
 

 

 

 

 

Enhancing the performance of wastewater microalgae through 

chemical and physical modifications in High Rate Algal Ponds 

 

 

A thesis submitted in partial fulfilment of the requirements for the Degree 

of Doctor of Philosophy in Environmental Science 

in the Biological School, University of Canterbury 

by Donna Lee Sutherland  

2015 

 

  



 

  



 

Acknowledgements 
 

The journey towards completing this thesis was not travelled alone, with many people 

supporting, inspiring and encouraging me along the way. It has been a privilege to have the 

fab four supervisory team to guide me through my PhD journey. Their support, advice and 

enthusiasm for my research has enabled me to exceed my expectations. 

Dr Rupert Craggs - I would like to express my gratitude to Rupert for seeing the 

potential in me long before I could and for providing the opportunity to make this PhD a 

reality. It has been an honour to work alongside Rupert and be part of his research team. Life 

tossed a few challenges my way while completing this journey and Rupert’s support and 

patience helped to get me through. A special thank you for keeping a sense of humour when I 

lost mine. 

Adjunct Prof. Clive Howard-Williams – Many thanks to Clive for taking time out of 

his crazy busy world to be part of my supervisory team. Clive was my primary resource for 

getting my science questions answered and provided insightful discussions and suggestions 

that has helped to develop my scientific thinking.  

Prof. Matthew Turnbull – Matthew’s support, encouragement and enthusiasm over the 

past three years has helped me immensely.   

Dr. Paul Broady – From the very first “I am Mr Algae” lecture in undergrad, Paul 

sparked my interest in the microscopic world of algae. Paul’s speedy and thorough revisions 

made getting through the write-up a lot easier.  

Funding for this study was provided through NIWA’s MBIE funded project – 

Wastewater Algal Biofuel Programme. The financial support was greatly appreciated. 



 

Several of the experiments would not have been possible without the assistance of 

Andrew McDonald, Marie Beringer and Valerio Montemezzani running the Ruakura 

Wastewater Treatment Research Centre.   

To my friends, the awesome pirates, the bad boys club and the early morning gym 

crew, thank you for all the laughs and adventures along the way as well as the support and 

encouragement.  

Finally, to my mother and Bailey, for their love and support that helped me complete 

this journey. 

Fear says…no you can’t, determination says…yes you can, 

results say…I told you so. 

  



 

Contents 

Abstract .......................................................................................................................... 1 

1. Introduction ................................................................................................................. 13 

1.1     Background........................................................................................................... 13 

1.2     High rate algal ponds ............................................................................................ 16 

1.3     Limitations to microalgal photosynthesis and productivity  ................................ 18 

1.4     Overcoming limitations to microalgal photosynthesis and productivity  ............. 25 

1.5     Research questions ............................................................................................... 37 

1.6     Thesis structure ..................................................................................................... 40 

2. Original papers ........................................................................................................... 49 

I. Seasonal variation in light utilisation, biomass production and nutrient removal 
by wastewater microalgae in a full-scale high rate algal pond  .......................... 49 

II.  The effects of CO2 addition along a pH gradient on wastewater microalgal photo-
physiology, biomass production and nutrient removal ...................................... 81 

III.  Frequency of CO2 supply affects wastewater microalgal photosynthesis, 
productivity and nutrient removal efficiency in mesocosms: Implications for full-
scale high rate algal ponds  ............................................................................... 129 

IV.  Effects of two different nutrient loads on microalgal production, nutrient removal 
and photosynthetic efficiency in pilot-scale wastewater high rate algal ponds 
 .......................................................................................................................... 157 

V. Increased pond depth improves algal productivity and nutrient removal in 
wastewater treatment high rate algal ponds ..................................................... 183 

VI.  Modifying the light environment through pond depth, hydraulic retention time 
and vertical mixing on and its effects on light absorption and photosynthesis in 
wastewater treatment high rate algal ponds ..................................................... 213 

VII.  Wastewater microalgal production, nutrient removal and physiological 
adaptation in response to changes in mixing frequency  .................................. 241 

 

 



 

 

3. Synopsis and conclusions ...................................................................................... 271 

3.1     Synopsis .............................................................................................................. 271 

How does photosynthetic efficiency, nutrient removal and biomass production 
vary over seasonal scales in full-scale wastewater high rate algal ponds? [Paper 
I]   .................................................................................................................... 271 

Can modifying the chemical environment improve the performance of 
wastewater microalgae in terms of light absorption and utilisation, biomass 
production and nutrient removal? [Papers II, III]  ......................................... 273 

Can modifying the light climate within the pond, through physical processes, 
improve the photosynthetic performance of the microalgae, leading to increased 
biomass production and nutrient removal? [Papers V, VI]   ........................... 276 

How does the frequency of input events affect the performance of wastewater 
 treatment high rate algal ponds? [Papers III, VII]  ........................................ 279 

 

3.2     Conclusions ........................................................................................................ 282 

3.3     Future work  ....................................................................................................... 285 

4. References ................................................................................................................. 289 
 

 



1 

Abstract 
High rate algal ponds (HRAPs) are an advanced pond that provide efficient and cost-

effective wastewater treatment, as well as the ability to recover nutrients in the form of 

microalgal biomass. Microalgal photosynthesis, nutrient uptake and subsequent growth, 

coupled with aerobic bacteria degradation of organic compounds, are fundamental to the 

process of wastewater treatment in HRAPs, yet are often limited in these ponds and, in 

particular, microalgal photosynthesis is well below the reported theoretical maximum. 

Understanding how the physico-chemical environment affects microalgal performance is 

therefore critical to improved wastewater treatment and nutrient recovery, yet has been the 

subject to few studies to date. This research focused on the enhancement of microalgal photo-

physiology, growth and nutrient removal efficiency (NRE) through modification to the 

physical and chemical environment in wastewater HRAPs. In this study, I first examined the 

seasonal dynamics of microalgal performance in full-scale wastewater HRAPs. While both 

retention-time corrected chlorophyll biomass and photosynthetic potential increased from 

winter to summer, the summer-time performance was considered to be constrained, as 

indicated by the decreased light absorption, light conversion efficiency and NRE. The 

physico-chemical environment in the full-scale HRAPs were characterised by high day-time 

pH, high light attenuation and long, straight channels with low turbulence. This led to 

questions regarding 1) effects of nutrient supply, in particular carbon and 2) the role of the 

HRAP light climate on microalgal performance. I addressed these questions using a series of 

experiments that involved either changing the nutrient concentration and its supply or by 

modifying the light environment, through changes in pond operational parameters including 

CO2 addition, influent dilution, pond depth, hydraulic retention time (HRT), mixing speed 

and frequency.  The overall results from these experiments showed that carbon was the 

primary and light the secondary limiting factors of microalgal performance. These limitations 
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negatively affected light absorption, photosynthesis, productivity and NRE. While each 

operational parameter tested impacted on microalgal performance, to some degree, CO2 

addition had the greatest influence on light absorption, photosynthetic efficiency and 

productivity, while continuous mixing had the greatest effect on NRE. Adding CO2 increased 

light absorption by 110% and 128%, maximum rate of photosynthesis by 185% and 218% 

and microalgal biovolume by between 150 – 256% and 260 – 660% (species specific), when 

cultures were maintained at pH 8 and 6.5, respectively. Providing sufficient mixing to 

achieve continuous turbulence enhanced NRE by between 300 – 425% (species specific), 

increased biomass concentrations between 150% and 4000% (species specific) compared to 

intermittent and no mixing, respectively, and increased harvest-ability of colonial species. 

However, at present, both CO2 addition and mechanical mixing attract high capital and 

operational costs. Modification to these technologies would be required to meet the 

objectives of cost-effective wastewater treatment and biofuel production. A more immediate 

and cost-effective solution demonstrated in this study was the altering pond depth, influent 

concentration and HRT. Doubling pond depth from 200 to 400 mm increased both microalgal 

nutrient removal and photosynthetic efficiencies which led to areal productivity increasing by 

up to 200%. When increased pond depth was coupled with decreased HRT, light absorption 

and photosynthetic performance further increased due to decreased internal self-shading and 

improved pond light climate. For nutrients, high influent loads increased productivity, while 

moderate loads increased effluent water quality. Overall, this work demonstrated that 

optimising the chemical and physical environment of wastewater treatment HRAPs (CO2 

addition to maintain pH at 6.5 – 7, 400 mm pond depth, continuous mixing with vertical 

speed of 200 mm s-1, moderate nutrient load (15- 30 g m-3) and moderate HRT (4 / 6 days 

summer / autumn) can enhance microalgal biomass productivity, nutrient recovery as well as 

improve effluent water quality, particularly during summer when growth can be constrained.  
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1.1 Background 

The discharge of excess nutrients from poorly treated wastewater can result in 

eutrophication of the receiving waters and negatively impact on its aesthetic, biological, 

recreational and economic values. The concern over declining water quality has led to more 

stringent regulations governing the quality of wastewater discharge. As a result of this, there 

has been a move away from treating wastewater for biological oxygen demand (BOD) only, 

and a move towards wastewater treatment technologies that allow for the removal and 

potential recovery of nutrients, particularly nitrogen and phosphorus (Cai et al. 2013). 

Conventional facultative wastewater pond systems currently used worldwide are cost-

effective and require little maintenance (Craggs et al. 2014). While these ponds have 

generally performed well in terms of wastewater organic solids removal (BOD removal), the 

removal of nutrients and disinfection are highly inconsistent and therefore unlikely to meet 

more stringent regulations starting to be applied to discharge consents (Hickey et al. 1989, 

Davies-Colley et al. 1995, Craggs et al. 2003).  

High rate algal ponds (HRAP) form part of an advanced pond system first developed 

in the 1950s for the treatment of wastewater and nutrient recovery in the form of microalgal 

biomass (Oswald and Golueke 1960). The central concept behind HRAP wastewater 

treatment is that microalgae photosynthesis provides the necessary oxygen that drives aerobic 

bacterial degradation of organic compounds, which, in turn, provides the CO2 required for 

photosynthesis and subsequent nutrient uptake (Figure 1.1; Oswald 1988). The design of 

HRAPs allows for microalgae to grow profusely which enhances nutrient removal through 

assimilation into their biomass (Craggs 2005). This results in combined secondary and partial 

tertiary wastewater treatment within the HRAP (Rawat et al. 2011).  
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The effectiveness of HRAPs for wastewater treatment has been demonstrated with a 

wide range of wastewaters, including municipal, industrial and agricultural, and at a range of 

scales, including mesocosm, pilot scale and full-scale (Craggs et al. 2003, García et al. 2006,  

de Godos et al. 2009, Craggs et al. 2012, Cai et al. 2013). They have been shown to provide 

improved and more consistent wastewater treatment than facultative ponds, and higher 

microalgal productivity (Craggs et al. 2003, Craggs et al. 2011). Nitrogen removal rates 

between 60 - 75% have been reported in the literature in pilot-scale and full-scale HRAPs 

(Cromar and Fallowfield 1997, García et al. 2006, Park and Craggs 2011, Craggs et al. 2012). 

HRAPs are considered to be a cost effective upgrade of facultative pond systems and, in most 

instances, can be readily retrofitted into the existing facultative pond (Craggs et al. 2014).  

 

Figure 1.1 Schematic diagram of the microalgal / bacterial wastewater treatment process. 

Modified from Ferrell and Savisky-Reed (2010).  
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In addition to the enhanced wastewater treatment, HRAP systems have the added 

benefit of nutrient recovery from the wastewater, via algal biomass, for use as fertiliser, feed 

or as a feedstock for biofuel production (Benemann and Oswald 1996, Craggs et al. 2014). In 

recent years, the latter has received considerable attention (Rawat et al. 2011, Quinn et al. 

2011, Park et al. 2011a, Craggs et al. 2013). Microalgae are considered to be advantageous 

over traditional agricultural crops, due to high growth rates, ability to grow throughout the 

year and minimal land and water requirements relative to crop plants (Rawat et al. 2011). 

However, high capital costs for large-scale microalgal production for the specific purpose of 

biofuel precludes this from currently being an economically viable option (Benemann and 

Oswald 1996, Benemann 2008). The coupling of wastewater treatment with biofuel 

production is considered to be economically viable as costs associated with microalgal 

production and harvest are part of the wastewater treatment cost, essentially producing free 

feedstock for biofuel production (Benemann 2003, Rawat et al. 2011). While 

photobioreactors are capable of producing microalgal biomass at much higher concentrations 

than in HRAPs, earth-lined HRAPs are considered a more viable option for commercial-scale 

biofuel production due to their simpler design and construction as well as reduced capital and 

operational costs (Weissman et al. 1988, Hadiyanto et al. 2013). 

Fundamental to the success of both enhanced wastewater treatment and nutrient 

recovery, whether it be for feed, fertiliser or biofuel, is the optimisation of the performance of 

the microalgae both in terms of nutrient removal and productivity. In order to make 

wastewater algae for resource recovery financially viable, it is essential to achieve the highest 

biomass yields in the shortest possible time (Grobbelaar 2010). Despite HRAPs being an 

established technology, microalgal photosynthesis and productivity is still limited in these 

ponds and is well below the theoretical maximum. A number of publications estimate a 

theoretical maximum photosynthetic efficiency (defined in this instance as the conversion of 
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sunlight energy into biomass) of 10 - 13% of solar irradiance (Bolton and Hall 1991, 

Hambourger et al. 2009, Sing et al. 2013), although, others argue that the upper limit is closer 

to 5% (Benemann and Oswald 1996, Walker 2009).  Actual reported photosynthetic 

efficiencies are between 1 - 2% (Fontes 1987, Walker 2009, Stephenson et al. 2011).  While 

it remains to be seen if the theoretical maximum is achievable, there may be opportunities to 

further enhance microalgal biomass production and wastewater nutrient removal through 

improved operation of HRAPs. 

 

1.2 High rate algal ponds  

HRAPs are open channel, raceway ponds around which wastewater is gently 

circulated (Figure 1.2). The ponds are shallow, with reported water depths ranging from 0.2 

to 1.0 m (Park et al. 2011a). This shallow depth, coupled with high nitrogen and phosphorus 

loads from the wastewater, allows microalgae to proliferate to high biomass concentrations, 

with chlorophyll-a (Chl-a) biomass often in excess of 3000 mg m-3 (Craggs et al. 2012). A 

single paddlewheel is used to gently move the culture around the pond (average water 

velocity typically from 0.15 to 0.30 m s-1) and generates turbulent eddies that provide vertical 

mixing (Craggs et al. 2014). This enhances microalgal growth by ensuring frequent exposure 

of the cells to light, prevents sedimentation of the microalgal / bacterial flocs and enhances 

the diffusion of nutrients across the boundary layer surrounding the cell (Oswald 1988, 

Grobbelaar 2010, Hadiyanto et al. 2013). However, in large-scale operations, laminar flows 

and “dead zones” are common.  The magnitude of these increases with the length of the 

channel (Grobbelaar 2012). More recently, a CO2 addition sump has been included in the 

full-scale wastewater HRAP design to allow for carbon augmentation of the culture (Craggs 

et al. 2012). 
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Figure 1.2 Full-scale raceway high rate algal pond with a single paddlewheel for mixing and 

CO2 sump (upstream of paddlewheel).  

 

Organic nutrient loading rate, hydraulic retention time, pond depth, CO2 supply, as 

well as vertical and horizontal mixing velocities are the main operational parameters that can 

be modified in a HRAP (Craggs et al. 2014). These parameters are typically varied according 

to the climatic conditions and the physico-chemical environment within the pond as well as 

the effluent quality requirements set by regulatory agencies (Mara 1996). While HRAPs have 

been in use for a number of decades, the specific optimisation of these parameters for both 

wastewater treatment and biomass production has not been achieved (Rawat et al. 2011). In 

particular, given that reported photosynthetic efficiency is, at best, only 20% of the 

theoretical maximum, further research is necessary to understand how the operational 
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parameters impact on the physiology, photosynthetic capability and productivity of HRAP 

microalgae.   

 

1.3 Limitations to microalgal photosynthesis and productivity 

 Understanding microalgal physiology is fundamental to improved productivity and 

wastewater treatment in HRAPs as microalgal photosynthesis plays a key role in wastewater 

treatment (Grobbelaar 2000, Wilhelm and Jakob 2011). Several factors can impact on the rate 

and efficiency of microalgal photosynthesis, including light availability, temperature, nutrient 

load, carbon availability and pH.  

 

Light availability 

 Light limitation is regarded as one of the main controllers of microalgal performance 

in HRAPs (Larsdotter 2006a, Beardall and Raven 2013). While nutrients can be stored and 

recycled by the cell, photons can be absorbed only once and have to be instantaneously 

transformed into chemically bound energy, or dissipated out of the cell (Diehl et al. 2002). In 

order to maximise productivity, it is important to understand how the operation of HRAPs 

affects both the availability of light as well as the efficiency of light absorption and utilisation 

by the microalgae. Light reaching the surface of the pond varies on diurnal and seasonal 

scales. At any instant, the amount of light available for microalgal photosynthesis is governed 

by the degree of attenuation within the pond and by internal self-shading within the cell. 

Light passing through the water column declines exponentially with depth as the microalgae 

absorb or scatter the light. The high biomass concentration in HRAPs affects the amount of 

light that can reach the bottom of the pond, often with up to one third of the water column 
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receiving insufficient light to support net photosynthesis. High concentrations of non-

microalgal particulate matter in wastewater can further increase light attenuation (Borowitzka 

1998). This high attenuation means that cells near the surface are exposed to supersaturating 

light, requiring them to dissipate excess photons to prevent photo-damage, whereas cells near 

the bottom of the water column receive little to no light. In both instances, photosynthesis is 

suboptimal, negatively impacting on biomass yield. 

The efficiency of light absorption by a microalgal cell is a function of its size as well 

as its intracellular pigment concentration (Finkel et al. 2011). Pigments used by microalgae to 

capture light are organised in light harvesting antenna complexes (LHC) that are associated 

with the photosystem reaction centres (Kirk 1994). Light energy is absorbed by the pigments 

and is transferred to a reaction centre complex where photochemistry takes place. When light 

absorption exceeds the biochemical capacity of the reaction centre, the LHC dissipates the 

excess energy as heat or fluorescence (Goss and Jakob 2010). In order to facilitate this energy 

transfer, the photosynthetic membrane is tightly packed with pigment-binding proteins which 

can result in dense packaging of pigments within the LHC (Wilhelm and Jakob 2011). When 

light becomes limiting, microalgal cells increase their concentration of light harvesting 

pigments, in particular chlorophyll, in order to capture the available light. However, this can 

lead to internal self-shading, termed the “package effect”, where light absorption efficiency 

per unit chlorophyll decreases with increasing chlorophyll content (Figure 1.3; Kirk 1994, 

Wilhelm and Jakob 2011). In addition to light limitation, temperature and nutrient 

concentration can also modify the chlorophyll content of a cell, which, in turn, affects the 

chlorophyll specific light absorption and “package effect” (Sosik and Mitchell 1994, Stramski 

et al. 2002, Staehr et al. 2009). The degree in which the “package effect” will impact 

productivity varies from daily to seasonal scales and is dependent on the duration of the 

limitation event that increases this effect. 



 

1. Introduction 20 

 

Figure 1.3 Schematic diagram of pigment packaging in a microalgal light harvesting 

complex under low and high light condition.  

 

Carbon availability 

 Carbon is an essential resource for microalgal production, comprising approximately 

50% of its organic biomass, and growth can become limiting when the demand for carbon 

exceeds supply. During photosynthesis, light energy is initially converted into chemical 

energy, which is then used to assimilate CO2 for the formation of carbohydrate molecules. 

The stoichiometric formula for photosynthesis is: 

Light energy + 6H2O + 6CO2 = C6H12O6 + 6O2 

Heterotrophic metabolism of organic matter in the wastewater treatment HRAP results in the 

generation of CO2 which supplies an estimated 25 – 50% of the dissolved inorganic carbon 

(DIC) required by the microalgae (Borowitzka 1998). However, microalgal productivity in 

HRAPs is carbon limited due to the low carbon / nitrogen ratio of wastewater (typically 3:1) 

compared to microalgal biomass (typically 6:1) (Benemann 2003). Carbon limitation in the 



 

1. Introduction 21 

HRAPs is indicated by elevated daytime pH (Craggs et al. 2012). This, in turn, affects the 

inorganic carbon species equilibrium, with increased HCO3
- and CO3

2- and decreased CO2. 

Microalgae preferentially uptake CO2, through passive diffusion, rather than other DIC 

species which require active transport and the assistance of metabolically expensive carbon 

concentrating mechanisms (CCM) (Low-Décarie et al. 2014). Carbon limitation not only has 

a negative impact on both photosynthesis and biomass production but results in microalgae 

being unable to assimilate all the nitrogen from the wastewater into their biomass (Craggs et 

al. 2011).  

  

pH 

pH in HRAPs varies over the day, increasing with photosynthetic drawdown of 

carbon and decreasing overnight with respiration. Afternoon pH values above 10 are not 

uncommon, particularly during summer (Larsdotter 2006a, Craggs et al. 2011). High pH can 

negatively affect microalgal photosynthetic rates in a number of ways. As mentioned above, 

pH shifts the DIC species equilibrium with a reduction of available CO2 with increasing pH 

(Figure 1.4). For those species unable to utilise HCO3
- and CO3

2-, photosynthesis ceases at pH 

> 9, while species that can utilise these forms do so at a metabolic cost (Borowitzka and 

Moheimani 2013, Low-Décarie et al. 2014). Elevated pH also interferes with the cell’s ability 

to maintain the activity of the RuBisCO enzyme that catalyses photosynthetic carboxylation. 

This causes further limitation of the rate of photosynthesis (Reynolds 2009). 

High pH results in the dissociation of ammonium ion to free ammonia. Free ammonia 

concentrations of 34 and 51 g m-3 (at pH 9.5 and temperature 20 - 25oC) have been shown to 

reduce photosynthetic rates by 50 and 90% respectively, in dense cultures of three microalgal 

species (Azov and Goldman 1982). Effects of free ammonia on microalgal photosynthesis are 

further enhanced under high light intensities (Admiraal 1977), suggesting that photosynthesis 
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could be further inhibited by free ammonia during summer when rise in pH is the greatest. 

Elevated pH can also negatively impact photosynthesis and growth of microalgae through the 

alteration of membrane transport processes, metabolic function and uptake of trace metals 

(Clark and Flynn 2000). Flocculation of some microalgal species can occur under elevated 

pH, which may negatively impact on light absorption, photosynthesis and nutrient uptake 

(Borowitzka 1998). 
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Figure 1.4 Relative abundance of dissolved inorganic carbon species along a pH gradient. 

 

Elevated pH can also negatively impact on wastewater treatment through the 

inhibition of aerobic chemoheterotrophic bacteria, whose growth is increasingly inhibited at 

pH > 8.3 (Azov and Goldman 1982, Azov et al. 1982). This results in less organic matter 

being oxidised to CO2 by the bacteria, further exasperating carbon limitation and rising pH 

(Oswald 1988). Ammonia volatilisation and phosphate precipitation can have a major impact 
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on nutrient removal in HRAPs when culture pH is > 9, with up to 32% of DIN removal 

attributed to ammonia volatilisation (Azov and Goldmann 1982, García et al. 2000), although 

this was not observed in a full-scale wastewater HRAP despite the consistently high pH 

(Craggs et al. 2012). This may have been related to the long channels which lacked turbulent 

mixing. Nutrient removal by physico-chemical processes reduces the potential for nutrient 

recovery by microalgal assimilation.   

 

Temperature 

 Pond water temperature varies on both diurnal and seasonal scales, affecting both 

microalgal photosynthesis and respiration rates. Most microalgal species have an optimum 

temperature range between 15 – 25oC, and at temperatures above or below this range biomass 

yields are reduced. At sub-optimum temperatures, microalgal photosynthesis saturates at 

lower light intensities, whereas at supra-optimum temperatures respiration and 

photorespiration rates rapidly increase (Borowitzka 1998, Vonshak et al. 2001, Pulz 2001). 

Greater annual microalgal productivity was achieved when water temperature was maintained 

at optimum growth temperatures compared to uncontrolled temperatures in HRAPs in the 

Netherlands (Slegers et al. 2013). Variations in both temperature and solar radiation have 

been shown to affect nutrient removal rates of microalgae (Picot et al. 1994). Temperature 

also affects the solubility of gases in the pond water, including O2 and CO2, as well as pond 

pH.   
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Nitrogen and phosphorus concentration 

 Nitrogen (N) and phosphorus (P) are essential macronutrients for microalgal growth 

and the ratio of these nutrients is considered important for optimal growth in most aquatic 

ecosystems. N:P ratios can be used to predict nutrient limitation status, although 

concentrations, especially of P, can be difficult to interpret as far as what is actually available 

to the microalgae (Dodds 2003). For freshwater microalgae, N and P potentially co-limit 

production over a wide range of N:P ratios of ~ 10 to 30, while ratios above 30 suggest P 

limitation and below 10 suggest N limitation (Dodds 2003). Absolute concentrations of NH4-

N, within the range of 20 and 250 g m-3, did not affect the specific growth rate and maximal 

cell densities of Chlorella vulgaris (Tam and Wong 1996), however, when nitrogen was 

limiting, based on N:P ratios, cell division of C. vulgaris became inhibited, resulting in a 3 

fold decrease in biomass compared to cultures with stoichiometrically balanced N:P ratios 

(Mandalam and Palsson 1998). Improved nutrient removal and significantly greater biomass 

yields were achieved in a photobioreactor supplied with marine fish farm wastewater when N 

and P starting concentrations were stoichiometrically balanced (Michels et al. 2014). 

Nitrogen or phosphorus limitation can negatively impact on the primary productivity 

of microalgae. Parameters used to describe primary production, including photosynthetic 

efficiency under low light (α), the maximum rate of photosynthesis (����), as well as a cell’s 

ability to dissipate excess photon energy to prevent photodamage (NPQ), have been shown to 

be responsive to nutrient limitation, with photosynthesis decreasing and energy dissipation 

increasing with increasing N or P limitation (Kirk 1994, Rodriguez-Roman and Iglesias-

Prieto 2005, Petrou et al. 2008, Palmer et al. 2013).	Typical N:P ratios in wastewater suggest 

that phosphorus is rarely limiting algal growth but nitrogen may become limiting under 

certain conditions (Borowitzka 1998). However, nitrogen is only likely to limit growth in 

wastewater HRAPs when carbon and light are not limiting (Larsdotter 2006a). 
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 Both the N:P ratio and their absolute concentrations vary according to the wastewater 

characteristics. N and P load into the HRAP can affect the nutrient removal efficiency (NRE) 

and the overall water quality of the effluent discharge. Cromar and Fallowfield (1997) found 

that the amount of nutrient uptake by the microalgae was a function of absolute N and P 

loads. When loading was low all N and P were assimilated into the microalgal biomass, while 

loads above a certain threshold resulted in dissolved nutrients still present in the culture 

(Cromar and Fallowfield 1997). Similarly, Aslan and Kapdan (2006) found that N and P 

removal efficiencies varied depending on the nutrient concentration, light intensity, the N:P 

ratio and the microalgal species.  

 

1.4 Overcoming limitations to microalgal photosynthesis and productivity 

A number of the limitations to microalgal photosynthesis and productivity, described 

above, could potentially be mitigated through modifications to the pond design and operation 

and to the microalgae themselves, although not all options may be economically viable for 

full-scale systems. These modifications fall into three broad categories, biological, chemical 

and physical, and are discussed below.  

 

Biological 

Genetic engineering 

A number of laboratory based studies have looked at ways to improve the light 

utilisation efficiency of microalgae using genetic techniques. One area that has been the focus 

of some studies is the reduction of chlorophyll antenna size of the photosystem (Figure 1.5). 

Species with small chlorophyll antenna sizes have been shown to utilise light more efficiently 

and saturate at higher light intensities, resulting in 2-3 times higher productivity, than cells 
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with a normal sized antenna (Melis et al. 1999). A reduction in antenna size would reduce the 

amount of pigments contained in the LHC of the cell, thereby reducing the “package effect” 

and improving light distribution within the LHC (Simioato et al. 2013). While it is thought 

that reducing the antenna size and associated proteins could be achieved without affecting the 

photosynthetic performance of the photosystem, a major disadvantage is the reduction the 

cell’s ability to dissipate excess photon energy as antenna proteins play a central role in this 

(Simioato et al. 2013). This could lead to species with a reduced antenna being more 

vulnerable to photodamage.  

 

Figure 1.5 Schematic outline showing increased light absorption and transfer to the reaction 

centre with reduced size of the chlorophyll antennae.  
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RuBisCO activity is often a main rate limiting step in photosynthesis and improving 

its functionality is believed to increase light utilisation efficiency. Light saturation and 

dissipation results from limitations in the Calvin cycle, due to RuBisCO inefficiency and the 

enzymes required to regenerate its substrate (Stephenson et al. 2011). Genetic engineering of 

RuBisCO to increase enzymatic processes and to increase its specificity towards CO2 rather 

than O2 have been proposed as ways to overcome these limitations (Satagopan and Spreitzer 

2008, Stephenson et al. 2011). Genetic insertion of accessory pigments produced by other 

species, such as the phycobilin pigments produced by cyanobacteria, into desirable species to 

improve light absorption over the entire PAR spectrum has also been proposed as a means of 

improving biomass yields in HRAPs (Stephenson et al. 2011). While some attempts have 

been made towards genetic engineering of desirable characteristics in microalgae, there has 

so far been little success. Genetic engineering is currently an unrealistic option due to issues 

surrounding the use of genetically engineered species in outdoor ponds, including public 

perception and containment of the organisms, as well as contamination by more competitive 

wild strains. 

 

Species strain selection 

Another biological approach is strain selection of microalgae that have the desired 

characteristics, such as high photosynthetic efficiency, high CO2 affinity and carbon 

concentrating mechanisms, or tolerance of wide fluctuations in environmental variables 

(Grobbelaar 2000). Maintaining monocultures of particular species in an outdoor HRAP has 

proven difficult in the past, although recent research has demonstrated that long term species 

control could be achieved by recycling harvested desirable species back into the HRAP 

(Sheehan et al. 1998, Benemann 2008, Park et al. 2011b). 
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Chemical 

CO2 addition 

Addition of CO2 gas has been shown to enhance biomass production and nutrient 

removal in wastewater HRAPs through co-beneficial carbon supplementation and reduced 

pond water pH (Woertz et al. 2009, Park and Craggs 2010, 2011). While CO2 addition is 

standard practice in commercial algal production HRAPs, it is not currently used in 

wastewater HRAPs, with the exception of a few small scale experimental trials (Park et al. 

2011a).  Elevated CO2 concentration may reduce the photon cost of carbon assimilation as, in 

most cases, it supresses the activity of the carbon concentrating mechanism, which is 

energetically demanding, further increasing biomass yields (Clark and Flynn 2000, Beardall 

and Raven 2004).  

In addition to overcoming carbon limitation and pH effects, CO2 addition may lead to 

physiological changes in the cell that enhances both light absorption and utilisation. The 

addition of CO2 has been shown to have a positive effect on light absorption in marine 

diatoms with a reduction in chlorophyll content while simultaneously increasing the 

chlorophyll specific light absorption of the cell (Sobrino et al. 2008). Increased 

photosynthesis with decreased cellular chlorophyll content suggests major biochemical and 

physiological changes occur in microalgal cells under high CO2 conditions (Sobrino et al. 

2008).  The potential effects of CO2 addition on microalgal light absorption, photosynthesis 

and biomass concentration are summarised in Figure 1.6. 
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Figure 1.6 Schematic outline showing potential effects of CO2 addition on light absorption, 

photosynthesis (ps) and biomass concentration (as indicated by green gradient).  

 

Nutrient load 

Addition of the limiting nutrient to optimise N:P ratios for maximum biomass yield is 

cost prohibitive for most wastewater treatment systems. Some manipulation of N:P ratios can 

be achieved through practises such as dilution of influent with harvester effluent return, 

particularly if removal rates between N and P differ. However, this is unlikely to be sufficient 

enough to fully address limitations. Nutrient load is influenced by both the water quality 

characteristics of the wastewater as well as the hydraulic retention time. Changes in nutrient 

loads have been assessed in terms of nutrient removal rates, effluent water quality and 

biomass production. However, how nutrient load affects microalgal physiology, in particular 
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light absorption and utilisation, has not yet been investigated.  Changes in hydraulic retention 

time to alter nutrient loads is discussed below. The potential effects of nutrient load on 

photosynthesis and biomass concentration are summarised in Figure 1.7. 

 

 

Figure 1.7 Schematic outline showing potential effects of nutrient load on photosynthesis 

(ps) and biomass concentration.  

 

Physical 

Pond depth 

The depth of the culture, coupled with biomass concentration, determines the overall 

light climate within the pond and the proportion of the euphotic zone (i.e. portion of the water 

column where there is sufficient light to support net photosynthesis) relative to the total water 

column depth in the pond. While depth is recognised as being crucial for modifying the pond 
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light environment, as well as governing biomass concentration (Azov and Shelef 1982, 

Grobbelaar 2009), guidelines for HRAP operational depth are unclear. Optimum depths for 

HRAPs reported in the literature range from 15 -100 cm (Larsdotter 2006a, Park et al. 2011a, 

Grobbelaar 2013), while other recommendations include maintaining the HRAP as shallow as 

possible to provide the maximum amount of light to the microalgae (Kroon et al. 1989, 

Borowitzka 2005). While shallow ponds enhance the light climate, they also suffer from 

thermal instability due to greater temperature fluctuations than deeper ponds (Abeliovich 

1980). Both the available light within the pond and water temperature have been shown to 

affect microalgal productivity (Oswald 1996). A balance between improved light climate and 

thermal stability is therefore likely to be one of the key drivers for improving microalgal 

photosynthesis. Pond depth could be optimised based on an optimal areal density, however, 

the supporting capacity of the pond will vary with changes in growth limiting factors and, at 

present, our understanding on how these affect areal productivity is limited.  

Depth is limited by technical requirements, including the precision of ground levelling 

and the energy required by the paddlewheel to draw the water around the pond (Vonshak and 

Richmond 1988). Pond depth also influences land requirements, pond construction costs, 

pond operation as well as harvesting costs (Grobbelaar 2013). Available land is often limited 

in most countries and operating sufficient numbers of HRAPs at the shallowest pond depth 

may not be economically, or socially, viable. In order to reduce their footprint, wastewater 

HRAP systems have been designed to retrofit into existing facultative pond systems (Craggs 

et al. 2012, Craggs et al. 2014). With this in mind, there is a need to understand the 

performance of HRAPs with respect to optimising microalgal photosynthesis, NRE and areal 

productivity and the trade-offs with increasing pond depth. The potential effects of pond 

depth on light attenuation, biomass concentration and mixing depth are summarised in Figure 

1.8. 
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Figure 1.8 Schematic outline showing potential effects of pond depth on light attenuation, 

biomass concentration and mixing depth.  

 

Mixing 

Vertical mixing determines the amount and frequency of light exposure an individual 

microalgal cell experiences (Diehl 2002). In order to overcome the high light attenuation in 

HRAPs, mixing is essential as it ensures all cells are at least briefly exposed to saturating 

light at frequent time scales, allowing for high productivities to be supported in the light 

limited pond. Ideally, cells in the euphotic zone should be optimally exposed to light for the 

very short duration required for the light-reaction, then moved into the dark zone while being 

replaced by cells from the dark zone receptive to incoming photons (Richmond et al. 2003).  

Laminar flows, where vertical mixing becomes static, are common along the long channels of 
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full-scale HRAPs, and both photosynthetic efficiency and microalgal productivity can be 

reduced (Grobbelaar 2010).  

Several studies have successfully demonstrated that increased vertical mixing 

increased microalgal photosynthesis and productivity, due to increased light / dark cycles, 

termed the “flashing light effect” (Grobbelaar 1994, Sforza et al. 2012, Vejrazka et al. 2013). 

However, these studies were based on high frequency light fluctuations (< 100 ms), which 

are only achievable in photobioreactors or thin layer slope ponds with a light path length < 25 

mm (Grobbelaar 2010).  Under medium frequency light fluctuations (ranging from seconds to 

minutes), such as those expected in full-scale wastewater HRAPs, the effects of enhanced 

vertical mixing on photosynthesis and productivity have been less conclusive. Grobbelaar 

(1989) and Janssen et al. (2000) both found that photosynthesis was not enhanced by 

increased light /dark cycles of medium frequency, whereas Laws et al. (1983) recorded a 

doubling in photosynthetic conversion efficiency with the use of multiple foils to generate 

and sustain sufficient turbulence in a shallow (< 100 mm) outdoor pond. 

Surrounding each cell is a layer of water with reduced velocity termed the boundary 

layer, where the rate of nutrient diffusion and gas exchange between the cell and the 

environment is dependent on the thickness of this layer (Mostert and Grobbelaar 1987). 

Increased mixing can help facilitate nutrient uptake under limiting conditions, leading to 

enhanced growth (Pahlow et al. 1997, Ptacnik et al. 2003). Increased turbulence enhances the 

exchange rates of nutrients and metabolites between microalgal cells and their environment in 

photobioreactors (Grobbelaar 1994). When coupled with increased medium frequency light / 

dark cycles, the increased exchange of nutrients resulted in higher productivity and 

photosynthetic efficiency.  
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Mixing also prevents sedimentation of cells on the bottom of the ponds Sedimentation 

losses are generally inversely related to the mixing depth and can be extremely high in very 

shallow mixed layers (Reynolds 1984a, Visser et al. 1986). Larger, heavier colonies and flocs 

are considered desirable over smaller colonies or single-cell microalgae due to their relative 

ease of harvesting through simple gravity sedimentation (Park et al. 2011b). The challenge is 

to provide sufficient vertical mixing often enough in a full-scale HRAP to ensure these heavy 

colonies remain entrained in the water column in the pond. Colony size also influences the 

“package effect”, with decreasing light absorption efficiency with increasing colony size, 

while nutrient and gas exchanges decrease (Kirk 1994, Raven and Kübler 2002). Mixing 

frequency, as well as the mixing velocity, is likely to play a critical role for maintaining 

desirable large colonies in HRAPs.  Understanding how the frequency of mixing events 

affects the performance of microalgae, including photosynthesis, productivity, NRE, as well 

as physiological and morphological adaptations, is important for enhancing wastewater 

treatment and biomass yields. The potential effects of increased vertical mixing on colony 

size and biomass concentration are outlined in Figure 1.9. 
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Figure 1.9 Schematic outline showing potential effects of increased vertical mixing on 

colony size, and biomass concentration.  

 

Hydraulic retention time 

The hydraulic retention time (HRT) modifies the biomass concentration in a pond by 

either allowing or preventing biomass accumulation on respectively longer or shorter HRT. 

Reduced biomass concentration allows more light to penetrate deeper into the water column 

and increases the efficiency with which incident photons are used within the culture (Beardall 

and Raven 2013). HRT in wastewater HRAPs typically varies between 3 – 9 days, depending 

on the season and latitude. HRT can be altered by modifying pond depth, which will further 

modify the light climate in the pond, or through dilution with harvester effluent. Altering the 

HRT will also affect the nutrient load into the HRAP as well as the water quality of the 

effluent, by affecting the total nitrogen removed by the microalgae (García et al. 2000). Park 

and Craggs (2010, 2011) demonstrated that both increased biomass yield and improved 



 

1. Introduction 36 

effluent water quality could be achieved in summer by decreasing HRT through dilution with 

harvester effluent return, compared to operating ponds at longer HRT. While the effects of 

HRT and nutrient loads have been investigated with respect to nutrient removal and biomass 

production, their effects on microalgal physiology have not yet been investigated. The 

potential effects of HRT on light attenuation and biomass concentration are outlined in Figure 

1.10. 

 

Figure 1.10 Schematic outline showing potential effects of increased hydraulic retention time 

on biomass concentration and light attenuation.  

This introduction is based on the following paper: 

Sutherland DL, Howard-Williams C, Turnbull MH, Broa dy PA, Craggs RJ (2014) 

Enhancing microalgal photosynthesis and productivity in wastewater treatment High 

Rate Algal Ponds for biofuel production. Bioresource Technology.   
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1.5 Research questions 

As outlined in the foregoing discussion, algal production in wastewater treatment 

HRAPs is potentially an economically viable feedstock for biofuel production. Increasing 

biomass yield is still regarded as a top priority to make microalgal biofuel a commercial 

reality. Both light absorption and utilisation by microalgae is limited in wastewater HRAPs 

and improvements of these will, undoubtedly, increase biomass yield. Light absorption and 

utilisation could potentially be manipulated biologically, chemically and / or physically. Pond 

operation parameters that alter the chemical and physical environment to enhance microalgal 

performance offer an immediate and cost-effective solution. 

The main hypothesis of this investigation was: 

“Microalgal photo-physiology, growth and nutrient removal efficiency can be 

enhanced through modifications to the physical and chemical environment in wastewater 

high rate algal ponds.” 

As far as I can ascertain, no previous studies have examined the role of the chemical 

and physical environment in wastewater HRAPs on the performance of microalgae with 

respect to light absorption and utilisation, as well as nutrient removal and biomass 

production. Therefore my first question was: 

1. How does photosynthetic efficiency, nutrient removal and biomass production vary 

over seasonal scales in full-scale wastewater high rate algal ponds?  

Subsequent research questions stem directly from the results of this study, in which I 

found that summer-time photosynthesis and productivity was inhibited, potentially by carbon 

limitation. For the rest of the year, biomass production was correlated, in part, to the daily 
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light history of the microalgae, which is influenced by the pond light climate. This led to the 

subsequent research questions: 

2. Can modifying the chemical environment improve the performance of wastewater 

microalgae in terms of light absorption and utilisation, biomass production and 

nutrient removal? 

Of the chemical parameters identified as potentially impacting on microalgal 

productivity, nutrient supply and pH are the two most practical modifications that can be 

made in a full-scale system. With this in mind, there were two main aspects to consider when 

approaching this research question. Firstly, I could examine how the morphology and 

physiological performance of microalgae varied with co-varying carbon and pH along a 

concentration gradient. Once effects of carbon and pH limitations were addressed, the second 

approach was to examine the role of primary nutrient load (nitrogen and phosphorus) on the 

performance of wastewater HRAP microalgae, with an emphasis on photosynthetic 

efficiency, biomass production and nutrient removal.  

Altering nutrient supply and pH to achieve a more favourable chemical environment 

is likely to result in increased microalgal photosynthesis and productivity which, in turn, will 

lead to a reduction in the light climate within the pond. From the perspective of the light 

climate within the HRAP, this led to a third question:  

3. Can modifying the light climate within the pond, through physical processes, 

improve the photosynthetic performance of the microalgae, leading to increased 

biomass production and nutrient removal? 

With several operational parameters capable of modifying the light climate within the 

pond, this question could be tackled from a number of perspectives. With cost-effectiveness 

one of the main objectives for coupled wastewater treatment and biofuel production the first 
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priority was to evaluate how changes to pond depth could impact on the light path length and 

light attenuation and how this affected microalgal physiology and productivity, as well as 

wastewater treatment objectives. The next aspect to examine was the role of depth, HRT and 

vertical mixing speed on light absorption and utilisation by the microalgae.  

Overcoming chemical and physical environmental limitations in HRAPs is likely to 

have a positive effect on microalgal physiology and productivity, which led to the fourth 

question:   

4. How does the frequency of input events affect the performance of wastewater 

treatment high rate algal ponds? 

In a full-scale HRAP with a single paddlewheel and CO2 addition sump, the 

frequency of mixing events or CO2 addition are governed by the circuit time of the HRAP 

(i.e. how long it takes for a parcel of water to travel a complete circuit of the pond). 

Assuming that microalgal physiology is enhanced with either CO2 addition or the mixing 

events, then the frequency of these events is likely to determine their success.   

In summary, the primary objective of this research was to identify pond operation 

parameters that can be readily modified to enhance light absorption and utilisation by the 

microalgae, with an emphases on achieving improved wastewater treatment and high biomass 

yields. However, it was not possible to assess all the permutations of the physical and 

chemical environment within a wastewater HRAP and how they affect microalgal physiology 

within the limitations of this investigation. It is hoped that the results reported here will 

improve understanding of microalgae in wastewater HRAPs and contribute to meeting the 

objectives of enhanced wastewater treatment and increased biomass yields. 
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1.6 Thesis structure 

I have structured my thesis as a series of standalone scientific papers intended for 

publication, thus there are some overlaps in the introduction and method sections between 

chapters. Following this introduction to the research (Part 1), the individual papers are 

presented in Part 2 (Sections I – VII) and are referred to throughout the text by their roman 

numerals. The papers fall into two broad categories, chemical and physical, as outlined in 

Figure 1.11. The individual papers and their journal citations are listed below, along with 

notes on their relevance to the research questions above. In Part 3, I provide a synopsis of the 

work as well as general discussion and conclusions. All references are collated into a single 

list in Part 4.  

 

I.  Sutherland DL, Howard-Williams C, Turnbull MH, Broa dy PA, Craggs RJ 

(2014) Seasonal variation in light utilisation, biomass production and nutrient 

removal by wastewater microalgae in a full-scale high rate algal pond. Journal of 

Applied Phycology 26, 1317-1329. 

This paper addresses the first research question of the thesis. It describes the 

performance of a full-scale wastewater HRAP with respect to wastewater treatment and 

biomass yield over the course of a year. The analysis compares photosynthetic efficiency, 

nutrient removal and biomass production over seasonal scales as well as comparing light 

absorption and photosynthetic efficiency to the mean light history and biomass concentration, 

respectively. The design of the experiment, the experimental work and analysis of results 

were undertaken by myself. I also undertook the manuscript writing / presentation for this 

paper.
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Figure 1.11 Outline of research papers in each category and their associated research question. 
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II.  Sutherland DL, Howard-Williams C, Turnbull MH, Broa dy PA, Craggs R.J  

(2015) The effects of CO2 addition along a pH gradient on wastewater microalgal 

photo-physiology, biomass production and nutrient removal. Water Research 70, 

9-26. 

The results of the analysis of seasonal full-scale HRAP performance in paper I 

indicated that summertime productivity and nutrient removal was constrained relative to the 

other seasons, with carbon limitation the likely cause.  In this paper I first examine the role of 

co-varying CO2 and pH on the performance of two distinct wastewater microalgal 

communities during summer. The first part of the experiment involved comparison of 

changes in colony size, total biovolume and biomass, chlorophyll a and b biomass per cell, 

and NRE along a CO2 / pH gradient (research question 2). In the second part, I examined the 

changes in photo-physiological performance of one of the wastewater microalgal 

communities in response to co-varying CO2 and pH. The analysis compared light absorption, 

electron transport rate and photosynthetic efficiency along a CO2 / pH gradient (research 

question 2). Due to the number of treatments, this experiment was undertaken in outdoor high 

rate algal mesocosms. The design of the experiment, the experimental work and analysis of 

results were undertaken by myself. I also undertook the manuscript writing / presentation for 

this paper. 
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III.  Sutherland DL, Howard-Williams C, Turnbull MH, Broa dy PA, Craggs R.J 

(2014) Frequency of CO2 supply affects wastewater microalgal photosynthesis, 

productivity and nutrient removal efficiency in mesocosms: Implications for full-

scale high rate algal ponds. Journal of Applied Phycology DOI 10.1007/s10811-

014-0437-9. 

In paper II, carbon addition was shown to have positive effects on light absorption 

and utilisation, as well as biomass production. In this paper I confirm the frequency required 

for carbon addition to maintain pH control and ensure sufficient carbon in a parcel of HRAP 

water to be of benefit to wastewater treatment and biomass production. This study is relevant 

to research question 4. As with paper II, this study was undertaken in outdoor high rate algal 

mesocosms during summer. The design of the experiment, experimental work, analysis of 

results and manuscript writing / presentation were undertaken by myself. 

IV.  Sutherland DL, Turnbull MH, Broady PA, Craggs RJ (2014). Effects of two 

different nutrient loads on microalgal production, nutrient removal and 

photosynthetic efficiency in pilot-scale wastewater high rate algal ponds. Water 

Research 66, 53-62. 

Following on from enhanced microalgal performance with increased carbon supply 

(paper II), I examined how microalgal photosynthesis, productivity and nutrient removal 

varies under two contrasting nitrogen and phosphorus loads during summer (research 

question 2). This experiment was carried out in pilot-scale HRAPs that were operated as part 

of the Ruakura Wastewater Treatment Research Centre, with the day to day operations of the 

ponds led by Andrew McDonald. The design of the experiment, experimental work, analysis 

of results and manuscript writing / presentation were undertaken by myself. 



 

1. Introduction 44 

V. Sutherland DL, Turnbull MH, Craggs RJ (2014). The effects of pond operation 

depth on photosynthesis, algal productivity and nutrient removal in wastewater 

treatment high rate algal ponds. Water Research 53, 271-281. 

