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Executive Summary 

 

The environmental impact of intensive pig production can be of great significance; especially 

in regards of the waste stream arising from such facilities. Waste slurry produced from the 

primary treatment of anaerobic digestion of raw piggery effluent (ADPE) employed in most 

piggeries is still limited by elevated concentrations of ammonium that can be toxic to most 

living organisms. 

The integration of microalgae cultivation as a subsequent step to anaerobic digestion has been 

proposed as a potential component of the Australian piggery wastewater management strategy 

to efficiently treat ADPE. Such innovation would not only potentially reduce costs piggery 

operations but also contribute to additional income generation for pork producers, whilst most 

importantly improving environmental impact in regard of the production of greenhouse gases. 

In accordance, this project evaluated the growth, development and use of microalgal grown on 

undiluted and sand filtered ADPE. More specifically, in this work, we studied the long-term 

cultivation and growth of isolated microalgal consortium consisting mainly of Chlorella sp. and 

Scenedesmus sp. that were capable on growing in undiluted ADPE while simultaneously 

optimizing limiting factors to their growth and productivity. Comparison between different 

algal cultivation systems (i.e. open ponds and closed photobioreactors) and different mixing 

mechanisms (paddle-wheel and jets) were also evaluated to improve optimize the microalgal 

growth and increase nutrient removal rate. 

Also as part of this study, the quality and suitability of grown biomass as a potential feedstock 

to pigs were assessed. We also tested the suitability of this biomass as a fertilizer for crops and 

the raw material for anaerobic digestion. Finally, the cost assessment of integrating microalgae 

cultivation in existing piggeries to treat ADPE was conducted on multiple plausible scenarios 

to identify the economic viability of the proposed process. 
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Organisation of this report 
 
This report is prepared and formatted as a report by publication where individual chapters are 

comprised of manuscripts and MSc theses that have either been successfully published 

(chapters 2 and 3), accepted (chapter 4) or are currently under review (chapter 5) in high 

impact peer reviewed journals. Chapters 6 and 7 were also assessed as MSc theses at 

University of Western Australia. The formatting of all chapters were been standardized for the 

ease of reading.  

Aim of the project 
 
The main aims of this project are as below: 

 The sustainable cultivation of microalgae on undiluted and non-treated ADPE 

(Chapter 2). 

 To study the limits to the growth of microalgae, which would optimize microalgae 

growth, nutrient and CO2 removal (Chapters 2, 3 and 4). 

 Test the ammonium loss from culture (Chapter 5) 

 To analyse the nutrient composition of the produced biomass (Chapter 8). 

 To test the suitability of grown algae as a feed ingredient for pigs (Chapter 8). 

  To test co-anaerobic digestion of produced biomass with piggery effluent (Chapter 6) 

 Potential use of biomass as fertiliser (Chapter 7). 

 To evaluate the preliminary economics (capital and operating cost) of integrating 

different microalgal cultivation systems into existing piggeries to treat ADPE (Chapter 

9). 
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1.1 Background 

The prospect of utilizing wastewater from piggery operations as an economically valuable 

resource has led to much research and development in the field of cost-effective 

microalgae cultivation (Ayre et al 2017; Nwoba et al. 2016). There are many advantages in 

cultivating microalgae in piggery effluent such as the production of valuable biomass, the 

exploitation of free solar energy and the remediation of the wastewater with increased 

potential for water reuse (Ayre et al. 2017).  Despite efforts so far, the various avenues of 

investigation have not collectively overcome the barriers to implementation on a broad 

scale for pig production primary industry. Through further targeted research on these key 

components and technology barriers, it is expected that microalgae cultivation will 

provide an innovative solution, hopefully overcoming barriers in this area as well as being 

relevant for other high ammonia wastewater remediation purposes. The potential 

environmental and economic incentives seem sufficient to warrant ongoing investigation. 

1.2 Properties of raw piggery wastewater 

A wide variety of different wastewater treatment methods are currently available that 

can be used to reduce the available nutrient load of output effluent from piggeries. 

These systems may include a combination of aerobic treatment, anaerobic digestion, 

facultative ponds and evaporation ponds (Ahlberg and Boyko, 1972; Fenlon and Mills, 

1980; APL, 2010; Buchanan et al., 2013). As raw piggery wastewater is not suitable 

for direct release into environmental water bodies, utmost necessity for efficient 

treatment methods has resulted in the exploitation of microalgae cultivation as a 

potential alternative approach, replacing other options (de Godos et al., 2009a). The 

nutrient rich wastewater is generally favorable for microalgae growth, however also 

possesses characteristics that can inhibit algal growth, such as high ammonia, dark 
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colour and significant suspended solids content.  

1.3 Nutrient load 

Raw piggery manure without any dilution is rich in solids content, nitrogen (in 

ammonia form) and other nutrients including phosphorous. Nitrogen and 

phosphorous are typically the most required nutrients for algal growth along with 

carbon which can be obtained from the atmosphere (CO2) or added artificially 

(inorganic carbon) during photosynthesis (Geider and La Roche, 2002). As shown in 

Table 1, nutrient profile of effluent can vary considerably with samples in the literature 

reporting total nitrogen ranging from around 3300 - 5000 mg.L-1, ammonia nitrogen 1900 

- 2800 mg.L-1, total phosphorous around  50  -  1500  mg.L-1 and  total  solids  around  40  -  

3500  mg.L-1.   Table 1 also provides two examples of raw wastewater variability from 

systems involving flushing of waste from the piggery leading to a more dilute nutrient 

load. These have a pH range from 6.99 - 8.11, total nitrogen 508 - 1514 mg.L-1, ammonia 

nitrogen 240 - 920 mg.L-1 and total phosphorous of 340 mg.L-1. 
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Table 1. Raw manure and piggery wastewater profiles from several published sources 

 
All values except pH are in mg.L-1. RW = Raw wastewater; RM = Raw manure 
 

 

1.4 Pollution potential 

High nutrient levels such as those typically found in piggery wastewater can cause 

eutrophication of environmental waterways if mishandled and directly released. This 

is hazardous as these waterways are often used to support wildlife and provide 

recreational value to humans. (Carpenter et al., 1998; Woltemade, 2000). The odour 

itself has posed to be such an undesirable trait that it has led to a variety of research 

approaches including modifications to animal diet, (Sutton et al., 1999) spraying 

additives (McCrory and Hobbs, 2001; Kim et al., 2008) or use of various filters 

(Hartung et al., 2001; Ho et al., 2008). Gaseous ammonia emissions also risk damage 

to nearby vegetation (Krupa, 2003) and livestock (Drummond, 1980) and is by itself 

considered a significant airborne pollutant (Sheridan et al., 2002). 

 

Type of 
Waste 

pH 
Total 

N 
Ammonia 

N 
Total P 

Total 
Solids Location and reference 

RW 6.99 -- 
8.11- 

508- 
1514 

240- 
840 

- - (S.E. Asia) 
Wun-Jern (1989) 

RM 7.2  1900 - 43 (Switzerland) Reith et al. (2003) 

RW 7.88 1130 920 340  (USA) Kebede-
Westhead et al. 
(2006) 

RM  5000  1500  (Spain) de Godos et 
al. (2009a) 

RM  3300 2800 48 3500 (USA) 
Zhou et al. (2012) 
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1.5 Using raw wastewater for algal production 

 
The majority of algal studies utilizing raw piggery wastewater involve freshwater dilution 

prior to cultivation (Kebede-Westhead et al., 2006; de Godos et al., 2009a; Zhou et al., 

2012). Many also include pretreatments to remove solids or improve the colour such as 

flocculation or centrifugation (Fallowfield  and Garrett, 1985; Gonzlez    et al., 2008; de 

Godos et al., 2009b). A variety of microalgal strains have been reported to grow in the 

diluted raw wastewater including Spirulina sp., Chlorella sp. and Scenedesmus sp. 

Some early analysis of raw piggery effluents as a microalgae growth media have been 

reported in literature during the 1970s (Barlow et al., 1975; Garrett and Allen, 1976). The 

focus of these studies appear to be an early exploration of the prospects of using the 

wastewater resource as a growth media for useful biomass production along with the 

benefits of bioremediation. These studies clearly offer valuable insight into the general 

dynamics of microalgae in association with the diversity of bacteria and other microbial 

life. They also highlight the potential of the technologies using raw vs AD based effluents. 

Although these studies demonstrated the successful growth of microalgae biomass under 

the altered experimental conditions, they also hint at the challenges of dealing with a high 

ammonia, high turbidity growth conditions. 

Early research by Garrett and Allen (1976) considered the ‘symbiotic’ relationship of 

bacteria with the microalgae Chlorella vulgaris in a piggery slurry based culture. The 

experiment evaluated the growth of microalgae on raw piggery against autoclaved 

slurry and found that bacteria appeared to provide a positive effect of being able 

sequester dissolved phosphorous which in return improves productivity of the algae 

during later growth phase. Gantar et al. (1991) continued this theme by using dilutions of 

liquid phase piggery waste from 10-50% of the original concentration and looked at the 
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dynamics of the culture inoculated with Spirulina platensis or Scenedesmus quadricauda. 

An addition of 1% NaHCO3 to the media improved favorability for the dominance of S. 

platensis, however, in both cases an autochthonous algae resembling a Chlorella would 

eventually appear and dominate the culture over time. Other reports on the topic, similarly 

highlighted the dominance of Chlorella strains in wastewater samples along with 

occasional examples of Scenedesmus (Aziz and Ng, 1992; Gonzlez et al., 1997; 

Baumgarten et al.,   1999). 

A variety of research has been conducted considering the use of diluted piggery waste as 

a supplement to growth for Spirulina spp. (Gantar et al., 1991; Canizares and Dominguez, 

1993; Olguin et al., 1997). The attractive aspects of these strains include the suitability 

for growth in brackish water or seawater and being known as a suitable microbial food 

source (Ciferri, 1983). Chlorella, Scenedesmus and some cyanobacteria appear to be the 

most common microalgae used in studies treating raw  piggery wastewater during the early 

decades (Barlow et al., 1975; Garrett et al., 1978; Fallowfield and Garrett, 1985; Strain et 

al., 1986; Pouliot et al., 1989). Species that have been studied most recently include the 

prior mentioned species with the additions of Chlamydomonas (Hasan et al., 2014), 

Nannochloris sp. (Jimenez-Perez et al., 2004), Botryococcus sp. (Liu et al., 2013), 

Ourococcus sp., Nitzschia sp. and Micractinium sp.   (Abou-Shanab et al., 2013). 

Kebede-Westhead et al. (2006) utilised an algal consortium dominated by filamentous 

green algae including Microspora sp., Ulothrix sp., Rhizoclonium sp. and Oedogonium 

sp.. Due to the presence of organic carbon in the wastewater, some research has focused 

on mixotrophic growth of Chlorella in order to utilize these carbon sources along with 

CO2, finding organic carbon can support growth and improved fatty acid composition of 

algal biomass (Hu et al., 2012; Wang et al., 2012).  
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1.6 Anaerobic digestate piggery wastewater 

Treatment of piggery wastewater using anaerobic digestion process is becoming 

increasingly common on pig farms (Buchanan et al., 2013). The advantages of this 

process include the reduction of much of the nutrient content of the raw wastewater, the 

stabilization of the waste from large and complex compounds into simpler organic 

compounds and the production and potential capture of biogas generated during the 

microbial reaction (Kelleher et al., 2002; Sowers, 2009; Kunz et al., 2009). The 

production and capture of biogas as an output from the AD process can also be important 

for a variety of purposes such as heating or electricity production (Dimpl, 2010; Ward et 

al., 2014). This biogas is also a renewable resource, which can contribute to the 

minimization of carbon and greenhouse gas emissions if utilized appropriately 

(Chynoweth et al., 2001). 

Although the net outcome of AD is generally a reduction of the nutrient load, 

biological conversions of nitrogen compounds during degradation can lead to an 

apparent increase in some nutrients such as the total nitrogen (Zhou et al., 2012; Hu, 

2013), or total inorganic phosphorous (Hu et al., 2012). In some cases this might be 

due to the degradation of protein (Wang et al., 2010; Zhou et al., 2012). During AD, 

an increase in ammonia concentration and the production of hydrogen sulphide tends 

to occur as outlined in the reaction summarized in below equation (Kelleher et al. 

2002). 
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Hydrogen sulphide typically remains as a gas under normal conditions and therefore 

presents little problem to common microorganisms (Carroll and Mather, 1989) however 

in high concentrations it can present some toxicity to photosynthetic organisms (Cohen 

et al., 1986). It can also be problematic as a component of biogas being used as a fuel 

source due to properties that can react with copper alloys or oxidize to sulphuric acid 

(Buchanan et al., 2013). Methods are available that allow the removal of both ammonia 

and hydrogen sulphide from the biogas (Abatzoglou and Boivin, 2009).  

 
 

Table 2. Piggery anaerobic digestion effluent and manure profiles from various  sources 
 

All values except pH are in mg.L-1, ADPE = Anaerobic digestion piggery effluent;  
ADPM = Anaerobic digestion piggery manure 
 
 

Type 
of Waste 

pH Total 
N 

N concentration measured 
N as 

Total 
P 

COD Location 
date and source 

ADPE 8.2 2012 1198 
NH4

+
 

173 -  (Australia) Finlayson et al. (1987) 

       (Mexico) 
ADPE 9.3 2000 1700 NH3 - - (Olguin et al., 1994) 
ADPE 8.56 - 1481 NH3 292 4157 Olguin et al. (2003) 
ADPE 7.76 1450 1218 NH3 164 2746 Olguin et al. (2003) 
ADPE  1405 1209 NH3 - 3732 Olguin et al. (2003) 
ADPE 8.24 1519 1370 NH3 620 - Olguin et al. (2003) 

       (Australia) 
ADPE 
two 

7.6 3304 1029 NH3 192 12 152 Kumar et al. (2010); Ward and 
Kumar (2010) stage 

process 
 ±195   ±20 ±559  

 
ADPE 

 
8.5 

 
1240 

 
1200 

 
NH+

 

 
140 

 
1980 

(S. Korea) 
Park et al. (2010) 

       (Spain) 
ADPE - - 1664 

±367 
 

NH+
 

- 3858 
±915 

Molinuevo-Salces et al. (2010) 

       (USA) 
ADPM 
with 

8.31 2140 1576  604 7752 Hu et al. (2012) 
increased 
VFAs 

±0.29 ±4 ±6 NH3 ±2 ±24  

ADPM 8.48 4317 3630  39 8933 Zhou et al. (2012) 
 ±0.29 ±1263 ±1250 NH3 ±2 ±667  

       (China) 
ADPE 
and 
sewage 

- 1135 1093 NH3 25 3745 Cheng et al. (2015) 
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The presence of ammonia and the ionized form ammonium in the liquid slurry present 

some complex challenges for microalgae cultivation. Some sources in the literature are 

available offering a variety of nutrient profiles from different anaerobic digestion piggery 

effluent (ADPE) samples. A compilation of a number of these featuring the most 

significant components:  Total nitrogen, ammonia nitrogen, total phosphorous and COD 

along with the pH are presented in Table 2. 

1.7 Project layout 

 
Intensive pig farming depends heavily on inputs to the piggery such as water and pig feed. 

The production system also outputs large quantities of wastewater with heavy nutrient 

load and odour output potential (Maraseni and Maroulis, 2008). The recycling of water 

through the piggery has historically been the focus of technological development and 

remains a focus of interest for pig farmers. The current recommended strategy adopted by 

many Australian piggeries for the treatment of the piggery wastewater is the utilization of 

covered anaerobic digestion ponds to manage the odour and heavy nutrient load (APL, 

2010). The anaerobic digestion process involves microbial degradation of the piggery 

slurry allowing reduction of high organic nutrient levels in the wastewater, capture of 

biogas produced (containing CH4 and CO2) and reduction of odour emissions (Leitão et 

al., 2006; APL, 2010). 

From this process the two main outputs remaining are the biogas and anaerobic digestate 

composed still of high levels of ammoniacal nitrogen and other remnant nutrients borne 

in the remaining water component. The biogas has potential use around the pig farm in 

applications such as combustion to provide heat or energy for purposes such as generating 

electricity (Dimpl, 2010). However, use of the water output is limited by the remaining 

biologically active nutrients of which nitrogen is the most significant. 
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A recent review of wastewater management in Australian piggeries recommended that 

along with anaerobic digestion, microalgae culture systems should  be investigated further 

as a potential component of the Australian piggery wastewater management strategy 

(Buchanan et al., 2013). Microalgae culture may provide a treatment option, which utilizes 

the high nutrient load and decontaminates the wastewater allowing for capture and 

utilization of these valuable resources. The proposed research will therefore build upon 

the knowledge and skill base developed through Pork CRC project 4A-101 112:  “Algae 

for energy and feed:  A wastewater solution.   A review” and the recently completed 

Honours study at Murdoch University: Microalgae culture to treat piggery anaerobic 

digestion effluent (ADPE) (funded by Pork CRC) (Buchanan et al., 2013; Ayre, 2013). 

