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Abstract 

Several species of microalgae have lipid yields that are about 4 to 5 times of that from 

the highest oil bearing terrestrial plants such as oil palm. Furthermore, marine species 

can offer the additional advantage of not competing with farm produce for fresh water 

or arable land. These advantages make marine microalgae appear to be attractive as a 

feedstock for the production of biofuels; however, despite intensive research, the 

production cost of microalgal biomass remains high at about A$ 10 kg-1. In comparison, 

plantation oil such as canola can be available of about $1 L-1 and this large cost 

difference makes algal biofuels uncompetitive. Hence, the sustainability of microalgal 

biofuel production depends very much on the technical, energetic and economic issues 

involved with production. 

Microalgal lipids and carbohydrates are major feedstock for renewable fuels and the 

downstream processing can broadly be classified into four steps: harvesting, 

dewatering, cell disruption and extraction of the desirable products. The specific 

objectives for the PhD study were harvesting and cell disruption of microalgae; these 

objectives were structured towards the development of pilot scale production of marine 

microalgae and included technical, energetic and economic evaluations. Below are 

details for these objectives: 

I. Harvesting: the objective was to increase the biomass concentration from about 

0.2 kg m-3 to about 20 kg m-3.  Such level of concentration would be suitable for 

the next unit of processing such as cell disruption or secondary dewatering. 

Flocculation (electro- and microbial-) were applied as the harvesting methods 

with induced mechanical mixing and electrode separation as the novelties in 
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energy optimization techniques. The scope of this study included the technical 

investigation and development of these harvesting methods, evaluation of their 

energy requirements, plant designs and economic analyses; all these areas were 

deemed to be necessary for the determination of the viability of such processes.  

II. Cell disruption: disruption processes with potential for the commercial scale 

biofuel production were investigated with emphasis on the process reliability, 

energy requirement and disruption efficiencies. The novelty was the 

determination of disruption energy efficiencies by comparing the process energy 

input with the theoretically derived values of cell disruption. 

III. Cell mechanics: mechanical cell wall properties that affect the disruption process 

were investigated. Atomic force microscopy was used to evaluate the disruption 

energy requirements and determine the efficiencies of various cell disruption 

processes. The novelty was the measurement of disruption energy requirement 

for individual cells. From the experimental value obtained, the specific disruption 

energy on a per kg basis was calculated to determine the energy efficiencies of 

various disruption methods. 

It was found that the mixing of microalgal media during electroflocculation is essential 

for the reduction in electrical energy requirement, and hydraulic baffles can provide an 

energy efficient technique for such purpose. The energy required for such mixing is 3.2 

kJ kg-1 of the equivalent dry mass based on the design criteria that the value of Camp 

number is between 104 to 105 and the velocity gradient is between 100 s-1 to 10 s-1. The 

cost for harvesting by microbial flocculation, including energy, raw material and capital 

depreciation, was estimated to be A$ 0.26 kg-1 of the equivalent dry mass. On the other 

hand, the cost of harvesting by electroflocculation, including electrical energy, 
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aluminium dissolution and capital depreciation, was estimated to be $ 0.185 kg-1 of the 

equivalent dry biomass. The energy consumptions by both types of flocculation have the 

potential to be further optimised. 

For the extraction of lipids for the production of biodiesel, mechanical cell disruption 

methods are preferred due to the lower risk of contamination of products and the ease 

of scale up. The drawback is that current mechanical disruption processes have high 

specific energy consumption that is in excess of that can be available from the 

combustion of the entire cell mass. The disruption energy may be optimized by selecting 

processes that are relatively energy efficient and the combination of cell disruption with 

solvent extraction.  

The disruption energy as measured by the use of Atomic Force Microscopy revealed that 

an average value of 17.4 pJ was required for the disruption of an individual Tetraselmis 

sp. cell, this value is equivalent to specific disruption energy of 673 J kg-1 of dry 

microalgal biomass. In comparison, disruption by hydrodynamic cavitation, one of the 

most energy efficient technique, requires specific disruption energy input of 33 MJ kg-1 

of the dry biomass. This large difference indicates the low efficiency in the mechanical 

cell disruption and more innovation is required for the sustainability of such processes 

in the production of biofuels. 

This thesis advances the knowledge in the harvesting and cell disruption of microalgae 

from the laboratory to pilot scale. In the area of harvesting, advances were made in the 

scale up on the plant design, energy optimisation and economics of microbial- and 

electro-flocculation; while in the area of cell disruption, advances were achieved on the 

understanding of the energy requirements for large scale mechanical cell disruption 
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processes, and the fundamental cell mechanics with respect to disruption. All these 

work has been presented as journal publications as detailed in the Preface of this thesis. 
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Errata 

Page Line Erratum 

3.5 Column 1, 

Paragraph 2, 

Line 2 

Replace “m2 s -1” by  “Pa s” 

6.8 Section 2.2.2 Replace ”air” by “gas” 

6.9 Section 3.2 Additional note: “Cell disruption processes such as high pressure 

homogenizer, bead mill or hydrodynamic cavitation require high 

shear and impact for the disruption. Algal concentrate with dry mass 

over 3 % has a consistency of thick cream and will require a 

significant amount of energy to attain the high velocity necessary to 

generate such shear”. 

6.10 Section 3.3.3 Additional figure and note: 

Clarified

overflow 

return to 

pond via 

pump

Settled 

underflow

Open 

pond

Electro-

flocculation

Baffled

mixer
Settler/

clarifier

Valve

Pond culture 

level

d

 

The design of the pilot plant is based on the laboratory batch test 

results. The flocculation time is expected to be of similar value due to 

the high turbulence (Eq 11 shows high Reynolds number, hence 

adequate mixing). The required settling distance, d, as indicated in 

the figure, should also be similar to the experimental settling value. 

6.11 Table 5 Additional note: “Lang factors were not mentioned in the cited 

literatures in Table 5; hence, such factors have not been used here to 

compare all these cost estimations on a similar basis,.” 
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1 Introduction  
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1.1 Biofuels and biodiesel 

The uncertainty associated with the supply of crude oil has increased interest and 

research in renewable transport fuels, for example: methane from the anaerobic 

digestion of organic waste (Elliott & Mahmood, 2007), ethanol from the fermentation of 

cane sugar (Zyl et al., 1988), hydrogen from fermentation of organic waste by bacteria 

such as Rhodobacter sphaeroides (Kapdan & Kargi, 2006) and biodiesel (alkyl esters) 

from the transesterification of plantation oil or animal fat (Ma & Hanna, 1999). Although 

some of these fuels appear to be attractive alternatives to fossil fuels, large scale 

developments are faced with some common problems, for example: the high cost of 

developing and adopting new technologies, the lack of alternative transport fuel 

distribution infrastructure and the potential impact on the ecosystem. Some problems 

are more specific, such as: the low value of combustion energy per unit volume of 

hydrogen gas results in low mobility range and the competition of biofuel feedstock with 

food crops for arable land and fresh water (Kleiner, 2007).  

Biodiesel is a renewable fuel that is degradable and has flow and combustion properties 

similar to petroleum diesel. Comparing with other alternative transport fuels, biodiesel 

has the advantage of higher energy density (33 - 35 MJ L-1); being able to mix in any 

proportion with petroleum diesel and does not require modifications of existing fuel 

distribution systems. In comparison, ethanol can only be blended in petrol with a 

maximum of 15% without engine modification.  

