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Abstract

High Rate Algal Ponds (HRAPs) are an efficient anost-effective system for wastewater
treatment and produce algal biomass which coutobbgerted to biofuels. However, little research
has been conducted to improve harvestable bionradsigtionfrom these ponds. Laboratory and
small-scale outdoor research reported in the titeeandicates that selective biomass recycling is
partially effective at controlling algal species HRAP. This, therefore, offers the potential to
select and maintain a rapidly settleable algal isged o date, algal species control of similarly
sized, co-occurring algae has not been demonstratedvastewater treatment HRAPS.
Furthermore, the influence of algal recycling oarbass harvest efficiency, harvestable biomass
productivity, net biomass energy yield and the dgloef the dominant algal species in the HRAPs
have never previously been investigated. The mgpothesis of this Ph.D. was: ‘Recycling a
portion of gravity harvested biomass (‘recyclingack into the HRAP improves harvestable
biomass production’. To test this, a series of erpents was conducted using pilot-scale
wastewater treatment HRAPs, outdoor mesocosms apaordtory microcosms. Firstly, the
influence of recycling on species dominance anthbgs harvest efficiency was investigated using
two identical pilot-scale HRAPs over two years. sTpilot-scale study showed that recycling
promoted the dominance of a rapidly settling cabalga,Pediastrum boryanunand maintained

its dominance over the two year experimental perMdreover,P. boryanumdominance was
relatively fast to establish and was then stablé sustainable between seasons. The higher
dominance oP. boryanunin the HRAP with recycling improved biomass hatwef$§iciency by
gravity sedimentation from ~60% in the control HRARhout recycling to 85%. Unexpectedly,
recycling also improved the ‘in-pond’ biomass praiiity by 20%. The combination of the
increased biomass productivity of the HRAP and itireased biomass harvestability with
recycling improved the ‘harvestable biomass praogiigt by 58%. Overall, recycling increased
the net biomass energy yield by 66% through thebtoad improvements in biomass productivity,
harvest efficiency and a small increase in algalmaiss energy content. To determine the
reproducibility of these findings and investigatee tmechanisms responsible, twelve outdoor
mesocosms were studied. This mesocosm researchtedfye confirmed that recycling can
establish P. boryanum dominance, and improve biomass productivity andtlesdbility.

Settleability was not only found to be improvedrbgycling the ‘solid’ fraction of the harvested



biomass but also by recycling of the ‘liquid’ framt, potentially indicating the presence of
extracellular polymeric substances. Several passibechanisms to explain the increase in
biomass productivity were identified. However, afteview all but two were discounted) the
mean cell residence time (MCRT) was extended tlyeistreasing the algal concentration and
thus allowing better utilization of incident surfiigand {i) the relative proportion of algal growth
stages (which may have different net growth ratexg shifted, resulting in an increase in the net
growth rate of the algal culture. To investigates#tn mechanisms further, the life-cycleRof
boryanumwas studied in detail and showed, for the firsietiin the literature, that its net growth
rate does indeed vary between the three life-cstelges (‘growth’ > ‘juvenile’ > ‘reproductive’).
Given that the mesocosm studies in Chapter 4 shdalagdrecycling increased the number of
growth colonies by ~2-fold and juvenile colonies+¥4+fold then it is proposed that mechanism
(i) does appear to be viable. This Ph.D. work hasotstnated that recycling a portion of gravity
harvested biomass could be a simple and practiedhod to enhance biomass productivity,
harvest efficiency and energy content, which cobote to achieve higher ‘harvestable biomass

productivity’ and ‘energy yield’ in wastewater ttegent high rate algal ponds.
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Structure of the thesis

The chapters of this Ph.D. thesis are presentadsasies of scientific journal papers. These
papers have either been accepted for publicatisolmmitted for review. Consequently there
was some repetition in the paper introductionsraethods sections. In order to reduce this
repetition in the thesis, the introduction of theapters has been shortened (particularly
Chapters 3, 4 and 5). The chapters have also lmad sonor editing to improve clarity and
consistency. A preface is included for each ofélempters to help link the chapters together
and illustrate how each of these chapters cong#t investigate the objectives of this
thesis. Some formatting changes have been madestwesconsistent style within the thesis.
For example, the labels for Figures and Tables Hees modified to include the chapter
number (e.g. Figure 2 in the third paper was changé-igure 3.2 in Chapter 3). Where the
published papers refer to other papers within liesis, these references have been changed
to the relevant chapter within the thesis.

The structure of this thesis complies with Massew#rsity guidelines given in the Doctoral
Handbook, 2011.
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Chapter 1: Introduction

Chapter 1

Introduction

Chapter preface

In this chapter the current literature on the aggpion of high rate algal ponds (HRAP) for
wastewater treatment and algal production is restevand the benefits and opportunities of
algal biomass production from wastewater treatmeRAP for biofuel production are

explored. Moreover, the critical parameters lingtialgal biomass production and harvest
(‘harvestable biomass production’), and practigaians to enhance them in wastewater
treatment HRAPs were investigated. There was adapkiblished information available on

practical methods to enhance harvestable biomastugtion in HRAP, even for simple

techniques such as recycling a portion of gravégvasted biomass (‘recycling’) back to the
pond. In particular, the influence of recycling e species dominance of similarly sized,
co-occurring algae has not been studied. Furthexntioe influence of recycling on biomass

harvestability, productivity, and biomass energsldyihas never been investigated.

This chapter is based on the following publication;

Park, J.B.K., Craggs, R.J., Shilton, A.N. (2011)s¢éavater treatment high rate algal ponds
for biofuel production. Bioresource Technology 10235-42.
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1.1. Introduction

Algae grown under controlled conditions could ptitdly produce substantially more oil
per hectare than terrestrial oilseed crops sugbalm, soy and canola (Sheehan et al.
1998; Chisti 2007, 2008; Benemann 2008b; Darzias €010). Therefore, less land area
is potentially required to produce oil from algd®art from other types of biomass.
However, the capital and operation costs of systeEmslgal biofuel production are
presently prohibitive (Sheehan et al. 1998; Benan2008b; Tampier 2009; Craggs et
al. 2011; Benemann 2013). For example, Chisti (2@a8ulated that algal bio-diesel

production costs must drop almost 10-fold to be petitive with crude oil at $100/barrel.

A niche opportunity may, however, exist where algiaimass is grown as a by-product
of wastewater treatment in high rate algal pondRARs). HRAPs are shallow, open
raceway ponds that are used for treatment of mpadicindustrial and agricultural

wastewaters. Large-scale production of algal bisfusing wastewater treatment HRAPs
was first proposed by Oswald and Golueke (1960¢ @lgal biomass produced and
harvested as a by-product of these wastewatemtegdtsystems could be converted
through various pathways to biofuels, for exampil@exobic digestion to biogas,
transesterification of lipids to biodiesel, fermaidn of carbohydrate to bioethanol and

high temperature conversion to bio-crude oil (Ceagpal. 2011).

Algal growth and photosynthetic activity under di#nt environmental conditions have
been extensively studied over the last few decddgs Oswald and Golueke 1960;
Weissman and Goebel 1987; Tillett 1988; Walker 20@2lis 2009; Walker 2009).
Moreover, the many critical environmental (lightidemperature), operational (pH, €0
and nutrients) and biological (zooplankton grazerd algal pathogens) parameters that
affect HRAP wastewater treatment have been stufideissman and Goebel 1985;
Richmond 1986; Nurdogan and Oswald 1995; Pulz 2064zillo et al. 2003; Richmond
2004; Grobbelaar 2009). Over the last 50 yearkstdle wastewater treatment HRAPs
have been built in the USA and several other ceesars a component of Advanced Pond
Systems (Craggs 2005). In particular, the Natidnstitute of Water and Atmospheric
Research Ltd. (NIWA) has conducted pilot-scale fatiescale research on HRAPs over
the last decade to calibrate design and operatidletv Zealand climatic conditions, and
has shown that HRAP not only provide improved anoreanconsistent wastewater

treatment than conventional oxidation ponds, buehauch higher productivity (annual
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average, ~8 g/#d volatile suspended solids) (Craggs et al. 19083, 2011; Sutherland
et al. 2013). However, fundamental and field-scagearch is needed to further optimise
algal biomass production and particularly subseguramvest (‘harvestable biomass
production’) from wastewater treatment HRAPs wimlaintaining high effluent water
quality.

This chapter reviews the current literature on btth application of HRAP for
wastewater treatment and for dedicated algal bismpasluction, and defines the benefits
and opportunities of algal biomass production fraastewater treatment HRAP for
biofuel production. Critical parameters limitingyal biomass production and harvest are
discussed and practical options to enhance habtedteomass production in wastewater
treatment HRAPSs are identified. The specific obyes of this Ph.D. research that were
derived from this literature review are propose&éaction 1.7.

1.2. High Rate Algal Ponds

HRAPs are gently mixed raceway-type ponds and liephs between 0.2 and 1 m
(Figure 1.1). Mixing is normally provided by a p#eldheel to give a mean horizontal
water velocity of between 0.15 and 0.3 m/s (Cra2ff35). Raceway configuration may
be as a single loop or multiple loops around céutirading walls. The pond bottom is
typically earth or clay lined (depending on soihddions and local regulations). GO
may be added into a counter current gas spargimg $61.5 m depth) that increasesCO
uptake efficiency into the pond water.

1.2.1. HRAPsfor treating wastewater

Many small communities and farms use single or stage oxidation pond systems for
wastewater treatment (Craggs 2005). These systanes denerally performed well in
terms of wastewater organic solids removal; howewetrient removal, algal solids
removal and disinfection are highly inconsistemd &he discharge of poor-quality
effluents with respect to these parameters maytivefjaimpact the receiving waters
(Davies-Colley et al. 1995; Craggs et al. 2003,20HRAPs retain the advantages of
conventional oxidation ponds (simplicity and econdrbut overcome many of their
drawbacks (including poor and highly variable edfiti quality, limited nutrient and
pathogen removal), and could have the added besfafcovering wastewater nutrients

as harvestable algal/bacterial biomass for beraficgse as fertiliser, feed or biofuels.
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Algae in the HRAPs provide photosynthetic oxygesratwhich promotes aerobic
breakdown of dissolved organic compounds (i.e. BOD the wastewater by
heterotrophic bacteria (Oswald 1996; Craggs 20@6)eover, algae assimilate nutrients
during their growth, and thus subsequent harvesiinipe algal biomass recovers the
nutrients from the wastewater (Craggs 2005; Gatcéd. 2006; Park and Craggs 2010).

HRAP is a component of wastewater treatment Advaufrnd System which typically
comprises advanced facultative ponds (or more tgcanaerobic ponds), HRAP, algal
settling ponds and maturation ponds in series @a2005; Craggs et al. 2011).
Compared to activated sludge systems, which areeptly one of the most common
wastewater treatment technologies, the area ratjfmrean Advanced Pond System is
approximately 50 times greater (based on desigB@IDs removal and not accounting
for the area needed for handling the waste activsiiedge). However, the capital costs
for construction and operating costs are lower tnachanical activated sludge systems
(Downing et al. 2002; Craggs et al. 2011; 2012)rédwer, APS systems could also
provide the co-benefits of enhanced algal biomasdyztion for beneficial use (feed or
biofuels), and recovery of nutrients from wastewaiéerefore, where land is available
and climate conditions are appropriate, these syst®uld be widely applicable for many
of the smaller communities worldwide for near tangilevel wastewater treatment (i.e.
enhanced nutrient removal and disinfection) anduleioproduction (Benemann 2003;
Craggs et al 2012; Benemann 2013).The simplestnamst cost effective option to
convert algal biomass to biofuel would be via arbiemt temperature covered anaerobic
digester pond to produce methane-rich biogas (Graggal. 2011), although more
expensive heated and mixed anaerobic digesterd afsd be used (Sialve 2009). Biogas
production rates from laboratory-scale ambient terafure covered digester ponds have
been shown to be similar to those of heated mixgésters (0.21-0.28 hCHa/kg algal
volatile solids (VS) added) (Sukias and Craggs 2008e of methane biogas produced
by digesting algal biomass for electricity genematcan produce approximately 0.6-0.8
kWheiecriciy / kg algal VS assuming a methane energy conte@t3& kWh/ni; Elliot et

al 2012) and a ~30% generator conversion efficiency
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1.2.2. Economic and environmental advantages of biofuel production from wastewater
treatment HRAP

The comparisons between algal production HRAP aastewater treatment HRAP are
summarized in Table 1.1. The costs of algal bion@ssluction and harvest using
wastewater treatment HRAP are essentially coveyethé wastewater treatment plant
capital and operation costs, and these systemsaeagysignificantly less environmental
impacts in terms of water footprint, energy andiliser use, and eutrophication from

discharge of residual nutrients in effluent.

While the demand for biofuel production is in pdriven by environmental concerns,
there is no doubt that building and operating HRiglicated solely to produce algal
biomass for biofuel has a significant environmenmtglact in its own right. For example,
fresh water resources are consumed via evapor#tis creating a water footprint.
Indeed, Clarens et al (2010) concluded that algabymction using freshwater and
fertilizers would consume more energy, have higireenhouse gas emissions and use
more water than biofuel production from land-basemps such as switchgrass, canola

and corn.
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Figure 1.1: Side elevation of a high rate algalgp(iHRAP) with CQ addition to enhance algal biomass production.
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Table 1.1: Comparison of dedicated HRAP and wagtvigeatment HRAP for biofuel production.

Factors Dedicated HRAP Wastewater HRAP Reference
$US 0.1 (unlined)— $0.25 (lined)
million/ha

Capital costs Algae is free as a by-product (Benemann, 2008a;pleni2009)

(Benemann, 2003; van Harmelen
~ $US 20k/ha Algae is free as a by-product and Oonk, 2006; Tampier, 2009;
Craggs et al., 2010)

Operation and maintenance
costs

Land use High N/A

Already commercially applied for Well established wastewater

health products and pigments  treatment

Water, Fertiliser, Harvesting, andN/A because algae is free as a by-
Mixing product

Light, Temperature, Nutrients
(internally provided by wastewater),
CO; (partially provided by bacterial
oxidation of wastewater organics an
externally provided)

High productivity may not be a main
driver due to algal biomass as a by- (Benemann, 2002 & 2008a,b)

Commercial availability (Benemann, 2008a,b)

Most costly parameters (Tampier, 2009)

Light, Temperature, Nutrients,
CQO; (externally provided)

(Grobbelaar, 2009; Craggs et al.,

Limiting factors for algal growth 02010)

Could be >30 g/rtd but not

Algal productivity reported in literature

product
Water footprint Significant (freshwater use and Not applicable unless effluent is (Carvalho et al., 2006)
net evaporation loss) reused

Contamination from incoming

High (growth medium re-use wastewater flow (grazers and fungal (Schenk et al., 2008; Tampier, 2009)

Risk of contamination : . o
increases risk of contamination)

parasites)
Could be expensive but gravity
Biomass harvesting Expensive due to small size (<20settling can be promoted by (Sheehan et al., 1998; Benemann,
um) aggregation of colonial algae with  2008a; Craggs et al., 2010)

wastewater bacteria
Only limited success in high pH May be possible by selective biomas

and high salinity recirculation (Schenk et al., 2008)

Algal species control
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Algal biomass production from wastewater treatm¢RIAPs by contrast offers a far
more attractive proposition from an environmentabact viewpoint. The impacts of its
construction and operation are a necessity of gnogiwastewater treatment and thus the
subsequent algal biomass yield represents a bitdadbktock free of this environmental
burden. Furthermore, the water and nutrients tleatialized in these systems are neutral
in that they are otherwise wasted. The extracti@nergy and subsequent application of
the residual algal biomass to land represents e@if sustainable energy and fertilizer,
thus offering net environmental benefit. Indeeds tise of HRAPs for wastewater
treatment over other types of wastewater treatro@ntprovide environment gains. For
example, Shilton et al (2008) gave an example fomen of 25,000 people in the English
countryside where using a pond treatment optioteats of an electromechanical
wastewater treatment system (e.g. activated slaggiem) could save 35 million kWh
over a 30-year design life. They went on to noé tbr the UK, where an average of 0.43
kg CQ is emitted per kWh of electricity produced, thimaunts to 500 tonnes of GO
emitted per year which would require over 160 hestd~400 acres) of pine forest to
soak up (Shilton et al. 2008).

Pond systems are one of the most common typesstéwater treatment technology used
by small to medium sized communities around theldvddowever, with increasing
regulatory pressure to upgrade treatment for mittrfemoval and subsequent algal
harvesting and with greater recognition of the weasi@le energy production and
potentially improved greenhouse gas managemenHiRAPs offer, it is likely that they

will become increasingly widespread in communibéghis size in the future.
1.3. Algal production

Many theoretical approaches to determine the maxirphotosynthetic solar energy
conversion efficiency have been described in tieediure (Weissman and Goebel 1987,
Tillett 1988; Walker 2002; Falkowski and Raven 20Meglis 2009; Walker 2009), and
these are summarized in Table 1.2. For exampldppimsthesis requires four photons for
each of two photosystems in order to produce a cntdeof @ (2H.O + CQ— CH.0 +
O+ H20). 9.7 photons in the average visible light are respifor complete
photosynthesis (Falkowski and Raven 2007). Thd kgiergy absorbed by algae is first
stored as intermediate biochemical reductants (NAD&hd ATP) which are then used

by the algal cells to produce new biomass {GHTillett 1988). Since, the energy content
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of one mole of ‘CHO’ (Eg0) is ~468 kJ (see Table 1.2) (Walker 2009), anetresgy

content of 9.7 photons of red (680 nm) lighs)(Es ~1408 kJ the arithmetic photosynthetic
solar conversion efficiency)gno) is ~33% (see Table 1.2). However, because ort)o-4
of solar energy is photo-synthetically active réda (PAR) and because 10-20% of the
solar energy is lost by surface reflection, only8t24.4% of solar energyteg can
theoretically be converted into algal biomass.

Algae are susceptible to becoming light saturated @hibited (Weissman and
Benemann 1978; Tillett 1988; Walker 2009). While tight saturation levell¢ay) is
dependent on algal strain and culture density (@otnation), the growth of most algal
species is inhibited at light levels >200 uMal/sy which is only about 10-17% of
maximum summer and winter solar PAR radiation (2@Mhd ~1200 pMol/dfs
respectively) (Ogbonna and Tanaka 2000; Torzillal€2003). Therefore, the maximum
algal photosynthetic conversion efficiengy4y is only 1.3—2.4% of total solar radiation
(Benemann 2008a; Walker 2009).



Chapter 1: Introduction

Table 1.2. Maximum theoretical algal photosynthstitar energy conversion efficienoyméy).

Symbol  Parameter Value Description References
Echo Energy required to produce 468 kJ/mol One gram of glucosest@2Oe) releases 2813 kJ as  (Walker, 2009)
algal biomass (CD) heat. As glucose is made up of six molecules of@CH
the energy content of GB is at least 468 kJ
E.= 2813kJ(CH,,O; asheat) _ 468KJ/mol
’ 6molCH,O
Ep Energy value of a photon ~176 kJ/photon  One photard light (680 nm) has an energy value (Walker, 2000)
of ~176 kJ. Eight photons (1408 kJ) are required fo
complete photosynthesis (PSI and PSII)
Npho Photosynthetic solar 33.2% Ech,o (468kd/mo) 100= 3329
conversion efficiency T pho T photons(1408kJ)x &70
Npar The fraction of ~48% The visible light spectrum (light wavelengthd60 —  (Zhu et al., 2008; Melis, 2009;
photosynthetically available 700 nm) is only available for algal growth Walker, 2009)
solar radiation (PAR)
Lr Reflection loss 10 — 20% Reflection loss at thedpeater surface depending on(Benemann et al., 1977;
solar angle and mixing conditions of the ponds Weissman and Goebel, 1987,
Tillett, 1988; Zhu et al., 2008)
Ntheo Theoretical efficiency of 12.8 — 14.4% Solar energy 12.8 — 14.4% can be ¢hieally fixed by
photosynthetic solar energy algae as chemical energy
conversion Htheo= Mpar X Lr X #pho
Lsat Light saturation of algal 10-17% Photosynthesis of most algal species isataetliata  (Tredici and Zittelli, 1998;
photosystem solar radiation level of ~200 pmol#faec, which is Ogbonna and Tanaka, 2000;
about 10-17% of summer/winter maximum outdoor Torzillo et al., 2003)
light intensity
#max Maximum efficiency of 1.3-2.4% Maximum solar energy of 1.3 — 2.4% can be fixed by

photosynthetic solar energy
conversion into biomass

algae
Nmax= Ntheo X Lsat
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The maximum algal photosynthetic conversion efficie can be used to estimate the
algal biomass productivityPpay from incident solar radiatiorid). For example, taking
our HRAP facility in Hamilton, New Zealand (7’S, 17319’'E) the summer algal
biomass productivity (New Zealand summer monthsfldecember to February) could

be determined from the average solar radiatiomhas/s in Equation 1.1:

p = 23.5MJ/nt/d Px 2.4%2

> RYPRT x1000= ~27g/nt/d Equation 1.1

Where

(1) Average solar radiatiomof from December 2008 to February 2009.
(2) Maximum efficiency of photosynthetic solar egyeconversion#may.
(3) Energy content of algal biomass.

Because a proportion of the algal biomass willdst by decay of the biomass (e.g. dark
respiration), this loss of productivity needs todmeounted for and can be estimated as
~10% (Zhu et al. 2008). Therefore, the summer poodty at our HRAP facility in
Hamilton, New Zealand is ~24 g#fd.

The summer productivity (~24 gfid) estimated by the calculation is very similathat
measured at our experimental pilot-scale HRAP itgaih Hamilton, New Zealand 25
g/n?/d, presented in Table 1.3). However, our expertalebiomass productivity
includes bacterial as well as algal biomass (adboginfor both autotrophic and
potentially heterotrophic algal growth). More dégdiresearch over a prolonged period
(> 1 year) is required to confirm the relationshgiween algal biomass productivity and

solar radiation.

As shown in Table 1.3, experimental algal biom@assluctivities in HRAPs fed with
either growth medium or wastewater range widelynf®-40 g/n/d, depending on algal

species, pond operation, climate and season.
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Areal Productivity (g/m?d) Total
Surface volume
HRAP Location Species Total Harvestable area (nY) (m3) References
Algal production Hawaii Tetraselmis suecica 40 - (Laws et al., 1988)
Hawalii Cyclotella cryptica 29.7 - (Laws et al., 1988)
Hawalii Platymonas sp 26 - 48 5.8 (Sheehan et al., 1998)
Cyclotella
Hawalii cryptica 30 - 9.2 11 (Sheehan et al., 1998)
Hawalii T. suecica 37.5 - 9.2 11 (Sheehan et al., 1998)
New Scenedesmus (Weissman and Goebel,
Mexico quadricauda 14 - 100 22.5 1988)
New (Weissman and Goebel,
Mexico Chlorella sp. 21 - 100 22.5 1988)
Anabena
Israel siamensis 12.9 - 2 0.3 (Richmond et al., 1993)
Wastewater treatment ~ California 18.4 14.8 1000 - (Benemann, 1986)
Israel Mixed a|ga| culture 33 - 120 - (Shelef, 1982)
Israel (e_g_Scenedesmus sp, 35 - 150 - (Shelef, 1982)
New Micractinium sp, 25* 16.8 32 8 (Park and Craggs, 2010)
Zealand Actinastrum sp, 44-115 - 12500 4375 (Craggs et al. 2012)
Philippine Pediastrum sp, 15.3 11.9 100 - (OSW8.|d, 1987)
Scotland Coelostrum sp, 18* - 13 - (Cromar et al., 1996)
Spain Chlorella sp. 12.7-14.8 9.9-11.5 1.54 - (Garcia et aDpP
Kuwait Ankistrodesmus sp,) 15 - 12 - (Banat et al., 1990)
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1.4. Parameters affecting algal biomass production
1.4.1. Light and Temperature

In the absence of nutrient limitation photosyntha@screases with increasing light intensity
until the maximum algal growth rate is attainedhat light saturation point (Bouterfas et al.
2002; Macedo et al. 2002; Torzillo et al. 2003;HRmond 2004). Increasing the light intensity
beyond this point can lead to photo-oxidation (&sown as photoinhibition), damaging the
light receptors of the algae and decreasing thetoghnthetic rate and productivity
(Richmond et al. 2003; Richmond 2004). As algal ceartration increases so does the
shading effect this biomass creates. For exampl@|gal biomass concentration of 300 g
TSS/n? will absorb almost all of the available light (PARithin the top 15 cm of the HRAP,
leaving the rest of the pond depth in the dark.idalfy HRAPs are designed with a depth of
about 30 cm however turbulent eddies, resultingnfiwater flow around the pond, and
paddlewheel mixing provide a degree of verticalimgpthrough the pond depth thus ensuring

that the algal biomass is intermittently exposeligfat.

Algal biomass productivity increases with incregspond temperature up to an optimum
temperature above which increasing algal respimadinod photorespiration reduce overall
productivity (Tillett 1988; Sheehan et al. 1998;|1222001). The optimal temperature
measured under conditions of maximum algal grovetie (sufficient nutrient and light
conditions) is 28-35°C for many algal species (Soezt al. 1985). However, optimal
temperature varies between algal species and wiiteiemt or light conditions are limiting.
Growth often declines when algae are subjectedgtmden temperature change, for example,
exposure of a high temperature adapted algal stwal®°C resulted in a 50% reduction in

chlorophyllain just 15 hours (Harris 1978).

