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The Engineerindoctorate (EngD)

A Note

The Engineering doctorate (EngD) is a postgraduate qualification scheme initiated in 1992
and issupported by the Engineering and Physical Sciences Research Council (EPSRC). The
programme is split between a Masters of Research (MRes) component in the first year and a
three year doctoral component. It is similar in many respects to a PhD, exce &oldéd
requirement for an industrial sponsor and a component consisting of taught modules. The
fundamental purpose of an EngD is to undertake research that is of PhD standard but with
greater industrial relevance to the sponsoring company. In this respé&ctigD may differ
somewhat from a traditional PhD, with the research usually found to be more application
orientatedIn practice this means that many EngD projects will give particular consideration

to factors and findings that would add commercial ath@e to a sponsoring company.

Industrial Sponsor

The project was initiated by Battle McCarthy (Ltd), an architectural design consultancy based
in London. As a result the original aims of the project were orientated more towards the built
environment, and included the development of a suitable phototioretor use as a
building fagade. Litigation with UCL resulted in the sponsorship being rescinded, and a new
sponsor was sought out. After a period of undertaking research with no industrial sponsor, the
current industrial partnership with Varicon Aqual8iomns (Ltd) was initiated, with Mr Joe
McDonald (Managing Director) taking the role of industrial supervid@aricon Aqua
Solutions is an original equipment manufacturer based in theTb&y have over 20 years'
experience in the design, constructiond adeployment of algal photobioreactors and
aguaculture production systemdsmajor part of their business is teapply, instakitionand
commissioimg of both laboratory and industrial platforms for the cultivation of algae to a
broad range of global paktrs. To dat¢heyhave deployed over 120 photobioreactor systems
across the world. These installations include horizontal tubular systems sutiie as

Bi oFence™ pl atf or m, syseesis such lad theaPhyedscew f,enad nd e a
internally illuminatedsystemthe PhyceP y x i s ™.,



Abstract

Applied research is increasingly defined within a context of sustainability and ecological
modernisation. Within this remit, recent developments in algal biotechnaleggonsidered

to hold particular promise in intednag aspects of bioremediation and bioproduction.
However,there arestill a number of engineering and biological bottlenecks related to large
scale production foalgae; including requirements toeduce both capital expenditure
(CAPEX) and operational expditure (OPEX). One potential avenue to reduce these costs is
via feedstock substitution and resource sharing; often described as industrial symbiosis. Such
an approach has the benefit of providing both environmental and economic benefits as part of
an obe o r e.fThigthesisysét oub investigateand addresbow best to approach some

of the cost related bottlenecks within the algal industiyrough a process of industrial
integration and novel system design. The doctorate focussedpplicationswithin a
Northern European context and was split into four research tdpiesfirst and second parts
identified a suitable algal strain and were followed by the characterisation of its growth on
wastewater; with the findings showi@hlorella sorokiniang UTEX1230 capable of robust
growth and rapid inorganic nutrient removal. The third part detailed the design, construction
and validation of a lower cost and fully scalable modular airlift (ALR) photobioreactor,
suitable amongst other applications for uséhin wastewater treatment. This work
concluded with a pilot scale deployment of a 50 L ALR system. The fourth research section
detailed the costs of ALR construction and operation at a wastewater treatment works, with a
particular focus on the benefitbat can be derived by industrial symbiosis. The thesis
concludes with an appraisal of the ALR design and considers the potential for the technology,
particularly within a wastewater treatment role. A final consideration is given to the

practicalities of dveloping the algal industry within the UK in the short to medium term.
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1. Balancing Industrial and
Environmental Requirements

1.1. Understandindenvironmental inpact

The increasingly interconnected amglobalised worldof today has changednmeasurably

from that ofthe preindustrialised era. Alongside the considerable human progress a growing
understanding of environmentdamage andnismanagemenhas led to calls for betr
balancing of industrial and environmental nedHserett et al. 2010)Despite prescient
warnings of pioneering environmental thinkers such Mslthus, Fourier, Tyndalland
Arrhenius, it was largely not until the latter half of the "2Qentury that a more
comprehensiveinderstanding of environmental issues developéd shift in thinking was
driven bya risingsocietalconsciencehat had been gaining momentwwince the late 1960s
and early 19704Gunter Brauch 2005)A direct result of this concern is the increasing
number of modernday scientists and engineersdedicating their researcko a better
understanding of human @érenvironmental interactiond’he body of work within these
individual fields is too large and varied to outline comprehensively within this thesis; but has
highlighted theconsiderabldosses in habitat and biodiversigused by human activifiKerr

and Deguise 2004, Robinson and Hermanutz 20b&)ortantly, this work has also raised
awareness dhe severity with whickturrent industrial practices aadtering boththe global
climate andcausing rapid depletion of natural resouresley et al. 2005)Whilst these
changes present considerald@d imminentcause for concern, they also present an
unprecedented opportunity to-oeganise the global economy towards greatevironmental

and sustainable consideratighsibchenco 1998)

Perhaps one dfhe greatest challenges facing our interaction with the environimehe
projected rise in populatiosize and the impact this will have on both economic and
environmental developmeiftubchenco 1998, Liddle 2014, Guerin et al. 201y 2050
some projections expect a population rise of Billion people, with almost 70% living

within the urbanised environme(€ohen 2003) Further estimates predict that 70 million
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hectares of new land will be required to feed this populationussgg conventionalcrop
productionmethods(FAO 2009) Other types of urban infrastructure will also struggle to
keep upwith these demographic changes particular drinking water and wastewater
treatment facilitiegrealreadyfound to beoverstretched in mamgreagDaigger 2007,)Other
likely consequenresof this population increase will be a growthtire demand for consumer
necessitiescreating an upsurge in theeed for raw materials ancdesulting in further
intensification ofindustrialactivity (Cole and Neumayer 20Q4Jhis increase in activity will
inevitably incur a considerable and variedvironmentalburden in locations across the
planet. Perhaps the bigge®ncern amongst scientists and policy makers alike is the increase
in atmospheriacarbon dioxide levels as a result of this industrial activitye international
panel for climate change (IPCC) projections have shown a rise in carbon diexale
between 25-60% in the years20062050 when compared to a baseline in 1950is rise
would amount to an atmospheric concentratiorcarbon dioxidebetween 4050 ppm,
which is almost double the pedustriallevels of 260280 ppm.This changeas expected to
have considerableimpact on the planet, potentially alteringntire ecosystems, weather
patterns and sea levels, whilglacing greater strain onexisting infrastructure and

communitiegHoughton et al. 2001, Rahaman et al. 2011)

1.2. Sustainale Development

1.2.1.The Role of Engineering

In response to these environmental challenges sienand engineers have created
frameworks for sustainable development. These sustainable practices could be described as
being varied and widespread, having no distinct origin or dogma. As a result describing such
activities can be somewhat challengingt bne of the most widely used definitions can be
attributed to the United Nations (UN) Brundtland Commission report from 1987. It describes

sustainable development dgjevelopment that meets the needs of the present without
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compromising the ability of ture gene at i ons t o meet t(Brundtand own n
1987) Within this remit both scientific and engineering solutions have a key role to play
within the sustainable development of industrial practices, and act as major drivers for change
(Bell, Chilvers and Hillier 2011)In practical terms it is the role of the environmental
engineer to liaise with stakeholders to provide sustainable solutions for both industry and the
wider community to lessen their environmental impact. This can occur through the
deployment of stegharmge technologies or through incremental improvements and
optimisations(Bell et al. 2011) The resultant solutions can range from relatively-teah
improvements to agricultural practices in the developing world, e.g. through novel tool
design or improved irrigation practices; to more grandaseeps such as the deployment

of large scale geengineeringprojects including atmospheric cooling or carboapture and
storage (CCS|Wigley 2006, Gibbins and Chalmers 2008)

One of the foremost concepts sustainable engineering todays t hat owhich r es i |
has gaineaonsiderable traction within the disciplifRahimi and Madni 2014, Righi, Saurin

and Wachs 2015)hetermis widely used withirmany fields(Bahadur, Ibrahim and Tanner

2010) and although its meaning is somewhat nebulousetioéogical dénition is widely
accepted; wi t hthe capagity lofi aesystera to bespond go pérturbations and
changes, by resisting damage, recovering and maintaining fufigidn(Webb 2007)(see

Figure 1.1). This differs from the definition of robustness, which can be described as the
“ability of a system to resist change with
(Wieland and Marcus Wallenburg 201Zheconcepif resiliencehas particular relevance to

how modern economiand industrial activity needs d adapt to a variety of global
uncertainties; includinglimatechange and resoursearcity, whilstconcomitantlylessening

its impact on the environmerfRuth and Lin 2006) The role of moderrenvironmental
engineers igwofold, firstly to predict and interprethesefuture challenges by studying

sydem dynamics andhteractions, and secondly to initiate the creatiommmire resilient

infrastructure.
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Perturbation

event A

Resilience

B.
Collapse

System development

— ~a

Time

Figure 1.1. Potential /stemresponses teerturbation events.

The displayed system can recowajectoryor collapse in any number of ways after a perturbation eVéuet.

analogy works well with both environmental and industrial systems. For example the system could be a
wastewater treatment works, which takes a storm surge of floodwater. The system can either adapt to handle the
inflow, trajectory (A) or is pushed toollapse, with a failure of function, trajectory (B). Adapted fr@mebb

2007)

1.2.2. Ecological Modernisation

Another key tenet of current sustainability discourse is the increasing role of ecological
modernisationJanicke 2008, Mol, Spaargaren and Sonnenfeld 20l term is used to
describe a range of practical policies and incentives aimed at lessening the environmental
impact of industry within developed capitalist countries. The strategy was first conceptualised
in Germany during the 1980s and can be describedf@smework in which all participants
within the economy can stand to benefit from a move towards more environmentally
conscious modes of productigMol and Sonnenfeld 2000)The approach challenges the
fundamental presumption that economic development and environmental protection are

diametrically opposed, by trying to find atpaay that does not inhibit growth and rewards
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firms that are environmentally innovatiy®ol et al. 2014) The approach is popular in the
European Union (EU) and practical examples include the incsintiviof green innovation
through policy changes, entrepreneurialism or consumer attitude change. Notable instances of
success can be found in the attempts to usdapatling and sustainable productdesign in

order to change consumer behaviour; as agthe development of hybrid vehicles and novel
energy initiatives such as solar panel purchasing subgiggek and D Schlosberg 2005)
Despite these achievements ecological modernisation is not without its criticisms, having
been described as a supply side solution which fails to tackle issues of excessive consumption
and environmental degradatiovithin modern market economig¢soster 2002)One such

policy failure propagated by ecological modernisation can be seenwidéspread addpn

of bioethanol production in the United States Corn Belt, andhpact this has had on global

food priceqGallagher 2008Naik et al. 201Q)Another prominent example is thentroversy
surrounding palm oil productigmvhich has beedriven by global demand faiternatives to
petroleum oils This has resulted in thdeforestationand depopulationof large tracts of
rainforest withinenvironmentally vulnerableegions inSouth East AsigGallagher 208,

Lapola et al. 2010)

1.2.3.The Growth of thdiobased=Economy

The exploitationof naturally occurring bioprocesses for human gain is by no means a novel
conceptand haslong beenadapted and refinethroughout history. Prominent examples of
well-developed bioprocesses includaking, brewing, wastewater treatment and a range of
pharnaceutical production processéSarrouh et al. 2012)There have also been many
notable advances within the biorenewable sectors over recent fearhe most parthe
reasons for successful adoption of biologigedcessesvithin an industrial contextan be
attributed tothe complex enzymatic conversions that can be achigeduiotrarsformation.
This is especially the case when the molecule in question is congpiear( enantiomer), of

a protein/macromolecular nature, reqdifer use within the food chain, or is desired to be
biodegradable(Straathof, Panke and Schmid 2008 ommercial examples includée
production ofhigher value bieactives, such as antioxidants, pigmef@srowitzka 1992)

immuno-proteins(Petrides, Sapidou and Calandranis 198%) vaccinegBerndt et al. 2007)
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Current research and development is focussing on biomolgcabtiuction for the bulk
commodity markets, including compounds like the polyhydroxyalkanogésis) and
polylactonesyhich can be used ithe production of biodegradable plastiP®irier, Nawrath
and Somerville 1995, Luengo et al. 2008} well as the development of second gatien
biofuels; which include ethah and butanofrom lignocelluloseand other unconventional
feedstocHamdinck, Hooijdonk and Faaij 2005)

A key part of ecological modernisation policy is the development of less intensive and more
sustainable routes for the production of everyday commod@iesturier and Thaimai 2013)

In this respectecological modernisation policy $&apromoted the development of
biotechnology as a sustainable and high growth industry.iesded to considerable levels

of investment from both the private and state sectors within the Organisation of Economic
Co-operation and Development (OECP)borne 2009, Cantor 2000, Ghatak 2011, Moran
2012) Whilst within the EU 27, the advanced bioeconomy already makes up an average of
6% of the total gross domestic product (GDP) of member states. Future projéatidims
OECD grouping show that biotechnology may contribute to some 35% of total chemical
production, 80% of pharmaceutical production and 50% of agricultural output by the year
2030 (Oborne 2009)Currently amajority of this biotecmological output is formed from

parts of the medicalor pharmasectos, ot herwise known as red
companies range size from small staips to specialised divisions of larger pharmaceutical
multinationals A smalleryet sizablemarket shee within the sector is taken upy * gr een
bi ot echnol ogvhich agpertaipta bidesved technologies and processesdus
within the agricultural s e c t o hite bicteehmolofyi n a | m
which describes more industrialised forms of biotechnology anepitmoessing(DaSilva

2004) Looking towards the future it is likely that both the green and white sectors will play a

larger role in thesustainable intensification of agricultural, chemical and environmental

sectors.
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2. Algal Biology and Biotechnology

2.1. An Introduction toAlgal Biology

Algae constitute a diverse set of photosynthetic organisms, which can range in size from
single cellular bodies to multicellular seaweeds. Extant specirdeptay polyphyletic
evolution and can befound in both the eukaryoticand prokaryotic kingdoms.Current
estimates place the number of algal species between 200,000 and 800,000, of which
approximately 35,000 have been classifi&gbenezer, Medlin and Ki 2012Most algal
species share the common ability to undertake photosynthesis; in which the energgttom li

is used to drive the fixation of carbon dioxide into organic compounds. The photosynthetic
efficiency of many algal strains is considetadher than that of land plant&ith a range
between 2% under practical conditions, comparedhe 0.1-2% seenin plants(de la Noue

and de Pauw 1988Yhis is attributedo their simpler cellular structure and growth within
agueous medigSheehan et al. 1998\ testament to thisonsiderableoutput is that algae
cortribute betweerd0 t050% of global photosynthetic activity, whilst only comprising%

of total plant carbofParker, Mock and Armbrust 2008, Falkowski 1994)

The green algae are amongst the largestomst understood grouping of these photosynthetic
micro-organisms, and form a separate paraphyletic order within the kingdaliplantae. It

is believed that green algae arose from a primary endosymbiotic event around 1.5 billion
years ago, where thegsitid of a cyanobacterium was engulfed by a heterotrophic organism
(Leliaert et al. 2012)Higher plants (embryophytes) which are also contained iR ldretae

group are their direct evolutionary descendafRalmer, Sols and Chase 2004)The
Viridiplantae group is split between two clades; tGblorophyta which contain the majority

of described algal species; and thgeptophytafrom which higher plants can trace their
lineage(Leliaert et al. 2012)In terms of morphologthe green algae are a diverse group, and
include unicellular and colonial species, often taking coccoid or filamentous forms as well as
forming macroscopic seaweeds. Some unicellular green algae are motile and in this case
usually display two flagella pearell. To date there are estimated to be over 8,000 species of
green alga€Guiry 2012) and the structure of a typical cell is showrFigure2.1.
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Figure 2.1. Diagram of a Chlamydomonagell.