Biodiesel can be derived either from the esterification of free fatty acids (FFA) and 

alcohols shown by Reaction 1.1:  

RCOOH + R'OH    ⇋  RCOOR' + H2O  Reaction 1.1 
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Or: the trans-esterification of triacylglycerides (TAG) by alcohols shown by Reaction 1.2: 

R – O – C - R1

+ 3 ROH

OOCR1

OOCR2

OOCR3

OH

OH

OH
R – O – C - R2

O

Triacylglyceride 
(TAG)

O

+

Alcohol GlycerolAlkyl ester

R – O – C – R3

O

+ +

 

Reaction 1.2 

The commercial production of biodiesel from plantation crops such as soy is a proven 

technology (Gerpen, 2005); however, terrestrial plants have a low solar utilization rate 

of less than 1%, furthermore, only part of the plant (usually the seeds) contains 

significant amount of oil. These two factors make land plants less efficient than 

microalgae as a source of oil supply (Geider et al., 2001); in addition, the diversion of 

food crops for the production of fuels is also a cause for concern.  

1.2 Biodiesel from microalgae 

Some microalgae have high lipid yield, for example, the marine microalga, Pleurochrysis 

carterae has a lipid yield of 21.9 t ha-1 y-1 (Moheimani & Borowitzka, 2006) which is 

about 10 times that of soy or about 4 to 5 times of that from oil palm, a terrestrial plant 

with one of the highest oil yield. Marine microalgae also have the additional advantage 

of not competing with farm produce for fresh water or arable land. These advantages 

make marine microalgae appear to be attractive as feedstock for the production of 

biodiesel; however, despite intensive research, the production cost of microalgal 

biomass remains high at about $ 10 kg-1 (Benemann & Oswald, 1996) and there has been 

a lack of updated information in the production cost among published literatures. In 

comparison, plantation oil such as canola can be available at about $1 L-1 (CCC, 2011), 

this large cost difference makes algal biofuels economically uncompetitive. 
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Renewable fuels have a perceived role of reducing the atmospheric carbon dioxide and it 

is essential for biofuels to have a smallest carbon footprint and positive energy balance, 

i.e. the energy input for the production throughout its life cycle to be less than the 

energy available by the combustion of the fuels.  Hence, the sustainability of microalgal 

biodiesel production depends very much on the technical, energetic and economic issues 

of production. 

1.3 Primary objectives of thesis 

Major unit process operations for the downstream processing of microalgae from 

culture media to biofuels are:  

1. Harvesting: The separation of microalgal biomass from its surrounding media. 

Several separation techniques are available, for example: centrifugation, 

filtration, and flocculation. These techniques can be used singularly or in 

combination depending on factors such as: the characteristics of microalgae, 

biomass concentration required by the next processing step or economic 

considerations. 

2. Cell disruption: The breaking open of individual cells for the release of 

intracellular contents such as lipids or proteins. The process can be 

mechanical, chemical or physical, single or multi staged depending on the 

products requirements 

3. Extraction: The separation of lipids such as triacylglycerides (TAG) or fatty 

acids from various cell inclusions such as carbohydrates or proteins. Solvent 

extraction the current predominant technique for the extraction of lipids with 

the residue enriched in carbohydrates for ethanol production. 
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4. Esterification or fermentation: The extracted lipids react with alcohols and to 

form alkyl esters (biodiesel), various types of catalyst are required for these 

reactions to proceed at a reasonable rate. Carbohydrates are digested for the 

fermentation to alcohols.  

Much of the processing technology has been developed in related fields such as 

wastewater treatment. The scope for the PhD study included the harvesting and cell 

disruption of microalgae; these two topics were structured towards the development of 

pilot scale production of marine microalgae and included technical, energetic and 

economic evaluations. Below are details for these processes: 

I. Harvesting: flocculation is the first step in the separation of the biomass from the 

culture medium, the objective was to increase the biomass concentration from 

about 0.2 kg m-3 to about 20 kg m-3.  Such level of concentration would be suitable 

for the next unit of processing such as cell disruption or further dewatering. 

Flocculation (electro- and microbial-) were applied as the harvesting methods 

with induced mechanical mixing and electrode separation as the novelties in 

energy optimization techniques. The scope of this study included the technical 

investigation and development of these harvesting methods, evaluation of their 

energy requirements, plant designs and economic analyses; all these areas were 

deemed to be necessary for the determination of the viability of such processes.  

II. Cell disruption: disruption processes that are potentially suitable for the 

commercial scale biofuel production were investigated with emphasis on the 

process reliability, energy requirement and disruption efficiencies. The novelty 

was the determination of disruption energy efficiencies by comparing the process 

energy input with the theoretically derived values of cell disruption. 
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III. Cell mechanics: mechanical cell wall properties that affect the disruption process 

were investigated. Atomic Force Microscopy was used to evaluate the disruption 

energy requirements and the efficiencies of various cell disruption processes 

were determined. The novelty was the measurement of energy requirement for 

the disruption of individual cells, and from the experimental value obtained, the 

specific disruption energy on a per kg basis was calculated to determine the 

energy efficiencies. 

1.4 Structure of thesis 

Chapter 2 provides an overview of the current microalgal processing technologies with 

respect to the special objectives listed in Section 1.3. Additionally, knowledge gaps 

necessary for the scale up from laboratory to industrial biofuel production are 

identified.  

Chapter 3 is the first of the four journal publications that forms the main body of this 

thesis; this paper introduces the concept of a baffled hydraulic flocculator as the mixing 

technique for the large scale microalgal harvesting. The paper also includes the design of 

the flocculation plant, analysis on energy requirements and estimation of the operating 

and capital costs of an industrial scale harvesting plant. The results are presented in 

terms of $ kg-1 of the dry biomass to assess the process’s economic sustainability. 

Chapter 4 is the second of the journal publications; it provides a comprehensive review 

on a range of cell disruption techniques that are potentially suitable for the large scale 

extraction of lipids for the production of biodiesel. In addition, the energy input required 

by various mechanical devices are analyzed and compared with the theoretical cell 

disruption energy requirements. Novelties of this paper are the two different methods 
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on the theoretical estimation of cell disruption energy requirements and the evaluation 

of the disruption energy efficiencies of various mechanical cell disruption methods. 

Chapter 5 is the third of the journal publications, it reports on the use of Atomic Force 

Microscope (AFM) for the evaluation on the microalgal cell disruption energy 

requirements as derived from the force and energy for the indentations and disruption 

of individual cells. The disruption energy measured as such is one of the fundamental 

quantities that are required to assess the limit on cell disruption process energy 

efficiency.  Included in this paper is also an evaluation of the spring constant, k, of the 

AFM cantilever as the accuracy of the force measurement directly depends on the value 

of k. 

Chapter 6 is the fourth of the journal publications for this thesis; it is presented in 

manuscript form as it is currently under review. This article reports on the effects of 

electrode separations and induced mechanical mixing on the optimization of 

electroflocculation energy requirements.  Commercial viability of the electroflocculation 

process is determined by the cost estimation presented as the sum of capital, metal 

dissolution and energy consumption. 

Chapter 7 is a conclusion from the body of work with recommendations for future work 

in the area of harvesting and cell disruption. 

Appendices A to C provide peer reviewed publications that are relevant to this study. 

Appendix A is a journal paper that precedes Chapter 3 and 7 of this thesis, this paper 

highlighted the knowledge gap that activated sludge, a microbial flocculation process 

proposed to be used as microalgal harvesting method , is not suitable for the harvesting 
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of marine microalgae. This paper demonstrated the modifications necessary for the 

activated sludge to successfully flocculate microalgae in a marine environment. 