Temperature can also alter the pond water ionidibga, pH, and gas (oxygen and @O
solubility, although different algal species aréiuanced to differing degrees by this effect
(Bouterfas et al., 2002).
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1.4.2. Pond water pH and CO; availability

The pH of the pond water affects many of the bieraltal processes associated with algal
growth and metabolism, including the bio-availdgilof CO, for photosynthesis and the
availability and uptake of nutrient ions. Pond wag# is in turn a function of algal biomass
productivity, algal/bacterial respiration, the dikdy and ionic composition of culture
medium, autotrophic and heterotrophic microbial ivateés (e.g. nitrification and
denitrification) and the efficiency of a G@ddition system (Garcia et al. 2000b; Craggs 2005;
Heubeck et al. 2007; Park and Craggs 2010). Algatgsynthesis in HRAP raises daytime
pH by consumption of C£and HCQ@', often exceeding pH 10 (Craggs 2005; Heubeck et al
2007; Park and Craggs 2010). The elevated pH chanee ammoniacal-N removal from
the pond liquid via ammonia volatilization and pplesrus removal through phosphate
precipitation with unchelated ferric iron, calciuamd magnesium (Garcia et al. 2000b;
Craggs 2005). The equilibrium shift to higher femamonia concentrations at high pH can
significantly inhibit algal growth (Azov and Goldma982). For example, free ammonia
concentrations of 34 and 51 ¢/t pH 9.5 (20 — 25°C) reduced algal photosynthefsike
freshwater alga&cenedesmus obliquus; 50% and 90% respectively (Azov and Goldman
1982). Moreover, aerobic heterotrophic bacteria txidize organic matter in wastewater
treatment HRAP have a pH range of 6.5 to 8.5, aldveh bacterial activity is increasingly
inhibited (Craggs 2005). Therefore in wastewateattinent HRAPs, pH could not only
influence algal growth but also dissolved organiatter oxidation and nitrogen removal

efficiency.

The optimal pH of many freshwater algae is abditdhg et al. 2010). A pH above or below
8 decreases productivity, for example Weissman Gogbel (1988) showed that the
productivities ofChaetocerossp. and Chlorella sp. were reduced by 22% when pH was
raised from 8 to 9. Some algae are, however, damdlgrowing well above pH 8, such as
Amphora spandAnkistrodesmus spvhich were not inhibited at pH 9 and 10 respetyive
(Weissman and Goebel 1988).

CQO; availability within wastewater treatment HRAP poednantly depends upon
heterotrophic oxidation of organic compounds byt&aa (Weissman and Goebel 1987,

Oswald 1988; Craggs 2005). However typical domesti&stewater often contains
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insufficient carbon to fully support optimal algatoduction (~4-7C:N ratio in domestic
wastewater compared with ~15C:N in algal biomaBghémann 2003; van Harmelen and
Oonk 2006). CQ addition has been shown to enhance algal biomeasdugtivity in
laboratory and pilot-scale wastewater treatment RRAAzov et al. 1982; Benemann 2003;
Park and Craggs 2011a) and is indeed standardgaattall commercial algal production
HRAP systems (van Harmelen and Oonk 2006). By coisgra, CQ addition is presently
not used in wastewater treatment HRAPs excepti@wasmall- to pilot-scale experimental
trials and a 5 ha demonstration system in the @hisch Wastewater Treatment Plant, New
Zealand that was operated between 2009-2011 (Cegds2012).

1.4.3. Dissolved Oxygen

Intense daytime photosynthesis in HRAP can incrpasel water dissolved oxygen levels
to >200% saturation (Garcia et al. 2000b; Molinale001; Park and Craggs 2010). High
dissolved oxygen levels in excess of normal aiursdéibn are believed to impact algal
biomass productivity (Weissman and Goebel 1987jmaadt al. 2001). For example, Molina
et al (2001) presented that photosynthetic activitgasured by oxygen generation under
steady-state algal biomass concentrations, waseedoy 17-25% at 200-300% dissolved
oxygen saturation. More research is required toatestnate the effect of high oxygen levels

on algal growth in outdoor HRAPs.
1.4.4. Nutrients

In commercial HRAP production systems fertiliserusually added in excess to avoid

nutrient limitation of algal growth (Acién Fernamdet al. 2001). Assuming that algal

biomass has the typical compositiok{osH 151045 N1 P ), a fertiliser with an N:P ratio

of 16N:P (7.3 g N : 1 g P) would be required (Csa8905). However, this ratio of N:P can
vary from about 4:1 to almost 40:1 depending oraladgecies and nutrient availability in
algal culture (Craggs et al. 2011). Therefore, gbductivity may be achieved even at

relatively low N:P ratios in wastewater treatmemAPS.

Nitrogen is a critical factor for regulating algal! lipid content (Cooksey et al. 1987; Tillett
1988; Griffiths and Harrison 2008; Brennan and Oadeer2010). While typically algae

15



Chapter 1: Introduction

contain approximately 20% lipid in their cell (Benann 2008b and Chisti 2008), high lipid
accumulation in algal cells of >40% occurs whetmogien becomes the growth limiting
factor (Cooksey et al. 1987; Tillett 1988). Howeweasing nitrogen limitation to stimulate
lipid accumulation in algal cells may in turn redwdgal growth (Coleman et al. 1987; Tillett
1988; Chelf 1990), suggesting that the two condgiof high lipid content and high algal

biomass productivity may be mutually exclusive.
1.4.5. Zooplankton grazers and pathogens

HRAPs are susceptible to grazing by herbivorousoaima and zooplankton (e.g. rotifers and
cladocerans) which can reduce the algal biomasseotrations and production to low levels

within just a few days (van Harmelen and Oonk 20Bénemann 2008a). For example,

rotifers and cladocerans at high densities (>10%/eje shown to reduce algal biomass
concentrations by 90% within two days (Oswald 198@) Cauchie et al (1995) measured a
99% reduction in algal chlorophydl-due toDaphniagrazing.

Fungal parasitism and viral infection can also cedilne algal population in a conventional
wastewater treatment pond within a few days. Meeeahe presence of viruses can trigger

changes in algal cell structure, diversity and sgson (Kagami et al. 2007).
1.5. Optimising harvestable algal biomass productimin wastewater treatment HRAPS

Maximum algal biomass production in wastewatertinemt HRAPS could be achieved by
alleviating rate limiting conditions, overcomingdibitory parameters and through control of
algal grazers and pathogens. This section discisssae practical options to enhance net

harvestable algal biomass production.
1.5.1. CO2 addition

CO; addition to wastewater treatment HRAPs augmentsocaavailability for algal growth
and also serves to mitigate pH inhibition. This barsimply achieved through control of the
HRAP water daytime maximum pH to below 8.0 by G@dition. While nutrient removal
(which is often an important wastewater treatmémective) by physico-chemical processes

such as ammonia volatilisation and phosphate ptatign may be reduced by G@ddition
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to a wastewater treatment HRAP, it has been shbainthis reduction in treatment can be
offset by the increased algal biomass producti@ehcamsequential nutrient assimilation into
this biomass (Park and Craggs 2011b).

CO, addition has been shown to more than double &igahass productivity in laboratory
studies (Azov et al. 1982) and increase the pradtcby ~30% in a New Zealand pilot-
scale HRAP during summer (Park and Craggs 201ddhis latter work, Park and Craggs
(2010a;b) demonstrated that maintaining the pH vbeBousing CQ addition reduced

nitrogen loss mainly by reduced ammonia volatilaat (approximately 5-9% N loss
compared with 24% N loss in control HRAP without £é&¥ldition) and this reduction
enabled greater nitrogen recovery from the was&wdhrough assimilation into

algal/bacterial biomass.

Many researchers (van Harmelen and Oonk 2006; Bamer2008b; Chisti 2008; Lardon et
al. 2009; Craggs et al. 2011) propose that wasteaes emissions, such as flue gas from
fossil fuel burning power plants, could be used & source to minimize operational costs
in full scale applications. Alternatively at wastger treatment facilities, if biogas is
produced onsite from anaerobic digestion and bufaeelectricity/heat production, then
this flue gas could be used as the-GGurce for the HRAPs.

1.5.2. Control of grazersand parasites

Zooplankton grazers may be controlled through ptygheating, filtration, centrifugation,
low DO concentration / high organic loading) ancerdical treatments (application of
chemicals / invertebrate hormone mimics, increaggH and free ammonia concentration)
(Schluter and Groeneweg 1981). As many zooplan&terable to survive extended periods
of low DO (Schluter and Groeneweg 1981), pH adjestiup to a value of 11 is perhaps the
most pragmatic method of control for most zooplankt(Benemann et al. 1978).
Alternatively, since wastewaters generally contaigh ammonia levels (~30 mg/L), the
apparent toxic effects of elevated pH on zooplamkt@my actually be due to the increased
free ammonia levels that results at higher pH (0s$\1:888).
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Presently there are no general treatments to doftngal infections and, indeed, the
presence and inhibitory effects of parasitic fuoigialgal growth in the HRAPs have yet to

be investigated.
1.5.3. Maintaining desirable algal speciesin wastewater treatment HRAPs

The ideal attributes of algal species for use isteraater treatment HRAPs are: (1) high
growth rate (high biomass productivity) when fedhmvastewater nutrients which are
predominantly ammoniacal-N and phosphate-P; (2¢raoice to seasonal and diurnal
variation in outdoor growth conditions; (3) fornrde aggregates thereby enabling simple
gravity harvest. High levels of valuable algal @gmponents (e.qg. lipid for biodiesel) could
also be desirable for biofuel conversion. Algal@eg dominance in the HRAP may be
determined by many environmental (light and temipeed, operational (pH, nutrient
composition and concentration, hydraulic retentiome) and biological parameters (algal
pre-adaptation and seeding, gazers and paras8hsgljan et al. 1998; Benemann 2003).
However, previous attempts to grow introduced adgacies in the HRAP as monocultures
for periods greater than 3 months have all failee © contamination by native algae and/or

zooplankton (Sheehan et al. 1998; Benemann 2008b).

Selective biomass recirculation based on algal @zedensity) aimed at increasing the
concentration of easily-harvestable algae (eitheatfor settle), nutrient limitation and
control of hydraulic retention time (culture diloti rate), has shown promise of being at least
partially effective for algal species control (Bemann et al. 1977; Weissman and Benemann
1979; Tillett 1988). Benemann et al (1977) demaustt algal species control in an outdoor
wastewater treatment HRAP by selective recyclingnimiostrainer harvested algal biomass.
The slow growing filamentous cyanobacteriu@pirulina sp. was maintained in dominant
culture over the faster-growing unicellular contaamt,Chlorellasp (Benemann et al. 1977,
Weissman and Benemann 1978). However, practicdladstof control of similar sized algal
species have not yet been given in the literaMieigsman and Benemann 1979; Sheehan et
al. 1998; Benemann 2003; Benemann 2008b) and ois@sr the mechanisms of algal

dominance is required.
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1.5.4. Enhancing algal biomass harvest

Efficient algal biomass harvest (removal) is egsénd achieve high quality wastewater
treatment and cost-effective biofuel productionr{®mann 2003; van Harmelen and Oonk
2006; Benemann 2008b). Algae are very difficultemove due to their small cell size (<20
pm), similar density to water (1.08-1.13 g/ml) (baesand de la Noue 1987), and strong
negative surface charge particularly during exptiakegrowth (Moraine et al. 1979). While
various harvesting options have been investigedderg et al. 2009; Tampier 2009; Brennan
and Owende 2010; Mata et al. 2010), most techne$oigicluding chemical and mechanical
methods greatly increase the operational costslfyal biomass production and are only
economically feasible for use during the productainhigh value products (Benemann
2008a; Craggs et al. 2011). For example, chemloaktdlation can be reliably used to
remove small algae (<5 pm) from pond water by fogiarge (1-5 mm) sized flocs (Sharma
et al. 2006). However, the chemical reactions &bkl sensitive to pH and the high doses
of flocculants required produce large amountswdgé and may leave a residue in the treated
effluent. The high energy requirement of centriima makes it only economically viable
for secondary thickening of harvested algae (1 -s@fls) up to 30% solids (Tampier 2009).

Enhancing natural aggregation/bioflocculation @fa& to encourage simple gravity settling
would appear to be the most promising option toea@hboth a high quality treated effluent
in terms of total suspended solids removal and @macally recovering algal biomass for
biofuel use (Garcia et al. 2000a; Benemann 2008a)y of the algal specigbat dominate
wastewater treatment HRAPEcenedesmusp, Micractinium sp, Actinastrum sp,
Pediastrunsp., Dictyosphaeriunsp., Coelastrunsp) often form large colonies (50-200 um)
(Benemann et al. 1978; Benemann et al. 1983; Bemeri886; Park and Craggs 2010;
Craggs et al. 2011). It is possible that enhaneiggyegation can be achieved via nitrogen
limitation and/or CQ addition (Weissman and Goebel 1985; Benemann amild 1996),
however more research is needed in this area amdexhact mechanisms behind this

phenomena have yet to even be investigated.
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1.5.5. Recycling a portion of gravity harvested biomass

Algal biomass production in the wastewater treatri#APSs could be enhanced if the algae
were able to utilize more of the available incidkgiht energy. This could be achieved by
maintaining the optimal algal concentration (algature density) by adjusting the mean cell
residence time (MCRT) for the ponds depending @sa@e. Adjusting the MCRT can be
accomplished by altering the hydraulic retentionetiHRT) by changing either the inflow
rate or the pond volume. The former is not prattioa full-scale wastewater treatment
HRAPSs, which should treat all of the wastewatelowt An alternative and practical strategy
to optimize the MCRT (without changing the HRT)t recycle a portion of gravity
harvested algae back to the HRAP (Weissman andnBame1979; de la NolUe and Ni Eidhin
1988), which increases the algal concentration.rdavgment of biomass productivity
through recycling was shown in laboratory studigdNeissman and Benemann (1979) and
de la Nolie and Ni Eidhin (1988). However, the iafloce of recycling on the growth of
wastewater algae and particularly how critical emwmental parameters (i.e. light and
temperature) affect the growth of a dominant akgadcies in the HRAPs have not been

studied previously.
1.6. Summary and research needs

High Rate Algal Pond (HRAP) could be a cost-effestand efficient wastewater treatment
option to upgrade conventional oxidation ponds withimal energy consumption compared
with mechanical activated sludge systems. The dgahass produced and harvested as a
by-product from HRAPs may be converted to biofelg. biodiesel, biogas, bio-crude oil,
and bioethanol). The costs of algal biomass pradlicand harvest using wastewater
treatment HRAPs are essentially covered by the emsder treatment plant capital and
operation costs, and the system will have consiferdawer environmental impact than
building and operating HRAP dedicated solely fagahlbiomass production for biofuels.
Therefore, wastewater treatment HRAPS could ses\ee ‘testing ground’ to develop large-
scale algal biomass production, harvest and biafolelersion technologies. However, both
fundamental and field-scale research are requargtdmote algal biomass production and

harvest (‘harvestable algal biomass productiomirfiwastewater treatment HRAPS.
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Algal biomass production is limited by many paraangincluding: environmental (light and
temperature); operational (pH, @O and nutrients), and biological (zooplanktoazing,
and pathogens such as fungal and viral infecti®ngvious research (Park and Craggs,
2011b) has already shown that £@ddition to HRAPs will enhance algal biomass
production by augmenting daytime g@vailability and preventing free ammonia inhihitio
of algal and bacterial growth. However, furtherei@sh is required in large-scale wastewater
treatment HRAPSs using low-cost @6burces (biogas or generator exhaust gas) to nz@im
operational costs. The influence of zooplanktorzigigzand parasitism (fungal and viral) on
HRAP wastewater treatment and algal biomass pramuetiso requires further research,
since a greater understanding of how these organigeract with HRAP algae may lead to

the development of effective control methods.

Wastewater treatment and algal biofuel productiothlrequire rapid and cost-effective
harvest of algal biomass from HRAP effluent, theref methods to improve biomass harvest
efficiency would be of great benefit. While varioliarvesting options including chemical
and mechanical methods have been extensively igagstl, gravity sedimentation is the
most common and cost-effective method to harvesdl ddiomass from HRAP effluent
because of the large volumes of wastewater treatddhe relatively low value of the algal
biomass produced.

Algal species commonly found in the wastewaterttneat HRAPs (includingcenedesmus
sp., Micractiniumsp., Actinastrunsp., Pediastrunsp., Dictyosphaeriungp. andCoelastrum
sp) often form large rapidly settleable colonies (déer: 50-200 um), which enable cost
effective and simple biomass harvest by gravitymedtation. Laboratory and small-scale
outdoor research reported in the literature in@i¢chit some improvement in algal species
control may be achieved when selective biomasschecy (based on either algal size or
density) is implemented. However, to date, algacsgs control of similarly sized, co-

occurring algae has not been demonstrated in wasteweatment HRAP.

‘In-pond’ biomass productivities in wastewater treant HRAPs that have previously been
reported in the literature are summarized in Talde In the context of biofuel production it

is also necessary to consider both ‘harvestablendss productivity’ and particularly
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‘biomass energy yield’. However, limited informatioould be found in the literature on both

of these subjects.

As addressed in Section 1.5.5, algal biomass ptmofuimn HRAPSs could be enhanced if the
algae were able to utilize more of the availabtedent light energy. This could be achieved
by maintaining optimal algal concentration (algaltere density) by adjusting the mean cell
residence time (MCRT) of the ponds depending ors@eaCurrent operation of HRAP
involves seasonal variation of HRT and consequevi@RT. A simple and practical strategy
to optimize MCRT (without changing the HRT) is &cycle a portion of gravity harvested
algae back to the HRAP. However, the influenceegf/cling on the growth of wastewater
algae and particularly the dominance of similaiged, co-occurring algae have not been
previously studied. Furthermore, the influence efycling on biomass harvestability,

productivity, and biomass energy yield has nevevipusly been investigated.
1.7. Ph.D. research scope

Wastewater treatment HRAPs often grow large rapsdiitieable colonial algal species,
which could be preferentially selected from the gpeffluent by gravity settling. Therefore,
recycling a portion of the gravity harvested biomésecycling’) back to the HRAP could
be a simple and practical method to enhance thendmre of rapidly settleable algae and

consequently, harvestable biomass production.
The main hypothesis of this Ph.D. research was:

‘Recycling a portion of gravity harvested biomaaskinto the HRAP improves harvestable

biomass production.’

To confirm this hypothesis, a series of experimevdas conducted during the Ph.D. using

pilot-scale wastewater treatment HRAPS, outdoorooesms and laboratory microcosms.

Firstly, the influence of recycling a portion ofagity harvested biomass on species
dominance and biomass harvest efficiency was imgastd using two identical pilot-scale
HRAPs treating domestic wastewater, which wereatpdrunder outside ambient conditions

over one year (Chapter 2).
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To increase harvestable biomass production (i.ebioenass production) in HRAPs it is
necessary to consider both the ‘biomass produgtivitthe pond and subsequent ‘biomass
harvest’ from the pond effluent. Moreover, in tlentext of biofuel production the energy
content of the biomass needs to be measured tordetethe actual ‘biomass energy vyield'.
Thus, the area of study in this Ph.D. researchtavdstermine if recycling a portion of gravity
harvested biomass back to the pilot-scale HRAP awgs biomass productivity and how this
contributes to an improved net biomass energy \@lthpter 3).

To demonstrate the reproducibility of the pilotisecgesearch findings such as the increased
biomass productivity, settleability and speciestogrwith recycling, outdoor mesocosms
were operated with and without recycling adjacenthe pilot-scale HRAPs during two
different seasons. A third mesocosm study compeeeycling of the separated solid and
liquid components of the harvested algal biomasik rmicycling of un-separated biomass to
explore potential mechanisms that could account tfer increased settleability and

productivity (Chapter 4).

Finally, to further investigate the mechanisms bdhihe observed increase in biomass
productivity, a laboratory microcosm study was aactdd to determine the exact life-cycle
of the dominant algeRediastrum boryanum including the timing and net growth rates of

each life-cycle stage (Chapter 5).
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Chapter 2

Recycling algae to improve species control and

harvest efficiency from a high rate algal pond

Chapter preface

The literature review in Chapter 1 identified thatycling a portion of gravity harvested
biomass (‘recycling’) could be a simple and pradtimethod to enhance ‘harvestable
biomass production’ in wastewater treatment HRAPRAPS often grow large, rapidly
settleable colonial algal species which could befgrentially harvested from the pond
effluent by gravity settling. Therefore recyclingutd increase the dominance of larger
colonial species and enhance HRAP biomass harffeseecy. In order to investigate the
effect of recycling on species dominance and bigmhasvest efficiency, two identical pilot-
scale HRAPs treating domestic wastewater were tgzei@er one year, with or without

recycling.

This chapter is based on the following publication:

Park, J.B.K., Craggs, R.J., Shilton, A.N. (2011r¥#ing algae to improve species control
and harvest efficiency from a high rate algal poneter Research 45 (20):6637-6649.
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Abstract

This chapter investigates the influence of recgrchmavity harvested biomass (‘recycling’)
on species dominance and harvest efficiency inevager treatment High Rate Algal Ponds
(HRAPSs). Two identical pilot-scale HRAPSs treatirgnuestic wastewater were operated over
one year either with (HRAJPor without (HRAR) recycling. Biomass was harvested by
gravity from the HRAP effluent using algal settliognes (ASC) and harvest efficiency was
compared to settleability after 1 hour in Imhofhes five times a week. A microscopic image
analysis technique was developed to determindvelalgal dominance based on biovolume
and was conducted once a month. Recycling mairdaireedominance of a rapidly settleable
colonial algaPediastrumboryanumat >90% over one year in HRABompared with only
53% in the control HRAR Increased dominance Bf boryanungreatly improved biomass
harvest efficiency (annual average of >85% for HRédPpared with ~60% for the control).
Imhoff cone tests in the laboratory showed thatraiss settleability was influenced by both
the dominance d®. boryanunand the species composition of the remaining algaeycling
increased the average biovolumeRofboryanumcolonies by 50-80% by increasing mean
cell residence time (by 0.5-3.4 d depending on@®ad hese results indicate that recycling
a portion of gravity harvested biomass could biergple and effective operational method to
maintain the dominance of rapidly settling alga¢é@ps (e.gP. boryanuny and enhance

biomass harvest from the HRAP effluent by gravéglimentation.
2.1. Introduction

Chapter 1 reported that High Rate Algal Ponds (HRAd®uld provide cost-effective and
efficient wastewater treatment with minimal enepnsumption and have considerable
potential to upgrade conventional waste stabilmaponds. Furthermore, the algal biomass
produced and harvested from these wastewater e@asystems could be converted through
various pathways to biofuels, for example anaerdigestion to biogas, transesterification
of lipids to biodiesel, fermentation of carbohy@rdb bioethanol and high temperature
conversion to bio-crude oil (Sukias and Craggs,020asudevan and Fu, 2010; Craggs et
al., 2011). Wastewater treatment and algal biofuetuction both require rapid and cost-
effective harvest of algal biomass from HRAP effigherefore, methods to improve algal

harvest efficiency would be of great benefit (Beaam 2003; Chen and Yeh, 2005; van
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Harmelen and Oonk, 2006; Brennan and Owende, 2Blb®ever, algal cells are very costly
to remove due to their small size (<20 um), sindiansity to water (1.08-1.13 g/ml) (Lavoie
and de la Noue, 1986) and strong negative surfaaege, particularly during exponential
growth (Moraine et al., 1979; Chen and Yeh, 2005).

Gravity sedimentation is the most common and cfistéve method of algal biomass
removal from wastewater treatment HRAP effluentaose of the large volumes of
wastewater treated and the low value of the aligahbss generated (Nurdogan and Oswald,
1996). However, the algal settling ponds which s@cally used have relatively long
retention times (1-2 days) and only remove 50-80%® biomass (Nurdogan and Oswald,
1996; Brennan and Owende, 2010; Park and Crag@®, Bark et al., 2011). While various
harvesting options including chemical and mechdnmathods have been extensively
investigated (Shen et al., 2009; Tampier, 2009nBae@ and Owende, 2010; Mata et al.,
2010), most technologies greatly increase operaliowsts for algal production (Benemann,
2008a; Craggs et al., 2011). For example, chenficaetulation can be reliably used to
remove small algae (<5 um) from pond effluent byrfimg large (1-5 mm) sized algal flocs
(Sharma et al., 2006). However, the process idyggnsitive to pH and the high flocculent
dose required produces large amounts of sludgehdmecal centrifugation could be used for
the removal of algal biomass, but the high eneggpirement makes it only economically
viable for secondary thickening of primary harvdsagae (1-2% solids) up to 20-30% solids
(Benemann, 2008b; Tampier, 2009).

Algal species commonly found in wastewater treatni#RAPS includeScenedesmusp,
Micractinium sp., Actinastrumsp., Pediastrumsp., Dictyosphaeriunsp. and Coelastrum
sp). These algae often form large settleable colo(desneter: 50-200 pum), which enable
cost effective and simple biomass removal (hani@gtyravity sedimentation (Lavoie and
de la Noue 1986; Garcia et al. 2000a; Benemann®2@&ggs et al. 2011; Park et al. 2011c).
Park and Craggs (2010) reported that@@dition to wastewater treatment HRAP promoted
the formation of large bioflocs of algal coloniessaciated with wastewater bacteria
(diameter: >500 pm), which settle rapidly in simglavity harvesters with a retention time
of twelve hours or less. Therefore, operating waater treatment HRAPs to promote both

the growth of particular settleable algal specigs ¢olonial species) and the aggregation of
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algal-bacterial biomass could greatly enhance fifieiency of algal harvest from the
effluent.

Recycling harvested algae based their size (ontyghgs previously been shown to increase
the dominance of rapidly settleable algae in ssadlle laboratory cultures (Benemann et al.
1977; Weissman and Benemann 1979; Tillett 1988ntlAer option to select for beneficial
algal species is by adjustment of the HRAP hydcaeliention time to promote species based
on their specific growth rate (Weissman and Benemi®79). While there are several
examples of successful species control (8mrulina sp. and Dunaliella sp.) in outdoor
commercial algal production HRAPs, these algae groder extreme conditions (e.g. high
pH and salinity) that greatly reduce the potenf@a contamination (Weissman and
Benemann, 1979; Sheehan et al., 1998; Beneman8; B8Aemann, 2008b). The feasibility
of algal species control in wastewater treatmenAR&and the mechanisms involved are

still poorly understood.