The recent Pork CRC-funded Honours project, enabled the isolation of several microalgae 

capable of growing on undiluted, sand-filtered, ADPE. This proof-of-concept study 

clearly illustrated the potential for culturing microalgae in such effluent with a high 

ammonium content. Extending from this background work the current project continued 

bioprospecting for other suitable microalgal species in order to expand the diversity of 

microalgae available for use.  A more thorough investigation of the limits to the growth of 

isolated microalgae obtained (i.e. CO2, pH, nutrients, light and mixing) was also 

undertaken for the purposes of ADPE treatment. The long-term reliable growth of 

microalgae using ADPE was also assessed.  Some studies have indicated that ammonia 

emissions from various types of ADPE handling can be significant whether regarding 

microalgae culture or other treatments (Barlow et al., 1975; Gonzlez-Fernández et al., 

2011). It leads to reason that even if microalgae might be tolerant to or able to grow well 

in the ADPE the mitigation of ammonia loss to the atmosphere must be addressed in order 

to achieve an environmentally friendly process.  

The use of biomass produced also leads to several avenues of investigation. Two possible 
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uses include livestock feed, ideally for pigs due to the intrinsic association with pig 

production, and also as an ingredient in anaerobic digestion as the system being utilized 

already uses an anaerobic digestion process which might be enhanced by the addition of 

microalgae biomass. Microalgae use as a food source for pigs has been studied for 

several decades (Brune and Walz, 1978; Yap et al., 1982; Saeid et al., 2013). The use 

of ADPE as the culture medium in this case raises the question of food safety for pigs 

due to potential bacterial contamination remaining after algal harvest. Buchanan et al. 

(2013) discuss the possibility that pathogens might remain in algae biomass produced on 

ADPE. Bacteria such as E. coli and Salmonella might be indicators of the overall 

bacterial load of the biomass produced and the general microbial quality of the product 

as a pig feed. 

Microalgae use as a feedstock for anaerobic digestion is also potentially useful with much 

research already published regarding this topic (Golueke et al., 1957; Wang et al., 2013). 

As the production of microalgae using ADPE might involve specific characteristics or 

properties not yet analyzed in other studies this also warrants further investigation 

particularly as a potential method of enriching the carbon ratio of the anaerobic digestion 

process and also regarding any novel effects generated from the feedback cycle. Cell wall 

disruption are also likely worth considering as some algae has been found to be resistant 

to digestion during the AD process unless the cell wall is penetrated (Golueke et al., 1957; 

Ward et al., 2014). 

The economic basis for use of microalgal culture in the context of pig production should 

also be considered.  Through the study of growth and eventual use of the produced 

biomass a preliminary economic model should be able to be assembled based on some 

components already found in the published literature (Borowitzka, 1992, 1999; 

Moheimani et al., 2006). 
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Therefore, in this project the above questions were addressed by: 

1. Further bioprospecting for microalgae strains capable of growing on ADPE. 

2. Establish a method for minimising gaseous ammonia release to the 
atmosphere from treated ADPE. 

3. Trial sustainable cultivation of microalgae while: 

- using un-diluted and non-treated ADPE as the growth media, 

- optimising capture and utilisation of nitrogen as well as other nutrients 
and potential pollutants. 

4. Identify the limiting factors for algae growth and maximising biomass 
production while: 

- optimising use of available sunlight, 

- enabling the output of improved quality water with minimal pollutant and 
nutrient content, 

- minimizing output of atmospheric pollutants such as ammonia, CO2 and 
odour compounds. 

5. Analyse the nutrient composition of produced biomass and analyse   the 
suitability of produced biomass as a pig feed (nutrient profile and bacterial 
load). 

6. Test the suitability of generated biomass as a source of raw materials for AD and 
organic fertiliser. 

7. Assess the economics (capital and operating cost) of integrating different 
types of algal cultivation systems into existing piggeries for the large-scale 
treatment of ADPE  

 

Overview of the general course of the above experiments and process flow 

throughout the project is summarized in Figure 1. The numbers indicate the project 

components as discussed in the proposal.  
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Figure 1: Overall project layout. 
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2.1 Abstract 

 
Anaerobic digestate of piggery effluent (ADPE) is extremely high in ammonia toxic to many 

microorganisms. Bioprospecting and nutrient enrichment of several freshwater and wastewater 

samples combined and further acclimation resulted in a mixed culture containing at least 

three microalgae species capable of growing on undiluted ADPE. Outdoor growth of the mixed 

culture using raceway ponds showed potential for up to 63.7 ± 12.1 mg N-

NH4
+ L −1 d −1 ammonium removal from the ADPE. The microalgal consortium was dominated 

by Chlorella sp. and was stable at between 800 and 1600 mg N-NH4
+ L −1. Regulation of CO2 

addition to the ponds to maintain a pH of 8 increased chlorophyll content of the microalgal 

consortium. Average microalgal biomass productivity of 800 mg N-NH4
+ L −1 culture 

conditions during five weeks semicontinuous growth was 18.5 mg ash-free dry weight L −1 d −1. 

Doubling the ammonium concentration from 800 to 1600 mg N-NH4
+ L −1 resulted in a 21% 

reduction of productivity, however the culture grown at 1600 mg N-NH4
+ L −1 with the addition 

of CO2 by keeping pH at pH = 8 led to a 17% increase in biomass productivity. 

 

2.2 Introduction 

 
A well-managed piggery should seek to handle and reuse wastewater appropriately, maintain 

control of odour emissions and aim to minimise its output of greenhouse emissions (Maraseni 

and Maroulis, 2008). There is potential for improvement in the management and reuse of 

piggery wastewater. Piggery wastewater is very high in ammoniacal nitrogen and phosphorous 

as well as having significant chemical and biological oxygen demands (Boursier et al., 2005). 

These pollutants however can serve as beneficial nutrient sources for the growth of some 

microalgae. Microalgae produced in the context of pig production may provide income from 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/digestate
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/intensive-pig-farming
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/microphyte
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorophyll
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the algal biomass produced as a source of animal or aquaculture feed (Bhattacharjee, 1970), 

plant fertiliser (Mulbry et al., 2005) or biofuel (Borowitzka and Moheimani, 2013). 

Due to potential benefits of microalgae production incorporated into   piggery systems, studies 

into the use of microalgae culture as a treatment   for piggery wastewater have been ongoing 

for several decades (Chung et al., 1978; Canizares-Villanueva et al., 1994; Park et al., 2010). 

So far, however, results have failed to bring about widespread applications for the industry 

primarily due to concerns regarding the economic and environmental sustainability associated 

with pretreatment or dilution of the waste before growth of microalgae. 

In the context of intensive pig production in places such as Australia, Europe and the USA, 

anaerobic digestion is a common treatment system (Bernet and Bline, 2009; Sanchez et al., 

2001; Chang et al., 2011). Anaerobic digestion systems in Australian piggeries typically consist 

of covered outdoor ponds enabling the capture of biogas and output of partially treated water 

in the form of anaerobic digestate slurry. The adoption of this management approach for 

piggeries leads to the current scenario whereby anaerobic digestate of piggery effluent (ADPE) 

is now attractive as a microalgae growth medium. Current barriers to the adoption of microalgae 

culture for ADPE treatment include very high ammonia   levels (Finlayson et al., 1987), high 

pH (Azov and Goldman, 1982) and high turbidity (dark colour) (Barlow et al., 1975). The 

combination of high ammonia (around 1000 to 2000 mg N-NH4
+ L−1) and basic pH (above 8) 

in ADPE shifts the chemical equilibrium from NH4
+ to NH3 which is toxic to most organisms 

(microorganisms, aquatic ecosystems and terrestrial life such as vertebrates) (Drummond, 

1980; Thurston et al.,  1981;  Krupa, 2003). NH3 toxicity in microalgae has also been well 

documented, although the mechanisms for this are not well understood (Azov and Goldman, 

1982; Kallqvist and Svenson, 2003). The effect of the toxicity at high pH is compounded as 
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microalgae take up CO2 during photosynthesis leading to a net increase in pH (Moheimani and 

Borowitzka, 2006a). 

Although there are reports of raw piggery wastewater and ADPE use as microalgae growth 

medium, the majority of examples found in the current literature report the need for significant 

dilution for adequate microalgal growth (Chung et al., 1978; Fallowfield and Garrett, 1985; 

Wang et al., 2012; Jia et al., 2015). The dilution of piggery wastewater for microalgae growth 

is not considered to be a viable option in most places with limitations of fresh water supply and 

potential problems with the disposal of this larger volume of water. Here we attempt to 

overcome some of these limitations by bioprospecting microalgae capable of growing well in 

undiluted ADPE. 

We also examined the long-term reliability of the growth of microalgae in diluted and undiluted 

ADPE. Testing reliability of any microalgae cultivation is necessary to indicate the potential 

practical application of the process (Moheimani and Borowitzka, 2006a). Inorganic carbon is 

one of the main limits to the growth of microalgae (Beardall and Raven, 2013). The high pH of 

piggery anaerobic digestate results in lowering the amount of CO2 available for microalgae 

growth.  Therefore, we also tested cultivation of isolated microalgae with and without CO2 

addition to emulate growth as might be expected with the addition of a CO2 source such as flue 

gas (as might be obtained through anaerobic digestion process and methane combustion). This 

CO2 addition should also serve to improve the otherwise poor ratio of C:N which is likely to be 

another growth limiting factor (Craggs et al., 2013). Microalgae growth experiments were 

carried out in a series of four outdoor raceway ponds with a variety of synthetically increased 

ammonia concentrations to test the tolerance of the mixed microalgae consortium to high 

ammonia growth conditions as might be found in an ADPE based growth medium. 
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2.3 Materials and methods 

 

2.3.1 Source and pre-treatment of ADPE 

 
Samples of anaerobic digestate of piggery effluent (ADPE) from the Medina Research Station, 

Kwinana, Western Australia were collected and transported in 30 L plastic drums and used as 

the source of culture media   for the duration of cultivation with no dilution. For  the initial  

bioprospecting stage charcoal filtration (Barlow et al., 1975) was used to remove some solids 

and reduce turbidity from the  ADPE.  For the remaining enrichment and cultivation 

experiments, a slow feed sand filtration system was used to remove suspended solids and reduce 

the turbidity. A trickling speed of around 80 mL.min−1 was maintained through the filter which 

was made from a 30L drum consisting of layered perforated PVC pipes, gravel and sand.  Where 

required, ammonium chloride was added to the sand-filtered ADPE to allow for testing of 

higher ammonia concentrations. At the time of each ammonium chloride addition, pH was 

adjusted to pH= 9 using potassium hydroxide. Ammonia, total phosphorous, non-purgeable 

dissolved organic carbon (NPDOC) and non-purgeable total organic carbon (NPTOC) of ADPE 

were measured by the Marine and Freshwater Research Laboratory at Murdoch University. 

Methods used were: 2000 (Ammonia), 4700 (Total-P) 6000 (NPDOC) and 6000 (NPTOC) of 

‘Standard Methods for the Examination of Water and Wastewater’ (Rice et al., 2012). The 

effluent had an ammonium content of 240 - 690 mg N-NH4
+ L−1, total phosphorous of 33 - 43 

mg P L−1, NPDOC of 69 - 97 mg C.L−1, NPTOC of 97 - 220 mg C.L−1. 

2.3.2 Bioprospecting and enrichment 

 
Bioprospecting and enrichment for isolating suitable microalgae included sampling from water 

sources such as outdoor raceway ponds, an animal drinking trough in a university paddock, a 

waste processing facility and a secondary evaporation pond from a research piggery. 

Microalgae samples were then gradually scaled up in volume and concurrently the strength of 
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ADPE and concentration of ammonia was increased in a stepwise manner to select for strains 

suitable for growth on undiluted ADPE. The   enrichment cultures were carried out in aerated 

2L aquaria using approximately 200mL of the freshwater source and made up to 1L volume 

using charcoal filtered ADPE. Initial cultures were conducted indoors using fluorescent light at 

440 µmol photons m−2s−1 in a controlled temperature room at 25 ± 3◦C with a 12:12 day:night 

cycle. Cultures were also grown outdoors using natural light between 215 and 700 µmol 

photons m−2s−1 during day time with variable temperatures ranging from 2 ◦C overnight up to 

a maximum of 47 ◦C during the day. 

2.3.3 Outdoor trial for examining microalgae culture reliability 

 
Larger scale outdoor cultivations were also conducted to determine reliability of the microalgae 

cultures outdoors as well as the effects of different ammonium concentrations and CO2 addition. 

Cultivation at a large scale by increasing the depth also provides benefits of greater aerial 

productivity as well as maximising nutrient removal rates. 

Using a mixed microalgae culture obtained during bioprospecting screening and culture 

enrichment, outdoor cultivation was carried out using 1 m2 fibreglass paddle-wheel driven 

raceway ponds during the winter months of 2013 at Murdoch University (Moheimani and 

Borowitzka, 2006b). In order to provide a smooth transition to large scale cultivation the culture 

depth was gradually increased rather than immediately brought to it’s maximum final capacity. 

The combination of initially using charcoal filtered ADPE before transitioning to sand-filtered 

ADPE along with the gradual increase in depth was expected to reduce the risk of culture 

collapse and allow for further adaptation and acclimation to outdoor culture conditions and 

much larger volumes.  Once the depth and volume of the culture were operating   at full 

capacity, the ammonium concentration was increased gradually to also provide opportunity for 

adaptation and selection of the most fit algal strains present in the mixed culture.  
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To this end, a volume of the combined bioprospecting cultures grown at the lab totalling 3.5L 

was introduced to an empty raceway pond with around 15L of charcoal filtered ADPE (pond 

‘g’ in Figure 1). The following day a further volume of charcoal filtered ADPE was added to 

the pond to make   up a total of 50L pond medium (around 5cm depth).  Over the course of two 

months, the pond volume was gradually increased to 150L total pond volume (15cm depth) by 

the addition of fresh sand-filtered ADPE, and also a second pond (pond ‘e’ in Figure 1) was 

established from the same culture. Fresh tap-water was also used to top-up any losses due to 

evaporation. From this point on, pond depth was maintained at 15-18 cm with variation due to 

rainfall and evaporation. The flow rate in the ponds was 20 cm s−1. 

From 5 June to 9 July two more ponds were added to the experiment (ponds‘d’ and ‘f’ in Figure 

1) making a total of four ponds in use for cultivation. As the ammonium concentration had 

dropped during the previous cultivation period it was necessary to gradually increase the 

ammonium concentration to 800 mg N-NH4
+ L−1 by the addition of ammonium chloride on 

average around every three days (see section 2.1). At this time the other pond (pond ‘d’ in 

Figure 1) was a control culture  with no addition of ammonium. From 10th of July to 18th of 

August 2013 four 1 m2 raceway ponds were operated in batch growth mode. In two of the ponds 

ammonium concentrations were maintained at 800 mg N-NH4
+ L−1 (ponds ‘d’ and ‘e’ in Figure 

1). In the other two ponds ammonium concentrations were increased from 800 mg N-NH4
+ L−1  

to 1600 mg N-NH4
+ L−1 stepwise over a 3 week period (ponds ‘f’ and ‘g’ in Figure 1). One of 

the 800 mg N-NH4
+ L−1 and one of the 1600 mg N-NH4

+ L−1 ponds were supplemented with 

CO2 using a pH-stat system set at pH =8 (Moheimani, 2013) (ponds ‘e’ and ‘g’ in Figure 1). 

From 19 August to 25 September all ponds were operated in a semicontinuous culture mode 

with. Again one of the 800 mg N-NH4
+ L−1 and one of the 1600 mg N-NH4

+ L−1 ponds was 

supplemented with CO2 using a pH-stat system set at pH =8 continuing on from the previous 



30 
 

experiment. Air temperature, irradiance, humidity and rainfall data were obtained from the 

Murdoch University weather station (http://wwwmet.murdoch.edu.au ). 

2.3.4 Biochemical analyses 

 
Culture temperature, pH and dissolved oxygen were measured using in situ YSI sonde probes 

(600R and 600XL models). Cell counts were measured using a Neubauer haemocytometer. 

Organic weight of the biomass measurement was performed in triplicate as per the method of 

Zhu and Lee Zhu and Lee (1997). Chlorophyll extraction and measurement was carried out in 

triplicate using the method of Jeffrey and Humphrey Jeffrey and Humphrey (1975). 

A Hanna Instruments HI733 Ammonia High Range Checker test kit was used for regular 

measurements of ammonium concentration in the ponds. Concentrations of ionised and 

unionised ammonia were calculated using pH and temperature according to Emerson Emerson 

(1975). 

Estimations of the total nitrogen removed by microalgal biomass were made using the nitrogen 

ratio figures published by Ketchum and Redfield Ketchum and Redfield (1949). Due to the 

predominance of Chlorella observed in the mixed microalgae culture used in these experiments, 

the Chlorella C:N:P ratio values were used from this source. 

2.3.5 Statistical analysis 

 
Statistical analysis performed on the chlorophyll and cell density were repeated measures one-

way analysis of variance (ANOVA) with post-hoc multiple comparisons using Holm-Sidak 

method using Sigmaplot (v 12.5, Systat Software Inc.). All data were checked for normality 

using the Shapiro-Wilk test. For all statistical tests, the significance level was set at 0.05. 

Standard error calculations for the biomass data were performed with Excel (v 15.11.2, 

Microsoft Corp.). 

http://wwwmet.murdoch.edu.au/
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2.4 Results 

 

2.4.1 Weather and environment 

 
The outdoor experiments were carried out between June (winter) and September (spring) 2013. 