A widespreadjreenalga that is often cultivated within research laboratatigs to its robust features and well

characterised genominage courtesy qfAthena 1996)

Photosynthesis occurs in the chloroplasts of green algae, which danggmuantities athe
pigments chlorophyla andb, giving the cells a characteristically emerald colouration. Most
species also contain a wide array of accessory pigments such asalbmtne and
xanthophylls which are stacked within the thylakoid structures of the chloroplast. The cell
walls often contain heterand homepolysaccharides, with starch being the preféficem

of carbohydrate storage. Algae produce a wide array of oils, with most found in the form of
triglycerides, located in droplets or within cellular membranes. The rest of the cell is
comprised of a mixture of complex polysaccharides, protein and haksisosalts.
Reproduction and cell divisiocan varyconsiderably amongst the different species, but the
most common form is closed mitosis which occurs via a phycoplast; referring to the

microtubular structure observed during cytokingkisek, Mann and Jahns 1995)
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2.2. Algal Growth

2.2.1. Requirements for Cultivation

Most species of green algae have a preference for phototrophic growth conditions. They
achieve this by utilising light, water and an inorganic carbon source to drive photosynthesis.
However, some species have been shawbe capable of growth with a source of fixed
carbon and light, ofterescribed as mixotrophic growthee et al. 1996)whilst an even
smaller number of species have also been shown to grow without the aid of light in purely
heterotrophic conditiongCeronGarcia et al. 2013)Like all organismsindividual algal
specieshave a preference for certain temperatures, salinities and nutrient levels to grow
productively. Optimal temperature ranges can vary greatly between species and strains, with
organisms generally showing a preference for mesophilic ranges betw@8fC.B5owever,

there are a number of thermotolerant and thermophilic strains, which grow optimally at
temperatures above 30°C. Likewise, the preference for different salinities can vary greatly
between strains based upon the habitats in which they are normalg; fwith species

displaying a preference for fresh, brackish or salty w@&@igh and Singh 2015)

Algae require carbon, nitrogen, phosphorous, sulphur, trace elearghtgtamins to grow.
Although the metabolism of some strains is more flexible than others, the addition of these
substancesvithin a commercial settings limited by what can be sourced or derived at
reasonable cost. Carbon is usually introduced in the fof inorganic carbon dioxide or
bicarbonate for photoautotrophic growthror heterotrophic and mixotrophic specfesed

carbon can be added, such as sugar monomers or organic acids. A suitable nitrogen source is
most often found in the form of ammoniumtrate or urea, with many algal speceble to
metabolise all threePhosphorous isnost often found iran inorganicfree ion phosphate

form, whilst sulphur is often founth the formof varioussulphate specig$ioek et al. 1995)

Trace elements such as metals m@st commonlytilised in their oxidised and dissolved
forms, whilst a number of vitamins such as Vitamircd beimportant for algal growth,
acting asa co-factor in a number of chemical reactidde la Noue and de Pauw 1988pme
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of these specifiautritionalrequirements have led to many algal strains developing symbiotic

relationships with yeast and bacteria both within wild and laboratory populations.

2.2.2. Light Utilisation

The effectiveuseand relative activityf light within photosynthetic processes is an important
consideration in understanding the growth of green alf@iegh and Singh 2015)
Photosynthesis is defined as the process by which photochemical energy is transduced and
subsequently stored as the energih molecule adenosin&iphosphate (ATP)and the
reductantnicotinamideadenine dinucleotide phosphafdADPH). Green algae are well
adapted forlight collection within a spectral range of radiation between -Z00 nm,
corresponding roughly with the visible spectrupimotons wihin this range are captured by
pigments within the plastid which displagaximal absobance between 42500 nm and
650-680 nm. Maximal photosynthetic rates are found at ~450 nm (blue) and ~680 nm (red),
whilst the highest quantum yield can be achieved using light from the red part of the
spectrum. This is due to a decrease in energy lodshance higher efficiency at longer
wavelengthgBarnes et al. 1993f5reen algae display photosynthetic processes very similar
to those seen in higher plantgjth the presence of chlorophyl and b as the main
photosynthetic pigments. However some differences do exist between greeanaldagher
plants, including the mechanisms of carbon dioxide uptake and the composition of the
antenna pigmentSingh and Singh 2015[rigure 2.2 (A) illustrates the different absorbance
levels displayed by some of thesemmon photosynthetic pigments, whilst (B) shows the

photosynthetic rate at these wavelengths.
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Figure 2.2. Typical absorption profile and photosynthetic rate at different wavelengths of light
(Viridiplantae).

(A) Shows the action spectrumfi chlorophylls a, b and the caroteno{dseasured by oxygen elaion/incident
photon) which can be seen to peak between-826 nm and 65000 nm. (B) Tle photosynthetic rate geen to

be highesat wavelengtharound 425 nm and 680 nm. Ineageproduced from p. 24 (Binghal 1999)

The actual potosynthetic reactions can be split between light dependent and independent
stages, withthe light reactiors occurringbetween the cbroplast stroma and the thylakoid

lumen; absorbing energy via a photosynthetic electron transport chain. The first step of this
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process occurs on the reaction centre complexes of Photosystem | (PSI) and Photosystem Il
(PSI), which are formed of a light haesting complex (LHC) and the core photosynthetic
reaction centre. Photosynthesis occurs as chlorophyll molecules within the LHC absorb
photons of light and photochemical charge separation oddizndkum, Douglas and Raven

2003) This process rapidly transfers electrons from water at PSIl to PSinvdeatron
transport chainAt PSI electrons are donatedN&\DP" reducing it to NADPH. The action of

the electron transport chain creates a proton gradient across the chloroplast membrane. The
dissipation of this gradient is subsequently undertakenasimosine triphosphateATP)
synthase which addspnosphategroup toadenosine diphosphatAP) to create ATPThe

activity of the electron transport chain is maintained thrabghprocess of photolysisy the
chlorophyll moleculewvhich regains itdost electron, releasing oxygen as afpduct. The

overall equation for the light dependent reactionthenthylakoidis shown inEg. 1 (Raven

2005) whilstadiagramof the process idisplayedn Figure2.3.
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Figure 2.3. Electron transport chain and associated molecular components required fg@hotosynthesis.

Image reproduced froiffameeria 2007)Photolysis can be seen to occur at PSII, with the sulese formation
of an electron transport chain and proton gradient. Upon completion of the electron transport chain NADPH and

ATP enter the Calvin cycle.
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In the next stage of the procetise Calvin cycle utilises the high energy molecules of ATP
and NADPHTto fix carbon dioxide and water into carbohydrates. This process is undertaken
within the chloroplast stroma, via the formation of intermediary molecules like -triose
phosphate (Trios®) and the action of enzymatic complexes like ribulb&bisphosphate
carboxylase/oxygenase (Rubisc@Yloroney and Ynalvez 2001)The equation for the

reaction in thestroma is shown in Eq. 2.

3 CO2 + 6 NADPH> + 9 ATP — C3HeOs-Pi + 6 NADP" + 3H,O + 9ADP + 8 R, Eq.2

2.3. A Brief History of Applied Phycology

2.3.1. HumbleBeginnings

Mankindhas had a longstandimgferactionwith many types of both macrand micrealgae.
Historical evidence has shown that huntehgeers collected washeg seaveeds a a ready
source of nutrition. In factoksilised remains of harvestatjae have been found alongside
primitive hearths in ChiléDillehay et al. 2008)and in many places in the world the practice

of harvesting and eating seaweedtawes to this day. Other historical examples include
early subsistence societies harvest8grulina and Dunaliella species fronsalt lakes and
pools. Pominent examples continue to this day, and include the harvestigpimflinain

areas surroundingake Chad in Africa. In this procesSpirulinais filtered through cloth
meshes, collected in pots and sundried before being cut into pieces of cake called Dihe to be
sold at local market§Ciferri and Tiboni 1985) From these humble beginnings thetual
development ofsemtindustrialsed algal productiontook off in earnestfrom the areas
surrounding Tokyo in Japan around the late 1600s. This intensification of production was
driven by the high demand for edible macroalgae in both Japan and (Bbiggese 1980)

Far Easterrmacrcealgal cultivationand harvesting would later evelop into an industry
whichto this daydwarfs production in other global regiorominent examples include the

cultivation of Nori, which alone is estimated to havearketvalue of around of around $2
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billion (Trono 1990) Despie the considerable sized continuing growtlof the macrealgal
industry, it is the more recendevelopments in microalgal cultivation and processing that

continues to generate the most excitement in biotechnological circles.

2.3.2. Brave New World

As outlined previously, he controlled cultivation of microalgae is a relatively recent
development in biotechnological terms, and the first reported axenic cultud ®akrella
vulgaris by (Beijerinck 1890) At that time developments were driven by a desire to study
plant physiology and photosynthetic mechanisM&arburg 1919)Fr om t he | at e
much of the research interest was drilnpredictions that the rapipost warpopulation
growth would outstrip agricultural production and create conditions for food shortages and
famine later in the centurfHopkins 1966) These predictions of Malthasi catastrophe led

to considerablenvestigation into alternative sources of nutrition, including research into the
possibility for mass consumption ofarious micro-organisms As part of this effort
researchers started to investigate whetharitional intake could be supplemented with the
consumption of purposgrown single celled microalgaguch asChlorella and Spirulina
(Belasco 1997, Krauss 1962, Terry and Raymond 1985)

Despite some early successes, the first wave of microalgal interest eventually subsided, as it
became clear that many of the species were not particularly suited to mass consumption by
humans(Belasco 1997)In fact, this particularavenue of research was brought toafmnupt

end with the considerable improvements in breeding techniques afforded to conventional
crop plantsduring the latter phase of the Green Revolution in the 1960s. Tesic
developments rendered large scale algal production for food unnecessarily complicated, and
highlighted many ofhe problems with algae as a fepbduct. These included the poor
digestibility of many of the components within the algal cell wall, especially many of the
complex sugar polymers. Otheesearchfindings from this early workhighlighted the
difficulty in cost effective production, from growth, though to harvesting antulael
bioprocessing. Despite this dedck, the 1960970s sawa boomin the microalgal health

foods market, ggecially in Asian countries such dapan(Belasco 1997, Borowitzka 1999)
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As the applied areasof algal research developemhany proponents saw the potehtiar
microalgae as aource offuels and chemicalélerry and Raymond 1985F his work drove
guestions surrounding thedsibility of mass production, and led to advanceschnologies

for large scale cultivation which started around 18#&cations such as Stanford (USA),
Essen (Germany) and Tokyo (Japaurlew 1953) These developments required a
considerable shift in thinking from the conventional mass cultivation technayeesusly
deployed for macroalgae, presentingh@wv and distinctset of challenges. Ammportant

legacy from this era of research was the development of the early algal production platforms,
including the raceway pond and initial attempts at closed photobioregdiensy and
Raymond 1985)Looking back at this period it is interestingdeethe fascimtion shown by

both the general public and media with respect to this research, and the concept of algal
“farming’ i n general. In fact i1t 1 s at arou
consumption of microalgae within the works of populgesce fiction writers such as Isaac

Asimov (Belasco 1997)

2.3.3. Microalgal Applications

The most commonly cultivated mialgal species have a selection of favourable
bioprocessing characteristics. Often these commercially viable strains will have the capacity
to produce higher levels of desirable lipids or valuable secondary metal{Blitesvitzka

1992) Many of these strains also display high growth rates (for algae) in the region-of 0.05
0.1 h', and finalphototrophicyields in the region of -5 g L. The productivities of these
industrially relevant strains can vary from-320g nm? d* and 0.151.5 gL d'on an areal or
volumetric basisrespectivelyBrennan and Owende 201@nother important consideration

for selected strains is théihey need to be able tdisplay robustness to the stresses of
mechanical agitation, and therefore have considerable shear tolerance. Likewise, an ability to
withstand any potential contamination that may occur in outdoor cultures is also preferable.
Whilst final yields have been reped to be much higher under heterotrophic growth (in the
region of 2640 g L), most commercial production of microalgae is undertaken under
phototrophic or mixotrophic conditions. To date, some of the most commonly cultivated
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species of microalgae includ&rains ofChlorella, Dunaliella, Spirulina, Haematococcusnd
ScenedesmyBorowitzka 1992, Mata, Martins and Caetano 2q%6gFigure2.4).
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Figure 2.4. Light microscopy images of cyanobacterial and algal strains.

From left to right,Spirulina spp Dunaliellasppand Chlorellaspp. The morphologies of different microalgae
often show considerable variation between species, which can present signifiopnicbssing problems.
Composite image modified frofiidup 2014, UniProt 2002, AlgaednstryMagazine 2014)

Commercialdevelopmentsvithin algal biotechnology have led to a number of products and
processeseaching market readiness. This is partly due to the growttenmand fomovel
sources of biomass for sustainable commodities, suclieexs and fuel replacements
Successful examples thus far include the use of algal biomass as a feedstock for use within
the aquaculture sector, including the production of both live and dead feed for bivalves,
arthropods and finfisiiBorowitzka 1997) Alongside the development of these lower value
processes ancbmmoditiesthere isexpanding demand from theealth foodssector(Becker

2007) as well asfor fine chemicalsderived from algal biomass, including pigments,
nutraceuticals and other bioactiveBorowitzka 1992) Some successful products to date
include antioxidants such aghycayanin, b-carotene, astaxanthin and canthaxanthin
(Borowitzka 1992) as well as higher value polyunsaturated fatty acids (PUk&#)ding
Omega3 oils (Brennan and Owende 201@ther promising avenues for algal bioprocesses
include applications within bioremediation, and current developments have led to processes
for inorganic nutrient removalrom wastewateOswald WJ 1963, NoUle, Laliberté and
Proulx 1992) reduction ofheavy metal toxicityRehman and Shakoori 200&hd carbon
capture(Vunjak-Novakovic et al. 2005)
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2.3.4. Algal Biofuels

Of all the current and projected algal applications, the one that has generated the most interest
in recent years is that of algal biofuel developn{&fdta et al. 2010)It is also an area that is

of the utmost importance to understanding both the current status and future potential of algal
biotechnology. Serious research into the field started innie1970s, driven by an
accumulation of economic factors; which became particularly evident after the OPEC oill
embargo. This environmenf fuel shortagesreated an incentive to investigate the potential

of using transesterified microalgal oil as a biofuel replaa®nfior petroleum derived diesel.
Research efforts were boosted by the Carter administration via the creation of the aquatic
species program (ASP) in 1978ao et al. 2012)Despite the closure of the gram in 1996,

many of the advances in understanding the potentiabakads a source of biofuel stéom

this work (Sheehan et al. 1998)t was during this perd that scientistdirst recognised
several advantages to producing biofuels from algae in comparison to other oleaginous crops.
One major benefiincluded the fact that large scale algal production would create less
competition with conventional food arfded production than othef'land 29 generation

biofuel sourceg¢Beal et al. 2012)This meant that al¢idiofuels had the potential to develop

into a comparatively sustainable competitor to the petrochemical indasttheradvantage
against terrestrial plant based fuelas thepotential for fargreater areal productivity due to

the rapid growth ratedisplayed by many algal speci@data et al. 2010)However, the one
property that really aroused the interest of scientists the relatively high oil content of
many species. Oil levels in productive strains had been shown to rang@&a@06%6 of dry

cell weight, whichis considerably higher than the yield of any competing commercial crops.
As a rough comparisorihis equates to ththeoreticalpotential for naturabil production
between 2€B0 times greater than current commercial odducing crops per ac{@rennan

and Owende 2010)

The abundant levels of lipid produced by certain strains of microaighele families of di

or triglycerides, glycel and phospholipids, as well as various species of hydrocarbons
(Sharma, Schuhmann and Schenk 20TRese lipid families can be categorised into those
with polar or neutral groups within the molecule. This distinction is important as the
composition of Ipids within the cell can affect the efficiency of conversion into secondary

productssuch asiodiesel. Most existing technology for biodiesel production is optimised for
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seed oil, which comprises at least 95% triglycerides. This means that algae that griggh
levels ofthe nonpolar triacytglycerol (TAGSs) are of particular interest for such applications
(Greenwell et al. 2010)'he main process of créaqg algal biodiesel is shown iRigure2.5

(a) and is known as transesterification. The process produeestatty acid methyl esters
(FAMEs) alongside a glycerol moleculm reality the productin profile of algal oilscan
vary considerably dependingpon the strailUm and Kim 2009, Demirbas and Fatih
Demirbas 2011, Yang et al. 201and lifecycle stage of the cellost notably, the levels of
oils are affected by changes in the growth conditions such asmtuitress, and particularly
nitrogen depletiorfRodolfi et al. 2009)

@ o
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Figure 2.5. lllustration of biofuel producti on routes from algal lipids.

(a) Shows the process of transesterification, undertaken in the presence of a methanol catalyst, under either
acidic or basic conditions. This process produces glycerol as a waste product as well as the fatty acid methyl
estes of interest for biodiesel production. (b) The decarboxylation process, resulting in an alkane. Figure
reproduced fronfGreenwell et al. 2010)

Despite the considerable potentialadfal biofuels,scientistsidentified several areawhere
improvementvas requiredeforetheycould reach commercial viability. These were outlined
withint he i nfl uenti al 1998 report “A Look Back
Species ProgranBi odi es el from Al gae” . Thoensideedas | mpo
those related to increasing overall biodiesel productivity, including limitations inherent to the
different types of cultivation systems, and the cost of harvesting the bi¢8tasshan et al.