This chapter investigates the influence of recgrchmavity harvested biomass (‘recycling’)
on species dominance and harvest efficiency ind-gtale wastewater treatment HRAP
over one year. Relative algal dominance was deteunifrom algal biovolume using

microscopic image analysis and correlated with igydharvest and settling efficiency.
2.2.  Materials and methods
2.2.1. Experimental pilot-scale HRAP systems

Experiments were conducted using two identicaltystmle single-loop raceway HRAPs
treating domestic wastewater at the Ruakura Rdse@emtre, Hamilton, New Zealand
(37747'S, 17519'E). The HRAPSs were previously a part of wast@evatatment Advanced
Pond System (APS) comprising an anaerobic digeldi@AP, two algal settling ponds and
four maturation ponds in series. Each HRAP hadrfase area of 32 fna depth of 0.3 m
and a total volume of 8 hwith semi-circular end-walls; lined with high-déyolyethylene
(HDPE) plastic; and with a dividing wall (HDPE) septing the two raceway channels A

free standing, 1 m wide, galvanised steel paddleWtieculated the pond water around the
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HRAP raceway to give a mean surface velocity 050rls. A schematic diagram of a pilot-

scale HRAP is shown in Figure 2.1.
2.2.2. HRAP operation

The HRAPs were fed with primary settled sewage wede operated at different HRT
depending on season to account for changes incamental parameters such as light and
temperature and their influence on wastewaterrtreat and algal growth (Chapter 1; Park
and Craggs 2010). Hydraulic retention times (HRT$ @and 4 days in winter and summer
were maintained respectively with total inflow ofihd 2 n¥/d to promote algal production.
The influent sewage was diluted with 1:1 with taptev to simulate recycling of treated
effluent after complete biomass and nutrient rerhéwaeduce influent concentrations of
organic and nutrients into the ponds. During the $ying (Sept 7-Nov 22, 2009) and
autumn (Mar 17-May 25, 2010), the HRT of the HRARs maintained at 6 days with a
total inflow of 1.3 ni/d (primary sewage diluted 1:1 with tap water). &ape 1 m water
tanks were used to temporarily store the primavyage and to store and dechlorinate tap
water. Required volumes of the primary sewage apaviater were pumped into the HRAPs
each hour using submersible pumps controlled Blectronic timer which was recalibrated

at least twice a month.

The maximum pH of the HRAPs was maintained belowh®ugh pH controlled CO
addition to avoid free ammonia inhibition and t@eaient daytime carbon availability. The
CQO, addition system consisted of pure £@ompressed in a gas cylinder), a gas regulator
and flow meter (0-12 L/min range), a solenoid valaed two gas diffusers placed on the
pond bottom in turbulent zones (one just beforepaddlewheel and the other before the
downstream pond corner). Pond water pH was measugsg five seconds using a pH probe
and when the pH exceeded the pH 8 set point, theaiter opened the solenoid valve and
added CQinto the ponds (2 L/min) through the gas diffus&#en the pond water pH was
reduced to 7.8, the controller closed the solemalde halting CQ addition. The pH probes
were calibrated 1-2 times a week with standard pHt®ns (pH 7 and 10). More details

were previously reported in Park and Craggs (2010).
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Pediastrunsp. was inoculated into both pilot-scale HRAPs usif & of pond water taken
from three wastewater treatment mini-HRAPs (volut&: n¥) that were operated next to
the pilot-scale HRAP®ediastrumsp. naturally established in the mini-HRAPs in Jagu
2009 and was dominant on March™2009 when the inoculum was added. The pilot-scale
HRAPs were completely drained and any solids whith accumulated on the pond bottom
were removed. Once the inoculum had been added, mlat-scale HRAP was then filled
with primary settled sewage over 8 days (flow rate¥/d). Both pilot-scale HRAPs were
operated without recycling until July'2009.

2.2.3. Biomassremoval and recycling gravity harvested biomass

Effluent from the HRAPs was taken from the pondidoot (upstream of the paddlewheel)
and flowed by gravity into the first algal settlimgne (ASC1, 250 L) at mid-depth. The
effluent from the top of ASC1 then flowed into econd ASC (ASC2, 250 L) at mid-depth.
The hydraulic retention time (HRT) of each ASC edrseasonally (3 h in summer and 6 h
in winter) depending on the HRT in the HRAPs (4d & d respectively).

Algal biomass collected at the bottom of each ASd was removed each day using a
peristaltic pump (Masterflex, Cole-Palméty-07523-60). One litre of the volume of the
rapidly settling algal biomass that collected ev@dyhours in the ASC1 following HRAP
(shown in Figure 2.1) was added back to the HR#eh day. The algal recycling rate for
HRAP: was determined by multiplying the volume of biosascycled per day (L/d) with
the harvested biomass solids concentration (VSpagitl then dividing by the total mass of
algal biomass harvested from the pilot-scale HRAPtt@t day (Table 2.1). The second
HRAP was operated without recycling as a controRMR:) with all other operational
parameters the same as HRAP

The operational parameters of the two HRAPs, omeated with recycling (HRAJand the
other without (HRAR) are also summarized in Table 2.1. Parametersdedhe design and
weather compensated (actual) daily flow rate ardtdnylic retention time (HRT), mean cell
residence time (MCRT) and influent nutrient (NHN and PG*-P) concentrations.
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Peddle wheel COz2z addition to control daytime pH <8.0
Wastewater influent | Central baffle Recycling algae Biomass removal
Y SR Outflow
i 2oz Water flow (
30 cm water depth
Effluent to ASC
High Rate Algal Pond ASC

Figure 2.1: Schematic diagram of the pilot-scatgnmate algal pond (HRAP) followed by two algalkiseg cones (ASCs) in series.
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2.2.4. Measurement of algal harvest efficiency and I mhoff cone settling efficiency

Samples of HRAP water and ASC effluents were takeleast five times a week for the
measurement of volatile suspended solids (VSS)rdoup to Standard Methods (APHA
2008). Large inorganic particles and invertebratezers (e.gMoina sp. orDaphniasp.)
were strained (1 mm mesh) from the pond water sasripéfore analysis of VSS. Biomass
harvest efficiency was determined as the percenthghe biomass in the HRAP water
(measured as VSS) that was removed in each of 8tesA

Biomass settling efficiency was measured five timegeek using 1 litre Imhoff cones after
10, 30, and 60 minutes and 24 hours under labgrammditions. Water samples (50 ml)
were taken using a syringe from the mid depth efithhoff cone (~450 ml depth) and were
used to measure VSS, which were then comparedtimatinitial VSS to determine biomass
settling efficiency.
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Table 2.1: Operational parameters of wastewatatrtrent pilot-scale HRAPs with and without recyclingerms of design/
weather compensated inflow rate, influent nutrieamcentrations (NH-N and P@-P), hydraulic retention time

(HRT), mean cell residence time (MCRT) of algae alyal recycling rate to HRAP

Parameters Winter Spring Summer Autumn Winter
Days 67 days 76 days 113 days 70 days 34 days
Experimental period (July 1-Sept 6, 09) (Sept 7-Nov 22, 09) (Nov 23, 09-Mar 16, 10) (Mar 17-May 25, 10) (May 26-Jun 30, 10)
Inflow to HRAPs Designed 1.0 1.3 2.0 1.3 1.0
(m3/d) Actual® 1.1+0.2 1.4+0.2 2.0+0.2 1.3+0.2 1.2+0.3
Influent NH,"-N 30.3+4.0 22.5+7.5 20.619.2 39.5+6.5 34.3+7.3
(mglL) PO,-P 5.5+1.1 4.0+1.0 4.040.7 5.9+1.0 4.8+1.2
HRAP Designed 8.0 6.0 4.0 6.0 8.0
HRT (d) Actual® 7.7+1.2 5.9+0.8 4.1+0.4 6.120.5 7.0£1.5
MCRT HRAP, 8.9+1.4 6.5+0.9 4.610.4 7.240.6 10.4+2.2
()@ HRAP, 7.7+1.2 5.9+0.8 4.1+0.4 6.1+0.5 7.0£1.5
Algal recycling rate to HRAP,
(g recycled kg production/ d) ® 105+32 66+25 7622 170+89 21248
ASC1 HRT (d) Designed 6 4.5 3 4.5 6
Actual 5.8+0.8 4.4+0.6 3.1+0.3 4.6+0.4 5.2+1.1
Harvested biomass
conc. (VSS, g/L) 35+5.1 38+6.2 33+5.8 32+5.1 30+9.0
ASC2 HRT (h)® Designed 12 9 6 9 12
Actual 11.6+1.7 8.9+1.1 6.2+0.5 9.2+0.8 10.5+2.2

Note:

(1) Weather compensated (daily precipitation and evaporation) daily inflow and hydraulic retention time (HRT)

(2) Calculated using Equation 1 below

(3) Volume of algal biomass recycled (L/d) x harvested algal biomass concentration (g/L) + the total mass of algae biomass harvested (kg)

(4) Combined HRT of ASC1 and ASC2

V, X

Equation 1 MCRT = ———221
Qc X 1 Qre X h

Where;
MCRT = Algal mean cell residence time (d)

V1 : HRAP volume (m3)
X 1: HRAP algal biomass concentration (g/m~)

Q.: Compensated HRAP effluent flow rate (m®/d)
Qe Algal biomass recycled per day (L/d)
X : Harvested biomass concentration (g/L)
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2.2.5. Microscopicimage analysis
2.2.5.1. Processing of samples and equipment used

A Utermohl chamber (25 mm diameter) was used tacpand water algal populations and
for microscopic image analysis. A 1 ml sample afrtughly mixed pond water was pipetted
into the Utermohl chamber, evenly distributed teazahe surface of the chamber and then
settled for 30—60 minutes (depending on algalesstility). The Utermohl chamber was then
examined using an inverted light microscope witlDxX@nagnification (Leica model)
equipped with a Leica microscopic camera (DFS 420dhe cell/colony density in the
HRAP water sample was too high (>300 mg/L) to alamjacent algal cells or colonies to be
distinguished, a 1 ml sample of diluted HRAP wates used.

2.2.5.2. Taking microscopic images

Safi (2009) found that taking microscopic imageshef whole chamber is neither necessary
nor feasible, particularly when algal cell/colonynmbers are high. If the algae have settled
evenly across the base of the settling chamberckeldeby scanning the whole chamber at
low magnification), microscopic images can be takémandomly selected fields of view
(FOV). If the algae have not settled evenly, imagey be taken of equally spaced FOV
along transects that run perpendicular to any ebsesettling gradient (Safi 2009). The
number of microscopic images required for the mesamant of cell/colony dimensions and
counts varied with algal population density (contaion) but were typically ~10. A stage
micrometer was placed on the inverted light micopscand a picture was also taken on the
same day to calibrate the scale setting of micq@sconage analysis software (Leica

Application Suite, LAS version 3.1.0).
2.2.5.3. ldentification of algal species

The most abundant algal species in the microscopages of the HRAP water were
identified using an identification guide (Brook 2)0Dominant invertebrate grazers (e.g.
Moina) were also identified and counted; and theuaence of fungal hyphae in the
algal/bacterial flocs was confirmed using the Chlilmo» White protocol suggested by
Kagami et al (2007) and Rasconi et al (2009).
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2.2.5.4 Measurement of algal cell/colony dimensions and algal counts

Only viable algal cells/colonies were included &ler collapsed cells and cell fragments
were ignored). Due to the variable and sometimgls humber of cells in the colonies of the
algae that often dominate in the HRAPs (é&gdiastrumsp. can have 8, 16, 32, or 64
cells/colony andscenedesmusp. can have 2, 4, or 8 cells/colony), it was nacfical to
count every cell in a colony. Therefore, the numifezolonies of each species was counted
and the dimensions (length and width) of each goleere measured to determine the algal

biovolume using microscopic image analysis software
2.25.5. Total cell/colony number counts and measurement uncertainty

Lund et al. (1958) recommended that for a FOV coantinimum of 100 cells/colonies
should be enumerated to ensure that the courgriegentative of the sample (£20% accuracy
with 95% confidence limits). In this study, 200-581@al cells or colonies were counted from
~10 microscopic images depending on the algal bssraancentration. Therefore counts for
each pond water sample had an accuracy of £10%9&#h confidence limits (Lund et al.
1958; Rott et al. 2007).

2.2.5.6. Calculation of algal biovolume

Algal biovolume is a more accurate measure ofik@atlgal dominance (%) than cell counts
because not all algal cells are the same size (Lg&K7; Rott et al. 2007; Vadrucci et al.
2007). Hillebrand et al (1999) and Vadrucci €28l07) developed geometrical equations to
calculate the biovolume of algal species of différghapes from microscopically measured
linear dimensions. The equations for the five ndoshinant algae in the HRAPBgdiastrum
sp., Scenedesmsg., Micractiniumsp, Dictyosphaeriunsp. and unicellular algae (including
Chlorella sp, flagellates andrhalassiosirasp)) are shown in Table 2.2 along with the
number of cells per colony. Microscopic image as@lyvas conducted each month and the
data used to calculate algal biovolume, which wasiin used to determine algal dominance
in the HRAPSs.
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Table 2.2: Calculations of algal cell/colony biowle using geometric measurement.

Dominant Algae Pediastrum sp. Scenedesmus sp. Micractinium sp. Dictyosphaerium sp. Unicellular algae
| ’l 2
Photo G Ry :t»§~ oo : : @
ot %) S o8 &
’ ){‘.)'hf \! k \\‘\\ i Q\.‘* C\\

Shape of the Disc/star-shaped, Flat, straight Cuboidal, Tetrahedral Hollow, spherical Spherical (Chlorella sp.), Cube

cell/colony flat and single-layered or slightly curved or Polyhedral (Thalassiosira sp.)

(spherical cells)

Number of 4/8/16/32/64-celled 2/4/8-celled >4 celled >4-celled distinguishing Single cell

cells/colony distinguishing into into single cells
single cells

Calculation of
single cell
biovolume

v=".L.w-D
4

(Elliptic disc)

x L’
V==-(=)-Wx4
6 (4 )

(Prolate spheroid)

V=£-L3
6

(Colonial sphere)

(Colonial sphere)

L /
v = .48 (Single sphere)
6

V =d* (Cube)

L: length (um) W: width (um) D:

depth (um)

L: length (um)
W: width (um)

L: length (um) L: length (um)

L: length (um)
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2.2.6. Water quality monitoring

Weekly samples of HRAP influent (primary settled/age) and effluent were taken and then
analysed using standard methods (APHA, 2008) fdiHowing parameters: ammoniacal-
N (NH4"-N), dissolved reactive phosphorus (DRP). During pleriod when a unicellular
diatom {Thalassiosirasp.) occurred in the pondsf(€ 30" March 2010) reactive Silica (as

SiOy) was also measured (APHA, 2008) at weekly intestval
2.3. Results and discussion
2.3.1. Algal speciesand algal biovolume

The types of algae found in the HRAPs over the gear experimental period are
summarized in Table 2.3. These included 13 genkme®n algae which are commonly
found in eutrophic waters and four colonial algaguding: two species d?ediastrumsp,
Scenedesmusp., Micractinium pusillum,and Dictyosphaeriumsp, which typically
dominate wastewater treatment HRAPs around thedwBenemann et al. 1978; Benemann
et al. 1983; Benemann 1986; Garcia et al. 2000&; &M Craggs 2010; Craggs et al. 2011).
The two species dPediastrum(P. boryanumandP. dupleX were easily distinguished since

P. duplexhas intercellular spaces aRdboryanundoes not.

The cell or colony biovolume of the five most abantdalgae in the HRAPs (4 colonial
species and unicellular algae (including the diatdhalassiosirasp.) were calculated by
image analysis of microscopic photographs of poatewsamples. A positive correlation
(r=0.82) was found between algal biovolume and lkissnconcentration (Figure 2.2),
indicating that biovolume is a particularly usefoéasure of algal biomass for wastewater
treatment HRAPs. Because the HRAPS selected fon@dlalgae (such adicractiniumsp.,
Dictyosphaeriunsp., Scenedesmusp., and Pediastrumsp.) that have different shapes and
varying numbers of cells. For example, the biovauosh aPediastrumsp. colony can vary
with both the number of cells (8, 16, 32 or 64)edind the size of the cells within the colony

depending on life-cycle stage and culture condgion
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Table 2.3: Wastewater algae found in the wastewetatment HRAPSs over one year

experimental period.

HRAP, HRAP
Phyllum Dominance Genus Species Genus Species
Green algae Dominant algae pediastrum boryanum  Pediastrum boryanum
(Chlorophyta) Pediastrum duplex Pediastrum duplex
Scenedesmus sp. Scenedesmus  sp.
Micractinium pusillum Micractinium pusillum
Dictyosphaerium sp. Dictyosphaeriu __ sp.
Occasionally Gonium sp. Gonium sp.
found algae Ankistrodesmus falcatus  Ankistrodesmu falcatus
Monoraphidium sp. Monoraphidium sp.
Pandorina sp. Dictyosphaeriu  sp.
Radiococcus sp. Kirchneriella sp.
Kirchneriella sp. Actinastrum hantzschii
Actinastrum hantzschii  Coelastrum sp.
Coelastrum sp. Chlamydomon  sp.
Diatoms L —
(Bacillariophyceae) Thalassiosira sp. Thalassiosira  sp.
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Figure 2.2:The relationship between the algal biave and biomass concentration (as VSS)
in the HRAPs (R=0.82).
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2.3.2. Influence of recycling on algal dominance

The relative dominance of the five most abundagaealin the HRAPs was determined at
monthly intervals based on biovolume (Figure 2®)e colonial algadPediastrumsp,
Micractiniumsp, andDictyosphaeriunsp. were each dominant in the control pond (HRAP
for periods of two months or more (Figure 2.3a)a@jes in dominance between these algae
quickly occurred within a few weeks. For exampRediastrumsp. was replaced by
Micractiniumsp in October 2009, which was replacedABdiastrunsp. in December 2009,
which was replaced by the unicellular diat@imalassiosirasp. in March 2010, which was
then replaced bDictyosphaeriunsp in April 2010. These shifts in algal dominance ever
probably caused by changes in environmental camdit{notably seasonal variation of solar
radiation and pond water temperature which are kntovaffect species selection, succession
and co-existence) and HRAP operational parametech ss hydraulic retention time
(Benemann et al. 1977; Harris 1978; Sommers 1984all 1988). Garcia et al (2000) also
reported similar changes in relation to environrakpirameters by the dominant algae
(including Dictyosphaeriunsp., Chlorellasp, Micractiniumsp., andScenedesmusp.) of a
small-scale (0.5 A wastewater treatment HRAP without £&xdition in Spain over a one

year experimental period.

As can be seen in Figure 2.3b, recycling increisedominance dPediastrunsp. (76-99%
dominance) in HRAPcompared to the control HRARD-98% dominance) during the one
year experimental period. Other colonial algaeudicigMicractiniumsp.,Scenedesmisp,
Dictyosphaeriunsp. and the unicellular diatomhalassiosirasp. were temporarily present
and co-existed witRediastrunmsp. in HRAR but at much lower populations than in HRAP
Maintaining dominance of a single algal specisdjastrumsp, >90% dominance) over
similarly sized algal species in wastewater treatni#RAP for over one year has not been
previously reported in the literature. This suggéisat recycling of gravity harvested biomass
could provide a simple method to promote the domieaof rapidly settleable colonial algal
species such d@ediastrunsp. in the HRAPs.
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Figure 2.3: Algal dominance based on calculatedddione in the pilot-scale wastewater
treatment HRAPs over a one year experimental pgfrodh July 2009 to June
2010), a: control HRAPwithout recycling and; b: HRARvith recycling.

2.3.3. Settling characteristics of the dominant algal species

Recycling preferentially selected for algae thatlseapidly. Since all algae in the HRAP
effluent are exposed to the same settling condit{erg. water viscosity/) and temperature)

in the algae settling cones, differences in sditliya between species, therefore, depend on
their physiological state, cell or colony size, andrphology (Smith 1982; Alldredge and
Gotschalk 1989; Chen and Yeh 2005; Choi et al. p0%file the size of algal cells or
colonies affects the settling velocity according 8toke’s law (see equation in Table 2.4),
the morphology (i.e. size and irregularity) of tdgal cell or colony also influences settling
velocity according to the frictional drag force exee as it falls through the fluid under the
pull of gravity (Smith 1982; Padisak et al. 20031e@ and Yeh 2005; Choi et al. 2006).
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Therefore, algae that have a lower surface argaltone ratio (thus therefore reduced drag)
settle faster than algae that have the same ddngitg larger surface area (Padisék et al.
2003; Choi et al. 2006).

In order to investigate the influence of algal @glcolony size alone on the settling velocity
(assuming for simplification that form resistand® ©f different algae are the same), the
average biovolume, the calculated nominal radigs gnd the approximate theoretical
settling velocity Vineg Of the five dominant algae were determined ugimg one year
experimental data and are summarized in TableThd.nominal radius of thRediastrum
sp. colonies (the most dominant algae in both HRAPspged from 5.1 to 13.5 pm and
depended on colony age and the number of cellsgdeny (8, 16, 32, or 64). The nominal
radius ofPediastrunsp. colonies were 1.4-3.8 times larger than that ofuhieellular algae
(3.6 um) and nearly 2 times larger than those efther colonial algal species present (4.8-
5.3 um for 2-4 celledscenedesmusp.,, 5.5 um forMicractinium sp., and 7.9 um for
Dictyosphaeriunsp.). The theoretical settling velocityineo, Of each alga was calculated
from its biovolume (Table 2.4). The larger biovokiand nominal radius éfediastrunsp.
colonies indicates that they could have bettetisgttharacteristics (calculated theoretical
settling velocity,Vineo Was 2-14 times greater than that of any othereajg@sent in the
HRAPs). Therefore, when the biomass was dominate@dudiastrumsp., it was easily

harvested by gravity sedimentation.
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Table 2.4: Average algal cell or colony biovolunfale four dominant algal species / type over the gear experimental
period, the number of cells, relative abundancé genera (%), nominal radius (@, pm) of a spherqafvalent

biovolume to the algal cell or colony, and the apimate relative settling velocity?jt

Algal species Cell numbers Relative aboundance within Total cell counts  Average biovolume of Total biovolume ~ Nominal radius ~ Relative radius v, @
within a colony genera (%) (counts/ml) cell/colony (Hm3 +s.d.) (rs, pm £s.d.) (r,)(l)
(um3+s.d.)
Pediastrum sp. 8-celled 7.2 9.59E+06 561+308 9.59E+06 5.1+4.2 14 2.0
16-celled 40.2 3.37E+04 18341670 5.33E+07 7.645.4 2.1 4.5
32-celled 43.2 1.78E+04 4115+2009 5.73E+07 9.947.8 2.8 7.7
64-celled 9.3 1.10E+03 1021943217 1.23E+07 13.549.2 3.8 14.1
Scenedesmus sp. 2-celled 20.4 8.20E+02 4584265 4.91E+05 4.8+4.0 13 18
4-celled 79.6 2.87E+03 6174292 1.92E+06 5.3+4.1 1.5 2.2
Micractinium sp. - - 7.96E+03 6794446 2.13E+06 5.5+4.7 1.5 2.3
Dictyosphaerium sp. - - 5.45E+03 20734118 1.20E+06 7.9+3.0 2.2 4.9
Unicellular algae - - 4.04E+04 193482 7.53E+06 3.6+2.7 1.0 1.0
Note;
(1) Radius relative to a unicellular algae
2
(2) V heo (theoretical relative settling velocity) is proportional to r,2 according to Stoke’s law (v, = EL:}D_M)' assuming all other parameters are same
n®,

Where, g Gravitational acceleration, ( o, = o, ) excess density between particles and fluid, 7 Viscosity of the medium
rs nominal radius of the sphere of equivalent biovolume to the algae, @  Form Resistance (the effects of algal shape upon settling)
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2.3.4. Biomass harvest depending on dominant algal species

The biomass concentrations in the HRAP, ASC1 and2\&fluents and the biomass harvest
efficiency after ASC2 are shown in Figure 2.4. Baw® concentrations in the HRAP effluent
varied from ~30 to 340 g VSS nduring the one year experimental period dependimg
seasonal algal growth and invertebrate grazing.é¥&w biomass concentrations of the ASC
effluents and harvest efficiency were highly deparicdbn the algae that were dominant in
the HRAP at that time. Increased dominance (anavalage of >90%, Figure 2.3) of
Pediastrumsp. in HRAR with recycling greatly improved biomass harvedicefncy by
gravity sedimentation (>75% and >85% harvest afficy after ASC1 and ASC2
respectively). Low final effluent biomass concetitias (<20 g/mi) were consistently
achieved for HRAPduring the one year experimental period (Figudd®.In contrast, the
control pond (HRAR) had inconsistent and rather poor biomass haefésiency (48% and
64% harvest efficiency after ASC1 and 2 respedgflvehainly because less settleable algae
were dominant in this pond (Figure 2.3a). For examipcreased dominance Bédiastrum
sp. in the control HRAP (80-98% dominance over 3 months from Decemberetarirary
2010) greatly enhanced the biomass harvest eftigitn90% (which was nearly comparable
to that in HRARwith >90%Pediastrundominance). However, by June 2010 the dominance
of Pediastrumsp. in HRAR had declined to less than 20% Reliastrunsp. was replaced
by poorly-settleable algaeTljalassiosirasp. (~85% dominance) by March 2010, then
Dictyosphaeriunsp. (dominance increased from 40% to 85% by June 201®se results
demonstrate that maintaining rapidly settleablaaksuch aBediastrunsp. as the dominant
species could provide a way of promoting efficibmmass harvest by simple gravity

sedimentation.
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Figure 2.4: Biomass concentrations in the effluéais two pilot-scale HRAPs and primary
and secondary algal settling cones (ASCs); andulzdbd total removal
efficiency measured over one year: a.: HRAPBerated without recycling; b.:

HRAP: operated with recycling.

During a four week period from"&o 30" March 2010 a unicellular diatoriflfalassiosira
sp.) temporarily established in both HRAPs (>82%mpance in HRAP and 32%
dominance in HRAP Figure 2.3). This was an interesting observatgince it is very
unusual for diatoms to grow at high concentratiomvastewater treatment HRAPs and has
not been previously observed at our wastewatemntesa HRAP research facility, or reported
in the literature (Benemann et al., 1978; Benenwral., 1983; Benemann, 1986; Garcia et
al., 2000; Craggs et al., 2010; Park and Craggs)Rdhe occurrence dfhalassiosirasp.
may be explained by a temporary increase in theotlisd silica concentration (Sijoof the
influent wastewater, since silica is an essenk&hent for diatom growth and the typical low
concentration in wastewater limits the growth @tdms. Analysis of the influent wastewater
to the HRAPs for Si@during the period ofhalassiosirasp. occurrence showed a high
dissolved silica level (~30 mg/L as S¥Owhich declined to less than 5 mg/L by May 2010
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when the diatom was no longer present in the HRARalassiosirasp. has very low settling
efficiency and consequently its occurrence gresgtiuced harvest efficiency of the ASCs
for both HRAPs (HRAR 48% harvest efficiency; HRAP64% harvest efficiency).