In this paper, I investigate the role of pond depth, and subsequent changes in pond 

light climate, on the performance of wastewater HRAPs over the course of three seasons 

(winter, spring, summer; research question 3). Performance was measured in terms of 

microalgal photosynthesis, areal biomass production, NRE, and volumetric wastewater 

treatment. This experiment was carried out in small-scale HRAPs that were operated as part 

of the Ruakura Wastewater Treatment Research Centre, with the day to day operations of the 

ponds led by Andrew McDonald. The design of the experiment, experimental work, analysis 

of results and manuscript writing / presentation were undertaken by myself. 

VI.  Sutherland DL, Montemezzani V, Howard-Williams C, Turnbull MH, Broady 

PA, Craggs RJ (2015) Modifying the light environment through pond depth, 

hydraulic retention time and vertical mixing on and its effects on light 

absorption and photosynthesis in wastewater treatment high rate algal ponds. 

Water Research 70, 86-96. 

Paper VI showed that pond depth can modify the light climate directly, through 

changes in light path length and, indirectly, through biomass mediated light attenuation. In 

this paper, I examine the role of pond depth and hydraulic retention time on the HRAP light 

climate as well as light absorption, utilisation and subsequent biomass production in 

microalgae (research question 3). The role of medium frequency vertical mixing speed on net 

oxygen evolution rates was also investigated under various surface light intensities. This 

experiment was carried out in small-scale HRAPs that were operated as part of the Ruakura 

Wastewater Treatment Research Centre, with the day to day operations of the ponds led by 
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Valerio Montemezzani. The design of the experiment, experimental work, analysis of results 

and manuscript writing / presentation were undertaken by myself. 

VII.  Sutherland DL, Turnbull MH, Broady PA, Craggs RJ (2014). Wastewater 

microalgal production, nutrient removal and physiological adaptation in 

response to changes in mixing frequency. Water Research 61, 130-140. 

Medium frequency mixing has been identified as important in terms of increased 

photosynthetic rates in wastewater microalgae. In this paper, I examine how changes in the 

frequency of mixing events affects colony formation, microalgal settle-ability, physiology 

and productivity, as well as nutrient removal (research question 4). This experiment was 

conducted in high rate algal mesocosms in controlled temperature rooms. The design of the 

experiment, experimental work, analysis of results and manuscript writing / presentation were 

undertaken by myself. 
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2.I Seasonal variation in light utilisation, biomass production and 

nutrient removal by wastewater microalgae in a full-scale high rate 

algal pond. 

Abstract  

There has been renewed interest in the combined use of high rate algal ponds (HRAP) 

for wastewater treatment and biofuel production. Successful wastewater treatment requires 

year-round efficient nutrient removal while high microalgal biomass yields are required to 

make biofuel production cost effective. This paper investigates the year-round performance 

of microalgae in a 5-ha demonstration HRAP system treating primary settled wastewater in 

Christchurch, New Zealand. Microalgal performance was measured in terms of biomass 

production, nutrient removal efficiency (NRE), light absorption and photosynthetic potential 

on seasonal time-scales. Retention time adjusted microalgal biomass (Chl-a) varied 

seasonally, being lowest in autumn and winter (287 and 364 mg m-3 d-1, respectively) and 

highest in summer (703 mg m-3 d-1), while the conversion efficiency of light to biomass was 

greatest in winter (0.39 mg Chl-a per µmol) and lowest in early summer (0.08 mg Chl-a per 

µmol). The percentage of ammonium (NH4-N) removed was highest in spring (79%) and 

summer (77%) and lowest in autumn (47%) and winter (53%), while the efficiency of NH4-N 

removal per unit biomass was highest in autumn and summer and lowest in winter and spring.  

Chlorophyll specific light absorption per unit biomass decreased as total chlorophyll 

increased, partially due to the package effect, particularly in summer. The proportional 

increase in the maximum electron transport rate from winter to summer was significantly 

lower than the proportional increase in the mean light intensity of the water column. We 

concluded that microalgal growth and nutrient assimilation was constrained in spring and 

summer and carbon limitation may be the likely cause.  
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Introduction 

High rate algal ponds (HRAP) are open, paddlewheel mixed, shallow raceway ponds 

that promote the proliferation of microalgae (Craggs et al. 2012). First developed in the late 

1950s for wastewater treatment and resource recovery (Oswald and Golueke 1960) HRAPs 

are used to treat a variety of organic wastes and for commercial scale neutraceutical 

production (Craggs 2005, Grobbelaar 2012). With increased pressure to reduce nutrient 

loading from wastewater discharges into receiving waters, there has been renewed interest in 

improving the performance of HRAP for domestic and agricultural wastewater treatment. 

HRAPs offer advanced wastewater treatment over traditional waste stabilisation pond 

systems (WSPs) by overcoming many of their drawbacks, such as poor and highly variable 

effluent quality, limited nutrient and pathogen removal (Craggs et al. 2012). Another 

advantage of HRAPs over WSPs is the feasibility of resource recovery in the form of 

nutrients as algal/bacterial biomass, for use as fertilizer, protein-rich feed or conversion to 

biofuel (particularly biogas), and water as effluent treated to a high standard (Craggs et al. 

2012). While the use of HRAPs for biofuel production alone is not economically viable at 

present, the coupling of wastewater treatment with biofuel production is considered to be a 

feasible financial option (Benemann 2003, Rawat et al. 2011) and could provide a valuable 

niche distributed energy source for local communities (Craggs et al. 2012).  

Critical to the success of both wastewater treatment and biofuel production is the 

optimisation of algal productivity. In terms of wastewater treatment this ensures high nutrient 

removal, via assimilation into algal biomass, while for biofuel production, this ensures the 

highest yield of algal biomass. It is, therefore, essential to understand the factors that 

potentially affect algal growth in a wastewater HRAP environment in order to optimise 

production. 
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Photosynthesis is the driving force in the uptake of nutrients and formation of biomass 

and its efficiency is central to the mass cultivation of microalgae (Grobbelaar 2010, Wilhelm 

and Jakob 2011). Factors that negatively impact on photosynthesis include physical factors 

such as light, turbulence and temperature, chemical factors such as nutrient availability, pH 

and salinity, and biological factors such as competition between species, grazing by 

invertebrates and viral infections (Grobbelaar 2000, Larsdotter 2006a, González-Fernández et 

al. 2011). The design and operation of a HRAP can affect a number of these factors and how 

they interact with the algal cells. The light field in a HRAP culture is heavily modified by 

pond depth, biomass concentration and mixing / turbulence patterns. Both pond depth and 

biomass concentration determine the degree of light attenuation through the water column, 

while mixing / turbulence pattern determines the frequency of the light / dark cycle a cell 

experiences. These factors are known to impact on the rate and efficiency of photosynthesis 

and ultimately productivity (Grobbelaar 2009). The mixing / turbulence pattern also affects 

rates of nutrient uptake by influencing the thickness of the boundary layer surrounding each 

algal cell (Mostert and Grobbelaar 1987).  

Over the last few decades there have been extensive studies on the factors that affect 

photosynthesis and algal production in high density cultures (see Park et al. 2011a and 

references within). However, many of these studies are conducted in controlled laboratory 

conditions or in outdoor pilot-scale systems that do not replicate the light field or the mixing 

frequency and turbulence of a full-scale HRAP, where laminar flows can dominate along the 

channel lengths. The aim of this study was to investigate the performance of microalgae with 

respect to light utilisation, biomass production and nutrient removal in a full-scale wastewater 

HRAP in a temperate environment over the course of a year.  
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Methods 

Study site and environmental variables 

The demonstration HRAP system was constructed at the Christchurch wastewater 

treatment plant (CWTP), South Island, New Zealand (lat. 43°31′58.73″ S, long. 

172°42′39.78″ E). The system consisted of four adjoining single-loop, earth-lined raceway 

HRAPs, each with a water mid-depth area of 12,500 m2, operating depth of 0.35 m and a total 

volume of 4,375 m3. In each of the HRAPs, a single paddlewheel was used to mix the 

wastewater around the pond at an average horizontal water velocity of 0.2 m s-1. Further 

details on the design and construction of the demonstration HRAP are described in Craggs et 

al. (2012).  

The HRAP influent was primary treated wastewater from the CWTP. Addition of the 

gravity fed influent to each HRAP was controlled by a water level sensor on the pond surface 

which was dependant on the pumped effluent flow rate minus net evaporation. Effluent flow 

rate was 486 m3 per day from each HRAP, which was equivalent to a hydraulic retention time 

(HRT) of 9 days. During the winter months, the HRAPs were operated on a 9 day HRT, 

during autumn and spring on a 7 day HRT and during summer on a 5.5 day HRT. Primary 

influent was maintained at the same flow rate throughout the year, while the additional flows 

required to achieve the shorter HRT were provided by the recycling of treated HRAP 

effluent, once algae were harvested.  Seasonal operational parameters of the HRAPs are 

summarised in Table I.1.  
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Table I.1 Seasonal variation in pond operation parameters, environmental variables, light climate and microalgal performance in full-scale 

wastewater HRAP. Data are medians ± standard deviations of the four HRAPs. 

Variable Autumn Winter Spring Summer 
Sampling months Mar – May June - Aug Sep – Nov Dec - Feb 

Daily inflow (m3 d-1) 625 486 625 796 

Retention time (days) 7 9 7 5.5 

Pond Temp. (oC) 12.5 ± 2.7 7.2 ± 1.8 13.0 ± 2.9 17.7 ± 2.0 

Pond Dissolved oxygen (% saturation) 104 ± 33 102 ± 24 99 ± 32 81 ± 51 

Pond pH 9.0 ± 0.4 9.3 ± 0.3 9.7 ± 0.6 9.3 ± 0.5 

Pond Conductivity (µS cm-1) 785 ± 67 604 ± 50 819 ± 158 1018 ± 73 

Pond Chl-a (mg m-3) 2005 ± 594 3275 ± 971 3693 ± 1122 3864 ± 1174 

Pond organic matter (g m-3) 101 ± 27 139 ± 33 239 ± 27 261 ± 53 

Retention time corrected Chl-a (mg m-3 d-1) 287 ± 94 364 ± 108 602 ± 164 703 ± 212 

Retention time corrected organic matter (g m-3 d-1) 14 ± 4 14 ± 4 36 ± 4 47 ± 11 

Primary NH4-N (g m-3) 30.7 ± 12.3 20.0 ± 5.0 22.1 ± 7.7 28.7 ± 7.1 

Pond NH4-N (g m-3) 13.9 ± 5.5 9.4 ± 2.3 4.0 ± 1.7 7.1 ± 2.9 

% NH4-N removed 47 ± 17 53 ± 14 79 ± 13 77 ± 11 

Primary DRP (g m-3) 3.6 ± 1.9 1.8 ± 1.1 2.1 ± 1.7 0.9 ± 0.2 

Pond DRP (g m-3) 2.1 ± 1.3 1.6 ± 0.8 0.6 ± 0.9 0.7 ± 0.2 

% DRP removed 37 ± 17 22 ± 11 49 ± 22 20 ± 9 

Pond Surface PAR (mol d-1) 23.7 ± 12.1 11.7 ± 3.3 41.1 ± 10.6 43.5 ± 7.7 

Kd (m-1) 22 ± 5 34 ± 9 37 ± 12 40 ± 10 

Zeuphotic : Ztotal 0.61 0.39 0.36 0.33 

Emix : Pond surface PAR (mol d-1)  0.13 0.10 0.08 0.09 
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Light profiles through the HRAP water column were measured using LiCor 2π 

underwater sensors attached to a LiCor Quantum logger. The vertical light attenuation 

coefficient (Kd) was calculated from the slope of log-transformed light profile measurements. 

The light intensity experienced by a cell moving up and down through the water column 

(����) was calculated as: 

���� = 100 ∗ �1 − ����	��������	�������																																													 

where Zmix is HRAP mixing depth. Mean daily ���� based on the 4 day period prior to 

biomass sampling was determined from total daily surface irradiance. 

The environmental variables pH, conductivity, temperature, dissolved oxygen, and 

turbidity were measured at mid-pond depth next to the outflow pipe of each HRAP, using a 

hand held HORIBA U-50 multi water checker. The twice weekly measurements were made 

between 0900 and 1000 NZST since, for a number of variables, the morning value is similar 

to the diurnal median value in HRAPs (Oswald 1991).  

 

Dissolved nutrients, species composition, organic matter and chlorophyll a biomass 

On each sampling occasion, HRAP water samples were collected for analysis of 

dissolved nutrients, organic matter, particulate light absorption, algal biomass and species 

composition.  Samples were collected adjacent to the pond outflow pipe into acid-washed 

polypropylene bottles, kept cool and in the dark, and transported to the laboratory for 

analyses within 6 hours.  

Nutrient samples were filtered through Whatman GF/F filters and concentrations of 

ammonium (NH4-N) and dissolved reactive phosphorus (DRP) were determined 
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colourimetrically according to standard methods (APHA 2008). Nutrient removal efficiency 

(���) was determined by: 

��� = ���� !��"	#$�#��"%&"'$� − ��� !��"	#$�#��"%&"'$��
(ℎ − & 	× 1

%�"��"'$�	"'+���&,-� 

 

Species composition was determined twice weekly during the sampling period. 

Subsamples of HRAP water were settled in an Utermöhl chamber and viewed on a Leica 

DMIL inverted microscope at magnifications up to 400x. Microalgae were identified to 

species level, where possible, based on the taxonomic descriptions of John et al. (2011).  

A known volume of HRAP water was filtered through pre-rinsed, pre-combusted and 

pre-weighed Whatman GF/F filters, oven dried (105oC) and weighed to determine the total 

suspended solids (TSS) concentration. The filters were combusted at 450oC for 4 hours then 

re-weighed to determine the ash concentration. The organic matter, also referred to as volatile 

suspended solids (VSS), was estimated as the difference between TSS and ash concentrations 

(Wetzel and Likens 2000). Samples for chlorophyll analysis were filtered onto Whatman 

GF/F filters and the filters extracted in 100% methanol, at 4oC, in the dark, for 12 hours. 

Samples were then centrifuged at 3000 rpm for 10 minutes and the absorbance of the 

supernatant read on a Shimadzu UV-2550 spectrophotometer. Chl-a and total chlorophyll-a 

(TChl-a = sum of Chl-a and pheophytin-a) concentrations were estimated using the 

trichromatic equations for methanol (Ritchie 2006). 
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Particulate and microalgal (phytoplankton) light absorption and package effect 

Total particulate absorption spectra (optical density – OD (.)) of the primary influent 

and HRAP pond water were measured on a Shimadzu UV-2550 spectrophotometer with 

integrating sphere, in 1 cm quartz cuvettes (Nelson and Prézelin 1990). Samples with an 

optical density above 0.4 were diluted to minimise any interference with the measurements 

(Cleveland and Weidemann 1993). Absorption spectra from 400 to 750 nm were recorded at 

1 nm intervals for replicate samples and corrected for scattering by subtracting the absorption 

at 750 nm from the entire spectrum (Mitchell and Kiefer 1988 a, b) and corrected against a 

blank of filtered (0.22 µm) HRAP water to account for absorption by coloured dissolved 

organic matter. The absorption coefficient, ap(.) m-1, of total particulate material was 

calculated by the equation: 

																																						&/�.� = 2.303	34�.�/0.01																																																																		 

where λ is the wavelength of light, 2.303 converts base10 into natural logarithm, and 0.01 is 

the cuvette path length (m). OD of detrital spectra was determined following overnight 

methanol extraction, filtration and resuspension of the HRAP culture (Nelson et al. 1993) and 

the spectra compared against the spectra of the primary influent. The absorption coefficient of 

the detrital component, ad(.) m-1, was similarly determined using the equation below. The 

microalgal (phytoplankton) absorption coefficient, aph(.) m-1,  was obtained by: 

																																		&/6�.� = 	&/�.� −	&��.�																																																																	 

The specific absorption coefficient per unit of TChl-a, a*ph(.) m2 mg-1, was calculated by 

dividing aph(.) by TChl-a.  

The package effect (Qa*) can be quantified as the ratio of a*ph, the specific absorption 

coefficient of pigmented cells, to a*sol, the specific absorption coefficient of the same 
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cellular matter uniformly dispersed into solution (Bricaud et al. 2004). When the ratio 

between a*ph  and a*sol  is 1, there is no package effect and absorption by the chlorophyll 

within the cell is optimal. As the ratio decreases towards 0, there is an increase in the package 

effect and absorption by the chlorophyll within a cell is suboptimal. The specific absorption 

coefficient for a*sol is assumed to be 0.0207 m2 mg-1 at 675 nm (Bricaud et al. 1995) 

therefore Qa* (675) was estimated as: 

Qa* 	=	&/h∗ (675)	/	0.0207																																																																					 

 

Chlorophyll fluorescence measurements 

Photosynthetic potential was assessed using rapid light curves (RLC) on a diving-

PAM (Walz, Effeltrich, Germany). A diving-PAM was used due to the high algal 

concentration, the high settling rate of the cells and to avoid the negative influence of stirring 

on fluorescence measurements (Cosgrove and Borowitzka 2006). A 1 ml sample was settled 

in an opaque, non-reflective cuvette and allowed to dark adapt for 15 minutes before 

measurements were taken. RLC measurements were undertaken on site at approximately 

fortnightly intervals. Samples were collected between 0800 and 0900 since this was shown to 

produce the most stable RLC and quantum yield results and allowed for comparison between 

sampling occasions (data not shown). 

Replicate RLCs were performed by exposing the samples to eight steps, plus initial 

dark step, of increasing irradiance followed by a quantum yield measurement at the end of 

each step interval. The irradiance steps are controlled by the PAM software routine, with the 

first irradiance step defined by the user. The interval of each irradiance step lasted 10 seconds 

to minimise the possibility of photoinduction occurring over the course of the measurement 

and to ensure that the immediate photosynthetic state was measured (Ralph and Gademann 
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2005). Irradiance levels ranged from 0 to greater than saturating with the irradiance levels 

dependant on the time of year.  

The electron transport rate (�8� in µmol e- mg Chl-a-1 s-1) was calculated as: 

�8� = ∆:
:�		; × �	 × 0.5	 × 	&/6∗ 																																																																	 

where ∆: is the maximum fluorescence measured at saturating irradiance minus the steady 

state fluorescence before the flashing light (:�		; ), � is the irradiance at each step, 0.5 is the 

multiplication factor as it is assumed that half of the absorbed quanta is distributed to 

photosystem II (Beer et al. 1998) and &/6∗  is the chlorophyll specific absorption coefficient.  

The �8� values were plotted as a function of PAR (measured from the RLC with a 

LiCor 2Π sensor) in Sigmaplot (v11.0, SPSS Inc.) and a curve fitted using the following 

model of Hennige et al. (2008) modified from Jassby and Platt (1976), to derive = and 

�8����: 

�8� = �8���� 	× >1 − exp B−=	 × 	�
�8����

CD																																																		 

where = is the maximum light use efficiency, derived from the initial slope and �8���� is 

the maximum electron transport rate. �E, the light saturation intensity, defined as the light 

level at which photochemical efficiency shifts from light limitation to light saturation, was 

derived from the equation: 

�E = �8����
= 																												 

 

Statistical analyses 

The similar microalgal performance and nutrient removal that was shown by all four 

HRAPs over the course of the year allowed the HRAPs to be treated as replicates (see Craggs 

et al. 2012 for summary of individual ponds). Where necessary, data was log transformed to 
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remove asymmetric variance. Statistical analyses were performed using analysis of variance 

(ANOVA). If a main effect was significant, the ANOVA was followed by a Tukey’s HSD 

test at significance p < 0.05 and p < 0.01. Linear and non-linear regression analyses and 

ANOVA were carried out using Statistica software (Statsoft Inc., Tulsa, OK, USA). 

 

Results 

Environmental variables 

The attenuation of downwelling PAR through the HRAP water column (Kd) ranged 

from 14 m-1 to 63 m-1. With the exception of autumn, Kd did not differ significantly between 

the seasons, although the highest Kd was during late spring and summer when Chl-a biomass 

was highest (Table I.1). There was a significant linear relationship between Kd and Chl-a 

biomass (p < 0.01; R2 = 0.8379). With the exception of autumn, the euphotic zone (the depth 

of the pond where there is sufficient light for photosynthesis to occur) was less than 40% of 

the pond operational depth, reaching as low as 33% in summer (Table I.1). ���� varied 

throughout the year with a mean daily winter ���� of 1200 µmol d-1 while summer ���� was 

3.3 times higher with a daily mean of 3900 µmol d-1 (Table I.1; Figure I.1). The proportion of 

���� relative to surface irradiance was < 15%, with the lowest proportion in spring and 

summer (< 10%) (Table I.1).  

Morning pond temperature varied seasonally with a winter mean daily minimum of 

7.2oC and a summer mean daily maximum of 17.7 oC (Table I.1). Winter and summer 

morning pond temperatures were significantly different to all other seasons (p < 0.01). Pond 

temperature varied diurnally, typically with a mid-morning minimum (1000 hours) and a late 

afternoon maximum (1600 hours; Figure I.2a). The largest diurnal variation in pond 

temperature typically occurred in late spring and early autumn, where pond temperature 

could vary by up to 12oC, while in winter, pond temperature varied as little as 1oC (data not 
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shown). As with temperature, conductivity showed a seasonal pattern with winter 

conductivity significantly lower (p < 0.01; mean = 604 µS cm-1) and summer conductivity 

significantly higher (p < 0.01; mean = 1018 µS cm-1) than the other seasons (Table I.1). 

Morning pH was above 9 for most of the year, with pH values highest in spring (Table I.1). 

This suggests that the algae were carbon limited throughout the day regardless of the time of 

year. A peak in pH values occurred mid-afternoon, with pH rising by ~ 1 unit in winter and 

up to 1.5 units in summer (Figure I.2b). Dissolved oxygen had the greatest diurnal variation 

with percentage saturation reaching a pre-dawn minimum as low as 20% and a late afternoon 

maximum of up to 300% saturation in summer (Figure I.2c). Morning dissolved oxygen 

concentration did not differ significantly between seasons (Table I.1).  
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Figure I.1 Mean daily light (����) experienced by a cell circulating in the HRAP water 

column (solid line) and mean conversion efficiency of light per unit chlorophyll a (black 

dots) over the course of a year.  
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Figure I.2 Example of diurnal variability in the environmental parameters temperature, pH 

and dissolved oxygen in a full-scale wastewater HRAP over a 7 day period during summer. 
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Species composition 

Over the year-long study, the microalgal assemblage in all four HRAPs were 

dominated by the colonial chlorophyte Micractinium pusillum Fresenius (average dominance 

~90%, range 78 - 98%). M. pusillum colonies were typically comprised of 4 coenobia, each 

with 8 cells (Figure I.3). The colonial structure was variable, although there was no 

seasonality to this structure (Figure I.3). Other species present in low abundance included 

Desmodesmus communis (E.Hegewald) E.Hegewald,  Desmodesmus opoliensis (P.G.Richter) 

E.Hegewald, Pediastrum boryanum (Turpin) E.Hegewald,  Actinastrum hantzschii 

Lagerheim, Closterium sp., Closteriopsis sp., and Coelastrum sp.  

 

Figure I.3 Examples of the arrangement of the colonies of the dominant microalga 

Micractinium pusillum Fresenius. 

 

Biomass 

Chl-a biomass in the HRAP was predicted, in part, by the mean ����for the four days 

prior to sampling during autumn, winter and spring. Multiple regression analyses showed that 

for autumn, ���� coupled with pond temperature and NH4-N concentration were the best 

predictors of Chl-a biomass (R2 = 0.7196, p < 0.001), for winter ���� coupled with 
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conductivity were the best predictors (R2 = 0.8228, p < 0.001), while pond temperature, 

amount of NH4-N removed and ���� were the best predictors for spring Chl-a biomass (R2 = 

0.8718, p < 0.001). Summer Chl-a biomass was not predicted by any coupled measured 

variables. Based on the regression analyses the equations predicting Chl-a biomass are: 

F!"!+�	#ℎ − & = 1.43 + 0.15 ∗ I$��	"�+I + 0.20 ∗ ���� + 0.05 ∗ �JK	#$�# 

L'�"�%	#ℎ − & = 12.30 + 1.12 ∗ ���� + 0.01 ∗ #$�� 

MI%'�N	#ℎ − & = 1.55 + 0.21 ∗ I$��	"�+I + 0.09 ∗ �JK	%�+$P�� + 0.66 ∗ ���� 

 

To meaningfully compare biomass production between seasons, both the organic 

matter and the Chl-a biomass were corrected for retention time (Table I.1). In summer, the 

retention time corrected (RC) organic matter was significantly higher (p < 0.01) than in all 

other seasons, while the spring RC organic matter was significantly higher than autumn and 

winter (p <0.01; Table I.1). On average, the summer RC organic matter was 3.4 times higher 

than autumn and winter and 1.3 times higher than in spring. Autumn RC-Chl-a ranged from 

166 to 539 mg m-3 d-1 while in winter it ranged from 132 to 497 mg m-3 d-1. Both the autumn 

and winter RC-Chl-a were significantly lower than the spring and summer RC-Chl-a, which 

ranged from 278 to 866 mg m-3 d-1 and from 377 to 1195 mg m-3 d-1, respectively. Summer 

RC-Chl-a was significantly higher than spring (p < 0.01; Table I.1). Summer RC-Chl-a was, 

on average, 2 times greater than autumn and winter and 1.4 times greater than spring. 

Linear regression analyses of RC-Chl-a and RC organic matter showed significant 

positive relationships between these two measures of biomass for autumn (R2 = 0.8410), 

winter (R2 = 0.8088) and spring (R2 = 0.6141; Figure I.4). For summer, there was no 

significant relationship between these two biomass measures as RC-Chl-a did not increase 

proportionately to organic matter (R2 = 0.1662; Figure I.4). The ratio of organic matter to 

RC-Chl-a was 39 in winter and 69 in summer.  Annual average algal / bacterial productivity 
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was 9.7 g m-2 d-1, or an annual average algal biomass of 6.6 g m-2 d-1, adjusted based on 

winter organic to Chl-a ratio. The conversion efficiency of ���� to RC-Chl-a biomass, 

defined as the amount of Chl-a biomass produced per unit of ����, was greatest in winter 

with a conversion value of 0.39 mg Chl-a per µmol and lowest in late spring / early summer 

with a value of 0.08 mg Chl-a per µmol (Figure I.1). 

 

 

Figure I.4 Relationship between seasonal retention time-corrected chlorophyll a biomass and 

organic matter. Data points represent mean values of 4 HRAP ponds. Green inverted triangles 

= autumn, blue dots = winter, yellow squares = spring, orange diamonds = summer. 
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Nutrient removal efficiency 

The percentage removal of NH4-N from primary influent by the pond algae varied 

throughout the year with the mean percentage removal in autumn (47%) and winter (53%) 

being significantly lower (p < 0.01) than spring (79%) and summer (77%) (Table I.1). NRE 

was lowest through the winter and spring months and highest in autumn and summer (Figure 

I.5a). NRE in summer was expected to be highest with the greatest microalgal growth, 

however, NRE in summer was similar to NRE in autumn. Percentage removal of DRP was 

significantly higher in autumn and spring compared to winter and summer. The NRE of DRP 

was highest in autumn, followed by a slight increase in spring relative to winter and summer 

(Figure I.5b). There was an exponential decline in the relationship between the amount of 

DRP removed and the NH4-N to DRP ratio of the primary influent (R2 = 0.7041) meaning 

that as the relative proportion of NH4-N to DRP in the influent increased, the amount of DRP 

taken up by the microalgae decreased.  
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Figure I.5 Seasonal variation in nutrient removal efficiency (NRE) per unit chlorophyll a 

biomass of a) ammonium-nitrogen (NH4-N) and b) dissolved reactive phosphorus (DRP). 

Black dots represent mean values of 4 HRAP ponds.  
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Light absorption and package effect 

The microalgal (phytoplankton) (aph(.)) and detrital (ad(.)) absorption spectra for 

winter and summer in the HRAP are illustrated in Figure I.6. During winter, approximately 

82% of the visible light (400-750 nm) absorbed in the HRAP water column was absorbed by 

the microalgae, while during summer approximately 88% of light absorbed was by the 

microalgae. aph(675) varied between 20.7 m-1 and 67.9 m-1 with a mean (± standard 

deviation) of 39.9 (± 9.2) m-1, while aph(440) varied between 36.2 m-1 and 83.8 m-1 with a 

mean of 54.2 (± 10.8) m-1. The chlorophyll specific absorption (a*ph(.)) varied from 0.008 

m2 mg-1 to 0.033 m2 mg-1 with a mean of 0.015 (± 0.005) m2 mg-1 at .=440, and from 0.006 

m2 mg-1 to 0.020 m2 mg-1, with a mean of 0.011 (± 0.003) m2 mg-1 at .= 675. The variation of 

a*ph(440) and a*ph(675) as a function of TChl-a is shown in Figure I.7a. Both a*ph(440) 

and a*ph(675) showed clear trends of decreasing absorption with increasing TChl-a (Figure 

I.7a). The ratio of a*ph(440) to a*ph(675) also decreased from 1.42 to 1.24 with increasing 

TChl-a, suggesting that there was a greater decrease in the absorption at .=440 relative to the 

absorption at . = 675 with increasing TChl-a concentrations.  

 The variation of Qa* (675) as a function of TChl-a is shown in Figure I.7b. Qa* 

(675) varied between 0.29 and 0.95, with a mean of 0.52 ± 0.15. This means that the package 

effect contributed from 71% to 5% of the microalgal absorption variation at 675 nm, with an 

average contribution of 48%. There was an exponential decline in Qa* (675) as the TChl-a 

increased (R2= 0.5506), meaning that the package effect increased at higher microalgal 

biomass (Figure I.7b).   
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Figure I.6 Absorption spectra of light absorbed by all particulates (black region) and by 

microalgae (grey region) during a) winter and b) summer in HRAP. 
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Figure I.7 Light absorption by algal cells in the HRAP as shown by a) Relationship between 

chlorophyll specific light absorption at 440 nm (∆) and at 675 nm (�) to total chlorophyll a. 

b) Relationship between the package effect and total chlorophyll a (T-Chl-a).  
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Photosynthetic potential 

Figure I.8 shows an example of the fluorescence rapid light curves measured during 

winter and summer. Photon capture per unit Chl-a decreased in winter compared to summer. 

This suggests that cells were high light acclimated in summer and low light acclimated in 

winter. The maximum electron transport rate (�8����) increased linearly (R2 = 0.7218) as 

���� increased in the HRAP (Figure I.9a). Winter time �8���� averaged 0.95 (± 0.28) µmol 

e- mg Chl-a-1 s-1, while summer time �8����was, on average, 1.8 times higher at 1.73 (± 

0.26) µmol e- mg Chl-a-1 s-1. The efficiency of light capture at low light levels (α) decreased 

as ���� increased (Figure I.9b). α was highest in winter (0.004 (± 0.0007) µmol e- mg Chl-a-1 

s-1) and lowest in summer (0.002 (± 0.0004) µmol e- mg Chl-a-1 s-1), declining by 50%. �E, 

the light level at which photochemical efficiency shifted from light limitation to light 

saturation, increased linearly (R2 = 0.9141) as ����  increased (Figure I.9c). Winter time �E 

averaged 227 (± 79) µmol photons m-2, while summer time �E was 3.4 times higher, 

averaging 771 (± 53) µmol photons  m-2. The proportional increase of �E from winter to 

summer (3.4 x) was similar to the proportional increase in ����  (3.3 x) between the seasons, 

whereas the proportional increase of �8���� (1.8 x) between winter and summer was 

significantly lower (p <0.01) than the proportional increase in ����. 
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Figure I.8 Example of rapid light curve during winter (�) and summer (�). Fitted curves are 

plotted (solid line).  
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Figure I.9 Relationship between photosynthetic performance parameters a) maximum 

electron transport rate (�8����), b) light absorption efficiency (α) c) saturating light (�E) 

and mean daily light a cell circulating in the HRAP water column is exposed to (����). 



 

2.I Seasonal performance in a full-scale HRAP  73 

Discussion 

Microalgal assemblage 

The microalgal assemblage was comprised of species that are members of a group 

classified as non-motile Chlorococcales. These are known to be prominent in shallow, highly 

enriched systems (Reynolds 2012) and are a common constituent of wastewater algal 

assemblages (Craggs 2005). The pioneer members of this assemblage remained present 

throughout the year, with M. pusillum dominating the assemblage the entire year. This 

contrasts with pilot-scale HRAP studies where dominant species changed either seasonally, 

with change in retention time, change in loading rates or through species manipulation 

techniques such as algal recycling (Benemann et al. 1977, Mesplé et al. 1995, Cromar and 

Fallowfield 1997, Park et al. 2011b). The success of a microalgal assemblage is influenced by 

the comparative performance of each species under the prevailing environmental conditions 

and changes in these conditions can result in temporal succession (Reynolds 2012). A number 

of environmental conditions known to contribute to changes in species diversity varied over 

the course of this study, including change in retention time, loading rate and loading nutrient 

concentration, temperature, solar irradiance and ����, however, none of these changes led to 

a shift in species dominance or any notable change in diversity of the assemblage.  

One of the factors that governs the species present in a microalgal assemblage is their 

ability to remain in suspension (Reynolds 2012). Given the very shallow operational depth of 

a full-scale HRAP the mixing frequency, and / or the ability of a given species to remain 

suspended, may override other environmental factors that typically lead to successional 

change. With a single paddlewheel mixing the wastewater around each of the HRAPs the 

time taken for a parcel of wastewater to complete a circuit around a HRAP was 1.5 hours. 

This contrasts with pilot-scale studies where the time taken to complete a circuit of the HRAP 
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can be as little as several minutes. The longer circuit time in a full scale HRAP may favour 

species able to entrain more effectively in the water column and avoid settling on the bottom 

of the pond. With a euphotic depth approximately one-third of the pond depth, better 

entrainment would allow the cells to remain above compensation depth for longer therefore 

allowing for more photosynthesis and growth. The degree of entrainment of a species largely 

depends on their sinking velocity and on their form resistance, that is, the influence of the 

shape of a cell or colony on the sinking rate (Padisák et al. 2003, Naselli-Flores and Barone 

2011).  Spine formation on the exterior of the coenobia increases the length to width ratio of a 

M. pusillum colony, which is likely to have increased its form resistance and reduce sinking 

rate (Padisák et al. 2003). This morphology is likely to have assisted M. pusillum maintaining 

dominance over other species that either have more reduced length to width ratio, such as 

Desmodesmus sp. or are heavy due to silica cell walls, such as Pedisastrum sp. 

 

Productivity and Nutrient removal efficiency 

Annual average productivity rates of algal / bacterial biomass was similar to rates 

previously reported in pilot-scales ponds without CO2 addition in New Zealand (Craggs et al. 

1998, 2003, 2011). However, productivity rates include both algal and bacterial biomass and 

as this study showed, a large proportion of summer-time biomass was comprised of bacterial 

biomass and annual average algal productivity was only 68% of total biomass reported. 

Enhancement of productivity has been achieved with the addition of CO2, with reported 

annual average productivity increasing between 50% and 150% compared to ponds without 

CO2 addition in New Zealand (Park and Craggs 2010, Park et al. 2011a). However, it is 

unclear how much the total enhanced productivity was algal biomass and care needs to be 

taken when estimating algal growth from reported studies. 
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Percentage phosphorus (P) removal during this study was consistent with removal 

rates reported by Cromar and Fallowfield (1997) in outdoor pilot-scale HRAP. The highest 

removal rates were achieved in the full-scale HRAPs when the ratio of NH4-N to DRP was < 

9. In contrast, in a laboratory-scale study, Arbib et al. (2013a) found phosphorus removal in 

Scenedesmus obliquus rapidly decreased when nitrogen to phosphorus (N:P) ratios dropped 

below 9 or increased above 20, while at N:P ratio between 9 and 13 phosphorus assimilation 

rate was optimised. Xin et al. (2010) concluded that a similar N:P ratio (between 11 and 17) 

was optimum for nutrient removal with Scenedesmus sp under laboratory conditions. 

Freshwater algae tend to have less rigid nutrient requirements and composition than marine 

algae, which are typically characterised by the Redfield ratio of N:P of 16:1 (Dodds 2003) 

and the optimisation of phosphorus removal from wastewater may occur along a range of N:P 

ratios. The assimilation of phosphorus from wastewater generally depends on the algal 

carbon assimilation rate (growth rate) as well as the HRT (Cromar and Fallowfield 1997, 

Larsdotter 2006b). In the present study, carbon and light limitation are likely to have 

impacted on the algal growth and therefore assimilation of phosphorus. 

Nitrogen removal in the full-scale wastewater HRAPs during the spring and summer 

periods (77 - 79%) was comparable to that reported elsewhere for pilot-scale HRAPs without 

CO2 addition during a similar time of the year (see Cromar and Fallowfield 1997, Park and 

Craggs 2011, Arbib et al. 2013b). In the current study, the percentage nitrogen removed 

decreased during the autumn and winter months. NRE of NH4-N also declined during winter 

and may be a consequence of low seasonal growth and nutrient uptake. Although NRE 

increased during late spring and early summer, there was a long lag period in the first two 

months of spring where NRE did not increase above the winter rates in spite of increased 

growth. While there was a rise in NRE in summer, the rate was similar to that measured in 

the previous autumn. While the NRE for NH4-N exhibited a seasonal trend of sorts, the slow 
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rise in NRE in spring and the similar rate of NRE in summer and autumn suggest that there is 

further capacity to improve NRE and therefore growth in a full-scale wastewater HRAP 

during spring and summer.  

One possible explanation for the low NRE in spring and summer is carbon limitation. 

Microalgae growth in HRAP systems is carbon limited due to the low carbon / nitrogen ratio 

of wastewaters (typically 3:1 for domestic wastewater) compared to that of a cell (typically 

6:1) (Benemann 2003). This implies that domestic wastewater contains only half of the 

carbon required to remove all of the nitrogen by assimilation into algal biomass (Craggs et al. 

2012). In this study, pH values were high (> 9) throughout the year indicating carbon 

limitation. Park and Craggs (2011) found that NH4-N removal increased with the addition of 

carbon dioxide (CO2) into the HRAP, while Cromar and Fallowfield (1997) found that 

phosphorus removal increased when the carbon / nitrogen ratio increased. While both studies 

reported increases in both nutrient removal and algal biomass with the addition of carbon 

there is no indication whether the addition of carbon actually enhanced NRE as the uptake of 

nutrients per unit of algal biomass was not reported. 

 

Light utilisation 

 ����, the mean daily light experienced by a cell circulating through the water column, 

during summer was more than triple that of winter ����, yet the retention time-corrected Chl-

a biomass only doubled from winter to summer. Grazers were not thought to have any 

notable impact on the M. pusillum biomass as the spined coenobia prevented grazing by small 

rotifers, while daphnia may have been inhibited by the high conductivities of the wastewater 

in this study. Hebert et al. (2002) noted that conductivities > 1000 µS cm-1 inhibits daphnia 

growth. A decrease in the chlorophyll relative to the organic biomass is a typical algal 
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response to high irradiance, along with an increased content of photoprotective carotenoids, 

whose function is to dissipate excess energy (Chauton et al. 2004). While the increase in 

irradiance in the HRAP may be a plausible explanation for the lower than anticipated Chl-a 

biomass in summer, measurements of light absorption parameters such as the package effect 

and chlorophyll specific light absorption suggest that cells did not decrease their chlorophyll 

matter in response to increased irradiance. Instead, the higher organic to Chl-a ratio is more 

likely to be a result of increased bacterial floc development and small rotifer growth as a 

result of the warmer HRAP temperatures. These organisms are difficult, if not impossible, to 

remove from algal matter when weighing the organic content. This suggests that, when 

measured as organic matter, algal productivity may be over-estimated in summer.   

There was a pronounced package effect during the late spring and summer period as 

the Chl-a biomass increased. This resulted in a reduction of the light absorption efficiency of 

40% relative to the winter light absorption and by 60% relative to the maximum efficiency of 

pigments dispersed in solution. Pigment packaging arises from intracellular shading of the 

chloroplasts stacked on one another meaning that as pigments become packed into 

chloroplasts they are less efficient in absorbing light per unit of pigment mass than in an 

optically thin solution (Kirk 1994). The package effect depends on the cell size and pigment 

content of the cell (Kirk 1994) increasing when either the average cell size or the absorption 

coefficient of the cellular material increases with the result of a decrease in the amount of 

light absorbed at all wavelengths (Morel and Bricaud 1981). Given that M. pusillum remained 

dominant (~90%) and there was no seasonal tread to colonial arrangement or size, the 

increase in the package effect is likely to have been as a consequence of higher cellular 

pigment content. The impact of the package effect on microalgae growth is likely to explain, 

in part, the reduced conversion efficiency of light to Chl-a biomass in late spring and summer 

relative to the winter conversion efficiency.  
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Photosynthetic potential, as determined by PAM fluorometry, also suggests a 

disproportionate increase from winter to summer relative to the increase in ����. The 

increase in �E, the saturating light, from winter to summer was similar to the increase in 

����, suggesting that the microalgae were well adapted to the increase in mean daily 

irradiance in the HRAP. However, the increase in �8���� from winter to summer was 

approximately half of the increase in ����. At the same time, the initial slope (α) of the rapid 

light curve decreased with increasing ���� suggesting that in late spring and summer the cells 

would be less efficient at light capture and subsequent photosynthesis under low light levels 

in the deeper part of the euphotic zone. While rapid light curves are not a direct substitute for 

photosynthetic measurements, such as oxygen evolution, they provide some insight in the 

photosynthetic potential (Ralph and Gademann 2005). The capacity of the electron transport 

chain limits photosynthesis and a plateau is reached when the maximum photosynthetic 

capacity occurs (Schreiber 2004). As �8���� did not increase proportionately to increase in 

���� in the current study the photosynthetic potential would appear to be constrained, 

potentially limiting microalgae growth in the full-scale HRAP during late spring / summer.   

Changes in �8���� and α were coupled over the course of this study. Coupled 

changes in �8���� and α have been described as being independent of photoacclimation and 

most likely due to pigment variability, nutrient availability or taxonomy (Behrenfeld et al. 

2004, Lefebvre et al. 2012). As the dominant species did not change, the lower than 

anticipated photosynthetic potential in summer (as determined by �8���� and α) was 

possibly due to decreased light absorption efficiency and carbon availability for the cell, as 

discussed above.  

CO2 addition has been shown to have a positive effect on the light absorption in 

diatoms with a reduction in Chl-a content and increase in Chl-a specific light absorption 
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(Sobrino et al. 2008). Diatom photosynthesis increased despite a proportional decrease in 

cellular chlorophyll. This suggested major biochemical and physiological changes in the cells 

under high CO2 conditions (Sobrino et al. 2008). Fu et al. (2007) found that the relative 

�8���� increased with elevated CO2 in cyanobacteria cultures grown under high light, 

although chlorophyll content increased. Increase in microalgae growth with the addition of 

CO2 has been demonstrated in pilot scale HRAP (see Park and Craggs 2011), although, to the 

best of our knowledge, the effects on the cell physiology, light absorption and photosynthetic 

potential have not been investigated in pilot scale or full-scale wastewater HRAP.   

Conclusion 

This study has demonstrated the performance of microalgae with respect to light 

absorption, photosynthetic potential and NRE in a full-scale wastewater HRAP over seasonal 

scales in a temperate environment. Comparison between late spring / summer and winter 

performance suggests that microalgae growth and nutrient assimilation was constrained 

during late spring / summer for a number of reasons. CO2 addition is expected to enhance 

microalgae growth and nutrient removal in a full-scale HRAP. However, with the low mixing 

frequency, the much reduced euphotic zone and potential for laminar flows, CO2 addition 

alone may not be enough to overcome the obstacles that constrain microalgal performance in 

full-scale wastewater HRAP. Modifications to both the pond design and pond operations may 

be needed in conjunction with CO2 addition to further enhance microalgal performance in 

terms of both biomass production and nutrient removal, however, the benefits must be 

balanced against costs, in particular energy inputs. Such modifications include optimisation 

of 1) pond operation depth, to enhance the euphotic zone and reduce settling out of cells, 2) 

retention time, to increase areal productivity, prevent culture washout and enhance the 

euphotic zone, and 3) the mixing speed and frequency of mixing, to optimise the cells 

exposure to light dark cycles. These modifications may have additional benefits such as 
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encouraging the growth of more desirable species, such as heavy harvest-able algae that 

otherwise would settle on the bottom of the pond.  
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2.II The effects of CO2 addition along a pH gradient on wastewater 

microalgal photo-physiology, biomass production and nutrient 

removal. 

Abstract  

Carbon limitation in domestic wastewater high rate algal ponds is thought to constrain 

microalgal photo-physiology and productivity, particularly in summer. This paper 

investigates the effects of CO2 addition along a pH gradient on the performance of 

wastewater microalgae in high rate algal mesocosms. Performance was measured in terms of 

light absorption, electron transport rate, photosynthetic efficiency, biomass production and 

nutrient removal efficiency. Light absorption by the microalgae increased by up to 128% with 

increasing CO2 supply, while a reduction in the package effect meant that there was less 

internal self-shading thereby increasing the efficiency of light absorption. CO2 augmentation 

increased the maximum rate of both electron transport and photosynthesis by up to 256%. 

This led to increased biomass, with the highest yield occurring at the highest dissolved 

inorganic carbon / lowest pH combination tested (pH 6.5), with a doubling of chlorophyll-a 

(Chl-a) biomass while total microalgal biovolume increased by 660% in Micractinium 

bornhemiense and by 260% in Pediastrum boryanum dominated cultures. Increased 

microalgal biomass did not off-set the reduction in ammonia volatilisation in the control and 

overall nutrient removal was lower with CO2 than without. Microalgal nutrient removal 

efficiency decreased as pH decreased and may have been related to decreased Chl-a per cell. 

This experiment demonstrated that CO2 augmentation increased microalgal biomass in two 

distinct communities, however, care must be taken when interpreting results from standard 

biomass measurements with respect to CO2 augmentation.  
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Introduction 

High rate algal ponds (HRAP) are shallow, raceway style ponds designed to promote 

the proliferation of microalgae. These ponds were first developed in the late 1950s for the 

treatment of wastewater and for resource recovery in the form of algal biomass (Oswald and 

Golueke 1960). While HRAPs are currently used worldwide to treat a variety of agricultural 

and industrial wastes, many wastewater treatment plants still use conventional pond systems 

(Oswald 1988, Craggs 2005). Wastewater treatment ponds rely on microalgal photosynthesis 

and growth to assimilate dissolved nutrients and to provide the necessary oxygen to drive 

aerobic bacterial degradation of organic compounds. However, conventional pond systems 

often have poor and highly variable effluent quality, as well as limited nutrient and pathogen 

removal due to low microalgal photosynthesis and growth (Craggs et al. 2013).  With 

increased pressure to reduce nutrient loading from wastewater discharges into receiving 

waters, there has been renewed interest in the use of HRAPs as they have been shown to 

provide improved and more consistent wastewater treatment resulting in effluent treated to a 

higher standard (Craggs et al. 1998, Craggs et al. 2011). Another advantage of HRAPs over 

conventional wastewater ponds is the resource recovery, in the form of microalgal biomass, 

for use as fertiliser, protein-rich feed or for biofuel production. While the use of HRAPs for 

biofuel production alone is not economically viable, the coupling of wastewater treatment 

HRAP with biofuel production is considered to be financially viable (Benemann 2003, Rawat 

et al. 2011). 

Light plays a central role in wastewater microalgal productivity, providing the photon 

energy required in photosynthetic reactions to convert dissolved inorganic nutrients into 

organic biomass. The effective absorption and utilisation of light is therefore fundamental for 

high microalgal biomass yields and efficient wastewater treatment. Both light absorption and 

utilisation by microalgae in wastewater HRAPs is thought to be constrained by carbon 
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limitation, particularly in summer (Sutherland et al. 2014a [I]). Carbon limitation in 

wastewater HRAPs is indicated by daytime elevation of pH in response to microalgal 

photosynthetic drawdown of dissolved inorganic carbon (DIC; Craggs et al. 2012). High 

daytime pH can also negatively impact on wastewater treatment through the inhibition of 

microalgae, due to high free ammonia concentrations when pH> 8.5, and aerobic bacteria, 

whose growth is increasingly inhibited at pH > 8.3 (Azov and Goldman 1982, Craggs 2005).  

Dissolved inorganic carbon (DIC) exists as either CO2, HCO3
- or CO3

2- and the 

proportions of each species depend on pH and temperature. Microalgae preferentially take up 

CO2 through passive diffusion, over HCO3
- which relies on active transport, however, at high 

pH most DIC in wastewater HRAPs is in the form of HCO3
- and CO3

2-, with insignificant 

available CO2 (Borowitzka and Moheimani 2013). Under these conditions, microalgae are 

reliant on metabolically expensive carbon concentrating mechanisms (CCM) to assist with 

carbon uptake (Low-Décarie et al. 2014). The addition of CO2 to the HRAPs results in 

decreasing pH and shifts in the DIC equilibrium which increase the availability of CO2. 