1998) The report also recommended that further work was needed to expand the repertoire of
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robust algal strains; capable both of producing high levetd,cdis well as offering resiliece

to a host of biotic andbéotic conditions.Current researcts building upon these themes and
exploringthe development of less energy intensive biomass harvesting techniques; as well as
improving overall operationalosts, throughoetter reactor design, as well lagation and

feedstock selectiofGreenwell et al. 2010)

2.4. The Future of Algal Biotechnology

2.4.1. The Role of Algae within a Bibased=Economy

Algal derived biofuels continue to be a high profile area of research, capable of commanding
a high level of both public and private funding, attested by practical collaborations like the
EnAlgae project in the EU. These developmental drives leavt® a considerable increase in
applied understanding, and brought the mass production of algal biomass to the cusp of
commercial feasibility(Borowitzka 1999) Despite these advancds could be said that
enthusiasm for thalgal biofuelssector has started to subside, and both morental and
private investmenhas dropped. The reasons for this change are numeandscan be
described as being primarily driven by events in the United States, where the critical
momentum of many algae biofuel stags imploded in the early 2010s. These events were
compounded by a backdrop of wi s duringdhpi t al
financid crash. Prominent examples of tlikanging market dynamic include GreenFuels
which folded despiteéb70 million of privateequity investment when backers found that
company claims did not match the scientific reafifposen 2011)Other notable comparse

have repositioned to survive. This inalies Solazyme who are now producersf both
biofuels andalgal derived mediunao-higher value products. Likewis®riginOil now focus

their businespropositionon water separation and remediation technglégyingchanged

their name to OriginClear (wwwriginclear.com) Finally, Algenol Biotech LLC have
recently restructured their business to move away from umbfproduction, triggering the
resignatiorof their CEOanda 25%reduction in &ff numbergLane 2015)
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As the algabiotechcommunity readjusts itself to what could be described as abpisel

paradigm it has started to-déversify research and developmemiorities accordingly. As

discussed in Chapter 1, the move towards more sustainable processes within chemical
manufacture has led to an increase indkploration of novel and undesed biomass as a

sour ce of renewabl e feeddtacseld’ Bltiosh o Ny a rcoiu
considerable benefits both in terms of reducing environmental impact, as well as bringing
economic prosperity t(denkmu2P0B)Céngal to ¢he bipased ’ cre
economy is thelevelopment of a network of bigfineries, capable of processing a wide array

of feedstock inputs. At the lower end of the value clpaitential interest is growing for algal

use as an animal feeds araw material for bulk chemical productioor feedstock for

pyrolysis or anaerobic digestigSubhadra and Grinson 2012} the higher end of the value

chain interest in using algal derived {aotives for pharmaceutical and nutraceutical purposes
continues to gromYaakob et al. 2014)Given the extensive production costs already
identified during thedevelopment of algal biofuel researéhijs likely that in the short to

medium term these highgalue products will offer the most promising immediate routes to

market.

2.4.2. Biorefineries and Industrial Symbiosis

As previously discussett he producti on of | oweisconstainede or
in part due to theelatively highproductioncosts and low productivities associated with most

types of cultivation proceg$iannon et al. 2010)0Onepotential solution may be to create a

more irtegrated style of algal production. Such approaches haveusednn other industries
andcol |l ectively described as ‘“industri al sym
systems analysis, integrating mass and material flows between industries ntiindual

partners together through the exchange of waste streams, which act as feedstoek for co
located partner@Chertow 2000, Chertow 20Q7)he ultimate aim of this type of approach is

to change industl processes from linear op&op systemsa more sustainable closed loop

systems. This philosophy draws inspiration from the fact that many natural systems do not
have waste products, and run as part of an integrated wWhdtenan 1997)Within the

framework of an industrial symbiosapproach, there are considerable driverseuce
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environmental impact and material use. Developing a future industry in thiscamay
maximise cost benefits whilst concurrently minimising pollution. To datest progress
within the field can be found in industries looking to convert wastie enegy (Caputo,

Scacchia and Pelagagge 2Q08)th a prominent example beintpe industrial park in
Kalundborg (Denmark)see Figure 2.6.
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Gas (back up)
Liquid Statoil [T e BPB
Fertilizer Water Refinery Gyproc A/S
Production S Wall-board
ludge Plant
Lake Water District Heating
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L| Municipality of |.
Energy E2 Asnaes
Power Station Kalundborg
Wastewater
Fish Treatment Plant
farming 2]
Ik A-S Soilrem
YN ovo Nordisk A'S
Farms suy | Novozymes A/S Cement
Sudge | Pharmaceuticals roads
(treated)

Figure 2.6. The eceindustrial park at Kalundborg in Denmark.

The photograplilustratesthe site, which is formed of a network of individual firms and organisations which
lenage lourtesy df (Renssen 201a)Ehée secompdrnetwokc t s .
diagram shows the material exchanges between entities within the municipalkiéy node in the network is

work together to wuse
the Asnaes power station, which provides heat, steam, boiling water, scrubber sludge-aaid télythe

surrounding industries. Diagram courtesy{@hertow 2007)
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2.5. Integrating Algal Biorefineries

2.5.1. Combining Bioproduction and Bioremediation

The possibility of combining both bioremediation and bioproduction into an intedgraged o

bi or e isiamdeathat is starting to be explored more widéGaputo et al. 2003, Gao

and McKinley 1994, Sivakumar et al. 201Pjespite the major differences in approach and
end product value, it is likely that considerable benefits could arise from the combination of
bioremediation alongside the production of lowalue mass market producta general,

this type of bioremediation arimioproductionplatform couldoffer substantial cost reductions

and environmental benefitSuitable target industrieacludeheavily polluting and intensive
manufacturing such as @trochemicals, pharmaceuticals and construction; as well as
agriculture, energy infrastructure and waste treatment facilities. Many of these industries
require abundant and cheap energy or feedstock to create bulk products faexh fasls,
materials, rergy or treated wasi{&€hertow 2000) This can be provided to some extent by
the colocated ecebiorefinery (Sivakumar et al. 2012)n return the partnendustriescan

offer a surplus of waste feed the bigprocessin the form of energy, contaminated water,
gases or side productsn example of a welintegrated modern bioprocess is that of British
Sugar at their Wissington site in the UK, where sugar beet harvesting and processing waste

areused to power a range of allied activit{&hort et al. 2014)

Key to the development ofnaeccbiorefinery is the actual capability @anscope of the
bioremediation procesMicrobial applications include theemoval of excess nutrients or
pollutants found in soils, sewage and water; through technologies like biological filters,
stabilisation ponds and slow sand filtratimiele et al. 2010Hoffmann 1998, Mufioz et al.
2005) Othe prominent examples of widely deployed bioremediation technologies include
the use of reed beds to treat contaminated land and wastémadeet al. 2002)Perhaps one

of the best developed remediation sectors is the wastewater treatment jndoistnyrelies
heavily on a mixture of physical, chemical and microbial procegs@sany respects sewage
treatment could be considered the forerunsfean industrial symbiosis approach, having

already valorised a range of bulk bioproducts; from biomé&ssfertiliser and biogas
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(Berglundand Bérjesson 2006YVhilst the aldity to use living organisms iecabiorefinery
platforms is considerable, there can be a range of performance and cost related problems that
canlimit widespread deploymerf such an approacfihis can includéssues ofinconsistent
feedstock quality, high treatment costs and unstable process dynamics.

Algal production could have a distineihd major advantagever many other treatment
technologies, in being able to couple betduablebiomass production andseful waste
remediation activities within one consolidated prod@sowitzka 1992) To date this type

of approachhas not been adopted on a holistic scale within algal production facilities
(Soratana and Landis 20138nd could assist sector in its relative infancy in EurofEaylor
2008, Greenwell et al. 2010, Hannon et al. 20T@)s type of approach could also broaden
the repertoire obulk productsthat could be produced profitably from alg@&orowitzka
1992, Chisti 2007, Soratana and Landis 20HDwever, to make an algakobiorefinery
more feasible it is likely that considerable process improvenstiithave to be made. Key
areas include increasing productivityhiVgt reducingcapital andoperating cost§CAPEX
and OPEX). This couldheoretically beachieved by growing algae from a combination of
common waste streamssing an integratednd simplesystem desig{Greenwell et al. 2010,
Juhasz and Naidu 200Gao and McKinley 1994, Muiioz and Guieysse 20@®me key

considerations for an algal biorefinery are outlineBigure2.7.

| INPUTS PROCESS OUTPUTS I

Algal Biorefinery L

______________

Figure 2.7. Outline of considerations for an algal biorefinery.
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2.5.2. Options for Celocation

A consideration of the requirements for algal growth outline8ention 2.2 wouldndicate

that the ideal industry for elmcation would have access to light for photosynthesis, ample
nutrients for growth, as well as cheap energy for mixing, heatingcaolihg To date the
literaturehas offeredseveral examples of docated algal prductionas exampleswvith many
facilities situated beside power stations. Positioning in this way provides a free and consistent
source of flue gases, with carbon dioxide concentrations within these swé&amsgarying

from 515% in concentration, depesit on the sourcéVunjak-Novakovic et al. 2005,
Doucha, Straka and Livansky 2005, Yoshihara et al. 19B6¢re is also considerable
potential for other environmental benefits to be derived from suchl@caton process. For
example, power stations (or any other type of heavy industry) produce considerable levels of
waste heat, which can beadsto maintain the temperature within a culture or contribute to
biomass drying. To dat¢here have been several examples of this type -dbaadion; with

one paticularly notable caseoming from the celocation of an airlift photobioreactor
besides the power station at the Massachusetts Institute of Technology (MIT). The results
from this work showed good algal growth and gas scrubbing potential, with reductions in
COz and NQ in the regionof 80-95% (Vunjak-Novakovic et al. 2005)Despite this success

the project was short lived, and did not consider the combination of additional waste streams

into the production process.

Although power stations would provide the ideal location both for energy provision and
remediation potential, smaller industrial processes could also be utilised. This is because in
reality most power stations would produce energy aarbon dioxide far in excess of
requirementdor an algal bioprocesd$-or example other options could include using diesel
backup generators, incinerators and biogas production facilities. The literature would also
stipulate that cdocation beside a swce of nutrients for the algae would particularly
favourable to the process economi@goilie et al. 1992, Brennan and Owende 2010)
Conventional examples would include situating besides a wastewater treatment facility. This
allows for the benefits of a free feedstock, whilst also allowing for the algae to remediate the
water, lowering concentrations of nitrates and phases. Other interesting examples of co
location include placing a photobioreactor adjacent to any fishery or farming activity, which

also prodge large quantities of nutrienth wastewater. Again, the benefits derived from
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this type of celocation mayallow for the environmental removal of contaminants not

conventionally treated by normal wastewater treatment processes, such as pdstisides

Edouard 1993)Figure 2.8 shows potential synergies between an algal biorefinery and other
industries.
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Figure 2.8. Potential options for algal celocation.

Mass and eergy transfers are shown in dashed red arromage is a modified composite of photographs taken
by (Marshall 2008)(Cliffe 2004), (MNLGA 2015)and(EATIP 2011)
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3. Thesis Overview and Structure

3.1.Research Aims and Objectives

3.1.1.0verview

The initial literature review undertaken in Chapter 2 indicates that the creation of an
integrated algal ecbiorefinery shows considerable potential; both in terms of introducing
lower value biomass into the market place and undertaking useful remediaticesd&ihis
hypothesiss grounded in a current consensus that the productiafgaé solely for biofuels

and otherbulk compoundsvould prove challenging given current petrochemical prares
wider economic factorgChisti 2008, Greenwell et al. 201(pespite this fact, there are
relatively few direct technological barrgeto cultivating algae on a large scale, with problems
instead centring on high CAPEX and OPEX of commercial sys(Baxins 2010, Brennan

and Owende 2010From a practical perspective, the use of algme emediation platform
requires acombination of low cost feedstock inputs to produce cheap algal biomass, whilst
simultaneously generatirguantifiableenvironmental benefit.he projectwill therefore aim

to profile and select a suitable strain, followed by quantification of apprepwaiste
feedstock and treatment processes. As part of designing an integratedretioery, the
design and construction of lawer cost and fully scalablephotobioreactoiwould be an
important consideratiorOnce the prototype is fully functional, quéication of the reactor
performance will be conducted, as will a comprehensive cost assesknghiypothesised

that by combining remediationith a novel reactor desigmumerouscommercially relevant

process savingsouldbe implemented.
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3.1.2.Strain Séction and Growth Kinetics

A key requirement for any bioprocess @ gelecta suitable species. For this project, this
would mean selecting a robuslgal straincapable of rapid growth and remediatiém the
first instancethis research will be undaien through a literature review and consultation

process with Dr Saul Purton’s group ( SMB,
detailed experimental exploration of the parameter space Chdorella sorokiniana
(UTEX1230) at micro and laboratory scale. The research is benchmarked against literature
values to offer insight into the potential for subsequent agald he findings are shown in

Chapter 4.

3.1.3.Growing Chlorella sorokinianaon Wastewater

The specific ofectives of this section weréo compare the growth characteristics
productivityand yield ofC. sorokinianaon both wastewater and commercial medium, whilst
assessing the influence of fligasadditionon the processlhe literature indicates that many
strains of algae are capable of growing and remediating wastew@bediovich and
Weisman 1978, Mufioz and Guieysse 2Q0@®)d thiswork intends to provide preliminary

and small scalguantitative evaluation of thpotential ofcoupling bomass production to
remediation at laboratory scal€he research builds from that of Chapter 4, moving onto
testing the suitaility of a variety of wastewater types and flue gas concentrations to ascertain
the extent ofany effectsthat these feed inputeave on the growth and prodivity of the

selected straifThe results are shown @hapter 5.

3.1.4.Reactor Design, Constructiamd Validation

Looking at production issues in more detadne can ascertain that few photobioreactor
designs within the literature aoptimisedfor bothlower valuewaste remediatioactivities

and biomass productivitfNote et al.1992, Kumar et al. 20105uch a reactor would be
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necessary for a combined biorefinery and remediation process, and this part of the thesis
describes the rationale behind the design and construction of a novel photobioreactor suited
for this purposeThe first step shos a design rationalisation, followed byploration of the
necessary operational parameteased upon a literature revieRarticular consideration is

given to the creation of a fully scalable ambnomicaphotobioreactor, which caundertake
bioremediation activities whilst producing high yields of biomaBsis is achieved by
validating the reactor through a combination of modelling and experimental approaches,
including a preliminary pilot study. The findings from this work are show@hagers 67.

3.1.5.Cost Model of Tertiary Wastewater Treatment

The final part of the thesis investigatdse costs related téhe manufacturing of the
photobioreactor, and benchmarks the system to other platforms within the literature. The next
part of the cost modelling considephosphorus removal using antegratel algal ece
biorefinery, and explores the benefits derivednfrappropriateindustrial symbiosis
networking Finally, the system is compared to other treatment platfofine results are

shownin Chapter 8.

3.1.6.Conclusions and Discussion

The results from each chapter are summariseGhapter 9 with a particular focusn the
relevance of the findings to the applied algal biotechnology, as well as proposing interesting
avenues for further research. The thesis then concludes wilscassion of current
technology trends and thoughts on how best to develop the algal wébin the UK.
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4. Strain Selection and Growth Kinetics

4.1.Aims and Objectives

A key component of thdoctorate was to identify a spect#salgae that would be suitable for
the purposes of the reseanmitoject. This meant finding a strain that would be suitable as a
| abor at or ywhilshatso Having thesability tgrow successfully on wastéthin an
integrated biorefinerylhe following factors were investigatéartherwithin this chapter:

A Developmentof suitable laboratory equipment, procedures and protocols for the
cultivation of green microalgae.

A Determining key biotic parameters, including the maximal growth rate, productivity and
final yield.

A Quantification of suitable parameter space for smaless@rk with the selected strain

including; light, temperature and mixing airflow rate.

(Note: At the inception of the project microalgae had not been grown within the Civil,
Environmental and Geomatic Engineering (CEGE) laboratory, and some method

development was required to establish the best laboratory procedures and pjotocols

4.2.Laboratory Scal€onsiderations

4.2.1. Production Systems

The need to cultivate algae for scientific study within the laboratory has led to the
development of a variety dechniques to grow sufficient biomass from millilitre to litre

scalegBurlew 1953) For hese purposes many laboratories deploy simplouse systems
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such as incubator shakers, which can contain a number of rotatmcgl flasks seeFigure
4.1. Shakeflasks are usually steam sterilised and grown within a controlled gicveimber
to maintain stable biotic and abiotic factors. This method of algal production is ideal when
practicalconstrains are taken into account, beipgrticulaly suitable for theequirements of

many biological laboratories. Furthermorkese smalie starter powde t ur e s
sufficient biomass foithe inoculation of largr scale laboratory systems. Limitations of
conical flask systems include a lack oflime process @ntrol and measurement, making them

somewhat labour intensive when running multiple biological repeats.

Plug

Flask

{ j Culture B

Figure 4.1. lllustration of a flask culture, with single and multiple shaker arrangements.

Cotton wod is used to allow for gaseous exchange whilst preventing the entrance of contaminants. The flasks

are placed on rotational shakers to provide adequate mixing for growth. Images modifi¢dlfrem2012)

Most other scaled down production platforms tend to resemble simplified versions of larger
sized systems. Aertinent example of this is the conversion of standard laboratory bottles
into miniaturised bubble columns. This is achieved by introducing air into the bottom of the
reactor to create turbulence. Employing these systems within the laboratory has tihv@bene
keeping costs down, whilst also allowing for more operational flexibility than a simple
conical shake flasi.izzul et al. 2014))Other laboratories deploy conventional small volume
stirred tank reactors (with volumes betweed®litres) for growing algal cultures under
more stringent conditions, séegure4.2. However, caution must be observed when choosing
the mixing speed as the rotational action of an impeller can cause considerable levels of shear
in more sensitive strainsush as those with thinner cell walls, rgpherical shapes or
flagella(Joshi, Elias and Patole 1996)
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Agitation system

Feeding pump

ESystem monitor
Medium

Sensors probes
Air

Reactor tank

submerged aerator
Effluent

Figure 4.2. lllustration and photograph of a miniaturised fermenter system.