Micractiniumsp. andDictyosphaeriunsp. were dominant in the control HRA#Br periods

of two months Kicractinium sp: ~70% dominance from October to November 2009;
Dictyosphaeriunsp.: 70-85% dominance from May to June 2010; Figu8a). These algae
can form colonies of typically >100 spherical sengklls and have a nominal radius of 5.5-
7.9 um. When these two species were dominant ipdhds biomass harvest efficiency was
particularly poor (63-77% fokicractiniumsp and only 16-38% fobDictyosphaeriunsp,
Figure 2.4a). In contrast, during the period frorecBmber to February 2010 when
Pediastrumsp. was dominant very high biomass harvest efficiefx86% after the ASC2
with 6 h HRT) was achieved. The lower settling @éncy of Micractinium sp. and
Dictyosphaeriunsp. compared witRediastrunsp. might be due to lower density and higher
drag resulting from the dispersed structure ofdblenies (i.e. large spaces between groups
of cells) compared wittPediastrumsp. colonies in which the cells are tightly packed
together.

Over the one year experimental period, nutrientonahefficiency (86-98% Nk-N and 50-
75% PQ-P) of HRAR (in which Pediastrumsp. was maintained at >90% dominance) was
similar to that (90-96% NH-N and 52-68% P&3-P) of the control HRAP(which had a
mixed population of algae). Further detailed wastew treatment performance of the
HRAPs in terms of organic compounds (total suspeisdéds, volatile suspended solids and
BODs) and nutrient (N and P) removal and a nitrogensnagance with C@addition have
been described previously (Park and Craggs, 2001t & 2011b).

2.3.5. Enhancing biomass harvest in wastewater treatment HRAPs

The Imhoff cone settling efficiency of algae in tH&RAP effluents after 10, 30 and 60
minutes and 24 hours was measured throughout tae gred was found to be greatly
improved whenPediastrumsp. was dominant (Figure 2.5a). Average biomastingget

efficiencies of 75.3+13.7%, 86.0+9.1%, 93.6+2.8%d 89.2+1.6% were achieved after 10,

30 and 60 minutes, and 24 hours of settling respdygt whenPediastrunmsp. was present
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at over 80% dominance in the HRAPs. HoweveRediastrumsp. dominance declined to
less than 40%, Imhoff cone settling efficiencieslused to 19.8+8.6%, 25.6+10.2%,
35.2+10.1% and 76.0+10.9% for the respective segtfleriods. These settling efficiency test
results confirmed that the dominance Rédiastrumsp. in the HRAP promoted settling

efficiency particularly for settling periods of ethan 1 hour.

Overall Imhoff cone settling efficiency was alsdluenced by settling characteristics of the
algae that co-existed witPediastrunmsp. (Figure 2.5a). For example, wh&ediastrumsp.
was present at 70% dominance and co-existed vhtr ablonial algae such BBcractinium
sp., and Scenedesmusp. (shown in circlei”) the 10 minute settling efficiency was high
(58%). However, when the co-existing algae werenigpgioorly-settleable unicellular algae
such asThalassiosirasp. (average cell size 3.6£2.7 pm) (shown in cird®,the 10 minute

settling efficiency was only 38%.

Analysis of the data on the population density oicellular algae (counts/ml) including
Thalassiosirasp. and settling efficiency during the one yearegipental period indicates
that settling efficiency at all settling times daeld if the unicellular algal population was
greater than 1xPQcells/ml (Figure 2.5b). Therefore, controlling thepulation density of
the poorly-settleable unicellular algae to belows tlevel could be necessary to achieve

efficient biomass harvest.
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Figure 2.5: Relationship between Rediastrum sp. dominance and biomass settling
efficiency after 10, 30, and 60 minute and 24 tsmitling in an Imhoff cone (a.)
(i, Note: within circle a: 72%ediastrumsp. + 16%Micractinium sp.+12%
Scenedesmusp. ii: 70% Pediastrumsp. + 30% Unicellular algae) and, b.
relationship between unicellular algal counts (¢eiml) and biomass settling
efficiency in an Imhoff cone.

The percentage solids (as % total solids) of tbenbiss collected at the bottom of an Imhoff
cone after a 24 hour settling period were alsa@rited by the settling characteristics of the
dominant algal species and other biological facferg. zooplankton grazing and fungal
infection) in the HRAPs (Figure 2.@ediastrumsp. dominant biomass (>90% dominance)
was harvested as 2.5-3.0% solids by 24 hour gradatiimentation (December 2009 for
HRAP:: Figure 2.6a, November-December 2009 and May-2A@i® for HRAR. Figure
2.6b). However, when less settleable coloridicfactiniumsp, andDictyosphaeriunsp.)
and poorly settleable unicellular algaEhélassiosirasp) were dominant in the control
HRAP, the % solids of harvested biomass was only ab&u®.0% (Figure 2.6a). Moreover,
fungal infection in both HRAPs during the summerige of Pediastrumdominance
(January — February 2010) reduced the settled lEsmalids concentrations from 2.5-3.0%
to less than 2.0%, which may have been due tootherldensity of algal/fungal flocs.

Two species oPediastrum(P. duplexandP. boryanum were present in the HRAPs, of

which, P. boryanum(intercellular space absent) was the most pretvalgecies throughout
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the one year experimental period. In particularirduthe three month summer period from
December 2009 to February 20F0,boryanumaccounted for 80% to 98% of total biomass
in both HRAPs. This period &f. boryanunprevalence coincided with very high biomass
harvest efficiency (80 to 95%) in the two ASCs (tamed HRT of 6 hours) (Figure 2.4) of
both HRAPs. Imhoff cone settling experiments i@ ldboratory conducted during the same
period showed that recycling in HRAEnhanced the biomass settling efficiency by 8-15%
(76.0+6.4%, 89.3+3.5%, and 97.2+1.9% removal dfter30, and 60 minutes respectively
compared with 59.3+13.5%, 76.5+8.9%, and 88.2+9f8fthe control,P-value <0.005,
one-way ANOVA, Figure 2.7). The improved biomastlisgy efficiency in HRAR may be
explained by the presence of larger colonie®.dforyanunas recycling of gravity harvested
biomass at a recycling rate of 66-212 g /kg produde(depending on season, Table 2.1)
extended the mean cell residence time (MCRT) aogdor growth in the pond by ~0.5 d
in summer and ~3.4 d in winter. Extending the MCR¢&reased the average size and
biovolume of P. boryanumcolonies in HRAP by 13-30% and 50-80% respectively
compared to those in the control HRAMReasured over the three month period wRen
boryanumwas prevalent in both HRAPs (December 2009 toaelpr2010) (Figure 2.8).
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Figure 2.6: The relationship between the percensafids of the biomass (as VSS) collected frombibggcom of the Imhoff cone
after 24 hours and dominant algae in HRMARO recycling (Fig. 5a) and HRARvithout recycling (Fig. 5b) (Note:

possible fungal infection was observed in both HRAPsummer from Jan to Feb 2010).
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Figure 2.8: Average size (a) and biovolume (b)Poboryanumcolonies with different
numbers of cells (8-64) in HRAWith recycling and HRAPwithout recycling
during the period oP.boryanundominance (>80%).

2.4. Conclusions

Recycling gravity harvested biomass to HRARcreased the dominance of a rapidly
settleable colonial algaRediastrum boryanunto >90% which was maintained for the
majority of the one year study compared to the rmbitRAP: (53% dominance). The long
term (one year) maintenance of algal species darm@aver similarly sized co-occurring
algae has not been previously reported for a wadtswtreatment HRAP. Increased
dominance oP. boryanunygreatly improved biomass harvest efficiency (906t HRAR
effluent compared to 60% from the control). Imhaibne tests measuring biomass
settleability demonstrated that the dominanc® .oboryanumand the species composition
of remaining algae both influenced biomass setiieab Moreover the settling

characteristics of the dominant algae in the HRABs influenced the concentration of 24
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hour settled biomass. Recycling increased the gedbgovolume of. boryanuntolonies

in HRAP; effluent by 50-80%, possibly as a result of insreg the mean cell residence time,
which enables algae to grow for longer. These teshiow that recycling gravity harvested
biomass is a simple and effective operational neetb@romote and maintain the dominance
of a rapidly settleable algal species suchPadoryanumto enhance biomass harvest by

gravity sedimentation.
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Chapter 3

Enhancing biomass energy yield from pilot-scale

high rate algal ponds with recycling

Chapter preface

The first year of the pilot-scale HRAP study repdrin Chapter 2 showed that recycling a
portion of gravity harvested biomass (“recyclingfpmoted the dominance of a large rapidly
settling colonial algaRediastrum boryanumesulting in an improvement of biomass harvest
efficiency. To improve ‘harvestable biomass product from HRAPS, it would be
advantageous to not only improve biomass harvdsgyafiie. settleability) as demonstrated
in Chapter 2, but also to increase biomass prodtictiMoreover, in the context of algal
biomass production for biofuels, the energy contérthe biomass needs to be measured to
determine the actual ‘biomass energy yield’. Thing main objective of the research
presented in this chapter was to determine if leay@lso improves biomass productivity in
a pilot-scale HRAP and how this contributes toraproved net biomass energy yield. This
chapter presents two years of data from the pdates HRAPs. In Year 1 biomass
productivity and energy yield were measured for HRRAPs operated with and without
recycling. In Year 2 the study was extended to stigate whether seedir®® boryanum
dominant biomass into a HRAP initially dominated lay poorly-settleable alga,

Dictyosphaeriunsp., would promote a change in species dominanelioryanum

This chapter is based on the following publication:

Park, J.B.K., Craggs, R.J., Shilton, A.N. (2013)h&ncing biomass energy yield from
pilot-scale high rate algal ponds with recyclingatét Research. 47, (13): 4422-4432.
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Abstract

This chapter investigates the effect of recyclingvgy harvested biomass (‘recycling’) on
‘harvestable biomass production’ and ‘energy yietd'wastewater treatment High Rate
Algal Ponds (HRAPs). Two 8 hpilot-scale HRAPs treating domestic wastewaterewer
operated in parallel and monitored over a 2-yeaiogde Volatile suspended solids were
measured in the effluents from both HRAPs and tladgal settling cones (ASCs) to
determine biomass productivity and harvest efficyerThe energy content of the biomass
was also measured. Multiplying biomass productiatyd harvest efficiency gives the
‘harvestable biomass productivity’ and multiplyitings by the energy content defines the net
‘biomass energy yield'. In Year 1, recycling wagilemented in one of the ponds (HRAP
and improved harvestable biomass productivity B¢ S®mpared with the control (HRAP
without recycling (HRAR 9.2 g/n?/d; HRAR:: 5.8 g/nt/d). The energy content of the
biomass grown in HRAPwhich was dominated ediastrum boryanunwas 15% higher
than that from the control pond which contained iaech culture of 4-5 different algae
(HRAP: 21.5 kJ/g; HRAR 18.6 kJ/g). In Year 2, HRARvas then seeded with the biomass
harvested from th®. boryanumdominated HRAPR This had the effect of shifting algal
dominance from 89%bictyosphaeriumsp. (which is poorly-settleable) to over 9026
boryanumin just 5 months. Operation of HRARas then switched to recycling its own
harvested biomass, which maintainBd boryanumdominance for the rest of Year 2.
Importantly this work also showed thBt boryanumdominance was relatively fast to
establish and was then stable and sustainable &etseasons. With regard to the overall
improvement in biomass energy yield, which is éical parameter in the context of algal
production for biofuels, the combined improvemetitat recycling caused in biomass
productivity, harvest efficiency and energy contenhanced the net biomass energy yield
by 66% (HRAR: 195 kJ/m/day; HRAR: 118 kJ/mi/day).

3.1. Introduction

Chapter 2 showed that the dominance (based on higablume) of a rapidly settling
colonial alga,Pediastrum boryanurimcreased to more than 90% in HRA#th recycling
compared with 53% dominance in the control HRARat had no recycling. The higher

dominance oP. boryanuncoincided with an improved biomass harvest efficieby 25%
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compared with the control (annual average in HRAB%; HRAR: 60%) with algal
recycling rate of 66-212 g/ kg produced/ d depegdin season.

Any method to improve the net biomass yield fronstgaater treatment HRAPs could
benefit energy production potential. However, thlisnot only a function of biomass
productivity in the pond, but also biomass harvefficiency from the pond effluent.
Therefore it is necessary to consider the ‘harbdsthiomass productivity’ which reflects
the biomass productivity multiplied by the harveSiciency.

While the methods of enhancing both the biomassdlymtivity and harvest efficiency to
improve harvestable biomass productivity were presiy discussed in Chapter 1 and then
demonstrated in Chapter 2, in the context of bigfueduction it is also necessary to consider
the energy content of the biomass to determineatiigal ‘biomass energy yield'. For
example, if algae are to be used for as a feedstwdbiodiesel production, high algal lipid
content is important (Wang et al. 2008; Patil et28l11; Pittman et al. 2011; Singh et al.
2011).

Biomass productivities in wastewater treatment HRABve been reported in the literature
(summarized in Table 1.3, Chapter 1), however, heeitthe ‘harvestable biomass

productivity’ nor the actual ‘biomass energy yieldave been considered previously.

Furthermore, the effect of recycling on these pa&tans has never previously been studied.
This chapter presents two years of data from tlet-pcale HRAPS. In Year 1 harvestable
biomass productivity and energy yield were deteedifor the HRAPs operated with and

without recycling. In Year 2 the study was extenttethvestigate the influence of seeding
P. boryanunbiomass into a HRAP dominated by a poorly-settkealyga,Dictyosphaerium

sp.
3.2.  Materials and methods
3.2.1. Operation of pilot-scale high rate algal pond

A description of the two pilot-scale HRAP systeHRAP; with recycling; HRAR without
recycling) and general operational parameters iar Yds given in Table 2.1 (Chapter 2). In
Year 2, operational parameters are summarizedibteTal and a schematic diagram of the
experimental set-up is also illustrated in Figu® 3
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Table 3.1: Year 2 (July 2010 to June 2011) pil@tisevastewater treatment HRAP and ASC operaticaarpeters including
design/actual inflow rate, hydraulic retention tirtéRT), solar radiation, pond water temperatureameell

residence time (MCRT), and algal recycling rate.

Parameters Winter in 2010 Spring Summer Autumn Winter in 2011
Days 61 90 110 71 30
Experimental period (July 1-Aug 31, 10) (Sept 1-Nov 30, 10) (Dec 1, 10-Mar 21, 11)  (Mar 22- May 31, 11)  (Jun 1-Jun 30, 11)
Solar radiation (MJ/m2/d) 8.4+35 18.7+7.3 21.1+7.5 10.624.9 6.0+2.5
Temperature (°C) 9.242.4 14.2+2.9 19.6+2.5 13.3+2.8 10.3+2.0
Inflow Design 1.0 1.3 2.0 1.3 1.0
(m®d) Actual® 1.1+0.2 1.3+0.2 2.0+0.4 1.4+0.3 1.1+0.3
HRAP Design 8.0 6.0 4.0 6.0 8.0
HRT (d) Actual® 7.6£1.0 6.2+0.6 41105 5.940.8 7.3¢¥1.3
MCRT HRAP, 9.3+1.8 6.2+1.0 4.6+0.2 8.0+2.6 9.4+1.7
(@@ HRAP, 13.1%6.6 6.9+1.3 4.740.3 8.0£2.3 9.0+2.0
Algal recycling rate HRAP, 60-375 49-174 35-121 64-470 117-313
(g recycled/ kg produced/ d) © HRAP, 89-513 81-363 41-184 113-393 92-246
ASC HRT (d) Design 6 45 3 45 6
Actual 5.7+0.8 4.6x0.5 3.1+0.4 4.4+0.6 5.5+1.0

Note:

(1) Weather compensated (daily precipitation and evaporation) daily inflow and hydraulic retention time (HRT)

(2) Calculated using Equation 1 below

(3) _Determined based on the volume of biomass recycled (1 L/d), harvested biomass concentration (g/L) and HRAP volume (8 m®)
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As described in Chapter 2, in Year 1 settled biewvess removed from AS@ach day and
one litre of the gravity harvested algal biomass wecycled back to HRARFigure 3.1).
The second HRAPwas operated without recycling as a control withother operational
parameters the same as HRA® the end of Year 1, HRARvas dominated by a rapidly
settleable algaPediastrum boryanun®©2% dominance) and HRARvas dominated by a
poorly settleable algdictyosphaeriunsp. (90% dominance). The excess amount of algal
biomass collected from both ASCs each day was attdad anaerobic digester for biogas
production.

In Year 2, HRAR was then seeded with the biomass harvested frenf ttboryanum
dominated HRAP(one litre of the biomass from AS@s shown in Figure 3.1). After the
dominance ofP. boryanumreached 85% in HRAP(November 2010), the ‘seeding’ of
harvested biomass from HRARas replaced by ‘recycling’ back from its own EattASC,

for the rest of Year 2.

Recycling extended the mean cell residence timeRW)®f algae in the HRAPs. Thus, the
MCRT was calculated using Equation 3.1 and predant&able 3.1.

V X .
MCRT=—— Equation 3.1

QCX _Qrexh

Where;

MCRT= Algal mean cell residence time (d)

V: HRAP volume ()

X: HRAP biomass concentration (VSS, §fm

Qc: Net evaporation compensated HRAP effluent flote (av/d)
Qre: Biomass recycled per day (1 L/d)

Xn: Harvested biomass concentration (VSS g/L)
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3.2.2. Measurement of biomass productivity

Samples of HRAP effluents were taken 2-3 times akwfer the measurement of volatile
suspended solids (VSS) and analysed according aod&td Methods (APHA 2008).
Biomass productivity of the HRAPs was calculateddoh on the VSS concentration
(Equation 2). The measured VSS concentration wiasstadl by subtracting the increase due
to the recycled biomass and compensating for acrgase or decrease in daily flow due to
rainfall or evaporation. Daily rainfall and evaptoa data (calculated using the Penman-—
Monteith method from daily mean temperature, wipeesl, relative humidity and solar
radiation) for the experimental site were downlahftem NIWA National Climate Database

(http://cliflo-niwa.niwa.co.n?/

p=(CxQ)-R Equation 3.2
A
Qc=Qint + ((rainfall-evaporation) x pond surface area) Equation 3.3
R=Harvested biomass concentration (VSS, g/L)x1 fikéd Equation 3.4
volume)
Where;

Qc: Net evaporation compensated HRAP effluent flote (a®/d)
Qint: Daily inflow (m?/d)

P: Biomass productivity (g/#d)

C: Biomass concentration in HRAPs (VSS, §/m

A: HRAP surface area (323n

R: Recycled biomass per day (g/d)
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Harvestable biomass productivity (which reflects #ttual capture of biomass by the ASC)
was calculated by multiplying the measured bionmasductivity with harvest efficiency of
the ASCs.

3.2.3. Measurement of the biomass energy content

For nine months in Year 1 (October 2009 - July 201e energy content of the HRAP
biomass (kJ/g) was measured monthly using a bordrimeter (Leco, AC 350, Leco
Corporation, St Joseph, MI, USA) to determine bissnanergy yield (as kJffd) in the
HRAPs, which was calculated by multiplying the hestable biomass productivity (o)

with the energy content of the biomass (kJ/g).
3.2.4. Measurement of biomass harvest efficiency

Samples of HRAP water and ASC effluents (i.e. fadiatharge) were taken 2-3 times a week
for the measurement of volatile suspended solidSS)Vaccording to standard methods
(APHA 2008). Large non-algal particles (e.g. leawssl invertebrate grazers (dMpinasp

or Daphniasp) were strained (1 mm mesh) from the pond watepsesibefore VSS analysis.
Biomass harvest efficiency from the HRAP effluewtss determined as the percentage of
the biomass (VSS) in the HRAP water that was remhaveéhe ASC. Samples of harvested
biomass collected in the respective ASC’s were afslysed 2-3 times a week for volatile
suspended solids (VSS) to calculate the algal tegyrate.

3.2.5. Microscopic image analysis

Relative algal dominance based on algal biovolyame®/nl) in the pilot-scale HRAPs was
determined monthly using the microscopic image yamsltechnique developed previously
in Chapter 2. The most abundant algal speciesimilbroscopic images of the HRAP water

were also identified using an identification gu{@eook 2002).
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3.3. Results and discussion
3.3.1. Recycling gravity harvested biomass improves the dominance of P. boryanum

In Year 1, recycling a portion of gravity harvestedmass (‘recycling’) in HRAHNncreased,
and maintained the dominanceRofboryanun{annual average of >90%) compared with the
control HRAR without recycling (53% dominance) (reported in Qiea 2).

In Year 2, this research was extended to investitie effect of adding gravity harvested
biomass into the HRAPs and the relative algal damie is presented in Figure 3.2. Seeding
P. boryanumdominated biomass (collected from HRAkto the Dictyosphaeriumsp
dominated HRAPwas able to shift the algal dominance in HRAB 85%P. boryanumin

five months (Figure 3.2a). For the remaining sewemths in Year 2, recycling a portion of
gravity harvested biomass from HRARnstead of HRAP maintainedP. boryanum

dominance at about 90% (Figure 3.2a).

Recycling in HRAPR consistently maintained the dominance Raf boryanumat 90%
throughout the second year of the study (Figurb)3r2plicating the results of the first year
of the study (Chapter 2). These results confirnh theycling (or seeding) a small portion of
P. boryanundominated gravity harvested biomass provides alsimnd effective way to
improve (or maintain) the dominance of rapidly Isetble alga, such &3. boryanumijn
wastewater treatment HRAPs.
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Figure 3.2: Algal dominance based on calculatedl &igvolume in Year 2 (from July 2010
to June 2011), a: HRAFRitially dominated byDictyosphaeriunsp.; b: HRAP

dominated byP. boryanum

3.3.2. Recycling improves biomass harvest efficiency

In Year 1, biomass harvest efficiency was highlgetelent on the algae that were dominant
in the HRAPs (Chapter 2). For example, as shoviaigare 3.3a, during the initial five month
period (Period 1) wheBictyosphaeriunsp. (poorly-settleable) was prevalent in HRAR
had lower and less consistent biomass harvesiezftig (data summarized in Table 3.2).
However, in Period 2 wheR. boryanumdominance was well established in HRAR a
result of recycling, biomass harvest efficiencyregased to 87% (Table 3.2). HRARad

similar performance with >80% biomass harvest ificy.
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a. HRAP, (Year 2)

< Period1 < Period 2
500 . S — : : 100

T . T 100

Biomass concentration (VSS, g/m3)
(%) Aousjo1ysd 3sanley ssewolg

Jul Sept Nov Jan Mar May Jul
10 10 10 11 11 11 1

Months

Figure 3.3: Biomass concentration (VSS) in the HR&fluents and algal settling cones
(ASCs) (Primary Y-axis) and biomass harvest efficiein the ASCs (Shaded
area; Secondary Y-axis) in Year 2. a: HRAtially operated with seeding.
boryanumdominated biomass (Period 1) and then recyclingdséed biomass
(Period 2) whetP. boryanundominance was improved; b: HRAMth recycling.
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Table 3.2: Year 2 (July 2010 to June 2011) HRARaye TSS/VSS concentrations (and the proportiafS8 in TSS), biomass

and harvestable biomass productivities (based oiB)V®iomass harvest efficiency and harvested bismas

concentration.
Parameters Winter in 2010 Spring Summer Autumn Winter in 2011
Days 61 90 110 71 30
Experimental period (July 1-Aug 31, 10) (Sept 1-Nov 30, 10) (Dec 1, 10-Mar 21, 11)  (Mar 21- May 31, 11)  (Jun 1-Jun 30, 11)
HRAP, TSS (g/m°) 250.7£76.2 266.7+90.5 235.0£75.8 119.5+33.5 186.2+64.1
VSS (g/m3) 208.6+64.1 220.5+75.0 198.34£58.9 99.9+30.8 163.3£57.9
% VSS 83.1+2.3 84.2+2.4 83.9+2.5 81.1+2.9 85.2+2.4
HRAP, TSS (g/m%) 121.7459.0 176.4+88.7 201.2+97.5 122.6+30.0 218.0+60.1
VSS (g/m®) 99.3+47.1 148.4+71.9 164.5475.4 98.5+25.8 160.4+49.5
% VSS 81.5+2.8 82.4+2.7 80.4+2.7 81.6+2.2 80.5+2.8
Biomass productivity HRAP, 6.743.2 8.7+2.6 12.7+4.0 4.3+1.5 5.1+2.4
(g VSSIm®/d) HRAP. 3.3+1.5 5.842.6 12.1+4.7 41+1.1 5.4+2.4
% harvest efficiency HRAP, 89.3+4.8 82.516.0 86.716.3 80.1+22.6 83.1+4.2
(based on VSS) HRAP, 69.9+13.1 59.0+15.5 87.617.9 89.0%5.9 90.5+2.5
Harvestable biomass productivity HRAP, 6.1+2.9 7.212.2 10.6£3.5 3.2+1.0 4.6+2.7
(g VSS/m?/d) HRAP, 2.3+1.2 4324 10.4+4.5 3.6+1.1 45426
Harvested biomass HRAP, 31+9.6 28+7.7 29.9+6.5 27.0+10.8 35.245.3
concentration (VSS, giL) HRAP, 18+7.1 22+6.9 30.245.1 26.245.3 28.7+11.0
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3.3.3. Biomass productivity

This section presents biomass productivity (angdstable biomass productivity) data from
2 years of the pilot-scale HRAP studies.