Lowering of pH can also affect the growth of microalgae independently through alterations in 

a number of metabolic processes and may increase light absorption (Clark and Flynn 2000, 

Sobrino et al. 2008). 

In order to overcome carbon limitation in wastewater HRAPs the addition of CO2 has 

been proposed. This would not only augment the carbon availability but would also avoid pH 

inhibition potentially leading to both enhanced nutrient removal and microalgal biomass 

production (Craggs et al. 2013). There has been little published information on the effects of 

CO2 addition on wastewater HRAP microalgal production. However, several outdoor 

wastewater HRAP studies have demonstrated that microalgal productivity can be doubled 

with day-time addition of CO2 (Azov et al. 1982, Benemann 2003, Park and Craggs 2010, 

Park and Craggs 2011). CO2 addition is pH controlled, commencing when the culture 
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exceeded pH > 8 and stopping when it reached pH 7.8 (Park and Craggs 2010). While these 

studies have demonstrated the positive effects of the addition of CO2 to wastewater 

microalgae, to date there have been no published studies assessing the effects of co-varying 

CO2 and pH on the photosynthetic performance, biomass production and nutrient removal of 

wastewater microalgae. In this paper, we investigate the hypothesis that increasing CO2 

supply and decreasing pH further enhances microalgal photo-physiology, biomass production 

and nutrient removal by wastewater microalgae.  

 

Methods 

High rate algal mesocosm set-up and carbon dioxide augmentation  

The experiment was conducted outdoors during summer at the Ruakura Research 

Centre Hamilton, New Zealand (37o47’S, 175o190’E). It was undertaken twice using different 

microalgal communities. The first experiment was undertaken in December 2013 and the 

second experiment in February 2014. The high rate algal mesocosms (HRAM) comprised of 

15 L plastic buckets, with a 300 mm culture depth. The buckets were wrapped in foam to 

ensure light only entered from the surface of the water. They were placed on individual stirrer 

plates and mixed continuously with an 8 cm long magnetic stirrer bar. Initial inoculum was 

water from an adjacent high rate algal pond. The cultures were grown on primary settled 

domestic wastewater and were operated as semi-continuous cultures on a 4 day hydraulic 

retention time, with a daily exchange of 25% of the culture. Each experiment ran for 16 days.  

Supplementary carbon was supplied to the HRAMs as 100% CO2 gas. The CO2 

addition system consisted of a CO2 gas cylinder, gas regulator, gas flow meter (0-12 L min-1 

range) and gas diffusers. 100%.  The gas was sparged into the HRAMs via gas diffusers 

placed on the bottom of each bucket. The addition of the CO2 was pH controlled, with 

addition commencing when pH > 0.1 of the target pH and stopping when pH < 0.1 of the 
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target pH. The amount of CO2 added to the treatments was set by pre-determined pH values 

of each culture. These were: (1) no CO2 addition (control), (2) pH 8, (3) pH 7.5, (4) pH 7, (5) 

pH 6.5. All treatments were in triplicate and grazers were controlled by weekly addition of 

CO2 at night to lower the pH to 4.8 for two hours. This resulted in 100% kill of the grazers 

but did not affect the microalgae (data not shown). 

pH, temperature and dissolved oxygen were measured continuously throughout the 

experiments at mid-HRAM depth using TPS meters which were calibrated daily against 

standard buffers. Diurnal DIC concentrations in the HRAMs were measured every 5 days.  

Species composition, cell counts, organic matter, chlorophyll biomass and dissolved 

nutrients were measured at the end of each experiment.  

 

Dissolved inorganic carbon concentration 

For dissolved inorganic carbon (DIC) measurements, 1 mL of HRAM culture was 

injected into vacutainer tubes containing 0.2 mL of phosphoric acid. The acidification 

converted DIC to CO2, which was released into the headspace following vigorous shaking. A 

subsample of the headspace was injected into a stream of nitrogen gas flowing through a 

LiCor LI-820 infra-red CO2 gas analyser. CO2 concentrations were estimated from the peak 

height and calibrated against known standards of sodium bicarbonate.   

 

Species composition and biovolume determination 

Subsamples of HRAM culture for species determination and cell size measurements 

were settled in a Phyco Tech nanoplankton chamber and viewed on a Leica DMLB 

microscope at magnifications up to 600x. Microalgae were identified to species level based 

on the taxonomic descriptions of John et al. (2011). For species counts, 1 mL of HRAM 
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culture was settled in a Sedgwick rafter counting chamber, viewed at 200x magnification and 

all microalgal present were counted.  Cell measurements were made using a calibrated eye 

graticule. Biovolume estimates of the microalgal cells (excluding spines and mucilage) were 

made in accordance to specific geometric shapes and equations assigned to microalgae genera 

(Vadrucci et al. 2013).  

 

Organic matter, chlorophyll biomass and particulate nutrients 

For organic matter a known volume of HRAM culture was filtered through a pre-

rinsed, pre-combusted and pre-weighed Whatman GF/F filter, oven dried (105oC) and then 

weighed, once cooled, to determine the total suspended solids (TSS) concentration. Filters 

were then combusted at 450oC for 4 hours, cooled in a desiccator, and re-weighed to 

determine the ash concentration. The organic matter, also referred to as volatile suspended 

solids, was estimated as the difference between TSS and ash concentrations. For chlorophyll 

a (Chl-a) and chlorophyll b (Chl-b) a known volume of HRAM culture was filtered onto 

Whatman GF/F filters and the filters boiled in 100% methanol at 65.5oC for 5 minutes then 

extracted at 4oC, in the dark, for 12 hours. Samples were then centrifuged at 3000 rpm for 10 

minutes and the absorbance of the supernatant read on a Shimadzu UV-2550 

spectrophotometer. Chl-a and Chl-b concentrations were estimated using the trichromatic 

equations for methanol (Ritchie 2006).  
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Nutrients and nutrient removal efficiency  

 Dissolved nutrient samples were filtered through Whatman GF/F filters and 

concentrations of ammonium (NH4-N), nitrate (NO3-N) and dissolved reactive phosphorus 

(DRP) were determined colourimetrically according to standard methods (APHA 2008). The 

efficiency of nutrient removal from the influent per unit biomass of microalgae, termed 

nutrient removal efficiency (���) was determined by: 

��� = ���� !��"	#$�#��"%&"'$� − ��� !��"	#$�#��"%&"'$��
(ℎ − & 	× 1

%�"��"'$�	"'+���&,-� 

 

HRAP light attenuation and climate 

Light profiles through the water column of each HRAM were measured using LiCor 

2π underwater sensors attached to a LiCor Li-1000 Quantum logger (Li-Cor Biosciences, 

Lincoln, Nebraska, USA). The vertical light attenuation coefficient (Kd) was calculated from 

the regression of log-transformed downwelling irradiance versus depth (Kirk 1994). Depth of 

the euphotic zone where subsurface light was 1% (Zeuphotic) was estimated from Kd 

(Falkowski and Raven 2007). The total light experienced by a cell moving up and down 

through the water column per day (����) was calculated as: 

���� = �100 × �1 − ���R	��������	�������� 	× 	�&' ,	-!%�&#�	'%%&�'&�#�		 

where Zmix is the HRAP depth. Mean ���� based on the 4-day period prior to biomass 

sampling was determined from total daily surface irradiance. Daily surface irradiance was 

recorded at an adjacent weather station. 
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Microalgal light absorption and package effect 

Total particulate light absorption was measured on a Shimadzu UV-2550 

spectrophotometer with an integrating sphere, in 1 cm quartz cuvettes following methods 

detailed by Sutherland et al. (2014a) [I]. The microalgal absorption coefficient and 

wavelength (λ), aph(.) m-1, was determined as the difference between total particulate 

absorption and detrital absorption. The specific absorption coefficient per unit of total 

chlorophyll a (TChl-a = sum of Chl-a and phaeophytin-a), a*ph(.) m2 mg-1, was calculated 

by dividing aph(.) by TChl-a. a*ph(675) is a measure of the light absorption by Chl-a, while 

a*ph(440) is a measure of light absorption by the accessory and photoprotective pigments.  

The package effect (Qa*) is the ratio of a*ph, the chlorophyll specific absorption 

coefficient of pigmented cells, to a*sol, the specific absorption coefficient of the same 

cellular matter uniformly dispersed into solution (Bricaud et al. 2004). When the ratio 

between a*ph  and a*sol  is 1, there is no package effect and absorption by the chlorophyll 

within the cell is optimal. As the ratio decreases towards 0, the package effect increases and 

light absorption is suboptimal. The specific absorption coefficient for a*sol is assumed to be 

0.0207 m2 mg-1 at 675 nm (Bricaud et al. 1995) therefore Qa* (675) was estimated as: 

Qa* 	=	&/h∗ (675)	/	0.0207					 

The spectrally averaged Chl-a specific absorption coefficient (ā∗� for each culture was then 

calculated as: 

ā∗ = ∑ &/h∗KUUVUU �.���.�
∑ ��.�KUUVUU

 

where E(λ) is the spectral output of the Hansatech light chamber. 
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Photosynthetic parameters 

Chlorophyll fluorescence measurements 

Rapid light curves (RLC) of the response of chlorophyll fluorescence to irradiance 

were used to assess the diurnal changes in photosynthetic potential between the CO2 

treatments.  It was not feasible to undertake photosynthesis measurements (oxygen 

production) throughout the day due to the time taken and interference from the very high (> 

300% air saturation) afternoon dissolved oxygen concentrations. Comparison between the 

maximum electron transport rate (�8����) and the maximum photosynthetic rate (����� of 

dark adapted microalgae in all HRAMs showed a strong linear relationship (R2 = 0.9442; 

Figure II.1).  
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Figure II.1  Relationship between maximum rate of electron transport (�8����) and 

maximum rate of photosynthesis (����) for dark adapted microalgae. 
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A diving-PAM (Walz, Effeltrich, Germany) was used for the RLCs due to the high 

algal concentration, the high settling rate of the cells and to avoid the negative influence of 

stirring on fluorescence measurements (Cosgrove and Borowitzka 2006). For each RLC, a 1 

ml sample was settled in an opaque, non-reflective cuvette for 1 minute under ambient light 

conditions before measurements were taken. Replicate RLCs were performed by exposing 

each sample to an initial dark step and then eight steps of increasing irradiance followed by a 

quantum yield measurement at the end of each step interval. The irradiance steps are 

controlled by the PAM software routine, with the first irradiance step defined by the user. 

The interval of each irradiance step lasted 10 seconds to minimise the possibility of 

photoinduction occurring over the course of the measurement and to ensure that the 

immediate photosynthetic state was measured (Ralph and Gademann 2005).  

The electron transport rate (�8� in µmol e- mg Chl-a-1 s-1) was calculated as: 

�8� = ∆:
:�		; × �	 × 0.5	 ×	&/6∗ 	 

where ∆: is the maximum fluorescence measured at saturating irradiance (:�) minus the 

steady state fluorescence before the flashing light (:�		; ), � is the irradiance at each step, 0.5 is 

the multiplication factor as it is assumed that half of the absorbed quanta is distributed to 

photosystem II (Beer et al. 1998).  

The �8� values were plotted as a function of PAR (measured from RLC against a 

calibrated LiCor 2Π sensor) in Sigmaplot (v11.0, SPSS Inc.) and a curve fitted using the 

following model of Hennige et al. (2008) modified from Jassby and Platt (1976), to derive 

�8�= and �8����: 

�8� = �8���� 	× >1 − exp B−�8�=	 × 	�
�8����

CD	 

where �8�= is the maximum light use efficiency, derived from the initial slope and �8���� 

is the maximum electron transport rate. �8��k, the light saturation intensity, defined as the 
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light level at which photochemical efficiency shifts from light limitation to light saturation, 

was derived from the equation: 

�8��E = �8����
�8�= 	 

RLC were measured on four occasions each day (0730, 1030, 1330 and 1630 hours) to assess 

the effectiveness of the ETR under various irradiance conditions. 

Non-photochemical quenching (��W) is a measure of the incoming photon energy 

that is dissipated, or quenched, under excessive light in order to prevent damage to the 

photochemical pathway (Ralph et al. 2002). Diurnal changes in ��W were assessed at the 

same times as RLC measurements. ��W was calculated by the following equation:  

��W = �:� −	:�; �/:�;  

The rate of recovery of photosystem II was assessed using the RLC + recovery 

function of the diving PAM. Following a RLC, the recovery of yield and ��W in the dark 

was assessed by 6 consecutive saturation pulses applied following 10, 30, 60, 120, 300 and 

600 seconds of dark exposure. Recovery rates were compared to the initial dark-adapted yield 

and ��W values measured at the start of the RLC. Recovery rates were measured on all 

treatments as well as the control at two different pH levels as pH changed through the day 

(pH 9 and pH 10). 

 

Photosynthesis and maximum quantum yield 

Primary productivity (P) versus irradiance (E) curves were determined by measuring 

the rate of oxygen production along a gradient of increasing irradiance. HRAM culture 

aliquots were placed in a Hansatech oxygen electrode chamber and irradiance levels were 

controlled through the oxyLab32 software programme (Hansatech Instruments Ltd., UK). 

Oxygen production was measured using a Clark-type fast response micro-sensor calibrated in 

0 % and 100% air-saturated water (Unisense, Denmark). Total incubation time for irradiance 



 

2.II CO2 addition and pH control  92 

curves was 15 minutes, as preliminary measurements showed that pH rapidly rose and 

oxygen production declined when total incubation time was greater than this (data not 

shown). A similar phenomenon has been observed in photobioreactor algal cultures (Brindley 

et al. 2010).  

The photosynthetic parameters = and ���� were estimated from replicate PE curves 

by fitting the formula of Platt et al. (1980) using Sigmaplot graphing software (v 11.0):  

� = ���� 	× >1 − exp B−�=	 × 	�
����

CD 

where �= is the slope of the linear portion of the PE curve and shows the efficiency of 

photosynthesis under light-limiting conditions, while ���� is the point where the PE curve 

levels off and represents the maximum rate of photosynthesis under light-saturated conditions 

(Kirk 1994). ��k, the light saturation intensity of photosynthesis, defined as the light level at 

which photosynthesis shifts from light limitation to light saturation, was derived from the 

equation: 

��E = ����
�=  

The maximum quantum yield (X���) defines the rate of primary productivity on the 

basis of the quantity of light energy absorbed by the microalgae. X��� expresses the 

efficiency of the evolution of oxygen molecules per quantum of light absorbed (Kirk 1994). 

X��� was calculated as: 

X��� = �=
43.2	 × 	ā∗ 

  

where 43.2 converts seconds to hours, milligrams to moles and micromoles to moles 

(SooHoo et al. 1987). 
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Statistical analyses 

Where necessary, data was log transformed to remove asymmetric variance. 

Statistical analyses were performed using analysis of variance (ANOVA) and linear 

regression. All statistical analyses were carried out using Statistica (v10) software (Statsoft 

Inc., Tulsa, OK, USA). 

 

Results  

Environmental variables and dissolved inorganic carbon  

Over the 16 day culture period, the HRAM temperature did not differ significantly 

between treatments and control for both experiments (Table II.1). In both experiments, pH 

was controlled in all four treatments by addition of CO2 gas throughout the day. pH values in 

the treatments were significantly lower (p < 0.05 at pH 8, p < 0.01 for all other treatments) 

than the controls (no CO2 addition) in which the median values were pH 9.3 (experiment 1) 

and pH 9.5 (experiment 2; Table II.1). For both experiments, dissolved oxygen (DO) 

saturation was highly variable, typically ranging from < 50% saturation in all HRAMs pre-

dawn to > 440% in all four treatments and > 330% in the controls at dusk (Table II.1). DO 

was significantly lower in the control HRAMs than in all 4 treatments (p < 0.01). Dissolved 

inorganic carbon (DIC) concentration significantly increased with decreasing pH for both 

experiments (Table II.1). DIC concentrations in each of the treatment HRAMs did not differ 

significantly over the course of the day, however, DIC in the control HRAMs decreased 

significantly with increasing pH over the course of the day for both experiments (Table II.1, 

Figure II.2).  
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Table II.1 Temperature, daytime pH, dissolved oxygen (DO) saturation and dissolved 

inorganic carbon (DIC) concentration in the high rate algal mesocosm treatments for both 

experiments.  

Parameter  Control 
(pH > 9) 

pH 8 pH 7.5 pH 7 pH 6.5 

Experiment 1       

Temperature (oC) Median ± s.d. 23.0 ± 3.5 22.9 ± 2.9 23.1 ± 2.9 23.2 ± 2.9 23.3 ± 2.9 

 min / max 15.9 / 26.7 16.0 / 26.8 16.2 / 26.8 16.4 / 26.8 16.3 / 26.6 

pH Median ± s.d. 9.3 ± 0.7 8.0 ± 0.1 7.5 ± 0.1 7.0 ± 0.1 6.5 ± 0.1 

 min / max 8.1 / 10.7 7.9 / 8.1 7.4 / 7.6 6.9 / 7.1 6.4 / 6.6 

DO (%) Median ± s.d. 192 ± 88 260 ± 120 307 ± 130 313 ± 125 281 ± 117 

 min / max 28 / 333 45 / 440 54 / 496 52 / 444 50 / 447 

DIC (mg L-1) Median ± s.d. 154 ± 127 456 ± 18 551 ± 11 675 ± 21 978 ± 17 

 min / max 23 / 441 421 / 470 537 / 570 649 / 690 963 / 1011 

Experiment 2       

Temperature (oC) Median ± s.d. 25.8 ± 3.1 25.5 ± 3.3 25.2 ± 3.6 25.5 ± 3.8 25.6 ± 3.8 

 min / max 18.9 / 30.5 18.7 / 30.2 18.9 / 30.4 18.8 / 30.4 18.7 / 30.7 

pH Median ± s.d. 9.5 ± 0.8 8.0 ± 0.1 7.5 ± 0.1 7.0 ± 0.1 6.5 ± 0.1 

 min / max 8.3 / 11.2 7.9 / 8.1 7.4 / 7.6 6.9 / 7.1 6.4 / 6.6 

DO (%) Median ± s.d. 209 ± 96 308 ± 150 348 ± 141 333 ± 116 321 ± 126 

 min / max 31 / 349 47 / 457 53 / 471 49 / 460 48 / 447 

DIC (mg L-1) Median ± s.d. 135 ± 145 453 ± 22 535 ± 25 669 ± 34 965 ± 21 

 min / max 15 / 403 421 / 482 502 / 556 639 / 715 945 / 985 
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Figure II.2 Day-time variation in dissolved inorganic carbon concentration (�) and pH (�) 

in high rate algal mesocosms without CO2 addition. 

 

Species composition and biovolume 

Only chlorophytes (green algae) were observed.  In experiment 1, Micractinium 

bornhemiense (W.Conrad) Korshikov was the dominant species comprising approximately 

90% of the microalgal biovolume (range 85 - 93%) in all HRAMs. M. bornhemiense is a 

colonial green microalga with cells regularly arranged in pyramidal coenobia comprising 

between 8 – 256 spherical cells, each bearing a single spine (Figure II.3a.). The colonial 

green microalgae Pediastrum duplex Meyen (6%; Figure II.3b) and Desmodesmus abundans 

(Kirchner) E.Hegewald (4%; Figure II.3c) comprised the remaining microalgal biovolume. In 

experiment 2, Pediastrum boryanum (Turpin) E.Hegewald (Figure II.3d) was the dominant 

species (approximately 65%, range 61 - 67%, of biovolume) with Desmodesmus opoliensis 
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(P.G.Richter) E.Hegewald (Figure II.3e) as the second dominant species (30%, range 27- 

32%, biovolume). The remaining biovolume (5% of the total) consisted of Ankistrodesmus 

falcatus (Corda) Ralfs and Micractinium pusillum Fresenius (Figures II.3f and g).  P. 

boryanum is a star-shaped colonial green microalga, typically comprised of 8- 64 cells, while 

D. opoliensis is a colonial green microalga comprised of 4-8 linearly arranged cells.  

Total microalgal biovolume increased significantly with the addition of CO2 

compared to the control in both experiments (Table II.2). The percentage increase in total 

biovolume of the M. bornhemiense dominated culture ranged from 61% (pH 8) to 85% (pH 

6.5) relative to the control. Total biovolume was significantly greater in HRAMs maintained 

at pH 8 and pH 7.5 than in the control (p < 0.01), but did not differ from each other. HRAMs 

maintained at pH 7 and pH 6.5 had significantly higher (p < 0.01) microalgal biovolume 

compared to all other treatments but did not differ from each other (Table II.2). In the second 

experiment, the percentage increase in total biovolume of the P. boryanum / D. opoliensis 

dominated culture relative to the control ranged from 33% (pH 8) to 51% (pH 6.5). Total 

biovolume was significantly greater in all the treatments compared to the control (p < 0.01), 

while the microalgal biovolume in the HRAMs maintained at pH 8 was significantly lower (p 

< 0.05 and p < 0.01) than those maintained at pH 7 and pH 6.5 (Table II.2). Total biovolume 

along the DIC / pH range was only weakly positively correlated to total suspended solids for 

both experiments (R2 = 0.465 in experiment 1, R2 = 0.317 in experiment 2; data not shown). 
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Figure II.3 Photomicrographs of the main species in experiment 1 (top row) and experiment 2 (bottom row), a) Micractinium bornhemiense, b) 

Pediastrum duplex, c) Desmodesmus abundans, d) Pediastrum boryanum, e) Desmodesmus opoliensis, f) Ankistrodesmus falcatus g) 

Micractinium pusillum. Scale bars = 10 µm. 
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The biovolume of individual colonies of M. bornhemiense increased significantly as 

the DIC supply increased and pH decreased from pH > 9 to pH 7, while the biovolume in pH 

6.5 treatment did not differ significantly from the control (Figure II.4a). In the control, the 

biovolumes of 72% of individual colonies were between 2,500 - 5,000 µm3, while 67% of 

colonies at pH 8,  87% of colonies at pH 7.5, and 80% of colonies at pH 7 had significantly 

greater (p < 0.05) biovolume than the 2,500 - 5,000 µm3 size class (Figure II.4a). The 

biovolume size classes of colonies at pH 6.5 did not differ significantly from the control 

(Figure II.4a). M. pusillum colonies from the second experiment also showed a similar tread 

of increasing biovolume with the addition of CO2, with the exception of pH 6.5 HRAMs 

(data not shown). 

 For P. boryanum, there was no significant difference in biovolume of individual 

colonies between the control and any of the treatments (Figure II.4b). There was also no 

significant difference for P. duplex colonies in the first experiment (data not shown).   

Individual D. opoliensis colonies increased in biovolume with the addition of CO2. 

The biovolume of 84% of individual colonies in the control were between 250 and 750 µm3, 

while 50% of colonies at pH 8, 59% of colonies at pH 7.5, and 49% of colonies at pH 7 had 

significantly greater (p < 0.05) biovolume (Figure II.4c). The biovolume of colonies at pH 

6.5 did not differ significantly from the control (Figure II.4c). D. abundans also showed a 

similar tread of increasing biovolume with increasing CO2 addition up to pH 7. This was 

mainly due to an increase in the frequency of 8-celled colonies compared to 4-celled colonies 

in the control and pH 6.5 (data not shown). Ankistrodesmus falcatus showed a reserve trend, 

with colonies with significantly larger biovolume in the control and pH 6.5 compared to pH 

8, pH 7.5 and pH 7 (data not shown). 



 

2.II CO2 addition and pH control  99 

Table II.2 Microalgal biovolume and biomass along a gradient of dissolved inorganic carbon concentrations. Data are means ± standard 

deviations. 

Parameter Control (pH > 9) pH 8 pH 7.5 pH 7 pH 6.5 

Experiment 1      

Biovolume (µm3 mL-1) 1.32 x 108 ± 1 x 106  3.38 x 108 ± 7 x 107  4.38 x 108 ± 3 x 107  6.84 x 108 ± 1 x 108  8.72 x 108 ± 2 x 108  

Organic matter (g m-3) 168 ± 13 239 ± 7 254 ± 13 261 ± 19 306 ± 16 

Chl-a (mg m-3) 2906 ± 96 3364 ± 223 3404 ± 118 4166 ± 265 5694 ± 221 

Chl-b (mg m-3) 270 ± 68 559 ± 134 513 ± 93 834 ± 57 936 ± 45 

Chl-a : Chl-b 10.8 6.0 6.6 4.9 6.1 

Experiment 2      

Biovolume (µm3 mL-1) 1.67 x 108 ± 7 x 106  2.51 x 108 ± 8 x 106  3.09 x 108 ± 3 x 107  3.25 x 108 ± 5 x 107  3.41 x 108 ± 6 x 106  

Organic matter (g m-3) 227 ± 5 270 ± 5 276 ± 6 265 ± 4 293 ± 12 

Chl-a (mg m-3) 4332 ± 176 4251 ± 145 4381 ± 230 4693 ± 276 5118 ± 290 

Chl-b (mg m-3) 381 ± 19 586 ± 43 572 ± 37 608 ± 27 639 ± 28 

Chl-a : Chl-b 11.4 7.3 7.6 7.7 8.0 
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Figure II.4 Biovolume distribution of a) Micractinium bornhemiense, b) Pediastrum 

boryanum and c) Desmodesmus opoliensis along a dissolved inorganic carbon gradient. 
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Organic matter and chlorophyll biomass  

In experiment 1, the total organic matter increased by 33% (pH 8) to 45% (pH 6.5) 

relative to the control (all treatments p < 0.01; Table II.2). There was no significant increase 

in the total organic matter between treatments with increased CO2 supply until the HRAM 

DIC concentration was > 900 mg L-1 (pH 6.5). Organic matter in this treatment was 

significantly higher (p < 0.01) than all other treatments and the control (Table II.2). In 

experiment 2, there was significant increase (p < 0.01) in total organic matter relative to the 

control that ranged from 15% (pH 8) to 22% (pH 6.5).  As with experiment 1, organic matter 

was significantly higher (p < 0.01) at the highest DIC concentration treatment than all other 

treatments. Organic matter was significantly lower at pH 7 than pH 7.5 but did not differ 

from pH 8 (Table II.2).  

Chl-a concentration, a proxy for microalgal biomass, did not differ significantly 

between the control and treatments at pH 8 and 7.5 in both experiments (Table II.2). At pH 7 

the Chl-a concentration was significantly higher (p < 0.01) than the control, pH 8 and pH 7.5 

HRAMs, while at pH 6.5 Chl-a concentration was significantly higher (p < 0.01) than in all 

other HRAMs in both experiments (Table II.2). In contrast, Chl-b concentration was 

significantly lower (p < 0.01) in the control than in all treatment HRAMs for both 

experiments (Table II.2). Chl-b concentrations were significantly higher at pH 7 and pH 6.5 

than at pH 8 and pH 7.5 for both experiments (Table II.2). The ratio of Chl-a to Chl-b was 

significantly higher (p < 0.01) in the control compared to all treatments for both experiments 

(Table II.2).  

The Chl-a concentration per unit microalgal biovolume (Chl-a ng µm3 mL-1) 

decreased with the addition of CO2. For both experiments at pH 8, the Chl-a per unit 

biovolume of microalgae was significantly lower (p < 0.01) than in the control (Figure II.5a-

b), while further addition of CO2 decreased the Chl-a concentration further, with microalgae 
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cultured at pH 7.5, pH 7 and pH 6.5 being significantly lower (p < 0.01) than those cultured 

at either pH 8 or under control conditions (Figure II.5a-b). Chl-a content per unit biovolume 

of microalgae did not differ significantly between the pH 7.5, pH 7 and pH 6.5 treatments for 

both experiments (Figure II.5a-b). 

 

Dissolved nutrient concentrations and nutrient removal efficiency. 

For both experiments, the NH4-N concentrations in the control HRAMs were 

significantly (p < 0.01) lower than any of the treatments, but did not differ significantly 

between treatments (Table II.3). For both experiments the NO3-N concentrations were 

significantly higher (p < 0.01) at pH 8 and pH 7.5 than in the control or at pH 7 and pH 6.5, 

which did not differ significantly from each other or from the primary influent (Table II.3). In 

order to assess total dissolved nitrogen removal rates, NH4-N and NO3-N were summed to 

give dissolved inorganic nitrogen (DIN) concentration. The percentage of DIN removed was 

significantly higher (p < 0.01) in the control HRAM than in any of the treatments for both 

experiments. In experiment 1, the percentage removal of DIN at pH 6.5 was significantly 

higher (p < 0.05 for pH 7 and p < 0.01 for pH 7.5 and pH 8) than in any other treatments, 

while percentage removal at pH 7 was significantly greater (p < 0.05) than at pH 7.5 and pH 

8, which did not differ significantly from each other (Table II.3). In experiment 2, the 

percentage removal of DIN at pH 6.5 and pH 7 was significantly greater (p < 0.05) than at pH 

7.5 and pH 8 (Table II.3). In both experiments the DRP concentration was significantly lower 

(P < 0.05) in the control compared to the treatments, which did not differ significantly from 

each other (Table II.3). The percentage removal of DRP relative to the primary inflow was 

significantly higher (P < 0.05) in the control than the treatments, which did not differ 

significantly from each other in both experiments (Table II.3). 
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Figure II.5 Chlorophyll a (Chl-a) normalised to microalgal biovolume in a) Micractinium 

bornhemiense dominated culture and b) Pediastrum boryanum / Desmodesmus opoliensis 

dominated culture along a dissolved inorganic carbon gradient. 
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Table II.3 Dissolved nutrients and nutrient removal along a gradient of dissolved inorganic 

carbon concentrations. NH4-N = ammonium nitrogen, NO3-N = nitrate nitrogen, DIN = NH4-

N + NO3-N, DRP = dissolved reactive phosphorus, NRE = nutrient removal efficiency.  

Parameter primary Control 
(pH > 9) 

pH 8 pH 7.5 pH 7 pH 6.5 

Experiment 1       

NH4-N (g m-3) 55.5 ± 3.3 6.0 ± 0.7  20.3 ± 0.9  23.0 ± 0.9  19.5 ± 3.1 20.0 ± 2.2  

NO3-N (g m-3) 0.9 ± 0.3 0.3 ± 0.2 4.7 ± 0.3 4.1 ± 0.5 1.2± 0.2 0.4 ± 0.3 

DIN (g m-3) 56.7 ± 3.1 6.3 ± 0.7 27.2 ± 3.4 29.1 ± 0.9 22.4 ± 0.6 20.6 ± 0.6 

% DIN removed - 89 ± 1 52 ± 6 48 ± 2 60 ± 1 64 ± 1 

NRE - DIN - - 2.15 ± 
0.25 

2.01 ± 
0.06 

2.03 ± 
0.04 

1.86 ± 
0.02 

DRP (g m-3) 4.7 ± 0.3 3.5 ± 0.2 3.9 ± 0.5 4.1 ± 0.2 4.1 ± 0.1 4.3 ± 0.5 

% DRP removed - 25 ± 2 17 ± 3 13 ± 2 13 ± 2 9 ± 4 

NRE – DRP - - 0.06 ± 
0.03 

0.04 ± 
0.02 

0.04 ± 
0.01 

0.02 ± 
0.02 

Experiment 2       

NH4-N (g m-3) 33.1 ± 4.6 3.1 ± 0.3  10.7 ± 1.2  10.3 ± 2.2  10.6 ± 1.8 10.4 ± 2.5  

NO3-N (g m-3) 0.8 ± 0.1 0.2 ± 0.1 4.4 ± 0.6 3.8 ± 0.8 1.0± 0.3 0.6 ± 0.1 

DIN (g m-3) 34.6 ± 4.5 4.1 ± 0.3 15.9 ± 0.6 14.9 ± 1.7 12.4 ± 1.3 11.7 ± 1.3 

% DIN removed - 88 ± 1 54 ± 2 57 ± 3 64 ± 4 66 ± 4 

NRE - DIN - - 1.05 ± 
0.04 

1.08 ± 
0.10 

1.14 ± 
0.07 

1.09 ± 
0.07 

DRP (g m-3) 4.0 ± 0.2 2.7 ± 0.1 3.1 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 

% DRP removed - 33 ± 2 23 ± 2 28 ± 3 28 ± 1 25 ± 2 

NRE – DRP - 0.07 ± 
0.01 

0.05 ± 
0.01 

0.06 ± 
0.01 

0.06 ± 
0.003 

0.05 ± 
0.002 
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As the removal of dissolved nutrients in the control was related to physico-chemical 

processes in addition to microalgal uptake (see discussion below) only the NRE (nutrient 

removal per unit of microalgal biomass) for the treatments are reported. For both experiments 

the NRE-DIN did not differ significantly between the treatments (Table II.3). Similarly, the 

NRE-DRP did not differ significantly between the treatments in either experiment (Table 

II.3). 

 

Light attenuation and climate 

Light attenuation (Kd) was significantly higher (p < 0.01) with the addition of CO2 

compared to the control and reached a maximum at pH 7.5, which was significantly higher 

than all other treatments (p < 0.01; Table II.4). The depth of the euphotic zone relative to 

HRAM depth (Zeuphotic:Ztotal) was significantly greater (p < 0.01) in the control compared to 

treatments (Table II.4). Amongst the treatments, Zeuphotic:Ztotal was significantly lower at pH 

7.5 (p < 0.05). ���� was significantly greater in the control compared to pH 7.5 (p < 0.01), 

pH 7 (p < 0.05) and pH 6.5 (p < 0.05), while ����	at pH 8 did not differ significantly from 

the treatments or the control (Table II.4). The proportion of ���� to total surface PAR was 

low for all treatments and the control, ranging from 7.3 - 9.8 %. ����: total surface PAR was 

significantly higher in the control compared to pH 7.5 (p < 0.01), pH 7 (p < 0.05) and pH 6.5 

(p < 0.05), while at pH 8 it did not differ significantly from the control or treatments (Table 

II.4). The light conversion efficiency, defined as the amount of Chl-a biomass produced per 

unit light in the water column, increased with increasing CO2 addition. Light conversion 

efficiency was significantly greater (p < 0.01 for all except p < 0.05 for pH 7.5) at pH 6.5 

than in all other treatments and the control, while light conversion efficiency at pH 7 and pH 

7.5 was significantly greater than at pH 8 and in the control (p < 0.01) but did not differ 
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significantly from each other. The control was significantly lower than all CO2 addition 

treatments (Table II.4).  

 

Microalgal light absorption and the package effect 

a*ph(λ) increased with increasing CO2 addition (Figure II.6). Both a*ph(675) and 

a*ph(440) were significantly lower (p < 0.01) in the control than in the CO2 addition 

treatments (Table II.4). a*ph(675) and a*ph(440) were significantly higher (p < 0.01) at pH 6.5 

than all other treatments, while both parameters were significantly higher at pH 7 than at pH 

7.5 (p < 0.05) and pH 8 (p < 0.01), which did not differ significantly from each other (Table 

II.4). a*ph (∑ �KYUZYU  increased significantly with increasing CO2 addition (Table II.4). Qa* was 

significantly higher (p < 0.01) at pH 6.5 compared to all other treatments, while the control 

was significantly lower (p < 0.01) than all treatments (Table II.4). Qa* was significantly 

higher at pH 7 than at pH 7.5 (p < 0.05) and pH 8 (p < 0.01), which did not differ from each 

other. These results indicate that the package effect decreased with increasing CO2 addition. 

The package effect accounted for approximately 56% of the microalgal light absorption in the 

control compared to only 41% at pH 6.5.   
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Table II.4 Light climate and attenuation within the HRAMs and microalgal chlorophyll-specific light absorption and package effect along a 

dissolved inorganic carbon concentration gradient. Kd is the light attenuation co-efficient, Zeuphotic is the depth above which photosynthesis > 

respiration, ���� is the total amount of light to which a circulating cell is exposed, a*ph(λ) is the chlorophyll specific light absorption at 

wavelengths 675nm and 440nm, Qa* is the package effect. The values are means ± standard deviations. 

Parameter pH > 9 

(Control) 

pH 8 pH 7.5 pH 7 pH 6.5 

Kd (m-1) 34.0 ± 1.1 39.1 ± 1.3 45.7 ± 1.5 41.7 ± 0.3 41.8 ± 1.0 

Zeuphotic : Ztotal 0.45 ± 0.05 0.39 ± 0.04 0.34 ± 0.01 0.37 ± 0.02 0.37 ± 0.01 

���� (mmol d-1) 4.7 ± 0.8 4.1 ± 0.7 3.5 ± 0.6 3.8 ± 0.7 3.8 ± 0.7 

����  : Pond surface PAR  0.098 ± 0.01 0.085 ± 0.03 0.073 ± 0.01 0.080 ± 0.02 0.080 ± 0.01 

Light conversion efficiency (mg Chl-a 
µmol photon) 

0.97 ± 0.04 1.10 ± 0.04 1.32 ± 0.07 1.29 ± 0.08 1.41 ± 0.08 

a*ph(675) m2 mg-1 0.0096 ± 0.0005 0.0105 ± 0.0001 0.0108 ± 0.0001 0.0113 ± 0.0003 0.0122 ± 0.0003 

a*ph∑(450-650) m2 mg-1 0.767 ± 0.016 0.812 ± 0.034 0.864 ± 0.021 0.885 ± 0.041 0.980 ± 0.039 

a*ph(440) m2 mg-1 0.0139 ± 0.0004 0.0148 ± 0.0003 0.0155 ± 0.0001 0.0160 ± 0.0002 0.0169 ± 0.0004 

Qa* 0.46 ± 0.02 0.51 ± 0.01 0.52 ± 0.01 0.54 ± 0.02 0.59 ± 0.02 
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Figure II.6 Spectral light absorption measured as the chlorophyll-a specific absorption (a*(λ) 

m2 mg Chl-a-1) for microalgae grown along a dissolved inorganic carbon gradient. 

 

Diurnal electron transport rate and non-photochemical quenching 

RLCs showed that at high, but not at low irradiances, the relative measure of 

photosynthetic potential (ETR), was significantly higher (p <0.01) at lower pH compared to 

the control (Figure II.7). �8���� was significantly lower in the control compared to the CO2 

addition treatments, regardless of time of day and prior irradiance exposure (Table II.5). 

During early and mid-morning, �8���� was significantly higher (p <0.01) at pH 6.5 than in 

all other treatments and was significantly higher (p < 0.05) at pH 7 than at pH 7.5 and pH 8, 

which did not differ significantly from each other (Table II.5). By early afternoon, �8���� at 

pH 6.5 was significantly lower (p < 0.01) than at pH 8, but had recovered to similar levels as 

pH 8 by late afternoon (Table II.5). �8��E was significantly lower throughout the day in the 

control compared to the CO2 addition treatments and was significantly higher (p < 0.01) at 

pH 6.5 than at pH 8 between mid-morning and early afternoon, but did not differ significantly 
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at the start and end of the day (Table II.5). �8�= did not differ significantly amongst the 

treatments and the control throughout the day (Table II.5).  

��W was significantly lower (p < 0.01) in the control at all irradiance levels above 0 

compared to the CO2 addition treatments (Figure II.8). ��W��� was significantly lower (p < 

0.01) in the control compared to all treatments over the course of the day (Table II.5).  Early 

morning ��W��� was significantly higher (p <0.05) at pH 6.5 than at pH 8 and during the 

rest of the day was significantly higher (p < 0.05 at 1030, p < 0.01 at 1330 and 1630 hours) at 

pH 6.5 than in all other treatments (Table II.5).   
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Figure II.7  Example of electron transport versus irradiance along a gradient of dissolved 

inorganic carbon concentration. � = pH > 9 (Control), � = pH 8, � = pH 7.5, � = pH 7, � 

= pH 6.5.  
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The percentage dark-recovery of both yield and ��W, relative to the initial dark 

adapted values, decreased with increasing pH following the first 10 seconds of the dark 

period (Figure II.9). Initial percentage dark-recovery of yield was significantly higher at pH 

6.5 than at all other pH values, while at pH 9 and pH 10 were significantly lower (p <0.01). 

For ��W, dark-recovery was significantly higher (p <0.01) at pH 6.5, 7, and 7.5 compared to 

pH 8 and above. The control at both pH 9 and pH 10 was significantly lower (p < 0.01) than 

the treatments, but did not differ between pH levels.  After 30 seconds of dark-recovery, all 

CO2 addition treatments and the control had fully recovered yield, while the ��W had fully 

recovered in all treatments but not in the control at either pH 9 or pH 10, which recovered 

fully after 60 seconds (data not shown). 
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Figure II.8 Example of non-photosynthetic quenching (��W) versus irradiance along a 

gradient of dissolved inorganic carbon concentration. � = pH > 9 (Control), � = pH 8, � = 

pH 7.5, � = pH 7, � = pH 6.5. 
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Table II.5 Diurnal changes in the maximum rate of electron transport rate and non-photochemical quenching along a gradient of dissolved 

inorganic carbon concentration. �8���� is the maximum rate of electron transport, �8�= is the efficiency of electron transport under light 

limiting conditions, �8��E is the saturating light level of electron transport and ��W��� is the maximum non-photochemical quenching.  The 

values are means ± standard deviation  

 

Parameter pH > 9 

(Control) 

pH 8 pH 7.5 pH 7 pH 6.5 

0730 hours      

�8���� 0.174 ± 0.021 0.268 ± 0.005 0.272 ± 0.002 0.289 ± 0.003 0.326 ± 0.013 

�8�= 0.0015 ± 0.0001 0.0015 ± 0.000 0.0016 ± 0.000 0.0016 ± 0.0001 0.0016 ± 0.000 

�8��E 114 ± 14 175 ± 5 170 ± 2 177 ± 4 204 ± 18 

��W��� 0.289 ± 0.074 0.866 ± 0.034 0.865 ± 0.048 0.817 ± 0.071 0.692 ± 0.061 

1030 hours      

�8���� 0.293 ± 0.009 0.512 ± 0.007 0.518 ± 0.025 0.504 ± 0.016 0.568 ± 0.019 

�8�= 0.0013 ± 0.0001 0.0014 ± 0.000 0.0014 ± 0.0001 0.0014 ± 0.0001 0.0014 ± 0.000 

�8��E 220 ± 7 366 ± 5 379 ± 13 370 ± 26 406 ± 14 

��W��� 0.167 ± 0.020 0.384 ± 0.073 0.683 ± 0.002 0.674 ± 0.0017 0.792 ± 0.038 



 

2.II CO2 addition and pH control  112 

1330 hours      

�8���� 0.433 ± 0.023 0.637 ± 0.034 0.614 ± 0.004 0.549 ± 0.026 0.539 ± 0.030 

�8�= 0.0013 ± 0.0001 0.0014 ± 0.000 0.0013 ± 0.0001 0.0014 ± 0.0001 0.0014 ± 0.000 

�8��E 333 ± 18 455 ± 24 461 ± 22 403 ± 36 385 ± 21 

��W��� 0.231 ± 0.023 0.460 ± 0.050 0.730 ± 0.072 0.744 ± 0.084 0.958 ± 0.040 

1630 hours      

�8���� 0.354 ± 0.016 0.565 ± 0.018 0.554 ± 0.032 0.491 ± 0.040 0.512 ± 0.017 

�8�= 0.0010 ± 0.0001 0.0013 ± 0.0001 0.0013 ± 0.000 0.0013 ± 0.000 0.0013 ± 0.0001 

�8��E 356 ± 27 424 ± 27 426 ± 25 378 ± 32 384 ± 13 

��W��� 0.211 ± 0.031 0.337 ± 0.021 0.384 ± 0.022 0.406 ± 0.005 0.491 ± 0.027 
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Figure II.9 Percentage dark- recovery of yield (�) and Non-photosynthetic quenching (�) 

after 10 seconds in the dark, following saturating irradiance.  

 

Photosynthetic oxygen production and maximum quantum yield 

Under all irradiance levels other than 0, the rate of oxygen production was 

significantly lower (p < 0.01) in the control compared to all CO2 addition treatments (Figure 

II.10). ���� was significantly higher (p < 0.01) at pH 6.5, while the control was significantly 

lower (p < 0.01) than all other treatments and there was no significant difference amongst pH 

8, pH 7.5 and pH 7 (Table II.6). �= was significantly lower (p < 0.01) in the control 

compared to the CO2 addition treatments (Table II.6). �= was significantly higher (p < 0.01) 

at pH 6.5 than at pH 8, pH 7.5 and pH 7 which did not differ significantly from each other 

(Table II.6). ��E was significantly lower in the control compared to the treatments, amongst 
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which there was no significant difference (Table II.6). The maximum quantum yield (X���) 

was significantly lower (p < 0.01) in the control compared to the treatments, while at pH 6.5 

it was significantly higher (p < 0.05) than at pH 8, pH 7.5 and pH 7, amongst which there was 

no significant difference (Table II.6). 
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Figure II.10 Photosynthesis versus irradiance curves at a number of CO2 addition treatments, 

as indicated by pH.  � = pH > 9 (Control), � = pH 8, � = pH 7.5, � = pH 7, � = pH 6.5. 
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Table II.6 Photosynthetic parameters along a gradient of dissolved inorganic carbon 

concentration. ���� is the maximum rate of photosynthesis, �= is the efficiency of 

photosynthesis under light limiting conditions, ��E  is the saturating light level and X��� is 

the maximum quantum yield of photosynthesis. The values are means ± standard deviation. 

Parameter pH > 9 

(Control) 

pH 8 pH 7.5 pH 7 pH 6.5 

����  11.8 ± 0.1 21.8 ± 0.8 21.5 ± 0.8 22.4 ± 1.2 25.7 ± 0.2 

�= 0.035 ± 
0.001 

0.052 ± 
0.001 

0.051 ± 
0.001 

0.054 ± 
0.003 

0.065 ± 
0.001 

��E 334 ± 12 422 ± 11 419 ± 11 412 ± 6 398 ± 6 

X���  (mol O2 mol 
quanta absorbed)-1 

0.077 ± 
0.002 

0.102 ± 
0.002 

0.099 ± 
0.001 

0.100 ± 
0.004 

0.110 ± 
0.002 

 

 

Discussion 

Dissolved inorganic carbon and pH 

Total DIC concentrations varied greatly throughout the day in the control compared to 

relatively stable concentrations in the treatments. Co-varying CO2 and pH resulted in changes 

to the absolute dissolved inorganic carbon concentration (DIC), leading to shifts in the 

inorganic carbon species, with the concentration of CO2 increasing while CO32- and HCO3
- 

decreased at lower pH. Most microalgae preferentially uptake CO2 through passive diffusion 

over HCO3
-, which requires active transport (Azov 1982).  When pH > 9.5, most DIC in 

wastewater HRAPs is in the form of CO3
2- and HCO3

-, with little available CO2 (Borowitzka 

and Moheimani 2013). Under these conditions, microalgae need to employ metabolically 

expensive carbon concentrating mechanisms (CCM) in order to sequester sufficient carbon 

for photosynthesis (Raven et al. 2014). Down-regulation of CCMs under high CO2 and 

lowered pH is thought to benefit microalgae by increasing available energy for growth 
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(Beardall and Raven 2004). Chlorophytes, which comprised all microalgae in this study (see 

species composition section below), have an inefficient mechanism for both carbon 

concentration and utilisation and are thought to benefit the most from increased CO2 supply 

and lowered pH (Low-Décarie et al. 2011). 

 

Species composition and biovolume 

Chlorophyta are typically constituents of wastewater algal assemblages (Cassie-

Cooper 1983, Craggs 2005, Sutherland et al. 2014b [V]). The turbulence in the HRAMs, as 

well as in HRAPs in general, may have allowed colonial species to dominate the community 

over smaller and typically faster growing single cell species (Sutherland et al. 2014c [VII]). A 

strong positive correlation between total suspended solids (TSS) and total microalgal 

biovolume was demonstrated in a P. boryanum dominated wastewater HRAP community 

(Park et al. 2011b). However, in the current study there was only a weak positive correlation 

between these two parameters, regardless of dominant species. Increases in total biovolume 

were approximately twice the increases in organic matter for all treatments relative to the 

control. This suggests that there was a change in the proportion of microalgae to bacteria in 

response to co-varied CO2 and pH and may explain the weak relationship between TSS and 

microalgal biovolume. The bacterial component of the total organic biomass has been 

reported to range from 20 – 45% in wastewater HRAPs (Park and Craggs 2011). Both aerobic 

and nitrifying bacterial communities have been reported to have optimal growth at pH ~8 in 

wastewater ponds (Antoniou et al. 1990, Craggs 2005). The lower pH values in the present 

study may have negatively impacted on bacterial growth, as evident by the decreased 

nitrification / denitrification discussed below  

Increases in individual colony biovolume of Micractinium spp. and Desomodesmus 

spp. may have been in response to increased CO2 availability resulting in increased growth. 
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Colony formation and size of microalgae growing in HRAPs has been shown to be 

responsive to changes in the physico-chemical environment with increased colony size under 

more favourable growth conditions (Oron et al. 1979, Oron et al. 1981). Carbon limitation 

has been shown to reduce trichome size in a filamentous cyanobacterium (Ma and Gao 2014). 