Diagram illustrates the components of a stirred fermenter, note submerged aerator and impeller. Lights can be
arranged around the reactor or submerged inside as long as they do not interfere with the circulation of the
impeller (Mrabet 2009)

There is currently a growing level of interest in the deployment of microscale technologies
within algal culture(Figure 4.3 A); this reflects a wider trend withithe biotechnological
sciences of scaling down experiments for higher throughput. Growing algae in this way can
allow for the rapid exploration of multiple biotic or abiotic parameters at a cost that is
considerably lower than other smaller sized systdihe.results from these studies can then

be used to predict conditions suitable for scale up within many applications. However,
caution has to be exercised when using microscale parameters to predict performance at
larger scales due to ndimear relationkips (Ojo et al. 2014, Van Wagenen et al. 201)r
example light penetration and dissolved oxygen characteristics will deviate considerably
between a microvell plate and a scafl up system. Another emergirtgend is the
development of suspended cultur@hese can be enclosed in the form of alginate beads
(Figure 4.3 B) or distributed as a biofilm onto suitable membrane surféiéegire 4.3 C).

These suspended cultures have opened up a number of novel applications, particularly within
the field of bioremediation and wastewater treatnfBiaiumann et al. 2013, SHrodola and
Melkonian 2014)
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Figure 4.3. Photograph of a micoshaker plate reactor, alginate suspend beads, and membrane
bioreactor.

(A) Shows a 10 ml microshaker plate growidgematococcus pluvialisyells on the left have started to encyst

and beginning to turn red from the production of astaxanthin. (B) Algae suspended in alginate beads, image
courtesy of(Whitton 2013) (C) A miniaturised membraneeactor, with algae growing on the surface as a
biofilm.

4.2.2. Chlorella sorokiniana

The Chlorella genusis classified within thélrebouxiophyceaé&mily under the division of
Chlorophyta They consist of many unicellular sedpecies, distributed in both fresh and
saline environmentsCharacteristic features include a smooth cell aadla nonflagellated,
generally spherical morphologyith the size of the various specisind to be within a
rangeo2-10pm i n di ameter. C e firdt isolatedrae anpurte buituse ing e n u s
1890 by Bderinck and havesince found extensive use as a model organism for the
biochemical investigation of photosynthesis, respiration and cell grdMirers 1946,
Kessler 1953, Takeda and Hirokawt979) To date there are more than 20 characterised
Chlorella species, wh over 100 described straiffg/u, Hseu and Lin 2001, Furnas 1990)
Members of the species have been reported to have considerable potential for industrial
applications; due in part to their relatively rapid and robust growth characteristics. Whilst

their metabolism has been shown capable of producing an array of caepowtuding a
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variety of lipids, polysaccharides and other cellular products which could be of interest for

bioenergy or higher value commoditigsl et al. 2012)

Chlorella sorokinianais a subspecies first isolated in 1953 by Sorokin, and originally
believed to be a thermotolerant mutantGiflorella pyrenoidosgSorokin and Myers 1953,
Kunz 1972) This taxonomic idemfication was subsequently changed during the late 1980s
and early 1990s wheh6S rDNA and18S rRNA profiling identified C. sorokinianaas a
separate specid&essler 1985, Dorr and Huss 1990, Wu et al. 20Q1)sorokinana has
been described as a thentoterant, fast growing alga thétas been shown to be widely
distributed globally and is foundnimany different types of fresfater environments,
including wastewatergLi et al. 2013) This subspecies is a small {25 um diameter),
robust single celled alga that is capable of mpaitic growth on varios carbonand
nitrogen sources, making it ideal for cultivation on waste feedgRaknanna et al. 2014)
seeFigure4.4. Previous findings report that optimal growth can be obtained at temperatures
between 3510°C (de-Bashan et al. 2008Wwith phototrophic doubling times as low a4
hours(Janssen etl.al1999) Growth under mixotrophic conditions has been observed to be
even faster, with a preference for sugars such as gl@ééme et al. 2012pr simple oganic

acids such as acetate.

Figure 4.4. Light microscopy image ofC. sorokiniana

The image shows the small and spherical cells typical ofttierella species, with a cell size in the region of
2-4 um. The first image is courtesy of Luca Marazzi, Geography Department, UCL. The secondsifnage
the work of(Baker 2013)
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The speciess widely recognised as havingdustrial potentialand has beeshown to be
sufficiently robust for scaleup in airmixed (Béchet et al. 2012)or liquid-mixed
photobioreactor¢Lee et al. 1996)Previous work has also demonstrated @asorokiniana

is ableto grow on wastewaters under conditions that would be unfavourable for other algal
species, making it potentially suited to afeimediatiorbiorefinery approaclide-Bashan et

al. 2008) In this respect the findings suggest particular suitability for nutrient removal; 0.14
mg h for N-NOs and 0.03mg ht for P-PQ;® (Shriwastav et al. 2014)Analysis of C.
sorokinianadry weight shows that the species is composed on averagfiobprotein, 30

38% carbohydrate and 42% lipid (Belkoura, Benider and Dauta 1997, Illlman, Scragg and
Shales 2000, Gouveia and Oliveira 200Bjior research has shown th@t sorokiniana
biomass may be well suited to bulk commodity production, in particular the laade sc
production of lipid for biofue(Kumar et al. 2011, Mizuno et al. 201Fome other specific
compounds of commercial interest include antioxidants like carotenoids, which make up to
0.69% of dry weight under extremophilic conditiaidatsukawa et al. 2000}-urthermore
research has shown thgénetic transformation of. sorokinianais possible openingup
routes for the expression of a range of transgenic prodag/son, Burlingame and
Cannons 1997)

4.3. ExperimentaMethoddogy

4.3.1.Strain List

Collaboration withDr Saul Purtoh s g r OniversityaGollege London, Department of
Structural and Molecular Biology (UCL, SMB) allowed for accessdueral algal strains
within the UCL working catalogue. Thesstrains wereoriginally purchased fromthe
following culture collections; the University of Texas, Austen, US (UTEX -
web.biosci.utexas.edu/utex}he Culture Collection of Algae and Protozoa (CCAP

http://www.ccap.ac.ulf/and the Scandinavian Culture Collection of Algae and Protozoa
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(SCCAR http://www.sccap.dk/)St r ai ns wer e maintained ,on Bol
composition listed inAppendix 10.1.1.1 Sigma Aldrich). The tested strains included
Chlorella sorokiniana (UTEX1230) Chlamydomonas reinhardtii (CC-1021) and
Scenedesmus dimorphi@CAP 276/48).

4.3.2.Preliminary Strain Selection Experiments

To investigate the feasilty of growing algae under laboratory conditiorise listedalgal
strains werggrown at 25°C in 50 ml of BBM (Sigma), under 50 pE st of artificial light,
provided by one 18V fluorescent bulb (Grhux). Cultures were continuously shaken at 250
rpm for a 10 day period. Growth was measured by following the increase in optical density,
using the methods outlined 4.3.5,with light intensity being measured using an Apogee
MQ-100 PAR meter.

4.3.3.Formulas

4.3.3.1.Deriving the Maximal Growth Rate

The maximum specific growth raté () was deduced by taking the natural logarithm of

the biomass concentration and plotting against time. The line@ompof the logarithmic plot

was then evaluated to determine the duration of the exponential phase, and the gradient
judged equal tq* ). This process is represented Bg. 3 with the termsy and®

corresponding to the algal concentratairiimesd ando respectivelyDoran 1995)

[ TA T B TA) Eq.3
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4.3.3.2.Final Yield and Productivity

The final biomass yieldd§ ) was determined by subtracting the final biomass concentration
from the initial biomassoncentration (Eq4). Biomass and lipid productivityd( andd )

were calculated on a batch basis (Eqgs. 5 anty6yividing the final product yield by the
total number ohours ordays within the experiment taken to reach stationary phase. Where
@ and® ord and O correspond to the algal densiaynd lipid concentration at times

ando respectivelyDoran 199%.

O O ® Eq.4

- O ®

v : : Eq.5
0O O

5 O 0 Eq.6

0 - - .
0O O g

4.3.3.3. Doubling Time

The doubling time'@ ) was calculated according to the relationship desciibbé&ty. 7,using

an appropriatspecific growth rate' () (Doran 1995)

@)
-|:)
N
8
~
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4.3.3.4.Substrate Uptake

Substrate uptakeY() was calculated on a batch ba#isy. 8), bydividing the difference
between the initial and final nutrient concentration™¥yand"Y which correspond to the

nutrient concentrations at timésando respectivelyDoran 1995)

Eq.8

4.3.3.5.Photosynthetic Yield on PAR

The photosynthetic yield on PAR ) was calculated to providea@mparableneasure of
the photosynthetic efficiency withirany of the testedphotobioreactor systesn The
expression is givenn Eq. 9 (Lamers 2013, Cuaresma et al. 2Q1ahd considers the
relationship betweethe biomasgield at a given timed ), total incident lightreceived by

thecultureat that time § 0 'Y, andthesurface areaf the givensystem 9).

o
0800 'Y

4.3.4.Characterisation d€hlorella sorokiniana

4.3.4.1.Duran Bubble Column Reactor

Following from the mixing and carbon dioxide distribution problems that were encountered
using the shaker flask arrangeme®ection4.3.2, a novel small scale laboratory bioreactor
and experimental arrangement was devised. This system was basédiwa Ruran bottle,

seeFigure4.5. Growth comitions for these experiments were undertaken at 30°C, under 100
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UE m2 s of artificial light, provided by two 18V fluorescent bulbs (Graux) (Lizzul et al.

2014) The pH was measuredsing with a pH probe (Mettler Toledp)and nixing was
induced by aeratinthe reactowvith 0.2 um filtered aiat a rate 00.5vvm (volume of air per
volume of liquid per minue In the first instance the experiments investigated the differences
in growth rates under mixotrophic and phototrophic conditions; this was achieved by
cultivating C. sorokinianaeither with or without the adiibn of 2 gL of sodium acetate
within BBM (Sigma) and buffering the solution to a pH betweef.b6 The CQ augnented
condition was sparged at a rate ®fcn?® mint of 99.5% carbon dioxide (BOC).uRher
investigation into suitable operatiorsgdacewithin the 1 litre reactora/as achievedy fixing

each of the parameteims turn and incrementally altering the others, over a 7 day batch
experiment. In the case of the temperature experimentation this was altered incrementally
from 25°C to 40°C, whilst mintaining a mixing speed of 0.5 vvm. In the case of altering the
mixing speed the temperature was held at 35°C and the mixing speed was altered
incrementally from 0.1 to 1 vwm. The effect of surface light irradiation of the initial growth
rate was also westigated at a fixed temperature of 35°C awtationof 0.5 vvm.
Experiments investigating nutrient removal were undertak&@%C, under 100 UE rAs? of
artificial light, provided by two 18V fluorescent bulbs (Grbux) (Lizzul et al. 2014)

Mixing was induced by aerating the reactor witBvvm of 0.2 um filtered air.

1.1

Figure 4.5. The 1 litre Duran bottle reactor.

(1) Light source. (2) Mixing airline. (3Larbon dioxide line(4) Growth chamber. (5) Culture vessel. (6) Gas
and sampling outldLizzul et al. 2014)
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4.3.4.2 MicroshakerPlatform

As the project developed further it becaapparent that the use of the 1 litre Duran bottles
was a cumbersome approach for triplicate experimentation. This was particularly the case for
screening methodologies and parameter space exploration. To undertake these higher
throughput experiments a grtw chamber was built thouse around a conventional
Microshaker (SciQuip) with a tray capacity for two microplates. Experiments were
undertaken within @vell plates, with a total capacity of 10 ml in each we#eFigure 4.6.
Agitation was achieved with a platform rotation of 120 rpm and the wells contained a
circulating glass bead to prevent aggregation on the plate wall and to break up centrifugal
forces. The tempetare was maintained between-35°C and light was supplied by an array

of full spectrum LEDs (WhitePython) giving a surface irradiance of iB0n? s*. Carbon
dioxide levels within the chamber were held at 5%. An example of a typical experimental
array 6 shown inFigure 4.6. Feeding strategy experiments were undertaken using BBM in
the following concentrations; 1x, 3x and 10x. Fed batch experiments were underitikan

initial growth medium concentration of 1x BBM, followed by two feeding injections after 24

and 48h, to give a final nutrient concentration equivalent to 3x BBM.

@ 10xBBM
‘ 3 x BBM FB

O@O
CO0®

Figure 4.6. Example 6well microplate arrangement used during experiments testing the optimal

concentration of BBM.

The shaded colours represent the different concentrations of BBM used for growth condition profiling. FB refers

to the fed batch condition.
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4.3.5.Biomass and Lipid Quantification Tiegiques

Furtherto the promising results from the preliminary strain selection experiregatgation

of the growth kinetics ofC. sorokinianawere undertaken to understand key biological
parameters, as well as to develop a better understanding of its physiology and preferred
growth medium.In this caseeach experimental condition was undertaken as a set of
biological triplicate repeatsinlessotherwise statedsrowth was monitored by measuring the
optical density at 750 nfCamSpek (Lizzul et al. 2014)and converting it to a biomass dry
weight. This wasichieved bysing a previously determined calibration curseg Appendix
10.1.1.2 Actual dry weights wereollected anadoncentrated by centrifugation (10 minutes at
4,370 g), washed and lyophilised prior to weighing. Care was taken to prevent false readings
by using the appropriate blanks and subtracting from those containing algae. Lipid
accumulatiorwas assessduy fluorescence spectroscopy using the fluorescent dye, Nile Red
(Cooksey et al. 198. Staining was performed by adding Nile Red to culture samples to a
final concentration of 2 pg/mLand allowing 150 seconds for the binding to occur
Fluorescence was measured using a Pdtkimer LS55 Luminescence Spectrometer with

the excitation wavelength set at 510 nm and the emission scanned between 530 and, 750 nm
the emitted fluorescence from Nile Red bound to TAGs was recorded &9575m
Comparison to a Triolein standamil aqueous solutiofSigma) was used for estimation of

total lipid levels,see Appendix 10.1.1.3.

4.3.6.Determining Nutrient Levels

lon chromatography (IC) was undertaken to analyse the nutrient uptékesofokinianain

relation to reduction of nitrate, phosphate and sulphate levels. The samples were run on a KS
1100 IC insrument (Dionex), using an AS23 4 x 250 mm carbonate eluent-aridrange
column (Dionex). Ani on mode analysis was ¢C:
recommendations, using a mobile phase of 4.5 mMMCRa The flow rate was set at 1 mL

min%, with a total run time of 30 minutes and temperature held at 30°C. Cation analysis was
undertaken using alonPac CS1&um (5x 250 mm) column with 30 mM ethanesulfonic

64



acid as the eluent. The flow rate was set at 1 mLimivith a total run time of 25 minue

and temperature held at 40°C. Detection of ion peaks in both conditions was undertaken by
suppressed conductivity measurements at 25 mA. The spectra were analysed using a set of
standards and software provided by DiorExe pH of the growth media wasanitored over

the course of the experiment with a pH probe (Mettler Toledo).

4.3.7.Data Analysis

Data was analysed and plotted on Windows Microsoft Excel 2010. Triplicate experimental

results display error bars withstandard deviati@gfrom the mean.

4.4.Results

4.4.1.Selection of a Suitable Strain

Previous results from the Purton laboratory suggested @fdbrella sorokiniana
(UTEX1230) would be a particularly interesting strain due to its robust growth characteristics
and rapid doubling timeThese findingdncluded an indication come resistance towards
antibiotics and herbicides, and the ability for mixotrophic gro@bnlanthen 2013)To
confirm some of these previous resudisd in order to compare several of théouse strains
available at UCl.a series of gnath experiments were undertakevith the results shown in
Appendix10.1.1.4.
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4.4.2.Characterisation dfhlorella sorokiniana

4.4.2.1.Growth Potentiabn Different Carbon Sources

C. sorokinianawas grown onlxBBM within the 1 litre Duran bubble column reactor to
investigate key performance parameters. In the first instaticee conditions were
attempted. These included growth both with and without the addition of an enriched CO

stream, as well as growth with the addition of acetate. The results are shegure¥.7.

gL?

0 25 50 75 100 125

Time (h)

Figure 4.7. Growth of C. sorokinianaunder phototrophic and mixotrophic conditions.

Solid black linesdry weigtt on the primary yaxis. Dashed linegiH, shown on lhe secondary-gxis. Triangles:
growth with 2 g L! sodium acetate. Squaregowth with CQ addition, Crosseso addition of supplementary

carbon sourceTriplicate experimentatigrwith error barshowng 2 standard deviatiorisom the mean.

The key parametefsr different growth conditionsire displayeaverleafin Table4-1.
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Table 4-1. Preliminary biological parameters underdiffering growth conditions.

Carbon Source : (hh ® (gL? 0 (gL'd?h 0 (h?Y)
Sodium acetate 0.21 1.25 0.6 3.3
+ Carbon dioxide 0.102 1.01 0.22 6.8
- Carbon dioxide 0.107 0.58 0.1 6.5

Figure 4.7 and Table 4-1 show that with the addition of sodium acetate the maximal
productivity can be trebledchicomparison to cultures augmented solely withy,Ghilst the
stationary phase can be reached in almost half of the time. The maximal specific growth rates
show thatC. sorokinianacan grow much fastemnder mixotrophic conditionsyhich is
supported by the literatu@Vvan et al. 2011, Vonlanthen 2013he CQ experiments show

that the maximal growth ratés unaffected by the concentration at the beginning of the
experiment This is probably explained bythe mixing aeration, which suppliesufficient

carbon dioxideto dilute cultureswith relatively low levels of biomasddowever, as the
culture grows denser the importance of carbon dioxide addition can be seer4rbm
onwards. Stationary phase was reached much faster in the sodium acetate augmented
condition, with final yieldfound to ben the regiorof 1.25 g L%. Final yields were found to

be almost 20% lowein the +CQ condition when compared to the acetate condition, whilst
the final yield was aroun80% lower without carbon dioxide augmentatidrhese results

would indicatethat augmentation with sodium acetate would be a promising bioprocessing
option. However, thigpproactcould prove expensivas nanywastewaters have low levels

of organic acids or suggrincurring cost for addition. Organic carbwaould alsobring about
unwanted contamination issues, especially when usiabwaste streams for growtfi his

mears thatenriched carbon dioxideould be the best operational strategy.