Appendix B is a conference paper on the economics of microalgal dewatering; the 

biomass concentrated by flocculation still contains large amount of water and this paper 

compares various industrial dewatering equipments and evaluates their performance 

based on their overall operation efficiency and cost. 

Appendix C is a book section on microalgal harvesting methods. It provides a critical 

review on various separation processes and their potential as industrial scale microalgal 

harvesting methods. 
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2 Literature Review  
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2.1 Introduction 

The purpose of Chapter 2 is to provide a brief review of the current microalgal 

harvesting and disruption processes; the emphasis is on the scale up from that of 

laboratory to commercial. To be viable as a renewable fuel with the intention of 

atmospheric CO2 reduction, it is essential for these processes to have a positive energy 

balance, a reduction in carbon footprint and a cost structure that is competitive with 

plantation oil such as soy or canola. Therefore, estimation of energy requirement and 

economic analysis are essential to all these techniques. In addition to the low cost, the 

harvesting of microalgal lipids for biodiesel production must also be reliable and yield a 

product that is relatively free from contaminants. Finally, as discussed in Section 1.2, 

marine species of microalgae have the advantage of not competing with food crops for 

fresh water and arable land; hence, in this chapter, microalgal processing techniques are 

discussed with respect to marine microalgae. 

2.2 Microalgal harvesting 

2.2.1 Harvesting methods  

Overview 

Commercially available solid/liquid separation techniques include filtration, 

centrifugation and flocculation (including sedimentation and flotation), these techniques 

can be used either individually or in combination with each other. However, there are 

certain difficulties for these techniques to be used for the harvesting of microalgae, these 

problems include:  

 Most microalgae are of small sizes between 3 µm - 20 µm in diameter (except for 

the filamentous species such as Spirulina sp) (Winter & Siesser, 1994); in 
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addition, these cells are often compressible, these two factors make filtration 

energy consuming and ineffective. 

 Microalgae grow in very dilute media with a typical dry mass concentration 

between 200-600 mg L-1 under autotrophic conditions. These cells also have high 

water content, and thus a large amount of water needs to be removed for a small 

amount of algal mass. 

 Cell surfaces are negatively charged to keep the cell bodies in suspension, making 

settling difficult. This, together with the high dilution, makes flocculation difficult 

without the addition of large amount of chemicals. 

 The density of a typical microalgal cell is usually only slightly higher than that of 

the surrounding medium; the small size and density difference make 

centrifugation inefficient (Becker 1995; Benemann 1996).  

 The microalgal biomass residue after lipid extraction still contains high 

concentrations of proteins and carbohydrates. These by products may have 

economic values. The presence of inorganic flocculants such as Al 3+ may preclude 

such use. 

Despite these difficulties, the commercial harvesting techniques mentioned above are 

effective in separating the biomass from the media. However, the economic recovery of 

microalgae biomass is challenging and costs must be reduced to an acceptable level 

before microalgae based biofuels can be commercially viable. For the harvesting 

methods suitable for the production of microalgal biofuels, they need to be low cost, 

high capacity and reliable enough to be operated continuously throughout the year. The 

literature in relation to large scale harvesting of microalgae has recently been reviewed 

by (Pahl et al., 2013), this reference is reproduced here as Appendix C. An edited 

summary of this information is provided below:  
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Centrifugation 

Centrifugation improves the settling process by generating centrifugal forces to increase 

the settling rates. Some of the common types of centrifuges include disc stack 

centrifuges, perforated basket centrifuges, imperforated basket centrifuges and 

decanters (or scroll centrifuges). The discharge solid concentrations depend on feed 

properties such as particle size and particle-fluid density difference. Operating 

parameters include the feed flow rate, the rotational speeds of the bowl and biomass 

concentrations. The decanter or scroll centrifuge is more suitable for the industrial 

recovery of microalgae as they can be operated continuously, have high capacity and 

lower maintenance requirements while the basket type centrifuges are only suitable for 

batch operations.  

Decanters 

Decanters essentially consist of two concentric rotating elements surrounded by a 

stationary casing or cover. The tapered outer rotating element, or ‘bowl’, and the inner 

element, or ‘screw’, rotate at slightly different speeds. Solids entering the decanter settle 

on the bowl wall and are conveyed along the bowl wall to the discharge, while the 

clarified liquid is discharged at the opposite end. The solids concentration on discharge 

is dependent on the feed properties (particle size, particle-fluid density difference) and 

can be modified by altering the feed flow rate, the rotational speeds of the bowl and 

screw and the bowl length. The maximum discharge concentration typically achieved in 

continuous centrifugation processes are 10 % -20 % solids with an energy consumption 

rate of about 1 kWh m-3 (Mohn, 1988). 
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Hydrocyclones 

One type of centrifuge that involves no moving parts is the hydrocyclone. A typical 

hydrocyclone consists of an upper cylindrical section joined to a conical base. Feed is 

injected tangentially through an inlet opening near the top of cylindrical section and the 

particles experience the radial centrifugal force. Hydrocyclones have no moving parts, 

are relatively cheap but somewhat inflexible once installed. The separation performance 

is sensitive to the fluid and particle dynamics. While hydrocyclones have shown some 

promise for the primary concentration of microalgae, their reliability is poor and 

inflexible for species of microalgae or floc particles with different settling characteristics 

(Mohn, 1988).  

Although centrifugation is a proven technology for the effective harvesting of 

microalgae, its high capital, energy and operational costs must be considered in 

conjunction with the scale and value of the product; hence it is suitable only for high 

value products such as dietary supplements (Becker, 1995). A cost comparison with 

other harvesting methods is presented in Table 2.1 at the end of this section on 

microalgal harvesting.  

Filtration 

Most industrial filters are either pressure filters or vacuum filters with screening of 

particles through a mesh or a bed of coarse particles such as sand. However, slimy or 

very fine particles can form a dense, impermeable cake that will quickly plug any filter 

media. In such cases, filter aids such as pre-coating are often necessary. The most 

common industrial filtration equipment include belt filters, drum filters, tangential 

(cross) flow membrane filters, mechanical presses (rotary or screw) and filter presses. 

These types of filtration, with the exception of filter press, are suitable for continuous 
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operation and many can be operated on a large scale for waste water treatment and 

potentially suitable for the processing of microalgal biofuels.  

Belt filters 

Belt filters are generally continuously operated and consist of a fabric mesh (filter 

media) that moves over rollers. Microalgae feed streams usually need to be flocculated 

to increase the efficiency and blades are required to remove the slurry to increase the 

amount of drainage. Belt filters generally have relatively low power consumption and 

capital cost with a maximum output solid concentration of about 5 % - 7 %. The extent 

of dewatering depends on the drainage time, belt tension, floc characteristics and the 

way that the water is bound to the microalgae (Tchobanoglous, 1997). 

Tangential (cross) flow filtration 

During cross flow filtration, the shear force created by the flow parallel to the membrane 

surface minimises the cake formation and keeps the membrane surface clean; however, 

there is a concern that the high shear force may also result in cell damages. Membranes 

for either ultra-filtration (UF; pore size 1nm -100 nm) or micro-filtration (MF; pore size 

100nm-10µm) can be used with the flux determined by the membrane technology, pore 

size, feed rates, feed concentration, trans-membrane pressure and any membrane 

fouling. Permeate fluxes of between 15 - 60 L m-2 h-1 are typical with UF membranes 

operating at low pressure and low velocity (Rossignol et al., 1999). Both freshwater and 

marine microalgae have been separated in the laboratory scale using this technology 

(Danquah et al., 2009; Petrussevski, 1994) with a reported energy consumption of 0.38-

0.51 kWh m-3, permeate fluxes of approximately 20 L m-2 h-1 and concentration factors 

of 20-46 (Danquah et al. 2009). A major problem is the membrane fouling due to the 
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formation of biofilms during long-term uses, the fouling reduces permeate fluxes, 

membrane life and possibly product quality. 