Decreased colony size at the lowest pH / highest CO2 addition may reflect relatively faster 

growth of colonies compared to other treatments, resulting in an increased abundance of 

smaller colonies to total colonies. The short hydraulic retention time in this experiment may 

have been the over-riding reason why colony size of Pediastrum spp. did not change between 

treatments. When mean cell residence time was increased to > 4 days, there was an increase 

in the proportion of larger colonies of P. boryanum compared to the control (Park et al. 

2013). Microalgal cell size in response to acidification has been found to be variable, with 

some authors reporting a decrease in cell size while others report an increase in cell size in 

response to decreased pH (Havens and Heath 1991, Collins and Bell 2004). In the current 

study, mean cell size varied in response to acidification only for Desmodesmus spp., with 

smaller cells present at the lowest pH / highest DIC.      

 

Organic matter and chlorophyll biomass  

While organic matter increased in response to CO2 addition in both experiments, there 

was not a doubling of biomass at pH 8 as previously reported (Heubeck et al. 2007, Park and 

Craggs 2010, 2011). For both M. bornhemiense- and P. boryanum-dominated cultures, 

organic matter almost doubled at pH 6.5 in comparison with the control. The measure of 

organic matter includes all living microorganisms, such as bacteria, fungi, microalgae and 

microzooplankton as well as detrital material. Separation of the microalgae from the other 

components, particularly bacterial flocs associated with the microalgal colonies, is very 

difficult. As discussed above, greater changes in the proportion of microalgae to bacteria may 
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explain why organic matter did not appear to increase at the same rate as microalgal 

biovolume. 

Decreased Chl-a per unit biovolume had the effect of decreasing the overall Chl-a 

concentration, suggesting that microalgal biomass did not increase to any significant degree 

when CO2 and pH were co-varied to pH 8 and pH 7.5 relative to the control. However, as 

discussed above, significantly larger differences in total biovolume between the treatments 

and the control demonstrate increased microalgal biomass in response to CO2 addition. 

Decreased Chl-a per cell in response to co-varying CO2 and pH has also been reported in a 

number of ocean acidification experiments (Sobrino et al. 2008, Hennon et al. 2014).  

The increase in Chl-b relative to Chl-a with the addition of CO2 may be an adaptation to 

increased light attenuation and decreased available light as a result of increased microalgal 

biomass (see Light climate, absorption and the package effect below). Chl-b is an 

accessory pigment that absorbs light in the 450-650 nm range, whereas Chl-a absorbs weakly 

in this range (Kirk 1994). Increased accessory pigmentation often occurs in response to 

decreased available light, resulting in an elevated likelihood of photon capture (Falkowski et 

al. 1981). The ratio of Chl-a to Chl-b typically decreases in green algae in response to 

decreasing light intensity (Kirk 1994). Light energy absorbed by Chl-b is transferred to Chl-a 

and made available for photosynthesis, allowing the microalgae to utilise available light more 

efficiently (Kirk 1994). 

There are three potential pathways that resulted in increased microalgal biomass in 

response to co-varying CO2 and pH. These are: 

1) Increased available CO2 and down regulation of CCM resulted in increased energy 

for growth. CCM activity was not measured in these experiments, but at decreased pH there 

was an overall increased availability of CO2 for passive uptake.  
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2) Decreased pH enhanced growth through reduced ammonia toxicity.  When pH < 8, 

ammonia toxicity is substantially reduced as ammonia gas formation decreases and most of 

the nitrogen is present as the less toxic ammonium ion (Tam and Wong 1996).  

3) Light utilisation and photosynthesis were enhanced with increased CO2 and 

decreased pH. This is discussed below (ETR and Photosynthesis). 

 

Nutrient removal efficiency 

The greater nutrient removal in the control compared to the treatments was most 

probably a result of physico-chemical processes occurring during the significantly higher 

median day-time pH rather than higher microalgal assimilation. When pH in the culture is pH 

> 9, as was the case in our controls, processes such as ammonia volatilisation and phosphate 

precipitation can have a major impact on nutrient removal in HRAPs (Azov and Goldmann 

1982, Park and Craggs 2010). Ammonia volatilisation can contribute up to 32% of DIN 

removal in wastewater HRAPs (García et al. 2000). CO2 augmentation could reduce nitrogen 

removal by physico-chemical processes, however, this may be offset by increased nutrient 

assimilation by the microalgae resulting in no effect on overall nitrogen removal (Park and 

Craggs 2011). This was not the case in the present study as ammonia out-gassing was 

significantly higher in the controls than increased microalgal assimilation in the treatments. 

High ammonia stripping via out-gassing at elevated pH has been observed in pilot scale 

HRAPs but was not observed in a full-scale wastewater HRAP system (Picot et al. 1991, 

García et al. 2000, Craggs et al. 2012). Removal of ammonia gas to the air from HRAPs can 

be high when cultures reach pH 11 (Nurdogan and Oswald 1995). Constant mixing may have 

enhanced gas exchange with the atmosphere and may explain enhanced ammonia stripping in 

the HRAMs compared to the full-scale HRAP system, where disruption of the surface water 

tension is low. Phosphate precipitation may explain the lower DRP concentrations in the 
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control compared to the treatments in the present study. Precipitation is strongly dependent 

on pond pH, temperature, phosphate and cation concentrations and can account for up to 80% 

of phosphate removal when pH > 8.2 (Ellis 1983, Craggs 2005). 

While the concentration of NH4-N did not differ between treatments, higher 

nitrification / denitrification at pH 8 and 7.5 resulted in increased nitrate-nitrite 

concentrations. Differences in nitrate-nitrite concentrations amongst the treatments is likely 

to have been a result of the activity of nitrifying bacteria at different pH levels. Nitrifying 

bacteria grow optimally between pH 7.5 - 8.5 and are inhibited below pH 6.5 and above pH 

10 (Painter and Loveless 1983, Antoniou et al. 1990). Overall, the DIN concentration in the 

HRAMs decreased with increasing CO2 addition, resulting in a higher quality effluent at pH 

6.5 than at pH 8. However, despite the significant increase in DIN removal at the lower pH, 

this did not translate into improved NRE because microalgae growing at the lower pH did not 

assimilate any more DIN despite the higher photosynthesis and biomass yield. Carbon and 

nitrogen metabolism are tightly linked in microalgae and the C:N ratio can influence the 

uptake and assimilation of inorganic carbon and nitrogen (Hu and Zhou 2010). At high CO2 

concentrations, decreased DIN uptake is thought to be related to decreased chlorophyll 

content and photosynthesis per cell, reflecting a decreased need for proteins by the 

photosynthetic apparatus of the cell (Hennon et al. 2014). Stimulation of microalgal growth 

under elevated CO2 was more marked under low light than under saturating light conditions, 

most likely due to conserved energy as a result of suppression of CCM activity (Beardall and 

Raven 2004). Improved efficiency under low light would result in a higher C fixation rate per 

unit of N under conditions of elevated CO2 (Beardall and Raven 2004). This may explain 

why in the present study NRE did not increase under increased CO2 despite improved 

photosynthetic efficiency and biomass yield.  
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Light climate, absorption and the package effect. 

Light is considered to be one of the main growth limiting factors for microalgae in 

wastewater HRAPs (Larsdotter 2006a, Park and Craggs 2011). Light was rapidly attenuated 

in all HRAMs, including the control, with more than half of the lower water column below 

1% of surface irradiance. As a consequence, well-mixed microalgal cells spent half their time 

below light levels considered to be sufficient to support net photosynthesis (Falkowski and 

Raven 2007). Increased biomass with increased DIC supply resulted in greater light 

attenuation and therefore reduced the total quanta a cell experienced over the course of the 

day (����). Microalgae in the control experienced higher light over a greater depth range 

throughout the day, while microalgae at pH 6.5 experienced the least. However, the light 

conversion efficiency increased with decreasing ����, indicating that microalgae became 

more efficient at light capture and use with increased CO2 augmentation despite the reduced 

light climate in the HRAM.   

Increased light conversion efficiency was the result of increased chlorophyll-specific 

light absorption, with increased CO2 addition. This response has also been reported in a 

marine diatom culture in response to elevated CO2 concentrations with acidification (Sobrino 

et al. 2008). In addition to increased light absorption, there was a corresponding decrease in 

the “package effect”. Light absorption is a function of cell and colony size as well as 

intracellular pigment concentration (Finkel et al. 2011). The package effect, or internal self-

shading, arises from the stacking of chloroplasts within a cell resulting in a decrease in light 

captured by each chlorophyll molecule (Kirk 1984). A decreased package effect was a result 

of decreased Chl-a per unit microalgal biovolume with increasing DIC / decreasing pH, while 

increased chlorophyll-specific light absorption was a function of both decreased Chl-a and 

increased Chl-b. Improvements in light absorption, particularly with decreased ����, is likely 
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to have a positive effect on the photosynthetic efficiency and quantum yield of the 

microalgae. 

 

Electron transport rate, non-photosynthetic quenching and diurnal variation. 

Diurnal RLC demonstrated that microalgae in the treatments and control exhibited 

photosynthetic characteristics that are typical of light-adapted species. This was despite the 

very high Kd and poor light climate in the HRAMs, reflecting the adaptation to the very 

frequent exposure to saturating irradiances. Light-adapted species begin and end the day 

acclimated to low light, while acclimating to increasing irradiance throughout the day 

(Edwards and Kim 2010). Both �8��E and �8���� increased with increasing irradiance 

throughout the day before decreasing in the late afternoon with decreasing irradiance, 

regardless of the treatment. ETR was unaffected by CO2 addition at low irradiance, as 

indicated by the similar �8�= in all HRAMs, while increasing CO2 addition resulted in 

enhancement of the ETR under high and saturating irradiances, as indicated by �8��E and 

�8����. This positive effect was independent of the time of the day. While there was a 

significant response to CO2 augmentation in both the electron transport and �8���� at high 

irradiance compared to the control, additional CO2 did not result in significant increases in 

electron transport until culture pH was lowered to pH 7, with further increases in both 

electron transport and �8���� at pH 6.5. 

 Three plausible explanations for increased �8���� in response to increasing CO2 

addition are: 1) improved light harvesting efficiency (as discussed above), 2) Calvin cycle 

limitation in response to DIC limitation (Trimborn et al. 2014), 3) increased CO2 fixation 

rates under high irradiances allowing for increased electron transport rates (Ihnken et al. 

2011). While ETR and growth are rarely equivalent (Ralph et al. 2011), in this experiment 

there was a good correlation between increasing �8���� and increasing ���� in response to 
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increasing CO2 addition, which resulted in increased microalgal biomass. This suggests that 

both improved light harvesting and increased carbon fixation under high irradiances were 

mechanisms for increased �8���� with CO2 augmentation. The Calvin cycle was not 

assessed in this study.   

Electrons entering photosystem II (PSII) can follow several competing pathways, and 

while the majority of electrons are normally used to reduce CO2 to carbohydrates, some may 

be lost to alternate cellular processes or dissipated, for example through ��W (Ralph et al. 

2011). The dissipation of excess light energy takes place directly following the absorption of 

light by pigments, typically amounting to well over 50% of the total light harvested (Cha and 

Mauzerall 1992). ��W is an important process for microalgae growing in a fluctuating light 

environment, such as that experienced in HRAPs, where it helps to balance the absorption of 

light energy with its utilisation while minimising photodamage (Ralph et al. 2011).  Lower 

��W in the control indicates that these microalgae were less able to cope with high 

irradiances compared to the CO2 addition treatments.  Microalgae cultured under increasing 

CO2 addition were able to maintain a higher photosynthetic capacity (as indicated by higher 

�E, �8���� and ����) by maintaining an active ��W system (McMinn et al. 2010).  

The dark-recovery of both yield and ��W, following saturating irradiance, is a 

measure of the relaxation of quenching processes (Schreiber 1998). Quenching relaxes only 

as PSII repair mechanisms take place in the dark (Masojídek et al. 2000). While the recovery 

of ��W was not as rapid as the recovery of yield, particularly at lower pH, recovery of ��W 

did occur within 60 seconds in all treatments. This suggests that in wastewater microalgae 

increased ��W with increasing irradiances was a result of regulatory changes that enhanced 

the dissipation of energy rather than being a result of long-term photoinhibition (Cosgrove 

2007). Constant vertical movement of the microalgae through the shallow water column of a 
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HRAP means that cells move in and out of saturating irradiances in less than 10 seconds 

(Grobbelaar 2009). Such rapid movement through the water column is likely to have negative 

consequences for those microalgae in which the rate of recovery of both ��W and yield are 

longer than the time between exposures to saturating intensities. When the photoinactivation 

of active PSII under high irradiance occurs more rapidly than the repair process this can 

result in the cells falling into a state of net photoinhibition (Adir et al. 2003, Jeans et al. 2013 

and references within). This could lead to decreased photosynthesis and growth. In summary, 

microalgal cells grown without CO2 augmentation had low �8����, low �8��E, weak ��W 

development and higher photoinhibition. CO2 augmentation resulted in increased �8���� 

and �8��E, as well as stronger development of ��W.  

 

Photosynthesis and quantum yield. 

CO2 augmentation resulted in increased oxygenic photosynthesis under low 

irradiance, as indicated by increased �=. This is in contrast to the ETR where �8�= did not 

differ between the control and CO2 augmentation treatments. �= is a measure of 

photosynthetic efficiency under low irradiance and increased �=, while �8�= remained 

unchanged in response to CO2 augmentation, may indicate the down-regulation of CCM. 

CCMs are metabolically expensive, particularly under low irradiances, as a considerable 

amount of energy is allocated to concentrating CO2 within the cell (Raven et al. 2014). 

Down-regulation of CCM would result in an energetic advantage to the cell. This effect 

would be most marked under low irradiances where growth is energy-limited and conserved 

energy from CCM down-regulation could be used for growth (Beardall and Raven 2004, 

Ihnken et al. 2011). 

 ���� has been shown to significantly increase when the limiting nutrient is increased 

(Kirk 1994, Hein 1997). In this study, increasing the supply of carbon resulted in increased 
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���� which indicates carbon limitation of the microalgae. This results in microalgae under 

high DIC / low pH being able to assimilate more carbon per unit of surface irradiance than 

microalgae growing under low DIC / high pH. Decreased Chl-a per cell is thought to result in 

a decrease in ����, however, this was not the case in the present study with ���� responding 

positively to CO2 augmentation despite a decrease in cellular Chl-a. This indicates that the 

microalgae had undergone major biochemical and physiological changes in response to CO2 

augmentation (Sobrino et al. 2008). These changes, such as the down-regulation of CCM, can 

decrease the energy cost of photosynthesis leading to an increase in resource-use efficiency 

(Raven 1991).  

Increased photosynthetic rates are not necessarily reflected in increased growth rates 

since measurements of photosynthesis can be dependent on the physiological state of the cells 

(Goldman and Graham 1981). In the present study, increased photosynthesis in response to 

CO2 augmentation led to increased microalgal biomass at pH 8 and pH 6.5. However, while 

�= and ���� did not increase between pH 8 and pH 7 there was an increase in the microalgal 

biomass. This most likely reflects differences in both the physiological state of the 

microalgae and the energetic costs of photosynthesis at the different treatments (Clark and 

Flynn 2000). These observations were consistent with CO2 mediated ocean acidification 

studies in which there was no significant difference in photosynthesis between low CO2 (pH 

8.2) and high CO2 (pH 7.7) treatments yet growth increased (Yang et al. 2001, Hennon et al. 

2014 and references within). 

 �E is considered to be the optimum light intensity at which cells maintain a balance 

between light energy capture and the capacity of the photosynthetic system to process this 

energy (Falkowski and Raven 1997). Enhancement of �E allowed the wastewater microalgae 

to utilise more light and assimilate more carbon with CO2 augmentation compared to the 

control. The quantum yield is the proportion of photosynthetic product to the total number of 
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quanta absorbed. As the photosynthetic rate is proportional to the photon flux under low light 

then the quantum yield will remain maximal when light is limited (Iluz and Dunbinsky 2013). 

Microalgae with a higher α are more likely to have a higher X��� resulting in a higher 

conversion efficiency of photons into biomass than microalgae with a lower α. X��� 

increased in response to CO2 augmentation and indicated that light absorption and utilisation 

had become more efficient. 

While both light absorption and utilisation (as defined by the photosynthetic 

parameters) responded favourably to CO2 augmentation, the effects of increased DIC cannot 

be distinguished from those of lowered pH. pH can also independently affect the 

photosynthesis and growth of microalgae. Membrane transport processes, metabolic function 

and uptake of trace metals can be altered under elevated pH and negatively impact growth 

(Clark and Flynn 2000). However, in a full-scale HRAP, both DIC and pH would be co-

varied through CO2 augmentation and the results of this study demonstrated that CO2 

augmentation is beneficial to wastewater microalgae. 

 

Application to full-scale HRAP 

In a full-scale wastewater HRAP, light absorption and photosynthetic potential of the 

microalgae during late spring/summer are constrained and CO2 limitation is thought to be a 

contributory factor (Sutherland et al. 2014a [I]). The current study suggests that CO2 

augmentation in a full-scale wastewater HRAP would most likely improve both microalgal 

light absorption and photosynthesis and would lead to their increased growth and nutrient 

assimilation. Improvements in harvest-ability using gravity settling is another likely outcome 

of CO2 augmentation at full-scale due to increased colony size, for most target species. While 

CO2 augmentation to pH 8 led to significant improvement in both microalgal photo-

physiology and biomass production over the control, our study suggests that the greatest 



 

2.II CO2 addition and pH control  127 

improvement could be achieved at the highest DIC / lowest pH treatment tested (pH 6.5). 

However, in a full-scale HRAP maintaining pH 6.5 in the pond may not be financially viable 

as multiple CO2 sumps and spargers would most likely be required around the HRAP in order 

to maintain the DIC/ pH levels. A single CO2 sump / sparger system can be 25% of total 

capital cost and the increased cost to achieve pH 6.5 may not necessarily be off-set by 

sufficient microalgal biomass. CO2 augmentation at full-scale to achieve higher nutrient 

recovery through microalgal biomass production for cost-effective coupling of wastewater 

treatment and biofuel production will be the subject for future research.   

 

Conclusion 

This study has demonstrated that the addition of CO2 improved microalgal photo-

physiology, resulting in increased microalgal biomass. CO2 augmentation resulted in 

wastewater microalgae being able to increase light use efficiency and assimilate more 

inorganic carbon. The greatest increases occurred when culture pH was reduced to pH 8 and 

to pH 6.5. Over the course of a day there were two different photo-physiological responses to 

CO2 augmentation. At low irradiance, increased oxygen production was most likely a result 

of energy conservation due to down-regulation of CCM.  At high irradiance increased oxygen 

production was a result of both enhanced electron transport and photosynthesis.  The highest 

biomass yield was achieved at the highest DIC / lowest pH combination, with a doubling of 

Chl-a biomass and a near doubling of organic matter, while microalgal biovolume increased 

by 660% in M. bornhemiense and by 260% in P. boryanum dominated cultures. The 

increased microalgal biomass did not off-set the reduction in ammonia volatilisation in the 

control and overall nutrient removal was lower with CO2 than without. However, this was 

likely an artefact of the HRAM design, resulting in very high ammonia volatilisation. Co-

varying CO2 and pH affected DIN removal with increased percentage removal at the highest 
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DIC/lowest pH, although the nutrient removal efficiency rate per unit microalga was 

unaffected. Nitrification/denitrification was significantly reduced as DIC increased and pH 

decreased. The growth and nutrient uptake responses to co-varying CO2 and pH were 

markedly similar in the two dominant wastewater microalgae. The biovolume of individual 

colonies of most microalgal species changed in response to co-varying CO2 and pH. This has 

potential implications for gravity-based settling harvesters, as larger, heavier colonies may 

settle more readily. In a full-scale wastewater HRAP system, CO2 augmentation could 

increase both nutrient removal and microalgal areal productivity. Further research at full-

scale is needed to clarify if enhanced photosynthesis, and ultimately increased growth, is 

achieved to levels sufficient to off-set the additional capital and operational costs of CO2 

augmentation. 
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2.III Frequency of CO2 supply affects wastewater microalgal 

photosynthesis, productivity and nutrient removal efficiency in 

mesocosms: Implications for full-scale high rate algal ponds. 

Abstract  

Carbon limitation in domestic wastewater high rate algal ponds (HRAPs) is thought to 

constrain both microalgal photosynthesis and biomass production. Carbon dioxide (CO2)  

augmentation is one way of overcoming this carbon limitation, however, high carbon 

demands due to large microalgal biomass means that the frequency of CO2 supply is likely to 

be critical to its success. This paper investigates the hypothesis that decreasing frequency of 

CO2 addition reduces the performance of wastewater microalgae. Microalgae were cultured 

in outdoor high rate algal mesocosms to assess the frequency of CO2 addition on 

photosynthetic performance, biomass production and nutrient removal. Microalgal 

productivity significantly increased with high frequency of CO2 addition. Organic biomass 

was 120% higher and total microalgal biovolume was 157% higher at high frequency 

compared to low frequency CO2 addition. Photosynthetic efficiency increased, and algae 

were less photo-inhibited as the frequency of CO2 addition increased, while microalgae with 

low CO2 addition frequency did not differ from those without CO2 addition. In conclusion, 

low frequency CO2 addition, such as that which could be expected in large HRAPs with long 

circuit times and a single point of CO2 addition, did not improve microalgal productivity. 

While CO2 addition enhances microalgal photosynthesis and productivity when good pH 

control is maintained through day-time, this study has demonstrated that, due to rapid 

assimilation of CO2 by the microalgae, having an effective CO2 addition system in a full-

scale HRAP is important, if the benefits of CO2 addition are to be realised.  
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Introduction 

High rate algal pond (HRAP) technology was first developed in the 1950s and more 

recently, there has been increased interest in its use for treatment of domestic and agricultural 

wastewater and for the recovery of nutrients, in the form of microalgal biomass, which can be 

used as fertilizer, protein-rich feed or biofuel (Craggs et al. 2013). The combined use of 

HRAPs for wastewater treatment and biofuel production is considered to be an economically 

feasible option, however, increased microalgal production and nutrient removal together with 

reduced capital costs are needed before it can be commercially viable (Benemann 2003, 

Grobbelaar 2010, Rawat et al. 2011).  

In municipal wastewater treatment HRAPs, microalgal production is regarded as 

being carbon-limited due to the low carbon (C) to nitrogen (N) ratio in the wastewater 

influent relative to the C:N ratio of microalgae (Benemann 2003, Craggs et al. 2013). Carbon 

limitation is indicated by day-time elevation of pH in response to microalgal photosynthetic 

drawdown of dissolved inorganic carbon (DIC; Craggs et al. 2012). Elevated pH can 

negatively impact both microalgae, due to high free ammonia concentrations at pH > 8.5, and 

also aerobic bacteria, by inhibition of growth at pH > 8.3 (Azov and Goldman 1982, Craggs 

2005). The addition of CO2 to pond water has been shown to enhance microalgal light 

absorption, photosynthesis, nutrient assimilation and total biomass yield (Benemann 2003, de 

Godos et al. 2010, Park and Craggs 2010 and 2011, Sutherland et al. 2015 [II]).  In these 

studies, the addition of CO2 was based on an “on-demand” system, governed by a pre-

determined pH range, typically between pH 7.5 and pH 8 (Park and Craggs 2010). 

Maintaining pond water within a relatively narrow pH range was easily achievable in these 

mesocosm and pilot scale studies due to the relatively small size of the experimental systems 

and short circuit time between the point of CO2 additions.   
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In the initial full-scale HRAP design of Craggs et al. (2012), there was a single CO2 

addition sump (Figure III.1). This is partitioned into up-flow and down-flow sections via a 

vertical divider baffle and the CO2 is sparged into the down-flow side of the sump through 

diffusers placed at the bottom of the divider baffle (Craggs et al. 2012). Depending on the 

size of the HRAP, the time taken for a parcel of water to move from the sump, around the 

pond and back to the sump can vary between 60 and 90 minutes (Sutherland et al. 2014a [I]). 

This could have implications on the ability to maintain the pond water within a relatively 

narrow pH range in order to avoid carbon limitation and elevated day-time pH. While a 

number of studies have investigated the effects of CO2 addition on microalgal biomass in 

wastewater HRAP where good control of pH and DIC supply was achievable (for example 

Park and Craggs 2010, 2011), we are unaware of any published studies investigating the 

effects of frequency of CO2 additions on the performance of wastewater microalgae. In this 

paper, we test the hypothesis that decreasing frequency of CO2 additions reduces microalgal 

photosynthesis, biomass production and nutrient removal.  
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Figure III.1 Photograph of a full-scale wastewater treatment high rate algal pond system and 

a schematic diagram in elevation of a CO2 addition sump (not to scale). 

 

Methods 

High rate algal mesocosm set-up and carbon dioxide augmentation  

This study was conducted outdoors during summer (February 2014) at the Ruakura 

Research Centre, Hamilton, New Zealand (37o47’S, 175o190’E). The high rate algal 

mesocosms (HRAM) comprised of 15 L plastic buckets with a 300 mm culture depth. The 

buckets were wrapped in opaque foam, to ensure light entered only from the surface of the 

water, and were placed on individual stirrer plates and mixed continuously with an 8 cm long 

magnetic stirrer bar. The HRAM were inoculated with pond water from an adjacent high rate 

algal pond, with a starting organic biomass concentration of 260 mg L-1 and was dominated 
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by the chlorophyte microalgae Pediastrum boryanum (Turpin) E.Hegewald (65%) and 

Desmodesmus opoliensis (P.G.Richter) E.Hegewald (30%). The cultures were grown on 

primary settled domestic wastewater and were operated as semi-continuous cultures on a 4 

day hydraulic retention time, with a daily exchange of 25% of the culture and run for 16 days. 

Nutrient concentrations of the primary wastewater are in Table 1. 

The CO2 addition system consisted of a 100% CO2 gas cylinder, gas regulator, air 

pump, gas flow meter (0-12 L min-1 range) and gas diffusers. A 30% CO2 gas concentration 

was achieved by blending the CO2 from the cylinder with air from the air pump. The final 

CO2 concentration was measured using a Geotech biogas meter, at the gas inlet to the 

HRAM. 30% CO2 concentration was chosen as representative of the CO2 concentrations in 

biogas, the use of which is proposed for CO2 augmentation in full-scale HRAP (Craggs et al. 

2014). When daytime pH exceeded pH 8, the 30% CO2 was sparged into the HRAM through 

gas diffusers placed on the bottom, at a flow rate of 2 L min-1, for a period of 30 seconds, 

resulting in a decrease of pH by 0.5 unit at low irradiance. pH was measured continuously 

until it reached 8 and CO2 sparging began, then measured just prior to the next sparging event 

(dependent on the time interval – see below) and just after sparging had occurred. This time 

period was based on the estimated time a parcel of water would travel through a CO2 sump, at 

a water velocity of 0.2 ms-1, based on the full-scale HRAP design by Craggs et al. (2012).  

CO2 addition treatments were based on the time taken for a parcel of water to make one 

complete passage around HRAPs of varying circuit lengths (180 m, 360 m, 720 m and 1080 

m). The treatments were: (1) CO2 addition every 15 minutes (15-min), (2) CO2 addition every 

30 minutes (30-min), (3) CO2 addition every 60 minutes (60-min), (4) CO2 addition every 90 

minutes (90-min). Two controls, no CO2 addition (no CO2 control) and continuously 

controlled to pH 8 (pH 8 control) were run alongside the treatments.  
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Dissolved nutrients  

For dissolved inorganic carbon (DIC) measurements, 1 mL of HRAM culture was 

injected into vacutainer tubes containing 0.2 mL of phosphoric acid. This converted DIC to 

CO2, which was released into the headspace following vigorous shaking. A subsample of the 

headspace was injected into a stream of nitrogen gas flowing through a LiCor820 infra-red 

CO2 gas analyser. CO2 concentrations were estimated from the peak height and calibrated 

against known standards of sodium bicarbonate. For dissolved nitrogen and phosphorus 

determination, HRAM culture was filtered through Whatman GF/F filters and concentrations 

of ammonium (NH4-N), nitrate (NO3-N) and dissolved reactive phosphorus (DRP) were 

determined colourimetrically according to standard methods (APHA 2008). The efficiency of 

nutrient removal from the influent per unit biomass of microalgae, termed nutrient removal 

efficiency (���) was determined by: 

��� = ���� !��"	#$�#��"%&"'$� − ��� !��"	#$�#��"%&"'$��
(ℎ − & 	× 1

%�"��"'$�	"'+���&,-� 

 

Microalgal biovolume, organic matter and chlorophyll biomass  

Subsamples of HRAM culture for cell size measurements and counts were settled in a 

Phyco Tech nanoplankton chamber and viewed on a Leica DMLB microscope at 

magnifications up to 600x. Biovolume estimates of the microalgae were made in accordance 

to specific geometric shapes and equations assigned to microalgae genera (Vadrucci et al. 

2013).  

For organic matter, a known volume of HRAM culture was filtered through a pre-

rinsed, pre-combusted and pre-weighed Whatman GF/F filter, oven dried (105oC) and 

weighed, once cooled, to determine the total suspended solids (TSS) concentration. Filters 

were then combusted at 450oC for 4 hours, cooled in a desiccator, and re-weighed to 
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determine the ash concentration. The organic matter, also referred to as volatile suspended 

solids, was estimated as the difference between TSS and ash concentrations. For chlorophyll 

a (Chl-a) and chlorophyll b (Chl-b), a known volume of HRAM culture was filtered onto 

Whatman GF/F filters which were then boiled in 100% methanol at 65.5oC for 5 minutes then 

extracted at 4oC, in the dark, for 12 hours. Samples were then centrifuged at 3000 rpm for 10 

minutes and the absorbance of the supernatant read on a Shimadzu UV-2550 

spectrophotometer. Chl-a and Chl-b concentrations were estimated using the trichromatic 

equations for methanol (Ritchie 2006).  

 

Chlorophyll fluorescence measurements 

Rapid light curves (RLC) were used to assess the diurnal changes in photosynthetic 

potential between the treatments.  It was not feasible to undertake photosynthesis 

measurements (oxygen production) throughout the day due to time logistics and interference 

from the very high (>300% air saturation) afternoon dissolved oxygen concentrations in the 

cultures. Comparison between the maximum electron transport rate (�8����) and the 

maximum photosynthetic rate (����� of dark adapted microalgae showed a strong linear 

relationship validating the use of PAM for assessing photosynthetic potential in the context of 

this experiment (Sutherland et al. 2015 [II]).  A diving-PAM (Walz, Effeltrich, Germany) 

was used for the RLC due to the high algal concentration, the high settling rate of the cells 

and to avoid the negative influence of stirring on fluorescence measurements (Cosgrove and 

Borowitzka 2006). For each RLC, a 1 mL sample of HRAM culture was settled in an opaque, 

non-reflective cuvette for 1 minute under ambient light conditions before measurements were 

taken. This was to ensure that the microalgae did not settle out of the water column during the 

measurements. Replicate RLCs were performed by exposing each sample to an initial dark 
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step followed by eight steps of increasing irradiance followed by a quantum yield 

measurement at the end of each step interval. The irradiance steps were controlled by the 

PAM software routine, with the first irradiance step defined by the user. The interval of each 

irradiance step lasted 10 seconds to minimise the possibility of photoinduction occurring over 

the course of the measurement and to ensure that the immediate photosynthetic state was 

measured (Ralph and Gademann 2005).  

The electron transport rate (�8� in µmol e- mg Chl-a-1 s-1) was calculated as: 

�8� = ∆:
:�		; × �	 × 0.5	 ×	&/6∗ 	 

where ∆: is the maximum fluorescence measured at saturating irradiance (:�) minus the 

steady state fluorescence before the flashing light (:�		; ), � is the irradiance at each step, 0.5 is 

the multiplication factor as it is assumed that half of the absorbed quanta are distributed to 

photosystem II (Beer et al. 1998) and &/6∗  is the chlorophyll specific absorption coefficient. 

&/6∗  was measured as described by Sutherland et al. (2014b) [V]. The �8� values were 

plotted as a function of PAR (measured from RLC against a calibrated LiCor 2Π sensor) in 

Sigmaplot (v11.0, SPSS Inc.) and a curve fitted using the following model of Hennige et al. 

(2008) modified from Jassby and Platt (1976), to derive = and �8����: 

�8� = �8���� 	× >1 − exp B−=	 × 	�
�8����

CD	 

where �8�= is the maximum light use efficiency, derived from the initial slope and �8���� 

is the maximum electron transport rate. �8��k, the light saturation intensity, defined as the 

light level at which photochemical efficiency shifts from light limitation to light saturation, 

was derived from the equation: 

�8��E = �8����
�8�= 	 
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RLC were measured at four times throughout the day (0800, 1100, 1330 and 1630 hours) to 

assess the effectiveness of the ETR under various irradiance conditions. 

 

Photosynthetic oxygen production  

Primary production (P) versus irradiance (E) curves were determined by measuring 

the rate of oxygen production along a gradient of increasing irradiance. As it was not possible 

to measure PE curves throughout the day due to high dissolved oxygen concentrations, a 

comparison of PE curves along the experimental range of pH values was used to gauge 

photosynthetic response to changing CO2 / pH. HRAM culture aliquots were placed in a 

Hansatech oxygen electrode chamber and irradiance levels were controlled through the 

oxyLab32 software programme (Hansatech Instruments Ltd., UK). Oxygen production was 

measured using a Clark-type fast response micro-sensor calibrated in 0% and 100% air-

saturated water (Unisense, Denmark). Total incubation time for irradiance curves was 15 

minutes, as preliminary measurements showed that pH rapidly rose and oxygen production 

declined when total incubation time was greater than 15 minutes (data not shown). A similar 

phenomenon was observed by Brindley et al. (2010) for photobioreactor algal cultures.  

The photosynthetic parameters = and ���� were estimated from replicate PE curves 

by fitting the formula of Platt et al. (1980) using Sigmaplot graphing software (v 11.0):  

� = ���� 	× >1 − exp B−=	 × 	�
����

CD 

where �= is the slope of the linear portion of the PE curve and shows the efficiency of 

photosynthesis under light-limiting conditions, while ���� is the point where the PE curve 

levels off and represents the maximum rate of photosynthesis under light-saturated conditions 

(Kirk 1994). ��k, the light saturation intensity of photosynthesis, defined as the light level at 
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which photosynthesis shifts from light limitation to light saturation, was derived from the 

equation: 

��E = ����
�=  

 

pH, temperature and dissolved oxygen were measured continuously throughout the 

day at mid-HRAM depth using TPS meters which were calibrated daily against standard 

buffers. Diurnal DIC concentrations in the HRAMs were measured every 5 days. All other 

parameters (biomass, nutrients, photosynthetic potential) were measured at the end of the 

experiment.  

 

Statistical analyses 

Statistical analyses were performed using analysis of variance (ANOVA) and 

regression analysis. All statistical analyses were carried out using Statistica software (Statsoft 

Inc., Tulsa, OK, USA). 

 

Results 

Environmental variables  

 Temperature did not differ significantly between the HRAMs over the course of the 

experiment (Table III.1). The percentage dissolved oxygen (DO) increased over the course of 

the day in all HRAMs. Day-time median percentage DO was significantly lower (p < 0.01) in 

the no CO2 control, 60-min and 90-min HRAMs compared to the other HRAMs, which did 

not differ significantly from each other (Table III.1).  
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Day-time changes in pH for the controls and treatments is shown in Figure III.2. Over 

the course of the day, pH was significantly higher (p < 0.01) in the no CO2 control (median 

pH 9.6 ± 0.9) compared to pH 8 control and to all treatments. pH was well controlled in the 

15-min (median pH 7.9 ± 0.1), and 30-min (median pH 8.1 ± 0.2) treatments over the course 

of the day and they did not differ significantly from the pH 8 control. After 1200, the pH in 

60-min (median pH 8.4 ± 0.4) was significantly higher (p<0.01) than pH 8 control, 15-min 

and 30-min, and was significantly lower than 90-min from mid-afternoon onwards (between 

1300 - 1600 hours p <0.05, between 1700 – 1800 hours p < 0.01). By 1000 hours, pH in the 

90-min (median pH 8.9 ± 0.6) was significantly higher (p < 0.01) than in the 15-min, 30-min 

and pH 8 control. Early morning pH was higher in the no CO2 control than treatments due to 

less overnight respiration (as a consequence of less biomass) as well as a higher pH at the end 

of the day prior. 

∆pH, the difference between the pH pre- and post- CO2 addition, decreased with 

increasing irradiance throughout the day, regardless of CO2 addition treatment (Figure III.3). 

During the morning and early evening, ∆pH did not differ significantly between treatments, 

while during the afternoon, ∆pH was significantly lower in the 90-min compared to all other 

treatments (p < 0.05 for 60-min and p < 0.01 for 15-min and 30-min). 
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Figure III.2 Day-time variation in pH in high rate algal mesocosms with varying frequency 

of CO2 addition (every 15 to 90 minutes). 
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Figure III.3 Day-time reduction of pH during CO2 addition in high rate algal mesocosms 

with varying frequency of CO2 addition. 

 

Dissolved nutrients and nutrient removal efficiency 

 Dissolved inorganic carbon (DIC) decreased over the course of the day in the 60-min, 

90-min and no CO2 control, while remaining relatively stable in the 15-min, 30-min and pH 8 

control (Figure III.4). DIC was significantly lower (p<0.01) in the no CO2 control and 90-

min) compared to the pH 8 control and all other treatments, while 90-min was significantly 

higher (p<0.01) than the no CO2 control. DIC did not differ significantly between the 15-min, 

30-min, and pH 8 control during the day, while 60-min was significantly lower (p<0.01) than 

the others from 1230 onwards.  
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 NH4-N concentration in the no CO2 control was significantly lower (p < 0.01) than 

any of the treatments or pH 8 control. It was significantly lower (p < 0.01) in 15-min, 30-min 

and pH 8 control than in 60-min and 90-min, which did not differ significantly to each other 

(Table III.1). NO3-N concentration was significantly lower (p < 0.01) in the no CO2 control 

compared to all other HRAMs, while 90-min was significantly lower (p < 0.01), compared to 

15-min, 30-min and pH 8 control (Table III.1).  

In order to assess total dissolved nitrogen removal rates, NH4-N and NO3-N were 

summed to give dissolved inorganic nitrogen (DIN) concentration. The percentage of DIN 

removed was significantly higher (p < 0.01) in the no CO2 control than in any of the 

treatments and pH 8 control. The percentage DIN removed was significantly lower (p < 0.05) 

in 60-min and 90-min than in 15-min, 30-min and pH 8 control, which did not differ 

significantly from each other (Table III.1).  The percentage removal of DRP relative to the 

primary inflow did not differ significantly between the two controls and any of the treatments 

(Table III.1). 

As the removal of dissolved nutrients in the no CO2 control was related to physico-

chemical processes in addition to microalgal uptake (see discussion below) only the NRE 

(nutrient removal per unit of microalgal biomass) for the treatments are reported. NRE-DIN 

was significantly lower in the 60-min and 90-min compared to 15-min (p < 0.01) and 30-min 

(p < 0.01), which did not differ significantly to each other (Table III.1). The NRE-DRP was 

significantly lower in the 90-min HRAM compared to pH 8 control and all other treatments 

(Table III.1). 
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Table III.1 Temperature, percentage dissolved oxygen (DO), dissolved nutrients and nutrient removal in high rate algal mesocosms with 

varying frequency of CO2 addition. NH4-N = ammonium nitrogen, NO3-N = nitrate nitrogen, DIN = NH4-N + NO3-N, DRP = dissolved reactive 

phosphorus, NRE = nutrient removal efficiency. 

Parameter  Primary No CO2 control  pH 8 control 15-min 30-min 60-min 90-min 

Temperature (oC) median ± s.d.  25.3 ± 3.1 25.5 ± 3.3 25.6 ± 3.2 25.9 ± 3.5 25.6 ± 2.7 25.8 ± 2.8 

 min / max  18.6 / 30.9 18.7 / 30.2 18.5 / 30.9 18.6 / 30.7 18.6 / 30.5 18.7 / 30.7 

DO (%) median ± s.d.  209 ± 96 308 ± 150 301 ± 115 298 ± 138 243 ± 151 208 ± 154 

 min / max  31 / 349 47 / 457 53 / 450 38 / 441 37 / 399 31 / 365 

NH4-N (g m-3) mean ± s.d. 33.1 ± 4.6 3.3 ± 0.3 7.9 ± 1.1 7.6 ± 0.5 7.5 ± 2.2 11.7 ± 0.2 12.1 ± 0.4 

NO3-N (g m-3) mean ± s.d. 0.8 ± 0.1 0.2 ± 0.1 4.4 ± 0.6 4.4 ± 0.2 3.9 ± 0.3 3.5 ± 0.3 3.3 ± 0.1 

DIN (g m-3) mean ± s.d. 34.6 ± 4.5 3.3 ± 0.3 12.1 ± 0.8 12.0 ± 0.1 11.4 ± 2.3 15.2 ± 0.9 15.4 ± 0.5 

% DIN removed mean ± s.d. - 91 ± 2 65 ± 3 65 ± 2 67 ± 6 56 ± 1 56 ± 1 

NRE-DIN mean ± s.d. - - 1.49 ± 0.11 1.60 ± 0.01 1.45 ± 0.14 1.10 ± 0.06 1.21 ± 0.02 

DRP (g m-3) mean ± s.d. 4.0 ± 0.2 2.7 ± 0.1 3.0 ± 0.2 2.9 ± 0.3 3.0 ± 0.1 3.2 ± 0.1 3.4 ± 0.1 

% DRP removed mean ± s.d. - 33 ± 2  25 ± 2 28 ± 5 25 ± 3 20 ± 3 15 ± 4 

NRE-DRP mean ± s.d. - - 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.03 ± 0.01 
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Figure III.4 Day-time variation in dissolved inorganic carbon in high rate algal mesocosms 

with varying frequency of CO2 addition. 

 

Microalgal biovolume, organic matter and chlorophyll biomass 

 Results for microalgal biovolume and biomass are shown in Table III.2. The total 

microalgal biovolume was significantly lower (p < 0.01) in the no CO2 control and 90-min 

HRAMs compared to pH 8 control and all other treatments, but did not differ significantly 

from each other. Microalgal biovolume was significantly lower (p < 0.01) in the 60-min 

compared to 15-min, 30-min and pH 8 control, which did not differ significantly from each 

other. 
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Table III.2 Microalgal biovolume, organic matter, and chlorophyll biomass in high rate algal mesocosms with varying frequency of CO2 

addition. Data are means ± standard deviations. 

Parameter No CO2 Control  pH 8 control 15-min 30-min 60-min 90-min 

Biovolume (µm3 mL-1) 1.67 x 108 ± 6.60 
x 106  

2.51 x 108 ± 8.09 
x 106  

2.52 x 108 ± 6.94 
x 106  

2.51 x 108 ± 7.05 
x 106  

2.09 x 108 ± 5.84 
x 106  

1.65 x 108 ± 1.79 
x 107  

Organic matter (g m-3) 227 ± 5 270 ± 5 273 ± 8 251 ± 6 230 ± 7 222 ± 4 

Chl-a (mg m-3) 4332 ± 176 4251 ± 145 4183 ± 104 4015 ± 284 4365 ± 166 4016 ± 149 

Chl-b (mg m-3) 381 ± 19 586 ± 43 547 ± 36 515 ± 64 385 ± 27 374 ± 31 

Chl-a : Chl-b 11.4 7.3 7.6 7.8 11.3 10.7 

Biovolume corrected 
Chl-a (ng µm3) 

2.59 x 10-5 ± 2.66 
x 10-7 

1.70 x 10-5 ± 1.79 
x 10-7 

1.66 x 10-5 ± 
1.50 x 10-7 

1.60 x 10-5 ± 
4.03 x 10-7 

2.09 x 10-5 ± 
2.84 x 10-7 

2.44 x 10-5 ± 
2.30 x 10-7 
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 Organic matter did not differ significantly between the no CO2 control, 60-min and 

90-min, but was significantly lower (p < 0.01) compared to 15-min, 30-min and pH 8 control. 

Organic matter in the 30-min was significantly lower (p < 0.05) than in the 15-min and pH 8 

control, which did not differ from each other.  

Chl-a concentration, a proxy for microalgal biomass, did not differ significantly 

amongst the two controls and the treatments. In contrast, Chl-b concentration was 

significantly lower (p < 0.01) in the no CO2 control, 60-min and 90-min compared to 15-min, 

30-min and pH 8 control, which did not differ significantly from each other. The Chl-a 

concentration per unit microalgal biovolume (Chl-a ng µm-3 mL-1) were similar in the 15-

min, 30-min and pH 8 control but were significantly lower (p < 0.01), than the 60-min, 90-

min and no CO2 control. Chl-a (ng µm-3 mL-1) was similar in the 90-min and no CO2 control, 

while 60-min was significantly lower (p < 0.01).  

 

Electron transport rate 

 Results for the change in photosynthetic potential, defined as �8����, �8��E 

and	�8�=, throughout the day are presented in (Table III.3). During early morning (0800), 

the photosynthetic potential (ETR) at high, but not at low, irradiances, was similar between 

all treatments and pH 8 control, while the no CO2 control was lower (Figure III.5a). �8���� 

was significantly lower in the no CO2 control compared to pH 8 control and all treatments. 

From mid-morning (1100) to early afternoon (1330), �8���� was significantly lower (p 

<0.05 and p < 0.01 for 90-min) in the 30-min, 60-min and 90-min treatments compared to the 

15-min and pH 8 control, while the no CO2 control was significantly lower than all treatments 

and pH 8 control. By late afternoon (1630), ETR at high irradiances had decreased in the 60-

min and 90-min and were similar to the no CO2 control (Figure III.5b). �8���� was similar 

in the no CO2 control, 60-min and 90-min, and was significantly lower than the 15-min, 30-



 

2.III Frequency of CO2 addition 147 

min and pH 8 control, which did not differ significantly from each other. A similar response 

was noted in �8��E throughout the day. During early morning, �8��E was significantly 

lower in the no CO2 control compared to all the treatments and pH 8 control. By mid-

morning, �8��E did not differ between the no CO2 control and 90-min and by late-afternoon, 

�8��E did not differ between the no CO2 control, 60-min and 90-min, which were all 

significantly lower than 15-min, 30-min and pH 8 control. �8�= did not differ significantly 

amongst the treatments, pH 8 control and the no CO2 control throughout the day. 

 

Photosynthetic oxygen production  

Results for the photosynthetic parameters measured along a pH gradient are presented 

in Table III.4. Under all irradiance levels other than 0, the rate of oxygen production 

decreased with increasing pH. There was a significant exponential decline in ���� with 

increasing pH (R2 = 0.9675, p < 0.01; Figure III.6), decreasing by half between pH 8 and 9. 

Similarly, �= significantly decreased with increasing pH. �= at pH 8 was significantly higher 

(p < 0.01)  than all other pH values tested, while �= at pH 11 was significantly lower (p < 

0.01 for pH 8 and pH 9, p < 0.05 for pH 10). ��E was significantly higher at pH 8 ( p < 0.01) 

than the rest and ��E was higher at pH 9 compared to pH 10 and pH 11, which did not differ 

significantly from each other.  
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Table III.3 Diurnal changes in the electron transport rate for microalgae with different frequencies of CO2 addition. �8���� is the maximum 

rate of electron transport, �8�= is the efficiency of electron transport under light limiting conditions and �8��E  is the saturating light level of 

electron transport.  The values are means ± standard deviation.  