3.3.3.1. Biomass productivity in Year 1 (from Jul 09-Jun 10)

In Year 1 (Figure 3.4 and data summarized in T&iB}, recycling in HRAPimproved
biomass productivity by 20% compared with HRA®thout recycling (HRAR 9.2 g/ni/d;
HRAP:: 10.9 g/ni/d). However, as previously discussed, harvestziblaass productivity is

a more important parameter since it takes into@udooth biomass productivity and harvest
efficiency. As reported in Chapter 2, since regyglialso improved biomass harvest
efficiency from 63% to 85%, the harvestable bionmssluctivity increased from 5.8 gffd
(HRAP) to 9.2 g/n¥/d (HRAR) as noted in Figure 3.4.

The benefits of recycling on harvestable biomassdytion are illustrated by comparison of
our results with a previous study (Garcia et aB@which an outdoor experimental HRAP
received domestic wastewater in Barcelona, Spaiorfe year (pond surface area: 1.54 m
water depth: 0.3 m; HRT of the HRAP: 7 - 10 days Q0 addition). They reported annual
average biomass productivity (as TSS) of 12%4rim the pond and TSS removal efficiency
of 77% in a subsequent gravity settler (HRT ofghtler: 1-3 d). Assuming a VSS to TSS
ratio of 80% (as we typically measured), approxahatl0 g VSS/fid of biomass
productivity was achieved. This value is similathe biomass productivity measured in our
HRAPs (HRAR: 10.9 g VSS/rfid; HRAR:: 9.2 g VSS//d) with similar solar radiation
(Barcelona: 15 MJ/dtd (Garcia et al. 2006); Hamilton: 14.5 M3/d). However, we had 16%
higher harvestable biomass productivity (HRAB.2 g/n¥/d) than Garcia et al (2006)
reported (7.7 g VSS/td) as a result of the improved harvestability dRAP: effluent
(annual average of 85% in As€mpared with 77% of Garcia et al (2006)), despite
ASGC: having a 4-6 times shorter HRT (6-12 h dependingseason) than their gravity
harvester (HRT: 1-3 d).
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a. HRAP. without recycling (Year 1)
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Figure 3.4: Biomass productivity in the HRAPs (HRA#th recycling; HRAR: without
recycling) and harvestable biomass productivith8Cs in Year 1 (July 2009 to
June 2010) (note: Both HRAPs were susceptibledaigg by zooplankton (e.g.
rotifers,Moinasp. orDaphniasp.), which reduced biomass concentrations when

a population oMoinasp. increased to ~560 individuals/L).
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Table 3.3: Year 1 (July 2009 — June 2010) biomadsharvestable biomass productivities in the Blkate HRAPs (HRAP
with recycling; HRAR: without recycling).

Parameter Winter in 2009 Spring Summer Autumn Winter in 2010

Days 67 days 76 days 113 days 70 days 34 days

Experimental period (July 1-Sept 6, 09) (Sept 7-Nov 22, 09) (Nov 23, 09-Mar 16, 10) (Mar 17-May 25, 10) (May 26-Jun 30, 10)

Dominant HRAP, P. boryanum (~90%) P. boryanum (~92%) P. boryanum (~98%) P. boryanum (~80%) P. boryanum (~90%)

algae @ HRAP, P.boryanum (~70%) Micractinium sp. (>70%) P. boryanum (~90%) Unicellular algae (~45%) Dictyosphaerium sp.
Dictyosphaerium sp. (~40%) (~80%)
Biomass HRAP, 6.0+1.8 8.943.3 13.5£3.9 6.4+3.4 2.6+1.1
productivity (g VSS/m?/d) @ HRAP, 7.242.8 8.4+4.5 10.6+2.6 7.3+1.9 2.3+1.1
Harvestable biomass HRAP, 4.9+1.4 7.3£2.7 12.2+3.5 4.842.6 2.2+0.9
productivity (g VSS/m?/d) HRAP, 4.9+1.9 5.3+2.8 8.1+2.0 3.3+0.8 1.3+0.6

Note: (1) Algal dominance in the HRAPs was previously shown in Chapter 2
(2) Weather compensated (daily precipitation and evaporation) productivity calculated using Equation 3.2.

80



Chapter 3: Enhancing biomass energy vyield fromtyzsit@le high rate algal ponds with recycling

If the HRAP is being operated at a low hydrauliengion time (HRT), the algal population
(concentration) may have been insufficient to fullylize the incident light energy and
available nutrients, resulting in sub-optimal biengroduction. Implementing biomass
recycling separates the mean cell retention timé€RW) from the HRT. In Year 1, recycling
in HRAPR: extended the MCRT so that it was longer than tRE Kby 0.5 d in summer and
3.4 d in winter, Chapter 2). Therefore, it is fétsithat the increases in the MCRT and thus
concentration contributed to improved biomass petida in HRAR by enabling more light

and nutrients to be utilized.

Gravity settling in ASCselected for largdP. boryanuncolonies from the HRAReffluent
(Figure 3.5), which were then recycled back togbed. Approximately 55% of the colonies
in the harvested biomass had a diameter of >35@mpared with only 25% in the mixed
pond water (Figure 3.5). Not only does this haearcbenefits in terms of improved harvest
efficiency (and thus the overall harvestable bisnm@®eductivity) as discussed above, but, it
may also explain the improvement in the biomasslysctivity in the pond itself. Research
undertaken by Tukaj et al. (2003) Beenedesmus armatumted that the maximum algal
growth rate occurred at when the alga had reachedita80% of their full size (i.e.
reproductive colonies). This indicates that thera variation in the efficiency at which the
alga can convert light energy to biomass throughldteérent stages of their life-cycle. .
boryanumexhibits similar behaviour it therefore offers aspible explanation as to why
recycling was observed to improve biomass proditgtibecause recycling increases the

proportion of large colonies with higher net growakes.
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Figure 3.5: Size distribution &f. boryanuntolonies in gravity settled biomass that collected
in ASG and the HRAPwater and microscopic photos of a. the HRARter and
b. the settled biomass (1/100 diluted) which werycled back to HRAP

3.3.3.2. Biomass productivity in Year 2 (from Jul 10 - Jun 11)

Over the seasons, biomass productivity in the HR@d#ged from 3.3 to 12.1 gAfd in
HRAP; and from 4.3 to 12.7 gAfd in HRAR, as shown in Table 3.2.

For the five month period (Period 1) beféd?eboryanumwas established as the dominant
species in HRAR this pond had significantly lower biomass produtt than that in HRAP
whereP. boryanumhad been established by recycling (Figure 3.6]er82). However,
when both HRAPs had simildP. boryanumdominance (Period 2), similar biomass
productivities (summer: 12 ghd; autumn: 4 g/rid; winter in 2011: 5 g/Aid, Table 3.2)
and harvestable biomass productivities (summerg/tf/d; autumn: 4 g/iid; winter in
2011: 4.5 g/rfid, Table 3.2) were obtained in both ponds.
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Figure 3.6: Biomass productivity in the HRAPs (batlith recycling) and harvestable
biomass productivity in ASCs in Year 2 (July 202@tne 2011).

3.3.4. Biomass energy yield in the pilot-scale HRAPs

The effect of recycling on biomass energy yieldk@st/d), which is a critical parameter in
the context of algal production for biofuels, wawadstigated during the nine months
monitoring period (Oct 09 - Jun 10) in Year 1.

The energy content of the biomass grown in the H&¥dried from 19 to 22 kJ/g depending
on the dominant algal species and seasonal climatiditions (Figure 3.7). These values are
in line with literature values for algae grown hretlaboratory (~18-34 kJ/g) (Tillett 1988;
Lugar 2012). The energy content of the biomassudasiith season (higher in summer from
Dec 09-Feb 10 than in winter from Mar-Jun 10, FegBi7a) and with dominant algal species
(21.2+0.3 kJ/g in HRAPwith 85%P. boryanundominance; 20.3+0.8 kJ/g in HRARith
80% Dictyosphaeriunsp. dominance). Thus, not only did the dominarfcEB.dooryanum
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increase the biomass productivity and harvestieffay, but it also improved the energy

content of the biomass produced.
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Figure 3.7: Energy content of biomass (KJ/g) in thlot-scale HRAPs (HRAPwith
recycling; HRAR: without recycling) over the nine months in YeafQctober
2009 to June 2010).

As shown in Figure 3.8a, the improvements that wigggered by recycling amounted to a
total increase in biomass energy yield in HRB{? 66% compared with the control HRAP
(HRAP:: 195 kJ/nd/d; HRAR:: 117 kJ/rd/d). The increase in biomass harvest efficiency had
the greatest influence (60%) on the improvemebiahass energy yield compared with the
increase in biomass productivity contributing 32%d ahe increase in biomass energy
content at 8% (Figure 3.8b).
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a. Biomass energy yield b. Relative contributions to the increased
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Figure 3.8: a: Biomass energy yield (as Kddnincluding the increased biomass productivitgrviest efficiency and energy
content of biomass in the wastewater treatment-pdale HRAPs (HRARwith recycling; HRAR: without recycling)
from October 2009-June 2010; b: Relative contrimgi of increased biomass productivity, harvestiefficy and
energy content of biomass to the increased biosraagy yield (note: the energy used for recyclirg wot accounted

for, because the energy consumption was less tB& €ompared with the energy produced in HRAP
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3.4. Conclusions

This work showed that seediffg boryanundominated biomass intoZictyosphaeriunsp.
dominated pond (HRAJ changed the dominant alga #®. boryanum This result
demonstrates, for the first time in the literatuhgt species control is possible for similarly
sized co-occurring algal colonies in outdoor wastiew treatment HRAP for 2 years by
recycling a portion of gravity harvested biomase¢Yycling”). Recycling could be a simple
and practical way to improve ‘harvestable biomasglpctivity’ in wastewater treatment
HRAPs (HRAR with recycling: 9.2 g/rfid; HRAPR:. without recycling: 5.8 g/Aid).
Furthermore the biomass energy yield was incredse®6% (HRAR: 195 kJ/ni/day;
HRAP: 118 kJ/m/day) through the combined improvements in biomaissductivity,

harvest efficiency and energy content with the ckoy.
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Chapter 4

Investigating why recycling gravity harvested

algae increases harvestability and productivity

Chapter preface

The pilot-scale HRAP studies conducted over tworgdeeported in Chapters 2 and 3)
showed that recycling a portion of gravity harvdsbéomass (“recycling”) promoted the
dominance of a rapidly settling colonial algzediastrum boryanunand improved both
‘harvestable biomass productivity’ and ‘energy @ielln order to demonstrate the
reproducibility of these findings, twelve outdooRAP mesocosms were operated with and
without recycling adjacent to the pilot-scale HRA®&r two different seasons. A further
mesocosm study compared recycling of the sepasatid and liquid components of the
harvested algal biomass with recycling of un-sdpdrebiomass to explore potential
mechanisms that could account for the increaseteaeility and productivity of the

dominant algaPediastrum boryanum

This chapter is based on the following publication:

Park, J.B.K., Craggs, R.J., Shilton, A.N. (2013)vdstigating why recycling gravity
harvested algae increases harvestability and ptiedyan high rate algal ponds. Water
Research. 47(14), 4904-4917.
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Abstract

Chapters 2 and 3 reported that recycling gravitydsted biomass (‘recycling’) promoted
the dominance of a rapidly settling colonial al@adiastrum boryanunand improved
harvestability and biomass productivity in piloafcwastewater treatment High Rate Algal
Ponds (HRAPSs). In order to demonstrate the repiibditg of these findings, twelve 18 L
outdoor HRAP mesocosms were operated with and witrerycling adjacent to the pilot-
scale HRAPs over two different seasons. A furthesocosm study compared recycling of
the separated solid and liquid components of tineelséed algal biomass with recycling un-
separated biomass to explore potential mechanikatscould account for the increased
settleability and productivity. These mesocosmistidonfirmed that recycling promoted
boryanum dominance, improved 1h-settleability by >20% anttréased biomass
productivity by >25% compared with controls thatdhao recycling. Settleability was
improved by both the separated solid containingdand fast settling colonies and liquid
fraction, which is possibly due to the presencextfacellular polymeric substances that
improve settleability. While there are many possilmlechanisms that could account for the
increased productivity with recycling, all but tweere systematically eliminated) the
mean cell residence time was extended therebyasitrg the algal concentration and so
allowing better utilization of incident sunlight én(i) the relative proportions of algal
growth stages (which have different net growthgpateas shifted, possibly resulting in an
increase in the net growth rate of the culture.

4.1. Introduction

The previous two year pilot-scale HRAP studies (@& 2 and 3) demonstrated that
recycling a portion of gravity harvested biomassdycling’) improved the dominance of
the rapidly settleable colonial alg@ediastrum boryanurand resulted in an improvement in
both biomass productivity and harvest efficiencg.(lharvestable biomass productivity’).
Biomass energy yield (a critical parameter in tbatext of algal production for biofuels)
was improved by 66% with recycling (195 k3/day compared to 118 kJ#day for the
HRAPwithout recycling).
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This chapter attempted to replicate the previoust-ptale findings in mesocosm
experiments conducted under different seasonalitonsl In addition to comparing species
dominance and settleability, the research alsad®d biomass productivity (Experiments 1
and 2). A further mesocosm study compared recydadhthe separated solid and liquid
components of the harvested algal biomass withctiegyun-separated biomass to explore
potential mechanisms that could account for theeemed settleability and productivityf

boryanum
4.2. Materials and methods

In order to undertake multiple replicates, mesocosmre used (twelve including controls).
The experiments were conducted next to the pilatesd RAPs that were also monitored, so

that the validity of using the mesocosms to repreB&RAP’s could be verified.
4.2.1. Operation of the pilot-scale HRAPs with recycling

Full details of the operation of the two pilot-se&lRAPs (surface area: 31.8,rdepth: 0.30
m, volume: 8 i, wastewater: primary sewage (0.5-ai) one with recycling (HRApand

one control without recycling (HRAJPare described in Chapter 2.
4.2.2. HRAP mesocosm experiments

Twelve replicate mesocosms (plastic containers wittater depth of 0.3 m; filled volume
of 18 L; surface area: 0.07?were set-up and operated next to the two pilateselRAPs.
The containers were foil-wrapped to ensure thaightronly entered through the mesocosm
water surface. The experiments were sequentialigucted over three seasons (Experiment
1: autumn; Experiment 2: winter; Experiment 3: sgyiwith each experiment lasting 36-39
days. The mesocosm operational parameters incluléngond water used (either HRAIP
HRAP,), initial algal dominance, algal recycling ratadahe hydraulic retention time (HRT)
are summarized in Table 4.1 for each experimergciiematic diagram for the mesocosm
experimental set-up is given in Figure 4.1.

94



Chapter 4: Investigating why recycling gravity hested algae increases harvestability and prodtyctivi

Table 4.1:

The mesocosm operational parameteradimg the pond water used (either HRA® HRAR,); initial algal

dominance; algal recycling rate; and the hydrawiention time (HRT) in each experiment.

Experiment 1

Experiment 2

Experiment 3

Period
Pond water used
Initial algal dominance (%)

16 April - 25 May 2010 (Autumn)

HRAP,
67.5% Pediastrum sp.
32.5% Unicellular diatom

HRAP, @
50% Dictyosphaerium sp.
38% Unicellular diatom
10% Pediastrum sp.
2% Scenedesmus sp.

26 July - 31 August 2010 (winter)

HRAP,
98.5% Pediastrum sp.
1.2% Unicellular diatom

0.3% Scenedesmus sp.

HRAP,

73.6% Dictyosphaerium sp.

10.4% Scenedesmus sp.
9.5% Unicellular diatom
6.5% Pediastrum sp.

4 October - 12 November 2010 (Spring)
HRAP,

90.4% Pediastrum sp.

9.2% Dictyosphaerium sp.

0.4% Scenedesmus sp.

Mesocosm (abbreviations) M M@ M M, M M, Me M, Me M, ® Ms® M,
Recycling : Total biomass - - N - N - ~ - - - N
 Solid component only - - - - - - - - - N -
: Liquid component only o - - - - - - - - - ~ - -
Algal recycling rate (g recycled/ kg produced/ d) - 61-193 - 51-186 - 65-119 - 57-192 - - 48-161 50-161
HRT (d) Designed 6 8 6
MCRT (d)(S) 6.0+0.6 6.9+0.3 6.0+0.6 6.8+0.3 7.8+1.0 9.4+0.3 7.8+1.0 10.2+0.3 6.0+0.8 6.0+0.8 6.7+0.2 6.7+0.2

Note: (1) Pilot-scale HRAP with recycling (HRAP;)

(2) Pilot-scale HRAP without recycling (HRAP,)
(3) M¢: Control mesocosms without recycling

(4) M;: Mesocosms with recycling total biomass (the solid + liquid)
(5) M_: Mesocosms with recycling the liquid component only
(6) Ms: Mesocosms with recycling the solid component only

(7) Harvested biomass was centrifuged and the filtered supernatant (the liquid component) was then recycled to M. The remaining solid component was recycled to Mg

(8) Mean cell residence time (MCRT): calculated using Equation 4.1
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Experiments 1 and 2 Experiment 3
(12 replicates) (12 replicates)
(repeated in autumn (Expt. 1) and winter (Expt. 2)) (undertaken in spring)
______________ "|l'_"_'_"_"___'"_'____"-_'I

Filled with the HRAP, water |
) (i.e. P. boryanum dominant) |

Filled with the HRAP, water

(i.e. P. boryanum dominant)
Paddle wheel

/\ Recycling gravity harvested algae
Wastewater influent

II N

30 cm depth Effluent to ASC

30 ¢m depth

Harvest

High Rate Algal Pond M, (HRAP,) M, (HRAP) M, M, M, M.
with recyc”ng (H RAP[) Algal Settling Cone Recycling  Control withoutrecycling Total The liguid component  The solid component  Control without
(ASC,) algal biomass only only recycling
L o o o e e e e e e e e e e e e e e - = = |

Filled with the HRAP, water (i.e. All mesocosms in triplicate

Dictyosphaerium sp. dominant)

Wastewater influent

!

30 cm depth

0.

> |

Effluent to ASC

Harvest
arves M,(HRAP) M, (HRAP,)

Recycling Control without recycling

High Rate Algal Pond

without recycling (HRAP,) Algal Settling Cone ]
e R

All mesocosms in triplicate

| R

Figure 4.1: Schematic diagram for the operatiormafsocosms adjacent to the pilot-scale wastewatatntient HRAPS in
Experiments 1-3.
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In Experiments 1 and 2, six of the twelve mesocose initially filled with water from
HRAP: dominated byP. boryanum(a rapidly settleable alga) and the other six witter
from HRAR. dominated byictyosphaeriunsp. (a poorly-settleable alga). The HRAP waters
used for the mesocosms were pre-filtered usinggu20 mesh to remove large invertebrates
(e.g. Daphnia sp. orMoina sp.) to avoid potential algal grazing. Of the gihxee were
operated with recycling (WMand three without recycling (as controls;) MFor example, the
triplicate mesocosms denoted agHURAP,) were initially filled with HRAR water and

operated with recycling.

Each day settled biomass was removed from therhaifdhe algal settling cone (AQGP.
boryanumdominated biomass) and 2.5 ml was added to theausms (M), which was the
same algal recycling rate as that used in the-pdate HRAR Ultimately, because we
wished to determine the net biomass productivitg, mass of solids that was recycled was

subtracted from the total biomass yield from thesocesms.

Recycling extended the mean cell residence timeRWdn the mesocosms (Mand was

calculated using Equation 4.1.

V X .
MCRT=—— Equation 4.1

ch _Qrexh

Where;

MCRT= Algal mean cell residence time (d)

V: Mesocosm volume (fh

X: Mesocosm biomass concentration (VSS,3y/m

Qc: Net evaporation compensated HRAP effluent flote (a®/d)
Qre: Biomass recycled per day (1 L/d)

Xn: Harvested biomass concentration (VSS g/L)
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The mesocosms were operated as semi-continuowsesuivith the same HRT as the pilot-
scale HRAPs (for the time of year) by daily replaeat (at ~9 am) of a portion of the
mesocosm water with primary settled sewage. DuExperiments 1 and 3 (conducted in the
New Zealand autumn and spring respectively) a 6Rd Mas maintained by replacing 3 L
of mesocosm water each day with 3 L primary sewBge. to rainfall and/or evaporation
the volume removed each day varied slightly, big Was easily managed by removing the
water down to a 15 L volume (marked by a line atbtire side of the bucket) and then 3 L
of primary sewage was added to make 18 L total waddume. During Experiment 2
(conducted in the New Zealand winter), an 8 d HREE waintained by replacing 2.3 L of

mesocosm water each day.

To further investigate why recycling triggered @féects observed in Experiments 1 and 2,
Experiment 3 was conducted to compare the effedayfcling the separated solid and liquid
components of the recycled harvested biomasswlvie mesocosms were filled with water
from the pilot-scale HRARP. boryanundominance of ~90%): three in which the separated
solid component was recycled §Mthree in which the separated liquid componens wa
recycled (M); and three in which the total harvested biomdssth( solid and liquid

components, M was recycled; and three control mesocosms witremytcling (M).

The solid and liquid components of the harvestammbiss collected from ASGvere
separated by centrifugation (3000 rpm for 5 minytesith the supernatant (liquid
component) recycled to ivand the solid component re-suspended with de-dlalied water
and then recycled back todvit the same mass recycling rate as used forAM other

operational conditions and measurements were the aa in Experiments 1 and 2.
4.2.3. Measurement of biomass productivity and settleability

Mesocosm effluent samples (100 ml) were taken iln8s a week during each experiment
to measure volatile suspended solids (VSS) acoprdirStandard Methods (APHA 2008)

and used to determine biomass productivity. Bionm@ssluctivity was calculated using

Equation 4.2 which includes subtracting the inaeead/SS concentration of Mind Ms due

to the recycling from the measured VSS concentratiod adjusting for any increase or

decrease in daily outflow from the mesocosms duaitdall or evaporation. Daily rainfall
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and evaporation data for the experimental site vdesgnloaded from NIWA’s National
Climate Database (http://cliflo-niwa.niwa.co.nz/).

5o (CxQ)-R

Equation 4.2
A

Q. = Q. + ((rainfall - evaporatio) x mesoosmsurfacearea)

Where;

P: Biomass productivity (g/#d)

C: Biomass concentration in the mesocosm (VSS?%)g/m

A: Mesocosm surface area (0.07) m

R: Biomass recycled per day (2.5 mi/d)

Qc: Adjusted daily mesocosm outflow $fd)

Qint: Daily inflow (3 L/d for Experiment 1 and 3, and32/d in Experiment 2)

The settleability of the biomass in the effluemhoved from each mesocosm was measured
in the laboratory over 1 hour using 1 litre Imhodihes. A 50 ml water sample was then taken
from the mid-depth of the Imhoff cone and used &asure VSS, which was compared with
the VSS of the mesocosm effluent to give the 1Hesility.

4.2.4. Microscopic analysis

Microscopic image analysis was conducted threestiduging each experiment (Experiment
1: Day 0, 18 and 39; Experiment 2: Day 0, 18 andi@®neasure algal dominance based on
the biovolume (ufiml) of each species present. This was calculatechbltiplying the
number of colonies of a species (counts/ml) byatrerage colony biovolume (i#foolony).

Full details of the methods and equipment usedeatify algal species, count and measure
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the dimensions of algal cells/colonies, and cateukdgal biovolume were described in
Chapter 2.

Microscopic image analysis was extended in ExpertBgmeasured three times on Day O,
18 and 39) to investigate the influence of recyrlthe solid or liquid components of
harvested biomass d¢h boryanuncolony size and the relative proportions (the nerrdf
colonies, biovolume) of different life-cycle stag@svenile, growth, and reproductive) Bf
boryanumin the mesocosms. ‘Juvenile’ colonies have a diema typically less than 20
um and are still enclosed within a vesicle; ‘growtblonies are actively growing and;
‘reproductive’ colonies contain at least one chitthas released a new juvenile colony
(Davis 1967; Millington 1981; Millington et al. 198 Since the number of cells per
boryanumcolony varies (colonies predominantly have 8, 482cells but some have 4 or
64 cells), the influence of recycling on the diaenetnd biovolume of 8-, 16- and 32-celled
P. boryanumcolonies was also determindel. boryanumcolonies of each life-cycle stage
are shown in Figure 4.2 and the complete life-cgélB. boryanunis described in Chapter
5.

Juvenile

Growth

Reproductive

Figure 4.2: Life-cycle stages (juvenile, growth aagdroductive) oP. boryanum.
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4.2.5. Particle size distribution of algal cells, colonies and algal/bacterial aggregates

On the final day (Day 39) of Experiment 3, mesocesthient samples (100 ml) were taken
to the University of Auckland for analysis of theesdistribution of algal cells, colonies and
algal/bacterial aggregates. A Malvern Mastersizé0(® (Malvern Instruments Ltd.,
Malvern, UK, using laser diffraction with stirrgpesed: 250 rpm; pump: 900 rpm; ultrasonic:
off) was used following the protocol developed bgughton et al (2002) and Ehlers et al
(2011). Three consecutive measurements were magebfsample and averaged to produce
a particle size distribution curve (recorded as@et particle volume in 70 discrete sizes
ranging between 0.45 and 2000 pm).

4.3. Results and Discussion
4.3.1. Effect of recycling on species dominance

Given previous results that recycling can signifiachange algal dominance in pilot-scale
HRAP (Chapter 2 and 3), Experiments 1 and 2 attedhjat replicate this effect in triplicate
mesocosms studied over two different seasons. pefiiment 1, recycling was confirmed to
increaseP. boryanundominance in M(Figure 4.3-1b&d) compared with the controlsc{M
(Figure 4.3-1a&c) in all cases. For example, rdogclto the P. boryanumdominated
mesocosms (MHRAP,)) increased the dominance f boryanunfrom 67 to greater than
90% by Day 39 (Figure 4.3-1d). In particular, rdoyg to the Dictyosphaeriumsp.
dominated mesocosms (ARAP:)) increased the dominanceRfboryanunirom less than
10% to 67% by Day 39 (Figure 4.3-1b), while the dwance ofDictyosphaeriunsp. was
reduced from 50% to less than 10% during the sared In contrast, the dominanceraf
boryanumin theP. boryanundominated control mesocosms without recycling(HNRAP))
declined from 68% to less than 40% (Figure 4.3-lehile the dominance of
Dictyosphaerium sp. in the Dictyosphaerium sp. dominated control mesocosms
(Mc(HRAP)) increased from 50 to ~70% by Day 39 (Figure Xa}-

The ability of the mesocosms to replicate the changalgal dominance in the pilot-scale
HRAPs was confirmed by comparing the mesocosm teesuth data collected from the
pilot-scale HRAPs during the experimental periogyously reported in Chapter 2). It was
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found that the dominance Bf boryanumn the mesocosms ((HRAP;)) increased to 90%
(Figure 4.3-1d), which was similar to the pilot4&cHRAR with 85%, and the dominance of
Dictyosphaeriunsp. in the mesocosms (HRAP.)) increased to 68%, which was almost
the same as the pilot-scale HRA#th 70% (Figure 2.3 in Chapter 2).