4.4.3.Exploration of the Parameter Space

Following from Section 4.4.2.1a series of optimisation experiments were undertaken to
benchmarksome of the key parameters neces$argubsequet scaleup. These experiments
investigated how the maximal growth rate and final yield were affected by alteration of the

temperature, mixing intensity and light intensity. Tasultsare shown irrigure4.8.
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Figure 4.8. Maximum specific growth rates and final yields in the 1 litre Duran bottle reactors.
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The primary yaxis shows the maximal growth rates (solid black lines), whilst the secondaig ghows the

final yield after a 7 day batch (dashed black lines). Graph (A) demonstrates the effect of altering the
temperature. Graph (B) indicates the reggoto changing the surface irradiance. Graph (C) demonstrates the
effect caused by changing the agitation. Triplicate experiments, error bars show 2 standard deviations from the

mean.

The results fronFigure 4.8 (A) showthat both the maximal growth rate and final yield are
strongly correlated with the temperature, with a maximum arour2630 (de-Bashan et al.
2008, Vonlanthen 2013)The resultsfrom Graph (B)are aligned with what would be
expected within the literature in terms of maximum growth rat€.aforokinianaunder the
tested conditiongSorokin and Krauss 1958)showing a maximum specific growth rate in
the region of 0.12 hat a surface irradiance between BID uE m? st. The results from
Graph(C) show that mixing has a lower effect on the maximal growth rate and final yield
than temperature and light intensity; although there is a slight increase in growth rate and
yield as the vvm rises. Overall these results would suggest optimal operatioddioosn
around 3685°C with surface irradiation of 1QE m? s andan aeration rate above 0.2 vvm,
which is generally supported by the literatyBelkoura et al. 1997, Janssen et al. 1999,
Ramanna et al. 2014)

4.4.4 Nutrient Removal

As part of scoping the potential for nutrient removal and lipid production within larger scale
operationsC. sorokinianawas grownin batchwithin 1 litre Duran Bottles using x BBM.

The resllts are showmverleafin Figure4.9.
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Figure 4.9. Nutrient removal and lipid production profiles in the 1 litre Duran bottle reactor under

different conditions.

Graph A) Solid black line with triangles represents biomass dry weight on the priraary, whilst the dashed

lines represent nutrient depletion on the secondaayiy. Squares: phosphate levels. Crosses: nitrate levels.
Experiments were undertakentiiplicate, and the error bars sh@sstandard deviatiafrom the mean. Graph

B) The solid black line with triangular markers shows the lipid concentration, whilst the dashed line with
crosses shows the pH change as the culture grows. Triplicate exgsrireenor bars show 2 standard

deviations.
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The findings confirm reps within the literature ofapid growth and nutrient removedtes

under similar conditiongde-Bashan et al. 2008)The high removal rates of nitrate and
phosphateunder controlled laboratory conditions (37 andnd§ L™ d* respectively), would

indicate considerable potential for wastger remediation. Howeverelatively low lipid
productivities in the region 00.2 mg L' d?! (whole experiment) and 14@g L d? (post

nitrate depletion) confirmpr evi ous f i ndi ngs f,meamngDmayndtur t on’

be wellsuited to biofuel productiofvVonlanthen 2013)

4.4.5.0ptimisation of Feeding Strajg

An exploration of the best growth strategy in terms of BBM concentration and feeding
schedule was undertaken at microscale, as descril@zttion 4.3.4.2. Theesults are shown
in Figure4.10.

2.5
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0 20 40 60 80 100 120
Time (h)
Figure 4.10. Optimisation of feeding strategy.

Solid black lines represent biomass dry weight eaxig. Triangles: 1 x BBM, Squares: 3 x BBM, Diamonds: 3
x BBM fed batch, Crosses 10 x BBM. Experiments were undertaken in triplicate, and the error bars show 2

standard deviations from the mean.
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The findings show that a fed batch strategy can increase the final yield by a56Und
compared to a conventional batch run. Productivity is also considerably improved between
48-96 hours in the fed batch condition. Also of interest is the facChsabrokiniam appears
to be able to tolerate the very high nutrient and salt concentrations found in 10 x BBM,

indicating potential suitability for high strength wastewater treatment.

4.4.6.Comparison of Data between Scales

A summary of microscale and Duran bottle resalte presented below Trable4-2, to act as
a comparative benchmark for the subsequent reactor design andssalgions.

Table 4-2. Summary of key parameters.

Comparison of key parameters at different scales using 1 x BBM angELA s* at120rpm or 0.5 vvm.

Parameter Symbol  Unit 10 ml Microscale 1 L Duran
Initial Biomass Concentration W, gLt 0.027 0.024
Maximum Obtained Biomass Yield (A gL? 1.16 1.3

Max. Specific Growth Rate PP ht 0.12 0.12

24 h Specific Growth Rate ‘ctm ht 0.091 0.083
Doubling Time O, h 5.8 5.8
Productivity O¢ g Lid? 0.38 0.32
Yield on PAR Wgip 5y 9 moft 0.1 0.54
Nitrogen Removal Yo mg Lth? 441 1.54
Phosphorus Removal Yo mg Lth?t 2.1 1.25

4.5. Scaleddown Conclusions

The preliminary findings within this chapter have considerable bearing on the design of

optimal operational conditions for the subsequent wastewater treatment process. To
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summarise the key finding€hlorella sorokinianaappears to be the most suitableaistr
investigated within the stugldisplayinga maximal growth rate in the region@fL0-0.12h%,

as well as averaged batch produ¢yivainder continuous illumination in the region of 0.22
0.38g L1d™. These findings are supported by the litera{@erokin C. 1959and are at the
higher end ofmanyother photatophically grown algal strains under these conditigugwu,
Aoyagi and Uchiyama 2008, Molina et al. 200l fact awider reviewof other studies
shows the maximal growth rate Gf orokinianais higher than all othespecies ofChlorella
(Wang et al. 2010b)and could be expected to be in the range-0.16 h* (Janssen et al.
1999) Other mmparableresults using C. sorokiniana were reported witim 24-well
microplates, with a light intensity of 1Q@mol photons nt s (maximum specific growth
rat e of)(van Wagdhentet al. 2014Further notable findings from Section 4.4.5
found that higher nutrient concentrations @ased the specific growth rategith maximal
averagedyrowth rates, productivities and yields being found under Hattingconditions.
One possible explanation for thistige favourable environment brought on by batch feeding,
which lessens th@smotic stress and hencmhibition of photosynthesig€aused by high
nutrient concentration&ilmour et al. 1984)

Despte the numerous differences in characteristics showaagyreactorsystem many of

the key parameters were reasonably consistent between microscale and Duran bottle
(showing 1620% variation). In factthe only notabledisparitybetweerthe two systems was

the biomass yield on PARnd the nutrient removal rateBhe biomass yield on PARas

found to beconsiderably lower in the microshaker than the Duran borttiés could be
attributed tobetter mixing within the bube olumn; as well as theffects of increased
photoinhibition withinthe microwell plates(due to thehigher surface area twlume ratig,

which would lower the photosynthetic efficiency. With regards to the differenemgeen
nutrient removal rates; thesmuld be attributed to the shorter run time of a microscale
cultivation (72 h ersus 96120 h in a Duran bottle), this would in turn resulta faster
average uptake rate during the course of the cultivaiibe. relative ease with whic@.
sorokinianagrew withinthe 1 litre Duran bottle reactor is encouraging and indicateshibat
strainmay be suitable for scalg using a reactor with bubble column or airlift configuration.
Finally, the findings also show that relatively high nutrient removal rates are achievable,
indicating potential suitability for wastewater treatment. The wortetakenin Chapter 5
seeks to build upon theesearchfrom this section and explore the potential of usg

sorokinianato treat wastewatend flue gas
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5. Scaled Down Cultivatiomwith Waste

5.1. Aims and Objectives

To follow from the scopingwork undertakenin Chapter 4, a series of small scale batch
experiments were devised to test the abilityCofsorokinianato remediate waste effluent
from a conventional municipal wastewater treatment works. This researcu test

following considerations:

A Selection ofsuitablewaste effluent$or treatmentvith an algal process, particularly with
a view tothe reduction ofnorganic nitrogen and phosphorus concentrations.

A Ascertaining the most important parameters for the process, including the nutrient uptake
rates tlat could be achieved.

A Identification of any potentigditfalls with the process that may hinder future sage

5.2.A Review of AlgalBioremediation

5.2.1.Wastewater Characterisation

Broadly speaking there are three maypes of wastewater; industrial, agriitural and
municipal. Industrial wastewaters can vary é¢desably in composition, bubften contain

high levels of toxins such as metals or petrochemicals. These waters are characterised by
extreme pH values and low levels of organic matter, which in cwtibn can make them a
difficult target for algal bioremediatioprocessesHowever,despite these problentisere is a

growing body of research that has shavat algae areapable of treating certain types of
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industrial waste, particularly those withate metal concentratior{®&hluwalia and Goyal

2007) On the other hand, ost types of agricultural wastewaters are derived from animal or
plant matter, and can include manure and fruit processingffuifhese waters contain high
loadings of organic matter, alongsidesociated bacterial communitiesaking them better
targets for bioremediatioMhe final category is comprised of municipal wastewatetsch

include household and urban wastes, often containing a mixture of excrement and suspended
solids alongside lowr concentrations of potentially toxic compounds. Like agricultural
waste there is already a microbial community associated with municipal waste streams, and
treatment processean bedesigned accordingly. Previous research and practical application
has fiown that algae argenerallybetter suited to the treatment of agricultural or municipal
wastes, due to the favourable characteristics presented within these streams. This includes a
moderate pH range, reasonable levels of light transmission and suffifeeganic nutrient
loading(Wang et al. 2010a, Pittman, Dean and Osundeko 2011)

5.2.2.Remediation of Industrial Wastewaters

On the whole microalgal metabolism m®t as well suited to the breakdown of complex
organic molecules, especially in comparison to bacteria or yeast. However, therarage a
of specificindustrial pollutants that can be treated by alg@ee interestingapproachis to
look at processes wwhich natural biodegradation of the pollutant in question produces nitrate
(NOs) or ammonia/ammonium (N#NH4"). Examples includéhe breakdown of acetonitrile
by photosynthetic organisms to yield ammomteevious esearch has shown that the uptake
of NHz produced by this photosynthedlty driven degradation pathway is 387% higher
when compared to conventiondlacterial treatment systemgMufioz et al. 2005)
Considerable research has atbownthe potential for metal absorption by algal species; this
includes the removal of Zn,uC Cr, Cd, Co, Al and Hgns. Algal absorption of these types
of metals has been showmhave99% removal efficiency, with total metal uptake repdrto

be in the region of 15 mg* of algal biomass producétufioz and Guieysse 2006 range

of otherindustrial pollutants havealso been treated by algal strption or biodegradation,
including olive oil and paper mill wastewatebdth of which arehigh in phenols and
polyaromatic hydrocarbongfbeliovich and Weisman 1978, Narro 1987, Pinto et al. 2002)
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Other interesting areas for algal treatment include wastewaters from the textile industry,
which can contain high levelsf biological oxygen demandBQOD). Thesecan include
synthetic dyes with high carbon and nitrogen content, as well as solvents and heavy metals.
Findingsfrom these studieBave shown that some specieCtflorella vulgarisare capable

of breaking azalyes down into aromatic amines, thereby redudhgychemical oxygen
demand COD) within the wastewatgfAcunerand Dilek 2004)

As the breakdown of many organi@ustrial pollutant€an be undertaken more easily under
aerobic conditions, algae can play an important role in assisting other-angamoisms to
degrade recalcitrant substanc&his photosynthetiqoroducton of oxygen by algal species

can reduce processing costs substantially for treatment sites edmmentionaimechanical
aeration can account for around 50% of all c{dtstcalf et al. 2003)Previous gperimental
findings from algalbacterial consortia indicate faster breakdown rates than solely algal
cultures,with examples includinghe removhof sodium salicylate at a rate of 87 mg !
(Mufioz et al. 2004)and acetonitrile degradatioreacting as much as 2.3 gLd! (Dhillon

1999) Another example of the successful use of algal and bacterial consortia includes the
degradation of black oil from wastewaéBafonova, Dmitrieva and Kvitko 1999, Safonova

et al. 2004) Whilst further studies have showeonsortia of Chlorella sorokniana in
combination with other microorganismas beingable to support the aerobic degradation of
acetonitrile, salicylate, phenol and phenanthrene, without the need for external oxygen
addition (Borde et al. 2003, Guieysse @t 2002, Mufioz et al. 2005, Mufioz et al. 2004)
Specific findings indicatethe potential to remove up t60 mg L d* of p-nitrophenol by a
consortium ofChlorella specieqLima, Castro and Morais 20Q3jhere are however inherent
problems withthe use of mixed microbial culturesamely the fact that it can be hard to
control the actual constitution of the consortia over tilfes is particularly the case fany
bacteria within thecommunity, whichwill generally be both faster growing and more
resistant to any toxichemicals within the waste stregMufioz and Guieysse 2006)
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5.2.3.Algal Treatment ofAgricultural and Municipal

Wastewaters

The activity of algae within the consortia of microorganisms involved in conventional
municipal wastewater treatment is well documented. Many species play an important role in
secondary treatment steps witheither maturation ponds or facultative and hergonds
(Abeliovich and Weisman 1978pnd are readilyable to grow on the dissolved carbon
dioxide and nutrientdound within wastewater. As a bgroduct of their phmsynthetic
activity they provide oxygen for aerobic bacteria, thereby allowing for the breakdown of
other more complex organic moleculd@$e photosynthetic growtlof algaeon nitratealso

acts to incease the pH of the water, providing a stabilising and sterilising effewald

1988) Numerous studies hawadreadybeen undertaken which shohat traditional feedstock

for algal cultivation can be replaced with a variety of municipally or agriculturally derived
alternativegMufioz and Guieysse 2008ph particular compounds of nitrogen, phosphorous,
trace metals and vitamins can often be sourced directly froomgary or tertiary wastewater
(Greenwell et al. 2010)Unsurprisingly, the composition of the wastewater has a critical
impact on algal cultivation. Nitrogen and phosphorous content atiwbk rare of particular
importance, as both are a key macronutrient for cell growth, whilst a lack of either can act as
a trigger for lipid accumulation. Previous studies have shown that most algal biomass has a
composition in the range df . 0 (Ketchum and Redfield 1949, Sterner and
Hessen 1994yvhich makes for an attractive benchmark when selecting suitable waste as a
feedstock. Looking at some of the most common waste strigahable5-1, many domestic
wastewaters have an appropriate range of N:P ratios, whilst many industries such as mills and
tanneries produce very high nitrogen loadings. Likewise, anaerobic digester céatragsl (

from centrifuged supestant) contains very high levels nitrogeften in the form of
ammonia and ammonium ions, making it a particularly favourable feedstock for algal growth
(Wang et al. 2010a, Pittman et al. 2Q11)
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Table 5-1. Indication of common nitrogen to phosphorous molar ratios within wastewaters.

Table modified from(Christenson and Sims 2014)d®(Wang et al. 2010a)

Wastewater Type Total N Total P N:P
(mg LY (mg LY (molar ratio)
Weak domestic 20 4 11
Medium domestic 40 8 11
Strong domestic 85 15 13
Dairy 185 30 14
Cattle feedlot 63 15 10
Poultry feedlot 802 50 36
Swine feedlot 895 38 12
Coffee production 85 38 5
Coke plant 757 0.5 3352
Distillery 2700 680 9
Paper Mill 11 0.6 41
Tannery 273 21 29
Textile 90 18 11
Winery 110 52 5
Digestate? (dairy manure) 3456 250 31

5.2.3.1.Typical Municipal Wastewater Composition

Municipal wastewater is a humamade phenomenon and is most often produced directly
from household activities. Within the developed world it is treated before discharge into
larger water bodies to prevent physical and chemical pollutants entering andraathag

wider ecosystem. The composition of most domestic wastewaters can vary considerably, but
is normally in the region of 99.93% water and 0.07% dissolved or suspended organic and
inorganic solids and volatilegdetcalf 1991) Figure 5.1 shows the average composition of

the dissolved and spended fractions of wastewatérdicating that within the dissolved

solids fraction, the percentage of organic and inorganic mattefiisagnost evenly. Of the
organic fraction 10% is comprised of fats and oils, 50% of protein and 40% of carbohydrates.

The inorganic fraction mostly contains dissolved sodium, chlorine, phosphate, nitrates,
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ammonium and heavy metalslicroorganisms suchsabacteria, protozoa and archaea can
also be found in the wastewater but are not included within the f{@lren, Vigneswaran
and Snyder 2006)Table 5-2 shows the nutrient content of different strength municipal

wastewaters.