There was intermittent rainfall with a mean of 4.05 mm d−1 during the cultivation period. The 

solar radiation mean was 155 W m−2 for the period and peaked at a maximum of 1335 W m−2 

during September (Figure 1). Overnight (minimum) air temperature mean (recorded by the 

campus weather station) was 9.33 ◦C (ranged between 1.04 - 16.57 ◦C). Direct recording of the 

pond temperature resulted in pond minimum temperature mean of 9.26 ◦C (ranged between -

0.24 - 16.87 ◦C). Daytime (maximum) air temperature mean (recorded by the campus weather 

station) was 19.64 ◦C (ranged between 14.27 - 25.64 ◦C). Direct recording of pond temperature 

gave a maximum pond temperature mean of 18.61 ◦C (ranged between 12.81 - 22.99 ◦C). 

2.4.2 Batch growth phase 

2.4.3 Culture Enrichment 

 
During the gradual enrichment of the mixed culture from early June to 9 July 2013 two of the 

ponds were maintained at 800 mg N-NH4
+ L−1  (ponds ‘e’ and ‘g’ in Figure 1) while the other 

pond was used as a control (pond ‘d’ in Figure 1). By the end of this phase cell counts reached 

up to around 3.2 × 107 cells mL−1 in the ponds. Microalgae species observed in this mixed 

culture were primarily Chlorella spp. with low levels of Scenedesmus spp. at around 3% of the 

total cell count figures. The species composition remained stable throughout this period. 

2.4.4 Culture acclimatisation 

 
The pond cultures were merged together, mixed and redistributed between the four ponds at the 

start of the culture acclimatisation stage to establish consistent diversity of species and 

homogenise cell counts across the ponds. The cultures were then operated in batch mode with 



32 
 

different ammonium concentration in four raceway ponds between 10 July and 18 August as 

shown in Figure 1. Chlorella remained the most dominant species at all ammonium 

concentrations. For this five week period (not including figures from 10 July) the mean (n=56) 

cell density was 1.1 × 107 cells ml−1 with a range from 0.3 × 107 - 2.7 × 107. After several 

weeks of acclimatisation to the different ammonium and CO2 treatments, some divergence in 

the different pond cultures was observed in the cell-count data (Figure 3). For the last 11 days 

in this period the mean (n=20) combined species cell  density was 1.0 × 107 cells ml−1 with a 

range  from 0.3 × 107 - 1.8 × 107. Combined species cell-count data from this set passed the 

normality test with F =14.595. When no CO2 was added, the mean difference in algal cell 

density between 800 mg N-NH4
+ L−1 and 1600 mg N-NH4

+ L−1 conditions was less than 2% 

and was not statistically significant (n=5, repeated measures one-way ANOVA, P = 0.880, t= 

0.154). 
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Figure 1: Weather condition and temperature data graphs (a–c) and outdoor raceway pond measurement 
graphs (d–g) including total cell-counts (⋄), biomass productivities (•) and ammonium increases (vertical 
bars marked with +). Biomass productivity data are presented as means ± range, n = 3. Ponds (e) and (g) 
included the adjustment of pH using CO2. The arrow at 10th July (also marked with × on the plot line) 

indicates merging the pond cultures at the end of culture enrichment and start of the acclimatisation stage 
of batch phase growth. Ponds (d) and (e) were maintained at 800 mg N-NH4+ L−1 for the acclimatisation 
and semicontinuous growth phase while ponds (f) and (g) were increased to 1600 mg N-NH4+ L− during 

the acclimatisation phase and maintained at those concentrations during semicontinuous growth. 
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When CO2 was added to the ponds, the culture at 1600 mg N-NH4
+ L−1 compared with 800 mg 

N-NH4
+ L−1 showed a significantly higher mean cell density with an increase of 38.2% (n=5, 

repeated measures one-way ANOVA, P = 0.007, t= 4.029). The influence of CO2 addition at 

800 mg N-NH4
+ L−1 gave an increased mean cell density of 18.1% however this was found to 

be not statistically significant (n=5, repeated measures one-way ANOVA, P =0.246, t= 1.618). 

The influence of CO2 addition at 1600 mg N-NH4
+ L−1 showed a statistically significant mean 

cell density increase of 66.2% (n=5, repeated measures one-way ANOVA, P >0.001, t= 5.802). 

 

 

Figure 3. Cell count observations of Chlorella cells (▴) and Scenedesmus cells (×) during the 
acclimatisation stage of the experiment. Graph (a) pond conditions were 800 mg N-NH4+ L −1, (b) 

800 mg N-NH4+ L −1 with CO2 addition, (c) 800 boosted to 1600 mg N-NH4+ L −1 and (d) 800 boosted to 
1600 mg N-NH4+ L −1 with CO2 addition. 

 

 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
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For the last 11 days of the acclimatisation stage, the proportion of Scenedesmus in the cell-

counts were significantly higher in the CO2 treatment ponds with a mean proportion of the 

culture 7.1% compared to 5.6% in the ponds without CO2 treatment (repeated measures one-

way ANOVA, P >0.001, t= 11.085 F =122.881). (Figure 3). 

2.4.5 Semicontinuous growth phase 

 
Batch mode is not the most efficient method for microalgae biomass production when compared 

to semicontinuous mode (see discussion section for more details).  Therefore, at the end of the 

batch mode, the cultures were operated semicontinuously. A semicontinuous phase of growth 

was undertaken from August 19, 2013 to September 25, 2013 with pond conditions leading on 

immediately from the batch phase (Figure 1). 

Culture cell densities were maintained at 1 × 107 cells mL−1 during this period with variations 

in culture growth performance due to environmental conditions and the variable nutrient 

composition of the ADPE. Harvesting of the culture took place with an average of 5 days 

between harvests and 33% of the pond volume removed each time. After harvest, the pond 

volume was topped up with ADPE and the ammonium N and pH was adjusted to maintain the 

desired test conditions. 

During the semicontinuous phase, the dominant species were Chlorella and Scenedesmus (the 

same as batch growth phase). However, toward the end of the semicontinuous growth phase a 

pennate diatom was also seen in the culture (Figure 4). Pennate cell density remained at 

relatively low background levels, peaking at around 1 × 106 cells per mL in the 800 mg N-NH4
+ 

L−1 ammonium concentration with no CO2 addition to the pond. This species was first observed 

in the ponds without CO2 addition but gradually established in all of the ponds by the end of 

the experiment at an average around 3 × 105 cells per mL (Figure 4). 
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Figure 4: Cell count graphs (a, c, e and g) include data for observations of Chlorella cells (black ▴
), Scenedesmus cells (black  ×) and pennate diatoms (black +) during the semicontinuous phase of the 
experiment. Chlorophyll graphs (b, d, f and h) includes calculations for chlorophyll quantities: 
chlorophyll a (white □), chlorophyll b (white ∘) and chlorophyll c1 + c2 (white ★). Graphs (a) and (b) 
represent pond conditions with 800 mg N-NH4+ L −1, (c) and (d) 800 mg N- NH4+ L −1 with CO2 addition, (e) 
and (f) 1600 mg N- NH4+ L −1 and g and h 1600 mg N-NH4+ L −1 with CO2 addition. Chlorophyll data are 
presented as means ± range, (n = 3). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pennales
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorophyll
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2.4.6 Culture productivity 

 
Biomass productivity during the semicontinuous growth period was mean (n=56) 17.4 mg L−1 

d−1 (range from -40.0 - 94.9 mg L−1 d−1) (see also Figure 1). Doubling the ammonium 

concentration from 800 mg N-NH4
+ L−1 to 1600 mg N-NH+ L−1 without CO2 addition resulted 

in a mean 20.9% decrease in biomass productivity (Figure 1, n=14). The addition of CO2 

keeping the pH at pH =8 for the 1600 mg N-NH4
+ L−1 pond conditions increased mean biomass 

productivity by 17.1% (Figure 1, n=14). The mean productivity of the 800 mg N-NH4
+ L−1 

pond culture without CO2 addition was 18.5 mg L−1 d−1, whereas the mean productivity of the 

1600 mg N-NH4
+ L−1 pond culture with CO2 addition was 17.1 mg L−1 d−1 (Figure 1, n=14). 

The highest productivity was attained at 800 mg N-NH4
+ L−1 with CO2 addition with a mean of 

19.5 mg L−1 d−1 (Figure 1, n=14). 

 

Figure 2: Ammonium concentrations of the four pond conditions over the course of the semicontinuous 
growth. (a) and (b) are boosted to 800 mg N-NH4+ L −1; (c) and (d) are boosted to 1600 mg N-NH4+ L −1; (b) 
and (d) include pH control via addition of CO2 to the raceway ponds. White symbols indicate concentrations 
due to the top-up of ammonium chloride to the pond water. Black symbols indicate the subsequently 
measured ammonium concentrations before and after top-ups. Solid lines represent the concentration 
of ionised ammonium (mg N- NH4+ L −1 ). Dotted lines represent the concentration of unionised ammonia 
(mg N-NH3 L −1). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chloride
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ionization
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The nitrogen content gained in microalgae biomass during growth did not fully account for the 

overall loss of ammonium from the growth media. However, the nitrogen values were regularly 

topped up to the desired level using ammonium chloride to maintain experimental conditions 

(See Figure 2). Table 1 shows the calculated ammonium removal rate from the pond determined 

by ammonium measurements compared to ammonium removal rate by biomass productivity 

based on the redfield ratio. Towards the end of the semicontinuous period a maximum 

conversion of just over 10 % ammonium nitrogen to biomass is observed.  

Table 1. Conversion of ammoniacal nitrogen from the pond water into biomass nitrogen content. The 
calculation for proportion of nitrogen in the algal biomass is taken from the average figures of 
the Chlorella species as reported by Ketchum and Redfield . Data presented here are the means ± standard 
error. 

Pond ammonium            
(mg N-NH4

+ L−1) 
ADPE ammonium removal 
rate (mg N-NH4

+ L−1 d-1) 
Ammonium uptake to 

biomass (mg N-biomass L-1 
d-1) 

800 40.9 ± 9.5 0.9 ± 0.3 

800* 33.2 ± 6.5 1.1 ± 0.4 

1600 63.7 ± 12.1 0.8 ± 0.3 

1600* 51.6 ± 10.8 1.1 ± 0.5 

* with CO2 

2.4.7 Chlorophyll content 

 
Increasing ammonium concentration from 800 mg N-NH4

+ L−1 to 1600 mg N-NH4
+ L−1 resulted 

in significantly less chlorophylls a (73.1%) and b (62.2%) when no CO2 treatment was applied 

(Repeated measures one-way ANOVA, n=16: P <0.001, t= 5.843, F =34.141; P <0.001, t= 

4.237, F =17.954 respectively) (Figure 5). 

With the same change in ammonium concentration, a smaller yet still statistically significant 

decrease was also found under the influence of CO2 addition for chlorophyll a  (Repeated  

measures  one-way  ANOVA,  n=16: P =0.033, t=2.372 F =5.627) corresponding to a mean 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
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decrease of 13.1%. Chlorophyll b under the same conditions followed the same pattern however 

the statistical support for this was inconclusive (Repeated measures one-way ANOVA, n=16, 

differences in the means may be due to sampling variability). 

When the algae were grown at 800 mg N-NH4
+  L−1,  addition of CO2  resulted  in an increase 

for chlorophyll a of 28.4% and  chlorophyll  b  of  67.6%, however the statistical support was 

inconclusive for each of these (Repeated measures one-way ANOVA, n=16: differences in the 

means may be due to sampling variability and normality test failed). At 1600 mg N-NH4
+ L−1, 

chlorophyll increases under CO2 addition were 315.4% and 231.2% for chlorophyll a and b 

respectively with inconclusive statistical support for chlorophyll a (Repeated measures one- 

way ANOVA, n=16: normality test failed) and a statistically significant finding for chlorophyll 

b (Repeated measures one-way ANOVA, n=16: P =0.007, t= 3.138, F =9.847). 

Due to the mixed species nature of the culture and diverse range of bioprospecting sources, 

chlorophyll c analysis was also performed in case the presence of organisms using these 

pigments might be detected. Chlorophyll c1+c2 figures remained very low across all treatments 

and pond conditions (at around 5% of the total chlorophyll content).  These data were assumed  

to not provide sufficient accuracy for meaningful statistical analysis. 
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Figure 5: Chlorophyll content per cell. Bar graphs 1 and 2 represent ammonium concentration of 800 mg N-
NH4+ L −1, 3 and 4 represent 1600 mg N-NH4+ L −1 and graphs 2 and 4 include CO2 addition for pH control. 
Chlorophyll data are presented as means with error bars showing standard error (n = 16). 

 

2.5 Discussion 

 
To the best of the authors knowledge, this is the first time that several microalgae (Chlorella, 

Scenedesmus, and a pennate diatom) were isolated that are capable of growing on undiluted 

anaerobic digestate of piggery effluent with the only pre-treatment being sand filtration. This is 

also the first time that these cultures were grown reliably under outdoor conditions for a long 

term period at high levels of ammonium Nitrogen up to 1600 mg N-NH4
+ L−1 using paddle 

wheel driven raceway ponds. Chlorella sp. was found to the be the most dominant species 

throughout the bioprospecting, batch phase and semicontinuous growth. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorophyll
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In a typical Chlorella cultivation productivity expected might be around 20 - 25 g m−2 d−1 

(Borowitzka, 1992) however our average productivity was around 1/7 of this. Our 

semicontinuous growth was during winter months for only 5 weeks duration and beyond this 

pilot-scale trial has potential to be optimised further. Although measurements of cell sizes were 

not recorded in this experiment, a diverse range of sizes were observed under the microscope 

which corresponds with observations elsewhere in the literature (Ketchum and Redfield, 1949) 

and might explain some of the divergence between culture productivity and cell count figures 

as seen in Figure 1 ‘d’ - ‘g’. 

A range of microalgae sources were sampled in order to isolate the most suitable algal culture 

capable of being conditioned and acclimatised to the harsh growth conditions characteristic of 

piggery effluent such as high ammonia, pH and turbidity. The resulting culture was grown under 

semicontinuous conditions outdoors directly on sand-filtered, undiluted piggery anaerobic 

digestate effluent and species were subsequently isolated onto synthetic media under laboratory 

conditions. The dominant strain in the culture was a Chlorella species however a Scenedesmus 

species and a pennate diatom were also found to grow in the culture successfully. 

Previous studies targeting growth of microalgae on piggery anaerobic digestate effluent have 

often relied upon dilution or pre-treatments such as centrifugation or sterilisation (Park et al., 

2010; Wang et al., 2012).  A  recent study achieved growth of mutated Chlorella under 

laboratory conditions on media up to 1093 mg N-NH3 L−1 (Cheng et al., 2015). In the example 

we report here we have focused not on optimisation of the culture but rather testing on 

conditions that might be reasonable to expect in a media consisting of minimally pre-treated 

(sand filtered only), undiluted  and unsterilised piggery digestion effluent which tends to have 

a variable nutrient composition. For instance,  the  ammonia  concentrations  reported in the 

literature for anaerobic digestate from actual pig production ranges from around 1200 to around 
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1600 mg ammoniacal N per litre (Finlayson et al.,  1987;  Molinuevo-Salces  et al.,  2010),  

although  some studies report much higher concentrations up to around 2400 to 3600 mg 

ammoniacal N per litre from raw wastewater or fermented manure (Skillman et al., 2009; Zhou 

et al., 2012). We also managed to grow the selected species under outdoor conditions. During 

the conditioning and acclimatisation stages of the experiment the culture was found to grow 

very well at up to 1600 mg N-NH4
+ L−1 and up to pH 9. No treatments were made to modify 

the turbidity of the media apart from sand-filtration of the incoming effluent that only removed 

the solid particles. It is worth noting, however that a more concentrated digestate might have 

higher turbidity levels and would likely present more of a challenge to culture growth than the 

conditions tested here. By moving the culture to a semicontinuous growth phase and 

maintaining a relatively steady culture density over more than five weeks, the groundwork for 

optimisation of the culture appears to be set allowing further adjustment of the growth 

conditions with a focus on improving productivity. There appears to be much room for 

improvement in this area with Cheng at al. reporting up to 601.2 mg L−1 d−1 growth rates under 

controlled laboratory conditions Cheng et al. (2015). 

Comparisons of ammonia loss from the culture media against algal biomass production as 

shown in Table 1 indicate a significant amount of nitrogen is being lost from the system without 

being assimilated into algal growth. This is consistent with previous findings that a large part 

of the ammonia is lost either to the atmosphere or is utilised in nitrification/denitrification 

conversion pathways (Zimmo et al., 2003; Aguirre et al., 2011; Gonzalez-Fernandez et al., 

2011). This study focused primarily on bioprospecting and growth of the acclimatised culture, 

however it would be informative for future studies to further investigate these nitrogen 

conversions and the microbiota involved. 
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The ammonium concentration tested in this experiment was much higher than what was found 

in our samples of raw anaerobic digestate obtained from the piggery. However this adjusted 

level of ammonium is within the range typical of many piggeries using water flushing to 

maintain a satisfactory level of cleanliness in the piggery and appears representative of 

international examples cited in the literature. Even higher ammonium concentrations in the 

effluent media might be manageable for an ADPE based algal cultivation system dependant on 

both the rate at which fresh media is introduced to the pond and the rate at which ammonium 

conversion and removal occurs from the pond. Further advances in anaerobic treatments could 

also change these digestate ammonium concentrations if the technology adopted by piggeries 

changes in future. 

