2 

 

 

 

79



Ward, A.J. (2015). The Anaerobic Digestion of Microalgae Feedstock, “Life-Cycle 

Environmental Impacts of Biofuels and Co-products” In N.R. Moheimani, M.P. 

McHenry, de Boer, K. and P.A. Bahri Eds.) Biomass and Biofuels from Microalgae. 

Biofuel and Biorefinery Technologies, 2, 331-345. 

 

 

 

 
 

NOTE:  This publication is included in the print copy of the thesis 

held in the University of Adelaide Library. 

 

It is also available online to authorised users at: 

 

http://dx.doi.org/10.1007/978-3-319-16640-7_16 

 

 

 

http://dx.doi.org/10.1007/978-3-319-16640-7_16

	TITLE: THE ANAEROBIC DIGESTION OF HALOPHYTIC MICROALGAE
	Panel of Supervisors
	Declaration for a thesis that contains publications
	Thesis by Publication
	Acknowledgement
	ABSTRACT
	Contents

	Chapter One: Introduction
	Chapter Two
	Paper - Anaerobic digestion of algae biomass: A review

	Chapter Three
	Paper - Utilisation of turbidity as an indicator for biochemical and chemical oxygen demand

	Chapter Four
	Paper - Halophytic microalgae as a feedstock for anaerobic digestion

	Chapter Five
	Paper - Pre-treatment options for halophytic microalgae and associated methane production

	Chapter Six
	Paper - Microalgae digestate effluent as a growth medium for Tetraselmis sp. in the production of biofuels

	Chapter Seven: Summary of conclusions
	Chapter Eight: Appendix
	Appendix 8.1
	Paper - Molecular comparison of nested and non nested 16SrDNA polymerase chain reaction (PCR) amplicons

	Appendix 8.2
	Paper - The Anaerobic Digestion of Microalgae Feedstock, “Life-Cycle Environmental Impacts of Biofuels and Co-products”