Mechanical presses 

There are two main types of mechanical presses, namely, the screw and the rotary. Both 

are suitable for continuous operation, requiring less back-washing water than belt 

filters. This type of press makes use of slowly rotating screens or screws to generate 

high pressure to dewater slurries. Such presses generally have higher throughputs and 

lower footprints. In a rotary press the solid suspension is fed through a channel between 

two parallel revolving screens. The retained solids are pushed forward inside the 

channel by rotating blades and eventually form a cake. Screw press consists of a rotating 

screw with a reducing pitch inside a perforated screen. As the screw rotates, the 

suspension is subjected to gradually increasing pressure and the liquid is forced out 

through the perforated screen, whilst the retained solids moves toward the exit end of 

the press. The moisture content in the dewatered cake can be controlled by the 

discharge pressure and rotational speeds. Porous water absorbing membranes are 

usually used to aid in the dewatering process.  

Vacuum filters (rotary drum) 

Vacuum filters almost exclusively employ a rotating drum filters. Important design 

variables include the size and type of filter, cake discharge mechanism, vacuum level, 

cycle time and feed conditioning. Feed streams are flocculated with water removal 

typically range between 40 % - 60 % with a biomass recovery rate over 90 %.   

Filtration is applicable only for filamentous or colony forming microalgae such as 

Arthrospira platensis or Micractinium sp. The majority of the microalgal species are 

unicellular microorganisms with pliable cell walls, these structures tend to block the 
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filter medium, making filtration a labour and energy intensive process. Flocculation by 

the use of multivalent metal salts such as alum tends to contaminate the algal biomass 

with metal ions such as Al3+ (Mohn, 1988) while flocculation by cationic polymers can be 

inhibited by the high ionic strength of sea water (Bilanovic & Shelef, 1988). Other types 

of flocculation, such as bio-flocculation, which is induced by environmental stresses such 

as extreme pH, temperature or nutrient depletion, may cause cell composition changes 

and is generally considered as too unreliable to be economical on a commercial scale 

(Benemann and Oswald, 1996).  

Filter presses 

Filter press consists of sets of plates interspaced with filter media where the suspension 

is pumped into the press compartment with the flows perpendicular to the filter media. 

Particles retained by the filter media build up to form a cake. When the cake consumes 

the void between the plates, the filter press is full and filtration ceases. The filtration 

process must be temporarily stopped to allow the plates to be separated and the cake 

discharged. While filter presses can be automated to minimise operator requirements 

they are infrequently used to recover microalgae. Energy costs of 0.38-0.51 kWh m-3 

with permeate fluxes of ~20 L m-2 h-1 and concentration factors of 20-46 have been 

reported (Danquah et al. 2009). However, membrane fouling especially with long-term 

use, which reduces permeate fluxes, membrane life and possibly product quality, is a 

significant problem in many other industries and remain a major concern. 

Flocculation 

Coagulation and flocculation refer to two distinct processes: coagulation involves the 

initial destabilizing of the suspended particles and flocculation involves the aggregation 

of destabilised particles to form flocs. Coagulation is followed by flocculation almost 
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instantaneously and the two terms are often used interchangeably. Flocculation can be 

induce by the addition of flocculants including inorganic salts of Al or Fe, polymers such 

as Polyacrylamide or through processes such as autoflocculation, bioflocculation, 

ultrasound and electrocoagulation procedures. Flocculants destabilise the microalgal 

cells in suspension by reducing or neutralising the cell surface charge, the mechanisms 

can take four forms including (1) electrical double-layer compression, (2) adsorption 

and charge neutralisation, (3) adsorption and inter-particle bridging, and (4) 

entrapment in a precipitate, or “sweep floc”. As flocculation relies on the interaction 

between the negatively charged microalgae and the flocculant used; the extent of 

recovery and cost are dependent on the microalgal species, initial biomass 

concentration, surface charge of the cells, the types and dose of flocculants used, degree 

of mixing and media parameters such as alkalinity, ionic strength, pH and temperature.  

Inorganic (chemical) flocculation 

Many inorganic chemicals can be used to flocculate microalgae with soluble aluminium 

and iron salts as common choices due to their relatively low cost and high efficiency in 

removing colloidal particles. The dissolution of these inorganic salts in water initiates 

the formation and precipitation their hydroxides. In addition to neutralising the negative 

charge on the microalgae, these precipitates may also act as nucleation sites for 

microalgae attachment and microalgae removal may also be accomplished via 

entrapment (Shammas, 2005). The anions present in the coagulants have also been 

shown to influence the extent of biomass recovery, with the chloride salts of aluminium, 

iron and zinc being more effective than the sulphate salts in flocculating cultures of the 

freshwater green alga Chlorella minutissima (Papazi et al., 2010). 
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The optimal dose depends on the individual system and is usually determined by the use 

of standard jar test based on the recovery efficiency or the concentration factor. The 

ionic strength of the cultivation media has a significant effect on the optimal coagulant 

dose with higher ionic strength systems requiring higher doses and subsequently higher 

operational cost. In many wastewater treatment processes the Alum (Al2(SO4)3·18H2O) 

dose varies between 50 to 600 mg L-1 (Crites, 2006). 

Commercially, the use of flocculants is often combined with dissolved air flotation for a 

more compact plant footprint area and higher loading rate (Crossley & Valade, 2006). 

The major concerns with the use of inorganic coagulants for the recovery of microalgae 

for biofuels are high operating costs, residual metal salts dissolved in the growth media 

(which must be reused) and the metal salts incorporated in the recovered biomass. For 

example, the high aluminium concentrations typical in Alum flocculated biomass 

renders any residual biomass unsuitable for use as animal feed. In 1998, the Aquatic 

Species Program (ASP) concluded that inorganic flocculation was too expensive for the 

production of biofuels from microalgae (Sheehan et al., 1998). 

Organic (chemical) flocculation 

Organic flocculants can be derived either naturally occurring substances (e.g. chitosan) 

or synthetic (Polyacrylamide), these flocculants can broadly be divided into three types, 

namely, cationic, anionic and non-ionic. Organic flocculants can be used to recover 

microalgae by themselves but more frequently they are used in conjunction with 

inorganic coagulants to aid in inter-particle bridging.  

A number of organic coagulants are commercially available; they vary in molecular 

weight and charge density. Organic coagulants are generally considered to be non-toxic. 

Cationic polyelectrolytes have generally received the most attention in the recovery of 
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microalgae as they can facilitate bridging and assist in neutralising the negative surface 

charge on microalgae. Whilst anionic polyelectrolytes can destabilise negative colloids 

(Levy et al., 1992; Shammas, 2005), their efficiency when tested with microalgae was 

poor (Tilton et al., 1972). However, similar to inorganic coagulants, the effectiveness of 

many polyelectrolytes decrease as the ionic strength of the water is increased. This 

decrease in flocculation effectiveness is a result of the polyelectrolyte structure 

collapsing or folding (Bilanovic & Shelef, 1988) and this change in shape reduces the 

extent of bridging.  