Carbon dioxide addition keeping the pH at pH =8 for the higher ammonium concentration 

abated the majority of the decrease in productivity due to the toxicity of the extreme 

concentration. This strategy appears useful to maximise productivity under high ammonium 

conditions which otherwise inhibit the microalgae growth. Figure 2 shows the concentration of 

the toxic unionised ammonia (NH3) concentration as it relates to pond media harvesting and 

top-up, and illustrates the rapid reduction of toxicity due to the addition of CO2 and the influence 

of the pH control. Interestingly the reduction in NH3 concentration also occurs in the ponds 

with no CO2 addition, however takes a much longer time (roughly one day) to return to pre-

harvest concentrations. Depending on the duration between pond harvest and top-up events it 

seems that NH3 levels might remain much lower than the non-toxic NH+ 4 proportion. Reports 

from the literature indicating strong inhibition of microalgal growth using ADPE growth media 

might be due to the influence of pH or other properties of ADPE from different sources which 

was not seen in this experiment. It might also be possible that the lengthy enrichment and 

acclimatisation stages of this experiment might have allowed for development of a more 

resilient culture less influenced by the toxicity of the high ammonia concentrations. The low 
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productivity observed in this study also did not induce a significant increase in pH which can 

occur during photosynthesis and would have increased the toxicity. Also during this experiment 

the addition of KOH to the pond media might have lead to the formation of a chemical buffer 

which could have kept the pH low. 

The significant difference found in chlorophyll a and b values across the different ammonium 

concentrations while no CO2 addition is used indicates chlorophyll production also inhibited by 

the increased ammonia concentration. The application of CO2 to the growth conditions allowed 

for much higher chlorophyll production indicating that either the increase in CO2, the decrease 

in pH or a combination of both allows for some tolerance to the toxic effect of the high ammonia 

concentration. 

Addition of CO2 may also bring the C:N ratio of the growth media closer to the ideal ratio of 

around 7:1 C:N (Ketchum and Redfield, 1949). Although specific measurements of alkalinity 

and carbon availability were not  included in this preliminary study, further investigation of the 

impacts on improving the C:N ratio for the growth of a mixed culture on ADPE based media 

would be helpful to understand the response of chlorophyll to higher carbon concentrations and 

also whether increases in lipid concentration or other carbon rich cellular components (ie. cell 

wall and overall increase in cell size) may result from increased carbon availability. 

Yet another interesting aspect of the chlorophyll response is found when CO2 addition to both 

high and lower ammonium conditions results in a significant increase in chlorophyll b content 

per cell. The chlorophyll b per cell is slightly increased at the higher ammonium concentration 

with CO2 pH control is used even when compared with the moderate ammonium no CO2 

addition pond. The same effect is difficult to assess with certainty for chlorophyll a as the 

statistical support was inconclusive. As the role of chlorophyll b is associated with improved 

photosynthetic antenna and greater light harvesting (Tanaka and Tanaka, 2000; Rudiger, 2002) 
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this chlorophyll production response by the microalgae culture might indicate the higher CO2 

availability and/or the associated pH change can allow the microalgae to acclimatise further to 

the lower light conditions and high turbidity of the growth media (Chinnasamy et al., 2009). In 

terms of culture optimisation, the results of the chlorophyll analysis appear to indicate that a 

CO2 addition or a pH control strategy might lead to more consistent and improved growth 

performance under conditions of high ammonium concentration and high culture turbidity. This 

also correlates with results reported elsewhere in the literature regarding pH control of 

microalgae culture using CO2 (Sutherland et al., 2015). 

In order to reduce the risk of pollution due to ammonia loss to the atmosphere and to more 

efficiently utilise the nitrogen content of the anaerobic digestion effluent it seems reasonable 

for an optimisation strategy to maximise conversion of nitrogen to algal biomass. This might 

be partially achieved through maintaining low pH in the culture media along with use of a well-

acclimatised mixed microalgal culture, although there are clearly more measures to be taken to 

fine-tune this process. 

Another interesting observation highlighted during the course of the experiment was that the 

outdoor mixed culture system did not exclude the possibility of new previously unobserved 

species appearing in the culture. The appearance of the pennate diatom towards the end of the 

long-term growth period indicates that even though the culture had been established for many 

weeks this new species was able to gain a reasonably successful level of growth and establish 

at low background levels in each of the ponds. It is difficult to know whether further 

acclimatisation and/or adaption of the Scenedesmus, pennate diatom or other strains not 

observed during this study might be possible. Undesirable contamination of the culture even at 

the very high ammonium levels used in this study might also be possible during long-term 

growth. Given the outcome of this study, we have no doubt that more optimisation is required 
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to improve the productivity of microalgae on undiluted ADPE. Nevertheless, the outcome is 

very promising for using microalgae to treat ADPE. Since the completion of the experiments 

reported here further research performed by Nwoba et al. has already pointed towards 

optimisations such as changes to reactor design which can reduce the impact of high media 

turbidity (ie. using closed biocoil photobioreactors) (Nwoba et al., 2016). 

2.7 Conclusion 

 
In conclusion, the work presented here demonstrates the that microalgae can be grown on 

undiluted, sand-filtered piggery anaerobic digestion effluent outdoors at a very high ammonium 

concentration range between 800 - 1600 mg N-NH4
+ L−1. 
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3.1 Abstract 

The overwhelming interest in the use of microalgae to handle associated nutrient surge from 

anaerobic digestion technologies for the treatment of wastewater, is driven by the need for 

efficient nutrient recovery, greenhouse gas mitigation, wastewater treatment and biomass 

reuse. Here, the feasibility of growth and ammonium nitrogen removal rate of semi-continuous 

mixed microalgae culture in paddle wheel-driven raceway pond and helical tubular closed 

photobioreactor (Biocoil) for treating sand-filtered, undiluted anaerobic digestion piggery 

effluent (ADPE) was compared under outdoor climatic conditions between June and 

September 2015 austral winter season. Two Biocoils, (airlift and submersible centrifugal 

pump driven) were tested. Despite several attempts in using airlift-driven Biocoil (e.g. 

modification of the sparger design), no net microalgae growth was observed due to intense 

foaming and loss of culture. Initial ammonium nitrogen concentration in the Biocoil and pond 

was 893.03±17.0 mg NH4
+-N L-1. Overall, similar average ammonium nitrogen removal rate 

in Biocoil (24.6±7.18 mg NH4
+-N L-1 day-1) and raceway pond (25.9±8.6 mg NH4

+-N L-1 day-

1) was achieved. The average volumetric biomass productivity of microalgae grown in the 

Biocoil (25.03±0.24 mg AFDW L-1 day-1) was 2.1 times higher than in raceway pond. While 

no significant differences were detected between the cultivation systems, the overall 

carbohydrate, lipid and protein contents of the consortium averaged 29.17±3.22, 32.79±3.26 

and 23.29±2.15% AFDW respectively, revealing its suitability as animal feed or potential 

biofuel feedstock. The consortium could be maintained in semi-continuous culture for more 

than three months without changes in the algal composition. Results indicated that microalgae 

consortium is suitable for simultaneous nutrient removal and biomass production from piggery 

effluent. 
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3.2 Introduction 

Pork represent the most consumed meat in the world with an average of 36% in respect of 

total world meat intake (FAO 2018). Due to ballooning human population, this number will 

likely not decrease but be on an increase to ensure meat security for the increasing population, 

of which pig meat makes a significant contribution. However, owing to the nature of piggery 

operations and processing, large volumes of freshwater resources are consumed with 

concomitant generation of a significant amount of wastewater (Ji et al., 2013). Maraseni and 

Maroulis (2008) concluded that one pig produces 18 L of wastewater daily which corresponds 

to the sewage output of at least three persons. Poor piggery sewage management contributes 

significantly to climate change (carbon footprint) by emissions of greenhouse gases, 

nauseating odour, fly infestation, outbreak of diseases, pollution of soil, surface and ground 

waters by nutrient enrichment and leaching (Maraseni & Maroulis, 2008; Olguin et al., 2003). 

Hence, the sustainability of this industry depends on the management of the emerging 

environmental challenges posed by piggery operations. 

A number of technologies commonly used for conventional wastewater treatment can be 

applied to mitigate the harmful effects of piggery wastewater on humans and the environment. 

These technologies include aerobic lagoons, oxidation ponds, anaerobic digestion, evaporative 

ponds, facultative ponds, aquatic plants and constructed wetlands (Maraseni & Maroulis, 

2008; Mulbry et al., 2008). Anaerobic digestion provides a tremendous primary remedy for 

odour control, capturing of gases, degradation of organic matter and other toxic pollutants in 

the effluent in addition to treatment of large quantity of waste (Wang et al., 2010). However, 

available conventional technologies cannot handle the associated nutrient surge that follows 

anaerobic biodegradation (Ogbonna et al., 2000; Wang et al., 2010), and reduction of further 

emission of gases. Discharge of treated effluents with high nutrient concentrations can 

promote eutrophication of aquatic ecosystem and deterioration of both surface and ground 
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waters (Chevalier et al., 2000; Garcia & Hernandes-Marine, 2000). At the heart of this problem 

is the need for maximum nutrient recovery and provision of clean water that could meet quality 

standards for typical piggery operation. Therefore, there is a need for a technology that 

maximizes nutrient recovery while mitigating greenhouse gases emission. 

Remediation of wastewater by microalgae has become an increasingly important technology 

for nutrient recovery and greenhouse gas release mitigation from anaerobic digestion piggery 

effluent (ADPE). This approach is environmentally sound since it depends on the principle of 

natural ecosystems (An et al., 2003). The issue of secondary pollution is solved due to very 

efficient biomass reuse and nutrient recycling. Moreover, the versatility of microalgae is 

further exploited in the production of biofertilizers, feed for animals and fine chemicals (An 

et al., 2003; Solovchenko et al., 2008). However, the macromolecular composition (lipids, 

carbohydrates, proteins, nucleic acids) and pigments contents of microalgae biomass are 

influenced by growth conditions. 

Nutrient recovery from anaerobic digestion piggery effluent (ADPE) by microalgae has gained 

renewed interest over the last decade (Hu et al., 2013; Ji et al., 2013; Mulbry et al., 2008a; 

Olguin et al., 2003). Several microalgae have been reported as good candidates for wastewater 

bioremediation including Chlamydomonas sp., Euglena sp., Micractinium sp., Botryococcus 

sp., Coelastrum sp., Chlorella sp., Scenesdesmus sp., and Oscillatoria sp., (to mention a few) 

(Abdel-Raouf et al., 2012; Chinnasamy et al., 2010; Li et al., 2011; Mulbry et al., 2008b; 

Mulbry et al., 2009). Among these microalgae species, Chlorella and Scenedesmus sp. appear 

to be the most robust and versatile due to tolerance to different wastewater conditions (An et 

al., 2004; Jiang et al., 2011; Kong et al., 2010; Li et al., 2011; Li et al., 2012; Wang et al., 

2010; Woertz et al., 2009; Zhou et al., 2014; Zhou et al., 2011). Ayre (2013) reported a 

Chlorella sp., Scenedesmus sp. and a pennate diatom that can grow efficiently on undiluted 
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ADPE with up to 1600 mg NH4
+-NL-1. These strains were selected after bioprospecting several 

microalgal strains potentially suitable for growth in undiluted ADPE. 

Microalgae cultivation systems can be classified into open ponds and closed photobioreactors 

(PBRs). Due to simplicity and cost effectiveness in wastewater treatment, open ponds are 

mostly used (Garcia & Hernandes-Marine, 2000). However, less productivity and biotic 

pollution of undesired species (Brennan & Owende, 2010) are challenges common with open 

pond systems. Furthermore, the dark nature of effluents hampers efficient light utilization in 

open ponds. Closed PBRs offer better regulation and control of physical and chemical factors 

(Moheimani et al., 2011). Some of the attractive features of the closed PBRs include being 

less prone to biotic pollution, stable culture conditions, ability to control temperature and 

hydrodynamics and improved efficiency in light distribution (Moheimani et al., 2011, 

Ogbonna, 2003). The increase in surface area to volume ratio of closed PBRs would maximize 

light utilization by microalgae growing in wastewater thereby would influence nutrient 

removal and productivity positively especially in an effluent such as ADPE. 

To the best of our knowledge, reports on the comparison of these two systems treating 

undiluted ADPE by microalgae are limited. Molinuevo-Salces et al. (2010) compared the 

performance of open and closed (6 L) PBRs treating centrifuged and consequently diluted 

ADPE under laboratory conditions using microalgae-bacteria consortia and reported similarity 

in the removal of organic matter but different mechanisms of removal from both reactor 

configurations. In a similar investigation, Zhou et al. (2012) used a semi-continuous method 

at the optimal hydraulic retention time of 72 hours, cultivated a local isolate of microalgae 

(Auxenochlorella protothecoides UMN280) from a municipal wastewater treatment plant on 

autoclaved concentrated municipal wastewater with nutrient removal rates at 59.70% and 

81.52 % for total nitrogen and phosphorus respectively, using a 25 L Biocoil. However, 
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comparison of open raceway pond and closed PBRs treating undiluted ADPE by microalgae 

under outdoor climatic conditions is yet to be reported. Hence, this first study was undertaken 

to test the feasibility of growing the microalgae consortium, Chlorella sp., Scenedesmus sp. 

and a pennate diatom, in a helical tubular closed PBR (Biocoil) using sand-filtered, undiluted 

ADPE. The microalgae growth, productivity, biochemical composition and ammonium 

removal rate under this closed PBR cultivation system was compared with that of the open 

raceway pond cultivation system under outdoor climatic conditions of Western Australia 

during the winter season. 

3.3 Materials and methods 

 

3.3.1 Microalgae culture 

 
The microalgae consortium used in the current study were Chlorella sp., Scenedesmus sp. and 

pennate diatom isolated previously from ADPE (Ayre, 2013). The isolates were pre-acclimated 

to high ammonia (Ayre, 2013). The microalgae were first grown in batch phase using both 

cultivation systems (Moheimani et al., 2013). Following this phase, both cultivation systems 

were switched to semi-continuous operations with the Biocoil as determinant for culture harvest 

on attainment of maximum cell density (Moheimani et al., 2013). 

3.3.2 Anaerobic digestion of piggery effluent (ADPE) and growth media 

The ADPE was collected from a covered anaerobic facility at Medina Research Station, 

Kwinana, Western Australia (32˚13՜16՜՜S, 115˚48՜30՜՜E). The research facility employs 

anaerobic digestion pond to treat its wastewater (Ayre, 2013). The ADPE contains high nutrient 

(e.g. nitrogen and phosphorus) content at the point of discharge to the evaporation pond (Ayre, 

2013). The effluent was sand-filtered into a 1000 L tank and used with no further treatment for 
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algal cultivation. The ADPE storage tank was protected from sunlight. The chemical 

composition of the medium was partially characterised by Ayre (2013). 

3.3.3 Experimental setup and cultivation conditions 

The cultivation systems consisted of an open raceway pond and two helical tubular (Biocoil, 

Figure 2a-d) closed PBRs (Robinson et al., 1988). The paddle wheel-driven raceway pond was 

operated at a working volume of 160 L and liquid velocity of 22 cm s-1 (Raes et al., 2014) 

Biocoils were helical tubular PBRs with two different mixing designs. Both designs consisted 

of a non-toxic clear vinyl tubing (food-grade, internal diameter, 25 mm; external diameter, 30 

mm) coiled around a steel mesh frame (Figure 2d). The steel mesh frame is 0.9 m high and has 

a diameter of 70 cm (Moheimani et al., 2011). One of the Biocoils was driven by an airlift 

system (Moheimani et al., 2011). A submersible centrifugal pump (PU4500, Pond Max, 4500 

L/h) housed in a 20-L dark plastic container was used for generating mixing in the second 

Biocoil (Fig. 2c). The pump-driven Biocoil has a total volume of 40 L and a flow rate of 40.3 

cm s− 1 in the coil. We investigated two airlift/downcomer geometry of the airlift system (Fig. 

2a, b; see designs II and IV in Moheimani et al. (2011). Due to inability to grow the consortium 

in the airlift-driven system, the pump-driven Biocoil (henceforth referred to as Biocoil) and 

raceway pond were continued and compared. An evaporative passive cooling system (operated 

between 10:30 am and at 4:30 pm) was used for keeping the coil temperature under 25 ˚C. The 

effluent inoculum ratio ranged from 40 – 60% while partial harvest at semi-continuous was 

carried out at 25 – 50 % (Moheimani et al., 2013). Before sampling, tap water was added to the 

raceway pond to replenish evaporation loss. Daily ten-minute interval recording of solar 

irradiance and rainfall for the period of the experiment (June – September) was downloaded 

from Murdoch University Weather Station (http://wwwmet.murdoch.edu.au). 

http://wwwmet.murdoch.edu.au/
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3.3.4 Analytical methods 

 
In both cultivation systems, cell count and medium ammonium nitrogen concentration were 

determined by collecting samples at 10:30 am every second day. Biomass concentration 

(AFDW, Ash-free dry weight), biochemical composition (total protein, carbohydrate, and 

lipids) and chlorophyll contents of the biomass were assayed fortnightly. Filter papers that 

contained the filtered microalgae were stored after filtration and washing by folding in two and 

blotted gently to remove any excess water. The filter papers were placed in small plastic bags 

in a closed container and stored at –20°C in the dark until extraction and analysis. Cell count 

was carried out using an improved Neubauer chamber (Moheimani et al., 2013). Ash-free dry 

weight (AFDW, mg L-1), total lipid content, total carbohydrate, total protein, and chlorophyll 

contents were measured according to the method of Moheimani et al. (2013). 