25%

50%

20%

Figure 5.1. An indication of typical raw municipal wastewater composition.

Pie chart showing the general composition of raw municipal wastewater. Light spot: protein, diagonal lines:
carbohydrates, checked squares: fats and oils, darker spots: inorganics. Modifi¢gHoonet al. 206).

Table 5-2. Table showing the typical nutrient contents of raw municipal wastewaters.

Modified from(Henzeand Comeau 2008)

Parameter High (g m®) Medium (g m®)  Low (g nTd)
Total N 100 60 30
Ammonia N 75 45 20
Nitrate/Nitrite 0.5 0.2 0.1
Organic N 25 10 15

Total Kjeldahl N 100 60 30

P total 25 15 6

OrthoP 15 10

Organic P 10 5 2
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5.2.4.Flue GasScrubbing

Given the current concerns surrounding global warming and atmospheric pollution, a
considerable body of literature has studied the effect that algal growth can have on reducing
emissions fromndustrial processed-lue gases can be defined ay araste gas emission
from a chimney, exhaust or flue stack. The composition cetlgasesan vary considerably
dependent upon the chemicattivity taking place; but perhaps the two most interesting
processes foan algal ecobiorefinery are combustionrad thermal decomposition, as they
produce large quantities of carbon dioxide. Combustion fluaigaally contais between 5

15% carbon dioxide, whicban be injected directly into algal growth mediurhe effects of
augmenting algal cultures with dissalvlue gasto improve productivity and yield are
relatively well understoodPark, Craggs and Shilton 2011, Nielsen dedsen 1958With
previous research indicatirigat the removal efficiesy of introduced carbon dioxidean be

in the region of 8®5% (Doucha et al. 2005, VunjaKovakovic et al. 2005)urther studies

have also showthat some species of algae can toletatecontaminantcontained in flue
gaswithout the need for any piteeatmentwhich would bea crucial factor for a low cost

bioremediatiorprocesgDoucha et al. 2005, Yoshihara et al. 1996)

As well as carbon dioxide many flue gases comaides of nirogen (and sulphur in the case

of coal fired generators), tournt hydrocarbons and particulat&be literature demonstrates

that other common gaseous pollutants such asdd@® be remediated, with reductianghe

region of 40 mg I* d! using a marinenicroalga(Yoshihara et al. 19961ther studies report

a reduction irfinal NOy concentrationgn the region of 95%Vunjak-Novakovic et al. 2005)
Further studies have indicated that airborne carbon compounds, such as polycyclic aromatic
hydrocarbons like benzo(a)pyrene have also been shown to be remediated by algal cultures
(Schoeny et al. 1988)Currently, there is little work indicating the ability of algae to
sequester SQhowever levels areften found to be quite low within modern emissions, due

to prescrubbing before final emission. Other important considerations from the literature
have shown that both S@nd NQ can rapidly acidify growth media, which at high levels

will kill many strains of algae. Also, at intermediate levels dissolved &@ NQ can reduce

the solubility of HCQ@, thereby lowering am®ss to carbon and slowiatgal growth(Ronda

et al. 2014) The combustion profile of some common fossil fuels is showiale5-3.
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Table 5-3. Typical composition of combustion gases from differing fossil fuel types.

Expressed as % volume or part per million weight (ppm). Table modified fZ@wenhoven and Kilpinen
2001)

Entity Petrol(%) Diesel (%) Gas (%) Coal (%)
N2 71 67 14 66-77
COo. 14 13 7-10 12-15
H-O 12 11 15 6

O, trace 10 4-5 4.5

(6{0) 1-2 < 0.045 300 ppm 50 ppm
NO« <0.25 <0.15 70 ppm 420 ppm
SO trace <0.045 nil 420 ppm

5.3. A Detailed look atMunicipal Wastewater

Treatment

5.3.1.Preliminary and Primary Wastewater Treatment

The preliminary wastewater treatment process begins with the removal of all larger
contaminants that have entered the treatment stream; including paper, plastic, toiletry and
sanitary items. This is followed kayprimarysedimentation process, which allofes most of

the suspended solids to settle out from the flow, whilst the oils and grease can rise to the
surface. Mechanicacrapingis then deployed to remove the grease and oils from the water
surface By the end of this stage in the process the bimote oxygen demand has been
reduced by 3@10% (DEFRA 2002, DEFR 2012)
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5.3.2.Secondary Wastewater Treatment

After primary treatment the wastewaterspas into the secondatgeatment stage. This
process can vary dependent on site location, but is often based on the activated sludge
process, which was developed in thié during the early part of the $@entury The process

works by returning the activated sludigem the secondary clarifidgrack through the system
increasing biolgical activity in the aerated tank and therelglucing hydraulic retention
times, ands outlined inFigure5.2. The process is undertakefith the addition of oxygen to

aid the metabolic processes involved in the breakdown of organic molecules. iVhtedct
sludge procesalsolowers the levels of many common pollutants and pathogenic bacteria by
up to 90%. Alongside this process the harder to digest s@ledprimary and secondary
sludge)are passed into an anaerobic digester for further breakdadrstabilisation. This
process produces both liquid and solid outflows as well as a biogas rich in carbon dioxide and
methane. The biogas from this process is often bunsiterto generate electricifzrady Jr

et al. 2011)

Raw Grit Primary Aerator Secondary
sewage chamber clarifier clarifier

0
~ oa |- |—

A N

Return activated
sludge
. ) Belt Waste
Digested Thickened i activated
sludge sludge thickener sludge
Final
effluent
Anaerobic Generator
digester

Biogas
» —— Electricity and heat

Figure 5.2. Overview of a typical municipal wastewater treatment process.
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5.3.3.Tertiary Wastewater Treatment Processes

Whilst the UK Environment Aency has made considerable gains in controlling effluent
levels within waterways since the early part of the last century, there continues to be
considerable concern about the effects of eutrophication within European fresh and saline
waterwaysThe requirements for improvirfgnhal effluent quality is codified in the EU Water
Quality Directives under the Water Framework Directive, which stipuldtas enhanced
tertiary treatment would be necessary to prevent further eutrophication and pollution of
waterwayg CEEP 2007)Many of the standards that control municipal wastewater in the UK
are now dictated by EU regulations, and fall under Wastewater Directives suchVdaténe
Framework Directive2000/60/ECpr the Water Quality Directives, wth are numerous, but
include the Urban Waste Water Treatment Directive (91/271/E€)Nitrates Directive
(91/676/EEC),and the Bathing Water Directiviirective 2006/7/EE These regulations
prescribe that the concentration of total phosphorous (Phitnegen (N) within wastewater

at discharge should be no more than 2 mgahd 15 mg [ respectively, in sites of 10,000
100,000 population equivalent (PE). The limit is lowered for sites above 100,000 PE to 1 mg
L1 and 10 mg [ for P and N respectively. Despite the extensive legislation most member
countries are still not fully compliant angkgularly breach standards, whilatcession
countries have a 105 year reprievbefore enforcemefCEEP 2007, DEFRA 2012)

Despite the significant progress that has been made since the 1960s, conventional secondary
wastewater treatment at many sites still suffers from a limited ability teceeithe inorganic

N and P content within wastewater below certain ley8lsi et al. 2014) This causes
problems within receiving waterways due to the resultant increase in nutrient (el
canencourage the growth of aquatic algae and other fast growing (ffentsira et al. 2011)

When these photosynthetic organisms subsequently die they are degraded by bacteria, which
cause an oxygen deficit that leads to eutrophication, killing many of the larger aquatic
organismsTertiary treatment is often deployed tepent further negative impacts within the
environment, and can vary considerably dependent upon local treatment requirémoents.
example értiary processes can reduce suspended solids, levels of inorganic compounds
containing N and P and harmful bactefTde reason that many of these treatments are not
regularlydeployed isdue to the high costs that are associated with tt@swald 1988)In

fact many wastewater treatment facilities openatienary and secondary treatmexttoverall
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costs in the region of £0.6 fustewaer(Doran 1995) and are under pressure to minimise all
associated costs. Complete tertiary treatment has been shown to cost roughly four times as
much as primary treatment, with a value in the region of £1:20Furthermoe, quaternary

and quinary treatments are known to have a cost range betwl€etin®es more than primary
treatmen{Oswald 1988)

There are seral effective tertiary treatment options that are in various states of research and
development. For nitrogen remoy#ie most commonly deployed platform is the biological
oxidation of ammonia to nitrate (nitrification), followed by the reduction o&tetto nitrogen

gas which is then released into the atmosphere (denitrification). This is-stdv@rocess
undertaken by species of bacteria suciN&sosomonasspp, Nitrobacterspp andNitrospira

spp (Grady Jr et al. 2011)Another promising alternative process is diractmonium
oxidation by the bacteri®rocadia anammoxidansknown as the rmmmox procesgvan
Loosdrecht et al. 2004)although the technology is still yet to be widely deployed.
Constructed lagoons and reed beds are also finding increasing usage as a low cost platform
for nitrate and phosphate recovgiynctioning via the activity of green plants in conjunction

with mixed microbial communitiefivaisi 2001, deBashan and Bashan 2004)

Phosphate removal can be achieved either via biological or chemical means. One biological
method involves a process known as enhanced biological phosphorous removachn w
bacteria known as polyphosphate accumulating organisms (PAOs) canrabgperulate
phosphorougGrady Jr et al. 2011However, the most common method deployed to remove
dissolved phosphorous species is via chahpeecipitation with salts such &sric chloride,

alum or via the addition of Mg, which producesustite (NHsMgPQs-:6H20). These metals

have high affinity for phosphate and are rapidly flocculated using a polyarpotymer,

with the resultant material known as water treatment residual (WTR). Though the dose rate
for the metal salts is relatively low at63mg L, this still involves considerable expense in
terms of the salts and polymer, meaning that treatmens émsmany WWT sites can run

into £56300k per annuniJaffer et al. 2002)Additional costs are subsequently incurred from

to the transportation and gate fees required to take the WTR to landfill. Despite these issues
chemical dosing remains a popular choice for phosphoremmval owing to the large
volumes of water that may be rapidly treated in this way.
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5.3.4.Priorities for Wastewater Treatment in the UK

By 2015wastevater compaies and businesses which genesdfkient across Europe will be
required to comply with the Waté&ramework Directive$91/271/EEC) and (91/676/EEC)
Failure to comply could result in large fines for both industry and state actors. The EU has
also drafted a list aiinother80 priority substances which require increased levels of removal
from effluent streams (2455/2001/EC). Amongst these compounds phosphorous removal is
considered to be of particular importance, with the potential to confer both environmental and
economic beefits. Phosphorus is an essential constituent of all life on Earth and is obtained
from the environment in various mineral forms. Human industrial and agricultural activity
has had a considerable effect upon phosphorus levels and distribution in a ntimiagor

ways. Firstly, the use of phosphorus in fertilisers for arable crop growth has led to
considerable depletion of rock phosphate reserves. Current annual extraction levels are
around 220,000 Mt and are expected to increase by 8 Mt per year ixtHe yeargUSGS

2015) This rate of increase has led to the prediction that 'peak phosphorus' may be reached
by the year 2033Déry and Anderson 2007Yhe implementation of wastewater treatment
directives could provide novel incentives to reduce, recover or istalghosphorous for
commercial use and will be of particular interest to the waste processing and recovery

industries.

5.3.5.Integrating Algal Phosphorus Recovery

Given the fact that many wastewater treatment facilitiesregalarly unable to meet EU
emissims standard6CEEP 2007}there has been a concerted drive to improve and diversify
tertiary treatment technologig9SB 2015) The removal of contamination from tertiary
wastewater using an algal platform has several potentially appealing features. This includes
the ability to redue the levels of refractory organics, inorganic nutrients like N and P species
as well as heavy meta(dlolie et al. 1992)Algal remediationcan offerseveral benefits in
comparison to conventional tertiary wassder treatmentMost prominently is it€apacity to

take upvarious forms of inorganic phosphorous and nitrogen in tan#&ya, de la Nole
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and Picard 1995, Singh and Das 20Mfich is often not possible with most conventional
chemical approacheén algal treatment platform can also avoid some of the costs normally
associated with conventional chemical tertiary treatment s{&gagsalho 1977)For example

algal treatment avoids the creation of secondary contaminated sludge as well as-other by
products and complexes associated with chemical precipit@donse et al. 1998)Other
benefits inalide the high levels of sequestration that are achievable using algal methods,
which can approach 100% efficiency, ensuring that very little nitrogen and phosphorous are
lost downstream(Guterstam B 1990, Kaya et al. 1998Jongsidethese advantages, algae
produce oxygen and can help disinfection by raising the pH during photosyr(ihedes

Noue and de Pauw 1988)

To date, most wastewater treatment sites have focused their research effapdimiging

their facilities to best make use of existing infrastructure. This means there have been
relatively few historical examples of wastewater treatment projects using algae in the EU.
There are however several current pilot projects in which faitghalgal ponds (HRAPS) have

been deployedncluding the EU funded FPAIl -Gas projec{Garcia 2012)an illustration of

their open pond arrangement is showirigure5.3. Despite the numerous potential benefits

of algal wastewater treatment platforms, several biological and engineering problems need to
be overcome to make the process more efficient. Firalilgough many candidate species
have been shown to grow on wastewater, there is a lack of information on the performance of
organisms in larger scafacilities (Pittman et al. 2011)0ther prominent issues include the
variation in maximal growth rates dependent on the quality of sunlight and wastewater
composition,which can subsequently have a considerable effect on nutrient removal rates.
Furthermore, the complex interactions between bacterial and algal communities within
wastewater remediation are poorly characterised, meaning that optimisation of scaled up
proceses can be difficul{(Benemann 1989)0ther problems centre on specific engineering
bottlenecks, including the cost bérvesting and concentrating algal biom@3gtman et al.

2011)
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Figure 5.3. A HRAP produced by Aqualia and used for wastewater treatment.

Photographs show a raised raceway pond configuration. Chiclana, Souther(Czpeia 2012)

5.3.6.Practical Considerations of Integratadd@uction

The deployment of an algal system for wastewater treatment within a Northern European
context would have to consider the fact that current consensus is to use open ponds at larger
scale,owing to the favourable process economics associatedivatie systemglorquera et

al. 2010, Borowitzka 1999, Greenwell et al. 201l8pwever, pond systems have a great
number of limitations that render them unsuitable for high througlpdt continuous
wastewater treatment Wih a Northern Europeatontext. These factors include poor levels

of mixing, which result in lower growth rat¢8.01-0.03 h'), and create conditionsif poor

mass transfer alongsidenited access to sunlightUgwu et al. 2008, Borowitzka 1999)
These lower levels of mass teder can result in high levels of oxygen build which
subsequently damage the algal cells and intlghotvth. Open ponds also have vdow

levels of biotic control, and can suffer from predation. They alsmuire a large areal
footprint and display caiderable seasonal variation in levels of productivity (@Qa% g L*

d?h) (Park et al. 2011)This means thatitrogen and phosphorougptake within open systems

can be in the region afround 0.10.30 mg L* hl, but in fact may even halt in very cold or

high precipitation environments
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A key technical challeng®r wastewater treatment with algaghsat of residence time, as the
phosphorus removal rate has to be matched with the final effluent flow rate from the
treatment site. Any variation in growth conditions, effluent compositiofiow rate could

result in washing the algae out from the process. This places physical and cost burdens on
any conventional algal treatment system as they have to be oversized or designed with some
volumetric redundancy, thereby increasing capital expered Other hurdles include
selection of a suitable wastewater growth medium; literature would indicate that typical N
NOs and RPQy levels within wastewater final effluent are in the region-aB5mg L'* and

5 mg L* respectively(AbdeFRaouf, AFHomaidan and Ibraheem 201Zhis makes the final
effluent a comparatively nutrient poor media compared to commercially available media such
as BBM (35 mg I and 50 mg ! for N and P respectively). Conversely,-N¥H4
concentrations within anaerobic digester centrate can be are8ngl 11! (Voltolina et al.

1999) with P-PQy in the regon of 56-300 mg L. This makes anaerobic digester centrate a
couple of orders of magnitude more concentrated than commercial media, and would likely
need dilution for successful cultivatiohikewise, the levels of any potentially inhibiting
substances #t are often found in wastewater, such as pesticides and other pollutants need to
be taken into account, as these may limit both growth and downstream options. A further
consideration for any bulk production of algae from waste would also need to cdhsider
nutrient availability limitswithin wastewater. This has been identified previously in the
Greenwell review pape(Greenwell et al. 201Q)which estimated a 20kg shortfall in
Europan waste nutrients, should biodiesel be a desired o(tpugller 2007) However,

many of thes@roblens can be avoided somewhat if theain purposeof the ecebiorefinery

is remediation to EU standards rather than biomass production.

Despite some of these hurdles, it is possthit algae could find a more prominent role
within the conventional wastewater treatment processes of Northern Europe. Previous
research has suggested that an algal platform could be integrated at either secondary or
tertiary treatment stagek fact a considerable body of research has shown the potential for
the cost relatetbenefits ofintegration at the secondary stage, as part of a mixed microbial
community(Oswald 1988, Wang et al. 2010b, Abd&douf et al. 2012)In practical terms

this approach would involve making the conditievithin secondary facultative ponds more

favourable for algae within the mixed community. However, this method has some potential
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limitations due to the high organic loadings which would generally always favour bacterial
populations. This means that thederesult would not necessarily be much different to a
conventional secondanyastewater treatmemirocess. Furthermore, this approach would be

unlikely to achieve widespread deployment within a Northern European context due to the
inertial legacy of estaldhed methodologies and infrastructure for secondary treatment. Most
treatment sites favour proven and es-babl i she
to existing infrastructure. This means that algal wastewater treatment in Northern Europe is
more | ikely to find apaoloilsehears ,a rteedrutciianrgy tsott
levels after a conventional secondary treatment, bringing emissions in line with EU standards
(CEEP 2007, TSB 2015An illustration of the potential for algal integration is shown in
Figure5.4.