Time of day Parameter No CO2 Control  pH 8 control 15-min 30-min 60-min 90-min 

0800 �8���� 0.174 ± 0.021 0.268 ± 0.005 0.260 ± 0.017 0.263 ± 0.010 0.268 ± 0.012 0.255 ± 0.026 

 �8�= 0.0015 ± 0.000 0.0015 ± 0.000 0.0014 ± 0.0001 0.0014 ± 0.0001 0.0014 ± 0.000 0.0015 ± 0.0001 

 �8��E 114 ± 14 175 ± 5 182 ± 14 183 ± 6 192 ± 22 182 ± 17 

1100 �8���� 0.293 ± 0.009 0.512 ± 0.007 0.509 ± 0.004 0.482 ± 0.004 0.478 ± 0.010 0.356 ± 0.004 

 �8�= 0.0013 ± 0.0001 0.0014 ± 0.000 0.0014 ± 0.0001 0.0014 ± 0.0001 0.0015 ± 0.000 0.0014 ± 0.000 

 �8��E 220 ± 7 366 ± 5 355 ± 11 337 ± 15 320 ± 18 256 ± 42 

1330 �8���� 0.433 ± 0.023 0.637 ± 0.034 0.634 ± 0.018 0.619 ± 0.008 0.603 ± 0.011 0.480 ± 0.014 

 �8�= 0.0013 ± 0.0001 0.0014 ± 0.000 0.0014 ± 0.0001 0.0014 ± 0.000 0.0014 ± 0.000 0.0014 ± 0.000 

 �8��E 333 ± 18 455 ± 24 464 ± 8 442 ± 6 431 ± 8 344 ± 24 

1630 �8���� 0.354 ± 0.016 0.565 ± 0.018 0.565 ± 0.010 0.550 ± 0.008 0.374 ± 0.015 0.350 ± 0.011 

 �8�= 0.0010 ± 0.0001 0.0013 ± 0.0001 0.0014 ± 0.0001 0.0014 ± 0.0001 0.0012 ± 0.0001 0.0011 ± 0.0001 

 �8��E 356 ± 27 424 ± 27 414 ± 14 403 ± 13 313 ± 147 309 ± 27 
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Figure III.5 Example of electron transport rate versus irradiance during a) early morning 

(0800) and b) late afternoon (1630) in high rate algal mesocosms with varying frequency of 

CO2 addition.  
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Figure III.6 The maximum rate of photosynthesis (����) measured along a gradient of pH in 

high rate algal mesocosms. 

 

Table III.4 Photosynthetic parameters measured against a pH gradient. ���� is the maximum 

rate of photosynthesis, �= is the efficiency of photosynthesis under light limiting conditions 

and ��E  is the saturating light level.  The values are means ± standard deviation. 

Parameter pH 8 pH 9 pH 10 pH 11 

���� 21.9 ± 0.9 11.2 ± 0.9 7.0 ± 0.6 5.4 ± 0.6 

�= 0.050 ± 0.005 0.038 ± 0.006 0.030 ± 0.001 0.025 ± 0.002 

��E 438 ± 23 295 ± 19 233 ± 11 216 ± 9 
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Discussion 

Dissolved inorganic carbon 

In wastewater HRAMs pH and DIC have been shown to be strongly coupled, with pH 

increasing as DIC decreased (Sutherland et al. 2015 [II]). This was also the case in the 

present study, with changes in day-time pH reflecting changes in DIC availability to the 

microalgae. Changes in the magnitude of ∆pH following the day-time addition of CO2 may 

have been related to increased DIC demand and immediate uptake by the microalgae under 

high irradiances as well as with changes in temperature and alkalinity. Increased irradiance 

has been shown to result in an increased uptake rate of CO2 in four microalgal strains, related 

to enhanced photosynthetic rates by the microalgae (Richardson et al. 1983, Gonçalves et al. 

2014). Therefore, at a fixed flow rate under high irradiance, rapid uptake of CO2 would result 

in less DIC being available in the interval between additions, resulting in increased pH over 

the course of the day, and decreased ability to control HRAP pH with CO2 addition. This was 

reflected in the 60-min and 90-min treatments where there was a greater departure from the 

target pH value as irradiance increased. This has implications for HRAP systems where the 

amount of CO2 delivered would need to be budgeted on the highest demand period (early 

afternoon) if supply of CO2 is constrained.  

 

Nutrient removal efficiency 

 Nitrogen removal was significantly greater in the no CO2 control compared to the 

treatments and was likely due to physico-chemical processes occurring under the high day-

time pH rather than greater assimilation by the microalgae. Ammonia volatilisation and 

phosphate precipitation have been shown to have a major impact on nutrient removal in 

HRAPs when culture pH is > 9, with up to 32% of DIN removal attributed to ammonia 

volatilisation (Azov and Goldmann 1982, García et al. 2000).  HRAM NH4-N concentrations 
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increased with increasing time between CO2 addition, while NO3-N concentrations decreased.  

This is likely due to decreased activity of nitrifying bacteria with increasing day-time pH. 

Nitrifying bacteria grow optimally between pH 7.5 – 8.5 and are inhibited below pH 6.5 and 

above pH 10 (Painter and Loveless 1983, Antoniou et al. 1990). The percentage of DRP 

removed was unaffected by time between CO2 additions, and reflects the overall relatively 

low DRP removal rate by the microalgae regardless of treatment.   

Once the time between CO2 additions increased beyond 30 minutes, there was a 

significant decrease in the percentage of DIN removed and the efficiency of its removal. 

Carbon and nitrogen metabolism are tightly linked in microalgae and the ratio of C:N can 

influence the uptake and assimilation of both inorganic carbon and nitrogen (Hu and Zhou 

2010). Carbon limitation is thought to reduce efficiency of nutrient removal by microalgae in 

wastewater HRAPs (Sutherland et al. 2014a [I]). In the present study, as pH increased and 

DIC decreased, there was less DIN uptake per unit microalga compared to the pH 8 control. 

This decreased efficiency was most likely due to decreased photosynthetic rates, and 

therefore decreased protein synthesis, as pH increased (see photosynthetic potential section 

below for discussion). The calculated DIN removal efficiency of the microalgae in the 90-

min treatment was most likely an over-estimation as ammonia loss by volatilisation may have 

occurred during the mid-to-late afternoon period when pH >9.    

 

Microalgal biomass 

Both organic matter and total microalgal biovolume responded positively to CO2 

addition, with the highest biovolume yields obtained when HRAMs were maintained at pH 

~8 throughout the day. In contrast, the lack of increased biomass in the 90-min treatment 

compared to the no CO2 control suggests that this level of partial pH control was of no 

benefit to microalgal production. Slightly improved microalgal biovolume yields at 60-min 
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may not be sufficient to off-set the capital and operational costs of the CO2 addition. Total 

Chl-a biomass did not reflect the changes in microalgal biovolume and therefore was a poor 

indicator of microalgal performance with CO2 addition. This was due to decreased Chl-a per 

cell when cells were maintained at pH ~8 through CO2 addition. A decrease has also been 

noted in wastewater microalgae growing in a DIC / pH gradient as well as in ocean 

acidification experiments (Sobrino et al. 2008, Hennon et al. 2014, Sutherland et al. 2015 

[II]). Decreased Chl-a per cell in response to CO2 addition has been shown to enhance 

chlorophyll-specific light absorption by cells and to reduce the package effect (Sutherland et 

al. 2015 [II]). With high light attenuation in the HRAMs, any improvement in light 

absorption would be beneficial to microalgal photosynthesis (discussed below). 

 

Photosynthetic potential 

  Regardless of DIC concentration, all microalgae responded to changes in irradiance 

throughout the day by adjusting both �8���� and �8��E. Such responses are typical of 

light-adapted species and in the case of HRAMs with very high light attenuation, reflect 

adaptation to the frequent mixing of cells to the surface (Edwards and Kim 2010, Sutherland 

et al. 2015 [II]). However, as pH increased with decreasing frequency of day-time CO2 

addition, both �8���� and �8��E decreased relative to those HRAMs maintained at pH ~ 8. 

This suggests that the photosynthetic potential, as indicated by ETR, was increasingly 

suppressed by decreasing DIC availability under high and saturating irradiances. This may 

reflect decreased CO2 fixation by the microalgae, although electron transport and growth are 

rarely equivalent (Ihnken et al. 2011, Ralph et al. 2011). By late morning, CO2 addition every 

90 minutes did not enhance the electron transport rate,	�8���� and �8��E any more than 

that measured in the no CO2 control.  
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 While photosynthesis measurements (oxygen evolution) were not able to be measured 

on the same time scales as ETR, there were decreases in ����, �= and ��E as DIC 

concentration decreased and pH increased. For HRAMs where pH control was poor 

throughout the day, there was most probably a significant departure in photosynthetic rates 

compared to HRAMs where pH control was achieved. The decreased Chl-a per cell in 

HRAMs maintained at pH ~8 did not result in decreased ����, indicating that these 

microalgae had undergone major biochemical and physiological changes in response to 

increased DIC (Sobrino et al. 2008). Reduced photosynthetic capacity throughout the day in 

the 90-min treatment, as indicated by both ETR and oxygen evolution, was reflected in the 

similar biomass yield to the no CO2 control.  

 

Application to full-scale HRAP 

In order for CO2 addition to a full-scale HRAP system to be viable, sufficient CO2 

needs to be transferred to the culture to meet the demands of the microalgae (de Godos et al. 

2014). To date, there have been no published reports of CO2 addition to full-scale wastewater 

HRAPs, therefore it is uncertain how much CO2 can realistically be added to the water 

column as it passes through a CO2 addition sump and if good control of pond pH can 

realistically be achieved. For the purpose of this study, we set the flow rate to deliver 

sufficient CO2 to lower the pH by 0.5 unit at low irradiance. Based on this study, pH would 

not be adequately maintained at the target pH 8 during day-time hours in a full-scale HRAP 

when the circuit time around the pond exceeded 30 minutes. de Godos et al. (2014) 

demonstrated that maintenance of a microalgal culture at pH ~ 8 was achievable in a 100 m2 

pilot scale HRAP,  with a circuit time of < 8 minutes, when flue gas was supplied at a flow 

rate of 100 L min-1. This suggests that in a full-scale system with a much greater circuit time 



 

2.III Frequency of CO2 addition 155 

(typically between 60 and 90 minutes), both large volumes of flue gas and efficient delivery 

systems would be required. 

The present study has demonstrated that the frequency of CO2 addition needs to be 

optimised in a full-scale HRAP system to ensure sufficient carbon for photosynthetic uptake. 

Four potential options for ensuring this could be:  

1) Increasing horizontal velocity.  Water is gently moved around the HRAP by means 

of a single paddlewheel. Increased velocity would decrease the time taken for a parcel of 

water to complete a circuit around the pond. However, this would require additional energy 

inputs which would increase operational costs. In addition, scouring of the earth-lined pond 

bottom would likely result from increased horizontal velocity, making this option suitable 

only for concrete lined ponds. 

 2) Decrease HRAP size. By using a smaller full-scale HRAP the circuit time would 

decrease without the need to increase water velocity. However, smaller ponds treat less 

wastewater and have reduced areal productivity per unit capital per pond, thereby decreasing 

the cost effectiveness of the system.  

3) Increase the number of CO2 addition sumps. Increasing the number of CO2 sumps 

in a full-scale pond would seem the most straightforward approach, however, a single CO2 

sump / sparger system can be 25% of total capital cost. The increased capital costs may not 

necessarily be off-set by sufficient microalgal biomass to make this option economically 

viable.  

4) Increasing the amount of CO2 delivered to the pond via a single sump to lower the 

pH by at least 1 unit. If there is sufficient biogas available, optimising the delivery of CO2, by 

maximising both the contact time and the amount of CO2 that dissolves into the water column 

as it passes through a single sump may be the most economically viable option for 

augmenting full-scale wastewater HRAPs with CO2.  
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Conclusion 

 In conclusion, this study has demonstrated that low frequency CO2 additions can have 

a negative effect on the performance of wastewater microalgae in HRAMs. When the 

frequency of supply of a known volume of CO2 decreased, the ability to maintain pH and 

supply sufficient DIC decreased. Photo-physiological responses, biomass yields and NRE of 

microalgae under conditions of poorly controlled pH, decreased throughout day-light hours as 

cells became increasingly photo-inhibited. When the frequency of CO2 addition was extended 

to 90 minutes there was no measureable benefit, in terms of microalgal biomass or 

wastewater treatment, compared to the no CO2 control. At intervals of 60 minutes between 

additions, the increased microalgal biomass may or may not off-set the costs of construction 

and operation of a CO2 addition system. While CO2 addition has been shown to enhance 

photosynthesis and productivity in wastewater microalgae, this study has demonstrated the 

importance of having an effective CO2 addition system in a full-scale HRAP, if the benefits 

of CO2 addition are to be realised.  
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2.IV Effects of two different nutrient loads on microalgal production, 

nutrient removal and photosynthetic efficiency in pilot-scale 

wastewater high rate algal ponds. 

Abstract  

When wastewater treatment high rate algal ponds (HRAP) are coupled with resource 

recovery processes, such as biofuel production, short hydraulic retention times (HRT) are 

often favoured to increase the microalgal biomass productivity. However, short HRT can 

result in increased nutrient load to the HRAP which may negatively impact on the 

performance of the microalgae. This paper investigate the effects of high (NH4-N mean 

concentration 39.7 ± 17.9 g m-3) and moderate ((NH4-N mean concentration 19.9 ± 8.9 g m-3) 

nutrient loads and short HRT on the performance of microalgae with respect to light 

absorption, photosynthesis, biomass production and nutrient removal in  pilot-scale (total 

volume 8 m3) wastewater treatment HRAPs. Microalgal biomass productivity was 

significantly higher under high nutrient loads, with a 133% and 126% increase in the 

chlorophyll-a and VSS areal productivities, respectively. Microalgae were more efficient at 

assimilating NH4-N from the wastewater under higher nutrient loads compared to moderate 

loads. Higher microalgal biomass with increased nutrient load resulted in increased light 

attenuation in the HRAP and lower light absorption efficiency by the microalgae. High 

nutrient loads also resulted in improved photosynthetic performance with significantly higher 

maximum rates of electron transport, oxygen production and quantum yield. This experiment 

demonstrated that microalgal productivity and nutrient removal efficiency were not inhibited 

by high nutrient loads, however, higher loads resulted in lower water quality in effluent 

discharge. 
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Introduction 

High rate algal ponds (HRAP) are a component of enhanced pond systems first 

developed in the 1950s for the treatment of wastewater and resource recovery (Oswald and 

Golueke 1960). These shallow (typically < 500 mm deep), well mixed ponds allows for the 

proliferation of microalgal biomass which, in turn, enhances nutrient removal from the 

wastewater via assimilation. In New Zealand, pilot-scale and full-scale research on HRAPs 

has shown that they provide improved and more consistent wastewater treatment and higher 

microalgal productivity than traditional facultative ponds (Craggs et al. 2011). In addition to 

enhanced nutrient removal, HRAPs have the added benefit of recovering assimilated nutrients 

from the wastewater, as harvested algal biomass, for use as fertiliser, feed or biofuel (Craggs 

et al. 2012).  The use of HRAPs for biofuel production alone is currently not financially 

viable, however, the ability to recover resources from wastewater treatment HRAPs makes 

biofuel production economically feasible (Benemann 2003, Rawat et al. 2011). 

One of the main objectives of coupled wastewater treatment and resource recovery is 

to maximise microalgal productivity in the shortest possible time while meeting nutrient 

discharge objectives. Light absorption and utilisation (photosynthesis) is the driving force in 

the uptake of nutrients and formation of biomass and its efficiency is central to the mass 

cultivation of microalgae (Grobbelaar 2010). Factors that negatively impact on this include: 

physical factors such as light, turbulence and temperature; chemical factors such as nutrient 

load, pH and salinity; and biological factors such as competition between species, grazing by 

invertebrates and viral infections (Grobbelaar 2000, Larsdotter 2006a). A number of these 

factors can be managed through modifications in pond operation. The hydraulic retention 

time (HRT) is considered one of the main operational control variables for HRAPs as it 

determines both the nutrient load into the pond and the water quality of the effluent 

discharge, by affecting the amount of nitrogen removed by the microalgae (García et al. 



 

2.IV Nutrient load and HRAP performance 159 

2000). Longer HRTs are favoured during winter minima growth periods to ensure sufficient 

nutrient removal to meet discharge consent conditions, however, when wastewater treatment 

is coupled with resource recovery, shorter HRTs during summer maxima are considered more 

desirable to achieve higher microalgal areal productivity (Cromar and Fallowfield 1997, 

García et al. 2000, Park and Craggs 2010).  

Shorter summertime HRT can result in increased nutrient load to the HRAP which 

may affect the performance of the wastewater microalgae. While a number of studies have 

looked at the effects of changes in HRT and nutrient loads (e.g. Cromar and Fallowfield 

1997, García et al. 2000) on the microalgal biomass productivity and nutrient removal, there 

has been no published studies, to date, assessing the effects of different nutrient loads, under 

summertime HRT, on the light absorption and utilisation by wastewater microalgae. The aim 

of this study was to investigate the effects of nutrient load on the performance of microalgae 

with respect to light absorption, photosynthesis, biomass production and nutrient removal in 

wastewater treatment HRAPs.  

 

Methods 

High rate algal pond operations and environmental variables 

This study was conducted outdoors over the summer-time period (December – 

March), at the Ruakura Research Centre Hamilton, New Zealand (37o47’S, 175o190’E). The 

pilot-scale system consisted of two adjoining single-loop, raceway HRAPs, each with a 

surface area of 31.8 m2, operating depth of 0.3 m and a total volume of 8 m3. In each of the 

HRAPs, a single paddlewheel mixed the wastewater around the pond at an average horizontal 

water velocity of 0.2 m s-1. Further description of the design and construction of the HRAPs 

are described in Park and Craggs (2010).  
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The HRAPs received primary settled domestic wastewater which was pumped into 

the ponds at hourly intervals to give the required flow rate over a 24 hour period. Nutrient 

and suspended sediment concentration of the primary influent are presented in Table IV.1. 

The HRAPs were both operated on a 4 day hydraulic retention time (HRT). HRAP 1 received 

100% primary influent to represent high nutrient load (HNL), while HRAP 2 received 50% 

primary influent and 50% tap water, to represent moderate nutrient load (MNL), while 

maintaining nitrogen to phosphorus ratio.  To avoid daytime carbon limitation, CO2 gas was 

sparged into both ponds via gas diffusers placed on the bottom of the ponds in the turbulent 

zone. The addition of the CO2 was pH controlled, with addition commencing when pH > 8 

and stopping when pH < 7.8. Throughout the experiment, the microalgal community was 

dominated (90%) by the colonial green alga Mucidosphaerium pulchellum (HC Wood) C. 

Bock, Proschold & Krienitz. 

HRAPs were sampled weekly over the monitoring period for analyses of species 

composition, pH, conductivity, temperature, dissolved oxygen, volatile suspended solids, 

chlorophyll a (Chl-a) and dissolved nutrients. Light absorption, electron transport and 

photosynthetic measurements were undertaken weekly over a 5 week period.  

 

Nutrients and nutrient removal efficiency 

Dissolved nutrient samples were filtered through Whatman GF/F filters and 

concentrations of ammonium (NH4-N) and dissolved reactive phosphorus (DRP) were 

determined colourimetrically according to standard methods (APHA 2008). The efficiency of 

nutrient removal from the water per unit biomass of microalgae, termed nutrient removal 

efficiency (���), was determined by: 
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��� = ���� !��"	#$�#��"%&"'$� − ��� !��"	#$�#��"%&"'$��
(ℎ − & 	× 1

%�"��"'$�	"'+���&,-� 

 

where nutrient concentrations were corrected for any increase or decrease in pond daily flow 

as a result of evaporative losses and / or precipitation gains. 

 

Volatile suspended solids and chlorophyll a biomass 

For volatile suspended solids (VSS) determination, a known volume of pond water 

was filtered through a pre-rinsed, pre-combusted and pre-weighed Whatman GF/F filter, oven 

dried (105oC) and weighed, once cooled, to determine the total suspended solids (TSS) 

concentration. Filters were then combusted at 450oC for 4 hours, cooled in a desiccator, and 

re-weighed to determine the ash concentration. VSS was estimated as the difference between 

TSS and ash concentrations. For Chl-a a known volume of pond water was filtered onto 

Whatman GF/F filters and the filters boiled in 100% methanol at 65.5oC for 5 minutes then 

extracted at 4oC, in the dark, for 12 hours. Samples were then centrifuged at 3000 rpm for 10 

minutes and the absorbance of the supernatant read on a Shimadzu UV-2550 

spectrophotometer. Chl-a concentrations were estimated using the trichromatic equations for 

methanol (Ritchie 2006). 

 

HRAP light attenuation and climate 

Light profiles through each HRAP water column were measured using LiCor 2π 

underwater sensors attached to a LiCor Quantum logger (Li-Cor Biosciences, Lincoln, 

Nebraska, USA). The vertical light attenuation coefficient (Kd) was calculated from the 
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regression of log-transformed downwelling irradiance versus depth (Kirk 1994). Depth of the 

euphotic zone where subsurface light was 1% (Zeuphotic) was estimated from Kd (Kirk 1994). 

The total light experienced by a cell moving up and down through the water column per day 

(����) was calculated as: 

���� = �100 × �1 − ���R	��������	�������� 	× 	�&' ,	-!%�&#�	'%%&�'&�#�		 

where Zmix is the HRAP depth. Mean ���� based on the 4-day period prior to biomass 

sampling was determined from total daily surface irradiance. Daily surface irradiance was 

recorded at an adjacent weather station. 

 

Microalgal light absorption and package effect 

Total particulate light absorption (microalgae and detritus) of the pond water samples 

were measured on a Shimadzu UV-2550 spectrophotometer with an integrating sphere, in 1 

cm quartz cuvettes following methods detailed in Sutherland et al. (2014a) [I]. The 

microalgal absorption coefficient, aph(.) m-1,  was determined as the difference between total 

particulate absorption and detrital absorption. The specific absorption coefficient per unit of 

TChl-a, a*ph(.) m2 mg-1, was calculated by dividing aph(.) by TChl-a. a*ph(675) and is a 

measure of light absorption by the Chl-a, while a*ph(440) is a measure of light absorption by 

the accessory and photoprotective pigments.  

The package effect (Qa*) can be quantified as the ratio of a*ph, the specific absorption 

coefficient of pigmented cells, to a*sol, the specific absorption coefficient of the same 

cellular matter uniformly dispersed into solution (Bricaud et al. 2004). When the ratio of a*ph  

to a*sol  is 1, there is no package effect and absorption by the chlorophyll within the cell is 

optimal. As the ratio decreases towards 0, there is an increase in the package effect and 
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absorption by the chlorophyll within a cell is suboptimal. The specific absorption coefficient 

for a*sol is assumed to be 0.0207 m2 mg-1 at 675 nm (Bricaud et al. 2004) therefore Qa* 

(675) was estimated as: 

Qa* 	=	&/h∗ (675)	/	0.0207								 

The spectrally averaged Chl-a specific absorption coefficient (ā∗�for each culture was 

then calculated as: 

ā∗ = ∑ &/h∗KUUVUU �.���.�
∑ ��.�KUUVUU

 

where E(λ) is the spectral output of the Hansatech light chamber. 

 

Photosynthetic parameters 

Chlorophyll fluorescence measurements 

Photosynthetic potential was assessed using rapid light curves (RLC) on a diving-

PAM (Walz, Effeltrich, Germany). A diving-PAM was used due to the high algal 

concentration, the high settling rate of the cells and to avoid the negative influence of stirring 

on fluorescence measurements (Cosgrove and Borowitzka 2006). A 1 mL sample was settled 

in an opaque, non-reflective cuvette and allowed to dark adapt for 15 minutes before 

measurements were taken. RLC measurements were undertaken on site at approximately 

fortnightly intervals. Samples were collected between 0800 and 0900 hours since this was 

shown to produce the most stable RLC and quantum yield results and allowed for comparison 

between sampling occasions (data not shown). 

Replicate RLCs were performed by exposing the samples to eight steps, plus initial 

dark step, of increasing irradiance followed by a quantum yield measurement at the end of 
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each step interval. The irradiance steps were controlled by the PAM software routine, with 

the first irradiance step defined by the user. The interval of each irradiance step lasted 10 

seconds to minimise the possibility of photoinduction occurring over the course of the 

measurement and to ensure that the immediate photosynthetic state was measured (Ralph and 

Gademann 2005). Irradiance levels ranged from 0 to greater than saturating.  

The electron transport rate (�8� in µmol e- mg Chl-a-1 s-1) was calculated as: 

�8� = ∆:
:�		; × �	 × 0.5	 ×	&/6∗  

where ∆: is the maximum fluorescence measured at saturating irradiance (:�) minus the 

steady state fluorescence before the flashing light (:�		; ), � is the irradiance at each step, 0.5 is 

the multiplication factor as it is assumed that half of the absorbed quanta is distributed to 

photosystem II and &/6∗  is the chlorophyll specific absorption coefficient.  

The �8� values were plotted as a function of PAR (measured from the RLC with a 

LiCor 2Π sensor) in Sigmaplot (v11.0, SPSS Inc.) and a curve fitted using the following 

model of Hennige et al. (2008) to derive = and �8����: 

�8� = �8���� 	× >1 − exp B−=	 × 	�
�8����

CD 

where = is the maximum light use efficiency, derived from the initial slope and �8���� is 

the maximum electron transport rate. �k, the light saturation intensity, defined as the light 

level at which photochemical efficiency shifts from light limitation to light saturation, was 

derived from the equation: 

�E = �8����
=  
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Non-photochemical quenching (��W) is a measure of the incoming photon energy 

that is dissipated, or quenched, under excessive light in order to prevent damage to the 

photochemical pathway (Ralph et al. 2002). ��W was calculated by the following equation:  

��W = �:� −	:�; �/:�;  

 

Photosynthesis and maximum quantum yield 

Primary productivity (P) versus irradiance (E) curves were determined by measuring 

the rate of oxygen production along a gradient of increasing irradiance. Mesocosm culture 

aliquots were placed in a Hansatech oxygen chamber and irradiance levels were controlled 

through the oxyLab32 software programme (Hansatech Instruments Ltd., UK). Oxygen 

production was measured using a Clark-type fast response micro-sensor calibrated in 0 % and 

100% air-saturated water (Unisense, Denmark). Total incubation time for irradiance curves 

was 15 minutes, as preliminary measurements showed that pH rapidly rose and oxygen 

production declined when total incubation time was greater than 15 minutes (data not shown).  

The photosynthetic parameters = and ���� were estimated from replicate PE curves by fitting 

the formula of Platt et al. (1980) using Sigmaplot graphing software (v 11.0):  

� = ���� 	× >1 − exp B−=	 × 	�
����

CD 

where = is the slope of the linear portion of the PE curve and shows the efficiency of 

photosynthesis under light-limiting conditions, while ���� is the point where the PE curve 

levels off and represents the maximum rate of photosynthesis under light-saturated conditions 

(Kirk 1994). �k, the light saturation intensity, defined as the light level at which 

photosynthesis shifts from light limitation to light saturation, was derived from the equation: 

�E = ����
=  
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The maximum quantum yield (X���) defines the rate of primary productivity on the 

basis of the quantity of light energy absorbed by the microalgae. X��� expresses the 

efficiency of the evolution of oxygen molecules per quantum of light absorbed (Kirk 1994). 

X��� was calculated as: 

X��� = =
43.2	 × 	ā∗ 

  

where 43.2 converts seconds to hours, milligrams to moles and micromoles to moles. 

In addition to this, fixed bottle incubations were conducted in the HRAPs during mid-

afternoon. Replicate 30 ml glass serum bottles were filled to capacity with HRAP pond water 

and sealed with a rubber bung and aluminium cap, ensuring air bubbles were eliminated. 

Bottles were then placed horizontally in the water column at 25 mm depth intervals and 

incubated for 15 minutes, after which oxygen production was measured as above. Dark 

treatment bottles (foil wrapped) of HRAP pond water were incubated alongside the light 

treatment bottles.  

 

Statistical analyses 

Where necessary, data was log transformed to remove asymmetric variance. 

Statistical analyses were performed using analysis of variance (ANOVA), linear regression 

analysis and, in the case of replicate ETR, ��W and PE curves, photosynthetic parameters 

were analysed using paired t-test. All statistical analyses were carried out using Statistica 

software (Statsoft Inc., Tulsa, OK, USA). 
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Results  

Nutrient removal efficiency 

Both the effluent NH4-N and DRP concentrations were significantly higher (p < 0.05) 

in the HNL HRAP than in the MNL HRAP (Table IV.1). The percentage of NH4-N removed 

relative to the influent concentration did not differ significantly between the two treatments 

over the course of the summer (Table IV.1). NRE of NH4-N (NRE-NH4-N), i.e. the amount 

of nutrient removed per unit microalgal Chl-a biomass, was significantly higher (p < 0.05) in 

the HNL HRAP than in the MNL HRAP (Table IV.1). For DRP, the percentage removal was 

highly variable throughout the experiment and did not differ significantly between the two 

treatments (Table IV.1). NRE-DRP did not differ significantly between the two treatments 

(Table IV.1). 

 

Volatile Suspended Solids and chlorophyll a biomass production 

Results are displayed in Table IV.1. The microalgal-bacterial VSS concentration was 

significantly higher (p < 0.01) in the HNL HRAP compared to the MNL HRAP. Chl-a 

biomass concentration was also significantly higher (p < 0.01) in the 100% primary influent 

HRAP compared to the 50% primary influent HRAP. The ratio of VSS to Chl-a did not differ 

significantly between the two HRAPs suggesting that the proportion of non-algal VSS 

relative to the algal VSS did not change between the treatments. Both the VSS and Chl-a 

areal productivities were significantly higher (p < 0.01) in the HNL HRAP compared to the 

MNL HRAP.  
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Table IV.1 Mean (± s.d) summer-time environmental variables, microalgal productivity, 

nutrient removal and light climate in pilot scale HRAPs operated at moderate nutrient load 

(MNL) and high nutrient load (HNL) on a 4 day retention time.   

Variable MNL HNL 

Pond temperature (oC) 19.2 ± 3.2 19.4 ± 3.6 

Pond dissolved oxygen (% saturation) 164 ± 73 144 ± 69 

Pond pH 7.4 ± 0.7 7.5 ± 0.8 

Pond conductivity (µS cm-1) 454 ± 197 689 ± 235 

Influent NH4-N (g m-3) 19.9 ± 8.9 39.7 ± 17.9 

Effluent NH4-N (g m-3) 5.1 ± 4.7 12.3 ± 9.3 

% NH4-N removed 74 ± 15 75 ± 21 

NRE - NH4-N 1.11 ± 0.61 2.35 ± 0.82 

Influent DRP (g m-3) 3.2 ± 1.0 6.3 ± 1.9 

Effluent DRP (g m-3) 0.7 ± 0.7 2.7 ± 1.9 

% DRP removed 79 ± 22 58 ± 29 

NRE – DRP 0.20 ± 0.06 0.24 ± 0.12 

Influent VSS (g m-3) 19 ± 11 39 ± 23 

Pond VSS (g m-3) 184 ± 22 233 ± 42 

Pond Chl-a (mg m-3) 3053 ± 281 4064 ± 774 

Areal productivity VSS (g m-2 d-1) 17.4 ± 3.0 13.8 ± 2.6 

Areal productivity Chl-a (mg m-2 d-1) 229 ± 21 305 ± 58 

VSS : Chl-a  61 ± 7 58 ± 9 

Kd (m-1) 31.5 ± 2.5 40.6 ± 7.0 

Zeuphotic : Ztotal 0.49 ± 0.04 0.39 ± 0.06 

Emix  (mmol d-1) 5.24 ± 1.15 4.14 ± 1.07 

Emix : Pond surface PAR  0.11 ± 0.01 0.08 ± 0.01 

Light conversion efficiency (mg Chl-a µmol photon) 0.69 ± 0.29 1.19 ± 0.55 
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HRAP light climate and attenuation 

Kd was significantly higher (p < 0.01) in the HNL HRAP compared to the MNL 

HRAP (Table IV.1). The proportion of Zeuphotic to Ztotal was significantly greater (p < 0.01), in 

the MNL HRAP than in the HNL HRAP (Table IV.1).  

The mean daily light experienced by a cell moving up and down through the water 

column, ����, was significantly higher (p < 0.05) in the MNL HRAP compared to the HNL 

HRAP (Table IV.2). The proportion of ���� to pond surface PAR was low in both HRAPs 

and was significantly lower (p < 0.05) in the HNL HRAP compared to the MNL HRAP 

(Table IV.1). The conversion efficiency of ����  , defined as the amount of Chl-a biomass 

produced per unit of light in the water column, was significantly higher (p < 0.01) in the HNL 

HRAP compared to the MNL HRAP (Table IV.1). 

 

Microalgal light absorption and the package effect 

The chlorophyll specific light absorption at both wavelengths 675 and 440 (a*ph(675) 

and a*ph(440)), did not differ significantly between treatments (Table IV.2). Qa* was 

significantly lower (p < 0.01) in the HNL HRAP compared to the MNL HRAP (Table IV.2). 

This means that there was a greater package effect, or internal self-shading by the Chl-a 

molecules, in the HNL treatment compared to the MNL. The package effect accounted for 

approximately 61% of the microalgal light absorption in the HNL HRAP compared to 

approximately 47% in the MNL HRAP. 
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Table IV.2 Light absorption, electron transport and photosynthetic parameters for the two 

primary influent treatments.  a*ph(λ) is the chlorophyll specific light absorption at 

wavelengths 675nm and 440nm, �8���� is the maximum rate of electron transport, ���� is 

the maximum rate of photosynthesis, α is the efficiency of photosynthesis under light limiting 

conditions, �E  is the saturating light level and X��� is the maximum quantum yield of 

photosynthesis. The values are means (± standard deviation) of 5 sampling occasions. 

 

Parameters MNL HNL 

a*ph(675) m2 mg-1 0.010 ± 0.003 0.011 ± 0.004 

a*ph(440) m2 mg-1 0.021 ± 0.025 0.021 ± 0.019 

Qa* 0.53 ± 0.11 0.39 ± 0.05 

�8���� 2.38 ± 0.05 2.98 ± 0.37 

���� 22.6 ± 0.6 34.7 ± 0.3 

α 0.059 ± 0.002 0.111 ± 0.002 

�E 387 ± 20 314 ± 4 

X���  mol O2 (mol quanta absorbed)-1 0.050 ± 0.001 0.089 ± 0.002 

 

Photosynthetic parameters 

Electron transport rate 

The rapid light curves revealed that the relative measure of photosynthetic potential, 

the electron transport rate, was significantly higher (p < 0.01) for the HNL HRAP at all light 

levels measured compared to the MNL HRAP (Figure IV.1). The maximum electron 

transport rate (�8����) was significantly higher (p < 0.01) for the HNL HRAP compared to 

the MNL HRAP (Table IV.2). Non-photochemical quenching (��W), a measure of the 

amount of photon energy dissipated as heat, increased with increasing actinic irradiance 
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treatments (134–2061 µmol quanta m-2 s-1) in both HRAPs. ��W was significantly lower (p < 

0.01) at all irradiance treatments for the 100% primary influent HRAP at all light levels 

measured compared to the 50% primary influent HRAP (Figure IV.2). The mean ��W��� 

was 0.259 (± 0.09) and 0.361 (± 0.06) in the HNL and MNL HRAPs, respectively.  
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Figure IV.1 Electron transport versus irradiance curve for moderate nutrient load (�) and 

high nutrient load (�). Data are means and standard deviations of 5 sampling occasions.  

 

Photosynthesis and quantum yield. 

Under all irradiance levels measured the rate of oxygen production per unit Chl-a was 

significantly higher (p < 0.05 for 100 µmol photons m-2 s-1; p < 0.01 for all other irradiances) 

for the HNL HRAP than the MNL HRAP, as shown in the photosynthesis (P) versus 

irradiance (E) curve (Figure IV.3). The maximum rate of photosynthesis (����) was 

significantly higher (p < 0.01) for the HNL HRAP (34.7 mg O2 mg Chl-a hr-1) compared to 
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the MNL HRAP (22.6 mg O2 mg Chl-a hr-1, Table IV.2). =, was significantly higher (p < 

0.01) for the HNL HRAP compared to the MNL HRAP (Table IV.2). This was confirmed by 

the significantly higher (p < 0.01) �E (light level where light is saturating and photosynthesis 

is maximal) for the MNL HRAP than in the HNL HRAP (Table IV.2). For the MNL HRAP 

the maximum quantum yield, X���, ranged from 0.049 – 0.051 mol O2 (mol quanta 

absorbed)-1, while for the HNL HRAP X��� ranged from 0.087 – 0.091 mol O2 (mol quanta 

absorbed)-1. X��� was significantly higher (p < 0.01) in the HNL HRAP compared to the 

MNL HRAP (Table IV.2).  
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Figure IV.2 Non-photochemical quenching (��W) versus irradiance for moderate nutrient 

load (�) and high nutrient load (�). Data are means and standard deviations of 5 sampling 

occasions.  
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Figure IV.3 Photosynthesis (oxygen production) versus irradiance for moderate nutrient load 

(�) and high nutrient load (�). Data are means and standard deviations of 5 sampling 

occasions.  

 

Mid-afternoon gross O2 production measurements from fixed bottle incubations 

demonstrated that photosynthesis per unit of Chl-a was significantly lower (p < 0.01) in the 

MNL HRAP than the HNL HRAP in the top 100 mm of the HRAPs (Figure IV.4). Below 

this depth, photosynthesis did not differ significantly between the two treatments, until the 

HNL HRAP reached compensation depth (where photosynthesis is equal to respiration) at 

200 mm deep. Gross O2 production was significantly higher (p < 0.05) in the MNL HRAP at 

depths between 200 and 250 mm, due to the higher community respiration rates in the HNL 
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HRAP (Figure IV.4). O2 production, measured at the same optical depth in each HRAP was 

significantly lower (p <0.01) in the MNL HRAP than in the HNL HRAP, for all three optical 

depths measured (Table IV.3). 
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Figure IV.4 Oxygen production measurements down the water column in HRAPs operated at 

moderate nutrient load (�) and high nutrient load (�). Data are means and standard 

deviations of 5 sampling occasions. Dotted line indicates the compensation point, where 

respiration exceeds photosynthesis. 
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Table IV.3 Summer time mid-afternoon oxygen production (mg O2 mg Chl-a h-1) measured 

at the same optical depths (as a percentage of subsurface irradiance determined from the light 

attenuation value Kd) in HRAP of differing primary influent concentrations.  

Optical depth MNL HNL 
80% 8.25 ± 0.63 9.41 ± 0.21 

50% 8.64 ± 0.36 10.00 ± 0.71 

10% 5.02 ± 0.29 7.14 ± 0.57 

 

 

Discussion 

Nutrient removal efficiency 

Over the course of the summer, the percentage removal for both nitrogen and 

phosphorus were highly variable and the reasons for this were unclear. There was no obvious 

relationship of percentage removed with either microalgal standing crop biomass nor with the 

surface irradiance in the days prior to measurements. The mean NH4-N removal rates in both 

HRAPs were comparable to previously reported studies for both pilot-scale and full-scale 

systems in temperate climates (e.g. Cromar and Fallowfield 1997, Park and Craggs 2011, 

Sutherland et al. 2014a [I]). Cromar and Fallowfield (1997) found that the amount of nutrient 

uptake by the microalgae was a function of absolute nutrient load of nitrogen and 

phosphorus. When loading was low all the nitrogen and phosphorus was assimilated into the 

microalgal biomass, while loads above a certain threshold resulted in dissolved nutrients still 

present in the culture (Cromar and Fallowfield 1997). This was not the case in the present 

study as dissolved nutrients were still present in both treatments, meaning that there was not a 

complete removal of nutrients from the wastewater, regardless of nutrient load.  

With cells only receiving ~ 10% of surface irradiance over the course of the day in the 

MNL, light limitation is the most probable explanation why complete depletion of N and P 
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was not achieved in the MNL. While the percentage of nitrogen and phosphorus removed 

from the wastewater did not differ between the two treatments the efficiency of nutrient 

removal per unit biomass (NRE) did significantly differ between the two treatments. This 

suggests that the microalgae receiving the higher nutrient load were able to assimilate more 

NH4-N. Higher NH4-N assimilation in the HNL treatment may reflect an increased need for 

proteins by the photosynthetic apparatus as a result of increased photosynthetic rates at low 

light (Hennon et al. 2014)  

 

Volatile suspended solids and chlorophyll a biomass production 

Both VSS and microalgal biomass significantly increased when primary load was 

doubled.  However, the doubling of nutrient load did not result in a doubling in biomass. 

NH4-N concentrations were moderately high over the course of this study, however, the mean 

concentration was similar to concentrations reported in other wastewater HRAP studies in 

temperate regions (Park and Craggs 2011, Sutherland et al. 2014a [I]). Microalgal 

photosynthesis and growth has been shown to become increasingly inhibited when ammonia 

concentrations exceeds 28 g m-3 and pH > 8.5 (Azov and Goldman 1982). In the case of the 

present study, carbon augmentation by CO2 addition ensured that pH was < 8 throughout the 

day. This would mean the likelihood of ammonia toxicity was substantially reduced as pH < 

8 reduces the formation of ammonia gas and most of the nitrogen will exist in ammonium ion 

form, which is considered to be less toxic to microalgae (Tam and Wong 1996). In laboratory 

based batch cultures with pH < 8 there was no significant differences in the specific growth 

rate and maximal cell densities of Chlorella vulgaris when NH4-N concentrations ranged 

from 20 and 250 g m-3 (Tam and Wong 1996).  NH4-N concentrations in the present study 

were well within this range.  
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While it is unclear why the biomass did not respond according to the nutrient load, it 

is likely that another growth requirement became limiting as culture density increased, with 

decreased available light in the pond the most likely explanation. While the microalgae in the 

HNL HRAP were more photosynthetically efficient at lower light levels and had a higher 

maximum photosynthetic rate, as discussed below, this probably was not sufficient enough to 

compensate for overall decreased light availability. The trade-off between improved α and 

lowered �E and the effects on pond productivity is not clearly understood in wastewater 

HRAPs. Higher biomass resulted in significantly higher areal productivity in the HNL 

influent HRAP compared to the MNL HRAP. VSS and Chl-a areal productivities were 

comparable to those reported in previous studies (Park and Craggs 2010, Sutherland et al. 

2014b [V]).  

 

HRAP light climate and light utilisation 

Once carbon requirements are met, light is often considered the main limiting factor 

in wastewater HRAPs (Larsdotter 2006a, Park and Craggs 2011). Light was rapidly 

attenuated in both HRAPs, with over half the pond depth at light levels below 1% of surface 

irradiance. The higher attenuation in the HNL HRAP was a result of the higher microalgal 

biomass, which led to a decrease in the total quanta that a microalgal cell experiences over 

the course of a day (����). Microalgal cells can adapt to lower light by increasing 

pigmentation. This increase leads to a reduction in chlorophyll specific light absorption, 

primarily due to shelf-shading (Kirk 1994). This is termed the “package effect”, as cells 

accumulate more chlorophyll molecules each molecule becomes less effective in light 

absorption due to internal shading (Kirk 1994). Microalgae in the HNL HRAP were 26% less 

efficient at light absorption than microalgae in the MNL HRAP. However, the microalgae in 

the HNL HRAP were able to compensate the decreased light absorption efficiency by 
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increasing photosynthetic efficiency at low light (see photosynthetic parameters section 

below).  

Photosynthetic parameters 

Electron transport rate and non-photochemical quenching 

The maximum rate of electron transport (�8����) in algae has been shown to be 

responsive to nutrient concentrations (Kolber et al. 1988, Harrison and Smith 2013). In the 

current study, microalgae receiving the HNL had higher �8���� despite the lower light 

climate and less efficient light absorption. This suggests that, for the microalgae in the MNL 

HRAP, less absorbed light energy was being directed to functional photosystem II centres 

leading to greater quenching of that energy (Wykof et al. 1998). In the current study, reasons 

for this are unclear as most published research investigating this effect involves cells that are 

nutrient starved. However, the increase in �8���� in response to increased primary load is 

mirrored in other photosynthetic parameters discussed below. 

Excess light energy is dissipated by means of thermal loss and takes place directly 

following the absorption of light by pigments, typically amounting to well over 50% of the 

total light harvested (Cha and Mauzerall 1992). This dissipation occurs through a series of 

��W processes designed to protect reaction centre II from damage (Demmig-Adams 1990, 

Krause and Weis 1991). ��W therefore reflects the ability of the microalgae to dissipate the 

excess light energy (McMinn et al. 2010). One plausible explanation for the much lower 

��W��� in the HNL HRAP microalgae is that they were less able to cope with higher 

irradiances than the MNL HRAP microalgae. This would imply greater photoinhibition 

throughout the day in these microalgae, as reflected in the steeper decline in ETR at higher 

actinic irradiances (McMinn et al. 2010). Higher light attenuation, higher = and lower �E, 

indicate that the HNL HRAP microalgae were more adapted to lower light levels than the 

MNL HRAP microalgae. McMinn et al. (2010) suggested that species adapted to low light 
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had less active ��W systems, resulting in lower ��W���. However, Lefebvre et al. (2012) 

noted that low light acclimated microalgae had more chlorophyll than high light acclimated 

microalgae and therefore were able to absorb more energy and have higher ��W���.  

Another plausible explanation for differences in ��W��� could be due to nutrient 

concentrations. Increased ��W��� in response to nitrogen or phosphorus limitation has been 

reported in the literature (Rodriguez-Roman and Iglesias-Prieto 2005, Petrou et al. 2008). 

While the wastewater used in our experiment would not be considered limiting in nitrogen or 

phosphorus, the higher photosynthesis and productivity in the HNL HRAP indicates that 

there was further capacity for growth and nutrients were not already in excess. 

 

Photosynthesis 

The higher light attenuation, as a result of the higher microalgal biomass, lead to 

improved photosynthetic efficiency at low light (higher α) in the HNL HRAP microalgae 

compared to the MNL HRAP.  As the photosynthetic rate is proportional to the photon flux 

under low light then the quantum yield will remain maximal when light is limited (Iluz and 

Dunbinsky 2013). Microalgae with a higher α are more likely to have a higher quantum yield 

and a higher conversion efficiency of photons into biomass than microalgae with a lower α. 

This was the case for the HNL microalgae with significantly higher quantum yield and light 

conversion efficiency than the MNL microalgae despite the significantly higher package 

effect. The maximum rate of photosynthesis (����) was also enhanced in the HNL. ���� has 

been shown to significantly increase when nutrients are increased (Kirk 1994, Palmer et al. 

2013). However, in these experiments nitrogen and / or phosphorus concentrations were 

deemed to be limiting prior to nutrient additions.  

Wastewater HRAPs can be regarded as hypertrophic waterbodies with nitrogen and 

phosphorus at concentrations not considered to be limiting to microalgal growth (Cromar and 
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Fallowfield 1997). In our experiment, the MNL was still regarded as hypertrophic therefore it 

is unlikely that the increase in ���� was in response to a release from nitrogen or phosphorus 

limitation. Nutrient requirements by microalgae may change in response to changing light 

levels. Rhee and Gotham (1981) and Bricker (2009) found that microalgal nutrient and light 

requirements change when one or the other became limiting and proposed that microalgal 

nutrient requirements increased when irradiance declined. Microalgae in HRAPs experience a 

varied light regime, due to very high light attenuation, shallow pond depth and as frequent 

vertical mixing therefore any relationship between light and nutrient may be complex.  

 

Options for achieving low effluent nutrient concentrations with high influent loads 

The goal of resource recovery is to achieve maximum microalgal biomass in the 

minimum period of time, while the goal for wastewater treatment is to meet nutrient 

discharge consent requirements. Pond management strategies for each of these goals can be 

conflicting, particularly when influent nutrient loads are high. This experiment has 

demonstrated that under high nutrient loads, while it was possible to achieve high microalgal 

biomass low effluent nutrient concentrations were not possible with the HRT. Three possible 

strategies for achieving low effluent nutrient concentrations are as follows: 

1. Longer Hydraulic Retention Time. Operating the HRAP at longer HRT in summer 

would increase the time available for microalgae to assimilate nutrients from the wastewater 

as daily inflows are reduced. As the operation of HRAPs are designed on longer HRT in 

winter,  operating HRAPs in summer at the same HRT as winter would not result in changes 

to the operational costs. However, longer HRT (7-8 days) in summer have been shown to 

increase nitrification / denitrification rates, resulting in higher nitrate concentrations in the 

effluent discharge (Cromar and Fallowfield 1997, Park and Craggs 2011). Increased 
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nitrification / denitrification has implications for the amount of ammonium available for 

microalgal uptake, and could potentially negatively impact on microalga productivity. Park 

and Craggs (2011) demonstrated that in wastewater HRAPs under long (8 days) HRT in 

summer, bacterial productivity increased while microalgal productivity decreased compared 

to short (4 days) HRT.   

2. Operating HRAPs in series. An alternative to operating HRAPs at long HRT in 

summer, is to run two HRAPs in series at short HRT. As only half the number of ponds are 

required to operate at short HRT in summer, compared to long HRT, it is possible to lower 

effluent nutrient concentrations by feeding the harvester effluent from the first HRAP into a 

second HRAP for an additional HRT. This option using the advantage of achieving greater 

biomass when influent concentrations are higher, while achieving lower effluent nutrient 

concentrations. While the operational costs are likely to be similar to operating at a long HRT 

as the same number of ponds are used for the same length of time, the added advantage is 

achieving greater microalgal biomass. It could potentially reduce nitrification / denitrification 

and improve disinfection rates, however, this remains to be tested. 