3.3.5 Operational condition 

 
Flow rates in the cultivation systems were determined using the tracer method with 1 M HCl 

(Moheimani et al., 2011; Raes et al., 2014). The sand-filtered effluent was partially 

characterised for ammonia, dissolved oxygen, and pH.  The temperature in the Biocoil was 

tracked with an underwater data recorder (Tinytag TG-4100) while DO and pH were monitored 

manually by daily measurements at 9 am, 12 pm, 3 pm, and 5 pm. YSI 6-Series multi-parameter 

Sondes were used to monitor the DO, temperature and pH (Ayre, 2013) in situ. Measurement 

of ammonia was carried out using a photometer (Spectroquant Move 100, HC553485). 

3.3.6 Statistical analysis 

Measurements of ash-free dry weight (AFDW), chlorophyll, and biochemical components 

were done in triplicates. Values were expressed as means with standard errors. A t-test was 

used to determine significant differences between various parameters of microalgae content 

in cultivation systems. A One-way Repeated Measures ANOVA was used to compare 
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significant differences among the various microalgae cell density in both cultivation systems. 

3.4  Results and discussion 

 

3.4.1 Growth of algal consortium 

The experiment was conducted in the austral winter season between 01 June and 25 September 

2015. At the commencement of the experiment, the cultures in both raceway pond and Biocoil 

were operated as a batch culture in order to identify the optimum and suitable cell densities 

for semi-continuous operation (Figure 1E and F). The cell density in both systems declined 

two days after inoculation and thereafter showed a slow increase between days 3 and 16 

(Figure 1E and F). At the stationary phase of the batch culture (day 16), maximum Chlorella 

densities of 51.8 x 106 cells mL-1 and 113.5 x 106 cells mL-1 were respectively attained in 

raceway pond and Biocoil (Figure 1E and F). In both cultivation systems, Chlorella sp. 

remained the dominant species (One-way repeated measures ANOVA, Fpond = 337.65, Fbiocoil 

= 137.47, P < 0.001) Previous research found the Chlorella dominating the ADPE grown 

culture for wastewater treatment (Ayre, 2013). The abundance of the consortium in both 

cultivation systems was ranked as Chlorella>Scenedesmus>Pennate diatom.  

The second most dominant alga in both cultivation systems was Scenedesmus sp. (One-way 

repeated measures ANOVA, P < 0.001). The overall growth of Scenedesmus sp. during the 

batch phase in the Biocoil showed a decrease on day 2 and gradual increase between days 3 

and 6 (Figure 1F). Between days 7 and 16, there was a decrease but unsteady fluctuation in 

the Scenedesmus cell density in the Biocoil. However, the growth of this species in the pond 

was almost steady between days 1 and 5 probably due to rainfall on days 2, 3 and 4 (Figure 

1E). A decrease in Scenedesmus cell density was observed after day 7, nevertheless; it showed 

an exponential increase beginning from day 10 until the stationary phase. Scenedesmus sp. 

showed dominance and better growth in the raceway pond than Biocoil (Figure 1E and F). The 
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difference in growth pattern between the two systems was likely due to the shear stress from 

the mixing apparatus, which is more significant in the Biocoil compared to the gentle mixing 

to the gentle mixing paddle wheel in the pond. This finding was confirmed by microscopic 

observation which showed that the cell morphology of Scenedesmus cells appeared broken 

and separated in the Biocoil but remained intact in the raceway pond. 

Several attempts to grow the microalgae consortium in airlift driven Biocoil were not 

successful (Figure 1D). Although two airlift geometries were tested (Figure 2a and b), the cell 

densities were observed to decline after each trial (Figure 1D). The major challenge of the 

airlift design IV was intense foaming of culture that led to a continual overflow and loss of a 

copious amount of the culture (up to 3 L day-1). This problem could not be eliminated even by 

changing the sparger design. The airlift design II minimized loss of culture, however, intense 

foaming was not eliminated probably due to the turbulence created in the airlift, and the 

microalgae flocculated with the foam and stuck to the sides of the airlift riser. The foaming of 

culture and the sticking of cells to the photostage coil were identified as major problems of 

the airlift system (Moheimani, 2012). For instance, Moheimani (2012) trialled the feasibility 

of growth of three species of coccolithophorid algae (Pleurochrysis carterae, Emiliana huxleyi 

and Gephyrocapsa oceania) in airlift-driven Biocoil and reported the inability of the algae to 

grow in the system. The failure was attributed to cell damage by high shear and bubble effects 

from the airlift flow regime. However, Raes et al. (2014) successfully grew a halophilic green 

alga Tetraselmis sp. MUR-233 in airlift-driven Biocoil and reported that biomass productivity 

of 85 mg AFDW L-1 day-1 and reliable semi-continuous operation were achieved in three 

months with addition of CO2 at controlled pH of 7.5. Similarly, Zhou et al. (2012) using a 

semi-continuous method at three-day hydraulic retention time, grew a facultative 

heterotrophic freshwater microalga, Auxenochlorella protothecoides UMN280 on an 

autoclaved concentrated municipal wastewater in a 25-L Biocoil with a net biomass 
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productivity of 1.51 g L -1 day-1. Hence, successful growth of microalgae in airlift-driven 

Biocoil appears to be species specific. 

At the onset of semi-continuous operation, both cultivation systems were harvested at 50 % 

and replaced with required quantity of sand-filtered ADPE. The maximum cell densities 

achieved in June for the semi-continuous cultures for Chlorella were 147.8 x 106 cells mL-1 

and 57.1 x 106 cells mL-1 in the Biocoil and pond respectively after 12 days. There were 

fluctuations in Scenedesmus density in both systems. It is important to note that the density of 

Scenedesmus in the raceway pond was 3.3 times higher than that in Biocoil (Figure 1E and F), 

a trend similar to the batch phase. On the 9 July, the semi-continuous operation was affected 

by low temperature. Following freezing (Figure 2e) and crashing of the culture in the Biocoil, 

50 % of the culture in both systems were removed and replaced with fresh inoculum. Due to 

a sudden decrease in cell density (Figure 1E and F) and subsequent increase in cyanobacteria 

density (data not shown) in the Biocoil, the cultures were terminated on 25 July 2015. It is 

important to note that before the 25th of July, the concentration of cyanobacteria remained 

negligibly small as indicated by the negligible values of chlorophylls c1+c2, phycocyanin, and 

phycoerythrin. 
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Figure 1: Panel A, average solar irradiation (solid line) and total rainfall (dotted line), panel B, pond 
temperature (solid line) and pH (dotted line), panel C, pump-driven Biocoil temperature (solid line) and pH 
(dotted line), Panel D, temperature (solid line) and log transformed cell densities for Chlorella sp. (dotted 

line) and Scenedesmus sp. (dotted-solid line) for airlift-driven Biocoil, panel E, log-transformed cell densities 
for Chlorella sp. (solid line) and Scenedesmus sp. (dotted line) and pennate diatom (dotted-solid line) and 
protozoa (solid broken-line) for raceway pond, panel F, log-transformed cell densities of Chlorella sp. (solid 

line) and Scenedesmus sp. (dotted line) and pennate diatom (broken-solid line) and protozoa (dotted-solid. 

Line) for pump-driven Biocoil, panel G, dissolved oxygen for Biocoil (dotted line) and raceway pond (solid 

line), panel H, ammonium trend for Biocoil (solid line) and raceway pond (dotted line). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/baume-scale
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chlorella
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pennales
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Consequently, both cultivation systems were restarted on 1 August 2015 with an initial cell 

concentration of 13.1 x 106 cells mL-1 in both systems. This inoculum is approximately half 

the size used in batch phase because it was obtained from a 10-m2 raceway pond used as 

finishing pond for the effluent treatment. The Chlorella sp. grew to 90 x 106 cells mL-1in the 

Biocoil and 51.5 x 106 cells mL-1 in the pond and 40 % was harvested and replenished with 

the same quantity of effluent on 11 August (day 11). As the growth of microalgae decreased 

after 13 August in the Biocoil, biofilm formed on the tubes wall was observed. The addition 

of 15 mL, 0.01 %w/v sodium bicarbonate (1.2 mM NaHCO3) on 14 and 15 August increased 

the density of Chlorella from 25.7 x 106 to 148.3 x 106 cells mL-1 between 14 and 19 (day 19) 

August for Biocoil. However, the addition of a proportional amount of sodium bicarbonate to 

the pond had little effect on the cell density (Figure 1E and F). Similarly, the Scenedesmus 

density in the Biocoil increased from 2 x 104 cells mL-1 to 34 x 104 cells mL-1 in seven days 

while an increase in the pond over the same period was lower (1 x 104 cells mL-1 to 8 x 104 

cells mL-1). Interestingly, the increase in Scenedesmus density in the Biocoil over this period 

was approximately five times the increase in the pond. Diatom growth was similar in both 

cultivation systems during this period. In general, diatom density showed dominance in the 

pond compared to the Biocoil (Figure 1E and F). The less noticeable increase in the raceway 

pond’s cell densities over this period would be attributed to dilution effect from rainfall (Figure 

1A). On 24 August (day 24), 40 % of the cultures in both systems were harvested. Failure of 

the evaporative cooling system to function on 25 August resulted in temperature increase 

which would be responsible for declined cell density observed after this day in the Biocoil. 

On 5 September (day 36), 25 % of cultures in Biocoil cultivation system was harvested and 

replaced with effluent. The cell densities in both systems at this point were almost the same. 

However, the pond showed a decrease in cell numbers of Chlorella sp. probably due to the 

increase in protozoa density (Figure 1E). Therefore, 50 % of the culture in both systems were 
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removed and replaced with the inoculum on the 14 September (day 45). The increase in 

protozoan density observed in the pond necessitated monitoring of its trend in both systems. 

Protozoa reduction rate in the Biocoil (14.5 %day -1) was 2.4 times higher than the raceway 

pond. An increase in protozoan level in the pond (20, 25, 27, 35, x 104 cells mL-1 on 5, 11, 23 

and 25 September 2015 respectively) was noticeable in many days when compared to the 

number in Biocoil (6, 11, 18, 2 x 104 cells mL-1) on the same days (Figure 1E and F).  

Efficient turbulent mixing systems move microalgae through different light quality and 

quantity and ensure that they spend a longer time in the illuminated areas of the cultivation 

systems. Research has shown that high turbulence increases the rate of exchange of nutrients 

and products between the cells and medium with a direct relationship with productivities 

(Grobbelaar, 2012).  

However, shear stress resulting from increased turbulence, the action of mechanical pumps, 

eddies in the growth medium, air bubbles, and high liquid speed can have a damaging effect 

on microalgae cells (Janssen et al., 2002; Leupold et al., 2013; Moheimani et al., 2011; Raes 

et al., 2014). Although the consortium used was able to withstand the damaging effect of the 

mechanical pump, the more fragile Scenedesmus and pennate diatom species grew better in 

the open pond over the long term (Mean, t-test, P < 0.05; Mann-Whitney test, P = 0.021). 

These cells were relatively bigger in size than the Chlorella sp. as observed under the 

microscope. Scenedesmus sp. usually occurs as quadruplets or more, but single cells of this 

microalga were consistently observed in the Biocoil compared to the open ponds throughout 

the cultivation period. This separation of the cells in the Biocoil would be as a result of the 

effect of the mechanical action of the pump. In 1-m2 raceway pond, turbulent mixing system 

is achieved in the first 3-m and the rest, a laminar flow (Raes et al., 2014), the gentle mixing 

action of the paddle wheel system would explain the increased density of protozoa compared 
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to the Biocoil (Mann-Whitney test, P = 0.005). It is necessary to mention that the raceway 

pond is open to the atmosphere, and this would also affect protozoa dynamics and diversity of 

the culture. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.: Schematic diagrams, (a) airlift geometry II, (b) airlift geometry IV, (c) submersible pump-driven 
and (d) Biocoil configurations; and (e) frozen culture (arrows) on the inside of the degasser on 9 July 2015. 

 

3.4.2 Biomass productivity and biochemical composition 

Biochemical compositions of the grown algae are summarised in Table 1. The highest monthly 

volumetric productivities for the pond (24±0.13 mg AFDW L-1 day-1) and Biocoil (47±0.13 

mg AFDW L-1 day-1) were attained in August. Average biomass productivity in the Biocoil 

a b c 

e d 



66 
 

(25.03±0.24 mg AFDW L-1 day-1) was 2.14 times higher than the productivity in the raceway 

pond. Rainfall (as noted earlier) may have had a dilution effect on the pond resulting in low 

biomass productivity (Figure 1A). Overall, protein, carbohydrate and lipid contents of 

consortium biomass were 23.29%, 29.17 %, and 32.79 % respectively. 

Both cultivation systems had relatively higher lipid content than carbohydrate and proteins. 

Higher biomass concentrations observed in the Biocoil may have contributed to the difference 

between the two systems. However, temperature, light quality, and quantity are known to 

change the overall biochemical contents of many microalgae (Vadiveloo et al., 2015). While 

temperature exerts its effects on microalgal composition and biochemical reactions to alter the 

biochemical composition of the cell, light is used for biosynthesis of carbon compounds 

(Vadiveloo et al., 2016). It has been reported that microalgae accumulate lipids under stress 

conditions. It is also known that organisms (e.g. microalgae) maintain their structural integrity 

and membrane fluidity with the help of lipids (Guschina & Harwood, 2009). Singh et al. 

(2011) investigated the potential of cultivating mixotrophic microalgae on digested poultry 

effluent and reported maximum biomass productivity of 0.076 g L-1day-1 and lipid, protein 

and carbohydrate contents of < 10 %, 39 %, and 22 % respectively. These authors concluded 

that the biomass could potentially be used as feed supplement for animals. Contrary to this 

result, our study showed that the consortium had higher lipid content (32.79 % AFDW) 

compared to carbohydrate and proteins in both cultivation systems. Hence, the biomass of this 

consortium could potentially serve as a source of animal feed or biofuel feedstock. Obviously 

further studies are necessary to analyse the quality of the biomass as a source of animal feed. 

Furthermore, for highly productive microalgae cultivation systems, the cost of the production 

of biofuel stands at 77 %, 12 %, and 7.9 % on the tripod of growth, harvesting and lipid 

extraction respectively (Beal et al., 2012).  It is suggested that the quest for the production of 
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biofuel from microalgae will make sense if coupled with wastewater treatment. Excitingly, 

our data show that although this microalgae consortium can grow in high ammonia piggery 

effluent and remove nutrients (25.25±7.89 mg L-1 day-1), they can also have high lipid content, 

hence, striking a balance for simultaneous nutrient removal and lipid production in effluent 

wastewater. Similar findings on the cultivation of Chlorella vulgaris in synthetic wastewater 

that produced 20 – 42 % lipids (on dry weight basis) with nutrient removal efficiencies of 96 

and 97 % for total phosphorus and ammonium, respectively, has been reported (Feng et al., 

2011). 

3.4.3 Chlorophyll composition 

Chlorophyll measurement revealed the presence of a significantly higher amount of chl-a 

relative to chl-b in both systems (t-test, P < 0.05, Table 1). Chlorophylls-a and b concentrations 

ranged between 1.46±0.98 – 6.15±01.5 mg L-1 and 0.46±0.06 – 1.24±0.34 mg L-1respectively 

in the Biocoil; while chlorophyll c1+c2 values were approximately zero (Table 1). Chlorophyll-

a content of cells in both cultivation systems increased with increase in biomass concentration 

(Biocoil, r2 = 0.983, P = 0.119; Pond, r2 = 0.995, P = 0.0658). The low chlorophylls-a and b 

obtained in both systems during the month of September correspond with low biomass 

productivity (Table 1). Overall, the chlorophyll-a content of the biomass obtained from the 

Biocoil (3.76±1.20 mg L-1) was 2.7 times higher than that obtained in the raceway pond. The 

prevalence of chl-a and chl-b relative to chl-c indicate the dominance of green microalgae, 

Chlorella, Scenedesmus sp. (Leliaert et al., 2012), throughout the experimental period.  

3.4.4 Effluent ammonium nitrogen removal 

The ammonium trends in both cultivation systems are summarised in Figure 1H. The ammonia 

concentration of the sand-filtered effluent was 1232.39±54.28 mg NH4+-N L-1. The initial 

ammonium concentration in the pond and Biocoil systems was 893.03±17.00 mg NH4
+-N L-1 

for the batch phase, after mixing with the inoculum. During the batch phase, the ammonium 



68 
 

removal in the pond (22.19 mg L-1 d-1) was 1.44 times higher than the Biocoil for a period of 

16 days, even when biomass concentration was higher in Biocoil. The difference in the 

ammonium removal rate between the two systems could be due to better stripping of ammonia 

in open ponds compared to closed photobioreactors. In other words, under the experimental 

conditions, ammonia removal in open pond was not purely biological. The overall removal rates 

of ammonium in both cultivation systems during the semi-continuous operation were similar, 

25.97±5.37 and 24.06±9.48 mg NH4
+-N L-1 for raceway pond and Biocoil, respectively. This 

could be because open pond can reduce ammonia easier compared to the closed PBRs. The 

highest monthly ammonium removal rates for the pond (30.9±10.1 mg NH4
+-N L-1 day-1) and 

Biocoil (39.2±9.5 mg NH4
+-N L-1 day-1) were achieved in July and August respectively while 

the lowest were achieved in September in both systems (Table 1) due to low cell density. 