Screening Grit chamber
Primary treatment Primary clarifier
l v v
Aerator and Algal
Secondary
secondary treatment
treatment v "
l clarifier and clarifier
: Algal
Tertiary treatment A,
Discharge Final effluent Final effluent

Figure 5.4. lllustration of how an algal treatment platform could be integrated within a wastewater

treatment works.

One specific exampleof an algaltertiary treatmentechnologyis the serpentin@advanced
biological nutrient recovery ABNR), produced by ClearAs in the United States. The
platform overcomes thproblems associated with having to match an algal growth rate to a
nutrient flowrate through the use of a membrane belt filiére belt filterassists the process

by separating, concentrating and-cieculating algal biomass to maintain high biomass

densities within the ABNR and hencensistentP removal rateRobinson et al. 2012)
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Figure 5.5 shows theClearAswastewater treatment system alongside a schematic of the

biomass recirculation process.

ClearAs Process

Secondary
Treatment
Process

vy
&
S

Treated water

= MBF

Algal biomass

Figure 5.5. The ClearAs process.

The top photographs show the ABNR system constructed by ClearAs, and deployed at a pilot site in Spokane,
Montana, US. The system is being used to reduce phosphorus conoestrethin the waste effluent et
paper pulping mill(ClearAs 2013) The bottom schematic demdrades how the ClearAs proceszkes

secondary wastewater andaieculates the biomass using a membrane belt filter (MBF).
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5.4.Profiling Growth with Wastewater and

Flue Gas

5.4.1.Materials and Methods

5.4.1.1.Batch and Continuous Experiments

Chlorella sorokinianaUTEX1230 was selected for these experiments based on the findings
in Chapter 4. For batch experimertse bioreactorvessels consisteaf 1 litre Duran bottle
reactors, as outlined in Section 4.3.4.1. Media composition is described in 5.4.1.5. &itixing
was kept consistent throughout the experiments, and introduced into all of the bottles at 0.2
vvm. This was achieved by using an air compressor (Hailea) and a ceramic diffuser. The
lighting was held at 8@umol m?s? of artificial light (low light conditons), provided by two

8W Grolux lights (Sylvania). Tempetare was maintained at 32+2°@e-Bashan et al.

2008) In the continuous growth experimerthe stran was first cultivated under the
aforementionedbatch conditionson final effluentfor 170 h. After which a continuous
dilution regime (1.92 L d! of final effluen) was implementedusing a peristaltic pump

(Watson Marlow).

5.4.1.2.Deriving the Maximal Growth Rate

The maximum specific growth rate () was calculated as outlinedsection 4.3.3.1.

5.4.1.3.Final Yield and Productivity

Each experimental condition was undertaken in triplicate; with final biomass vyields,

productivities and lipid yields calculated assgction 4.3.3.2.
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5.4.1.4.Flue Gas Composition and Analysis

To test whethe€. sorokinianawas capable of growg onflue gas, a series of experiments
were conducted in collaboration with Dr Paul Hillier from the Department of Mechanical
Engineering UCL. These experiments were undertaken dparging of all cultures with
atmospheric air for mixingyhilst those in the +Cé&group were supplemented with exhaust

gas at a rate of 20 émin? (Vunjak-Novakovic et al. 2005)The exhaust gas for these
experiments was produced by a single cylinder diesel engine specially designed for
combustion and fuels research (Ricardo Hydra with Ford Duratorque head). The gas was
storedunder 10 bar of pressure in a modified air compresBorhéll). The engine was
operated on a fossil diesel fuel, with zero fatty acid methyl ester (FAME) content, at a
variable load condition to produce a constant exhaust gas composition of eitherl@% or

CQO,. Exhaust gas sampling took place downstream of the engine using an automotive gas
analyser system (Horiba MEXA9100 HEGR). The composition of the exhaust gas was
determined by the following methods: RNOconcentrations were determined by
chemiluminesence; CO and C{zoncentrations by nedispersive infrared detection, and O

concentrations with paramagnetic analysisllier and Ladommatos 2011 )

5.4.1.5.Media Composition

Wastewater was sourced from a UK municipal treatment worsessinglomestic waste
streamgSouthern Water)The tested wastewater includeddi effluent(FE) geneated after
secondary treatment ardlie for dischargeas well asanaerobic digestectentrate(ADC),
which was composed ahe liquid fraction(with some suspended materighoduced from
the centrifugalseparation oénaerobially digestedsolids 1x BBM preparedvith de-ionised
waterwas used aa benchmark in the experimer{8igma).Due to UCL health and safety
policy regarding pathogenic microorganismise twastewater samples were autoclaved at
121°C for 15 minutebefore bringng them into the Environmental Engineering Laboratory
and diluted 1:10 with deionised water for the purposes of the experiment.
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5.4.1.6.lon chromatography of Wastewater and Commercial Media

lon chromatography (IC) wasndertaken as isection 4.3.6 t@analyse theotential ofC.

sorokinianato reduceammonium, nitrate, phosphate and sulphate levels.

5.4.1.7.Conductivity and pHbf Media

Conductivity and pH were measured to better ascertain some of the key changes in
characteristics within the wastewater. Coctduty was measured using an S230 conductivity
meter (Mettler ToledgQ)whilst thepH of the media over time was concomitantly monitored

with a probe (Mettler Toledo).

5.4.1.8.Total Dry Weight and Lipid Aalysis

The biomass dry weight and lipid concentrations were calculatedSzstion 4.3.5.

5.4.1.9.Data Analysis

Data was analysed and plotted on Microsoft Excel 2010. Triplicate results display error bars
with 2 standard deviatianfrom the meanSignificant differenes between each treatment
condition (+CQ and—-C0O,) wereanalysed at 96 by oneway ANOVA with a statistical

significanceop-val ue of < 0. 05.
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5.5.Results and Discussion

5.5.1.Preliminary Flue Gas Experiments

A series of preliminary expenents was undertaken fmd the optimal conditions foliater
experiments using waste feedstock. In the first instance the effects of doubling the CO
concentration within the gas stream were investigategrowth with 1 x BBM,undertaken

by altering tle engine combustion conditions to produce 6% and 12%iCthe gas stream.

The composition of thexhausgasused in these experimengsshown inTable5-4.

Table 5-4. Average composition of gas streams used in tipeeliminary experiments.

Mean dry exhaust gas composition

Exhaust

Condition CO (pm) CO, (%) 0, (%) THC (ppm) NOy (ppm) Particulates
(ug/cc)

0% 15 0.08 21 7 0.02 N/A

6% 350 6 12 250 770 1.5x10°

12% 1,800 12 4.5 1,300 600 0.001

The bath results for thesexperiments are showaverleafin Figure5.6.
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Figure 5.6. Growth of C. sorokinianaon 1 x BBM and varying flue gas concentrations.

Solid black lines represent the biomass density orptimary yaxis, dashed black lines represent the pH and
are displayed on the secondaraxis. Crosses: sparged with air. Squares: sparged with 6% T¢@ngles:
sparged with 12% COExperiments undertaken in triplicate, error bars show 2 stardtasidtions from the

mean.

The findingsin Figure5.6 show thatC. sorokinianais capable of robust growth on flue gas.
Both 6% and 12%CO. concentrationsreachedconsderably higher densities than the
conditionsparged solely with air. The final density of algal biomass after 7 days was highest
in the 12% flue sparged conditigd.56 g L), almost 3x greater than th€O, condition
Interestingly, the lag time was considerably shorter in the 6% condition than the 12%
condition, potentially indicating the requirement for some biological adjustment to the higher

levels of THC and particulate®ntained at this concentrati@@hown inTable5-4).
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5.5.2.Growth on Wastewater and FlGas

To test the suitability of usin@. sorokinianafor nutrient removal a series of experiments
were set up to ascertain whether the strain could grow on two of thecamstonstreams
within a wastewater treatment works; final efflu€RE) and anaerobic digester centrate
(ADC) using flue gas as a carbon source. The exhaust gas and media comfyositithrese

experimentare shown irmable5-5 (A) and(B).

Table 5-5. Composition of exhaust gas and media.

(A) Mean dry exhaust gas congition according to media type (12% g€bndition).

Mean dry exhaust gas composition

Media type

CO (ppm) CO (%) 02 (%) THC (ppm) NOx (ppm)
Bold's Basal Medium 5,767 11.72 4.06 207.9 555.7
Final effluent 2,216 12.02 411 119.9 613.5
Centrate 5,010 11.65 4.48 126.6 555.3

B) Characteristics of growth media after dilution.

Media characteristics

Media type pH Conductivity Total (N) Total (P) N:P Ratio TOC
(uS/cm) (mg/L) (mg/L) (mol:mol)  (mg/L)
Bold's Basal Medium 6.32 778.5 34 a7 2:1 0.35
Final effluent 7.40 161.4 8 2.6 71 21
Centrate 9.47 262 53 9.4 13:1 9.56

The growth curves idrigure 5.7 show biomass accumulation and lipid productivityGaf

sorokinianaon the tested mediajith and withoutl2% CQ enrichedexhaust gas.

96



0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.40

0.35

0.30

0.25

0.20

0.15

biomass (g L)

0.10

0.05

0.00

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

96

0 24 48 72
time (hr)

Figure 5.7. Growth of C. sorokinianaon different wastewatersand commercial media.
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The results of growth on BBMFigure 5.7 A) indicatethere is a significant increasp €

0.05) in biomass productivity under conditions of exhaust gas sparging compared to-the non
enriched condition (82.5 mglid? to 35.5 mg [* d*! respectively). After 96 h growth, the
COx-supplemented culturesere stil growing, andgave an average final biomass yield of
330 50 mg L, whilst the control gave a final biomass yield of 180mg L. The 24 humax

of the CQ supplemented culture was found to be 0.07 whilst that of the nomnriched
condition was foundo be 0.06 H. Neutral lipid concentration increased over the course of
the experiment, with the GGiugmented condition giving a final yield of 13 mg against

9.5 mg Lt in the noraugmented condition (productivity of 3.25 mg ti* and 2.38 mg L d

! respectively). The final effluent resultSigure5.7 B) show that after 96 h, a final biomass
yield of 250 56 mg L! is obtained, whilst the control showed a fitdomass yield of

220 58 mg LY, (with productivities of 62.5 mgtd?* and 55 mg [ d! respectively). The

24 hpmax of the CQ supplemented culture was 0.05'hwhilst that of the control was 0.04

hrl. Lipid yield increased after 48 hounseaking at 32 mg £ in the CQ supplemented
condition and 16 mgLin the non C@enriched condition (comparative productivity of 8 mg

Lt d? and 4 mg [ d? respectively). Growth on anaerobic digester centrate is shown in
(Figure 5.7 C). Again, the results demonstrate a significant increpse ( 0. 05) i n bic
yield after 96 h under conditions of exhaust gas sparging when compared to the control. The
CO; supplenented culture showed a final biomass yield of 328 mg L, whilst the non

CO; enriched group showed a final biomass yield of 120 mg L* (productivities of 80 mg

Lt d!and 42.5 mg it d? respectively). The 24 pmax of the CQ supplemented culture was
0.07 ht, whilst that of the control group was 0.03. WNeutral lipid yield showed a similar
trend to the other experiments; with a 16 mytotal in the CQ enriched condition and 12

mg Lt in the noraugmented condition (prodtivity of 4 mg L! d! and 3 mg * d?

respectively).

The results from these growth experiments show that the strain can perform in a manner
comparaéle to commercial media when grown on eitlaettoclavedvastewater final effluent

or centrate under bdteconditions. The maximal growth rates and biomass yields were within

a similar range over 96 hours, but BBM afDBC were shown to be marginally superior in
terms of growth rate and yield compared to FE. This could be attributed to the higher nutrient
levds found within these media types. It was also noted that larger productivity differences

were seen between GOparged and non GQ@parged conditions in these richer media types
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(BBM and centrate). These results show that growth is augmented consideitiibiyre
addition of 12% C@exhaust, especially when nutrient levels are sufficient. The general
effect of increasing the concentration of dissolved carbon dioxide is in good agreement with
previous studies within the literatug&zov, Shelef and Moraine 1982)

Lipid yield and productivity was found to be significantly higher in the cultures bubbled with
12% CQ. It is probable that this extra dissolved carbon had a dual effecthnaugmenting
growth, as well as providing excess carbon flux towards lipid produ@tieejaja, Chien and

Ju 2009) Despite the noticeable difference, the total lipid productivity was probably
underestimated slightly due to the preference of Nile Red to partition into highly hydrophobic
environments andemce fluoresces to a greater degree in the presence of intracellular neutral
lipid droplets, as opposed to cellular membrane ligisieenspan, Mayer and Fowler 1985)
This particular measurement error could be overcome through the use of better quantitative
methods; which could include ceentional lipid extractiormethods(Bligh and Dyer 1959)

or specific FAME analysis using gas chromatography coupled to mass spectroscepy (GC
MS) (Vonlanthen 2013)Interestingly, the highest lipid productivity was found in the final
effluent condition, with almdsdouble the yield over 96 when compared to the other media
types. Thiscould be attributed to the lower concentration of nitrogen within the finaiesit]
resulting in rapid starvation over the course of the experiniéetsubsequent-direction of
metabolic carbon and nitrogen flux result in gteess response shown By sorokiniana

This triggers the production of energy storage molecules inolydipids, and initiates

chlorosis after 48 housccording to well understood mechanigfiRedolfi et al. 2009)

5.5.3.Effect on pH and Conductivity

The effect that algal growth has upon the pH and conductivity of the wastewater was
investigated, so as to ascemtany changes in the water chemistry during the experiment. The

results are shown iRigure5.8.
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The data inFigure 5.8 illustrates the effect that algal growth can have on the pH and
conductivity of the growth mediunfigure5.8 (A) shows that in BBM the pH rises from 6.4

to 7.5 in the Caugmented culture, whilst the pH rises from 6.2 to 7.3 in theangmented

culture. During this trajectory there is very lititgfference between the two conditions at

several time pointgrigure5.8 (B) indicates that in the final effluent the pH rises from 7.5 to

8.2 in the +CQ@ condition,whilst the pH rises from 7.3 to 7.9 ihg—CO, condition.Figure

5.8 (C) shows that in anaerobic digester centrate the pH drops from 9.4 to 7.0 in the 22% CO
setup, whilst the pH also drops from 9.4 to 8.5 in the naturally aeratedipseThe
measurement of conductivity in BBMFigure 5.8 A) shows that over the course of the
expeiment the conductivity remains fairly consistent, with a small drop from 779 to 764

MS/ cm i n ichneitiod ZHs tréh@is also seen in tH8O, condition, which drops

from 776 to O p S/ cm. The r e8luent (Fgures.8 B) mhow tha thd i n a |
conductivity maintains an almost consistent level from-1986 u S/ ¢ m2dultured. he + C.
A similar trend is seen with th€CO, cultures,which fluctuate from 188 8 9 uy S/ ¢ m. Tt
conductivity within the centrate={gure 5.8 C) drops from 269 t,o0 261
condi ti on, peaki4Bly AsimiladblitlessprSnounced teehdtiseseen with
the—CO; cultures, showing fluctuations between 27 5 p S/ ¢ m.

The pH rise found in the final effluent and BBM can be attributed to the growt. of
sorokiniana and the resultingiptake of dissolwe carbon species such as £@om the
dissolved bicarbonate pool. This increases §p¢cies under nitrate based growth conditions
(Lamers 2013)Likewise, the general pattern in the non GlDgmented cultures of higher

pH levels over time can be explained with the same reasons. The smaller difference in pH
seen between control and experimental bottles in BBM is most likely due to the presence of
the phosphate buffer within the medium. The igHound to drop in the anaerobic digester
centrate, which is due to the increased solubility of @@der alkaline conditions, which
results in the production of Hspecies during photosynthetic growth on Mllds a nitrogen

source. These findings demaradé that an algal process could be used within wastewater
treatment to either raise or decr oamseoppl | ev
posttreatment steps. For example, an increase in pH can be used as a sterilisation step during
a wasewater treatment proceg®ark et al. 2011) The conductivity results are less
remarkable and in BBM reflect the greater concentration of dissolved ions in solution, whilst
the dilutions of Final Effluent and Centrate show lower levels of conductivity. These results

show that the growth df. sorokinana does not appear to have a particularly marked effect
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on the overall conductivity of the media types, although a slight decrease is seen over time.
Extrapolation of these findings would suggest that algal growth has a low overall impact on
total dissobed solid levels. However, it is interesting that the growth kineticsCof
sorokinianado not seem to be affected by the wide range of ionic concentrations found in

different media types, suggesting suitability fise in wastewater treatment.