3. Dilution of primary influent. A third option for improving effluent nutrient 

concentrations is dilution of the primary influent with harvester effluent. This reduces the 

influent concentration while allowing the pond to operate at short HRT. In an experiment 

comparing long HRT and short HRT via dilution in summer, Park and Craggs (2010 and 

2011) demonstrated that both lower effluent nutrient concentrations and higher microalgal 

productivity was achieved by using the dilution method. There would be slight increase in the 

cost of this method as harvester effluent would require pumping back to the pond. However, 

when wastewater treatment is coupled with resource recovery, this slight increase in cost is 

likely to be off-set by both improved effluent water quality as well as greater biomass yield. 
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All three options are plausible means of reducing the effluent nutrient concentrations 

when primary influent loads are high. As briefly mentioned above, each have their own 

advantages and disadvantages compared to the other two options. In order to fully assess 

which of these achieves the goals for coupled wastewater treatment and resource recovery, all 

three systems would need to be operated together and the success of each determined based 

on nutrient removal, microalgal biomass yield and economic viability.  

 

Conclusion 

This study has demonstrated that under high nutrient loads during summer-time there 

is an improvement in the physiological performance of the wastewater microalgae relative to 

moderate nutrient loads. While increased nutrient load resulted in reduced efficiency of light 

absorption, both the photosynthetic efficiency at low light and the maximum rates of 

photosynthesis increased. This resulted in increased microalgal biomass and areal 

productivity compared to moderate nutrient load. The percentage of nutrient removed by the 

microalgae did not vary between the two treatments, however, there was an increase in the 

efficiency of nutrient removal by the microalgae under high nutrient loads and may reflect 

increased protein requirements due to increased pigment production.  However, high nutrient 

load resulted in higher nutrient concentration in the effluent, therefore in order to meet 

discharge requirements, further modification to the operation of the ponds would be required.  
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2.V Increased pond depth improves algal productivity and nutrient 

removal in wastewater treatment high rate algal ponds. 

Abstract  

Depth has been widely recognised as a crucial operational feature of a high rate algal 

pond (HRAP) as it modifies the amount of light and frequency at which microalgal cells are 

exposed to optimal light. To date, there has been little focus on the optimisation of microalgal 

performance in wastewater treatment HRAPs with respect to depth, with advice ranging from 

as shallow as possible to 100 cm deep. This paper investigates the seasonal performance of 

microalgae in wastewater treatment HRAPs operated at three different depths (200, 300 and 

400 mm). Microalgal performance was measured in terms of biomass production and areal 

productivity, NRE and photosynthetic performance. The overall areal productivity 

significantly increased with increasing depth.  Areal productivity ranged from 134 - 200% 

higher in the 400 mm deep HRAP compared to the 200 mm deep HRAP. Microalgae in the 

400 mm deep HRAP were more efficient at NH4-N uptake and were photosynthetically more 

efficient compared to microalgae in the 200 mm deep HRAP. A higher chlorophyll-a 

concentration in the 200 mm deep HRAP resulted in a decrease in photosynthetic 

performance, due to insufficient carbon supply, over the course of the day in summer (as 

indicated by lower α, ���� and oxygen production) compared to the 300 and 400 mm deep 

HRAPs. Based on these results, improved areal productivity and more wastewater can be 

treated per land area in the 400 mm deep HRAPs compared to 200 mm deep HRAPs without 

compromising wastewater treatment quality, while lowering capital and operational costs.  
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Introduction 

High rate algal ponds (HRAPs) are an advanced pond first developed in the 1950s for 

the treatment of wastewater and resource recovery (Oswald and Golueke 1960) that consist of 

an open, paddlewheel mixed, shallow, raceway pond. With increased pressure to reduce 

nutrient loading from wastewater discharges, there has been renewed interest in improving 

the performance of HRAPs for domestic and agricultural wastewater treatment. HRAPs offer 

advanced wastewater treatment over traditional waste stabilisation pond systems (WSPs) by 

overcoming many of their drawbacks, such as poor and highly variable effluent quality, 

limited nutrient and pathogen removal (Craggs et al. 2012). Another advantage of HRAPs 

over WSPs is the resource recovery of algal biomass, for use as fertilizer, protein-rich feed or 

biofuel, and water as effluent treated to a high standard (Craggs et al. 2012). While the use of 

HRAPs for biofuel production alone is not yet economical, the coupling of wastewater 

treatment with biofuel production is considered to be financially viable (Benemann 2003, 

Rawat et al. 2011). 

Fundamental to the success of both wastewater treatment and biofuel production is the 

optimisation of microalgal productivity. To further improve the economics of wastewater 

microalgae biofuel production it is important to achieve the highest yields of algal biomass in 

the shortest possible time (Grobbelaar 2010). Even though HRAPs are an established 

technology, there are opportunities to further enhance microalgal biomass production and 

wastewater nutrient removal, while reducing capital costs. 

Light plays a central role in microalgal productivity, providing the photon energy 

required in photosynthetic reactions to convert dissolved inorganic nutrients into organic 

molecules. The effective use of available light by microalgae to maximize photosynthetic 

efficiency is fundamental for the sustainable and economic production of biofuels 

(Borowitzka and Moheimani 2013). Due to the very high algal concentrations in HRAPs light 
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is rapidly attenuated through the water column forming a steep gradient over cm scales. This 

means that algae at the surface of HRAP are exposed to excessive light, whereas algae at the 

bottom of HRAP are in near darkness (Grobbelaar et al. 1990). How much light a microalgal 

cell receives in a HRAP is determined by pond depth, biomass concentration, and turbulence 

regime. Pond depth and biomass concentration determine the degree of light attenuation, 

while the turbulence regime determines the frequency at which a cell moves into and out of 

favourable light conditions.   

Despite the fact that depth has been widely recognised as a crucial operation feature 

for modifying the light environment in HRAPs (Azov and Shelef 1982, Grobbelaar 2010), 

even the most recent literature reviews do not give any clear guidelines for HRAP depths. 

Optimal depths for HRAPs reported in literature range from 15 – 100 cm (Larsdotter 2006a, 

Park et al. 2011a, Grobbelaar 2012), while other recommendations include maintaining the 

HRAP as shallow as possible to provide the maximum amount of light to the algae and 

limiting pond depths to ensure sufficient light reaches the bottom of the pond (Kroon et al. 

1989, Borowitzka 2005). While a number of studies report on the effects of pond depth on 

mass cultured algae and cyanobacteria in terms of biomass concentrations and areal 

productivity, there has been little focus on the optimisation of algal performance in 

wastewater treatment HRAP. The aim of this study was to investigate the effects of 

wastewater treatment HRAP depth on the performance of green microalgae with respect to 

photosynthesis, biomass production and nutrient removal at seasonal scales.  
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Methods 

High rate algal pond operations and environmental variables 

The study was conducted outdoors at the Ruakura Research Centre Hamilton, New 

Zealand (37o47’S, 175o190’E). Duplicate treatments of three pond depths (200 mm, 300 mm 

and 400 mm) were established in identical HRAPs that were 2.2 m long and 1 m wide, with a 

surface area of 2.23 m2. The paddlewheels were set to the same rotational speed that resulted 

in a linear velocity of 0.2 m s-1. The HRAPs received primary settled domestic wastewater 

which was pumped into the ponds every 4 hours over a 24 hour period.  

Supplementary carbon was supplied to the ponds in the form of CO2 gas. The CO2 

addition system consisted of a CO2 gas cylinder, gas regulator, air pump, gas flow meter and 

gas diffusers (0-12 L min-1 range). The CO2 gas was blended with air (via the air pump) to 

provide a CO2 concentration of 1%. The 1% CO2 was bubbled into the ponds through a gas 

diffuser placed on the pond bottom just before the paddlewheel. The CO2 was added to the 

ponds at a constant flow rate of 1.6 L per minute, regardless of pond depth. At the start of the 

experiment the HRAPs were inoculated with wastewater algae from an adjacent pilot-scale 

HRAP (volume 8 m3), which was dominated (90%) by the colonial green alga 

Mucidosphaerium pulchellum (HC Wood) C. Bock, Proschold & Krienitz. Pond operation 

parameters are summarised in Table V.1. 

The environmental variables pH, conductivity, temperature and dissolved oxygen 

were measured at mid-pond depth using a hand held TPS meter. The twice weekly 

measurements were made between 0900 and 1000 NZST since, for a number of variables, the 

morning value is similar to the diurnal median value in HRAPs (Oswald 1991). In addition to 

this, environmental variables were measured at the same time as diel (throughout the day) 

photosynthesis measurements were made (as described below).  
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Table V.1 Seasonal pond operation parameters and environmental variables in HRAPs operated at different depths. Data are medians ± standard 

deviations. 

 
Parameter 

Winter (Jun – Aug) 
 

200 mm       300 mm      400 mm 

Spring (Sep – Nov) 
 

200 mm       300 mm     400 mm 

Summer (Dec – Feb) 
 

200 mm       300 mm      400 mm 
Retention time (days) 9 9 9 6 6 6 4 4 4 

Daily inflow (L-1 d-1) 44.4 66.7 88.9 66.7 100 133.3 100 150 200 

Pond Temp. (oC) 12.3 ± 2.5 12.2 ± 2.4 12.3 ± 2.4 10.9 ± 3 11.6 ± 2.8 12 ± 2.5 16.0 ± 2.4 16.1 ± 2.1 16.1 ± 1.9 

Pond pH 7.5 ± 0.7 7.3 ± 0.9 7.2 ± 0.8 6.7 ± 0.8 6.6 ± 0.9 7.0 ± 0.7 7.5 ± 0.8 7.4 ± 0.6 7.6 ± 0.6 

Pond conductivity (µS cm-1) 390 ± 154 428 ± 172 512 ± 153 506 ± 303 520 ± 340 576 ± 417 533 ± 104 586 ± 99 590 ± 135 

Pond dissolved oxygen (% saturation) 114 ± 13 107 ± 17 106 ± 14 97 ± 18 96 ± 24 92 ± 13 91 ± 27 84 ± 17 77 ± 19 

 

 

 



 

2.V Pond depth and HRAP performance  188 

Microalgal performance 

HRAPs were sampled weekly for analyses of species composition, organic matter, 

chlorophyll a (Chl-a) and dissolved nutrients.  

 

Species composition 

Subsamples of HRAP water for species determination were settled in a Sedgwick 

rafter counting chamber and viewed on a Leica DMLB microscope at magnifications up to 

400x. Microalgae were identified to species level, where possible, based on the taxonomic 

descriptions of John et al. (2011).  

 

Organic matter and chlorophyll a biomass 

For organic matter determination, a known volume of HRAP water was filtered 

through pre-rinsed, pre-combusted and pre-weighed Whatman GF/F filters, oven dried 

(105oC) and weighed to determine the total suspended solids (TSS) concentration. Filters 

were then combusted at 450oC for 4 hours and re-weighed, once cooled, to determine the ash 

concentration. The organic matter, also referred to as volatile suspended solids, was estimated 

as the difference between TSS and ash concentrations. For Chl-a a known volume of HRAP 

water was filtered onto Whatman GF/F filters and the filters boiled in 100% methanol at 

65.5oC for 5 minutes then extracted at 4oC, in the dark, for 12 hours. Samples were then 

centrifuged at 3000 rpm for 10 minutes and the absorbance of the supernatant read on a 

Shimadzu UV-2550 spectrophotometer. Chl-a concentrations were estimated using the 

trichromatic equations for methanol (Ritchie 2006). 
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Nutrient removal efficiency 

 Dissolved nutrient samples were filtered through Whatman GF/F filters and 

concentrations of ammonium (NH4-N) and dissolved reactive phosphorus (DRP) were 

determined colourimetrically according to standard methods (APHA 2008). Nutrient removal 

efficiency (���) is the measure of the efficiency of nutrient removal by an individual 

microalga (as defined per unit chlorophyll a) on a daily basis. NRE was calculated as: 

��� = ���� !��"	#$�#��"%&"'$� − ��� !��"	#$�#��"%&"'$��
(ℎ − & 	× 1

%�"��"'$�	"'+���&,-� 

 

HRAP light attenuation and climate  

Light profiles through each HRAP water column were measured using LiCor 2π 

underwater sensors attached to a LiCor Quantum logger (Li-Cor Biosciences, Lincoln, 

Nebraska, USA). The vertical light attenuation coefficient (Kd) was calculated from the 

regression of log-transformed downwelling irradiance versus depth (Kirk 1994). Depth of the 

euphotic zone where subsurface light was 1% (Zeuphotic) was estimated from Kd (Falkowski 

and Raven 2007). The total light experienced by a cell moving up and down through the 

water column per day (����) was calculated as: 

���� = �100 × �1 − ���R	��������	�������� 	× 	�&' ,	-!%�&#�	'%%&�'&�#� 

where Zmix is the HRAP depth. Mean ���� based on the 4-day period prior to biomass 

sampling was determined from total daily surface irradiance. Daily surface irradiance was 

recorded at an adjacent weather station. 
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Photosynthesis  

Diel primary production (P) versus irradiance (E) curves were determined during the 

summer and winter monitoring periods. PE curves were performed on HRAP samples at 

0800, 1200, 1600 hours daily, on 5 days, and were determined by measuring the rate of 

oxygen production under different irradiances. HRAP water aliquots were placed in an 

oxygen chamber and irradiance levels were controlled through the oxyLab32 software 

programme (Hansatech Instruments Ltd., UK). Irradiance levels ranged from 0 to greater than 

saturating with the levels dependent on the time of year. Oxygen production was measured 

using a Clark-type fast response micro-sensor calibrated in 100% air saturated water 

(Unisense, Denmark). Total incubation time for irradiance curves was 15 minutes, as 

preliminary measurements showed that pH rapidly rose and oxygen production declined 

when total incubation time was greater than 15 minutes (data not shown). A similar 

phenomenon was observed by Brindley et al. (2010) in photobioreactors. Daytime oxygen 

concentrations in HRAPs can reach levels in excess of 200% saturation (García et al., 2000a, 

Park and Craggs, 2010, Park et al. 2011a). To overcome issues of initial excess oxygen 

concentrations in the HRAP water when measuring photosynthesis at low irradiance levels, 

samples collected at noon and 1600 hours were first bubbled with nitrogen gas until oxygen 

concentrations were < 125%. pH did not vary as a result of oxygen displacement. 

The photosynthetic parameters = and ���� were estimated from replicate PE curves 

by fitting the formula of Platt et al. (1980) using Sigmaplot (v 11.0):  

� = ���� 	× >1 − exp B−=	 × 	�
����

CD																																																		 

where = is the slope of the linear portion of the PE curve and shows the efficiency of 

photosynthesis under light-limiting conditions, while ���� is the point where the PE curve 

levels off and represents the maximum rate of photosynthesis under light-saturated conditions 
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(Kirk 1994). �k, the light saturation intensity, defined as the light level at which 

photosynthesis shifts from light limitation to light saturation, was derived from the equation: 

�E = ����
= 						 

In addition to this, fixed bottle incubations were conducted in the three depth 

treatments during mid-afternoon in summer. Replicate 30 ml glass serum bottles were filled 

to capacity with HRAP pond water and sealed with a rubber bung, ensuring air bubbles were 

eliminated. Bottles were then placed horizontally in the water column at 25 mm intervals and 

incubated for 15 minutes, after which oxygen production was measured as above. Dark 

treatment bottles (foil wrapped) of HRAP pond water and filtered (GF/F) HRAP pond water 

were incubated alongside the light treatment bottles. Net photosynthesis and algal respiration 

were corrected for bacterial respiration determined as oxygen consumption in the dark 

treatment filtered HRAP water. The correction for bacterial respiration is only an 

approximation as any bacteria attached to the microalgae would have been retained on the 

filter and not been included as part of the bacterial respiration. 

 

Statistical analyses 

Where necessary, data was log transformed to remove asymmetric variance. 

Statistical analyses were performed using analysis of variance (ANOVA), linear regression 

analysis and in the case of replicate PE curves, photosynthetic parameters were analysed 

using paired t-test. All statistical analyses were carried out using Statistica software (Statsoft 

Inc., Tulsa, OK, USA). 
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Results and Discussion 

Environmental variables 

While morning dissolved oxygen concentrations, temperature, pH and conductivity 

varied between seasons, they did not vary significantly between the HRAP depth treatments 

for any season (Table V.1). Both temperature and dissolved oxygen increased from morning 

to afternoon but did not differ significantly between ponds (data not shown). Summer-time 

pH increased from morning to afternoon in all depth treatments, reaching a maximum at 

approximately 1600 hours. The 1600 pH was significantly higher (p < 0.01) in the 200 mm 

deep ponds (9.18 ± 0.22) than in the 300 mm (8.79 ± 0.03) and 400 mm (8.56 ± 0.04) deep 

ponds. The significantly higher afternoon pH in 200 mm deep ponds during summer suggests 

that the higher microalgal concentration in the shallower ponds had a higher inorganic carbon 

requirement than the deeper treatments. CO2 was supplied at a constant and continuous rate 

throughout the day, although this was not sufficient enough during periods of high 

photosynthetic activity, particularly in the 200 mm deep HRAP, during summer. In addition 

to different carbon requirements, the carbon storage potential was most likely between the 

different depth HRAPs. Deeper HRAPs have greater potential for carbon storage capacity, 

since outgassing losses are dependent on pond depth, mixing velocities, pH and alkalinity 

(Weissman et al. 1988).   

Species composition 

M. pulchellum maintained dominance (average dominance 85%, range 79 - 93%) 

throughout the duration of the experiment in all depth treatments. The colonies of M. 

pulchellum typically consist of 4, 8, 16, 32 or 64 cells grouped towards the periphery of the 

spherical to ovoid colony (John et al. 2011). In the current study, a variety of colony sizes 

were present in all three depth treatments throughout the year. Other species common to all 

HRAPs throughout the experiment were Ankistrodesmus falcatus (Corda) Ralfs, 
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Chlamydomonas reinhardtii P.A. Dangeard, Desmodesmus abundans (Kirchner) E.Hegewald 

and Desmodesmus communis (E.Hegewald) E.Hegewald. All species recorded are members 

of the Chlorophyta, or green algae and are typically found in wastewater algal assemblages 

(Cassie-Cooper 1983, Craggs 2005, Sutherland et al. 2014a [I]).  

While there was no difference in the colony size distribution between depth 

treatments in this study (data not shown), this may have been an artefact of the small scale 

HRAPs and their frequency of mixing. In full-scale HRAPs, laminar flows are often a 

problem (Grobbelaar 2010), and colonial algae may have to adjust their size and / or 

morphology in order to remain entrained in the water column (Reynolds 1984a, Harris et al. 

1982, Sutherland et al. 2014a [I]). In a full-scale HRAP, deeper ponds may allow larger 

colonies or heavier species, such as Pediastrum boryanum to dominate, while shallower 

ponds may favour smaller colonies that are less susceptible to sinking loss in the shallow 

water column.  

 

Organic matter and chlorophyll a biomass 

Chl-a biomass in the 200 mm deep HRAPs was significantly higher than in the 400 

mm deep ponds for all three seasons (p < 0.01 for all seasons) and significantly higher than in 

300 mm deep ponds in winter (p < 0.01) and summer (p <0.01; Table V.2). Chl-a biomass in 

the 300 mm and 400 mm deep HRAPs were similar in winter and summer, while that in the 

400 mm deep ponds were significantly lower than that in the 300 mm deep ponds in spring (p 

<0.01; Table V.2). Algal-bacterial organic matter content did not differ significantly between 

the treatment depths in winter and spring, while the 200 mm deep HRAPs had significantly 

greater organic matter than the HRAPs at the other two depths in summer (p < 0.01; Table 

V.2). 
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Table V.2 Seasonal variation in microalgal productivity, nutrient removal and light climate in HRAPs operated at different depths. Data are 

means ± standard deviations. 

 
Parameter 

Winter 
 

200 mm       300 mm      400 mm 

Spring 
 

200 mm         300 mm       400 mm 

Summer 
 

200 mm         300 mm      400 mm 
Pond Chl-a (mg m-3) 1507 ± 414 1232 ± 234 1219 ± 240 3305 ± 920 2942 ± 288 2300 ± 334 3001 ± 714 2268 ± 545 2014 ± 613 

Pond organic matter (g m-3) 95 ± 30 104 ± 24 108 ± 21 152 ± 51 148 ± 40 162 ± 39 191 ± 44 135 ± 39 134 ± 20 

Ratio organic matter to Chl-a  62 86 94 51 51 75 64 68 77 

Influent NH4 concentration (g m-3) 38.8 ± 14.9 38.8 ± 14.9 38.8 ± 14.9 54.4 ± 21.8 54.4 ± 21.8 54.4 ± 21.8 34.6 ± 15.6 34.6 ± 15.6 34.6 ± 15.6 

% NH4 removal 69.3 ± 10.2 63.6 ± 14.8 58.5 ± 17.8 78.9 ± 3.2 77.4 ± 4.1 75.8 ± 11.4 70.3 ± 6.5 67.1 ± 5.2 68.5 ± 5.9 

NRE-NH4 2.0 ± 0.5 2.2 ± 0.6 2.2 ± 0.5 2.1 ± 0.6 2.4 ± 0.9 3.0 ± 1.3 2.6 ± 0.6 3.0 ± 0.4 4.2 ± 1.1 

Influent DRP concentration 4.6 ± 3.7 4.6 ± 3.7 4.6 ± 3.7 7.2 ± 2.0 7.2 ± 2.0 7.2 ± 2.0 6.3 ± 1.9 6.3 ± 1.9 6.3 ± 1.9 

% DRP removal 34.3 ± 25.7 33.8 ± 21.6 26.7 ± 25.6 19.2 ± 13.5 16.2 ± 12.9 11.6 ± 10.4 23.4 ± 17.6 20.7 ± 17.3 19.8 ± 16.2 

NRE-DRP 0.20 ± 0.12 0.17 ± 0.11 0.13 ± 0.10 0.17 ± 0.09 0.18 ± 0.09 0.21 ± 0.10 0.27 ± 0.16 0.32 ± 0.17 0.44 ± 0.20 

Kd (m-1) 17.6 ± 3.4 15.2 ± 2.4 15.0 ± 3.4 33.8 ± 8.3 30.5 ± 2.2 23.2 ± 3.8 30.1 ± 5.8 24.4 ± 3.8 21.0 ± 5.5 

Zeuphotic : Ztotal 1.36 ± 0.29 1.04 ± 0.16 0.80 ± 0.16 0.71 ± 0.15 0.50 ± 0.04 0.51 ± 0.08 0.79 ± 0.16 0.64 ± 0.10 0.59 ± 0.16 

Emix:surface PAR 0.28 0.22 0.17 0.15 0.11 0.11 0.17 0.15 0.13 

Emix (mmol d-1) 5.05 ± 2.81 4.15 ± 1.93 3.10 ± 1.23 4.37 ± 1.70 3.24 ± 1.38 3.34 ± 1.42 8.37 ± 2.19 7.64 ± 2.77 6.70 ± 2.63 
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The organic matter to chl-a ratio was higher in the 400 mm deep HRAPs compared to 

the 200 and 300 mm deep ponds in all three seasons (Table V.2). This suggests that there was 

a greater proportion of non-algal organic matter in the 400 mm deep HRAPs compared to the 

other two depth treatments. However, the higher non-algal organic matter did not appear to 

affect the performance of the 400 mm deep HRAP, with respect to productivity and nutrient 

removal, as discussed below. In pond depths < 300 mm, microalgal biomass concentrations 

have been shown to be strongly reactive to changes in light and considered to have unstable 

performance (Kroon et al. 1989). In the present study, there was no indication that the 200 

mm HRAPs were more responsive to changes in light than the other depths, other than on 

seasonal scales. However, the 200 mm deep ponds were more vulnerable to culture wash-out, 

and therefore reduced biomass concentrations, during heavy rain events than the deeper 

ponds (data not shown).  

Mean winter Chl-a areal productivity was 33.5 (± 9.1), 41.0 (±9.1) and 54.1 (± 17.6) 

mg m-2 d-1 in the 200, 300 and 400 mm deep HRAPs, respectively. In summer, the mean Chl-

a areal productivity was 150 (± 35.7), 170 (± 35.6) and 201 (± 61.3) mg m-2 d-1 in the 200, 

300 and 400 mm deep HRAPs, respectively. In winter and summer, Chl-a areal productivity 

was significantly different (p < 0.01) in all three HRAP depths, with the highest areal 

productivity in the 400 mm ponds and the lowest in the 200 mm ponds (Figure V.1a and c). 

In spring, areal productivity was significantly lower (p < 0.01) in the 200 mm ponds than 

deeper ponds, which did not differ significantly from each other (Figure V.1b). As with the 

present study, Richmond and Grobbelaar (1986) found that maximal productivity of Spirulina 

platensis was achieved in deeper ponds, while Fontes et al. (1987) showed that productivity 

of Anabaena variabilis was maximal at pond depths 20-25 cm and decreased at depths above 

and below this. In the present study, the significantly higher overall areal productivity in the 

deepest HRAP indicates that growth rates did not decline linearly when pond depth was 
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doubled. This suggests that growth in the shallowest HRAP was more constrained than the 

deepest HRAP in spite of the more favourable mixing regime and light climate (see HRAP 

light climate section below).  

Nutrient removal efficiency 

The percentage of NH4-N and DRP removed relative to the inflow concentrations did 

not differ significantly between depth treatments for any season (Table V.2). However, based 

on the total daily volume of wastewater treated, the amount of NH4-N removed was 

significantly lower in 200 mm deep HRAPs compared to 300 mm (p < 0.05) and 400 mm (p 

< 0.01) deep ponds in winter and spring and significantly lower than 400 mm (p < 0.01) 

ponds in summer (Figure V.2a-c). Due to the high variance in DRP removal within a given 

depth treatment, between-depth treatments did not differ significantly.  

Summer-time percentage nutrient removal rates were comparable to reported studies 

for pilot-scale and full-scale systems without CO2 addition in temperate climates, while 

winter removal rates were higher (Cromar and Fallowfield 1997, Park and Craggs 2011, 

Sutherland et al. 2014a [I]). Microalgae growth in HRAP systems is carbon limited due to the 

low carbon/nitrogen ratio of wastewaters (Benemann 2003). This implies that domestic 

wastewater contains only half of the carbon required to remove all of the nitrogen by 

assimilation into algal biomass (Craggs et al. 2012). While studies such as Park and Craggs 

(2011) have shown that higher nutrient removal rates are achieved with the addition of CO2, 

the increase in afternoon pH during the summer in the present study, resulting from inorganic 

carbon assimilation, indicates that the HRAPs were still carbon-limited for at least part of the 

day, and this is likely to have negatively impacted on total nutrient removal rates compared to 

other studies with CO2 addition. Shading by the 445 mm high vertical walls and the low 
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surface area to volume ratio of the HRAPs in this study may have also negatively impacted 

on their performance relative to studies using larger-scale ponds.  

Summer-time NRE-NH4-N was significantly higher in the 400 mm deep HRAPs than 

the 300 mm and 200 mm (p <0.01; Table V.2) deep ponds. This means that, per unit biomass, 

algae in the 400 mm deep HRAPs were more efficient at assimilating NH4-N in summer than 

in the other depth ponds, with algae in the 200 mm ponds being the least efficient. NRE-NH4-

N did not differ significantly with depth for the other two seasons (Table V.2). A similar 

trend of increasing NRE with depth was also noted for DRP in spring and summer, although 

due to the large variation in DRP removal rates this was not statistically significant (Table 

V.2).   
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Figure V.1 Productivity in a) winter, b) spring and c) summer in HRAPs operated at 200, 

300 and 400 mm depth. Significant differences indicated by the letter above each plot (box 

lower boundary, 25th percentile; inner line, median; upper boundary, 75th percentile; whisker 

below, 10th percentile; above, 90th percentile; points, outlying data). 
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Figure V.2 The total amount of NH4-N removed per HRAP per day for each depth treatment 

in a) winter, b) spring and c) summer. Significant differences indicated by the letter(s) above 

each plot (box lower boundary, 25th percentile; inner line, median; upper boundary, 75th 

percentile; whisker below, 10th percentile; above, 90th percentile; points, outlying data). 
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One possible explanation for the increased NRE with depth during summer, and to a 

lesser degree in spring, is the amount of available carbon in the deeper pond during the 

afternoon. With significantly higher afternoon pH in the shallower ponds in summer, carbon 

limitation was most likely higher in these ponds, particularly in afternoon, compared to the 

deeper ponds. Sutherland et al. (2014a) [I] suggested carbon limitation was the possible 

explanation for lower than anticipated summer-time NRE in a full-scale wastewater HRAP 

without CO2 addition. Carbon limitation is also thought to negatively impact on microalgal 

growth in wastewater. Goldman (1976) found that the growth of two marine microalgae in 

wastewater declined with rising pH, even when nitrogen and phosphorus were in excess, 

while Heubeck et al. (2007) and Park and Craggs (2010) showed that both wastewater 

treatment and freshwater microalgal production increased in HRAP mesocosms with CO2 

addition. In addition to carbon limitation, free ammonia concentrations in the HRAPs at pH > 

8.5 means that the performance of both microalgae and aerobic bacteria (which degrade the 

wastewater organic compounds) becomes increasingly inhibited, (Azov et al. 1982). 

Adequate supply of CO2 would therefore ensure sufficient carbon and reduce pH to support 

efficient wastewater treatment, nutrient removal and biomass production.  

 

HRAP light climate  

The attenuation of light (Kd) ranged from 11.8 to 48.7 m-1 in the 200 mm deep 

HRAPs, 11.8 to 34.0 m-1 in the 300 mm deep HRAPs and 11.1 to 29.0 m-1 in the 400 mm 

deep HRAPs over the course of the experiment. Kd was significantly higher (p < 0.01) in the 

200 mm deep ponds in summer compared to the 300 and 400 mm deep ponds, while for 

winter and spring Kd did not differ significantly between depths (Table V.2). Despite the 

higher Kd in the 200 mm deep HRAPs, the proportion of Zeuphotic to Ztotal was greater, 

meaning that there was a larger euphotic zone relative to the total pond depth in 200 mm 
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compared to 300 and 400 mm deep ponds (Table V.2). In winter, the euphotic zone (> 1% of 

subsurface light) was estimated to be deeper than the total water column depth for the 200 

and 300 mm deep ponds, meaning that there was sufficient light throughout the water column 

to support photosynthesis to some degree, while the euphotic zone for the 400 mm deep 

HRAPs was only 80% of the pond depth (Table V.2). In summer, the reduction in the 

euphotic zone depth meant that there was approximately 42, 108 and 164 mm of pond depth 

where there was insufficient light to support net photosynthesis in the 200, 300 and 400 mm 

deep HRAPs, respectively.  

Kroon et al. (1989) modelled productivity in HRAPs and showed that the highest 

productivity was achieved in a pond where the euphotic zone was 10 mm less than the pond 

depth. Based on this model, higher productivity may have been achieved in the present study 

by either lowering the pond depths further or decreasing the hydraulic retention time (HRT) 

to reduce biomass and allow light to penetrate further into the pond. However, in most cases, 

the depth of HRAPs will be limited by technical requirements, including the precision of 

ground levelling and the depth of immersion of the paddlewheel to ensure adequate mixing 

(Vonshak and Richmond 1988).  In the current study, the summer-time HRT was 4 days. 

Reducing HRT further may favour faster growing, unicellular species, such as Chlorella spp., 

over colonial species, such as Desmodesmus spp., Mucidosphaerium spp., and Pediastrum 

spp. This may not be a useful outcome, as colonial species are more desirable over unicellular 

species due to their higher specific gravity, which allows them to be cost effectively 

harvested by simple settling (Lavoie and de la Noue 1986, García et al. 2000b, Craggs et al. 

2011).   

Mean daily ���� , while tending to be higher in the 200 mm deep HRAPs, did not 

differ significantly between depths, for all three seasons (Table V.2). The conversion 

efficiency of ����  to retention time corrected Chl-a biomass (mg m-3 d-1), defined as the 
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amount of Chl-a biomass produced per unit of light in the water column, was lowest in the 

winter and highest in the spring for all three depth treatments but did not differ significantly 

between depth treatments for any season (Figure V.3). Summer-time conversion efficiency 

was somewhat lower than spring in all three depths (not statistically significant) and may be 

indicative of the mid-afternoon carbon limitation these ponds experienced, as indicated by 

rising pH. Low conversion efficiency in summer was noted in a full-scale wastewater HRAP 

without CO2 addition and may indicate that photosynthesis and subsequent growth is 

constrained in summer in wastewater HRAP (Sutherland et al. 2014a [I]).  

The goal of wastewater treatment HRAP operation is to optimise nutrient removal by 

assimilation into algal productivity, particularly with respect to the conversion of the free 

resource, light, into algal biomass. There are a number of factors in the wastewater HRAP 

environment that may negatively impact on conversion efficiency either on their own or in 

combination, such as day-time super-saturating dissolved oxygen concentrations, high light 

attenuation, carbon limitation, grazers and pathogens. However, the simple addition of CO2 

appears to have improved summer-time conversion efficiency, as rates in the present study 

were much higher than those reported in Sutherland et al. (2014a) [I] without CO2 addition, 

although mixing frequencies, and therefore light histories, differ between the pilot-scale and 

full-scale HRAPs which may also affect conversion efficiency.  
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Figure V.3 Seasonal conversion efficiency of light to algal biomass (Chl-a) in HRAPs at 

different operational depths. 

 

Photosynthesis 

In winter, the photosynthetic parameters, ����, �E and α did not differ significantly 

between HRAP depths (Table V.3). Both the maximum rate of photosynthesis, ����, and �E, 

a photoadaptive index, tracked changes in irradiance throughout the day, increasing to a 

maximum at midday in all depth treatments before declining in the afternoon (Table V.3). 

Photosynthesis at all irradiance levels, along with α and ����, were highest at 0800 for all 

depths and did not differ significantly between treatments (Table V.3, Figure V.4a). By 

midday, ���� and α had declined in all three depth treatments, and were significantly lower 

in the 200 mm than the 300 and 400 mm deep ponds (p < 0.01; also significantly lower in the 

300 mm than the 400 mm deep ponds, p < 0.05; Table V.3, Figure V.4b). At 1600 hours, both 
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���� and α had begun to recover in the 400 mm deep ponds compared to noon, while in the 

300 and 200 mm deep ponds, ���� and α continued to decline (Table V.3, Figure V.4c). ���� 

and α at 1600 hours were significantly different in all three depth treatments, with the greatest 

depression in the 200 mm ponds (p < 0.01).  As with winter,	�E increased to a maximum at 

midday in all depth treatments before declining again in the afternoon (Table V.3).  

Diel periodicity of photosynthetic parameters in microalgae is well documented in 

lakes and oceans (Prézelin 1992) and has been attributed to variations in environmental 

variables, such as light and nutrients, as well as endogenous cycles (Henley 1993, Behrenfeld 

et al. 2004, John et al. 2012). Peaks in both �E and ���� at, or near, noon, followed by an 

early evening decline are typical responses in numerous species (Henley 1993, Behrenfeld et 

al. 2004, Yoshikawa and Furuya 2006). In the present study, while �E responded to changes 

in the light field, indicating good acclimation capacity, ���� did not, suggesting that the 

microalgae were poorly optimised for light harvesting during summer, with the greatest effect 

measured in the shallowest HRAP.  
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Figure V.4 Summer-time photosynthesis versus irradiance light curves measured at a) 0800, 

b) 1200 and c) 1600 hours in HRAPs operated at depths of 200 mm (�), 300 mm (�) and 

400 mm (�). 
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Table V.3 Diel photosynthetic parameters during winter and summer in HRAPs operated at 

different depths. ���� is the maximum rate of photosynthesis, α is the efficiency of 

photosynthesis under light limiting conditions, 	�E is the saturating light level. Data are 

means and standard deviations. 

 
Parameter 

Winter 
 

  200 mm     300 mm      400 mm 

Summer 
 

  200 mm     300 mm     400 mm 
���� 0800 5.2 ± 0.4 5.7 ± 0.3 5.6 ± 0.8 11.9 ± 0.9 13.6 ± 1.6 13.5 ± 1.9 

���� 1200 6.3 ± 0.7 6.9 ± 1.2 6.6 ± 0.9 6.1 ± 0.4 7.5 ± 0.3 9.4 ± 0.8 

���� 1600 5.2 ± 0.7 5.6 ± 0.5 5.5 ± 0.4 5.3 ± 1.0 7.1 ± 1.3 10.4 ± 1.4 

α 0800 0.038 ± 
0.001 

0.040 ± 
0.005 

0.043 ± 
0.002 

0.029 ± 
0.0005 

0.039 ± 
0.01 

0.037 ± 
0.005 

α 1200 0.029 ± 
0.002 

0.037 ± 
0.002 

0.034 ± 
0.001 

0.012 ± 
0.0004 

0.013 ± 
0.0006 

0.016 ± 
0.001 

α 1600 0.034 ± 
0.0005 

0.034 ± 
0.001 

0.044 ± 
0.002 

0.014 ± 
0.005 

0.016 ± 
0.002 

0.017 ± 
0.003 

	�E 0800 137 143 131 404 ± 24 384 ± 24 364 ± 49 

	�E 1200 210 188 193 529 ± 41 576 ± 35 603 ± 53 

	�E 1600 156 164 126 402 ± 63 439 ± 77 601 ± 57 

 

 

A possible explanation for this is afternoon carbon limitation in the HRAPs.  As pH 

increased from morning to afternoon, ���� decreased, indicating a depression in the 

photosynthetic capacity.	���� was negatively correlated with pH (R2 = 0.8025, p < 0.01; 

Figure V.5) and by late afternoon (1600), pH significantly increased with decreasing pond 

depth, while ���� and α  significantly decreased with decreasing pond depth, with those of 

the 200 mm deep ponds significantly lower than those of both the 300 and 400 mm deep 

ponds (p < 0.01). With the day-time rise in pH, most probably associated with carbon 



 

2.V Pond depth and HRAP performance  207 

limitation, the microalgae became progressively less efficient at photosynthesis at low light 

(indicated by a decrease in α), had reduced light harvesting and photosynthetic capacities 

(indicated by the decline in ����), with the greatest effect measured in the 200 mm deep 

HRAPs.  
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Figure V.5 Maximum rate of photosynthesis (����) versus pH in wastewater HRAPs 

operated at depths of 200 mm (�), 300 mm (�) and 400 mm (�). 

 

Mid-afternoon oxygen (O2) production measurements from fixed bottle incubations 

demonstrated that photosynthesis per unit of Chl-a was lower in the 200 mm than the 300 and 

400 mm deep ponds at all depths (Figure V.6). O2 production, measured at the same optical 

depth in each pond,  was significantly lower (p <0.01) in the 200 mm deep ponds than in the 

300 and 400 mm deep ponds, for all three optical depths measured (Table V.4). 
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Table V.4 Summer time mid-afternoon oxygen production (mg Chl-a hr-1) measured at the 

same optical depths (as a percentage of subsurface irradiance determined from the light 

attenuation value Kd) in HRAP of differing pond depths. Data are means and standard 

deviations. 

Optical depth  200 mm 300 mm 400 mm 

80% 3.85 ± 0.56 7.85 ± 0.92 7.95 ± 0.81 

50% 4.48 ± 0.6 8.16 ± 1.3 8.49 ± 0.61 

10% 2.98 ± 0.37 4.61 ± 0.71 5.31 ± 0.81 
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Figure V.6 Oxygen production measurements down the water column in HRAPs operated at 

depths of 200 mm (�), 300 mm (�) and 400 mm (�). Dotted line indicates compensation 

point where photosynthesis = respiration.  
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Overall, these results indicate that normalised photosynthetic rates did not differ 

between depth treatments in winter and during early morning in summer, while significant 

differences occurred with depth from midday in summer. However, in spite of this, the 

highest Chl-a concentrations occurred in the shallowest HRAP, indicating that the cumulative 

total photosynthesis over the course of a day in summer was greater in the 200 mm deep 

HRAPs compared with the other HRAP depths. This is most probably the result of the time 

taken for a cell to circulate through the water column, due to turbulent mixing, as well as the 

proportion of time a cell spent below the light compensation depth (depth where 

photosynthesis = respiration). With half the distance to travel, cells in the 200 mm deep 

HRAPs circulated through the water column at twice as often as those in the 400 mm deep 

HRAPs and spent 20% of the time below compensation, compared to 40% in the 400 mm 

deep ponds over the same time period. This meant that cells in 200 mm deep ponds spent 

nearly 3 x more time at optimum light levels, over the course of the day, compared to the 400 

mm ponds. However, in spite of the increased time in optimal light this did not translate to 

the same fold increase in Chl-a biomass relative to the 400 mm deep HRAPs, for any season 

(see Table V.2). This suggests that the growth of microalgae in the 200 mm deep HRAP is 

more constrained than in the 400 mm deep HRAP. As this occurred in all seasons, pH is 

unlikely to be the only factor constraining growth in the 200 mm deep HRAP. 

 

Application to full-scale system 

This experiment was conducted in small-scale HRAPs, where continuous mixing was 

easily achieved due to the very short circuit time around the HRAP (minutes), compared to 

full-scale HRAPs, where the circuit time can be 1.5 hours (Sutherland et al. 2014a [I]). As 

discussed above, continuous mixing most likely afforded the 200 mm deep HRAPs an 

advantage over the other depths by achieving greater cumulative photosynthesis in summer 



 

2.V Pond depth and HRAP performance  210 

(and therefore growth) even when photosynthetic potential was negatively affected by mid-

afternoon carbon limitation. However, maintaining sufficient turbulent mixing may be harder 

to achieve in full-scale paddlewheel mixed HRAP where laminar flows are often an issue 

(Grobbelaar 2010). Under laminar flows, cells in the 400 mm deep HRAPs may have an 

advantage over those in the 200 mm HRAPs in that they can remain entrained in the water 

column for longer, thus avoiding settling out on the pond bottom before completing a circuit 

of the pond.  

The higher proportion of non-algal organic matter in the 400 mm deep ponds may 

also encourage the formation of larger algal-bacterial flocs, which are more readily 

harvestable through simple gravity (Park et al. 2011b). Higher non-algal organic matter may 

also afford the deeper ponds an advantage by providing more carbon, from respiration, while 

reducing oxygen concentrations, which can become inhibitory to algal growth in HRAPs. 

Reduced capacity for CO2 storage, coupled with higher afternoon pH, means that full-scale 

200 mm deep HRAPs would require more CO2-addition sumps to overcome carbon 

limitation, increasing the initial capital cost. When operated at the same retention time, 

shallower HRAPs have less pond effluent to process for algae harvesting compared to deeper 

HRAPs, however, the potential for larger algal-bacterial flocs, along with higher areal 

productivity, may mean that deeper HRAPs are more commercially viable with gravity 

harvesting. If wastewater treatment is the main priority for the HRAP, then the 400 mm deep 

ponds offer significantly reduced land area and capital costs for the same wastewater flow 

treated.  
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Conclusion 

Doubling the HRAP pond depth to 400 mm led to an increase in areal productivity of 

between 134 – 200% throughout the year compared to the 200 mm deep ponds. This was in 

spite of the decreased depth of the euphotic zone and the overall reduced light climate the 

cells experienced moving through the water column. Microalgae in the 400 mm deep HRAP 

were more efficient at sequestering NH4-N and were photosynthetically more efficient than 

their 200 mm deep counterparts. Previous literature would suggest that the highest 

productivity is achieved in shallower ponds, however, this was not the case in the present 

study. Higher algal biomass concentrations in the 200 mm deep HRAPs resulted in carbon 

limitation during part of the day in summer due to inadequate CO2 supply. While this most 

probably negatively affected pond productivity, this was not the sole reason the deeper 

HRAPs outperformed the shallower HRAPs, as carbon was not limited in winter or spring. 

The reasons for improved performance, particularly with respect to nutrient sequestering, are 

unclear. The main objective for HRAP wastewater treatment is the optimisation of nutrient 

removal by assimilation into algal biomass, particularly if coupled with biofuel production. 

Based on the results of this study, the 400 mm deep HRAPs better fulfilled these objectives 

than the 200 mm deep HRAPs with higher algal biomass yield and greater volume of 

wastewater treated per land area throughout the year.  
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2.VI Modifying the light environment through pond depth, hydraulic 

retention time and vertical mixing on and its effects on light 

absorption and photosynthesis in wastewater treatment high rate algal 

ponds. 

Abstract 

The combined use of high rate algal ponds (HRAPs) for wastewater treatment and 

biofuel production is considered to be an economically viable option. However, microalgal 

photosynthesis and biomass productivity is constrained in HRAPs due to light limitation.  

This paper investigates how the light climate in the HRAP can be modified through changes 

in pond depth, hydraulic retention time (HRT) and vertical mixing speed and how this 

impacts light absorption and utilisation by the microalgae. Wastewater treatment HRAPs 

were operated at three different pond depths and HRT’s during autumn. Light absorption by 

the microalgae was most affected by HRT, significantly decreasing with increasing HRT, due 

to increased internal self-shading. Photosynthetic performance (as defined by ����,	�E and 

α), significantly increased with increasing pond depth and decreasing HRT. Despite this, 

increasing pond depth and / or HRT, resulted in decreased pond light climate and overall 

integrated water column net oxygen production. However, increased vertical mixing speed 

was able to compensate for this decrease, bringing the net oxygen production in line with 

shallower ponds operated at shorter HRT. On overcast days, modelled daily net 

photosynthesis significantly increased with increased mixing speed, however, on clear days 

increased mixing did not enhance photosynthesis. This study has showed that light absorption 

and photosynthetic performance of wastewater microalgae can be modified through changes 

to pond depth, HRT and vertical mixing speed.  
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Introduction 

Wastewater treatment ponds rely on microalgal photosynthesis and growth to 

assimilate dissolved nutrients and to provide the necessary oxygen to drive aerobic bacterial 

degradation of organic compounds (Craggs et al. 2013). Conventional pond systems are used 

worldwide but often have limited capacity to remove nutrients and pathogens due to low light 

availability and microalgal biomass, often resulting in poor effluent quality (Craggs et al. 

2013).  High rate algal ponds (HRAPs) have long been recognised for their superior 

wastewater treatment and higher microalgal productivity over conventional wastewater 

treatment ponds. There has been renewed interest in their use because of increased legislative 

requirements to reduce nutrient loading from wastewater discharges into receiving waters 

(Craggs et al. 2011). HRAPs are shallow (typically < 500 mm deep), raceway-style ponds, 

that allow for the proliferation of microalgal biomass which can be harvested and used for 

production of fertiliser, protein-rich feed and biofuel (Craggs et al. 2014). While biofuel 

production alone is not economically viable, its coupling with wastewater treatment is 

considered to be so (Benemann 2003, Rawat et al. 2011).  

Light limitation is regarded as one of the main controllers of microalgal performance 

in HRAPs and its availability impacts on both the rate and efficiency of photosynthesis and 

ultimately productivity (Grobbelaar 2009, Beardall and Raven 2013). Microalgal productivity 

in a full-scale wastewater HRAP was correlated to the daily mean irradiance a microalga was 

exposed to when carbon was not limiting (Sutherland et al. 2014a [I]).While nutrients can be 

stored and recycled by the cell, photons can only be absorbed once and have to be 

instantaneously transformed into chemically bound energy, or dissipated out of the cell again 

(Diehl et al. 2002). In order to maximise productivity it is important to understand how the 

operation of HRAP affects both the availability of light as well as the efficiency of light 

absorption and utilisation by the microalgae. The amount of light available to the microalgae 
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is governed by both the degree of attenuation within the pond and internal self-shading within 

the cell. Light passing through the water column declines exponentially with depth as the 

microalgae absorb or scatter the light. Over 80% of the light entering a HRAP is absorbed by 

the microalgae and the high biomass leads to strong light attenuation, resulting in up to one 

third of the water column receiving insufficient light to support net photosynthesis 

(Sutherland et al. 2014a [I]).  

Depth modifies the light climate within the pond both directly, through changes in the 

light path length, and indirectly, through biomass mediated light attenuation. Shallow ponds 

shorten the light path length within the pond and the result is higher microalgal biomass 

concentrations, which results in higher light attenuation (Sutherland et al. 2014b [V]). In an 

experiment comparing pond depths, the higher light attenuation in 200 mm deep HRAPs off-

set the shorter light path, resulting in vertically mixed cells experiencing the same sum total 

of irradiance as those in 400 mm deep HRAPs (Sutherland et al. 2014b [VI). While biomass 

concentrations are typically higher in shallower ponds, deeper ponds offer greater areal 

productivity and volumetric nutrient removals. 400 mm deep HRAPs had significantly 

greater areal productivity and treated larger volumes of wastewater to the same effluent water 

quality standard throughout the year, compared to 200 mm deep HRAPs (Sutherland et al. 

2014b [V]). However, deeper ponds can result in increased harvesting costs due to the 

increased pond volume (Grobbelaar 2013). 