Ammonium removal rate in both systems is directly related with biomass productivity (Biocoil, 

r2 = 0.963, P = 0.175; Pond, r2 = -0.264, P > 0.05) which is directly linked with chlorophyll 

content. As stated earlier, Zhou et al. 2012 grew Auxenochlorella sp. in autoclaved concentrated 

municipal wastewater using a 25 L Biocoil and achieved a removal efficiency of 26 mg L-1 day-

1 for total nitrogen in three days. In the investigation by Molinuevo-Salces et al. (2010), algae 

grown in both open and closed systems removed all effluent ammonium. However, we did not 

observe similar findings of ammonium removal in this study. Ammonium was reasonably 

removed in both cultivation systems though higher removal was achieved in the open pond. 

Molinuevo-Salces et al. (2010) reported that in addition to nitrification and denitrification 

processes, ammonia stripping is the main driving force for ammonia removal in open ponds.  

Reports have shown that microalgae can metabolize inorganic nitrogen in wastewater such as 

ammonium (Barsanti & Gualtieri, 2014; Ogbonna et al., 2000; Zhou et al., 2012). Ammonium 

nitrogen is the dominant nitrogen species accounting for approximately 90 % of total nitrogen 

in sand-filtered ADPE. Previous investigations have revealed that high concentration of 
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ammonia is toxic to microalgae (de-Bashan et al., 2008; Woertz et al., 2009). Furthermore, at 

pH greater than 8, ammonium is considered an inhibitory compound (Molinuevo-Salces et al., 

2010). However, the ability of our current microalgae consortium to survive in growth media 

with initial ammonia concentration up to 910 mg NH4
+-N L-1 in a closed and open cultivation 

systems clearly illustrate that these species are robust and can not only tolerate but grow well 

at high ammonia concentration (Ayre, 2013). Removal of ammonium nitrogen from wastewater 

is either by direct ammonia uptake by microalgae or ammonia stripping (Li et al., 2011; Tam 

& Wong, 1990). Reports have shown that ammonia stripping occurs under conditions of  

elevated temperatures (greater than 20 ˚C),high concentration of urea and alkalinity (Li et al., 

2011; Molinuevo-Salces et al., 2010). Although the pH of both cultivation systems were usually 

above 8 and, considering that the experiment was conducted in winter with average temperature 

of the reactors, not more than 20 °C, it could be stated that removal of ammonium nitrogen 

from the effluent was largely due to microalgae uptake and ammonia stripping process might 

not have had any significant contribution. It has been reported that the microalgae consortium 

is preferred to monocultures in wastewater treatment because single microalgal strains find it 

difficult to remove all the nutrients simultaneously from wastewaters due to the chemical 

complexity of wastewaters (Ogbonna et al., 2000). 

3.4.5 Physicochemical parameters 

3.4.6 Changes in environmental variables 

Successful cultivation and application of microalgae technology involve efficient control of 

physical, chemical and biological factors that influence the growth of microalgae (Raes et al., 

2014). Among these factors, light and temperature constitute the most limiting and critical 

indices for microalgal culture (Moheimani, 2016). During the experimental period, the daily 

solar radiation ranged from 25.92 in June to 292.34 W m-2 in September with overall average 

of 159.02±5.78 W m-2. The lowest solar radiation was observed in July, which corresponds to 
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the wettest and coldest month (Figure 1A). The total rainfall for July was 117.5 mm (Figure 

1A) with a daily average of 3.79±1.39 mm. Although June had scanty rainfall, it is probably 

the cloudiest month due to its low sunshine radiation (Figure 1A). The ammonium removal 

rate and productivity in the Biocoil for the month of July were 15.5±3.6 mg NH4-N L-1 day-1 

and 20±0.35 mg AFDW L-1 day-1 respectively. These values are lower than 39.2±9.5 mg NH4-

N L-1 day-1 and 47±0.13 mg AFDW L-1 day-1 in the same system for the month of August. 

Similar trend was observed in biomass productivity of the consortium in raceway pond (Table 

1). 

Light delivery, distribution and utilization are critical parameters for the design of microalgae 

cultivation systems due to the photosynthetic behaviour of microalgae (Richmond et al., 2003). 

Utilization of photosynthetic active radiation (PAR) by microalgae in outdoor cultures is 

affected by (a) seasonality (diurnal irradiance, variable cloudiness), (b) geographical location 

and latitude (solar elevation from sunrise to sunset), (c) geometry of cultivation systems design, 

(d) rate at which culture is diluted and (e) higher light scattering and diminution in turbulent 

flows (Červený et al., 2009; Raes et al., 2014; Sudhakar & Premalatha, 2012). Furthermore, 

high turbidity, high suspended particulate matters and dark colour of effluents are additional 

variables that influence light harvesting by microalgae in wastewater treatment (Christenson & 

Sims, 2011; Zhou et al., 2014). A characteristic strength of the Biocoil system is that it is self- 

supporting arising from the coiled nature of the structure. The coiling of the Biocoil is 

advantageous in setting up relatively lengthy tubes in a small surface area (Raes et al., 2014). 

The configuration of Biocoil creates a large surface area to volume ratio, which is ten times 

higher than the paddle wheel driven raceway pond with significant improvement on light 

conditions. This improvement on light distribution in the Biocoil is obvious from its higher 

volumetric productivity and daily nutrient removal than the pond, especially on days with lower 

sunshine. The higher volumetric productivity achieved in the Biocoil demonstrates that closed 
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PBRs are less susceptible to negative effects of meteorological conditions in the austral winter 

season. This is because the Biocoil warms up faster than the open raceway pond (due to large 

surface area to volume ratio) and rapidly attains optimum temperature condition for 

photosynthesis to begin. The Biocoil system has shorter light path compared to the raceway 

pond, which accounts for higher biomass concentration, although would result to oxygen build-

up in the coil, which is detrimental to microalgae by inhibition of photosynthesis. Removal of 

oxygen build-up from closed microalgae cultivation systems is a critical engineering challenge 

limiting microalgae productivity in closed PBRs. However, the symbiosis between microalgae-

bacteria consortia during wastewater treatment would reduce the harmful effect of oxygen 

accumulation in microalgae in the reactors. 

The maximum temperatures in the pond and Biocoil were respectively 25.32 °C and 36.71 °C 

(Figure 1B and C). On the 25 August (day 25 of semi-continuous), the Biocoil cooling system 

failed to function. This caused the temperature to hit high (Figure 1E) and presumably, resulted 

to decline in microalgae growth. The daily minimum temperatures recorded for pond was 

2.31 °C and -0.4 °C for Biocoil (Figure 1B and D). This low temperature in the Biocoil caused 

the system to freeze (Figure 2a) and therefore crashed the cultures. This could be due to small 

culture volume compared to surface areas of the Biocoils as such phenomenon was not observed 

in the pond with higher mass to surface area. The introduction of heaters set at maximum 

temperature of 18 ˚C and operated between 8 pm and 6 am in both systems provided buffering 

capacity as minimum temperature in the systems was not below 3 °C afterwards (Figure 1B and 

C). An earlier report (Ayre, 2013) has indicated that this consortium could tolerate extremes of 

temperature (5 – 40 ˚C). 

High and low temperatures above or below the tolerance limits of microalgae affect its 

performance. Passive evaporative cooling system is used in closed PBRs for temperature 
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control. The challenge of this system is on its economics and sustainability due to fresh water 

limitation. Open raceway ponds do not need evaporative cooling system but still require fresh 

water addition to compensate for water loss by evaporation. Part of the solution to this 

engineering challenge could be the development of novel closed PBRs that do not require 

cooling system. Vadiveloo et al. (2016) reported a novel flat-plate PBR that could allow passage 

of 50 % of PAR while effectively blocking and capturing more than 90 % of infrared (IR) and 

ultraviolet (UV) radiations. IR and UV are responsible for temperature increase and damage to 

cells through mutation and death, respectively (Vadiveloo et al., 2016). The captured radiations 

through integration with photovoltaics can be used to generate electricity. This electricity can 

be used to power generators, provide additional lighting or keeping the temperature constant by 

heating of the culture at night during winter. 

The pH of the Biocoil and raceway pond averaged 8.5±0.06 and 6.7±0.008, respectively 

(Figures 1B and C). The pH of the growth medium was 8.62±0.13. It was observed that the 

daily pH of the pond tends to stabilize at a pH below 7 (Figure 1B) while that of the Biocoil at 

pH around 9 (Figure 1C). Our data demonstrated that the microalgae consortium used in this 

study could tolerate high pH as earlier asserted by (Ayre, 2013), though a negative point in this 

regard since it results to ammonia stripping (Garcia & Hernandes-Marine, 2000; Molinuevo-

Salces et al., 2010). The ability of this consortium to tolerate high pH means that pH variation 

would not have been a limiting factor in our study. The attachment of microalgae to the walls 

of coil and subsequent improvement of growth and productivity on addition of sodium 

bicarbonate shows that carbon availability could have been a limiting factor. One potential 

solution to carbon limitation in wastewater-grown microalgae apart from external carbon 

addition could be to cultivate the microalgae in continuous or semi-continuous culture systems. 

The medium DO in raceway pond appeared to increase a little after inoculation but decreased 

progressively and remained fairly constant below 6 mg O2 L-1 (Figure 1G). Similarly, the overall 
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medium DO in Biocoil remained around 9 mg O2 L-1 throughout the growth (Figure 1G). While 

changes in DO is due to metabolism by microorganisms, low DO as observed in the raceway 

pond favours nitrification as a means of ammonia removal (Molinuevo-Salces et al., 2010). 

3.5 Conclusion 

Medium ammonia concentration above 34 mg NH4-N L-1 is shown be toxic to microalgae (e.g. 

Scenedesmus) (Abeliovich & Azov, 1976). We successfully grew this microalgae consortium 

(Chlorella sp., Scenedesmus sp. and pennate diatom) in the Biocoil using sand-filtered high 

ammonium ADPE in austral winter season without change in algal composition. Although the 

overall ammonium removal rate was similar in open pond (25.9±8.6 mg NH4-N L-1day-1) and 

Biocoil (24.6±7.18 mg NH4-N L-1day-1),  the biomass production was significantly higher (2.1 

fold) in Biocoil than open raceway pond. The produced biomass could be best suited as a source 

of animal feed or bioenergy (i.e. bio-methane). There is no doubt that the further studies are 

required for optimisation and also decision on the best cultivation system for treating anaerobic 

digestion piggery effluent. However, our promising results indicates the potential to treat this 

wastewater with extremely high ammonium using microalgae with no to very little dilution 

with freshwater.   
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4.1 Abstract 

 
There is great need to improve turbulent mixing of microalgae cultures grown in turbid 

wastewaters to ensure efficient use of light and nutrients for higher photosynthetic and biomass 

productivity and also nutrient removal rates for higher biomass productivity and nutrient removal 

rates. In this outdoor study, we compared the turbulent mixing and nutrient removal efficiency 

of conventional paddlewheel driven raceway ponds (PWP) with customized jet nozzle raceway 

pond (JNP) on microalgae grown in undiluted anaerobic digestate of piggery effluent (ADPE). 

Overall, the concentration of microalgae consisting mainly of Cyanobacteria and Chlorella sp. 

trended higher in the JNP over the PWP with the visible absence of diatoms in JNP. The 

ammonium removal rates (%) were found to be significantly higher in the JNP (36.8 ± 3.93) 

than the PWP (23.5 ± 4.42). Measured amount of turbulent kinetic energy (TKE) as an indicator 

of algal movement at eight distinct locations of both ponds trended higher in the JNP than the 

PWP which indicated improved mixing performance and higher shear stress of cultures in the 

JNP. Based on the higher ammonium removal rates and turbulence mixing, JNP was found to 

be more efficient for the cultivation of microalgae in ADPE than PWP. 

4.2 Introduction 

 
Wastewater arising from animal farming facilities such as piggeries are typically characterized 

by elevated nutrient content (i.e. ammonia nitrogen and phosphorus) which can result in the 

eutrophication of water streams when directly exposed to the environment (Burton and Turner, 

2003). The use of microalgae for the bioremediation of undiluted wastewaters such as anaerobic 

digestate of piggery effluent (ADPE) is of great interest due to the inherent ability of microalgae 

in recycling organic and inorganic nutrients for their growth (Ayre et al., 2017, Nwoba et al., 

2016). 
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Microalgae represent simple photoautotrophs which are unicellular in size and can be classified 

to various different Phyla (major taxonomic groups) (Borowitzka, 2001).The cultivation of 

microalgae in ADPE holds enormous benefits as it combines the treatment of a waste stream 

together with biomass production which can be converted into multiple commodities such as 

animal feed, biofertilisers, bioenergy and nutraceuticals (Delrue et al., 2016, Rawat et al., 2011). 

The use of ADPE as a growth medium also represents an innovative solution in reducing the 

high overall cost commonly associated with the commercial cultivation of microalgae (Delrue 

et al., 2016). 

Owing to their larger capacity and lower capital cost, open cultivation systems of microalgae 

such as raceway ponds are mainly used for the treatment of wastewater (Borowitzka and 

Moheimani, 2012). Achieving optimum algal growth and nutrient removal rates are directly 

influenced by various physical, operational and biotic factors and the understanding of these 

factors are essential to optimize the integration of microalgae cultivation with wastewater 

treatment (Borowitzka, 1998). For example, for maximum light penetration and good mixing, 

raceway ponds are typically operated between 0.2m to 0.6m depth with an average water 

velocity of 0.3 ms-1 generated by one or more paddlewheels (Borowitzka, 2005, Chisti, 2016).  

Low power requirements and high productivity are by far the most important factors in 

commercial microalgae cultivation and wastewater treatment (Park et al, 2011). When 

cultivated in undiluted ADPE, a combination of the effluent turbidity and the depth of the algal 

pond are seen to significantly reduce the availability of light for algal cells, negatively affecting 

their growth and productivity (Nwoba et al. 2016). Thus, there is great need for innovative 

options to improve mixing at a lower power requirement to maximise the availability of light 

for algal cells for nutrient removal when cultivated in ADPE. 
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Turbulent mixing is a critical factor for achieving high productivity in all types of algal 

cultivation systems because of its role in the distribution of light and nutrients, diffusion of 

gases and maintenance of uniform temperature throughout the culture (Grobbelaar, 1994). 

Turbulence by paddle-wheels, aeration and pumping can result in different sensitivities or 

complete inhibition of different algal species. The relative sensitivities of algal species ranges 

from green algae < blue-green algae < diatoms < dinoflagellates with dinoflagellates being most 

sensitive to turbulence (Thomas and Gibson, 1990, Barbosa et al., 2003). 

For large-scale raceway ponds the choice of mixing technology still needs to be optimized in 

order to prevent algae sedimentation and to enhance light utilization efficiency. In open ponds, 

mixing of the algae culture is of great significance in terms of input energy, costs and 

particularly productivity (Borowitzka, 2005, Borowitzka and Moheimani, 2012). Eight-blade 

paddle wheel designs represent an attractive option in terms of efficiency, weight and 

construction costs (Chisti, 2016). Alternatively, water jets have been previously tested, mainly 

in small systems and have been found to have a high power requirement (Becker, 1994). 

Recently, a jet-type circulation system for algae ponds has been patented and is currently being 

tested in large raceway algal ponds in Australia (Parsheh et al., 2014). 

Despite being currently deployed, only limited information is available on the quantification of 

mixing in paddle wheel and jet driven raceway ponds. Such quantification of turbulent flow 

will certainly aid in the understanding of vertical mixing at various locations of the raceway 

pond and the different sensitivities and restriction brought forward to algal growth by 

turbulence for efficient of nutrient from wastewaters.  

The main objective of this study is to characterise the fluid flow of both paddle wheel and jet 

driven cultures of microalgae grown in undiluted ADPE using an Acoustic Doppler 

Velocimeter at eight different locations and quantify the level of turbulence created by both 
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these mixing mechanisms with an emphasis on increasing vertical mixing.  We also compared 

this effects of both these mixing regimes on the ammonium removal rates of the microalgal 

cultures present.  

4.3 Materials and methods 

 

4.3.1 Microalgae culture 

 
The consortium of microalgae used in this study consist of a mixed population of 

Cyanobacteria, Chlorella sp., and pennate diatoms isolated and established previously from 

undiluted ADPE. The microalgae were grown and operated as batch cultures for a period of 

four months with periodical harvesting and renewal of cultures with fresh ADPE whenever they 

reached a predetermined cellular concentration. 