This increase if?. boryanundominance in the mesocosms with recycling (i.eyckng P.

boryanumdominated biomass) was further confirmed usingstmae experimental set-up in

Experiment 2. Recycling increased the dominance.dforyanunin the Dictyosphaerium

sp. dominated mesocosmsy{MRAP:)) from 6.5 to 42% (Figure 4.3-2b) or maintained th

dominance ofP. boryanumin the P. boryanumdominated mesocosms (MRAP)) at
greater than 90% (Figure 4.3-2d) compared withctrerols (Figure 4.3-2a&c).

Without recycling

With recycling

100

Algal dominance (%)

100
80
60
40
20

100
80
60
40
20

Experiment 1
Fig. 4.3-1 a. M. (HRAP,)

Experiment 2
Fig. 4.3-2 a. M (HRAP,)

100
80
60
40
20

Experiment 1

Fig. 4.3-1 b. M, (HRAP,)
00

Fig. 4.3-1 d. M, (HRAP,)

Day 0 Day 18
Experiment 2

Fig. 4.3-2 b. M, (HRAP,)

Day 39

Day 36

100
80
60
40
20

Fig. 4.3-2 d. M, (HRAP,)

Day 0 Day 18

Day 36

I Pediastrum boryanum
[1 Dictyosphaerium sp.
[ Scenedesmus sp.

Unicellular diatom
(Thalassiosira sp.)

Figure 4.3: Algal dominance (based on biovolumeamef triplicate and + s.d.) in the

mesocosms with (Wand without recycling () in Experiments 1 and 2.
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Weissman and Benemann (1979) conducted algal camopeatxperiments in the laboratory
with mixed cultures o€Chlorella sp.(a unicellular green alga, cell diameter of 2-8 |aml
Spirulina geitleri(a filamentous blue-green alga, ~6 um in diamater 100-400 um long).
They also found that recycling selectively harveéSpirulinabiomass (using a 26 pm mesh
microstrainer) maintained the dominanceSgirulinain the mixed culture, compared with
cultures without recycling in whicB@hlorella sp. always out-compet&pirulina The work

of Weissman and Benemann (1979) showed that spsmiol was possible for algae with
substantial size differences. However, the redutt: these mesocosm studies combined
with the previous pilot-scale HRAP studies (repoiteChapter 2 and 3) have shown for the
first time in the literature that species contesdiso possible for similarly sized co-occurring
algal colonies.

In order to further investigate why recycling calishe algal dominance to change,
Experiment 3 determined the effect of recycling skparated solid and liquid components
of the harvested algal biomass backtdoryanundominated mesocosms (a schematic is

shown in Figure 4.1).

Recycling the solid component gy/consistently maintained the dominanc&oboryanum
at about 90% over the 39 day experimental periatdhénsimilar way to that shown in the
mesocosms with total biomass recycling)(Figure 4.4c&d). However, recycling the liquid
component (M) reduced the dominance Bf boryanunfrom 90% to less than 70%, which
was a similar decline to that shown in the contnesocosms (M without recycling (from
90 to 67%) (Figure 4.4a&b). Furthermore, both &hd M. had a similar increase in the
dominance oDictyosphaeriunsp. (from 5% to ~30% by Day 39). These resultciadi that
recycling the solid component of the harvested lissr(i.e. th&. boryanuntolonies) was

the key to promote the dominanceRofboryanunin the mesocosms.
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00 a. M, (Control) b. M; (Liquid component only)
B Pediastrum boryanum
[ Dictyosphaerium sp.
N Unicellular algae (<5 pm)
3 Pediastrum daughter cells
£ - B (Unicells: ~8-12 pm)
2 u--& 25 SN
g ¢. Mg (Solid component only) d. M, (Total algal biomass)
£ 100 100
En 80 80
< 60 60
40 40
20 20
0 ~ 0
Day 0 Day 18 Day 39 Day 0 Day 18 Day 39

Figure 4.4: Algal dominance (based on algal bior@yumean of triplicate and + s.d.) in the
mesocosms with recycling the liquid component)Nhe solid component (8
and total biomass (Mand the control (M without recycling in Experiment 3
(Note: All mesocosms were initially filled witR. boryanumdominated pilot-
scale HRAPwater).

4.3.2. Effect of recycling on settleability
Since species type (e.g. either colonial or unitall algae) can significantly influence
settleability (as described in Chapter 2), theatfté the shift in algal dominance found in

Section 4.3.1 was quantified in Figure 4.5 and sanmad with statistical analysis in Table
4.2.
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Experiment 1
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Fig 4.5-1 a. Dictyosphaerium sp. dominated HRAP, Fig 4.5-1b. P. boryanum dominated HRAP water
100 | Water -

@ M,(HRAP) 7

Experiment 2

T T T T T T T T T T T T T T
Fig 4.5-2 a. Dictyosphaerium sp. dominated HRAP, Fig 4.5-2 b. P. boryanum dominated HRAP water
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Days Days
Figure 4.5: 1h-settleability (mean of triplicatedaf s.d.) of the mesocosms effluents with
(Mr) and without recycling (N, and the pilot-scale HRAP effluents during
Experiments 1 and 2.

As shown in Figures 4.5-1a and 4.5-2a, when theowssns were initially filled with water
from the pilot-scale HRAP(which had no recycling) and then recycling waglemented
in the mesocosms (MHRAP:)), 1h-settleability increased. Furthermore, thitee was
reversible, as shown in Figures 4.5-1b and 4.5a2fgn mesocosms were filled with water
from the pilot-scale HRARwhich had recycling), but no recycling was theovided in the
mesocosms (MHRAP)), 1lh-settleability decreased. The change in afles was very

similar at approximately 20%p{value <0.005, one-way ANOVA,; Table 4.2).

As previously addressed, Experiment 3 investigéitedrelative significance of recycling

either the separated solid or liquid componentharfzested biomass. It was found that
recycling both the solid (§) and liquid (M) components maintained similar 1h-settleability
(78% and 79% respectively) compared to 79% whendtaé biomass (the combined solid
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and liquid components) was recycled Figure 4.6). In contrast, the control mesocosms
(M¢) which had no recycling decreased 1h-settleabtlityess than 60% (as had been

observed in Experiments 1 and 2).

100 T T T T T T T —&— M, (Control)
—@— M, (Liquid component only)

90 -£1— M (Solids component only)
- - -M- -M, (Total biomass)
s 80
£
Z 70
=
=
2 60
=

50

40 | | | | | | |

0 5 10 15 20 25 30 35 40
Days

Figure 4.6:1h-settleability (mean of triplicate atds.d.) of the mesocosm effluents with
recycling liquid components (N, the solid component (§1 and total biomass

(Mr) and the control without recycling @vin Experiments 3.
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Table 4.2: Biomass productivity, 1h-settleabiliand statistical analysis for the effect of recyglon biomass productivity

and 1h-settleability during Experiment 1-3.

Experiment 1 Experiment 2 Experiment 3
Inoculum HRAP, HRAP. HRAP, HRAP. HRAP,
Mesocosm M. (HRAP) M, (HRAP,) | M¢ (HRAP,) M, (HRAP,) [ M (HRAP,) M, (HRAP) | M. (HRAP)) M, (HRAP,) M M. Ms M,
Ave. algal biomass productivity (g/mz/d) @ 7.0+£0.8 9.6+0.8 7.8+0.6 10.6+0.5 5.4+0.5 7.3+0.3 4.620.2 6.420.2 9.5+0.7 10.1+0.4 13.9+0.5 14.1+0.6
% increase compared with the control (M) - 37.1+0.8 - 35.9+0.5 - 35.2+0.4 - 39.1+0.2 - - 37.6+0.5 39.6+0.6
1 h settleability (%) 54.6+6.4 77.645.3 55.545.6 79.04£3.9 59.1+5.4 81.1+4.1 36.445.2 59.4+4.4 | 68.315.7 78.3+4.0 79.1+3.2 79.3+2.3
% increase compared with the control (Mc) - 23.045.5 - 23.5+4.2 - 22.043.2 - 23.0+3.3 - 10.0+4.0 10.8+3.2 11.0£2.1
Variables ? p-value
Effect of recycling on Totgl biomass 0.005 0.005 0.008 0.000 - n/a n/a 0.001
1 h settleability S_olld_ fractlc_m only n/a n/a n/a n/a - n/a 0.003 n/a
Liquid fraction only nla n/a nla n/a - 0.018 n/a n/a
Significance >99.5% confidence >99.5% confidence >95% confidence >99.5% confidence >95% confidence >99.5% confidence >99.5% confidence
Effect (all positive) Very strong Very strong Strong Very strong - Strong Very strong Very strong
Effect of recycing on Totfil blomass 0.028 0.069 0.099 0.000 - n/a n/a 0.005
productivity S_ollc_i fractl(_)n only n/a n/a n/a n/a - n/a 0.008 n/a
Liquid fraction only n/a n/a n/a n/a - 0.591 n/a n/a
Significance >95% confidence >90% confidence >90% confidence >99.5% confidence - >90% confidence >95% confidence >99.5% confidence
Effect (all positive) Strong Moderate Moderate Very strong - Moderate Strong Very strong
Note: (1) Recycled algal biomass was subtracted from the algal concentration of M;and Ms (compensated algal productivity)
(2) Significance was compared between M, and M, for Experiments 1-2 and between M. and Ms, M., M, for Experiment 3 to investigate the effect of algal
recycling on productivity and 1 h settleability (One-way ANOVA analysis)
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The increased 1h-settleability achieved by recgatiompared to the control is most probably
attributable to the formation of larger sized algalonies (i.eP. boryanuntolonies) and/or
algal/bacterial aggregates in the culture. Theseldvbave a lower surface area to volume

ratio (and therefore reduced drag) resulting ingadr settling velocity.

As shown in Figure 4.4a, when recycling was ceaselde control mesocosms (Mthere
was a subsequent reduction in the dominanceP.ofboryanumand an increase in
Dictyosphaeriunsp. dominance (which is poorly settleable). Siackoryanuntolonies are
significantly larger (and thus have greater segtlirelocity) thanDictyosphaeriumsp.
colonies (previously addressed in Chapter 2), tii#t & algal dominance to the smaller
colonies would explain the decrease in the lhessility observed in the control
mesocosms. However, a similar lossPofboryanumdominance was also observed in M
(Figure 4.4b), and thus it appears that there asheam mechanism that may contribute to the

changes in biomass settleability.

Extracellular polymeric substances (EPS): The fdionaof algal/bacterial aggregates has
been observed for species siBtenedesmusp. (a common wastewater pond alga) due to
the presence of EPS excreted either by algae tiheessar by bacteria (e.graenibacillus
polymyxa (Laspidou and Rittmann 2002; Lee et al., 2009gEhet al., 2011; Kim et al.,
2011). Laspidou and Rittmann (2002) reported thastnibacteria produce extracellular
polymeric substances (EPS), which promote the foomaof microbial aggregates.
Environmental stresses such as extreme pH, tenuperat nutrient depletion may induce
bioflocculation by promoting EPS production (Benemand Oswald 1996; Higgins and
Novak 1997; Lee et al. 2009). This suggests thttarcompacted and dark conditions at the
bottom of the algal settling cone (ASCenvironmental stressors such as low oxygen
concentrations due to respiration may have trighareincrease in the release of EPS by the
algae and/or bacteria into the surrounding liquRecycling of this liquid component
containing a high EPS content could have promotethdtion of larger algal/bacterial

aggregates in the Mmesocosms compared with the controlg)(M

In order to assess the effect of recycling eachpowmant of harvested biomass on the
formation of large aggregates, the particle siztrithution of the mesocosm effluents was

determined in Experiment 3. As shown in Figure 4etycling the solid and/or liquid
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components similarly increased the upper size efptticle distribution from 400 um (for
Mc) to 1500 pm (for M Ms and M) which included a second peak of particle siz&Qfi-
800 um. These results further imply that EPS inrdogcled liquid component contributed
to the formation of large aggregates of biomass.

Recycling the solid component extended the meahresidence time (MCRT) oP.
boryanumcolonies, enabling the colonies to grow largere Tievious pilot-scale HRAP
study (Chapter 2) presented that recycling extetigednean cell residence time (MCRT) in
the pond by 0.5 d in summer and 3.4 d in winteis Tésulted in an increase in the average
size (biovolume) oP. boryanumcolonies of 50-80% in HRARcompared to that in the
control HRAR. This previous finding was further confirmed iretfeplicate mesocosms in
Experiment 3. As shown in Figure 4.8, recycling soéid component (M) or total algal
biomass (M similarly increased the average colony biovolufimg 2-5 times) compared

with recycling the liquid component (Ylor the control (M) without recycling.
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ﬁ ~  —M,_(Control)

—M; (Liquid component only)
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Figure 4.7: Average patrticle size distribution lgfad cells, colonies and algal/bacterial aggregatése mesocosms with recycling
the liquid component (I, the solid component (§| and total biomass (Wand the control () without recycling
in Experiment 3 (on Day 39).
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a. 8 cells b. 16 cells c. 32 cells
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Figure 4.8: Average biovolume of 8-, 16- and 32ezkEP. boryanuncolonies in the mesocosms (mean of triplicate asdl.)

with recycling of the liquid component (Y] the solid component (8}, the total biomass (Mand the control (V)

without recycling in Experiment 3.
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4.3.3. Enhancing biomass productivity with recycling

In addition to the settleability as discussed abdemass productivity is also of crucial
significance in optimizing HRAPs for wastewateratraent and biofuel production. In this
section, the effect of recycling on net biomassdpobivity is presented in Figure 4.9 and
summarized with statistical analysis in Table 4.2.

The biomass productivity in all the mesocosms dediduring Experiment 1 (Figure 4.9-
1). This is due to the autumn seasonal decreds®liraverage solar radiation (from 11.9+2.5
to 6.8+3.1 MJ/r/d) and average water temperature (from 16.9+118 10+2.1°C). However,
the mesocosms with recycling (Mhad greater (approximately 36% higher) biomass
productivity than the controls (without recycling (Figure 4.9-1a&b; summarizedable
4.2). The results of Experiment 2 (conducted intannfurther confirmed that recycling
improved biomass productivity (by greater than 209§ compared with the controls gM
(Figure 4.9-2a&b; summarized in Table 4.2).

The biomass productivities (Figure 4.9) and lhlesalilities (Figure 4.5) of the pilot-scale
HRAPs at the time when Experiments 1 and 2 werdwatied were similar to those of the
mesocosms that were operated in the same wayHRAP: and M(HRAP); HRAP: and

Mc(HRAP.)). These results indicate that the experimentslected using 18 L, 0.3 m deep
mixed mesocosms were a good representation ofdHermance of pilot-scale HRAPs in

terms of biomass productivity, settleability andadldominance.
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Experiment 1
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Figure 4.9: Biomass productivity in the mesocosmggn of triplicate and + s.d.) with (Mand without recycling (N in
Experiments 1 and 2.
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In Experiment 3, recycling the solid component)fnd total biomass (Mboth increased
biomass productivity by about 40% ¢M13.9+0.5 g/ri/d; M, 14.1+0.6 g/r¥d) compared
with the control (M) or recycling the liquid component (M(Mc: 9.5+0.7 g/mV/d; M.:
10.1+0.4 g/m/d) (Figure 4.10;p-value <0.01, Table 4.2). This result indicated a link
between recycling the solid component (Reboryanuntolonies) and the improvement of

biomass productivity.

18 |- i
16 | /é\ ;3
- \i«? #
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—@— M (Liquid component only)
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Figure 4.10: Biomass productivity in the mesocogmsan of triplicate and + s.d.) with
recycling the liquid component () the solid component () total biomass
(My) and the control () without recycling in Experiment 3.

4.3.3.1. Potential mechanisms behind the improved biomass productivity with recycling

There are several potential mechanisms that magiexphy recycling resulted in (or would

appear to result in) an increase in biomass prazucthese are discussed below:

1. Could recycling have increased the production atdxéal biomass as opposed to algal

biomass?

The relative ratio of alga®( boryanuny algal/bacterial aggregates, picophytoplanktod, a
bacterial-cells was previously estimated by meaguboth the size and particulate organic
carbon (POC) of each component in the pilot-sc&®&R in May 2009 (Broekhuizen et al.
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2012). This study determined that more than 60%heftotal biomass in the mixed pond
water culture was algae as opposed to only abowbbacteria, with the remaining 35% of
algae and bacterial aggregates. Moreover Experiefithe current study found a strong
positive correlation g=0.941) between the mesocosm biomass concentr@fi®8) and
total algal biovolume (as p¥#ml) (Figure 4.11). This indicates that recyclirig dot change
the relative proportions of algae and bacteria,thnd the increase in biomass productivity
was due to a similar increase in both algal andebiat biomass.

To investigate the influence of the wastewater drgeton the increase of biomass
productivity with recycling,P. boryanumwas grown in pure culture on synthetic growth
media under laboratory conditions (Appendix R).boryanunpure cultures with recycling
of harvested algae were shown to have higher plgaluctivity (by 11% at a 4 d HRT and
38% at 3 d HRT) than the controls that had no teoycconfirming that the presence of

wastewater bacteria was not necessary to enhagalepabductivity with recycling.

500

400 + ) i

o©

200 - 4

Biomass concentration (VSS, mg/L)

100 | 4

0 ! I I I
0 1x108 2x108 3x108 4x108 5x108

Total algal biovolume (um?/ml)

Figure 4.11: The correlation between the total lalg@mvolume (un¥ml; integrating
biovolume of three algal species includingboryanum, Dictyosphaeriusp.
and unicellular algae) and biomass concentrati@SMn all the mesocosms in
Experiment 3 ¢=0.941).
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2. Is higher biomass production in the mesocosms reitlycling due to the presence of
larger algal colonies and aggregates because tbey ss susceptible to grazing by
invertebrates, as has been suggested by Schlue(¥87), Kagami et al (2005) and
Hambright et al (2007)?

This was not a factor that caused the increaseghdss production measured in these
mesocosm studies, because the inoculums usedefardbhocosms (i.e. HRAP culture) were
initially filtered through a 200 um mesh to remdagge invertebrates (e.Baphniasp. or
Moina sp.). Moreover, no invertebrates were found durmgine microscopic inspection

of the mesocosms throughout the experimental pgriod
3. Could the increase in biomass production have tessfiom a shift in cell composition?

The biomass productivity of the recycled pond (as?al) could have increased while the
overall biomass energy yield (as k3/d) remained unchanged due to a decrease in energy
content of the biomass. However, the pilot-scaleARRtudy (Chapter 3) showed that as
well as having a higher biomass productivity in HRAvith recycling, the energy content

of P. boryanundominated biomass (21.2+0.3 kJ/g) in the HRARBs also slightly higher
than that of theDictyosphaeriumsp. dominated biomass (20.3+0.8 kJ/g) in the céntro
HRAP: without recycling.

4. DoesP. boryanunmhave a higher specific growth rate than other @miing species?

Specific growth rates of three algal speci®s, boryanum, Scenedesmsp. and
Micractiniumsp. isolated from the HRAP were determined indberatory under constant
temperature and light conditions (20°C; 250 uMélén12/12 light and dark cyclefp.
boryanumwas found to have a slightly lower specific rdtart the other two algae, which
commonly occurred in the pond (Table 4.3). Furtheem in the outdoor mesocosm
Experiments 1 and 2 which were conducted in twieddht season$. boryanundid not
outgrow the other algal species. Indeed, the dommafP. boryanumin the initially P.
boryanumdominated control mesocosms without recycling(fMRAP;)) actually declined
from 68% to less than 40% in Experiment 1 (FiguB2X) and from more than 90% to ~40%
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in Experiment 2 (Figure 4.3-2c). The dominancédaityosphaeriunmsp., by comparison,
increased in the control mesocosms in both expeatsne

Table 4.3: Specific growth rates of three algalcggse Scenedesmusp. Micractinium
sp., and?. boryanunisolated from a wastewater treatment pilot-seHRAP
under constant laboratory conditions (Tempera0&C; light intensity: 250
KUMol/m?/s; 12/12 light and dark cycle).

S‘L%?SS Ispecies Specific growth rate (8)
P. boryanum 0.22 +0.03
Scenedesmusp. 0.24+0.05
Micractiniumsp. 0.27+0.04

5. Are algae unable to fully utilize available light the short hydraulic retention time
(HRT)?

If the pond was being operated with a short HR& ,algal population (concentration) may
have been insufficient to fully utilize the inciddight energy, resulting in sub-optimal algal
biomass production. Implementing recycling incregbe mean cell retention time (MCRT)
without changing the HRT. In this mesocosm stuayckng extended the MCRT by 0.5-
1.4 d depending on season (Table 4.1). It isetbeg, feasible that the increased MCRT by
recycling potentially contributed to the improvedrbass production in the mesocosms (M
and M) by enabling more light to be utilized.

6. Could the higher proportion of larger algal colaigy recycling increase the net growth
rate of the algae, and thus increase biomass piod@c

The previous pilot-scale HRAP study (Chapter 3yaubthat gravity settling selected larger
P. boryanunctolonies from the HRAP effluent, which were thenycled back to the pond.
This implies that recycling increases the relapveportion of largeé®. boryanuncolonies
compared with the pond that had no recycling. Anease in the proportion of large colonies
may have contributed to the increased biomass ptimauin two different ways:

117



Chapter 4: Investigating why recycling gravity hested algae increases harvestability and prodtyctivi

6a. Do largeP. boryanuntolonies grow faster relative to other life-cyctdonies?

Increasing the proportion of larger colonies byofiog may increase the net growth rate of
the algal culture. Tukaj et al. (2003) found thia¢ tmaximum growth oScenedesmus
armatus(as pnih) occurred at when the cells reached about 80&bedf full size. If larger

P. boryanumcolonies also have a higher growth rate than olifeicycle stages, then
preferentially recycling largB. boryanuntolonies would therefore have contributed to the
observed increase in biomass production. The ttiiféerent life-cycle stages (‘juvenile’,
‘growth’ and ‘reproductive’) oP. boryanunare shown in Figure 4.2.

6b. Does the higher number (and proportion) ofda&productive colonies that results
from recycling increase the net growth rate ofdtgal culture?

Recycling during Experiment 3 not only increasee tlumber, but also the proportion of
reproductive colonies in Mand M compared to the control (Figure 4.12a&b). The &igh
number (and proportion) of reproductive colonieyiave contributed to the observed ~4-
fold higher juvenile numbers in the mesocosms wéitycling (Ms and M) compared to
those without recycling (Mand M, Figure 4.12c) after 39 days although the contatde
had higher contamination (~70% boryanumdominance in the controls compared with
~90% in the mesocosms with recycling, Figure 41is result implies that if the new
juvenile colonies had a higher growth rate thanpi#ent reproductive colony, then the net
growth rate of the algal culture would be higherregycling, which may have contributed
to the observed increase in biomass production.

In summary we considered six potential mechanismexplain the observed increase in
biomass productivity achieved from recycling of ethonly Mechanisms 5 and 6 appear to
be plausible.
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Figure 4.12: a. Proportion of reproductively matiiPe boryanunctolonies; b. the number of
reproductive colonies; c. the number of juvnileotoés; d. the number of
growth colony in the mesocosms (mean of tripliGatd + s.d.) with recycling
the liquid component (M, the solid component (§)1 total algal biomass (W

and the control (M) without recycling in Experiment 3.
4.4. Conclusions
The mesocosm experiments in this chapter confirtied recycling gravity harvested
biomass promoted®. boryanumdominance and improved 1h-settleability by >20%

compared with controls that had no recycling. Réegcof the separated solid and liquid

components both maintained 1h-settleability at >&@¥mpared with the controls (~68%),
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increased the distribution of particle size from40D um (in the control) to 10-1500 pm,
and promoted formation of larger algal/bacteriajragates (>500 um). While settleability
was improved by recycling of the separated ‘sdlidttion of harvested biomass (selecting
for larger and faster settling colonies), the samitesults obtained from recycling the
separated ‘liquid only’ fraction of harvested bi@aamplies a second mechanism. This may
be attributable to the increased production ofadlular polymeric substances that improve
settleability. Recycling also improved biomass pr@wvity by >25% in all Experiments (1-
3). There are range of possible mechanisms thdtl aaxplain the increase in biomass
productivity. However, after review all but two wediscounted:i) the mean cell residence
time was extended thereby increasing the algal esdnation and thus allowing better
utilization of incident sunlight; andi} the relative proportion of algal growth stagesigh
may have different net growth rates) was shiftedemptially resulting in an increase in the

overall growth rate of the algal culture.
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Chapter 5

Growth, reproduction and life-cycle of

Pediastrum boryanum

Chapter preface

The pilot-scale HRAP studies (Chapters 2 and 3)maesbcosm studies (Chapter 4) showed
that recycling a portion of gravity harvested bies@'recycling”) promoted the dominance
of a rapidly settling colonial alg&ediastrum boryanurand resulted in increased biomass
productivity and harvest efficiency (‘harvestabléorbass productivity’). Two main
mechanisms behind the improved productivity by céng were suggested in Chapteri: (
the mean cell residence time (MCRT) was extendestelly increasing the algal
concentration enabling better utilization of thecident sunlight andii) the relative
proportion of algal growth stages (which may haifeiknt net growth rates) was shifted,
possibly resulting in an increase in the net grovéte of the algal culture. In order to
investigate these mechanisms, the complete lifeeayfdP. boryanumas well as the timing
and net growth rate of each life-cycle stage westerghined in laboratory microcosm

experiments.