While organic coagulants are more expensive than inorganic coagulants, this cost can be 

generally be offset by lower dose (Shammas, 2005). The optimal dose of inorganic 

coagulations, similar to inorganic coagulants, needs to be determined on a case-by-case 

basis. The maximum performance of organic coagulants can also be hampered by their 

narrow operability window, with concentrations lower than required resulting poor 

flocculation and concentrations higher than required resulting in charge-reversal and 

re-stabilisation (Shammas, 2005). In saline systems, microalgae recoveries of between 

70% and 95% have been achieved when Chitosan was dosed at 40 and 150 mg L-1 

(Heasman et al., 2000), while recoveries around 70% were reported with 1 mg L-1 

Praestol® (Pushparaj et al., 1993).  

Autoflocculation 

Under stressful environments, microalgae may flocculate without the addition of 

chemicals. Such conditions are usually induced under non-ideal growth conditions, e.g. 

high pH, low light intensity and the presence of phosphate and divalent cations (Sheehan 

et al., 1998). Autoflocculation occurs through a co-precipitation of magnesium or 

calcium salts that provide a positive surface charge (Becker, 1995). The performance of 
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auto-flocculation is difficult to predict and is species dependent (Becker, 1995). 

Furthermore, as the precipitation of magnesium and calcium carbonate salts generally 

only occur when the pH>10 (Sukenik & Shelef, 1984), this method is unsuitable for 

continuous cultures which need to be maintained near optimal pH for maximum 

productivity.  

Microbial flocculation 

Microbial flocculation has been practised in industries such as wastewater treatment 

(Al-Shahwani et al., 1986; De la Noüe et al., 1992; Noüe et al., 1992) as activated sludge 

or in fermentation for clarifying the culture media (Suh et al., 1997). This process was 

suggested as a harvesting technique for microalgae by Benemann and Oswald (1996). 

Further evidence supporting its use in the present application may be found in the 

literature: for example, it has been reported that all known microalgae produce 

extracellular polymeric substances (EPS) such as uronic or pyruvic acid, which are 

indistinguishable from those produced by bacteria (Shipin et al., 1999), and that these 

polymers are responsible for the adhesion of cells (Frølund et al., 1996). Furthermore, 

microalgae embedded in the polymer matrix did not show signs of stress or lyses over 

an extended period (Shipin et al., 1999). Although the exact composition of the EPS may 

vary according to the species (Choi et al., 1998) or extraction methods (Comte et al., 

2006), the fact that all bacterial and microalgal surfaces are negatively charged with 

similar polysaccharides (Liao, 2001) suggests that bacterial flocculants may be used to 

aggregate microalgae.  

Marine microalgae have been flocculated successfully in the laboratory by stressing the 

co-existing bacteria, Pseudomonas stutzeri and Bacillus cereus (A K Lee et al., 2009) or 

microalgae, Scenedesmus obliquus (Salim et al., 2011) to produce in situ the EPS 
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necessary for flocculation. At The only published literature published regarding the use 

of microbial flocculation as a microalgal harvesting technique prior to 2009 was Lee et 

al. 2009 

Electroflocculation 

Electroflocculation of microalgae can be achieved by passing an electrical current 

between a sacrificial anode (commonly aluminum or iron) and a cathode. Half-reactions 

occur at each electrode are shown in Reactions 2.1, 2.2 and 2.3.  

Anode             
        Reaction 2.1 

Anode                        
       Reaction 2.2 

cathode                            Reaction 2.3 

Hydrogen gas is generated at the cathode and the sacrificial anode releases cations 

which can destabilize microalgae by reducing or neutralizing the negative surface 

charge. The destabilized microalgae can then be flocculated. Depending on the design of 

the harvesting system, the flocs may settle to the bottom of the vessel, or attach to the 

gas bubbles and float to the surface.  

In comparison with auto-, bio- or microbial flocculation, electroflocculation is a 

physical/chemical process that has the advantages of being non-species specific, simpler 

to operate and more predictable results. Unlike chemical flocculation such as the use of 

alum or ferric chloride, electroflocculation does not introduce unnecessary anions such 

as SO42- or Cl-1 which can result in the lowering of pH (Vandamme et al., 2011). The 

construction of the electroflocculation cell is also relatively simple; it consists of a 
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container with electrode plates and a direct current power supply, and hence involves 

modest capital investment.  

Some of the gases formed at the electrodes during electroflocculation, such as hydrogen 

or oxygen, may be useful byproducts; these gases may be collected and converted to 

electrical energy. However, the commercial use of these gases will involve the additional 

processes of collection, compression, purification and storage; these steps involve 

substantial capital and operational costs and have to be justified on economic basis. In 

addition, operational conditions such as applied current, voltage and characteristics of 

the electrical current should be optimized to produce the maximum amount of Al3+ ions 

while minimizing the gas production. Future work should be carried out in the 

optimization of the dissolution of electrodes rather than collection of gases as by-

products.  

The major factors which affect the electroflocculation of microalgae include voltage, 

current, residence time, electrode materials and system design. High biomass recoveries 

are possible, with biomass recovery up to 99% and 98% being observed under 

laboratory conditions for Tetraselmis sp. and Chlorococcum sp., respectively (Uduman et 

al., 2010). The greatest issues surrounding the use of electroflocculation is the 

contamination of the recovered biomass and growth media with salts formed from the 

metal ions from the sacrificial anode; the high cost of anode replacement and the 

formation of an insulating deposit on the cathode. While the energy consumed during 

electroflocculation can be calculated based on the applied current, voltage, residence 

time and volume of growth media, the reported energy consumptions vary significantly 

and depend on the system design and operational parameters. The initial biomass 

concentration, mode of biomass recovery (i.e. flotation or sedimentation), percent 
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biomass recovery and the salinity of the media have a significant bearing on the 

operational cost. Freshwater systems generally have a higher energy demand over 

saline systems as the electrical resistance in freshwater systems is higher and a higher 

voltage is required in order to achieve the same current. 

Mixing 

Mixing increases the probability for the charged particles to collide with each other to 

form larger particles for easier settling. For microalgal harvesting, both the demand for 

energy and the necessary economy of scale require the microalgal culture to be 

processed in the order of thousands of cubic meters per hour (A. K. Lee et al., 2010). On 

such a scale, energy efficient mixing is essential and can be provided by the use of 

baffled hydraulic flocculators, such system offers advantages such as simplicity in 

construction, no moving parts, do not induce short circuiting and low maintenance.  

“The extent of mixing necessary for a proper flocculation can be quantified by the 

velocity gradient, G, in the range 100 to 10 s-1 and Camp number Ca, in the range 104-105 

(Camp & Stein, 1943; Kolarik & Booker, 1995). 

 The velocity gradient, G, is given by Eq 2.1 

   
 

  
 

2.1 

Where P is the power consumed by the fluid media (kg m2 s-3), µ is the dynamic viscosity 

(Pa s), and   is the total volume of fluid in the flocculator (m3).  
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Although the conventional interpretation of G is the velocity gradient, Eq 2.1 indicates 

that it may also be considered as the root mean of the power dissipated per unit volume 

and is therefore correlated to the energy consumed due to flocculation. 

Camp number, Ca, is the product of G (s-1) and the fluid retention time, θ (s), in the 

flocculator Eq 2.2 

Ca = G θ 2.2 

Ca gives an indication of the total energy dissipated by each individual volume as it flows 

through the flocculator. 

An additional advantage is that baffles and electrodes can be integrated into one single 

unit to simplify the plant construction; however, it remains to be demonstrated that the 

cost of constructing these mixing units can be justified by the increase in harvesting 

efficiency. 