4.3.2 Anaerobic digestion of piggery effluent (ADPE) and growth media 

 
The ADPE used as culture medium in this study was obtained from a covered anaerobic 

digestion pond located at Medina Research Station in Kwinana, Western Australia (32°13′16″S, 

115°48′30″ E).  The ADPE has been previously partially characterized by its high nutrient 

content (e.g. ammonium and phosphorus) (Ayre, 2013). 
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Table 1. Chemical composition of untreated and undiluted ADPE used for the growth of the 
microalgae  (Ayre et al., 2017). 

 
Parameter Value 
Ammonia (mg L-1 NH4+-N) 960-1000  
Total Phosphate, (mg L-1 PO4-P) 25.0 – 26.5 

Nitrite (µg L-1 NO2-N) 8.0 – 8.5 

Magnesium (Mg L-1 mg) 165 - 175 

Potassium (mg L-1 K) 530 - 545 

Total Iron (mg L-1 Fe) 8.5 -9.5 

Nitrate (mg L-1 NO3-N) 14.0 14.5 

Chemical Oxygen Demand, COD (mg L-1) 1200 - 1350 

Total nitrogen (mg L-1 N) 1050 - 1101 

 

4.3.3 Experimental setup and cultivation conditions 

 
Outdoor studies were carried out between 21 September 2015 to 11 January 2016 (Austral 

Summer) using two 1 m2 fiberglass raceway ponds at the Algae R&D Centre of Murdoch 

University (31.57S, 115.51E). The first raceway pond was mixed using a conventional 4 blade 

paddle wheel and was known as the paddle wheel pond (PWP) while the other pond was mixed 

using as jet nozzle (Figure 1) based on the design of Parsheh et al. (2014) and fabricated on a 

3D printer (Makerbot 2) from Polylactic Acid (PLA). This pond was termed as the jet nozzle 

pond (JNP). Both raceway ponds were inoculated with the same concentration of microalgae 

stock culture and were operated at a working volume of 160 L (16cm depth) and at a liquid 

velocity of 22 cm s-1 which was determined using the tracer method with 1 M HCl (Moheimani 

and Borowitzka, 2006, Raes et al., 2014). Daily evaporative losses during the experiment period 

was compensated using freshwater up to the initial working depth before sampling. Weather 

records illustrating solar irradiance and air temperature for the period of the experiment was 

obtained from Murdoch University Weather Station. (http://wwwmet.murdoch.edu.au). 

Sampling of the ponds were done at 10 am on alternative days. Samples collected were used 

http://wwwmet.murdoch.edu.au/
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for cell counts, photosynthesis assessment and measurement of ammonium nitrogen 

concentration in the media.  

4.3.4 Analytical methods 

 
Cell concentration of samples over time was measured using an improved Neubauer counting 

chamber while organic biomass (AFDW, mg L-1) was assayed according to the methods of 

Moheimani et al. (2013) by filtering 5ml of culture through pre-combusted and pre-weighed 

GF-C microfibre filters. Filters were first dried at 90°C for 7 hours and were subsequently 

combusted at 450° C for 6 hours in a furnace to obtain dry and ash-free dry weights. 

Temperature, dissolved oxygen (DO) and pH of both ponds were monitored in situ using 

individual YSI 6-Series multi parameter Sondes. Ammonium measurement was carried out 

using a photometer (Spectroquant Move 100, kit models).  

 
The maximum quantum yield value in light (Fq’/Fm’) and the maximum quantum yield of dark 

adapted samples (Fv/Fm) were measured using an AquaPen-C portable fluorometer (Photon 

Systems Instruments, Czech Republic). Fq’/Fm’ values represented the immediate photo-

physiological status of samples collected from the ponds while Fv/Fm values represented the 

recovery potential of photosynthesis after samples were dark adapted for 30 minutes. The 

estimated maximum quantum yield of PSII photochemistry ( Fq’/Fm’ and Fv/Fm) is regularly 

used as an indicator of plant stress (Parkhill et al., 2001).  

 
A micro Acoustic Doppler Velocimetry (MicroADV by SonTek, SanDiego, CA, USA) was 

used to measure the three velocity components of the flow field in both the PWP and JNP as 

installed at eight locations in each pond shown in Figure 1. The instrument is based on the 

physical principle of the Doppler effect with a 10 Hz sampling frequency for 10 minutes in each 

location. The ADVs were located at distances 7cm above the bed both in the paddle and jet 
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experiments as mentioned in Figure 1. It is noteworthy to mention that during the experiments, 

the physical dimensions of the instruments determined the distance above the bed such that the 

sensors did not touch the flume bottom and would not be buried in the sand during the 

experiments. Data from the near-bed ADVs (at z = 7 cm height above the bed) is used for the 

analysis in this study.  

Spectral analysis was conducted based on spectral energy cascade theory (Kolmogorov, 1941) 

for the three-dimensional inertial subrange spectrum: 

 
E(k) = Ckε2/3k-5/3, 

where E(k) is the energy spectrum based on the wave number; Ck is the Kolmogorov constant, 

deduced from experimental data (due to considerable uncertainty which lies between 1.4-2.2); 

ε is the rate of dissipation of energy, and k is the wave number (Baumert et al., 2005).  

Reynolds decomposition was used to determine the turbulent characteristics (French and 

Clifford, 1992; Emery and Thomson, 2001; Kularatne and Pattiaratchi, 2008):  

𝑢 = �̅� + 𝑢′, 𝑣 = �̅� + 𝑣′,   𝑤 = �̅� + 𝑤′ 

where u, v and w are the measured velocity components; u′, v′ and w′ are the turbulent 

components; �̅�, �̅� and �̅� are the mean velocity components. This decomposition allowed the 

measurement of the kinetic energy associated with turbulence. Single point measurements of 

turbulent velocity fluctuations (i.e. u′, v′, and w′) near the bed (at z=7 cm height above the bed 

at all sampling locations) using ADV were used to calculate the turbulent kinetic energy (TKE) 

method, was used in calculating near bed shear stress as:  

τ𝑇𝐾𝐸 = 0.5ρ𝐶1(u′2  +  v′2  +  w′2), 

where τ TKE is the TKE shear stress, ρ is the fluid density, and C1 is a coefficient, which can be 

taken as 0.19 or 0.2 (Biron et al., 2004, Kim et al., 2000). In this analysis, C1=0.19 was used to 

calculate the TKE shear stress. 
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As the ratio of TKE to the shear stress is constant, the measurement of shear stress was also 

used to estimate TKE-shear stress using the following equation (Pope et al., 2006): 

τTKE = 0.19TKE, 

where, τTKE is the TKE shear stress. This method was previously suggested as being one of the 

most robust and reliable methods available to estimate near bed shear stress in complex flow 

fields (Biron et al., 2004, Pope et al., 2006). 

4.3.5 Statistical analysis 
 
Measurements of cell growth and ammonium content were done in triplicates, n=3. The results 

are expressed as arithmetic means ± standard errors (SE). A t-test was used to determine 

significant differences between various parameters of microalgae content in the different ponds. 

One-way Repeated Measures (RM) One-Way Analysis of Variance (ANOVA) followed by the 

post hoc test of Hol-Sidak was used to compare significant differences among the different 

treatments and parameters. Significance was based on P < 0.05. All statistical analysis was 

performed using SigmaPlot Version 12.5 for Windows. 
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Figure 1. Design experiment of PWP and JNP showing the ADV measuring points in the ponds 
and A) nozzle side view, B) nozzle tip view, C) nozzle base view. 
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4.4 Results and discussion 

 

4.4.1 Weather and environmental parameters 

 
Although several previous studies have looked into the use of different mixing mechanism to 

increase the growth and productivity of microalgae, almost none of these studies have compared 

the use of jet nozzles with conventional paddle wheels in outdoor raceway ponds. The main 

aim of this study was to compare the efficiency of two different vertical mixing techniques on 

the nutrient removal rates of microalgae grown on undiluted ADPE. 

As with any other open cultivation system, raceway ponds are subjected to a wide range of 

unregulated environmental variables (i.e. temperature, pH and irradiance). Average air 

temperature during the experimental period was 24.35 °C (ranged between 21.05 ° to 29.59 °C) 

(Figure 2). The overall solar radiation mean was 819.12 W m-2 and peaked at a maximum of 

1085 W m-2 while there was a distinct drop in solar radiation associated with lower temperature 

values due to cloudy weather (Figure 2). As this work was carried out during the Western 

Austral summer season, the average irradiance and temperature of around 25 °C was found to 

be favourable for the cultivation of microalgae (Boruff et al., 2015).  

Recorded pH values in the paddle wheel pond (PWP) ranged from 5.15 to 8.37 with an average 

of 6.72 while values in the jet nozzle pond (JNP) ranged between 6.85 and 8.69 with an average 

of 8.16 (Table 1). Variation in pH values recorded in both ponds is believed to arise due to the 

difference in microalgae population over time in both ponds. Dissolved oxygen (DO) content 

was found to fluctuate daily due microalgal photosynthetic activity during the light illumination 

period while values decreased dramatically at night due to dark respiration. In the PWP, the 

average DO value was 6.13 mg/L (ranged between 0.37 and 12.68 mg/L) while the average DO 

(7.61 mg/L) in the JNP was found to be higher than the PWP (Table 1). 



90 
 

The microalgae used in this work was found to tolerate high pH (above pH 8 in both ponds) 

illustrating that changes in pH was not a limiting factor in this study. However, the long term 

operation of cultures at high pH can be of a concern as it can result in ammonia stripping 

(Molinuevo-Salces et al., 2010, Garcia et al., 2000). The average DO content in both ponds was 

observed to be in the medium range and the changes in DO over time is believed to be brought 

forward by the photosynthesis of the algae and metabolism of microorganisms (Nwoba et al., 

2016). 

 

Table 2: Microalgae population, environmental parameters and ammonium removal rates in both ponds. 

 Paddle Wheel Pond (PWP) Jet Nozzle Pond (JNP) 

1) pH Values 5.15-8.37 6.85-8.69 

2) Dissolved Oxygen (mg L-1) 0.37-12.68 3.61-9.89 

3) Ammonium Concentration 

     (mg NH4+-N L-1) 

140.96 -415 41.04 - 438 

4) Average Ammonium 

Removal Rates (%) 

23.5 ± 4.42a 36.8 ± 3.93b 

 

4.4.2 Growth and photo-physiology of the microalgae consortium 

 
Similarly, to the prevailing environmental factors such as temperature and solar irradiance (Fig 

2), the ADPE used as a culture medium in this study was also seen to significantly affect the 

progress of the microalgae cultures in both ponds. The high turbidity, high suspended 

particulate matters and dark colour of the ADPE was found to influence light availability and 

distribution in the ponds affecting the growth of the microalgae (Zhou et al., 2014, Christenson 

and Sims, 2011). Biomass measurements in terms of organic biomass (AFDW) was disregarded 

due to fluctuations brought forward by the presence of many suspended and organic matter in 
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the ADPE. Therefore, the progress of the microalgae culture in both ponds was only evaluated 

based on cell counts.  

At the start of the experiment, the cell density of the microalgae consortium in both systems 

was standardized to the same initial concentration of Chlorella (405 x 104 cells mL-1 ) and 

Cyanobacteria (520  x 104 cells mL-1 ). Inconsistent fluctuations in cell density of the microalgae 

consortium was observed in both ponds with no clear growth pattern. Such fluctuations in 

cellular density is believed to be caused by unexpected rainfall and variation in ammonium 

concentration of cultures (figure 2) Overall the cellular concentration of Chlorella and 

Cyanobacteria trended higher in the JNP pond over the PWP during the experimental period 

(Figure 2) The presence of diatoms and protozoans were only visible in the PWP during the 

experimental period while they were never detected in the JNP during the entire study (Table 

1).  

In this study, the different mixing mechanisms in the raceway ponds had direct effect on its 

ecosystem. The difference in microalgal growth patterns between the two systems was likely 

due to the mixing efficiency and shear stress from the mixing apparatus, which was more 

significant in the JNP compared to the PWP. The first pond, fitted with a paddlewheel resulted 

in a gentler mixing regime than the JNP which used a nozzle jet with high liquid pressure for 

mixing. Although the microalgae consortium compromising of cyanobacteria and Chlorella sp. 

were able to withstand and grow in the JNP, the absence of protozoans and diatoms in JNP 

when compared to PWP illustrated the potential damaging effect of the jet nozzle to certain 

organisms. It is expected that fragile algae species such as Dunaliella without robust cell walls 

will not be able tolerate the turbulence mixing regime of the JNP while more robust algae 

species with thicker cell walls are expected to thrive upon such high levels of turbulence (Ben-

Amotz and Avron, 1992). 



92 
 

The maximum quantum yield of PSII photochemistry in light (Fq’/Fm’) and dark (Fv/Fm) was 

severely reduced in the PWP after 5 days of the experiment, reaching as low as 0.07 (Figure 2). 

However, cells subsequently recovered after Day 6, with values ranging between 0.38 and 0.68 

for light adapted (Fq’/Fm’) and between 0.33 and 0.68 for dark adapted samples (Fv/Fm) until 

the end of the experiment (Figure 2). In contrast, the JNP culture exhibited lower values in 

Fq’/Fm’ and Fv/Fm when compared to the PWP throughout the experiment duration with values 

ranging between 0.01 and 0.57 (Figure 2). There was no clear pattern for both the measured 

parameters in the JNP with the light and dark adapted values decreasing dramatically after 

13/12/2015 until the end of the experiment, reaching as low as 0.03 (Figure 2).  

 Fq’/Fm’ and Fv/Fm values provide information on the maximum efficiency of photon conversion 

to chemical energy at the PSII reaction centre of light adapted and dark adapted algae samples 

respectively (Cosgrove and Borowitzka, 2006).These ratios are typically used as a measure of 

the immediate physiological status of the organism (light adapted) and allows for direct 

comparison between samples as a sensitive indicator of photosynthetic performance (dark 

adapted) (Bobco, 2014). Healthy algal cells/cultures are expected to have Fv/Fm values between 

0.5-0.8. However, prevailing stress conditions are seen to drive these values down, with dead 

or heavily stressed cells often characterized by Fv/Fm values approaching zero (Maxwell and 

Johnson, 2000). Efficient cultivation of microalgae requires maintenance of highest Fq’/Fm’ and 

Fv/Fm values for improved biomass productivities (Ralph et al., 2002).  

The remarkable drop in both Fq’/Fm’ and Fv/Fm values at the start of the experiment in both 

ponds was expected and due to initial stress of cells being exposed to high concentration 

ammonium and potential toxicity of the undiluted ADPE. However, cultures in both ponds 

subsequently recovered with values reaching close to optimum levels. The lower values 
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recorded in the JNP over the PWP during the remaining duration of the experiment is believed 

to be brought forward by the robust mixing effect of the jet nozzle and flow pressure. 

4.4.3 Nutrient removal rates 

 
The ammonium removal efficiency in both cultivation systems are summarised in Table 1. At 

the start of the experiment, the initial ammonium concentration in the PWP and JNP was 415 

and 438 mg NH4+-N L-1 respectively. Over the cultivation period, the ammonium concentration 

of JNP and PWP dropped down to 41 mg L-1 and 141 g L-1 respectively. The average 

ammonium removal rates (%) in the JNP (36.8 ± 3.93) was found to be significantly higher 

than the PWP (23.5 ± 4.42) which corresponded with the higher cellular density of the 

microalgae consortium (Table 1) and higher mixing efficiency in the JNP. 

It has been well documented that microalgae can metabolize various inorganic nitrogen sources 

such as nitrate, nitrite and ammonium from wastewater (Zhou et al., 2012). Based on previous 

work, ammonium nitrogen was found to be the most dominant nitrogen fraction (around 90%) 

in ADPE (Nwoba et al., 2016). The removal of ammonium is not only limited by algal cell 

metabolism but can also be stripped by other factors such as pH and temperature (Cai et al., 

2013). Garcia et al. (2000) highlighted ammonia stripping as the most dominant mechanism in 

high growth rate algal ponds with robust mixing regimes and operated at various hydraulic 

retention times. Such an outcome may explain the higher removal rates of ammonium in JNP 

even though it had lower algal growth and a higher pH when compared to the PWP. Compared 

to other nitrogen sources, ammonia is also the preferred nitrogen source of microalgae due to 

its reduced state and energetically favourable assimilation (Sanz-Luque et al., 2015). 

 

 
 



94 
 

 
 

 
Figure 2. The average solar irradiation (solid line) and air temperature (dotted line) graphs 
(Panel A), average rainfall (Panel B), ammonium concentration (Panel C), microalgae cellular 
concentration in PWP (Panel D) and JNP ( Panel E),  the light adapted Fq’/Fm’ (solid line) and 
dark adapted Fv/Fm (dotted line) of cultures grown in PWP (Panel F) and JNP (Panel G) 
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4.4.4 Turbulence mixing in ponds  

 
Richardson (1922) conceptualized that turbulent flow is composed of variable sizes of eddies 

where the large sizes of eddies are unstable and eventually disintegrates into smaller eddies. 