High attenuation in the shallow ponds can be off-set directly through changes in 

biomass concentration, or indirectly, through changes in the frequency of the light/dark cycle 

a cell experiences. Biomass concentration can be modified by altering hydraulic retention 

time (HRT), as well as culture depth, and light / dark cycles modified through vertical mixing 

speed. Modifications to the pond’s light field may also affect the light absorption capacity of 

the microalgal cells, which can adapt to environmental conditions by changes in pigment 
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composition (Nelson et al. 1993). The paper examines the role of pond depth and HRT on the 

pond light climate, microalgal light absorption and photosynthesis and how medium 

frequency (seconds to minutes) vertical mixing speed can further modify photosynthetic 

rates.  

Methods 

High rate algal pond operations and environmental variables 

The study was conducted outdoors during autumn at the Ruakura Research Centre 

Hamilton, New Zealand (37o47’S, 175o190’E). Operational treatments of three pond depths 

and three hydraulic retention times (HRT) were established in identical HRAPs that were 2.2 

m long and 1 m wide, with a surface area of 2.23 m2. The paddlewheels were set to a 

rotational speed that resulted in a linear velocity of 0.2 m s-1. The HRAPs received primary 

settled domestic wastewater which was pumped into the ponds every 4 hours over a 24 hour 

period. Supplementary carbon was added to the ponds in the form of 1% CO2 gas. The CO2 

addition system consisted of a CO2 gas cylinder, gas regulator, air pump, gas flow meter and 

gas diffusers. The CO2 was bubbled into the bottom of the ponds at a flow rate of 1.6 L min-1. 

This was sufficient to maintain the daytime pH between 7.6 – 7.9 in all HRAPs. Pond 

temperature over the course of the experiment ranged from 13.4 to 15.1oC. At the start of the 

experiment, the HRAPs were inoculated with wastewater algae from an adjacent pilot-scale 

HRAP, which was dominated (90%) by the colonial green alga Mucidosphaerium pulchellum 

(HC Wood) C. Bock, Proschold & Krienitz.  

 

Organic matter and chlorophyll a biomass 

For organic matter, a known volume of HRAP culture was filtered through a pre-

rinsed, pre-combusted and pre-weighed Whatman GF/F filter, oven dried (105oC) and 

weighed, once cooled, to determine the total suspended solids (TSS) concentration. Filters 
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were then combusted at 450oC for 4 hours, cooled in a desiccator, and re-weighed to 

determine the ash concentration. The organic matter, also referred to as volatile suspended 

solids, was estimated as the difference between TSS and ash concentrations. For chlorophyll 

a (Chl-a) a known volume of HRAP culture was filtered onto Whatman GF/F filters and the 

filters boiled in 100% methanol at 65.5oC for 5 minutes then extracted at 4oC, in the dark, for 

12 hours. Samples were then centrifuged at 3000 rpm for 10 minutes and the absorbance of 

the supernatant read on a Shimadzu UV-2550 spectrophotometer. Chl-a concentration was 

estimated using the trichromatic equations for methanol (Ritchie 2006).  

 

HRAP light attenuation and climate  

Light profiles through each HRAP water column were measured using LiCor 2π 

underwater sensors attached to a LiCor Quantum logger (Li-Cor Biosciences, Lincoln, 

Nebraska, USA). The vertical light attenuation coefficient (Kd) was calculated from the 

regression of log-transformed downwelling irradiance versus depth (Kirk 1994). Depth of the 

euphotic zone, where subsurface light was 1% (Zeuphotic), was estimated from Kd (Falkowski 

and Raven 2007). The total light experienced by a cell moving up and down through the 

water column per day (����) was calculated as: 

���� = �100 × �1 − ���R	��������	�������� 	× 	�&' ,	-!%�&#�	'%%&�'&�#�		 

where Zmix is the HRAP depth. Mean ����, based on the 4-day period prior to biomass 

sampling, was determined from the sum of hourly surface irradiance for each day. Hourly 

surface irradiance was measured over the course of each day using an in-air LiCor 2π sensor 

attached to a LiCor Quantum logger. 
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Microalgal light absorption and package effect 

Total particulate light absorption was measured on a Shimadzu UV-2550 

spectrophotometer with an integrating sphere, in 1 cm quartz cuvettes following methods 

detailed by Sutherland et al. (2014a) [I]. The microalgal absorption coefficient at wavelength 

(λ), aph(.) m-1, was determined as the difference between total particulate absorption and 

detrital absorption. The specific absorption coefficient per unit of total chlorophyll a (TChl-a 

= sum of Chl-a and phaeophytin-a), a*ph(.) m2 mg-1, was calculated by dividing aph(.) by 

TChl-a. a*ph(675). This is a measure of the light absorption by Chl-a, while a*ph(440) is a 

measure of light absorption by the accessory and photoprotective pigments (Bricaud et al. 

2004).  

The package effect (Qa*) is the ratio of a*ph, the chlorophyll specific absorption 

coefficient of pigmented cells, to a*sol, the specific absorption coefficient of the same 

cellular matter uniformly dispersed into solution (Bricaud et al. 2004). When the ratio 

between a*ph  and a*sol  is 1, there is no package effect and absorption by the chlorophyll 

within the cell is optimal. As the ratio decreases towards 0, the package effect increases and 

light absorption is suboptimal. The specific absorption coefficient for a*sol is assumed to be 

0.0207 m2 mg-1 at 675 nm (Bricaud et al. 1995) therefore Qa* (675) was estimated as: 

Qa* 	=	&/h∗ (675)	/	0.0207					 

Photosynthesis versus irradiance 

Primary productivity (P) versus irradiance (E) curves were determined by measuring 

the rate of oxygen production along a gradient of increasing irradiance. HRAP culture 

aliquots were placed in a Hansatech oxygen electrode chamber and irradiance levels were 

controlled through the oxyLab32 software programme (Hansatech Instruments Ltd., UK). 

Oxygen production was measured using a Clark-type fast response micro-sensor calibrated in 
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0 % and 100% air-saturated water (Unisense, Denmark). Total incubation time for irradiance 

curves was 15 minutes, as preliminary measurements showed that pH rapidly rose and 

oxygen production declined when total incubation time was greater than this (data not 

shown). A similar phenomenon has been observed in photobioreactor algal cultures (Brindley 

et al. 2010).  

The photosynthetic parameters = and ���� were estimated from replicate P-E curves 

by fitting the formula of Platt et al. (1980) using Sigmaplot graphing software (v 11.0):  

� = ���� 	× >1 − exp B−=	 × 	�
����

CD exp −[�/���� 

where = is the slope of the linear portion of the PE curve and shows the efficiency of 

photosynthesis under light-limiting conditions, [� is the light intensity at the start of 

photoinhibition and ���� is the point where the PE curve levels off and represents the 

maximum rate of photosynthesis under light-saturated conditions (Kirk 1994). 	�E, the light 

saturation intensity of photosynthesis, defined as the light level at which photosynthesis shifts 

from light limitation to light saturation, was derived from the equation: 

�E = ����
=  

Net photosynthesis and algal respiration were corrected for bacterial respiration 

determined as oxygen consumption in the dark using filtered (GF/F) HRAP water. The 

correction for bacterial respiration is only an approximation as any bacteria attached to the 

microalgae would have been retained on the filter and not been included as part of the 

bacterial respiration.  
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Photosynthesis-irradiance-depth-time (PIZT) model.  

Net photosynthesis (corrected for bacterial respiration) in the HRAP water column 

over the course of the day for different pond depths and biomass concentrations was 

estimated using a photosynthesis-irradiance-depth-time (PIZT) model modified from Walsby 

(1997). Hourly estimates of photosynthesis at depth intervals of 10 mm were made by 

relating PE curves generated at different times of the day to the Kd of each HRAP.  

 

Effects of vertical mixing speed on photosynthesis 

The effects of vertical mixing speed on net photosynthesis (corrected for bacterial 

respiration) were determined using a purpose-built circulating apparatus (Figure VI.1). This 

consisted of a variable speed motor and gearbox with a drive arm attached to a shaft which 

moved the bottles vertically through the water column. The motor was powered by a 240v-

12v power supply with a 12v power controller. The vertical speed of the shaft was modified 

via a right angle reduction gearbox. An adjustable shaft link-rod positioned on the drive arm 

allowed the vertical distance travelled by the bottles to be modified. Triplicate 30 ml glass 

serum bottles were filled to capacity with HRAP pond water and the starting oxygen 

concentration was measured, as described above, prior to sealing each bottle with a rubber 

bung, ensuring all air bubbles were eliminated. The bottles were then attached horizontally to 

the side of the shaft, using a purpose built bottle holder designed to eliminate shading by the 

shaft. In addition to increasing the frequency of light / dark cycles, increased vertical mixing 

speed increases the exchange of nutrients and metabolites between cells (Grobbelaar 1994). 

To eliminate increased nutrient exchange as a factor, the bottles were agitated at the same rate 

for all treatments whilst being incubated in the HRAP for 15 minutes, at three different 

vertical mixing speeds and three different surface light intensities, based on daily PAR at the 

time of the experiment (low 400, moderate 800, high 1100 µmol photons m-2 s-1). The vertical 
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mixing speeds allowed the bottles to travel from the top of the water column to the bottom 

and return in 4, 8, or 12 seconds. Vertical mixing speeds for ponds of different depths and for 

4, 8 and 12 seconds respectively were as follows: 200 mm deep, 100, 50 and 25 mm s-1; 300 

mm deep, 150, 75 and 50 mm s-1; 400 mm deep, 200, 100 and 66 mm s-1. Final oxygen 

concentrations were measured at the end of the incubation period. 

 

 

Figure VI.1 Schematic diagram of the purpose-built variable speed circulating apparatus (not 

to scale). 

Statistical analyses 

Statistical analyses were performed using analysis of variance (ANOVA), Pearson’s 

correlations and regression analysis. All statistical analyses were carried out using Statistica 

software (Statsoft Inc., Tulsa, OK, USA). 
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Results 

Microalgal biomass and HRAP light climate 

Microalgal Chl-a biomass was strongly positively correlated to HRT (R2 = 0.919). 

Chl-a did not differ significantly between depths for the 4 and 6 day HRT treatments, but was 

significantly greater (p < 0.01) in the 200 mm deep HRAPs on an 8-day HRT compared to 

300 and 400 mm, which did not differ significantly from each other (Table VI.1).  Chl-a areal 

productivity was significantly lower (p < 0.01) in the 4-day HRT HRAPs compared to the 6- 

and 8-day HRT HRAPs, regardless of pond depth (Table VI.1).   

Light attenuation (Kd) decreased significantly (p < 0.05) with increasing pond depth 

(Table VI.2). Kd was positively correlated with Chl-a, increasing significantly (p < 0.01) with 

increasing HRT, for all pond depths. The depth of the euphotic zone relative to HRAP depth 

(Zeuphotic:Ztotal) decreased significantly with both increasing pond depth and HRT (Table 

VI.2). ���� decreased with increasing pond depth and increasing HRT (Table VI.2). ���� 

was significantly greater (p < 0.01)  in the 200 mm HRAP at 4-day HRT, compared to all 

other treatments. The proportion of ���� to total surface PAR ranged from 11% in the 400 

mm deep pond at 8 day HRT, to 36% in the 200 mm deep pond at 4 day HRT. ����: total 

surface PAR was negatively correlated (R2 = 0.663) to depth and HRT. The light conversion 

efficiency, defined as the amount of Chl-a biomass produced per unit light in the water 

column, increased significantly (p < 0.01) with increasing HRT at all depths, but did not 

differ between depths at the same HRT (Table VI.2).   

 

  



 

2.VI Modifying the light environment  223 

Table VI.1 Microalgal biomass production in HRAPs along a depth and HRT gradient. Data 

are means ± standard deviations. 

 
Pond Chl-a (mg m-3) 4-day 6-day 8-day 

200 mm 960 ± 56 1774 ± 140 3100 ± 186 

300 mm 833 ± 30 1635 ± 159 2300 ± 194 

400 mm 785 ± 86 1459 ± 266 2000 ± 191 

Chl-a areal productivity (mg m-2 d-1) 4-day 6-day 8-day 

200 mm 48 ± 2 59 ± 5 78 ± 6 

300 mm 63 ± 4 82 ± 5 86 ± 5 

400 mm 79 ± 4 97 ± 7 100 ± 7 

Pond organic matter (g m-3) 4-day 6-day 8-day 

200 mm 73 ± 9 115 ± 12 138 ± 6 

300 mm 67 ± 11 89 ± 3 116 ± 7 

400 mm 68 ± 4 83 ± 6 100 ± 7 
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Table VI.2 Light climate and light attenuation within the HRAPs and microalgal 

chlorophyll-specific light absorption along a depth and HRT gradient. Kd is the light 

attenuation co-efficient, Zeuphotic is the depth above which gross photosynthesis is considered 

to be > respiration, ���� is the total amount of light to which a circulating cell is exposed, 

a*ph(λ) is the chlorophyll specific light absorption at wavelengths 675 nm and 440 nm. The 

values are means ± standard deviations. 

Kd (m-1) 4-day 6-day 8-day 
200 mm 12.7 ± 0.4 20.0 ± 0.7 32.0 ± 1.1 
300 mm 11.6 ± 0.4 18.8 ± 0.9 24.8 ± 1.4 
400 mm 10.8 ± 0.6 17.6 ± 1.1 22.1 ± 0.9 
Zeuphotic : Ztotal 4-day 6-day 8-day 
200 mm 1.81 1.15 0.72 
300 mm 1.33 0.82 0.62 
400 mm 1.06 0.66 0.52 
\]^_ : Pond surface PAR 4-day 6-day 8-day 
200 mm 0.36 0.25 0.16 
300 mm 0.28 0.18 0.13 
400 mm 0.23 0.14 0.11 
\]^_  (mmol d-1) 4-day 6-day 8-day 
200 mm 10.6 ± 2.3 7.2 ± 1.6 4.6 ± 1.0 
300 mm 8.2 ± 1.8 5.2 ± 1.1 3.9 ± 0.9 
400 mm 6.7 ± 1.5 4.2 ± 0.9 3.3 ± 0.7 
Light conversion efficiency 
(mg Chl-a µmol photon) 

4-day 6-day 8-day 

200 mm 0.10 ± 0.02 0.28 ± 0.07 0.77 ± 0.19 
300 mm 0.12 ± 0.03 0.36 ± 0.09 0.66 ± 0.16 
400 mm 0.13 ± 0.03 0.41 ± 0.10 0.68 ± 0.16 
a*ph(675) m2 mg-1 4-day 6-day 8-day 
200 mm 0.0096 ± 0.0016 0.0099 ± 0.0008 0.0064 ± 0.0011 
300 mm 0.0146 ± 0.0003 0.0117 ± 0.0011 0.0075 ± 0.0010 
400 mm 0.0147 ± 0.0021 0.0094 ± 0.0016 0.0088 ± 0.0018 
a*ph(440) m2 mg-1 4-day 6-day 8-day 
200 mm 0.0143 ± 0.0019 0.0132 ± 0.0011 0.0081 ± 0.0014 
300 mm 0.0210 ± 0.0016 0.0172 ± 0.0013 0.0116 ± 0.0019 
400 mm 0.0208 ± 0.0020 0.0139 ± 0.0025 0.0117 ± 0.0019 
a*ph((((440) : a*ph(675) 4-day 6-day 8-day 
200 mm 1.54 1.33 1.27 
300 mm 1.44 1.47 1.55 
400 mm 1.47 1.48 1.34 
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Light absorption and the package effect 

With the exception of 200 mm deep ponds, both a*ph(675) and a*ph(440) significantly 

decreased (p < 0.01) with increasing HRT (Table VI.2). For the 200 mm deep ponds, both 

a*ph(675) and a*ph(440) were significantly lower (p < 0.01) in the 8-day HRT compared to 

the 4- and 6-day HRT, which did not differ from each other. For the 4-day HRT, a*ph(675) 

and a*ph(440) were significantly lower (p < 0.01) at 200 mm compared to 300 mm and 400 

mm, for the 6-day HRT, a*ph(675) and a*ph(440) were significantly lower (p < 0.01) at 200 

mm than 300 mm but not 400 mm, while for the 8-day HRT, a*ph(675) and a*ph(440) did not 

differ significantly between depths. The ratio of a*ph(440) : a*ph(675) decreased with 

increasing HRT in the 200 mm deep ponds but did not differ significantly between HRT in 

the 300 and 400 mm deep ponds (Table VI.2). Qa* declined exponentially (R2 = 0.8478) with 

increasing TChl-a (Figure VI.2). Qa* decreased significantly (p < 0.01) with increasing 

HRT, but did not differ between depths at the same HRT.  The package effect accounted for 

19 - 35% of microalgal light absorption at the 4-day HRT, 43 - 54% at the 6-day HRT and 57 

- 69% at the 8-day HRT.   

 

Photosynthesis along a depth and biomass gradient and PITZ model 

For all depths and HRTs, ���� increased with increasing surface irradiance (Table 

VI.3). Within a depth treatment, ���� significantly decreased with increasing HRT, for all 

depths at all surface irradiances measured. Regardless of surface irradiance for the 4-day 

HRT, ���� increased with increasing pond depth, with 400 mm significantly higher than 300 

mm (p < 0.05) and 200 mm (p < 0.01). ���� did not differ significantly between depths at 6- 

and 8- day HRTs.  
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Table VI.3 Autumn diel photosynthetic parameters under different surface irradiances 

(indicated in parenthesis) for HRAPs operated at different depths and hydraulic retention 

times. ���� is the maximum rate of photosynthesis, α is the efficiency of photosynthesis 

under light limiting conditions, 	�E  is the saturating light level.  

`]a_ (400 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 5.2 ± 0.5 4.4 ± 0.2 3.7 ± 0.1 
300 mm 5.9 ± 0.3 4.6 ± 0.3 4.1 ± 0.2 
400 mm 6.5 ± 0.3 4.6 ± 0.1 4.0 ± 0.1 
`]a_ (800 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 8.4 ± 0.3 7.2 ± 0.1 5.9 ± 0.2 
300 mm 9.1 ± 0.2 7.2 ± 0.2 6.6 ± 0.2 
400 mm 10.9 ± 0.5 7.5 ± 0.3 6.5 ± 0.3 
`]a_ (1100 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 10.6 ± 0.8 9.0 ± 0.3 7.2 ± 0.5 
300 mm 11.1 ± 0.6 9.2 ± 0.3 8.4 ± 0.4 
400 mm 13.5 ± 0.3 9.1 ± 0.4 8.6 ± 0.3 
α (400 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 0.041 ± 0.001 0.040 ± 0.002 0.039 ± 0.001 
300 mm 0.035 ± 0.003 0.034 ± 0.002 0.041 ± 0.005 
400 mm 0.040 ± 0.002 0.039 ± 0.003 0.034 ± 0.003 
α (800 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 0.038 ± 0.003 0.032 ± 0.003 0.033 ± 0.001 
300 mm 0.031 ± 0.002 0.033 ± 0.003 0.032 ± 0.003 
400 mm 0.034 ± 0.005 0.032 ± 0.002 0.031 ± 0.002 
α (1100 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 0.037 ± 0.002 0.033 ± 0.001 0.030 ± 0.001 
300 mm 0.032 ± 0.002 0.031 ± 0.002 0.034 ± 0.001 
400 mm 0.036 ± 0.003 0.030 ± 0.002 0.031 ± 0.001 
	\b (400 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 191 ± 10 183 ± 10 178 ± 9 
300 mm 218 ± 7 199 ± 6 172 ± 11 
400 mm 217 ± 9 205 ± 8 175 ± 11 
	\b (800 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 328 ± 15 314 ± 11 291 ± 17 
300 mm 367 ± 21 319 ± 10 288 ± 12 
400 mm 380 ± 14 324 ± 18 291 ± 15 
	\b (1100 µmol photons m-2 s-1) 4-day 6-day 8-day 
200 mm 390 ± 21 374 ± 19 342 ± 12 
300 mm 447 ± 15 398 ± 10 350 ± 16 
400 mm 473 ± 12 401 ± 20 381 ± 17 
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Figure VI.2 Relationship between the package effect (Qa*) and total chlorophyll a (T Chl-a) 

in all experimental ponds under all conditions. 

 

As with ����, 	�E increased with increasing surface irradiance, regardless of depth or 

HRT (Table VI.3). At low surface irradiance (400 µmol photons m-2 s-1), 	�E did not differ 

significantly with either HRT or depth. For a given depth,		�E decreased significantly with 

increasing HRT when surface irradiance was 800 µmol photons m-2 s-1, while 	�E decreased 

significantly with increasing HRT under high surface irradiance (1100 µmol photons m-2 s-1) 

in the 300 and 400 mm ponds but did not differ in the 200 mm ponds. As pond depth 

increased, 	�E increased significantly at high surface irradiance (1100 µmol photons m-2 s-1) 
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for all HRTs, but did not differ significantly at lower surface irradiances. α decreased with 

increasing surface irradiance but did not differ significantly between HRTs or depths. 

Net oxygen production within the water column was modelled over the course of the 

daylight period (12 hours) for all depth and HRT treatments (Figure VI.3). Maximum net 

oxygen productivity occurred at approximately 50 mm below the surface in all pond 

treatments, regardless of time of day. Photoinhibition was more pronounced in the 4-day 

HRT compared to the 6- or 8-day HRT for all pond depths, but persisted longer throughout 

the day with increasing HRT (Figure VI.3). HRT had a profound effect on the proportion of 

the water column that supported net photosynthesis, decreasing significantly (p < 0.01) with 

increasing HRT for all three pond depths. For the top 200 mm of the water column, net 

oxygen production was significantly greater in the 400 mm ponds than in the 300 mm ponds 

(p < 0.05) and in the 200 mm ponds (p < 0.01), regardless of HRT. However, the proportion 

of the pond where there was a net loss of oxygen production significantly increased with 

increasing depth (p < 0.01) and with increasing HRT (p < 0.01).  
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Figure VI.3 Modelled hourly net oxygen production (mg O2 mg Chl-a L-1 h-1) through the 

water column from sunrise to sunset in HRAPs along a depth and HRT gradient.  
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Effects of vertical mixing speed on oxygen production 

At moderate surface irradiance (800 µmol photons m-2 s-1) oxygen production 

significantly increased (p < 0.01) with increasing vertical mixing speed, for all three pond 

depths and each HRT treatment (Figure VI.4). For the 200 mm deep ponds, oxygen 

production significantly decreased with increasing HRT at vertical mixing speeds of 50 mm 

s-1 (p < 0.01) and 25 mm s-1 (p < 0.05) but did not differ significantly between HRTs at a 

vertical mixing speed of 17 mm s-1 (Figure VI.4a). For the 300 mm ponds, oxygen production 

significantly decreased with increasing HRT at a mixing speed of 75 mm s-1 (p < 0.01), but 

did not differ significantly between HRT treatments at vertical mixing speeds of 38 and 25 

mm s-1 (Figure VI.4b). For the 400 mm ponds, oxygen production at a vertical mixing speed 

of 100 mm s-1 was significantly lower (p < 0.01) in the 8-day HRT compared to the 4-day and 

6-day HRTs, which did not differ from each other. When the vertical mixing speed was 

reduced to 50 mm s-1, oxygen production did not differ between HRTs, but when the speed 

was further reduced to 33 mm s-1, oxygen production decreased significantly (p < 0.05) with 

increasing HRT (Figure VI.4c).   
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Figure VI.4 Net oxygen production at three vertical mixing speeds under moderate surface 

irradiance (800 µmol photons m-2 s-1) in high rate algal ponds operated at different hydraulic 

retention times and pond depths. a) 200 mm deep, b) 300 mm deep, c) 400 mm deep. 
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Effects of surface irradiance and vertical mixing speed on oxygen production 

 For all three depths, oxygen production was significantly greater (p < 0.01) at the 

faster vertical mixing speed when surface irradiance was low or moderate (Figure VI.5 a-c). 

However, at high surface irradiance the net oxygen production was significantly lower (p < 

0.01) at the faster vertical mixing speed for the 200 and 300 mm deep ponds (Figure VI.5a & 

b). For the 400 mm deep ponds, oxygen production did not differ between the two vertical 

mixing speeds (Figure VI.5c).  

 Net oxygen production at different vertical mixing speeds and surface irradiances 

were extrapolated over the course of the day under clear and overcast skies, using hourly 

surface irradiances measurements. For all three pond depths, the daily net oxygen production 

under clear skies did not differ significantly between the two vertical mixing speeds (Table 

VI.4). In contrast, on overcast days daily oxygen production was significantly greater (p < 

0.01) at the higher vertical speeds, for all three pond depths (Table VI.4).  

 
Table VI.4 Daily net oxygen production at two mixing speeds, along a gradient of pond 

depth and HRT.  

Parameter 200 mm 

100 mm s-1 

200 mm 

55 mm s-1 

300 mm 

150 mm s-1 

300 mm 

75 mm s-1 

400 mm 

200 mm s-1 

400 mm 

100 mm s-1 

Clear day 
Oxygen production 
(mg O2 mg Chl-a L-1 d-1) 

90 ± 2 89 ± 5 83 ± 1 84 ± 3 67 ± 3 60 ± 3 

Overcast day 
Oxygen production 
(mg O2 mg Chl-a L-1 d-1) 

83 ± 4 55 ± 4 83 ± 3 61 ± 2 50 ± 4 37 ± 3 
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Figure VI.5 Net oxygen production at two vertical mixing speeds under three surface 

irradiances in high rate algal ponds operated on a 6 day hydraulic retention time. a) 200 mm 

deep, b) 300 mm deep, c) 400 mm deep. 
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Discussion 

Light climate, absorption and the package effect. 

The attenuation of light through the pond water column was directly proportional to 

the biomass concentration, which was a function of HRT. This meant that microalgae grown 

at longer HRT experienced significantly less light (����) over the course of the day than 

those at the shortest HRT. However, the apparent light conversion efficiency increased with 

decreasing ����, indicating that microalgae became more efficient at light capture and use to 

compensate for the reduced light climate. This is in contrast to the measured decrease in 

chlorophyll-specific light absorption and increasing package effect with higher biomass 

concentration. The package effect is a form of internal self-shading that results from an 

increase in chloroplast density within the cell, leading to an overall decrease in light captured 

by each chlorophyll molecule (Kirk 1994). As the biomass concentration increases and ���� 

decreases, microalgae typically produce more chlorophyll per cell in order to increase light 

harvesting capacity, which, in turn, decreases the absorption capacity of each molecule 

(Morel and Bricaud 1981, Cleveland 1995). Increased Chl-a in response to biomass-induced 

decreased light availability is a common physiological adaptation in shade-tolerant species 

(Cleveland 1995). One explanation for the apparent low light conversion efficiency in the 4-

day HRT HRAP is that this HRT was not of sufficient duration for all cells to complete 

growth and reproduction, leading to net loss. This is supported by the significantly lower Chl-

a areal productivity in the 4-day HRT HRAPs compared to the longer HRT HRAPs, despite 

the significantly higher photosynthesis (see photosynthesis section below). HRT should be 

long enough to allow microalgae to grow to sufficient biomass for efficient wastewater 

treatment and is a function of daily irradiance and growth rate (Craggs 2005).  

 The chlorophyll-specific light absorption (a*ph(λ)) often decreases with increasing 

Chl-a biomass concentration (Bricaud et al. 1995). This was the case in the present study, 
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with a*ph(λ) for both Chl-a and accessory pigments decreasing with increasing microalgal 

biomass. As Chl-a biomass was correlated to both HRT and HRAP depth, changes in a*ph(λ) 

were related to changes in the operation of the HRAPs. Microalgae growing in the deepest 

pond on the shortest HRT had the highest a*ph(λ), whereas microalgae in the shallowest 

HRAP on the longest HRT had the lowest a*ph(λ). Changes in the efficiency of light 

absorption by the microalgae are likely to impact on their photosynthetic efficiency.  

 

Photosynthesis along a depth and biomass gradient 

 In all depth and HRT treatments, both ���� and 	�E tracked changes in irradiance 

throughout the day, starting low at the beginning of the day and acclimating to increasing 

surface irradiance throughout the day. These photosynthetic characteristics are typical of 

light-adapted species (Edwards and Kim 2010). However, as biomass concentration increased 

with increasing HRT, the microalgae became more shade tolerant, as indicated by lower ���� 

and 	�E as well as higher Qa*. This meant that microalgae grown under longer HRT were 

less efficient at absorbing and utilising light compared to those grown under shorter HRT. In 

contrast, as pond depth increased, light absorption, ���� and 	�E all increased, indicating that 

the microalgae were more efficient in deeper ponds. The effects of pond depth and HRT on 

photosynthetic efficiency was a function of the biomass concentration which, in turn, 

influenced the light attenuation through the water column.  

Over 80% of light absorption in wastewater HRAPs is absorbed by microalgal 

pigments (Sutherland et al. 2014a [I]). Reduced biomass concentration allows more light to 

penetrate deeper into the water column and increases the efficiency with which incident 

photons are used within the culture (Beardall and Raven 2013). In the present study, this was 

reflected in the PITZ model, where the highest net oxygen production in the upper 200 mm of 

the water column occurred in the HRAP with the lowest biomass concentration, while the 
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reverse was true for the highest biomass concentration. Microalgae acclimated to higher 

irradiance increase ���� as they increase the rate of electron turnover, whereas microalgae at 

acclimated to lower intensities increase the synthesis of photosynthetic pigments in order 

capture more of the available light (Falkowski and Raven 2007). Therefore, the light climate 

within the HRAP has a central role in determining the efficiency of light absorption and 

utilisation in wastewater HRAPs. Nutrient concentrations and carbon availability have also 

been shown to influence this efficiency in wastewater microalgae (see Sutherland et al. 2014d 

[IV], Sutherland et al. 2015 [II]). In the present study, CO2 addition to the HRAPs ensured 

that sufficient carbon was available in all treatments, as indicated by similar pH amongst all 

HRAPs, whereas wastewater inflow, and therefore nutrient supply, varied according to HRT 

and pond depth. As ���� increases with increasing nutrients, the combined effects of light 

and nutrient availability cannot be excluded. 

 

Vertical mixing speed and net oxygen production 

Of these three pond modifications, mixing has been the most intensely studied in both 

photobioreactors and HRAPs (e.g. Grobbelaar et al. 1996, Richmond 1996, Sforza et al. 

2012, Vejrazka et al. 2013 and references within). Several of these have demonstrated that 

photosynthesis was enhanced when the cells experienced high frequency light fluctuations (< 

100 ms). However, light fluctuations of such high frequency can only be achieved in short 

light path photobioreactors (PBR) or thin layer (< 25mm) open ponds (Grobbelaar 2010). 

Under the range of medium frequency light fluctuations investigated in this study 

photosynthesis was enhanced at higher vertical mixing speeds under low and moderate 

surface irradiances, regardless of the pond depth or biomass concentration. However, under 

high surface irradiances, increased vertical mixing had a negative effect on photosynthesis 

and this had consequences for the modelled net oxygen production summed over the course 
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of a day. Increased vertical mixing speed had no effect on modelled daily net oxygen 

production under clear skies, but oxygen production increased under overcast skies, when 

maximum surface irradiances did not occur. Janssen et al. (2000) reported lower 

photosynthetic efficiency and biomass production under super-saturating surface irradiances 

in Chlamydomonas reinhardtii at medium frequency light / dark cycles compared to 

continuous illumination.  

One possible explanation for this is the decreased time microalgal cells spent in the 

dark, or low light, following saturating light exposure, at increased vertical speeds. The dark 

period allows for the relaxation of the quenching processes and recovery of the electron 

transport rate (Schreiber 1998). Insufficient time in the dark may leave the cells in a state of 

chronic photoinhibition leading to decreased photosynthesis (Cosgrove 2007). In the current 

study, the microalgae were constantly moving through a light gradient and, in 200 mm deep 

ponds at low biomass concentrations, never experienced absence of light. At high surface 

irradiance, the proportional difference in oxygen production between the two mixing speeds 

decreased with increasing pond depth, suggesting that microalgal cells in the 400 mm deep 

ponds were afforded sufficient time in the dark for photosystem recovery compared to those 

in the 200 mm deep ponds.  

Under moderate surface irradiance, net oxygen production was enhanced with 

increased vertical mixing speed at all depth and biomass concentrations. Qiang and 

Richmond (1996) found that while the rate of mixing had little effect on photosynthesis in 

low density cultures, this became more significant as culture density increased. This was not 

the case in the present study, as proportional increases in photosynthesis were often greatest 

at the lowest biomass concentration for all three depths. Increased mixing compensated for 

decreased photosynthesis as a result of increased biomass concentration. When the vertical 

speed was doubled in the higher biomass culture, net oxygen production was at least equal to 
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that measured in the lower biomass culture. However, when pond depth was doubled, 

doubling the vertical mixing speed did not completely compensate for the decreased net 

oxygen production. This was despite the microalgae in the deeper HRAP having higher ���� 

and 	�E than the shallower HRAP.  

Increased vertical mixing speed enhanced net oxygen production under most of the 

conditions tested, but not to the same degree as reported in indoor PBR with high frequency 

light fluctuations. One explanation for this is that indoor PBRs are not subjected to the 

diurnal extremes in surface irradiance that outdoor HRAPs experience. When photosynthetic 

response under the maximum surface irradiance was ignored, increased mixing speed 

significantly enhanced daily photosynthesis. Another explanation for the differences is that 

microalgae in the HRAPs did not experience a true “flashing” light / dark cycle that occurred 

in the PBR mixing experiments. Microalgae moving down the HRAP water column 

experience light intensity that decays exponentially rather than in a step function generated 

with a flash of light (Laws et al. 1983). Overall, increased vertical mixing was beneficial to 

microalgal photosynthesis. It has also been shown to increase biomass yield and NRE, reduce 

in-pond settling losses and sustain large readily harvestable colonies (Sutherland et al. 2014c 

[VII]).  
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Conclusion 

  This study has shown that light absorption and photosynthetic performance of 

wastewater microalgae can be modified through changes to pond depth, HRT and vertical 

mixing speed. The ability of microalgae to absorb light was not only determined by the 

biomass concentration within the pond but also by the pigment concentration within the cell, 

which influenced the degree of internal self-shading. The maximum rate of photosynthesis 

was also governed by biomass concentration, with the highest rate occurring in the deepest 

HRAP on the shortest HRT. However, this did not result in the highest areal productivity as 

the short HRT did not allow sufficient time for all cells to complete their life-cycle, resulting 

in culture washout. Increasing pond depth and / or HRT, resulted in decreased pond light 

climate and overall integrated water column net oxygen production. However, increased 

vertical mixing speed was able to compensate for this decrease, bringing the net oxygen 

production in line with shallower ponds operated at shorter HRT. While increased vertical 

mixing speed did not always prove beneficial, particularly at maximum surface irradiances, 

overall, improved mixing in a full-scale HRAP is likely to be beneficial to photosynthetic 

performance and biomass production as well as to wastewater treatment. One of the greatest 

remaining challenges for full-scale HRAPs is application of sufficient cost-effective mixing 

to ensure that there is neither establishment of laminar flows down the long channels nor 

scouring of the earth-lined pond basin. 
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2.VII Wastewater microalgal production, nutrient removal and 

physiological adaptation in response to changes in mixing frequency. 

Abstract 

Laminar flows are a common problem in high rate algal ponds (HRAP) due to their 

long channels and gentle mixing by a single paddlewheel. Sustained laminar flows may 

modify the amount of light microalgal cells are exposed to, reduce nutrient and gas exchange 

between the cell and the environment and increase settling out of cells onto the pond bottom. 

To date, there has been little focus on the effects of the frequency of mixing on the 

performance of microalgae in wastewater treatment HRAPs. This paper investigates the 

performance of three morphologically distinct microalgae in wastewater treatment high rate 

algal mesocosms operated at four different mixing frequencies (continuous, mixed every 45 

minutes, mixed every 90 minutes and no mixing). Microalgal performance was measured in 

terms of biomass concentration, nutrient removal efficiency, light utilisation and 

photosynthetic performance. Microalgal biomass increased significantly with increasing 

mixing frequency for the two colonial species but did not differ for the single celled species. 

All three species were more efficient at NH4-N uptake as the frequency of mixing increased. 

Increased frequency of mixing supported larger colonies with improved harvest-ability by 

gravity but at the expense of efficient light absorption and maximum rate of photosynthesis. 

However, maximum quantum yield was highest in the continuously mixed cultures due to 

higher efficiency of photosynthesis under light limited conditions. Based on these results, 

higher microalgal productivity, improved wastewater treatment and better gravity based 

harvest-ability can be achieved with the inclusion of more mixing points and reduced laminar 

flows in full-scale HRAP.  
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Introduction 

The use of high rate algal ponds (HRAP) for wastewater treatment has received much 

attention in recent years. HRAPs are advantageous over traditional wastewater treatment 

ponds due to their lower capital and operational costs, high nutrient removal rates and the 

ability to recover resources, in the form of algal biomass, which can be used for fertilizer, 

protein-rich feed or biofuel (Craggs et al. 2012). Their success lies in their simple design of 

an open raceway pond where a single paddlewheel gently moves the wastewater and algae 

around the raceway circuit. Shallow operational depths (typically < 500 mm) and high 

nitrogen and phosphorus concentrations allow for the proliferation of microalgae to 

concentrations in excess of 3000 mg m-3 chlorophyll-a (Sutherland et al. 2014a [I]). The 

coupling of wastewater treatment with the harvest of biomass for biofuel production is 

considered to be financially viable (Benemann 2003, Rawat et al. 2011) and recent 

wastewater treatment HRAP research has centred on the enhancement of microalgal 

productivity in order to make this a reality. One of the key aspects central to high 

productivity in HRAPs is turbulent mixing (Grobbelaar 2009). This affects microalgal 

performance by preventing sedimentation, reducing nutrient and gaseous gradients and by 

moving the microalgae through the light gradient (Grobbelaar 2010).  

Mixing influences the physico-chemical environment experienced by a microalgal 

cell. Both the quantity and quality of light exposure is determined, in part, by the mixing 

regime. A large amount of suspended particulate matter means that light is rapidly attenuated 

through the water column in wastewater treatment HRAPs. This can result in a large 

proportion of the water column having insufficient light to support net photosynthesis 

(Sutherland et al. 2014b [V]). Mixing is, therefore, important to ensure that cells are exposed 

to sufficient light to maximise growth. Mixing also influences the rate of nutrient and gas 

exchange between the microalgal cell and its surrounding environment. Nutrient uptake and 
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gas exchange by microalgae can become limited by rates of molecular diffusion through the 

boundary layer surrounding the cell (Estrada and Berdalet 1997, Ploug et al. 1999). Mixing 

reduces the thickness of the boundary layer therefore increasing the exchange rate of 

nutrients and gases between the microalgae and its surrounding environment (Aguilera et al. 

1994, Grobbelaar 1994).  

The density of most microalgae is greater than water, meaning that they will passively 

sink through the water column and eventually sediment out (Hutchinson 1967, Reynolds 

1984a). In order for microalgae to remain suspended in the water column there needs to be 

sufficient turbulence to overcome sinking losses. This is termed critical turbulence (Huisman 

et al. 1999). Net growth in the euphotic zone must also exceed sinking losses in order to 

maintain the microalgal population (Huisman et al. 2002). Larger, heavier colonies and flocs 

are considered desirable over smaller colonies or single-cell microalgae due to their relative 

ease of harvesting through simple gravity sedimentation (Park et al. 2011a). The trade-off is 

that to remain suspended these are likely to require more mixing than smaller colonies or 

single-cell microalgae.  

In full-scale HRAPs which have long channel lengths (500 m+) and a circuit time that 

can be up to 90 minutes (e.g. Sutherland et al. 2014a [I]), laminar flows and dead zones are 

often a problem (Grobbelaar 2010). A single paddlewheel mixes a parcel of water just once 

for each circuit pass. Low frequency of mixing, coupled with the potential for laminar flows 

and the shallow (0.3 m) HRAP depth, may mean that wastewater treatment and microalgal 

productivity are sub-optimal and conditions may favour smaller, more buoyant species. 

While there have been a number of studies investigating the effects of increased vertical 

mixing speed on microalgal photosynthesis and productivity (Grobbelaar 1991, Qiang et al. 

1998, Vejrazka et al. 2013), we are unaware of any study that considers the effects of the 

frequency of mixing on wastewater microalgal performance. The present study used small 



 

2.VII Frequency of mixing events  244 

mesocosms to investigate the effects of increased frequency of mixing on productivity, 

nutrient removal efficiency (NRE), and physiological adaptation of three morphologically 

distinct wastewater treatment microalgae.  Understanding the mechanisms that influence the 

performance of wastewater microalgae in response to mixing frequency will help inform 

pond design and operational decisions in order to maximise performance in terms of nutrient 

removal and biomass yield.  

 

Methods 

Microalgal species selection and mesocosm set up  

Three species of green microalgae (Chlorophyta) were isolated from an outdoor, pilot-

scale, wastewater HRAP and monocultures of each were established. All are common 

members of wastewater microalgal communities (Cassie-Cooper 1983, Craggs 2005) and 

were selected due to their contrasting morphologies (Figure VII.1). Chlorella vulgaris 

Beijerinck 1890 is solitary with spherical to almost spherical cells ranging from 1.5 – 10 µm 

in diameter (John et al. 2011). Mucidosphaerium pulchellum (HC Wood) C. Bock, Proschold 

& Krienitz is colonial, with colonies up to 100 µm in diameter that consist of 4 – 64 spherical 

cells embedded within mucilage. The cells remain attached by mucilaginous stalks to 

remnants of their mother cell wall. Colonies readily dissociate to form smaller colonies or 

single cells (Bock et al. 2011). Pediastrum boryanum (Turpin) E.Hegewald forms star-shaped 

coenobia, typically between 16 – 210 µm wide, comprised of 8 - 64 cells. Each cell in a 

coenobium can produce a daughter coenobium with the same number of cells as the parental 

coenobium (John et al. 2011). The outer layer of the cell wall contains large quantities of 

silica, making the colony dense compared to the other algae. All three microalgae are non-

motile and require turbulence to remain suspended in the water column.  
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Figure VII.1 Photomicrographs showing the morphological contrast between the three 

microalgal species used in the study. a) Chlorella vulgaris, b) Mucidosphaerium pulchellum, 

c) Pediastrum boryanum. 

The laboratory-based experiment was conducted in mesocosms comprised of 5 L 

black plastic buckets, with a 200 mm culture depth. The monocultures were grown on 

primary settled domestic wastewater supplemented with carbon.  Supplementation was 

considered necessary to avoid carbon limitation as the ratio of carbon to nitrogen in 

wastewater is typically half of that of an algal cell (Benemann 2003). While carbon 

supplementation for wastewater HRAP microalgae is usually in the form of bubbled carbon 

dioxide gas (see Craggs et al. 2012 for details), in this study NaHCO3 was used to avoid any 

additional turbulence caused by the bubbled gas. The monocultures were incubated at 20oC 

on a 16:8 hour light:dark cycle with overhead light at an intensity of 200 µmol photon m-2 s-1 

at the culture surface. This light intensity was chosen to avoid photoinhibition of the 

microalgae, as determined by previous photosynthesis-irradiance curves of the isolated 

species (data not shown). The semi-continuous cultures were grown on a 6 day retention 

time, with a daily exchange of 16.7% of the culture volume.  

The replicate mesocosms were placed on individual stirrer plates and mixed with a 4 

cm long magnetic stirrer bar. The mixing treatments were: (1) continuous , to replicate 

vertical turbulence maintained along the entire length of a HRAP (M-cont), (2) mixed every 
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45 minutes, or half the circuit time of a full-scale HRAP (M-45), (3) mixed every 90 minutes, 

or one complete circuit time of a full-scale HRAP (M-90) and (4) no mixing (M-0). For 

treatments M-45 and M-90 the cultures were mixed for a time period of 15 minutes for each 

mixing event. The purpose of this was to mimic residual turbulence generated by the 

paddlewheel before the microalgae became entrained in laminar flows. Microalgae that 

settled on the floor of the mesocosms were removed on a daily basis as part of the 16.7% 

exchange. This exchange occurred just prior to the next mixing event. The mixing treatments 

were performed in triplicate and the experiment was run for 18 days for each species. 

Mesocosms were sampled every 3 days for analyses of organic matter, chlorophyll a (Chl-a) 

and dissolved nutrients. Light absorption and photosynthesis, along with colony size / 

biovolume were measured at the end of the experiment.  

 

Species colony size, counts and harvest efficiency 

Known volumes of each mesocosm culture were settled in a calibrated Sedgwick 

Rafter counting chamber and viewed on a Leica DMLB microscope at magnifications up to 

400x. Colony size and counts of cells were determined on replicate samples. The harvest 

efficiency of the cultures was measured using 100 mL Imhoff cones following 10, 45 and 90 

minutes of settling. A water sample was taken from mid-depth of the Imhoff to measure Chl-

a concentrations. The amount of biomass settled was determined as the difference between 

initial Chl-a concentration and Chl-a concentration following each period of settling. The 

harvest efficiency is defined as the percentage of settled biomass relative to the initial 

biomass of the culture. 
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Organic matter and chlorophyll a biomass 

For organic matter determination, a known volume of mesocosm culture was filtered 

through a pre-rinsed, pre-combusted and pre-weighed Whatman GF/F filter, oven dried 

(105oC), cooled and weighed to determine the total suspended solids (TSS) concentration. 

Filters were then combusted at 450oC for 4 hours, cooled and re-weighed to determine the ash 

concentration. Organic matter, also referred to as volatile suspended solids, was estimated as 

the difference between TSS and ash concentrations. For Chl-a, a known volume of mesocosm 

culture was filtered onto Whatman GF/F filters and the filters boiled in 100% methanol at 

65.5oC for 5 minutes then extracted at 4oC, in the dark, for 12 hours. Samples were then 

centrifuged at 3000 rpm for 10 minutes and the absorbance of the supernatant read on a 

Shimadzu UV-2550 spectrophotometer. Chl-a concentrations were estimated using the 

trichromatic equations for methanol (Ritchie 2006). 

 

Nutrient removal efficiency 

Dissolved nutrient samples were filtered through Whatman GF/F filters and 

concentrations of ammonium (NH4-N) and dissolved reactive phosphorus (DRP) were 

determined colourimetrically according to standard methods (APHA 2008). NRE was 

determined by: 

��� = ���� !��"	#$�#��"%&"'$� − ��� !��"	#$�#��"%&"'$��
(ℎ − & 	× 1

%�"��"'$�	"'+���&,-� 
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Microalgal light absorption and package effect 

Total particulate light absorption (microalgae and detrital) of the microalgal cultures 

were measured on a Shimadzu UV-2550 spectrophotometer with an integrating sphere, in 1 

cm quartz cuvettes following methods detailed in Sutherland et al. (2014a) [I]. The 

microalgal absorption coefficient, aph(.) m-1,  was determined as the difference between total 

particulate absorption and detrital absorption. The specific absorption coefficient per unit of 

TChl-a, a*ph(.) m2 mg-1, was calculated by dividing aph(.) by TChl-a. a*ph(675) is a measure 

of light absorption by chlorophyll a, while a*ph(440) is a measure of light absorption by 

accessory and photoprotective pigments.  

The package effect (Qa*) can be quantified as the ratio of a*ph, the specific absorption 

coefficient of pigmented cells, to a*sol, the specific absorption coefficient of the same 

cellular matter uniformly dispersed into solution (Bricaud et al. 2004). When the ratio 

between a*ph and a*sol is 1, there is no package effect and absorption by the chlorophyll 

within the cell is optimal. As the ratio decreases towards 0, there is an increase in the package 

effect and absorption by the chlorophyll within a cell is suboptimal. The specific absorption 

coefficient for a*sol is assumed to be 0.0207 m2 mg-1 at 675 nm (Bricaud et al. 1995) 

therefore Qa* (675) was estimated as: 

Qa* 	=	&/h∗ (675)	/	0.0207																																																																					 

The spectrally averaged Chl-a specific absorption coefficient (ā∗�for each culture was 

then calculated as: 

ā∗ = ∑ &/h∗KUUVUU �.���.�
∑ ��.�KUUVUU

 

where E(λ) is the spectral output of the Hansatech light chamber. 
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Photosynthesis and maximum quantum yield 

Primary productivity (P) versus irradiance (E) curves were determined by measuring 

the rate of oxygen production along a gradient of increasing irradiance. Mesocosm culture 

aliquots were placed in a Hansatech oxygen chamber and irradiance levels were controlled 

through the oxyLab32 software programme (Hansatech Instruments Ltd., UK). Oxygen 

production was measured using a Clark-type fast response micro-sensor calibrated in 0 % and 

100% air-saturated water (Unisense, Denmark). Total incubation time for irradiance curves 

was 15 minutes, as preliminary measurements showed that pH rapidly rose and oxygen 

production declined when total incubation time was greater than 15 minutes (data not shown). 

A similar phenomenon was observed by Brindley et al. (2010) for photobioreactor algal 

cultures.  