Electrode separation 

The total overpotential, ηn, that is necessary for the flow of electric current between the 

electrodes in the flocculation tank, comprises of three components as indicated by Eq 

2.3 

ηn = ηk + ηm + ηIR  2.3 

Where: ηk is the kinetic overpotential due to contributing factors such as flow dynamics 

or gas evolution, ηm the mass transfer overpotential due to the diffusion of ions, and ηIR 

is the internal potential drop due to the resistance of solutions and electrode deposits. 

Values of ηIR are inversely proportional to the distance of electrode separation ds, but in 

an industrial scale electroflocculation plant, a larger number of electrodes correspond to 
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higher installation and maintenance costs. For this reason, it is necessary to optimize ds 

and hence the number of electrodes required. A search on available literature reviews 

that ds had been chosen arbitrarily by various authors and there is no apparent 

correlation between the energy consumption and ds (Alfafara et al., 2002; Gao et al., 

2010; Il'in et al., 2002; Poelman et al., 1997; Vandamme et al., 2011). Finally, these 

experiments were performed in an essentially fresh water environment and the energy 

requirement in a marine environment is expected to be lower due to the higher 

electrical conductivity.  

Cost of electroflocculation 

In addition to the electrolytic dissolution as determined by Faraday’s Law, many metal 

can be chemically dissolved during electrolysis, these electrodes are corroded by 

chemical reactions where the electrons released by the sacrificial metal are not part of 

the electrolytic current. The electrical dissolution efficiency for Aluminium, Dal has a 

value between 1.4 to 2, i.e., it will be dissolved at a rate 1.4 to twice of that determined 

by Faraday’s Law (Gu et al., 2009). 

Eq 2.4 was developed by Donini et al. (1994) to estimate the operating cost of 

electroflocculation, Cop, in $ m-3. 

 

 2.4 

Where:  V is the applied voltage, V; Dal is the aluminum dissolution efficiency, no unit; I is 

the current, A and QL is the volumetric flow rate, L min-1.  

This model was based on an electrical energy cost of $ 0.05 kWh-1 and aluminium cost of 

$ 7 kg-1 (Donini et al., 1994). The first term on the right hand side of Eq 2.4 represents 
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the electrical energy cost while the second term represents the aluminium dissolution 

cost. This equation suggests that for a typical applied voltage between 10 V to 20 V and a 

typical Dal value of 1.5, the aluminium dissolution cost is 3.5 to 7 times more than the 

energy cost and such cost need to be taken into consideration during the production. 

Bioflocculation 

Bioflocculation can be achieved through the use of biologically excreted organic 

compounds, often termed extracellular polymeric substances or extracellular 

polysaccharides (EPS). Some microalgae and bacteria can be induced to excrete EPS, 

which are usually polymers of uronic or pyruvic acids under extreme temperature, pH 

or nutrient stress conditions (A K Lee et al., 2009; Mishra & Jha, 2009). While microalgae 

are known to excrete EPS, the EPS generally only occur under non-ideal growth 

conditions and this method is unsuitable for continuous cultures which are grown under 

optimal conditions for maximum productivity. As previously mentioned EPS can come 

from a range of other sources and while the addition of a crude or purified EPS is 

unlikely to be economically viable, due to the complexity and high costs associated with 

EPS separation and purification, several trials have been successful to co-culture 

bacteria for EPS production with microalgae (Fukami et al., 1997; A K Lee et al., 2009), 

unlike autotrophic microalgae, require a suitable organic carbon source as a substrate 

for growth, and this requirement can be exploited without affecting the microalgae 

biomass productivity. While the use of EPS prevents the risk of contamination by 

inorganic coagulants and can achieve similar flocculating efficiencies (Lee et al. 2009), 

the performances are often unpredictable (A. K. Lee et al., 2010; Li & Yang, 2007) 

estimated that the cost of bio-flocculation could be AUS$ 0.13 m-3 of culture. 

Ultrasound 
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Standing acoustic waves can cause material to flocculate by forcing the material into the 

pressure nodes. Ultrasound induced flocculation can be advantageous in some situations 

as it can be operated continuously, has a small footprint, lack of freely moving parts and 

the flocculation mechanism does not rely on the addition of chemicals Bosma et al. 

(2003); however, the energy requirement is too high and the concentration factor is too 

low for the economical recovery of microalgae. The scale up from laboratory bench top 

to pilot size operation also presents a technical challenge due to the maximum size of 

the sonicator is only 1000 L day-1 (Bosma et al., 2003). 

Sedimentation 

Sedimentation is one of the simplest forms of solid-liquid separation. The major 

advantages of sedimentation processes are low power consumption, low design cost and 

low requirement for skilled operators. The major disadvantages of sedimentation 

include the low solids concentration achieved and slow sedimentation rates; hence and 

the large footprint required. The sedimentation rate is controlled by the net 

gravitational force acting on the microalgae. For a small inert spherical isolated particle 

in a Newtonian fluid the sedimentation rate is described by Stokes Law with the 

terminal velocity of the particle, V, given by Eq 2.5: 

   
            

 

    
 

2.5 

Where: g is the gravitational acceleration (m s-2), ρs is the density of the particle (kg m-3), 

ρf is the density of the fluid (kg m-3), d is the equivalent diameter of the particle (m) and 

  is the fluid viscosity (Pa s).  

The actual sedimentation rate of microalgae can also depend on cell motility, cell 

composition and water turbulence. As most microalgae are not spherical a suitable 
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equivalent spherical diameter must be used. The sedimentation rates of most microalgae 

are too low for practical operations. 

Lamellar settler 

The settling rate in a sedimentation tank can be increased through the use of inclined 

channels, plates or tubes. The term Lamella® is a registered trademark (held by 

Parkson Corp, Fort Lauderdale, Florida) for a settling tank with inclined plates to 

promote enhanced-gravity sedimentation. Unlike traditional sedimentation where the 

distance particles need to travel is large, these gravity-enhanced settlers use a series of 

angled plates or tubes to minimise the distance a particle needs to travel before hitting a 

surface. Once particles hit the surface, they may slide down. The ease at which particles 

slide depends on the nature of the particles, material of the plate surface and the angle of 

the plates or tubes. A recent report suggested that Lamella® settlers could be used to 

recover some microalgae (Nakamura et al., 2004).  

Whilst enhanced settling is commonly used in waste water treatment processes, it does 

rely on there being significant density differences between the liquid and suspended 

solids. The density difference between individual cells and the growth media is not 

sufficient in many biological systems, but may be enhanced through the use of 

flocculants. 

Flotation 

Flotation is a separation process based on air or gas bubbles adhering to the particles or 

flocs, which are then rise to the liquid surface to be skimmed off. Flotation-flocculation is 

frequently used in wastewater treatment and mineral processing industry. Gas bubbles 

are usually introduced or generated within the flotation cell and often used in 

conjunction with flocculants to increase efficiencies. Common types of flotation 
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separation processes include dissolved air flotation (DAF), bioflotation and electrolytic 

flotation. Smaller gas bubbles are more efficient than larger gas bubbles, as they have a 

larger surface area per unit volume and lower buoyancy (Crossley & Valade, 2006); thus 

increasing the likelihood of collisions between an air bubble and a particle. The major 

operational parameters for all flotation systems include the air to solids ratio, hydraulic 

loading, solids loading, weir overflow rate and handling of floated solids and any 

sediment. 