This chapter is based on the following publication:

Park, J.B.K., Craggs, R.J., Shilton, A.N. Growtkepnoduction and life-cycle of the
wastewater treatment High Rate Algal Pond aRgdiastrum boryanummplications for

HRAP operation. Prepared for submission to Envirental Science and Technology.
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Abstract

This chapter describes for the first time the detklife-cycle ofPediastrum boryanum,
a dominant alga in wastewater treatment High RagalA°onds (HRAPS). Experiments
determined the exact timing and net growth rateaxfhP. boryanumlife-cycle stage
(‘juvenile’, ‘growth’ and ‘reproductive’). Juvenild6-celled colonies oP. boryanum
were grown in microcosms under four combinationkgbit (250 or 120 pMol/rfis) and
temperature (20 or 10°C) conditions to simulatersemand winter ambient conditions.
The microcosms were cultured on an inverted mi@pscand a single colony
photographed at 15 minute intervals until reproiunctvas complete. Two asexual life-
cycles and a rarely occurring sexual life-cycle evebserved. The time required to
achieve asexual reproductive maturity increaseh lewer light or temperature (e.g. high
light and high temperature: 52 h; low light and lemperature: 307 h). This indicates
that the minimum hydraulic retention time (HRT)mean cell residence time (MCRT)
needs to be higher than these values to erRbleoryanumto grow in HRAP under
ambient conditions. Recycling a portion of gravigrvested algal biomass is a simple
means of extending the MCRT enabling algae to gamwonger and increasing the algal
concentration. This could contribute to better aasion of available light into biomass,
resulting in higher biomass productivity. This naicosm study showed, for the first time
in the literature, that the net growth ratdPoboryanuntolonies varied between the three
life-cycle stages (‘growth’ > ‘juvenile’ > ‘reprodtive’). The previous mesocosm studies
in Chapter 4 showed that recycling increased theb®au of growth colonies by ~2-fold
and juvenile colonies by ~4-fold. Therefore, asIwad improving productivity by
extending the MCRT, it is likely that recycling alsicreased the net growth rate of the
algal culture by ‘seeding’ the pond with fasterwgiag colonies (i.e. both ‘growth’ and

‘juveniles’).
5.1. Introduction

Chapters 2, 3, and 4 reported that the algal geedgstrumand particularly the species
Pediastrum boryanurhas beneficial attributes for wastewater treatmertigh Rate
Algal Ponds (HRAP), particularly its higher produity and efficient removal by simple
gravity sedimentatiorP. boryanuncolonies in a pilot-scale HRAP were shown to have
6-60 times greater biovolume (560-120003d@pending on colony age and cell numbers)

than co-occurring colonial algae suctDeEsmodesmusp. (=530 urf), Micractiniumsp.
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(~680 und) or Dictyosphaeriunsp. (~2070 pur), and unicellular algae (~200 @Esuch
asChlorellasp.).

P. boryanunwas maintained at greater than 85% dominanceeipitbt-scale HRAPfor
two years by recycling a portion of gravity hanesstalgal biomass (‘recycling’)
(Chapters 2 and 3). Increased dominancé.oboryanumimproved biomass harvest
efficiency from less than 60% (in the control HRAKthout recycling) to over 85%
(Chapter 2). Furthermore, recycling improved anraxarage biomass productivity by
~20% in the HRAP compared with the control HRARver one year (Chapter 3).
Subsequent mesocosm studies conducted adjacehe tpilbt-scale HRAPs further
confirmed that recycling improvedd. boryanumdominance by 20%, 1h-settleability by
20%, and biomass productivity by 25% compared wathitrol mesocosms which had no

recycling (Chapter 4).

The increased productivity and settleability thatrev achieved by maintaining.
boryanumdominance in HRAP could improve the economic vigbdf HRAP for both
wastewater treatment and algal bio-energy prodaciizo main mechanisms behind the
improved productivity by recycling were identifigdllowing the HRAP mesocosm
studies (Chapter 4)i)(when the HRAP is operated with too short a HRThsd not all
available light is utilized, recycling extends thean cell residence time (MCRT) thereby
increasing the algal concentration enabling bettiézation of the incident sunlight and,
(i) the relative proportion of algal growth stagesigh may have different net growth
rates) was shifted, resulting in an increase imtktegrowth rate of the algal culture. To
investigate these mechanisms further, the lifeecyaf P. boryanumwas required,
including the exact timing and net growth rate atle life-cycle stage (‘juvenile’,

‘growth’ and ‘reproductive’).

Many environmental (light and temperature), operal (pH, CQ and nutrients) and

biological (zooplankton grazers and algal pathoggraameters can influence algal
productivity in HRAPs. In particular, light, whicprovides the energy source, and
temperature, which influences the rates of biocbahreactions are key environmental
parameters for the growth of photoautotrophic atgdtures that are not nutrient limited
(Sandnes et al. 2005; Carvalho et al. 2006). Teeciicle and intracellular structure of
Pediastrum sp. . boryanum, P. duplex, P. simpleand P. tetrag and their

morphological response to environmental conditivege only been studied to a limited
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extent and the exact details of the life-cyclePofboryanumhas not been described
previously (Davis 1967; Millington and Gawlik 196Meustupa and Hodac 2005; Rojo
et al. 2009). To investigate these mechanismsdurthe research in this chapter, has
observed for the first time, the complete life-eycbf P. boryanum including
determination of the timing and net growth rateeath life-cycle stage (‘juvenile’,
‘growth’ and ‘reproductive’) in response to the kggrameters of light and temperature.

5.2. Materials and methods

P. boryanumwas grown in microcosms to determine the timind aat growth rate of
each life-cycle stage and how they were affectedstoynmer and winter light and
temperature conditions. Batch culturesPofboryanumwere then grown under similar
summer and winter conditions, to relate the colifieycycle data to culture growth and

production.
5.2.1. Isolation of Pediastrum boryanum from a wastewater treatment HRAP

P. boryanuntolonies were isolated in two separate seasonsni®u and winter) from a
pilot-scale HRAP treating domestic wastewater s fRuakura Research Station,
Hamilton, New Zealand. A technique combining sedi#ltion and isolation of single-
cells was conducted using an inverted microscopes#erilized equipment and sterile
liquid growth medium. The composition of the mediwas based oBold 3N medium
(Shi et al. 2007)but adjusted to contain 5 mg/L of PEP (K2HPQ:) and 20 mg/L NH'-

N ((NH4)%SQs). The N and P concentrations was to mimic the eptrations of the
diluted domestic wastewater that was fed into tiet-pcale HRAPs, which were
simulating operation with recirculation of treaffluent (Chapters 2 and.3)

Cultures of colonies that were isolated duringwvivger and summer were grown in algal
growth chambers (Contherm Scientific Ltd 6150CP@2B) that simulated winter and

summer light and temperature conditions respedti(eble 5.1).

129



Chapter 5: Growth, reproduction and life-cyclePafdiastrum boryanum

Table 5.1: Culture conditions of the summer andevialgal growth chambers.

Parameters Summer growth chamber Winter gromth chambe
Hours 14 10
Day  Light intensity (LMolrVs) 250 120
Temperature (°C) 25 13
Hours 10 14
Night  Light intensity (LMolrfi/s) 0 0
Temperature (°C) 19 9

5.2.2. Microcosm experiments to determine the influence of light and temperature on

thelife-cycle of P. boryanum

A microcosm was formed in a Uterm6hl chamber comgi 10 ml of the growth medium
which was then placed on an inverted light micrpscglLeica Microsystems, 400x
magnification) equipped with a microscope camermdd DFS 420c) with an external
light source (Leica CIS 150; programmed for a 1B:light:dark cycle) (Figure 5.1). The
microscope light was also programmed to turn oecosds before and off 2 seconds
after taking a photo to minimize the effects of visry high light intensity (~5000
KUMol/n?/s which is ~2.5 fold greater than maximum sumnagr lehht intensity) on the

colony growth.

P. boryanumcolonies can have either 4, 8, 16, 32, 64, or d&lB& per colony that are
arranged as a single layer disc (Moner 1953; DH9&3; Slavinski and Hillson 1984). In
Chapter 2, monthly monitoring ¢f. boryanumdominance in a pilot-scale HRAP over
one year showed that 16-celled colonies accountanidre than 50% of the. boryanum
biomass.Therefore, 16-celled colonies were used in thighystiror each experiment a
juvenile 16-celled colony (still enclosed withirvesicle) was isolated from a pure stock

culture and placed into the microcosm.

The experiments were replicated three times and e@rducted under four combinations
of conditions; high and low light intensity (250ca20 pMol/n#/s) and high and low
temperature (20 and 10°C) in a culture room. Tigétliintensity of the inverted
microscope light source was measured using a Uitd©O0 Quantum Sensor placed

beneath the base of the microcosm containing 16f growth medium.
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Microscope light
Light on for 10 seconds before taking photos—|

Microscope camera

(photos taken

at 15 minutes
intervals)

‘o _. External light Asingle
> (12:12 hrs P. boryanum
light:dark : colon
Pe Timer cycle) Inv.erted light (growth and t)i,ming
FRICFQSCORE of life-cycle
(400x) stages measured)

Figure 5.1: Microcosm experimental set-up on aneiited microscope to monitor and
measure the growth of a single 16-celtliastrum boryanuroolony.

5.2.2.1. Microscopic image analysis

Photographs were taken through the microscope atid6te intervals during the light
period and at 60 minute intervals during the daekiqa (to minimize the effect of the
very high intensity of the microscope light) unproduction was complete. Growth of
the P. boryanumcolony (measured as an increase in biovolume), temishg of the

different life-cycle stages were determined by wscopic image analysis (Leica
Application Suite, LAS version 3.1.0) at the endeafch experiment. Biovolume was

calculated from colony length, width and thicknaseig Equation 5.1 (Table 5.2).
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Table 5.2: Measurement of the diameter and bioveluwh P. boryanumusing
microscopic image analysis (note: as the colony plased flat on the
surface of the microcosm, depth of the colony watsdirectly measured.
Colony depth D) was calculated by multiplying the colony widt/)(
0.067 (a ratio based on >500 measuremen®s bbryanuncolony width
and depth, Chapter 2).

Microscope photo Top view Side view

Geometric measurement

Calculation of colony

. . _ T
biovolume Equation 5.1: V = Z[Il_ WD

L: length (um)W: width (um)D: depth (um)

5.2.3. P. boryanum batch culture experiments

Batch cultures oP. boryanunwere then grown in 1 L sterile culture flasks ursieilar
summer and winter conditions, which was to enabée dolony life-cycle data to be
related to culture growth and production. PRrdoryanuncultures (800 ml) were made
up from 200 ml oP. boryanumnoculum (taken from an exponential phase stottkice)
and 600 ml of fresh growth media. The cultures vgeosvn for 20 days in triplicate under
simulated summer or winter conditions using innad¢bht had been isolated and cultured
under the same conditions (Table 5.1). Each culss sampled twice a week to
determine the number and biovolumeRofboryanumcolonies in each life-cycle stage
(juvenile, growth or reproductive). Bacterial cantaation in the cultures was also

examined at least twice a week by microscopic aigly
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5.2.3.1. Determination of light and temperature levels for the summer and winter
growth chambers

The temperatures of the growth chambers that stedibinter and summer conditions
were determined using water temperature data fitotigrale HRAP that was collected
using a multi-probe DataSorftiat 15 minute intervals during the New Zealand s@mm
(December to February) and winter (June to Augiisting one year (2008-2009) (Park
and Craggs 2010). Since there was a large diuar&tion in pond water temperature,
the median of the daily daytime medians and theianedf the daily night-time median

temperatures were calculated and used as the tetapersettings for the simulated
summer (light, 25 °C: dark, 19°C) and winter (ligh®°C: dark, 9°C) conditions (Table
5.1).

Previous studies in the literature have used awatg range of light intensities (~20-500
KUMol/n¥/s) in laboratory studies (Sandnes et al. 2005; &hal. 2008; Rojo et al. 2009).
No exact method has been given previously to detertie light intensity to simulate
the light environment in an outdoor HRAP (i.e. €30 deep, mixed algal culture with an
average algal biomass concentration of ~220 mgAummer and ~180 mg/L in winter,
Chapter 3). The average irradiation over the 3@epth of the pilot-scale HRAP can be
determined using Equation 5.2 suggested by Morof@@50).

1—e™
kL

Ippe = %fOL Ipe™®dx = Iy( kL) Equation 5.2
Where;

lave Average light irradiation over the depth (LMot/g)

lo: Light irradiation on the pond surface (uMotfis)

L: Pond depth (cm)

k: Attenuation coefficient depending on algal biomesncentration in pond

Light profiles within the 30 cm deep pond (measwatd 1 cm interval from 0-10 cm and
a 5 cm interval from 10-25 cm, using a LI-190 QuamtSensor) were measured three
times on a fine clear day (~12 pm) when the algahlass concentration in the pond was
approximately at the average level (winter: 180lmgummer: 220 mg/L) (Chapter 3)
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and plotted as shown in Figure 5.2. The attenuatoaificient k) was determined using
an exponential curve fit in Microsoft Excel (Figuse). Average light irradiations of 250
and 120 uMol/rf's were calculated and used as the light settingghie simulated
summer and winter conditions respectively.

a. Summer b. Winter
2000 T T T T T T T T T T

——y=1635.4*e-0.218x) R=0.996 T y=938.4%e"(-0.266x) R=0.992
1500

1000

500

Light irradiance (uMol/m?/s)

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Depth (cm) Depth (cm)

Figure 5.2: The light profiles (mean of triplicated * s.d.) within the 30 cm deep pilot-
scale HRAP in summer (a) and winter (b) to deteentime average light
irradiations (Note: the light profiles were measliom a fine clear day at ~12
pm when the algal biomass concentration in the poasl approximately at
the average level for summer: 220 mg/L (a) and evirkt80 mg/L (b)).

5.3. Results and Discussion
5.3.1. Thelife-cycle of Pediastrum boryanum

Microcosm experiments were conducted to deterntiedite-cycle ofP. boryanumby

monitoring the growth of single 16-celled juvenitelonies until reproduction was
complete. The influence of light and temperaturagrengrowth of each life-cycle stage
(‘juvenile’, ‘growth’ and ‘reproductive’) is summized in Table 5.3 and the exact life-
cycles ofPediastrum boryanunmcluding asexual and sexual life-cycles is iltagtd in

Figure 5.3. A common asexual life-cycle (LC 1) anrely occurring asexual life-cycle
(LC 2) were identified (Figure 5.3). Both asexufd-kycles began with the reproducing
cell of a colony dividing and forming motile zoosps (typically 16 zoospores), which

were released from the cell within a vesicle.

134



Chapter 5: Growth, reproduction and life-cyclePafdiastrum boryanum

In LC 1, the zoospores swarmed for approximateidutes within the vesicle, then
became non-motile and aggregated to form a dishatecame a new juvenile colony
(with 16 cells). This colony consisted of a centall surrounded by concentric rings of
6 and then 9 cells. The juvenile colony grew slowlthin the vesicle for approximately
4 h (high temperature and high light) to 25 h (lmmperature and low light) until the
vesicle disintegrated. A growth stage then followeavhich two spines (prongs) grew
out from the external wall of each of the 9 peri@heells. Pyrenoids (the site of carbon
dioxide fixation within algae chloroplasts; (Moreerd Chapman 1960)) developed within
all cells of the colony. The colony continued tawrfor up to 52 h (2.2 d, high
temperature and high light) or 307 h (12.8 d, lemperature and low light) when it
reached reproductive maturity (Table 5.3) at whigte the pyrenoids disappeared.

In LC 2, the vesicle ruptured soon (~4 minutesgrafbospore disc formation, releasing
individual cells into the culture medium (Figure3b. The single cells grew to
reproductive maturity, and divided forming motileospores which were released from
the cell within a vesicle (after approx. 72 h). Timaing of the stages of LC 2 (e.qg.
formation of the pyrenoid, reproductive maturitpdazoospore formation) were similar
to those of LC 1. The juvenile colony then eithezvg through LC 1 or if the vesicle
ruptured and released single cells, underwent anatycle of LC 2. Some aspects of
Pediastrunsp. intracellular development have been previously dieed in the literature
(Hawkins and Leedale 1971; Millington et al. 19&awlik and Millington 1989) and
much of asexual LC 1 has been describeééaliastrum simplefDavis 1967). However,
determination of the precise timing of each lifeleystage, by observing the growth of a
single juvenile colony microscopically has not beeported previously. Moreover, this

is the first time that another asexual life-cydl€ (2) has been described.
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72 hrs
— e o— @y
o Gametes (=] ‘_"P Spherical @
. S, i Syngamy formed zygote
& ~ D el ) o ) (~5min) formed Cell division
: A Whe o B0 \Ohrs . started
e Sexual life-cycle cjaiiiop
SRR Motile > (Total= ~65 hrs) completed /
) e o cells Free swimming &2 Y ;
' p Reproduction within \ . zoospores S’@
Reproduction completed vesicle 4 mins .‘,
started (
Movement
Separate new
zoospores

stops *

Ohrs

48 hrs Growth of
cells completed ( 1) Prongs and ‘
A S exua_l pyranoid
development
2 1" light
growth 12 hrs

" Motile cells
within vesicle
(2)
1*tdark

Gl Asexual
life-cycle

31 dark (Total= ~72 hrs)
growth

life-cycle
(Total=~72 birs) §disinteg‘]/féltte-’se

s 29 light

Cell division
started

Timeline
for the

24 hrs life-cycle
48 hrs

Figure 5.3: The asexual and sexual life-cycledPetliastrum boryanundetermined by observation of the growth of single
cells/colonies grown in a microcosm under 250 pMék (12:12 h light and dark cycle) at 20°C.
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Table 5.3: The influence of light and temperatundlee growth of 16-celle®. boryanuntolonies.

Temperatur High (20°C Low (10°C
Light intensity High Low High Low
(LMol/m?/s) 25C 12C 25C 12C
Juvenile stac  Ave. length ottime (h! 3.7£1.8 7.2+1.] 6.6+1.2 2555
Ave. diameter (um) 20.9+0.2 20.0£0.6 20.9+0.6 20.2
Ave. biovolume (urf) 480+4.2 418+12.2 480+3.2 43246.2
Growth stag Ave. length of time (F 49.115.: 124.8+10.; 108+9.¢ 280.8+£1t¢
Ave. diameter (pun 28.3+0.¢ 39.7+1.C 34.8+1.: 36.60.¢
Ave. biovolume (1) 1334442 3680+62 3030+31 3352445
Reproductive sta¢ Ave. time to reacl 52.844.0 (~2.2 ¢ 132.5+10.5 (5.5 114.646.5 (~4.7 ¢ 307+£10.5 (~12.8 (
reproductive maturity (|
Ave. diameter (um) 38+1.0 56.1+0.6 5540.5 61.7+£1.2
Ave. biovolume (1) 28871234 9291+301 87551241 123604735
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Sexual reproduction d®. boryanumwas only observed once in all of the experiments,
and then only under high light and high temperatamditions (Figure 5.3). The sexual
life-cycle of otherPediastrumsp. such af. duplex, P. tetraand P. simplexhave been
described in the literature and are also reporteddcur very rarely (Davis 1967;
Millington 1981; Millington et al. 1981; Rojo et.a2009). As illustrated in Figure 5.3,
sexually reproductive cells were observed to divide two gametes (biflagellate motile
haploid cells, <2 um) that were released into thikuce medium. When two gametes
from different mother cells came into contact, ttieyed together and within about 5
minutes formed a spherical zygote. The sphericgbteygrew for about 65 hours (~3
days) and then released a vesicle containing zoesgm a similar way to the asexual
life-cycles). The zoospores swarmed for approxifgateminutes within the vesicle and
once released from the vesicle each zoospore gréfoamed a new colony (in 3 or more

days) as in the asexual LC 2.
5.3.2. Influence of light and temperature on the life-cycle of P. boryanum

The effect of the light intensity and temperaturetbe occurrence of LC 1 and 2 is
summarized with statistical analysis in Table 5Phe laboratory microcosm
investigations found that most (80-98%) cells ofumaP. boryanuntolonies reproduced
by LC 1 under the experimental conditions testegufe 5.4), although the proportion of
cells reproducing by LC 2 did increase at the highenperature (20°C compared with
10°C) (Figure 5.4a and c). Occurrence of LC 2 wflsenced by temperature particularly
under higher light conditionp{value <0.001, one-way ANOVA, Table 5.4) and by light
under both high and low temperature conditiops/glue <0.05, one-way ANOVA;
Table 5.4). The increased occurrence of early legigpture and LC 2 at higher
temperature might be due to higher production tiviag of enzymes such as autolysin
that dissolve the vesicle membrane and releaseotbspores before they have fused into

a new colony (Millington and Labavitch 1986).

As addressed in Chapter 2, the size of algal celt®lonies affects the settling velocity.
Therefore an increase in the occurrence of the k€leasing small individual cells may
reduce algal settleability fromme HRAP effluent. As shown in Figure 5.4a andhe, t

occurrence of LC 2 was reduced when the light sitgrvas low in the simulated summer
conditions (i.e. high temperature). This result rmaggest that operating the HRAP with

somewhat higher algal concentration (and thus asing light attenuation through the
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pond depth) may reduce the number of small, posetyleable individual cells

reproducing by LC 2, which could possibly increatgal settleability from the HRAP
effluent.

Table 5.4: One-way ANOVA analysis of the effecttwé light intensity and temperature
on the occurrence of LC 1 and 2.

Parameters LC1 LC 2
Effect of Temp. under High Light  P-value <0.001 <0.001
Significance 99.9% 99.9%
Effect Very strong Very strong

Effect of Temp under Low Light P-value <0.01 <0.01
Significance 99.0% 99.0%

Effect Strong Strong

Effect of Light under High Temp. P-value <0.005 <0.05
Significance 99.5% 95.0%

Effect Very strong Strong

Effect of Light under Low Temp. P-value <0.005 <0.05
Significance 99.5% 95.0%

Effect Very strong Strong

a. High Light & High Temp. b. High Light & Low Temp.

(=) ®
S S
(=] (=}
1 1

40.0 .

20.0 - -

LC1 LC2 LC1 LC2

(=
(=}

c. Low Light & High Temp. d. Low Light & Low Temp.
100.0 .

80.0 - .

Proportion of P boryanum life-cycles (%)

[*] £ (=)
S S 9
(=] (=} (=}
1 1 1
.

LC1 LC2 LC1 LC2

|

Figure 5.4: Relative proportion of two asexual cefuction cycles (LC 1 and LC 2) i
boryanum microcosm experiments under high or low light (250 120

uMol/né/s) and high or low temperature (20 o @) conditions.
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The growth ofP. boryanumcolonies (in terms of the average length of tinmel a
biovolume to reach the next life-cycle stage) ia thicrocosm experiments varies with
light and temperature conditions (Figure 5.5 andmearized in Table 5.3). After a short
‘juvenile’ stage, colony biovolume rapidly incredsan the ‘growth’ stage until the
‘reproductive’ stage when growth declined (Figur8)5The number of cells within a
Pediastrumcolony remained constant after juvenile colonyrfation, and thus colony
growth was only by an increase in the biovolumendividual cells. This process of
colony biovolume growth differs substantially frahmt of co-occurring colonial algal
species in a wastewater treatment HRBRtyosphaeriunsp. (i.e. commonly found in
the pilot-scale HRAP) (Chapters 2 and 3), mainlgrémses colony biovolume by
increasing the number of cells per colony. Thedenies then disintegrate into single

cells, which divide to form new colonies (Irfandiland Moss 2006).

The time necessary for colonies to reach reprodeictiaturity under simulated high light

summer conditions (high temperature, 20°C) was $2.h d) (Figure 5.5a; Table 5.3).

However under low light summer conditions (i.e.rhigmperature but low light intensity,

simulating an extended period of cloudy weathewbere HRAP algal concentrations

are high) this increased to 132 h (5.5 d). Simjlafie time taken to achieve reproductive
maturity in simulated winter conditions (low tematmre, 10°C) increased from 114 h
(4.7 d) under high light, to 307 h (12.8 d) undmw light (Figure 5.5b; Table 5.3).

The size of reproductively mature colonies alseéased from 2880 pthunder the high

light summer optimal conditions to 12360 fiamder the low light winter conditions (low
temperature and low light) (Table 5.3). These teswére further confirmed by the pure
batch culture study d?. boryanumshowing that under the simulated winter condgion
colonies need to grow larger before reproductiommenced (Figure 5.6). Previous
researchers have found that when algae were gromerisub-optimal conditions, the
rates of metabolic processes (e.g. enzyme actpitgtosynthesis, respiration, and cell
division) decrease, so that more time is requiceckfich reproductive maturity (Mihara
and Hase 1971; Laws 1982; Falkowski 1984; Geidat.€t986; Agusti 1991). Geider et
al (1986) and Agusti (1991) also reported that usdb-optimal conditions, algae require
larger intracellular energy reserves (such as t¢ad@te or lipid vacuoles) to initiate cell
division to form zoospores. Therefore, the incraasmlony biovolume under low light

and temperature conditions may have been due tadtuemulation of sufficient energy

reserves to initiate cell division.
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a: Simulated summer (high temp. 20°)

b: Simulated winter (low temp. 10°)
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Figure 5.5: Increase in colony biovolume of a srth-celled?. boryanuncolony cultured in a microcosm under simulated m@m(a: high
temperature, 20°C) and winter (b: low temperat@@C) conditions at two light intensities (high:@FMol/n?/s; low: 120
uMol/m?/s). (Note: three consecutive experiments were ucted for each set of conditions and the resuksamed to produce

a growth curve. Life-cycle stages: ‘J': juvenil&’! growth; ‘R’: reproductive).
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Figure 5.6: Average colony biovolumes for thrededéntP. boryanuniife-cycle stages (‘J’: juvenile stage; ‘G’: grdwstage;
‘R’: reproductive stage) under simulated winter anchmer growth conditions in laboratory batch aeksua: 8-celled
colony, b: 16-celled colony and c: 32-celled colpny
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5.3.3. Implications for wastewater treatment HRAP

The time required to complete the life-cycle Bf boryanumgives an indication of the
absolute minimum mean cell residence time (MCRT)Ho boryanumdominant HRAP
operation, i.e. the minimum MCRT to enaBleboryanunto grow in the pond. The results
presented in Table 5.3 indicate that minimum MCRTS2 h (~2.2 d) and 114 h (~4.7 d)
would be required to maintain a viable populatié®®oboryanununder the simulated high
light summer and winter conditions respectiveladPnatically, MCRTs in full scale HRAPs
need to be somewhat higher than these minimum wvaloieprovide resilience against
variation of inflow rate which changes the hydrauktention time (HRT) and fluctuations
in environmental parameters such as light and testyre which impact on the algal growth

rate.