The photosynthetic parameters = and ���� were estimated from replicate PE curves 

by fitting the formula of Platt et al. (1980) using Sigmaplot graphing software (v 11.0):  

� = ���� 	× >1 − exp B−=	 × 	�
����

CD	 

where = is the slope of the linear portion of the PE curve and shows the efficiency of 

photosynthesis under light-limiting conditions, while ���� is the point where the PE curve 

levels off and represents the maximum rate of photosynthesis under light-saturated conditions 

(Kirk 1994). �k, the light saturation intensity, defined as the light level at which 

photosynthesis shifts from light limitation to light saturation, was derived from the equation: 

�E = ����
=  

The maximum quantum yield (X���) defines the rate of primary productivity on the 

basis of the quantity of light energy absorbed by the microalgae. X��� expresses the 

efficiency of the evolution of oxygen molecules per quantum of light absorbed (Kirk 1994). 

X��� was calculated as: 



 

2.VII Frequency of mixing events  250 

X��� = =
43.2	 × 	ā∗ 

where 43.2 converts seconds to hours, milligrams to moles and micromoles to moles 

(SooHoo et al. 1987). 

 

Statistical analyses 

Where necessary, data was log transformed to remove asymmetric variance. 

Statistical analyses were performed using analysis of variance (ANOVA), linear regression 

analysis and in the case of replicate PE curves, photosynthetic parameters were analysed 

using paired t-test. All statistical analyses were carried out using Statistica software (Statsoft 

Inc., Tulsa, OK, USA). 

 

Results  

Colony size distribution 

For M. pulchellum, colony size increased with increasing number of cells per colony. 

Cell numbers, and therefore colony size, increased from predominantly single cells in the M-

0 to colonies with 16 or more cells in approximately 38% of the population in the M-cont 

(Figure VII.2a).  For P. boryanum, over 60% of the colonies were comprised of at least 16 

cells in the M-cont compared to only 15% in the M-45 (Figure VII.2b). All colonies were lost 

through sedimentation in the M-90 and M-0 treatments.  
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Figure VII.2  Colony size distribution under different mixing treatments for; a) Mucidosphaerium pulchellum, and b) Pediastrum boryanum. M-

0 = no mixing, M-90 = mixed every 90 minutes, M-45 = mixed every 45 minutes and M-cont = continuous mixing.  
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Harvest efficiency 

C. vulgaris had low harvest efficiency, with less than 20% of the total biomass 

settling after 90 minutes. The harvest efficiency did not differ between the M-90, M-45 and 

M-cont mixing treatments for all three harvesting time periods (Figure VII.3a). For M. 

pulchellum, up to 45% of the biomass had settled in 90 minutes for the M-cont, 22% for the 

M-45 and 12% for the M-90. With the exception of the 10 minute harvest period, the harvest 

efficiency of M. pulchellum increased with greater mixing frequency (Figure VII.3b). 

Significantly more biomass was harvested in the M-cont than the M-45 and M-90 (p < 0.01) 

following both 45 and 90 minutes of harvesting. For the M-45, significantly more biomass 

was harvested than for the M-90 following 90 minutes of harvesting (p < 0.05). P. boryanum 

was the most readily harvested of the three species, with up to 80% of the biomass having 

settled in 90 minutes for the M-cont (Figure VII.3c). Harvest efficiency was significantly 

greater in the M-cont than in the M-45 treatment for all harvesting time periods (p <0.01), 

with up to 70% reduction in the harvest efficiency between treatments (Figure VII.3c). There 

was no algae remaining in the M-90 when harvest efficiency measurements were undertaken.  

 

Biomass concentration 

For C. vulgaris, after the first six days, the organic matter was significantly higher (p 

< 0.05) in the M-cont treatment and significantly lower (p < 0.01) in the M-0 treatment, each 

compared to all other treatments (Figure VII.4a). There was no significant difference in the 

organic matter between the M-45 and M-90 treatments (Figure VII.4a). By day 12, the Chl-a 

biomass was significantly lower in the M-0 and M-90 compared to all other treatments (p 

<0.01; Figure VII.4a). Compared to the M-cont, the mean Chl-a biomass was 35% and 90% 

lower in the M-90 and the M-0, respectively. The Chl-a biomass concentrations of C. 

vulgaris did not differ significantly between the M-cont and M-45 (Figure VII.5a).  
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Figure VII.3 The harvest efficiency relative to total biomass for; a) Chlorella vulgaris, b) 

Mucidosphaerium pulchellum, c) Pediastrum boryanum following 10 minutes, 45 minutes 

and 90 minutes of harvesting. M-90 = mixed every 90 minutes, M-45 = mixed every 45 

minutes and M-cont = continuous mixing.  
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Figure VII.4 Organic matter concentrations under different mixing treatments for; a) 

Chlorella vulgaris, b) Mucidosphaerium pulchellum, c) Pediastrum boryanum. � = 

continuous mixing, �= mixed every 45 minutes, � = mixed every 90 minutes, and �= no 

mixing. 
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For M. pulchellum, after the third day of the experiment both the organic matter and 

Chl-a biomass were significantly different in all mixing treatments (Figures VIII.4b and 

VIII.5b). Organic matter and Chl-a were highest in the M-cont (p < 0.01) and lowest in M-0 

(p < 0.01). By day 15, compared to the M-cont the mean Chl-a biomass was 19%, 28% and 

91% lower in the M-45, M-90 and M-0, respectively.   

For P. boryanum, both the organic matter and the Chl-a biomass rapidly declined in 

the M-45, M-90 and M-0, with significant reductions in biomass by day 3 compared to the 

M-cont (Figures VIII.4c and VIII.5c). By day 9 there were no microalgae in the M-0 and only 

1% remained in the M-90. Compared to the M-cont , Chl-a biomass had reduced by 70%, 

99% and 100% in the M-45, M-90 and M-0, respectively.   

For all three species, the ratio of organic matter to Chl-a increased with decreasing 

mixing frequency. This suggests a greater proportion of non-algal organic matter relative to 

the algal organic matter as mixing decreases.  

 

Nutrient removal efficiency 

Initial primary influent concentrations for both NH4-N and DRP are presented in 

Table VII.1. For all three species NRE of NH4-N decreased with decreasing mixing 

frequency (Table VII.1). The largest decline in the NRE-NH4-N occurred between the M-cont 

and M-45 mixing treatments with the colonial algae. For P. boryanum the NRE-NH4-N 

significantly decreased from 0.72 to 0.50 (p < 0.01), for M. pulchellum from 0.73 to 0.56 (p < 

0.01) and for C. vulgaris from 0.76 to 0.68 (p < 0.05) in M-cont and M-45 treatments, 

respectively (Table VII.1). For all three species, as the mixing frequency decreased the 

microalgae became less efficient at assimilating NH4-N per unit of Chl-a biomass, compared 

to the continuously mixed treatment.  
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Figure VII.5 Chlorophyll-a concentrations under different mixing treatments for; a) 

Chlorella vulgaris, b) Mucidosphaerium pulchellum, c) Pediastrum boryanum. � = 

continuous mixing, � = mixed every 45 minutes, � = mixed every 90 minutes, and � = no 

mixing. 
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For P. boryanum the NRE-DRP was significantly lower in the M-45 treatment 

compared to the M-cont treatment (Table VII.1). NRE-DRP did not differ significantly 

between mixing treatments for the other two species. This was most likely related to the high 

variability in the percentage of DRP removed by M. pulchellum and the overall low 

percentage of DRP removed by C. vulgaris (Table VII.1).  

 

Light absorption and the package effect. 

Light absorption by Chl-a (aph(675)) by C. vulgaris ranged from 1.4 to 18.2 m-1 

(Table VII.2). aph(675) was significantly lower (p < 0.01) in the M-0 treatment compared to 

all other mixing treatments. The chlorophyll specific absorption (a*ph(675)) ranged from 

0.007 to 0.01 m2 mg-1, while a*ph(440), a measure of the absorption by accessory and 

photoprotective pigments, ranged from 0.012 – 0.014 m2 mg-1 (Table VII.2). There was no 

significant difference in a*ph(.) at either wavelength between mixing treatments for C. 

vulgaris. For M. pulchellum, aph(675) ranged from 3.3 to 64.1 m-1 (Table VII.2). aph(675) was 

significantly lower (p < 0.01) in M-0 and significantly higher (p < 0.01) in M-cont compared 

to the other treatments. a*ph(675) ranged from 0.010 to 0.016 m2 mg-1 and a*ph(440) ranged 

from 0.012 – 0.076 m2 mg-1  in the mixing treatments (Table VII.2). a*ph(675) and a*ph(440) 

were both significantly higher (p < 0.01) in the M-0 treatment compared to the other mixing 

treatments. For P. boryanum, aph(675) was significantly lower (p < 0.01) for the M-45 

treatment compared to the M-cont treatment, while both a*ph(675) and a*ph(440) were 

significantly higher (p < 0.05) in the M-45 treatment compared to M-cont (Table VII.2).  For 

C. vulgaris there was no significant difference in Qa* between mixing treatments (Figure 

VII.6). 
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Table VII.1  Percentage of nitrogen (NH4-N) and dissolved reactive phosphorus (DRP) removed from the wastewater and the nutrient removal 

efficiency (NRE) under different frequency of mixing regimes. M-0 = no mixing, M-90 = mixed every 90 minutes, M-45 = mixed every 45 

minutes and M-cont = continuously mixed. The values are means (± standard deviation) of 3 replicates and 4 sampling occasions. No 

measurements were made for Pediastrum boryanum in M-0 and M-90 as cultures were lost to sedimentation within several days. 

Nutrient 
removal 

Chlorella vulgaris 
 

M-0           M-90           M-45       M-cont 

Mucidosphaerium pulchellum 
 

M-0           M-90           M-45       M-cont 

Pediastrum boryanum 
 

M-0           M-90           M-45       M-cont 
Primary NH4-N 

mg L-1 
34 ± 9 34 ± 9 34 ± 9 34 ± 9 23 ± 2.7 23 ± 2.7 23 ± 2.7 23 ± 2.7 22 ± 3.1 22 ± 3.1 22 ± 3.1 22 ± 3.1 

% NH4-N 
removed 

3 ± 0.9 32 ± 1.3 33 ± 0.4 41 ± 3.5 7.5 ± 3.7 52 ± 1.5 61 ± 2.6 96 ± 1.5 0.8 ± 1.2 3.8 ± 0.6 20 ± 2.7 81 ± 1.9 

NRE-NH4-N 0.25 ± 
0.07 

0.60 ± 
0.04 

0.68 ± 
0.02 

0.76 ± 
0.01 

0.17 ± 
0.01 

0.54 ± 
0.04 

0.56 ± 
0.03 

0.73 ± 
0.08 

- - 0.50 ± 
0.02 

0.72 ± 
0.05 

Primary DRP   
mg L-1 

5.2 ± 2.7 5.2 ± 2.7 5.2 ± 2.7 5.2 ± 2.7 3.4 ± 1.0 3.4 ± 1.0 3.4 ± 1.0 3.4 ± 1.0 3.6 ± 0.6 3.6 ± 0.6 3.6 ± 
0.6 

3.6 ± 0.6 

% DRP removed - 5 ± 2.2 9 ± 4.5 11 ± 6.7 2 ± 4.0 34 ± 14 43 ± 21 68 ± 25 - - 5 ± 3.1 56 ± 11.5 

NRE-DRP - 0.02 0.03 0.03 0.02 0.03 0.03 0.04 - - 0.01 0.05 
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The package effect, a measure of the internal self-shading of the Chl-a molecules, 

contributed approximately 45% of the microalgal light absorption. For M. pulchellum Qa* 

was significantly lower in M-cont compared to all other treatments (p < 0.05 compared to M-

45 and p < 0.01 compared to M-90 and M-0), while Qa* for M-45 was significantly lower 

than for M-0 and M-90 (p < 0.01; Figure VII.6). The contribution of the package effect on 

light absorption efficiency ranged from 24 – 62%. For P. boryanum, Qa* in M-cont was 

significantly lower than in M-45 (p < 0.01; Figure VII.6). Light absorption efficiency of P. 

boryanum decreased by 19 % in the M-cont treatment compared to M-45, as a result of the 

package effect. In the colonial species, the package effect increased as the frequency of 

mixing increased.  
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Figure VII.6 Relationship between package effect (Qa*) and mixing frequency. � = Chlorella 

vulgaris, � = Mucidosphaerium pulchellum, � = Pediastrum boryanum. 
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Photosynthesis and maximum quantum yield. 

All three photosynthetic parameters measured, ���� (the maximum rate of 

photosynthesis), = (a measure of efficiency at low light) and �E (light level where light is 

saturating and photosynthesis is maximal), did not differ significantly between mixing 

treatments for C. vulgaris (Table VII.2). For M. pulchellum, both ���� and �E were 

significantly lower (p < 0.05), while = was significantly higher (p < 0.05) for the M-cont 

treatment compared to all other mixing treatments (Table VII.2). For P. boryanum, ���� and 

�E were also significantly lower (p < 0.01), and = significantly higher (p < 0.01) for the M-

cont treatment compared to the M-45 treatment (Table VII.2). No photosynthetic 

measurements were carried out on the M-0 and M-90 treatments for P. boryanum due to the 

complete loss of microalgal culture through settling.  

For C. vulgaris X��� ranged from 0.062 – 0.079 mol O2 (mol quanta absorbed)-1. 

There was no significant difference between mixing treatments for this microalga (Table 

VII.2). X��� of M. pulchellum ranged from 0.043 – 0.081 mol O2 (mol quanta absorbed)-1, 

increasing significantly under continuous mixing (M-cont; p < 0.01), and decreasing 

significantly under no mixing (M-0; p < 0.05 compared to M-90 and p < 0.01 compared to 

M-45 and M-cont) compared to the other treatments (Table VII.2). For P. boryanum the 

X��� significantly increased (p < 0.01) from 0.067 to 0.102 mol O2 (mol quanta absorbed)-1 

when mixing increased from M-45 to M-cont (Table VII.2).  
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Table VII.2 Light absorption and photosynthetic parameters for three microalgal species under the different mixing frequency treatments. 

aph(675) is the microalgal light absorption at wavelength 675, a*ph(λ) is the chlorophyll specific light absorption at wavelengths 675 and 440, 

����  is the maximum rate of photosynthesis, α is the efficiency of photosynthesis under light limiting conditions, �E  is the saturating light level 

and X��� is the maximum quantum yield of photosynthesis.  M-0 = no mixing, M-90 = mixed every 90 minutes, M-45 = mixed every 45 

minutes and M-cont = continuously mixed. The values are means (± standard deviation) of 3 replicates. No measurements were made for 

Pediastrum boryanum in M-0 and M-90 as cultures were lost to sedimentation within several days. 

Light absorption and 
photosynthetic parameters 

Chlorella vulgaris 
 

M-0         M-90        M-45    M-cont 

Mucidosphaerium pulchellum 
 

M-0         M-90        M-45    M-cont 

Pediastrum boryanum 
 

M-0        M-90         M-45    M-cont 

aph(675) m-1 1.4 ± 
0.4 

12.0 ± 
1.4 

14.3 ± 
2.2 

18.2 ± 
4.0 

3.3 ± 
3.3 

50.6 ± 
5.1 

54.4 ± 
0.5 

64.1 ± 
1.3 

- - 9.3 ± 
0.7 

55.7 ± 
2.6 

a*ph(675) m2 mg-1 0.007 ± 
0.002 

0.010 ± 
0.001 

0.009 ± 
0.001 

0.009 ± 
0.001 

0.016 ± 
0.002 

0.010 ± 
0.001 

0.010 ± 
0.001 

0.010 ± 
0.001 

- - 0.017 ± 
0.002 

0.012 ± 
0.001 

a*ph(440) m2 mg-1 0.013 ± 
0.005 

0.014 ± 
0.001 

0.012 ± 
0.001 

0.012 ± 
0.001 

0.076 ± 
0.022 

0.013 ± 
0.001 

0.012 ± 
0.001 

0.012 ± 
0.0.01 

- - 0.021 ± 
0.001 

0.017 ± 
0.002 

���� 3.1 
±0.1 

2.9 ±0.2 2.9 ±0.4 3.3 ±0.5 3.3 ±0.2 3.4 ± 
0.2 

3.4 ± 
0.1 

2.7 ± 
0.3 

- - 3.6 ± 
0.1 

3.1 ± 0.2 

α 0.012 ± 
0.001 

0.012 ± 
0.003 

0.011 ± 
0.005 

0.014 ± 
0.007 

0.012 ± 
0.005 

0.013 ± 
0.001 

0.014 ± 
0.001 

0.020 ± 
0.001 

- - 0.015 ± 
0.003 

0.023 ± 
0.001 

�E 260 249 254 241 273 258 239 135 - - 245 140 

X���  mol O2 (mol quanta absorbed)-1 0.070 0.062 0.073 0.079 0.043 0.053 0.059 0.081 - - 0.067 0.102 
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Discussion 

Colony size and harvest efficiency 

In this study, the colony size distribution was clearly determined by frequency of 

mixing. Morphological adaption, by means of colony disintegration, allowed M. pulchellum 

to persist in all mixing frequenciesbut at the expense of larger colonies. For the coenobium-

forming P. boryanum, reduced mixing frequency selected for a greater proportion of smaller, 

coenobia with fewer cells. The sinking rate of microalgae typically increases with increasing 

mean size of the cell, or colony, meaning that more turbulence is required for larger 

microalgae to remain suspended in the water column compared to smaller microalgae 

(Reynolds and Wiseman 1982, Larcoque et al. 1996). Microalgae that are able to modify 

colony size likely do so to maintain entrainment in the water column when vertical mixing is 

reduced.  

Changes in colony size in wastewater HRAP has implications for operational 

processes such as gravity-based harvesting of microalgal biomass. Specific harvest efficiency 

of a species is strongly dependent on its sinking velocity, which in turn, depends on the cell 

(or colony) size, shape and specific density (Ptacnik et al. 2003). In our experiment, P. 

boryanum, with its heavy silicified cell walls and larger colonies, had the highest harvest 

efficiency. This is in agreement with work by Park et al. (2011a) in which harvest-ability 

improved with increased dominance of P. boryanum. For the two colonial species, the harvest 

efficiency was also highly dependent on the particular mixing treatment. Reduction in colony 

size in response to reduced mixing, as in the case of M. pulchellum, also reduced harvest 

efficiency. Reduced mixing frequency selected for smaller colonies, as a result of the loss of 

large colonies through sedimentation, which, in turn, reduced harvest efficiency, as in the 

case of P. boryanum. Oron et al. (1981) also found that the coenobial chlorophycean species 

Scenedesmus sp. and Micractinium sp. modified their morphology in response to changes in 
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mixing regime in a pilot-scale HRAP. These changes included reduction in size and surface 

area by colony separation and loss of setae in response to the reduction of mixing (Oron et al. 

1981).  Results from the present study suggest that improvements in gravity-based harvest 

efficiency of a colonial species can be achieved through increased frequency of mixing, or 

reduction of laminar flows and dead zones, that will generate sufficient vertical turbulence to 

allow the persistence of larger, heavier colonies.  

 

Biomass concentration 

The increase in microalgal biomass concentration in response to the increased 

frequency of mixing was likely the result of three main mechanisms. Firstly, a reduction in 

the loss of biomass due to sedimentation. In order to maintain, or increase, microalgal 

biomass, the overall rate of loss through sedimentation has to be lower than the accumulation 

rate (Larocque et al. 1996). For small, single celled species such as C. vulgaris or colonial 

species that can modify their size, such as M. pulchellum, the rate of biomass accumulation in 

all mixing treatments, with the exception of no mixing, exceeded the loss of biomass. In 

contrast, the biomass loss rates for the more dense colonial species P. boryanum quickly 

exceeded accumulation rates when the frequency of mixing was reduced. Total loss of the 

population occurred in the M-0 and M-90 treatments and there was a substantial loss of 

predominantly larger colonies in the M-45 treatment. Secondly, increased frequency of 

mixing may have resulted in improved nutrient and gas exchange rates between the 

microalgae and the environment. NRE by the microalgae is discussed below (Nutrient 

removal efficiency). Thirdly, increased mixing frequency is likely to have resulted in cells 

experiencing more favourable light conditions more frequently. This may have resulted in 

physiological adaptation of the cells leading to improvements in both the photosynthetic rate 

and efficiency. This is discussed further below (Light absorption and package effect and 
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photosynthesis). Productivity in dense microalgal cultures has been shown to be enhanced 

by increased mixing speed under continuous mixing, which resulted in increased exchange 

rates of nutrients and metabolites between the cell and its environment, coupled with more 

frequent exposure of cells to favourable light through increased light/dark frequencies 

(Grobbelaar 1994).   

 

Nutrient removal efficiency 

Physiological traits such as resource uptake depend on morphological and 

phenological features, and, as a result of adaptive mechanisms, govern ecological 

performance of microalgae (Reynolds 1984b). A number of researchers have demonstrated 

that smaller cells have higher NRE than larger cells due to their higher surface area to volume 

ratios (Eppley and Thomas 1969, Hein et al. 1995, Irwin et al. 2006). In the present study this 

was not the case, with decreasing NRE as the proportion of smaller colonies increased under 

decreased mixing frequency. Increased boundary layer thickness as a result of the decreased 

mixing frequency is likely to have contributed to the lower efficiency of nutrient uptake from 

the wastewater. Higher nutrient and gaseous gradients surrounding the cell are likely to have 

negatively impacted nutrient uptake, gas exchange and subsequent growth. These gradients 

may be an important determinant of microalgal production in wastewater treatment HRAPs 

where both carbon limitation (Benemann 2003) and excessive daytime dissolved oxygen 

concentrations (> 200% saturation; Park et al. 2011b) may be inhibitory to photosynthesis. 

Carbon limitation was thought to be the reason for low summer-time NRE in a full-scale 

wastewater treatment HRAP (Sutherland et al. 2014a [I]). Differences in light history, light 

absorption and photosynthetic efficiency are also likely to have contributed to the improved 

NRE under increased mixing frequency and are discussed below.   
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Light absorption and the package effect. 

For the colonial species, the significant decrease in the amount of light absorbed per 

unit chlorophyll biomass with increased mixing, along with a corresponding significant 

increase in the package effect meant that there was a reduction in the efficiency of light 

absorption by the colonial species. Light absorption by microalgae is a function of cell and 

colony size as well as intracellular pigment concentration (Finkel et al. 2011). The package 

effect arises from intracellular shading of the chloroplasts stacked on one another or from 

shading within the densely packed larger colonies that prevent light from reaching all the 

cells (Kirk 1994). In the continuously mixed cultures both the increase in overall biomass as 

well as the increase in the colony size are likely to have contributed to the package effect. As 

the culture density increases, resulting in higher light attenuation, cells typically produce 

more chlorophyll in order to increase light harvesting capacity (Kirk 1994). This has a flow 

on effect by increasing internal shading due to the package effect (Morel and Bricaud 1981). 

At the same time, an increase in the number of larger colonies would lead to increased 

shading of cells in the interior of the colony. Changes in the efficiency of light absorption is 

likely to impact on the photosynthetic efficiency of the microalgae.     

 

Photosynthesis and maximum quantum yield. 

The differences in size structure of the populations of colonial species between 

mixing treatments may be one of the factors that influenced changes to both ���� and �E. 

Photosynthetic rates have been shown to vary both positively and negatively with size of the 

microalgal community (Frenette et al. 1996, Naselli-Flores and Barone 2011). In this study, 

���� and �E decreased as colony size increased under increased mixing frequency for both 

M. pulchellum and P. boryanum.  
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Another factor that is likely to have influenced the photosynthetic parameters was the 

increase in microalgal biomass with increased mixing frequency, particularly for the colonial 

species that had higher overall biomass than the single celled species. Increased light 

attenuation as a result of higher biomass would reduce the amount of light that a cell is 

exposed to. Both colonial species in the continuously mixed culture were acclimated to lower 

irradiance than at the other mixing frequencies as indicated by higher α (a measure of 

photosynthetic efficiency under low light), reduced light absorption efficiency and higher 

maximum quantum yields. Under low-light intensity the photosynthetic rate is proportional to 

the photon flux. This means that, as quantum yield is proportional to α, when photosynthesis 

is in the light limited range of the PE curve the quantum yield remains maximal (Iluz and 

Dubinsky 2013). Improved photosynthetic efficiency at lower light levels, coupled with more 

frequent movement through more favourable light gradients and increased gas and nutrient 

exchange as a result of continuous mixing are all factors that are likely to have contributed to 

higher biomass concentration despite the decrease in light absorption efficiency and 

maximum rate of photosynthesis.  

 

Application to a full-scale system 

This study has not replicated the exact mixing conditions of full-scale HRAP but 

results do highlight the influence of mixing frequency on the performance of wastewater 

treatment microalgae. Mixing frequency determines if, and for how long, laminar flows 

persist in a HRAP. Biomass concentration, efficiency of nutrient removal, light utilisation 

and photosynthesis together with colony size and harvest-ability were all affected by the 

frequency of mixing. If laminar flow persists for sufficient distance along the channel of a 

full-scale HRAP, then the microalgae may respond in a similar manner to that observed in 

this experiment. Turbulence is one of the key points that is central to high biomass yields but 
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little has been done to incorporate existing knowledge into reactor design or operation 

(Grobbelaar 2000).  

Modifications to the traditional HRAP design to enhance the frequency of mixing and 

reduce, or eliminate laminar flows will most probably improve wastewater treatment by the 

microalgae, increased biomass yields, and improved gravity-based harvesting. Design 

modifications could include changes in the length to width ratio, and / or the inclusion of 

more passive mixing points, such as sumps, baffles or foils. This study has shown that the 

amount of additional mixing required is species dependent. Operational depth of the HRAP 

will also be an important determinant as deeper HRAP will allow cells to travel further 

around the HRAP without settling out of the water column. The costs associated with 

increased mixing in a full-scale wastewater treatment HRAP needs to be assessed against the 

benefits, such as higher biomass yield, increased nutrient removal and more efficient harvest-

ability, of the target species. 

 

Conclusion 

This study has demonstrated that by increasing the frequency of mixing of wastewater 

microalgae both the biomass yield and the efficiency of nutrient removal per unit biomass are 

enhanced. In response to increased mixing, physiological changes resulted in reduced 

efficiency of light absorption and decreased maximum rates of photosynthesis. In contrast, 

high biomass growth was a result of improved photosynthetic efficiency at low light. 

Increased frequency of mixing improves both nutrient and gas exchange between the 

microalgae and their immediate environment and exposes them to more favourable light on a 

more frequent basis.  Mixing also sustains larger, denser colonies in the water column. These 

would otherwise settle out of the water column under laminar flow conditions. The frequency 

of mixing coupled with laminar flows within a full-scale HRAP is also likely to influence 
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biomass yield, nutrient removal and the photo-physiology of the microalgae, resulting in 

improved microalgal performance. Further work is needed on the performance of wastewater 

microalgae at different mixing frequency time-scales in a full-scale HRAP, particularly where 

laminar flows are present. This would further clarify the trade-off between higher energy use 

and operational costs for wastewater treatment, and improved performance in terms of algal 

growth, nutrient removal and algal harvest-ability. 
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3.1 Synopsis  

This study set out to explore how the performance of microalgae could be improved 

through simple modifications to the chemical and physical environment in wastewater high 

rate algal ponds (HRAP). Microalgal production in wastewater treatment HRAPs could serve 

as a feedstock for biofuel production, however, improved biomass yield is still required if this 

is to become a commercial reality. Light absorption and utilisation by the microalgae are 

limited in wastewater HRAPs and both could be manipulated either biologically, chemically 

or physically in order to increase biomass yield and nutrient recovery. Pond operation 

parameters that alter the chemical and physical environment to enhance microalgal 

performance offer an immediate and cost-effective solution. This study sought to answer four 

research questions relating to pond operation modifications and their role in the performance 

of the microalgae. Presented below is a synopsis of my findings and conclusions from this 

research in relation to each of the research questions. 

 

1. How does photosynthetic efficiency, nutrient removal and biomass production 

vary over seasonal scales in full-scale wastewater high rate algal ponds? 

[Paper I] 

In the dense HRAP microalgal cultures productivity can be affected by a number of 

environmental factors, including light, nutrient availability, temperature, pH, mixing and 

competition. While a number of studies have looked at microalgal productivity in dense 

cultures, many of these were performed either at small-scale in the laboratory or at pilot scale 

in outdoor HRAPs. To better understand how environmental factors impact on microalgae 

over seasonal scales, I undertook a year-long investigation of microalgal performance in full-

scale wastewater HRAPs, operated in a temperate climate. First, I determined how microalgal 
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biomass (as Chl-a biomass) and nutrient removal efficiency (NRE) varied over seasonal 

scales. In the second part of the investigation, I compared light absorption and photosynthetic 

potential of the microalgae between seasons. 

As expected, productivity had autumn / winter minimum and spring / summer 

maximum. While there was a significant positive correlation between Chl-a biomass and 

organic biomass in autumn, winter and spring, there was no correlation between these in 

summer. This indicated that non-algal organic biomass (such as bacteria, fungi and 

microzooplankton) comprised a greater proportion of the total organic biomass in summer 

compared to the rest of the year. The daily integrated light climate of the water column 

(����) was one of the main determinants of Chl-a biomass for three of the four seasons but 

summer-time Chl-a biomass was not determined by any of the measured environmental 

variables. The percentage of nutrients taken up by the microalgae followed a similar seasonal 

pattern to that of productivity, with autumn / winter minimum and spring / summer 

maximum. The lowest NRE coincided with low productivity during winter. However, the 

highest removal efficiency did not occur during highest productivity in summer, further 

indicating constrained performance of microalgae during this time.  

Light absorption and utilisation by the microalgae also varied seasonally. Chlorophyll 

specific light absorption was highest in winter and decreased in late spring / summer as a 

result of increased cellular pigmentation and internal self-shading (package effect). While the 

photosynthetic potential (determined as electron transport rate) was positively correlated to 

����, it did not increase at the same rate as ���� as solar irradiance increased from winter to 

summer  
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From this investigation, I concluded that the performance of microalgae in full-scale 

wastewater HRAPs was constrained despite the increased productivity in summer compared 

to winter. Carbon limitation, as indicated by elevated day-time pond pH, was the most likely 

cause of this constraint in summer. However, as microalgal performance was strongly 

correlated to ���� throughout the rest of the year, once carbon requirements were met, light 

availability within the HRAP could potentially be the next main constraining factor. If 

summer-time performance of wastewater HRAPs could be improved then not only would this 

have implications for how these ponds are best managed in temperate climates but also for 

year-around performance in tropical climates. The conclusions I drew from this analysis led 

to the research questions below.  

2. Can modifying the chemical environment improve the performance of 

wastewater microalgae in terms of light absorption and utilisation, biomass 

production and nutrient removal? [Papers II, III] 

With carbon identified as the likely main constraining factor in summer-time 

microalgal performance, I conducted two studies to examine how carbon addition affects 

microalgae. In part one of the first study [II], I investigated how morphology, biomass 

production, pigment content and NRE changed in two distinct wastewater HRAP microalgal 

communities along a CO2 addition / pH gradient. Initial analysis indicated that while total 

organic biomass increased, there was no apparent increase in microalgal biomass (Chl-a). 

This result did not agree with other published studies on CO2 addition and required further 

investigation. Microalgal biovolume in both community types increased with the addition of 

CO2, with the highest biovolume measured in the highest CO2 addition (lowest pH) 

treatment. Analysing this data further showed that Chl-a per cell decreased with increasing 

CO2 addition, leading to an erroneous interpretation of the response of the microalgae to CO2 



 

3. Synopsis and Conclusion 274 

addition based on Chl-a biomass alone. The increase in microalgal biovolume along the CO2 

addition gradient was twice that of total organic biomass, indicating a greater proportion of 

microalgae to other organic constituents as carbon availability increased. Analysis of the 

effects of CO2 addition on NRE was confounded by the experimental setup. The use of high 

rate algal mesocosms enhanced the removal of nutrients through physico-chemical processes 

at high pH in the control treatment. This had not been observed in the full-scale HRAPs. The 

percentage removal of nitrogen increased with increasing CO2 in experimental treatments 

whilst the removal efficiency per unit microalga decreased.    

In part two of the first study [II], I investigated the effects of CO2 addition on light 

absorption and photosynthesis. Increased efficiency of light absorption by both Chl-a and 

accessory pigments was a result of decreased “package effect” (decreased Chl-a per cell). 

Despite a reduction in ���� due to increased biomass production, microalgae became more 

efficient at converting light energy into biomass. This was a result of increases in both light 

absorption and photosynthetic efficiencies throughout the day. Comparison of electron 

transport rates and photosynthetic rates suggest that increased photosynthesis at low 

irradiances was due to energy conservation, possibly as a result of down-regulation of carbon 

concentrating mechanisms, rather than increased electron flow. Microalgae under high CO2 

conditions were able to increase photosynthetic capacity and light utilisation due to photo-

physiological adaptations that allowed for more efficient use of light leading to enhanced 

biomass production. 

While the main focus of these two experiments was on the effects of CO2 addition, it 

was anticipated that relief from high pH, as a result of this, would have also been beneficial 

to microalgal performance. Potential benefits of lowered pH in the HRAP water column were 

discussed in in the paper [II]. However, it was neither the intention nor design of these 
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experiments to differentiate between CO2 and pH effects as these two chemical parameters 

co-vary in a full-scale HRAP system.     

Based on the results of the above studies, I next considered how co-increasing the 

other two major nutrients, nitrogen (N) and phosphorus (P), might affect microalgal 

performance. Microalgal productivity can be negatively affected by limiting concentrations 

of one or both of N and P. Both nutrients are supplied to HRAPs in primary settled or 

anaerobic pond treated wastewater and concentrations within the HRAP can be modified 

through changes in wastewater influent nutrient load. In this study [IV], I compared the 

effects of two nutrient loads, under short hydraulic retention time (HRT), on microalgal 

performance during summer. It was confirmed that microalgal performance could be further 

enhanced when N and P concentrations were doubled despite N and P not being regarded as 

in limiting supply in wastewater. Photosynthetic rates under low and saturating light 

intensities increased under high nutrient load, which resulted in increased biomass 

production. However, the efficiency of light absorption decreased at the higher nutrient loads 

due to higher pigment concentrations per cell. Microalgal performance could be further 

enhanced by improving light absorption under high nutrient loads. NRE increased with 

increased nutrient load, however, this was not sufficient to ensure low nutrient concentrations 

in the effluent. Options for potentially achieving this were discussed in paper IV. 

From these three studies, I concluded that the summer-time performance of 

microalgae in wastewater HRAPs can be further enhanced by modifications to the chemical 

environment within the pond. My results indicated that CO2 addition offered the most 

benefits by: 1) overcoming carbon and pH limitations to increase photosynthesis and 

production, 2) lowering pH to increase nutrient recovery via microalgal biomass and 3) 

overcoming light limitation through the reduction in Chl-a content per cell and reduced 
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package effect. Coupling high CO2 addition with high N and P loads would further enhance 

microalgal yield and nutrient recovery. While the focus was on improving summer-time 

performance, suboptimal chemical environment in wastewater HRAPs also occurs during 

other seasons, although not to the same severity as summer. Optimisation is, therefore, likely 

to be beneficial year round. 

3. Can modifying the light climate within the pond, through physical processes, 

improve the photosynthetic performance of the microalgae, leading to 

increased biomass production and nutrient removal? [Papers V, VI] 

With the exception of summer-time, microalgal performance in the full-scale 

wastewater HRAPs was strongly correlated to ���� [I]. This is also likely to be the case in 

summer once carbon requirements are met. ���� is a function of the light attenuation through 

the pond water column. Modifying the amount of light microalgae as exposed to is therefore 

likely to affect their performance. Several pond operational parameters can modify the 

amount and the frequently of light exposure. In the first of two studies, I investigated the role 

of pond depth [V] on microalgal performance and wastewater treatment over three seasons 

(winter, spring and summer – with CO2 addition). Pond depth is simple to modify and 

shallower depths are believed to be optimal due to a shorter light path length. For this study, 

wastewater HRAPs were operated at three depths (200, 300 and 400 mm) and the 

performance of the microalgae assessed in terms of photosynthetic rates, biomass production 

and nutrient removal.  

Analysis of the light attenuation data showed that while a depth of 200 mm shortened 

the light path length within the pond, the higher microalgal biomass resulted in higher light 

attenuation compared to a depth of 400 mm. The higher light attenuation off-set the shorter 
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light path, resulting in microalgae in the shallower HRAPs experiencing the same ���� as 

those in the deeper HRAPs. The overall areal productivity significantly increased with 

increasing depth. In contrast to expectations, microalgae had higher photosynthetic rates and 

removed more nutrients in a depth of 400 mm. Analysis of the biomass and percentage 

nutrient removal data showed that both areal productivity and volumetric wastewater treated 

were significantly higher at 400 mm than at 200 mm depth, regardless of the season. Based 

on these results, I concluded that there is improved biomass yield without compromising 

wastewater treatment when operating HRAPs at 400 mm depth compared with 200 mm. The 

reduced land requirement of deeper HRAPs and consequent lower capital and operational 

costs would make them more economical. 

Biomass-induced light attenuation in HRAPs could potentially be compensated for 

directly, by decreasing biomass concentration, or indirectly, by altering the frequency of light 

/ dark cycles that microalgae experience. Biomass concentration can be modified by altering 

pond HRT and / or depth, while light / dark cycles can be modified by changes in vertical 

mixing speed. In order to better understand how these operational parameters interact with 

the performance of microalgae in HRAPs, I investigated the role of pond depth and HRT on 

the light climate, microalgal light absorption and photosynthesis, as well as the role of 

vertical mixing speed on photosynthetic rates [VI]. The results showed that biomass 

concentration had a central role in determining the efficiency of light absorption and 

utilisation by wastewater microalgae. Pond depth and HRT indirectly affected light 

absorption and utilisation by changing the biomass concentration. While ponds with different 

depths had similar ���� [V], light absorption and utilisation efficiency was determined by 

biomass-mediated light attenuation. The highest light absorption and utilisation efficiency 

was found in the ponds with the lowest attenuation coefficient, this being in the deepest 

HRAP (400 mm) on the shortest HRT (4 days).  
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 A simple photosynthesis-irradiance-time-depth model confirmed that, for the upper 

200 mm of the water column, the highest photosynthetic rates occurred in the deepest pond 

with the shortest HRT. Despite the deeper pond having a greater proportion of modelled 

water column showing net photosynthetic loss and lower integrated total net photosynthesis, 

areal productivities were significantly higher compared to its shallower counterparts. This 

confirmed the findings of the previous study [V] that showed photosynthetic performance and 

productivities were enhanced with increased pond depth, despite the higher net loss. While 

the reasons for this were not explored in these studies, frequent exposure to supersaturating 

light intensities coupled with shortened time to recovery in the dark may have left the cells in 

a permanent state of photoinhibition in the shallower ponds. 

The decrease in photosynthetic efficiency with increasing HRT could be reduced by 

increased vertical mixing speeds. However, increased vertical mixing speed only enhanced 

photosynthesis under low and moderate surface irradiances, with photoinhibition increasing 

with increased vertical mixing speed under high surface irradiance. Modelled daily 

photosynthetic rates demonstrated that increased vertical mixing was beneficial on overcast 

days but not on clear days. However, the study design did not allow microalgae to acclimate 

to the increased vertical mixing speed, which may have altered the outcome.    

From these studies, I concluded that pond depth and HRT are important determinants 

of light absorption and utilisation efficiency. Modifying either or both these parameters not 

only improved the light climate within the HRAP water column but also improved the 

performance of microalgae. While increased vertical mixing did improve photosynthetic rates 

for all depths and HRT treatments, manipulating the HRAP light climate through depth and 

HRT offers the most cost-effective solution and can be implemented within existing HRAPs 

regardless of the design and infrastructure.   
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4. How does the frequency of input events affect the performance of wastewater 

treatment high rate algal ponds? [Papers III, VII] 

Those studies addressing research questions 2 and 3 have shown that modifying the 

chemical and physical environment enhances both microalgal performance and wastewater 

treatment. CO2 addition and vertical mixing are two parameters that enhanced light 

absorption and photosynthesis [II, VI]. Both of these are operational parameters that require 

either a chemical or physical input. The design of the full-scale wastewater HRAP, such as 

the one shown in Part 1, had one CO2 addition sump and one paddlewheel so that the input 

frequency of either CO2 to, or mixing of, a parcel of water occurred only once every complete 

circuit of the pond. Depending on the size of the HRAP and its horizontal water velocity, 

time between inputs to a parcel of water of either CO2 or mechanical mixing may be too long 

to be of benefit to the microalgae. 

In the first study, I investigated the frequency of CO2 addition on the performance of 

the microalgae. While results from my CO2 / pH gradient study [II] challenge the current 

practise of maintaining high density cultures at ~ pH 8, for this study I chose to explore the 

feasibility of delivering CO2 in a full-scale HRAP frequently enough to maintain a target pH 

of 8. Time intervals between CO2 additions were 15, 30, 60 and 90 minutes, with two 

controls, being continuously maintained at pH 8 and no CO2 addition. Performance was 

assessed using the indicators photosynthetic potential, NRE and biomass yield. Results 

indicated that high frequency (15 and 30 minutes) addition of CO2 is required for the benefits 

of CO2 addition to be realised. Photosynthetic efficiency increased while photoinhibition 

decreased, with increasing frequency of CO2 addition. Improved photosynthetic efficiency 

led to increased total organic biomass and total microalgal biovolume.  Additions at 60 and 

90 minutes were not sufficient to maintain the target pH throughout the day and this was 



 

3. Synopsis and Conclusion 280 

reflected in the lower microalgal performance. The performance of microalgae receiving CO2 

every 90 minutes was comparable to those receiving no addition of CO2. The implication is 

that the full-scale HRAPs used previously [I] would require at least one of the following: 1) a 

minimum of three CO2 addition sumps 2) a reduction in pond size 3) sufficient delivery 

capacity at a single sump to supply enough CO2 to ensure that pond water did not rise above a 

maximum target of pH 8 over the course of the pond circuit.    

For the second study, I investigated how the frequency of mixing events affected the 

performance of three wastewater microalgae with distinctly different morphologies. The 

results showed there was a trade-off between microalgal performance measures and the 

frequency of mixing events. For colonial species (considered desirable for ease of gravity-

based harvesting), low frequency (45 – 90 minutes) of mixing events was most detrimental in 

terms of biomass yield and nutrient removal as a result of large colonies either settling out of 

the water column or disintegrating to form smaller, more buoyant colonies. On the other 

hand, loss of biomass resulted in increased light penetration through the water column which 

led to improved light absorption and maximum rates of photosynthesis by the remaining 

colonies. This provided further evidence to support earlier findings [V, VI] relating to HRAP 

biomass concentration and microalgal performance.  

In contrast, continuous mixing enhanced both biomass yield and nutrient removal but 

was at the expense of light absorption and maximum rates of photosynthesis, due to the poor 

light climate with higher biomass concentration. The large colonies did, however, increase 

photosynthetic efficiency at low light leading to increased quantum yield. Mixing frequency 

had little effect on the unicellular species as they remained in suspension even a low mixing 

frequencies, suggesting that in full-scale HRAPs with low mixing frequency and long 

channel lengths laminar flow could favour these over large colonial species. While this 
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experiment using mesocosms did not replicate the mixing patterns in a full-scale pond, it did 

highlight the importance of frequent mixing in order to sustain colonial microalgae and 

achieve high biomass yields coupled with high nutrient removal.  

From these two studies I concluded that both CO2 and mixing require frequent inputs 

to the water column in order to benefit microalgal performance and wastewater treatment in 

full-scale HRAPs. Both CO2 sumps and paddlewheels represent a large proportion of capital 

cost of HRAPs and increased productivity from multiple inputs around a pond may not 

necessarily off-set these additional capital costs. Further improvements in the efficiency and 

costs of mixing and CO2 inputs are therefore necessary to beneficially enhance wastewater 

HRAP productivity. 
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3.2 Conclusions 

The aim of this study was to critically evaluate the role of chemical and physical 

parameters on the performance of HRAP microalgae in order to test the hypothesis: 

 “Microalgal photo-physiology, growth and NRE can be enhanced through modifications to 

the physical and chemical environment in wastewater high rate algal ponds.” 

 The experimental evidence presented in Part 2 and summarised in the synopsis above 

supports this hypothesis and confirmed that optimising the chemical and physical 

environment of wastewater treatment HRAP increases both microalgal biomass productivity 

and nutrient recovery. Carbon was the primary limiting factor and light was the secondary 

limiting factor of microalgal performance in full-scale wastewater HRAPs. These limitations 

negatively affected light absorption, photosynthesis, microalgal productivity and NRE. Each 

measure of microalgal performance was influenced by the chemical and physical operational 

parameters to varying degrees.  This is summarised in Figure 3.1. CO2 addition exerted the 

greatest influence on light absorption, photosynthetic efficiency and microalgal productivity, 

while continuous mixing had the greatest effect on NRE. 

Once carbon requirements were met, the paradox of enhancing microalgal 

performance was that the resultant increased biomass further intensified light limitation. 

Lowering pond water pH with sufficient CO2 to achieve pH 6.5 overcame biomass-mediated 

light limitation by increased light absorption efficiency at the expense of cellular chlorophyll 

content. Maintaining this day-time CO2 / pH level was the most effective means to achieve 

the objectives of enhanced biomass productivity and nutrient removal / recovery for coupled 

wastewater treatment and biofuel production. Achievement of this in a full-scale HRAP is 

likely to be cost prohibitive at present. Improvements in the efficiency of CO2 delivery to 

achieve this objective at full-scale should be a focus for future work. Increasing pond depth 
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and decreasing HRT were simple and cost effective means to favourably improve the pond 

light climate with little requirements for re-design of a current full-scale system.  

Disregarding construction and operational costs, the evidence from this study suggests 

that the ideal operational parameters for achieving both high microalgal productivity and 

nutrient removal are: 

• Sufficient CO2 to maintain pH 6.5 – 7; 

• Pond depth 400 mma; 

• Continuous mixing with a vertical speed of 200 mm s-1; 

• Moderate nutrient load (15 -30 g m-3)b; 

• Moderate hydraulic retention time (4 – 6 days summer – autumn)c. 

  

                                                           
a Based on depths investigated in this thesis. 
b Nutrient loads, in particular nitrogen, is dependent on both the hydraulic retention time and the effluent 

nutrient discharge consent requirements. 
c Hydraulic retention times will be dependent on the microalgal species and local climate.  



 

3. Synopsis and Conclusion 284 

 

Figure 3.1 Summary of HRAP operational parameters that enhance the efficiencies of light 

absorption and photosynthesis and improves microalgal productivity and nutrient removal 

efficiency. Size of arrow indicates the degree of influence each parameter had on microalgal 

performance (red arrow = greatest influence). 
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3.3 Future work 

One of the main questions raised by this research is whether optimisation of the 

chemical and physical environment can be achieved at full-scale in a cost effective way. CO2 

addition and increased mixing frequency were identified as being potentially beneficial to 

increasing microalgal productivity. However, these come at increased capital cost. 

Investigating how CO2 addition and / or the mixing frequency affects microalgal performance 

in full-scale HRAPs is needed in order to better quantify the cost / benefits of these 

parameters. Some research questions that need to be addressed at full-scale are: 

• How much CO2 can be effectively delivered to the water column at a single 

sump?  

• How rapidly is CO2 taken up by the microalgae or lost to the atmosphere in a 

full-scale HRAP?  

• Are concrete sumps the most efficient delivery system?  

• How rapidly does turbulence dissipate along the HRAP channels?  

• How does increasing the vertical mixing at medium frequency (seconds) affect 

photosynthesis?  

• What is the maximum distance between mixing points that will ensure large 

colonies remain in suspension?   

Based on the mesocosm and pilot scale studies CO2 addition offered the greatest 

benefits to microalgal performance. For this reason, I recommend that research on CO2 

addition at full-scale be prioritised. 

The unfortunate destruction of the full-scale HRAPs used in paper I meant that 

subsequent experiments had to be undertaken at mesocosm and pilot scales. While there are 

benefits to undertaking experiments at smaller scale, including reduced cost and ability to 
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increase number of treatments, it is unknown how transferrable the results from these studies 

are to full-scale. I am unaware of any published study that compares the performance of 

wastewater HRAPs at different scales. This is one area I believe requires critical evaluation in 

order to justify many of the published studies undertaken at smaller scales. 

A large portion of my research was focused on optimising the HRAP environment to 

overcome the constrained summer-time performance identified in paper I.  While the 

physico-chemical environment in HRAPs is harsher during summer, suboptimum conditions 

do prevail throughout the rest of the year. Therefore, undertaking the studies described in this 

thesis during winter months, particularly the CO2 addition and mixing – photosynthesis 

studies, will allow for better assessment of the year-round cost / benefits of implementing 

these parameters to full-scale HRAPs. 
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