Dispersed Air Flotation 

Air can be continuous pumped into a flotation cell through a process of froth or foam 

flotation. The bubble size in dispersed air flotation systems is typically large (often >1 

mm diameter) and results in low flotation efficiencies. While concentration factors of 

between 50 and 200 have been reported for mineral processing (Levin & Shaheen, 

1967), dispersed air flotation is not widely used for the recovery of microalgae.  

Dissolved Air Flotation (DAF) 

Higher flotation efficiencies can be obtained if air-supersaturated water is injected 

under pressure into a flotation cell, upon which small air bubbles (with diameters of 60 

 m -200  m) are formed due to the reduction in pressure. This process, known as 

dissolved-air flotation (DAF), is often chosen in preference to sedimentation as higher 

volumetric capacities per unit area are achievable. A typical DAF unit has approximately 

5-20% of the effluent recycled, supersaturated with air and used as the pressurised flow. 

Particles attach to the small air bubbles and float to the surface. In addition to the 

increase in volumetric capacity, the solid concentration typically achieved with DAF 

systems is higher of about 7%, compared to 2% - 3% for sedimentation. Operational 
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costs of DAF systems are generally higher than sedimentation due to the high energy 

cost of supersaturating the water with air under pressure (Féris & Rubio, 1999). 

Suspended Air Flotation (SAF) 

Suspended air flotation (SAF) is similar to dissolved air flotation in that small bubbles 

are used to float particles to the surface of the water. However, SAF units utilise 

chemicals (often cationic surfactants) to create the small bubbles, eliminating the need 

for a compressor and saturator thus reducing energy costs (Wiley et al., 2009).  

In addition, the flotation bubbles can be electrically-charged to increase the stability of 

the float. The increased stability of the float can significantly increase the acceptable 

hydraulic loading rate and solid loading rate. Suspended air flotation is a relatively new 

technology and at the present time it is not known whether the chemicals used to create 

the flotation bubbles, although often non-toxic, will effect subsequent medium recycling.  

Autoflotation 

Mechanical methods used to provide the flotation gas are often energy intensive and this 

disadvantage may be overcome by using photosynthetic oxygen (autoflotation) 

(Arbelaez et al., 1983; Koopman & Lincoln, 1983). Dissolved oxygen (DO) concentrations 

exceeding 14 to 16 mg L-1 are essential for successful autoflotation (Arbelaez et al. 1983) 

and can be obtained by careful withdrawal of the oxygen saturated surface layer in 

unmixed and stagnant ponds. As the autoflotation process requires highly dissolved 

oxygen concentrations, it cannot be used as a method to continuously harvest algae; 

therefore, DO flotation is not a feasible option in recovering microalgae biomass for 

biofuels. 
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Cost comparison of various harvesting methods 

In order to compare the cost of different harvesting methods directly, their values 

(including centrifugation) have been converted to $ kg-1 equivalent biomass, updated to 

their current values and presented in Table 2.1: 

Table 2.1 Cost comparison for different harvesting methods 

 
Separation 
processes 

References Cost  
($ kg-1 biomass) 

Items included in the 
processing cost  

Origina
l c 

2012 

Centrifugation – 
self cleaning 
plate 

Becker,1995 1.71 2.58 Plant depreciation, 
maintenance and energy 

Mohn, 1988 0.86 a 1.68 Equipment depreciation, 
maintenance and energy 
 

Flocculation - 
sedimentation 

Mohn, 1988 0.37 a 0.72 Plant depreciation, 
maintenance, flocculant and 
energy 

Benemann, 
1996 

1.25 1.83 Plant depreciation, 
maintenance, flocculant and 
energy 
 

Flocculation - 
flotation 

Becker 1995 1.39 2.10 Plant depreciation, 
maintenance, flocculant and 
energy 

Mohn, 1988 0.91 a 1.78 Plant depreciation, 
maintenance, flocculant and 
energy 
 

Electro-
flocculation 
 

Poelman et al, 
1997 

0.22 0.31 Energy only 

Microbial 
flocculation 

Lee et al, 
2010 

0.29 b d 0.31 Plant depreciation, 
maintenance, raw materials 
and energy 
 

Electro-
flocculation 

  0.19 Plant depreciation, electrode 
dissolution and energy 

 
a US $ 1=DM 1.85 in 1988 
b US$ 1 = A $ 1.1 in 2010 
c US Consumer Price Index in 1988, 1995, 1996, 1997, 2009 and 2012 are 115.7, 150.3, 154.4, 159.1, 211.1 
and 226.6 respectively. 
d Typical biomass concentration is assumed to be 0.5 kg m-3 
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Plant design, energy requirements and economic analysis  

The success of microbial flocculation depends on the production of EPS from the 

bacteria and the attachment of the microalgae onto the polymers to form flocs. Mixing 

increases the contact necessary for the attachment of microalgal cells onto EPS and also 

provides a uniform distribution of nutrients and oxygen gas necessary for the growth of 

the bacteria. Therefore mixing is one of the essential factors in microbial flocculation. In 

the laboratory, mixing can be provided by shake tables, but on a commercial scale, 

where the daily mixing of mega or giga litres of cultures are required, the technique for 

the mixing on such a scale, the amount of energy required, the operational and capital 

costs need to be investigated.  

2.3 Cell disruption 

All known species of microalgae, with the exception of Botryococcus braunii (Banerjee 

et al., 2002; Largeau et al., 1980), have their lipids located inside the cells. These 

inclusions, and other cell components, are bound by membranes and/or cell walls 

(Barsanti et al., 2007; Simon & Helliwell, 1998), such that the lipids are not readily 

available for extraction from intact cells. Thus, the recovery of lipids from microalgal 

cells can be improved by up to 3 to 4 times by disrupting the cells (Cravotto et al., 2008; 

J. Y. Lee et al., 2010). However, these cell boundaries are usually quite strong and so 

most disruption processes are highly energy intensive. For the production of algal lipids 

or pigments for pharmaceutical or nutraceutical uses, the high disruption energy 

required can be justified by the high product values, and process energy is an important 

but not critical factor. However, for microalgae as a potential source of alternative 

renewable fuel, the energy input for disruption is a critical consideration since a net 

negative energy output is clearly not sustainable. 
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Despite the importance of microalgal cell disruption in relation to the extraction of lipid, 

cell disruption has received relatively little attention. In some microalgal biofuels review 

papers, cell disruption was either not mentioned (Chisti, 2007; Fajardo et al., 2007; 

Lardon et al., 2009), or only briefly described in a paragraph or two (Brennan & 

Owende, 2010; Mata et al., 2010). Some authors have wrongly assumed that microalgal 

lipids can be extruded in mechanical press similar to that used for plantation crops such 

as soy (Amin, 2009); however, due to the small size of typical microalgae cells (3 um to 

15 um) and the tough but pliable cell walls, microalgae cells will simply be squeezed 

through a typical mechanical press without being disrupted. Some authors have 

experimented with apparently undisrupted microalgal cells for biodiesel production; 

however in these cases a cell disruption step has been incorporated into the solvent 

extraction step and so the effects of cell disruption and solvent extraction are not 

distinguishable (Carrero et al., 2011).  

While much research has been done on the disruption of microorganisms such as yeast 

or bacteria, very little has been done on microalgae and even less in relation to the 

production of biodiesel from microalgae. The energy requirements for the various cell 

disruption processes are unknown; hence the sustainability of such processes in the 

production of renewable fuels cannot be assessed. The energy efficiency of these 

disruption processes, i.e. the fraction of energy input that is actually received by the cells 

for disruption, are also unknown. 