The turbulent kinetic energy (TKE) composed of an initial large eddy, is distributed into the 

smaller eddies, which also undergo the similar process of disintegration, giving rise to even 

smaller eddies that take over the TKE from their predecessor eddies and so on. In this process, 

the TKE is transferred from the large-scale motions to smaller-scale motions until attaining an 

adequately small length scale so that the fluid molecular viscosity can effectively dissipate the 

TKE into heat. Therefore, the large eddies as a continuous process are transformed successively 

into smaller and smaller eddies in a cascade process with the TKE being transferred from large 

to small scale.  Between the large scales at which turbulence is “produced” and the small scales 

at which it is “destroyed” lies the inertial subrange (Ferziger 2005). In this range the flux of 

energy from high wave numbers must be equal to the dissipation rate, since there are no local 

sources or sinks for the energy (Huntley 1988). Therefore, in order to verify the existence of 

the small eddy turbulence, digital Fourier transforms were applied to perform spectral analysis 

(Bendat and Piersol, 2011) and turbulent energy corresponding to the inertial subrange, i.e. -

5/3 slope (Taylor, 1938) at all the measured locations (Figure 3 & 4 and Table 2). Overall, 

results suggested similarities with the exception of the measurement at JNP (ADV09) where 

spectral inertial range fell into the range between 1/2 < k < 1/0.08 with spectral slopes of East 

component (u), North component (v) and vertical component (w) as -5/13, -5/14 and -5/15 

respectively. This location corresponded to the “energy containing range” which was obvious 

as the sampling volume was located immediately next to the jet nozzle outlet. Furthermore, the 

TKE was highest in this location among all other cases of both the PWP and JNP experiments. 

However, it is noteworthy to mention that, observing the -5/3 spectral slope in measurements 

near the bed is not common (George et al., 1994, Hino et al., 1983, Smyth and Hay, 2003) since 
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the closer we get to the bed, the more the slope of vertical velocity spectra in the subrange 

becomes less steep (Smyth and Hay, 2003).Thus, the observed spectral results as stated in Table 

2 reveals the existence of small eddy turbulence for the mixing of various algal strains/species 

in the remaining dataset. 

 

 
 
Figure 3: Wavenumber spectra of the velocity components (PWP), where blue is the East component (u), 

magenta is the North component (v) and green is the vertical component (w). The black line shows the -5/3 
gradient of the energy dissipation equation 

 
 

 
 

Figure 4: Wavenumber spectra of the velocity components (JNP), where blue is the East component (u), 
magenta is the North component (v) and green is the vertical component (w). The black line shows the -5/3 

gradient of the energy dissipation equation 
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Table 2: Spectral Analysis results and TKE estimations at all sampling locations of PWP and JNP 
 

ADV 
Location 

Spectral Inertial 
Range 

subrange 
spectral 

slope for u 

subrange 
spectral 

slope for v 

subrange 
spectral 

slope for 
w 

TKE Remark 

PWP17 1/3 < k < 1/0.08 -5/4 -5/3 -5/2 22752 - 
PWP18 1/0.8 < k < 

1/0.08 
-5/3 -5/3 -5/3 13772 - 

PWP19 1/0.7 < k < 
1/0.08 

-5/3 -5/4 -5/3 8568 - 

PWP20 1/3 < k < 1/0.08 -5/3 -5/4 -5/3 12658 - 
PWP21 1/0.9 < k < 

1/0.08 
-5/3 -5/4 -5/4 66846 Max TKE 

PWP22 1/1 < k < 1/0.08 -5/3 -5/3 -5/3 15362 - 
PWP23 1/2 < k < 1/0.08 -5/3 -5/3 -5/2 6985 Min TKE 
PWP24 1/2 < k < 1/0.08 -5/3 -5/3 -5/3 16898 - 
JNP09 1/2 < k < 1/0.08 -5/13 -5/14 -5/15 1340876 Max TKE 
JNP10 1/1 < k < 1/0.08 -5/7 -5/6 -5/3 220680 - 
JNP11 1/3 < k < 1/0.08 -5/2 -5/4 -5/3 22980 - 
JNP12 1/3 < k < 1/0.08 -5/4 -5/4 -5/3 76034 - 
JNP13 1/1 < k < 1/0.08 -5/4 -5/4 -5/3 161941 - 
JNP14 1/3 < k < 1/0.08 -5/3 -5/3 -5/3 18980 - 
JNP15 1/3 < k < 1/0.08 -5/3 -5/3 -5/3 6058 Min TKE 
JNP16 1/3 < k < 1/0.08 -5/3 -5/3 -5/3 17297 - 

 
 
 

 
 

Figure 5: Time series showing the TKE shear stress at all measurement locations (PWP). 
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Figure 6: Time series showing the TKE shear stress at all measurement locations (JNP) 
 
 

Turbulent Kinetic Energy (TKE) of the operational conditions were evaluated. The concept of 

TKE is often used when considering hydrodynamic properties of a system because, in general, 

TKE is a measure of how much energy is available for movement. In this scenario, it acts as an 

energy-generation (i.e. kinetic energy) term within the system. Therefore, a higher TKE value 

will increase mixing performance. The mean TKE value for the two different operating 

conditions were shown in Figure 5 and 6. The time series of Turbulent Kinetic Energy (TKE) 

for all the observed measurements indicated that enough shear stress (i.e. values >6000 N/m2 

of TKE estimations) was generated by the small eddy fluid turbulent structures to result in 

mixing microalgae. In more detail, ADV located at PWP21 showed the highest TKE among all 

other measurement locations. This could be related to the region where fluid turbulent boundary 

layer (TBL) was fully developed. On the other hand, the minimum TKE was observed at PWP 
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23. This is the far furthermost location from the outlet of the Paddle Pump which allowed the 

fluid flow to dissipate the TKE and edge effect of the pond, and eventually resulting being less 

energetic.  

In the case of JPN, the highest TKE was observed at the JNP 09 location. As this location was 

next to the jet outlet, such high TKE value was expected.  On the other hand, the JNP 15 showed 

the lowest TKE zone among all other measurements in the JPN experiments. Comparing both 

the PWP and JNP experiments, overall it was found that all the measured ADV locations 

indicated higher TKE in the JNP in comparison to that of PWP which suggest that the JNP is 

also a better choice for turbulence mixing.  

4.4.5 Significance of this study and conclusion 

 
As highlighted earlier, turbulence mixing plays a vital role in the mass cultivation of microalgae 

as it facilitates the exposure of cells to fluctuating light regimes and decreases the boundary 

layer for improved exchange rate (i.e. CO2 and nutrients) between the algae and its environment 

(Garcia et al., 2000). Through this study, we compared and evaluated the efficiency of two 

different vertical mixing techniques such as paddlewheel (PWP) and jet nozzles (JNP) on the 

cultivation of microalgae in undiluted ADPE. Overall, both mixing systems successfully 

established the growth of the microalgae consortium in ADPE. Nonetheless, the population and 

concentration of microalgae was found to differ in both systems whereby diatoms were absence 

in the JNP while the concentration of Cyanobacteria and Chlorella sp. was higher in the JNP 

than the PWP during the experimental period. Overall, it was found that the JNP was more 

efficient than the conventional PWP in terms of turbulence mixing based on the higher TKE 

values, higher algae cellular concentration and also the significantly higher ammonium removal 

rates recorded in the JNP over the PWP. In conclusion, based on the higher turbulence, cell 

density mixing and ammonium removal rates, it can be suggested that JNP was more efficient 
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for the direct cultivation of microalgae in undiluted ADPE than PWP for cultivation of 

microalgae and the removal of nutrients. Nevertheless, there is still significant room for further 

research on optimizing the operations of JNP to establish and improve the productivity of 

microalgae in undiluted ADPE. In addition, further in depth techno-economic analysis on the 

energy requirement and overall costing of establishing such jet mixed pond is most certainly 

needed to evaluate such integrated system.  

4.5 References 

 
Ayre, J. 2013. Microalgae culture to treat piggery anaerobic digestion effluent, Honours 

thesis, Murdoch University. 
 
Ayre, J.M., Moheimani, N.R., Borowitzka, M.A. 2017. Growth of microalgae on undiluted 

anaerobic digestate of piggery effluent with high ammonium concentrations. Algal 
Research, 24, 218-226. 

 
Barbosa, M.J., Albrecht, M., Wijffels, R.H. 2003. Hydrodynamic stress and lethal events in 

sparged microalgae cultures. Biotechnology and bioengineering, 83(1), 112-120. 
Baumert, H.Z., Simpson, J., Sündermann, J. 2005. Marine turbulence: theories, observations, 

and models. Cambridge University Press. 
 
Becker, E.W. 1994. Microalgae Biotechnology and Microbiology. 4th ed. Cambridge 

University Press, Northants. 
 
Ben-Amotz, A., Avron, M. 1992. Dunaliella: physiology, biochemistry, and biotechnology. 

CRC press. 
 
Bendat, J. S. & Piersol, A. G. 2011. Random data: analysis and measurement procedures, 

John Wiley & Sons 
 
Biron, P.M., Robson, C., Lapointe, M.F., Gaskin, S.J. 2004. Comparing different methods of 

bed shear stress estimates in simple and complex flow fields. Earth Surface Processes 
and Landforms, 29(11), 1403-1415. 

 
Bobco, N. 2014. Optimized analysis of variable chlorophyll fluorescence in algal physiology 

under stress conditions: measuring nothing with confidence, California State 
University Monterey Bay. 

 
Borowitzka, M.A. 2005. Culturing microalgae in outdoor ponds. . in: Algal Culturing 

Techniques, , (Ed.) A. Anderson, Academic Press,. London, , pp. 205-17. 
 
Borowitzka, M.A. 1998. Limits to growth. in: Wastewater treatment with algae, (Eds.) Y.S. 

Wong, N.F.Y. Tam, Springer. Berlin, pp. 203-218. 



101 
 

 
Borowitzka, M.A. 2001. Phycology. in: eLS, John Wiley & Sons, Ltd. 
 
Borowitzka, M.A., Moheimani, N.R. 2012. Open pond culture systems. in: Algae for biofuels 

and energy, (Eds.) M.A. Borowitzka, N.R. Moheimani, Springer. New York, USA,. 
 
Boruff, B.J., Moheimani, N.R., Borowitzka, M.A. 2015. Identifying locations for large-scale 

microalgae cultivation in Western Australia: A GIS approach. Applied Energy, 149, 
379-391. 

 
Cai, T., Park, S.Y., Li, Y. 2013. Nutrient recovery from wastewater streams by microalgae: 

status and prospects. Renewable and Sustainable Energy Reviews, 19, 360-369. 
 
Chisti, Y. 2016. Large-scale production of algal biomass: raceway ponds. in: Algae 

Biotechnology, Springer, pp. 21-40. 
 
Christenson, L., Sims, R. 2011. Production and harvesting of microalgae for wastewater 

treatment, biofuels, and bioproducts. Biotechnology advances, 29(6), 686-702. 
 
Cosgrove, J., Borowitzka, M. 2006. Applying Pulse Amplitude Modulation (PAM) 

fluorometry to microalgae suspensions: stirring potentially impacts fluorescence. 
Photosynthesis Research, 88(3), 343-350. 

 
Delrue, F., Álvarez-Díaz, P.D., Fon-Sing, S., Fleury, G., Sassi, J.-F. 2016. The environmental 

biorefinery: Using microalgae to remediate wastewater, a win-win paradigm. 
Energies, 9(3), 132. 

 
Emery, W. J. & Thompson. 2001. Chapter 4 - The Spatial Analyses of Data Fields. Data 

Analysis Methods in Physical Oceanography, Elsevier Science, Amsterdam, 305-370, 
2001. 

 
Ferziger, J. 2005. 'Turbulence: its origins and structure', In: Baumert, H.Z, Simpson, J.H & 

SUNDERMANN, J. (eds.) Marine Turbulence: Theories, Observations and Models. 
Cambridge University Press, Cambridge. 

 
French, J. R. & Clifford, N. J. 1992. Characteristics and ‘event-structure’ of near-bed 

turbulence in a macrotidal saltmarsh channel.  Estuarine, Coastal and Shelf Science, 
34, 49-69, doi.org/10.1016/S0272-7714(05)80126-X. 

 
Garcia, J., Mujeriego, R., Hernandez-Marine, M. 2000. High rate algal pond operating 

strategies for urban wastewater nitrogen removal. Journal of Applied Phycology, 
12(3), 331-339. 

 
George, R., Flick, R.E., Guza, R. 1994. Observations of turbulence in the surf zone. Journal 

of Geophysical Research: Oceans, 99(C1), 801-810. 
 
Grobbelaar, J.U. 1994. Turbulence in mass algal cultures and the role of light/dark 

fluctuations. Journal of Applied Phycology, 6(3), 331-335. 
 



102 
 

Hino, M., Kashiwayanagi, M., Nakayama, A., Hara, T. 1983. Experiments on the turbulence 
statistics and the structure of a reciprocating oscillatory flow. Journal of Fluid 
Mechanics, 131, 363-400. 

 
Kim, S.-C., Friedrichs, C., Maa, J.-Y., Wright, L. 2000. Estimating bottom stress in tidal 

boundary layer from acoustic Doppler velocimeter data. Journal of Hydraulic 
Engineering, 126(6), 399-406. 

 
Kularatne, S. & Pattiaratchi, C. 2008. Turbulent kinetic energy and sediment resuspension 

due to wave groups. Continental Shelf Research, 28, 726-736, 
doi:10.1016/j.csr.2007.12.007,. 

 
Kolmogorov, A.N. 1941. The local structure of turbulence in incompressible viscous fluid for 

very large Reynolds numbers. Dokl. Akad. Nauk SSSR. pp. 299-303. 
 
Maxwell, K., Johnson, G.N. 2000. Chlorophyll fluorescence-a practical guide. Journal of 

Experimental Botany, 51(345), 659-668. 
 
Moheimani, N., Borowitzka, M. 2006. The long-term culture of the coccolithophore 

Pleurochrysis carterae (Haptophyta) in outdoor raceway ponds. journal of applied 
phycology, 18(6), 703-712. 

 
Moheimani, N. R., Borowitzka, M. A., Isdepsky, A. & Sing, S. F. 2013. Standard methods for 

measuring growth of algae and their composition. Algae for Biofuels and Energy. 
Springer. 

 
Molinuevo-Salces, B., García-González, M.C., González-Fernández, C. 2010. Performance 

comparison of two photobioreactors configurations (open and closed to the 
atmosphere) treating anaerobically degraded swine slurry. Bioresource technology, 
101(14), 5144-5149. 

 
Nwoba, E.G., Ayre, J.M., Moheimani, N.R., Ubi, B.E., Ogbonna, J.C. 2016. Growth 

comparison of microalgae in tubular photobioreactor and open pond for treating 
anaerobic digestion piggery effluent. Algal Research, 17, 268-276. 

 
Parkhill, J.P., Maillet, G., Cullen, J.J. 2001. Fluorescence‐based maximal quantum yield for 

PSII as a diagnostic of nutrient stress. Journal of Phycology, 37(4), 517-529. 
 
Parsheh, M., Smith, J., Strutner, S., Radaelli, G. 2014. Systems, methods, and media for 

circulating fluid in an algae cultivation pond, Google Patents. 
 
Pope, N., Widdows, J., Brinsley, M. 2006. Estimation of bed shear stress using the turbulent 

kinetic energy approach—a comparison of annular flume and field data. Continental 
Shelf Research, 26(8), 959-970. 

 
Raes, E., Isdepsky, A., Muylaert, K., Borowitzka, M., Moheimani, N. 2014. Comparison of 

growth of Tetraselmis in a tubular photobioreactor (Biocoil) and a raceway pond. 
Journal of applied phycology, 26(1), 247-255. 

 



103 
 

Ralph, Gademann, Larkum, KÃ¼hl. 2002. Spatial heterogeneity in active chlorophyll 
fluorescence and PSII activity of coral tissues. Marine Biology, 141(4), 639-646. 

 
Rawat, I., Ranjith Kumar, R., Mutanda, T., Bux, F. 2011. Dual role of microalgae: 

Phycoremediation of domestic wastewater and biomass production for sustainable 
biofuels production. Applied Energy, 88. 

 
Richardson  L. F. (1922). Weather prediction by numerical process: Cambridge University 

Press. 
 
Sanz-Luque, E., Chamizo-Ampudia, A., Llamas, A., Galvan, A., Fernandez, E. 2015. 

Understanding nitrate assimilation and its regulation in microalgae. Frontiers in plant 
science, 6. 

 
Smyth, C., Hay, A.E. 2003. Near‐bed turbulence and bottom friction during SandyDuck97. 

Journal of Geophysical Research: Oceans, 108(C6). 
 
Taylor, G. I. 1938. The spectrum of turbulence.  Proceedings of the Royal Society of London 

A: Mathematical, Physical and Engineering Sciences,. The Royal Society, 476-490. 
 
Thomas, W.H., Gibson, C.H. 1990. Effects of small-scale turbulence on microalgae. Journal 

of Applied Phycology, 2(1), 71-77. 
 
Zhou, W., Chen, P., Min, M., Ma, X., Wang, J., Griffith, R., Hussain, F., Peng, P., Xie, Q., Li, 

Y. 2014. Environment-enhancing algal biofuel production using wastewaters. 
Renewable and sustainable energy reviews, 36, 256-269. 

 
Zhou, W., Min, M., Li, Y., Hu, B., Ma, X., Cheng, Y., Liu, Y., Chen, P., Ruan, R. 2012. A 

hetero-photoautotrophic two-stage cultivation process to improve wastewater nutrient 
removal and enhance algal lipid accumulation. Bioresource Technology, 110, 448-455. 

 