In commercial algal production systems the MCR@&asily controlled by adjustment of the
inflow rate and thus the HRT (which is the samdhes MCRT in systems that have no
recycling). However, increasing the MCRT of a fetlale wastewater treatment HRAP by
decreasing the inflow rate is not practical becdaheesystem must treat all of the wastewater
inflow. One option is to increase the HRT (and tthesMCRT) by increasing the pond depth
(and so increasing the pond volume). However, arosimple and practical means for
increasing the MCRT without changing the HRT isgtoycle a small portion of the harvested
algal biomass back into the HRAP (Chapter 1).

The pilot-scale HRAP study in Chapter 2 showed thaycling only ~10% of daily algal
biomass production increased the MCRT by ~0.5 dasummer and ~1.2 days in winter.
This increased the algal concentration and resutied 20% higher ‘in-pond’ biomass
productivity measured consistently over the one g&perimental period compared with the
control without recycling (Chapter 3). This benefitrecycling was further replicated in the
HRAP mesocosm studies in Chapter 4 where recycéimglarly improved biomass

productivity by >25%.

Six mechanisms were reviewed in Chapter 4 as pgessiplanations for this increase in
biomass productivity. For example, the possibitifythe increase in biomass productivity

being due to an increase in bacterial biomass ptauwas considered but refuted by

143



Chapter 5: Growth, reproduction and life-cycldPefdiastrum boryanum

replicating the effect using puRe boryanuncultures in the laboratory (Appendix A). At the
conclusion of Chapter 4 the two remaining plausibézhanisms were:

(i) the HRAP mean cell residence time (MCRT) wasrekee thereby enabling algae
to grow for longer and increasing the algal conediun, so that incident sunlight

was more fully utilized, and

(i) the relative proportion of algal growth stagesih may have different net
growth rates) was shifted, resulting in an incraasbe net growth rate of the algal

culture.

Mechanism i) would certainly be expected if the HRAP was opegat an algal
concentration that was sub-optimal for utilizing fhcident sunlight. However, mechanism
(i) is relatively novel because limited informatiosutd be found in the literature, reporting
that differential growth rates can exist acrosddifferent stages of an algal life-cycle (Tukaj
et al, 2003) and no prior publications have idedifthis as a potential mechanism (or an
operation technique) to improve biomass produgtiiit HRAP. Indeed, to date, detailed
observation of the life-cycle &?. boryanumhas not previously been reported to the extent

that net growth rate data for the different lifecleystages was available.

In the following discussion, aided by the improwatblerstanding of the life-cycle &f.
boryanumwe seek to examine the likelihood of mechanisjrbéing viable.

1. Was there any time when the increased biomass gtigity could not be explained

by mechanismi) alone?

As shown in Figure 5.7, light profiles measuredhe HRAP showed that at certain periods
the incident light reached the bottom of the poh@mbiomass concentration was lower than
~200 mg/L in both summer and winter. During suchaaks biomass productivity could be
improved when the algal concentration was incredsgdecycling thus making more
efficient utilization of the incident light. Howewrehere were also periods during when the
control HRAR had biomass concentrations well in excess of 26/ rand thus a portion of
the pond depth was in the dark due to light atteonabut recycling still improved biomass

productivity (e.g. December 2000; boryanunmwas dominant in both HRAPs; HRAWRIth
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recycling: productivity of 17.6 g/ffd; HRAPR: without recycling: productivity of 13.6
g/n?/d, Chapter 3). This further increase in produtyimay be supported by vertical mixing
within the 30 cm deep HRAP enabling sufficient tiglvailability for algal growth despite
the overall decrease in light in the pond causethbyncreased biomass (Grobbelaar 1994;
Grobbelaar et al 1996; Chapter 1). Although, tlemsd mechanism may be needed to fully

explain the increase in biomass productivity achiewith recycling:

10000 T T T T T T T T T T

—S—310mg/L —5—280mg/L
- - 210 mg/L == 110 mg/L
T f <= 80 mg/L ©= 60 mg/L
= 1000 8 1
[+]
=
3
g -
g - ~-¢
» S o é i Ry
o 100 -
S ~ o
>
2 ~ { \
g ~
= . I~
-f-f 10 N EP . . !
) o~ ~200 mg/L .
- N (averaged between Y
P 280and 110 mg/L) o
1 1 1 I 1 1 dy N
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Water depth (cm) Water depth (cm)

Figure 5.7: Light profiles within the 30 cm deepopiscale HRAP depending on culture
biomass density (measured as TSS) in summer (ayiuer (b).

2. Do P. boryanuniife-cycle stages have different growth rates does recycling alter
the proportion of life-cycle stages, resulting miacrease in the net growth rate of
the pond culture?

Microcosm experiments with single boryanumcolonies showed, for the first time in the
literature, that the net growth rateRf boryanundoes vary with life-cycle stage (‘growth’
> ‘juvenile’ > ‘reproductive’) under all the exparental conditions tested (Figure 5.8 and
Table 5.5).
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Figure 5.8: Net growth rate th plotted against biovolume (i#munder high and low light
conditions (250 and 120 pMol?s respectively) and at two temperatures (high
at 20°C and low at 10°C) (‘L": Light; ‘T": Tempenate).

Table 5.5: Net growth rate thof different life-cycle stages (‘juvenile’, ‘graw and
‘reproductive’) ofPediastrum boryanuroolonies.

Temperature High (20°C) Low (10°C)
Light intensity High Low High Low
(LMol/né/s) 250 120 250 120
Ave.
Juvenile growth  0.061+0.006 0.0400.004 0.042+0.003 0.012+0.004
rate (h')
Ave.
Growth  growth  0.0730.022 0.057+0.011 0.04420.014 0.01520.006
rate (h')
Ave.
Reproductive growth  0.022+0.020 0.028+0.018 0.01520.007 0.00420.001
rate (h')
Average growth rate of -, 54, 036 0.044+0.020 0.037+0.018 0.013+0.006
colony (h')
Maximum growth rate of - 447.6 453 0.069+0.012 0.060+0.002 0.022+0.008
colony (ht)

Note: Net growth rate was calculated using Equ&ii@rbelow;

Equation 5.3Net growth rate (1) = %Zt/mtl); t, >ty
274

wherem are biovolumes at the different time poirtisandt,) respectively
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The previous pilot-scale HRAP study (Chapter 3)wattb that gravity settling selected for
largerP. boryanuntolonies from the HRAP effluent, which were theoycled back to the
pond. Since the largest ‘reproductive’ coloniesualty have the slowest growth rate
(Figure 5.8 and Table 5.5), recycling reproductiedonies back to the HRAP would not
further improve biomass productivity. However thesocosm study in Chapter 4 showed
that recycling increased the number of growth delerby ~2-fold (Figure 4.12d) and
juvenile colonies by ~4-fold (Figure 4.12c) commhte the controls without recycling,
indicating that recycling of larger colonies apsetar effectively work to ‘seed’ the HRAP

with the faster growing ‘growth’ and ‘juvenile’ cmies.

Further research is required to carefully deterntime change of size distribution and
proportion of each life-cycle stage ifPaboryanunculture with recycling. However, given
that this study has shown that net growth rateegaoetween life-cycle stages (‘growth’ >
‘juvenile’ > ‘reproductive’) and mesocosm studidsowed that there were times when
recycling increased the proportion of algae witjhieir growth rates (‘juveniles’ and ‘growth’

stage colonies) then mechanidim does appear to be viable.
5.4. Conclusions

A common and a rarely occurring asexual life-cyfl®ediastrum boryanurfLC 1 and LC

2) and a very rare sexual life-cycle were obseiwnedetail for the first time. Study of the
common asexual life-cycle (LC1) under simulated simand winter conditions indicates
that minimum mean cell residence times (MCRTSs) @& @1d 4.7 days respectively are
required to promote reproduction and maintain calfproductivity. This study confirmed
that recycling a small portion of harvested biomamgd be a simple and practical method
to extend the MCRT (without changing hydraulic n¢ien time) to longer than the minimum
values, increasing the algal concentration. Thidably contributed to better conversion of
available light into biomass, resulting in the heglbiomass productivity observed in the
HRAP. The life-cycle study showed for the first &inthat the net growth rate varies between
P. boryanumlife-cycle stages (‘growth’ > ‘juvenile’ > ‘repradttive’). The previous
mesocosm studies in Chapter 4 showed that recyahiagased the number of growth
colonies by ~2-fold and juvenile colonies by ~4dfolTherefore, as well as improving
productivity by extending the MCRT, it is likelyahrecycling also increased the net growth
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rate of the algal culture by ‘seeding’ the pondwiitster growing colonies (i.e. both ‘growth’

and ‘juveniles’).
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High Rate Algal Ponds (HRAPS) are an efficient andt-effective system for wastewater
treatment and produce algal biomass which couleédommomically converted to biofuels.
However, little fundamental research has been oteduto optimise biomass production
and harvest (‘harvestable biomass production’) ftbese ponds. The main hypothesis of
this Ph.D. was: ‘Recycling a portion of gravity Wested biomass back into the HRAP
improves harvestable biomass production’. To canfithis hypothesis, a series of
experiments was conducted using pilot-scale wasewaeatment HRAPs, outdoor

mesocosms and laboratory microcosms.

Firstly, to investigate the influence of recycliog species dominance and biomass harvest
efficiency, two identical pilot-scale HRAPs treafimlomestic wastewater were operated
under ambient conditions over two years either vathwithout recycling. In Year 1,
recycling promoted the dominance of a rapidly sgjttolonial algaPediastrum boryanum
from 53% to greater than 90% (Chapter 2). In Yeaseding the original control HRAP
with P. boryanundominated biomass harvested from the HRAfR recycling shifted the
algal dominance from 89®ictyosphaeriunsp. (a poorly-settleable alga) to over 98%
boryanumin just 5 months (Chapter 3). These results averyears showed for the first time
in the literature, that recycling a portion of gtgwharvested biomass could enable species
control of similarly sized co-occurring algal coles in an outdoor wastewater treatment
HRAP.

The higher dominance of the rapidly settleable,&gaoryanunin the HRAP with recycling
improved biomass harvest from the HRAP effluengtavity sedimentation (annual average
harvest efficiency was 85% compared with only ~6@24he control without recycling
Chapter 2). Unexpectedly, recycling also improveslih-pond biomass productivity of the
HRAP by 20% compared with the control HRAP withoetycling (HRAR: 11 g/n¥/d;
HRAP:: 9 g/n?/d) (Chapter 3). The combination of the increadechass productivity of the
HRAP and the increased biomass harvestability vatlycling improved the ‘harvestable
biomass productivity’ by 58% compared with the coh(HRAP:: 9.2 g/n?/d; HRAPR:: 5.8
g/mé/d). This is particularly important because impnmeat of the harvestable biomass
productivity (i.e. net biomass yield) from wastegratreatment HRAPs could benefit the

energy production potential. Overall, recyclingreesed the net biomass energy yield by
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66% (HRAR: 195 kJ/m/day; HRAR: 118 kJ/m/day) through the combined improvements
in biomass productivity, harvest efficiency andnaall increase in algal biomass energy

content (Chapter 3).

To confirm the reproducibility of these findingsdainvestigate the mechanisms responsible,
twelve outdoor 18 L mesocosms were studied over different seasons. This research
confirmed that recycling establishdel boryanumdominance, and improved biomass
productivity (by >25%) and settleability (by >20%ympared with controls that had no
recycling. Another mesocosm study compared reayabihthe separated solid and liquid
components of harvested biomass to that of un-aggghbiomass. Settleability was improved
by recycling of the ‘solid’ fraction, selecting fdarger and faster settling colonies.
Surprisingly recycling the ‘liquid’ fraction causedsimilar improvement in settleability as
recycling the solid fraction, potentially indicaginthat recycling the liquid fraction of

harvested biomass may contain extracellular polimseibstances that improve settleability.

Several possible mechanisms to explain the incri@as®mass productivity with recycling
were identified, including an increase in bactebmimass production (although this was
refuted by laboratory pure culture experiments, é&ppx A). However, the two most
plausible mechanisms wer@) the HRAP mean cell residence time (MCRT) was reckel
thereby enabling algae to grow for longer and iasirey the algal concentration, so that
incident sunlight was more fully utilized, anid) (the relative proportions of algal growth
stages (which have different net growth rates) stafted, resulting in an increase in the net

growth rate of the algal culture (Chapter 4).

To investigate the mechanisms behind the improvedyztivity, a microcosm study of the
life-cycle of P. boryanumwas conducted under four combinations of light (260120

puMol/m?/s) and temperature (20 or 10°C) conditions (Bdid Bedium used), including
determination of the timing and the net growth saté each of the life-cycle stages
(juvenile’, ‘growth’ and ‘reproductive’) (Chaptes). This study showed for the first time
that the net growth rate varies betwé&erboryanuniife-cycle stages (‘growth’ > ‘juvenile’

> ‘reproductive’). The previous mesocosm studiesCimapter 4 showed that recycling
increased the number of growth colonies by ~2-fatdl juvenile colonies by ~4-fold.

Therefore, as well as improving productivity by emding the MCRT, it is likely that
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recycling also increased the net growth rate ofallgal culture by ‘seeding’ the pond with

faster growing colonies (i.e. both ‘growth’ andvgniles’).

This Ph.D. work has demonstrated that recyclingrign of gravity harvested biomass could
be a simple and practical method to enhance biomaskictivity, harvest efficiency and
energy content, which contribute to achieve higharvestable biomass productivity’ and

‘energy yield’ in wastewater treatment high ratgahponds.
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Algal recycling enhances biomass productivity in

Pediastrum boryanurure cultures

Preface

Chapters 2, 3 and 4 showed that recycling a podiagravity harvested biomass (i.e. algae
and associated wastewater bacteria biomass) ingbrbienass productivity in both the
pilot-scale wastewater treatment HRAPs and mesosddéfhile recycling did not change the
relative proportions of algae and bacteria in thAR culture (Chapter 4), the contribution
of the wastewater bacteria to the improved bionmassluctivity with recycling was not
certain and still required investigation. TherefBediastrum boryanurwas grown in pure
culture on synthetic growth media (containing iramg carbon) under laboratory conditions
to determine the influence of recycling on the pi@tvity of P. boryanumwithout the

presence of wastewater bacteria.
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Abstract

Recycling a portion of gravity harvested biomass. (algae and associated wastewater
bacterial biomass) has been shown to improve bismasductivity by maintaining the
dominance of a rapidly-settleable colonial alBadiastrum boryanurmn both pilot-scale
wastewater treatment High Rate Algal Ponds (HRA®) mesocosms. While recycling did
not change the relative proportions of algae ancdteb@a in the HRAP culture, the
contribution of the wastewater bacteria to the orpd biomass productivity with recycling
was not certain and required further investigatrboryanunmwas therefore grown in pure
culture on synthetic growth media (containing iremg carbon) under laboratory conditions
to determine the influence of recycling on the ptity of P. boryanumwithout the
presence of wastewater bacteria. Six B.lboryanuncultures were grown over 30 days in
a laboratory growth chamber simulating New Zealsuneimer conditions either withJror
without (R) recycling (100 mg harvested biomass recycled gragduced / day). The
productivity of cultures with recycling (Pwas higher than that of the controls without
recycling (R) when the cultures were operated at both 4 andHRds (by 11% and 38%
respectively). This result confirmed that the pneseof wastewater bacteria was not

necessary to improve algal productivity with reaygl
1. Materials and methods
1.1. Isolation of P. boryanum and composition of synthetic growth media

Details of the method oP. boryanumisolation from a wastewater treatment pilot-scale
HRAP and the composition of the sterilized synthetastewater growth media (based on
Bold 3N medium, (Shi et al. 2007)) were describe/jpusly in Chapter 5.

1.2. Operation of pure P. boryanum semi-continuous cultures

A schematic diagram of the laboratory experimesrghown in Figure 1, and the simulated
summer growth conditions summarized in Table ltifleetion for the light and temperature

used in the simulated summer culture conditionsgiasn in Chapter 5. All glassware and
micropipette were sterilized using an Autoclave ¥Q High Pressure Steam Sterilizer ES-

315) to minimize contamination of bacteria and fuhging the experiment.
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Table 1: Light/dark cycle, temperature, light irdiy of the simulated summer algal
growth chamber.

Simulated Summer

Conditions
Hours 14
Da Light intensit
y (ﬁMol/mZ/s)y 250
Temperature (°C) 25
Hours 10
Night Light intensity 0
(uMol/m?/s)
Temperature (°C) 18

Six 1 L pure cultures d?. boryanum(200 ml ofP. boryanumstock culture and 600 ml of
Bold 3 growth medium) were grown over 30 days eitki¢h recycling (P or without (R).
The cultures were mixed with a magnetic stirrer bad 1% CQ in air was added
continuously. The hydraulic retention time (HRT)saaaintained at 4 days for the first 20
days (D0-D19) and then reduced to 3 days for thraneing 10 days of the experiment (D20-
D30). The cultures were grown in semi-continuousuce by replacing a portion of the algal
culture with new growth media daily (200 ml durithg 4 d HRT and 265 ml during the 3 d
HRT).
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1% CO, + Air mixture 10% settled algae was recycled daily 1% CO, + Air mixture

Flask was covered
to prevent
contamination

Culture replaced daily

Supernatant was
decanted for the
measurement of VSS

Supernatant was
decanted for the
__ | measurement of VSS

100 ml

Culture was mixe
using a magneti
stirrer

S_Su

Settled for 1 hour Settled for 1 hour

P. boryanum culture with recycling settled P. boryanum culture without recycling settled
algae (P,) in triplicate algae (P.) as control in triplicate

Figure 1: A schematic diagram for tRediastrum boryanuroultures with (B recycling and without (.

16C



Appendix A

Algal settleability (results not presented) wased®ined by settling 100 ml of the culture
effluent in a settling chamber for 1 hour, afterietha 90 ml volume of supernatant was
gently decanted and used to measure VSS and cotnpiinethat of the culture effluent. The
remaining 10 ml containing rapidly-settleaBleboryanuncolonies was used for recycling
back to the Pcultures. A 10% mass recycling rate (100 mg haegebiomass recycled / g
produced / day) was previously shown to give thghést increase in algal biomass
productivity in outdoor mesocosm studies (Park.e3@bmitted). Based on the 10% by mass
recycling rate, the volume that was recycled eaoh(@.2-2.6 ml or 2.8-3.3 ml for the 4 d
and 3 d HRT respectively) was determined using phevious days’ average algal
concentration in the;Rulture effluents and the average settleabiliptek comparison with
the average algal concentration in thewture effluents on the day of recycling showeat t
the actual mass recycling rates during the 4 d3athdHRT culture periods were 10.3-11.0%
and 9.9-10.3% respectively.

1.3. Analysis

The volatile suspended solids (VSS) of the culefflient samples was measured at least
three times a week according to Standard MethoB&i& 2008) using 100 ml of the sample
of culture effluent. Algal productivity (mg/L/d), @& calculated based on the VSS values
using Equation 1. The initial increase in VSS caoicgion in the Pcultures due to the
recycling was subtracted from the measured VSS erdretion before calculating the
productivity.

p-(CxQ-R Equation 1
\%

Where;

P: Volumetric algal productivity (mg/L/d)

C: Algal concentration of the culture effluent (VS8g/L)

Q: Culture volume replaced daily (4 d HRT: 0.2 L3dj HRT: 0.265 L/d)

R: Recycled algal mass per day (mg/d)
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V: Total culture volume (0.8 L)

Microscopic image analysis was conducted to detegrthie colony size distribution in the
cultures on Day 19. Full details of the methods @maipment used to count and measure the
dimensions of colonies were described in Chaptan@ 5. Bacterial contamination in the

cultures was also examined at least twice a weekibgoscopic analysis.
2. Results and Discussion
2.1. Improving algal productivity by recycling

The influence of recycling on productivity (measiiees mg/L/d) is presented in Figure 2 and
the results are summarized with statistical ansliysiTable 2. When initially operated with
a 4 d hydraulic retention time (HRT), both cultu@sand R) had an initial fast growth phase
(D0-D8) followed by slower growth phase (D9-D19igiie 2). During the fast growth phase
over the first 8 days, the algal concentrationathlzultures rapidly increased from 35 mg/L
to 196 mg/L (P and 185 mg/L (B. Thus, the Pcultures had slightly higher productivity
than the controls @P(P: 54.1+2.7 g/r/d; P:: 51.3+1.9 g/ré/d on Day 8). When both cultures
were in the slower growth phase (D9-D19), thecBitures had 11% higher average
productivity than the controls (P62.4+2.6 g/r¥d; P 56.1+1.3 g/r¥d; P-value <0.05,
Table 2). From days 20 to 30 when the HRT was redltc 3 days, the algal concentration
in both cultures declined (Figure 2). However, #verage productivity in the, Rultures
(50.6£11.2 mg/L/d) was 38% highdP-falue <0.001, Table 2) than that of the controls
(33.5+2.5 mg/L/d).

The previous studies in both pilot-scale HRAPs amasocosms showed that recycling a
portion of gravity harvested biomass, containimgpaland associated wastewater bacterial
biomass, improved biomass productivity by >20% (@ea3 and 4). This study using pure
P. boryanumcultures has showed that recycling algae aloree @ravity harvestedp.
boryanum colonies) also increased algal productivity, coniing that the presence of
wastewater bacteria was not necessary to achievie¢heased productivity with recycling
in the pilot-scale HRAPs and mesocosms.
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Table 2: Average algal concentration, productivityd one-way ANOVA analysis of

the effect of recycling on productivity.

Hydraulic Retention Time (HRT, d) 4 3
Culture periods DayO - 19 Day 20 - 30
P. (control) R (recycling) R (control) R (recycling)
Ave. algal conc. (mg VSSI/L) 218.2+13.9" 242.0+16.6Y 114.2+68.2 177.7+61.2
Ave. productivity (g VSS//d) 56.1+1.3 62.4+2.6 36.5+2.5 50.6+11.2

Effect of recycling on productivity

% increase n/a 11.242.2 n/a 38.6+9.7
P-value® n/a <0.05 n/a <0.001
Significance n/a >99.5% confidence n/a >99.99% cortfiden
Effect n/a Strong n/a Very strong

Note:
(1) Calculated when the growthPf boryanumreached steady state growth phase on Day 8
(2) Compared productivity betweep&hd R using One-way ANOVA analysis
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Figure 2: Algal concentration and productivity imre cultures ofP. boryanumwith
recycling (F) and without recycling @@ under simulated summer culture
conditions over 30 days at two HRTs (4 d: DO - b8 3 d: D20 - D30).
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3. Conclusions

This laboratory study confirmed that wastewatertér@de@ are not necessary for the
improvement of biomass productivity achieved byoliag in the pilot-scale HRAPs and
mesocosms. Recycling algae alone (i.e. large grahdrvestedP. boryanumcolonies)

increased the average algal productivity by 11% 4id HRT and 38% in a 3 d HRT in the

pureP. boryanuncultures (i) compared with the controlsdP
4. References

Park, J. B. K., Craggs, R. J., Shilton, A. N (20Hject of different algal biomass recycling
rates on the productivity, settleability and domio@ofPediastrum boryanumm high
rate algal pond, 10th IWA WSP specialist group eoerice, Cartagena, Columbia,
Submitted

Shi, J., Podola, B. and Melkonian, M. (2007) Renhafanitrogen and phosphorus from
wastewater using microalgae immobilized on twinelay an experimental study.
Journal of Applied Phycology 19, 417-423.

164



Appendix B

Appendix B

Measurement uncertainty for biomass

productivity

Preface

This appendix is to determine measurement uncéytiinthe biomass productivity during
the period of the pilot-scale HRAP studies over fx@ars (Chapters 2 and 3)
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The measurement of the VSS concentrat@rafd flow rate Qinr) could affect the calculated
biomass productivity of the HRAP®). Thus, the uncertainty (% error) for the biomass
productivity was calculated by adding together twheertainty in flow measuremeni(f):
Equation 1) and VSS analysis(C): Equation 2).

1. Uncertainty for flow measurement was due to theraassociated with the flow rate
of the submersible pump (DOC3/A, Lowara). To detaamnthe uncertainty, the
variation of flow rate of the pumps was measureladt three times during each 1
year experiment when the pumps were recalibratedl then uncertainty was
calculated using Equation 1 (Huang et al. 2010 Uicertainty(f)) was estimated

at £0.8% based on the mean flow ra%)(of 1.31 L/sec and standard deviation (
E) of the flow rate of 0.01 L/sec.

g x100

u(f)=
f Equation 1

u(f): uncertainty for flow measurement

Af: The standard deviation of the measured flow rate

E : The mean value off

f : The mean value of the measured flow rate

2. Uncertainty for VSS analysis included the errosoagted with: the weighing of the
pre-washed and oven dried GF/C filters using ajit dnalytical balance (Denver, Sl
234); the accuracy of measuring the sample volusiagua 50 ml measuring
cylinder); drying (at 100°C) and incinerating (&04C). To determine the uncertainty
for VSS analysis, a pond water sample was takem filee each HRAP and six
replicates of VSS were measured and then uncertaire calculated using Equation
5 (Huang et al. 2010). VSS of 265.7+6.5 mgi(Q): 2.4%) for the HRAPand VSS
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of 210.31£5.4 mg/L(C): 2.6%) for the HRAPwas determined in October 25, 2009.
Thus, the uncertainty for VSS analysis can be edg@that £2.5%.

x100

<| &

u(C) =
Equation 2

u(C): Uncertainty for VSS analysis

AX: The standard deviation of the measured VSS coratem
AX : The mean value aofX

X : The mean value of the measured VSS concentration

Overall, the uncertainty in the biomass produgtibiased on VSS measurement was
identified at £3.3% (adding(C) of £2.5% andu(f) of +0.8%).
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