Disruption energy requirements 

A review of the scientific literature showed that microalgal cell disruption processes 

have energy requirements ranging from 33 MJ kg-1 by hydrodynamic cavitation to 529 

MJ kg-1 by high pressure homogenizers (Andrew K. Lee et al., 2012). In comparison, the 



 2-26 
 

energy available by the combustion of the entire microalgal biomass is estimated to be 

approximately 29 MJ kg-1 (Andrew K. Lee et al., 2012, 2013). This net negative energy 

balance indicates current mechanical cell disruption processes are not sustainable for 

microalgal biofuels production. Some of the obvious questions are: is there any potential 

for further reductions in the disruption process energy or have the current disruption 

processes already reached the theoretical limit. To answer these questions, the actual 

amount of energy required by the cells for disruption needs to be compared with the 

total energy input during the cell disruption processes. While the total energy input 

during cell disruption can be measured by the electrical energy consumed during each 

individual process, the energy required by the cells for disruption are unknown and 

need to be determined. 

2.4 Summary of the objectives of the thesis 

The primary objective of this thesis is to provide the technical and economic information 

necessary for the development of a pilot scale microalgal biofuel production plant. The 

fact that biofuels are low cost commodities requires innovations throughout this 

production process to reduce energy consumptions and capital requirements. 

Details of the objectives are: 

1. To reduce harvesting cost by selecting low cost harvesting methods; namely, 

microbial and electroflocculation, and improve on their harvesting efficiencies 

and energy requirements by an appropriate level of mixing.  In the case of 

electroflocculation, the electrode separations are to be determined to optimise 

the energy consumption and the cost of electrode dissolution is to be 

incorporated in the operational cost estimation. 
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2. To determine the feasibility of such processes by detailed plant designs, 

estimation on the energy consumptions, capital and operational cost. 

3. To evaluate and select cell disruption methods which are suitable for the large 

scale extraction of lipids. The selection is based on the energy consumption, non 

contamination of products and process reliability.  

4. To provide a fundamental understanding of the cell walls mechanical 

characteristics so as to determine the energy efficiencies of various cell 

disruption processes.  In particular, the force and energy requirements as related 

to cell disruption. 
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7.1 Overview 

This thesis advances the knowledge in the harvesting and cell disruption of microalgae 

from the laboratory to pilot scale. In the area of harvesting, advances were made in the 

scale up on the plant design, energy optimisation and economics of microbial- and 

electro-flocculation; while in the area of cell disruption, advances were achieved on the 

understanding of the energy requirements for large scale mechanical cell disruption 

processes, and the fundamental cell mechanics with respect to disruption. All these 

work has been presented as journal publications or manuscript under review as detailed 

previously in the Preface of this thesis. 

7.2 Harvesting by microbial and electro flocculation 

Hydraulic baffles can provide an energy efficient technique for the mixing requirements 

during the flocculation of microalgae.  This technique is suitable on a scale for the 

production of biofuels due to the simplicity in construction, low maintenance and no 

short circuiting during mixing. The pressure head required for the mixing using such a 

flocculator of surface area 1 km2 is equivalent to 0.1m of hydraulic head or 0.9 kWh 

tonne-1 of the equivalent dry mass when Camp number and velocity gradient are taken 

into consideration.  

The cost for harvesting by microbial flocculation, including energy, raw material and 

capital depreciation, is estimated to be $ 0.13 m-3 of the culture medium or $ 0.26 kg-1 of 

the equivalent dry mass. On the other hand, the cost of harvesting by electroflocculation, 

including electrical energy, aluminium dissolution and capital depreciation, is estimated 

to be $ 0.185 kg-1 of the microalgal biomass. Both cost estimations have the potential to 

be further optimised. 

7.3 Cell disruption 
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For the production of biodiesel, mechanical cell disruption methods are preferred due to 

the lower risk of contamination of products and the ease of scale up for the production 

of biofuel. The drawback is that current disruption processes have high specific energy 

consumptions with the most energy efficient technique, hydrodynamic cavitation, has an 

energy consumption of 33 MJ kg-1. This rate of energy consumption is 5 orders of 

magnitude higher than that required by the theoretical estimation. This disruption 

process energy is also in excess of that can be available from the combustion of the 

entire cell mass, showing that more innovation and research is required for the 

disruption processes to be sustainable. 

7.4 Atomic Force Microscopy 

The energy required for the disruption of one single microalgal cell in a liquid 

environment can be measured by the use of atomic force microscopy (AFM). The value 

obtained by this technique varied according to the exact location on the cell surface due 

to the under lying cell structures. The average energy for disruption of an individual cell 

has been measured to be 17.4 pJ, which is equivalent to specific disruption energy of 673 

J kg-1 of dry microalgal biomass. In comparison, disruption by hydrodynamic cavitation, 

one of the most energy efficient technique, requires specific disruption energy input of 

33 MJ kg-1 of the dry biomass. This large difference indicates the low efficiency in 

mechanical cell disruption processes and more innovation is required for the 

sustainability of such processes in the production of biofuels. 

7.5 Recommendations for future work 

As mentioned previously, the results of this thesis advance the knowledge in the areas of 

large scale microalgal harvesting, cell disruption and microalgal cell wall characteristics. 

However, further studies in the areas of flocculation and post disruption treatment are 
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necessary for these two processing units to be sustainable for microalgae to be suitable 

as a feedstock for renewable biofuels. The major areas suggested for future works are 

listed below: 

1. During electroflocculation, the electrode surfaces are gradually deactivated by 

the formation of a passive layer of gas bubbles and mineral deposits. Constant 

mechanical removal of this layer is required to prevent the increase in the 

electrical resistance and the subsequent loss of electrical energy.  On a large scale, 

such maintenance is labour intensive and electrical current in the form of AC 

pulse may be investigated as an alternative to reduce the effects of electrode 

fouling. 

2. Mechanical mixing of the media is essential for the proper floc formation and the 

turbulence created during mixing may be incorporated in the removal of passive 

layers mentioned in the previous paragraph.  

3. The biomass harvested by flocculation still contains a large amount of moisture, 

and the biomass will begin to decompose in a matter of hours under warm 

tropical climate. Studies are required to delay the decomposition of biomass for 

the potential logistical problem. 

4. The choice of harvesting and dewatering units depends on the requirement for 

the next step of processing, i.e. the type of lipid extraction; therefore, it would be 

better if the study on harvesting was to be carried out in conjunction with lipid 

extraction to determine a suitable dewatering level.  

5. The cost of electrical energy for the electroflocculation is calculated to be $ 0.09 

kg-1 for settling and $ 0.15 kg-1 for flotation. This cost is still too high considering 
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there are other processing steps involved in the production of algal lipids, and 

further energy/cost optimization or product integration is necessary. 

6. The microalga, Pleurochrysis carterae, was used during the study of harvesting by 

microbial flocculation; however, the interactions between microalgae and 

bacteria are often species specific and the characteristics of the flocculation, such 

as reaction rate or recovery efficiency, may vary according to species and the 

mixing time and reactor volume need to be optimized. Therefore, experiments 

need to be performed on a range of microalgal species. 

7. Mechanical cell disruptions are energy intensive processes and more innovative 

research is required to minimize the disruption energy requirement or develop a 

completely new approach to replace the disruption/extraction step. The 

integration of hydrodynamic cavitation and solvent extraction into one single 

unit process has been proposed to improve the overall disruption/extraction 

energy efficiency. 
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