5.5.4.NutrientUptake and Removal

The levels of common inorganic compounds found within the different media types were
monitored to determine the nutrient removal over the course of the experiments. The results
are shown irFigure5.9 (A) overleaf, and indicate thatratelevelsin BBM arearound 160

mg Ltat the start of cultivation. Over the course of 96 hours the nitatés arereduced by

23% in the non C®augmented condition and by 70% with the addition of.A® both
conditions the levels of phosphate and sulphate remain around 150 namd. 40 mg *
respectively, with little sign of removgB) shows the levels of nutrients in the final effluent.

The results demonstrate that the nitrate levels can be reduced by 95% within 48 hours (from
30-35 mg LY) in the noraugmented condition and can be completely removed in the CO
augmented condition. No ammonium ions were found in this media indicating detelynp
nitrified stream. In both conditions, the levels of phosphate and sulphur remain almost
constant, and fluctuate around 15 mgdnd 10 mg I* respectively. (C) depicts the levels of
nutrients in the anaerobic digester centrate. The results shotihéhammonium and nitrate
levels were reduced by 99% (from a starting concentration of 55 ‘tngnd 34 mg [*
respectively) in the augmented condition after 96 h. In the-augmented condition
ammonium concentrations were reduced by close to 65%, wiiitste levels remained
unchanged (starting from a concentration betweed®@®g LY). In the experimental and
control experiments, the levels of phosphate and sulphur fluctuated aro@adn2§ L'* and

5-10 mg L%, respectively.
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Figure 5.9. Level of nutrients in wastewaters and media.

(A) Growth on Bolds Basal Medium. (B) Growth on Final Effluent. (C) Growth on anaerobic digester centrate.
Black columns represent levels of nitrates, lighty columns represent levels of sulphate; dotted columns
represent phosphate and dark grey columns represent amffigunia C only). Graphs in the left column have

no addition of carbon dioxide, and graphs in the right column have the addition of 12% carbon dioxide from

exhaust gas. n = 3 biological repeats and error bars show 2 standard deviations from the mean.

The results fromFigure 5.9 demonstrate that nitrogen can be successfully and rapidly
removed byC. sorokinianafrom waste streams, whether in the form of ammonia or nitrate.

The findings also show that when the cultures are augmented with waste carbon dioxide,
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higher removal rates are achievable, reducing removal times to betwe@® H@&urs.
Furthermore, the findingadicate thatC. sorokinianaavoursN-NH4" as opposed to O3,

as demonstrated by the uptakeofile within the centrate. This conforms to the metabolic
preference for reduced nitrogen species that is common within many types of algae, and has
been documented within this particular stré@®erezGarcia et al. 201,1Vonlanthen 2013)it

is interesting that during these experiments there was little indication of phosphate or
sulphate uptake. The sulphate findings can be attributed to a comparatively low biological
requirement for the element, obscureddaoyinished accuracy of the IC column in resolving

‘ di r nd neore’complex types of media and wastewéBmileran, Finnegan and Lens
1995) The phosphate traces are unlikely to be caused solely by IC itnagnaind the lack

of measurable removal may be the result of previously biologically stored phosphorous being
carried over into the media. Considerable evidence exists regarding the ability of algae to
store phosphorous beyond required le@lischison and Butt 1973, Hernandez,-Bashan

and Bashan 2006)lthough to our knowledge this has not been demonstrated in this
particular strain. These findings are of particular interesttifie practical application of
nutrient removal utilising algae, as it would suggest that the algae should be phosphorous
starved before applying to waste media.this end further work was undertaken to ascertain

the levels of P removal from wastewadsid the results are shownTiable5-6.

5.5.5.Flue Gas Scrubbing

Figure 5.10 demonstrates the levels of scrubbing that can be achieved by diffusing the
exhaust gas through the algal growth medium. The findings from the centrate are shown
herein, as these findings wetiee most striking of the tested media typ&ke superior
removal found in the centrateasmost probably due to the higher starting pH, which gives a
greater potential for neutralisation of the more acidic gases. The other media types were
tested and faud to give similar, albeit less marked results (data not shown). The results in
graph(A) indicate that algae grown on final effluent can reduce carbon monoxide levels by
25-30% by the end of the experiment. According to data in gBafite cells are alscapable

of removing between 285% of the carbon dioxide entering the system over the course of
the experiment. Furthermore, gra@hindicates that NQis almost completely absent from

the exhaust gas during all time points except in small quantitieshai4s.
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Figure 5.10. Exploration of the scrubbing potential from a culture of centrate grown algae.

(A) The ppm of carbon monoxide entering and leaving the reactor. (B) The percentage of carbon dioxide
entering and leaving the reactor. (C) The ppm of NOx entering and leaving the reactor. Dark grey bars represent
the pollutant stream entering the reactor. Lighter grey bars represent-ties affream exiting the reactor. Data

is from a single culture.
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These findings show that a reasonably high level of flue gas scrubbing can be achieved
within a relatively simple system, with a liquid height not too didsinifrom that of an open

pond. Generally speaking, thenmnoval rate®f carbon dioxidere in a lover range than some

other findings within the literaturéVunjak-Novakovic et al. 2005, Doucha al. 2005)
although these researchers appear to have optimised gas flow rate specifically for gaseous
contaminant reductiorilThis was not the case in this experiment, drel results presented
herein are more likely to reflect realistic removal during a batch operation, especially when
factors such as pH control and variable feed gas composition are taken into d&&emotal

of NOx was found to be particularly high, at close to 100%, and was similar to other findings
from within the literaturgVunjak-Novakovic et al. 2005)However, giventhe low initial
concentrations of gases such asyN©1000 ppm), it wasot possibleéo conclude whether
removal couldbe attributed in its entirety to the biological or agueous components of the
systemwithout further experimentatio(Svensson, Ljungstrom and Lindqvist 198In) this
respect, future experimentation could explore optimigivgglevels of gas absorptiavithin

the algal culture by adjusting a combination of gas flow rate, algal concentration and ion
concentration within thegrowth medium. Work could also be undertaken #scertain
whether NQ is in fact metabolised b@. sorokinianaby way of cultivation ora medium

lacking in nitrogen

5.5.6.Continuoug-low

As many wastewater facilities operate with a continuous flow of effluent an experiment was
set up to test the feasiltyli of growing C. sorokinianain continuousnon axenicculture
conditions. The results are shownHRigure 5.11; andindicate thatC. sorokinianacan be
grown continuously on BBM for 30 days in neterile conditions at a biomass concentration

of 0.1-0.15 g L'* with the addition of 12% C©
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Figure 5.11. A 30 day continuousC. sorokinianagrowth experiment on final effluent, sparged with 20

cm®min of 12% diesel exhaust gas.

Solid black lines represent the biomass density on the primaxjsywhilst dashed black lines represent fié¢
which is displayed on the secondanayis. Squares: sparged with air. Triangles: sparged with 12% T3@

dilution rate corresponded to a specific growth rate of 008 h
5.5.7.0Optimisation of Growth and Nutrient Reval

A summary of th&key parameters from trexperimentaindertakenn Section 5.5alongside
further optimisation work is shown ifable 5-6. This work includes he findings from
improvedP removal rates, which were achieved dbgrting with dilute inoculum growing
within the exponential or linear phase; whilst adéssuring the experiments did not progress
beyond stationary and death phases, as these are askwogthtphosphorus reelease into

the media.
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Table 5-6. Table of original and optimised parameters forC. sorokinianagrown on final effluent and AD

centrate.

Data is collated from all experiments using wastslia, and represents the best findings in each case.

Symbol Anaerobic Digester
Final Effluent
Parameter Unit Centrate
Original  Optimised Original Optimised
Biomass Yield A gL? 0.32 0.39 0.25 0.28
24 h Growth Rate ‘o NT 0.07 0.08 0.07 0.09
Doubling Time (0N h 9.9 8.7 9.9 7.7
Productivity 06 g Ld? 0.08 0.11 0.063 0.09
N-NOz Uptake Y5 5 ~mMgL'™ht  0.08 N/A 0.26 0.99
N-NH4 Uptake Y5 9 mg L*h?t 0.45 1.07 N/A N/A
P-PQ;% Uptake Y 54 Mgl 0.04 0.39 N/A 0.32
S-SQO2 Uptake Yoy vy mg Lth?  N/A N/A N/A 0.076

5.6. Wastewater Conclusions

Biomass yields and lipid production were found to increase with &&dition; attested by

both batch and continuous experimentatioptimised poductivities were found to be Q1

mg Lt d? and 90 mg ! d! in the AD centrate and final effluent respectivelfhe final

yields reflect the nutrient composition, attested by close to complete nitrogen depletion in
most growth experiment$n general liese results are lower théme findings on BBM in
Chapter4, and may be due in part to the composition of tlastes streams, including the
lower CQ concentration. However the 24 h growth rates are similar to those shown in Table
4-3, indicating the potential for similar performance between commercial media and waste
media. It is likely that further improvements to the waste treatment methodology could allow
for performance parity between feedstock. For example strain acclimatisation to tbe wast
streams could increase the overall productivities seen within AD centrate and final effluent.
Overall the experimentdindings show similar yields to thosefound by (Ramanna et al.
2014) growing C. sorokinianaon waste urea t0.218 g L. Whilst recent findings using
Scenedesmus obliqustowed lower specific growth rates on AD concentrate than found

within this study (between 0.019€.02 1, but higher final biomass produivities were
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recorded (upto 3.1 1 ! gd) (Ku et al. 2015)

In terms of nutrient removal, the results from the experiments in Chapter 5 show that both the
centrate and final effluent can be successfully used for algal cultivatioe.first set of
experiments showethat nitrogen couldbe removed by 689% within 96 hours in both
wastewaters witlthe addition ofCO,. Further optimisation experimentsable5-6) indicated
that N removal rates couldeach the region of 1 mglih?; whilst maximal P removal was
found to be in the region of 0.4 mgtlh?, and up to 84% removal efficiency. The findings
compare favourably with recent literature reports of wastewater treatmer@idiella spp
showing similar findings to research b{Xu et al. 2015) in which N and P removal
efficiencies were shown to be around 744%8nd 88.7% respectively, using a bag based
photobioreactarThe findings are better than those(8hriwastav et al. 2014)y 4 x for N
removal and 10 x for P remov&imilar removal efficiencies for N and P were found within
AD centrate (Wang et al. 2010apnd municipal wastewatefHernandez et al. 2006)
Furthermore the rates ofnutrient removalfound within this study were seemo be
comparable to théndings shown by(Li et al. 2011) but betteffor ammoniaN removal than
those reported bfde-Bashan et al. 2008)

Algal growth was achieved despite the diesel exhaust emissions contaigimtgvels of
particulates and uhurnt hydrocarbons, demonstratitite robustness . sorokiniana and

its suitability for growth on flue gasesin general The results from the gas removal
experiments indicateeductions between 28% and 2530% of CO, and CQ respectively.

Whilst NOx was almost completely absent from the-gdls stream after scrubbinghowing

close to 100% removallo date little work had been undertaken within the literature to
investigate the suitability of this particular strahC. sorokinianato flue gases, with some
findings reported in the work ¢fleong, Gillis and Hwang 2003lowever, the findings are
close to theepored 95%reductiors in NOx concentrations reported lfyunjak-Novakovic

et al. 2005) but lower than those reported for £(B0-82% removal efficiency)it is likely

that the CQ removal efficiencies reported in the study could undergo some optimisation.
However, it is likely that any large scale remediation process would favour high mass transfer
of CO, as opposed to removal efficiency. This is because lower flue gas volumetric flow rates
may inhibit algalgrowth by providing insufficient carbon dioxidéRahaman et al. 2011)

This means any edoiorefinery process would favour high gas concentrations and flow rates.
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Overall the results would suggest tl@at sorokinianais sufficiently robust to be grown on
wastewater augmented with flue gas containing 12%. EOrthermore, the work indicates
that either FE or ADC argood replacemestfor conventional mediaOne interesting
consideration arising from this work is theatlenge of optimising both biomass protian

and feedstock remediation, whighperhaps one of the greatest problems with deploying a
eccbiorefinery approach at larger scaderein partto the potential conflicts between the two
processeslhis meanst is most probably inevitable that one strand will take precedence over
the other, dependent on the principal desired outcdhepter 6 builds on the work of
Chapters 46 by looking at the requirements for scaling up algal production. This is
undertakenas an extended literature review of the different algal production platforms
alongside their relative advantages and disadvantages.
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6. Reactor Design and Construction

6.1. Aims and Objectives

The construction of grototype photobioreactor was undertaken to test the feasibility of
scaling up the growth and nutrient removal processes outlined in Chapters 4 and 5. The novel

reactor design aims to address the following objectives:

A Completion of a comprehensiierature review to ensure that all important reactor
design parameters are mapped.

A Use a suitable rationale to design a photobioreactor that can scale easily at low cost.

A To construct a photobioreactor, using appropriate manufacturing methods and
constriction materials.

A Explore the potential suitability of the photobioreactor for wastewater treatment.

6.2.Overview of Important Considerations

The design and construction af novel photobioreactor is aomplex multi-parametric
problem,and one in whichmany differentfactors have to be considered. In practical terms
this means thamost feasiblecultivation platformsrequirea compromise betweeiotic,
abiotic and economic factorlost of themore successfudesigns foundoth commercially
andwithin the literature attempt to maximise as maniythe parameters as possiméhin
practicalcostlimits. The end result is an attemptdonstruct anadperate thehotobiaeactor
within a multiparamet i ¢ ‘s 9 wBhi philosophy has resulted in numesosmall scale
approaches to cultivation; alongside several gerduaiprintsfor larger scale platforms. In
fact mostof the photobioreactors isuccessfubperation today can be categorisechasing

characteristics that are based anrelatively limitel repertoire of basic designs and
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construction materials. The most common configurations are notable in their external
appearance and includgbular, column, plate, membrane and pbaded system@gwu et
al. 2008)

Many of photobioreactordesign considerations are relatively well established within the
literature(Acién Fernandez et al. 2001, Weissman, Goebel and Benemann 1988, Ugwu et al.
2008, Pulz 2001)Tredici 2004) and can be simplified into several majorecatries. Firstly,

a suitable surface faexposure to a source of irradiance is of great importance, as without
adequate light photosynthetic processes cannot otber.next most important factor is to
ensuresuitable provision for the containmerdf the alture and additiorof the nutrients
necessaryor algal growth.In practical termshis means that designs should include entry
points for the introduction adn appropriate carbon soureehich isusually bubbled ird the
culture as carbon dioxid&Vithin the cultivation medium suitableemperature control is a
very important factofor the maintenance of optimal growtiitesand must be kept within set
constraints according to strain preference. Likewise, the ability to remove inhibitory waste
prodwcts from the process is imperative, especially when growing the culture to higher
densities. This is particularly true for dissolved oxygen Ewehich isa factorknown to
inhibit photosynthesigUgwu et al. 2008)A final factor of considerable importance tis
ensurehese biotic and abiotic factorgerface successfuljyhis ismost commonlachieved

by mass transfer under well mixed (or turbulent) conditions within the reactor.

6.2.1.Lighting

Access to sufficient light is imperative for phototrophic algal cultivation, and its
maximisation within biological and economic constrairgsdesirable at all times. Algal
cultivation can be undertaken using either natural or artificial light; providing they have
sufficient quanta at the correct wavelengthse Chapter 2estion 2.2.2) Traditional open
ponds often rely solely on naturalirdight and growthwithin these systems is subject to
seasonal and diurnatycles (Park et al. 2011)Reliance on natural light has obvious
drawbacks, not least because a sizable proportion &4heurday will have insufficient
light, meaning photosynthesis wiltop and respiration will become the predominant

metabolic activity Anotherimportantfactor to considewhen growing algae under natural
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conditionsis that many strains respond differertthydiurnal and seasonal cycles. This has the
combined effect oflteling the final biomass compositiomnd as a result can change the
yield of potentialend produd (Chen et al. 2011)Given these consideratignalgal
production is better suited to latitudes closer to the equator, where irradiation is more
consistent and of a better quality due to decreased seasonal vaisgpitesome ofthe
inherent problems with natural light, the one notable benefit is the signifieduction in
energy costimparted on the cultivation procesden usedThis simple fact means that to
date a vast majority of commercially grown algae are produced with natural lighting
(Chaumont 1993, Chen et al. 2011)

Artificially illuminated systems have the benefit of offey a consistent lightsource but at
considerable energetic costs. Conventional systems for lighting include fluorescent bulbs,
which are often deployed at laboratory scale due to a favourable wavelength @mdféde
reasonable cost p¥Y (seeFigure6.1 A). However, these lights often lack the power output
and penetration required for largand more densely growing cultures. Ftresebigger
systemspopular choicegor irradianceinclude metal halide lights (séggure 6.1 B), which

are favouredhs they have apectral output that closely matches natural liglhking them

ideal for photosynthetic processeRecent developments in light emitting diode (LED)
technology have made them an attractive alternatiwhventional lighting systemas they

can be manufactured to specific wavelengths at reasonable cost. This mears that t
cultivator has the potential to tailor the incident wavelengths to suit the strain or process
requirementsFor examplered LEDs with wavelengths between 6200 nm and blue LEDs

with wavelengths between 4882 nm can be incorporated in varying prdjos (see
Figure6.1 C). The result is that wavelengths not used during photosynthesis can be excluded,

leading to an increase quantumefficiency(Lee and Palsson 1996)
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Figure 6.1. Examples of common lighting arrangements.

Photograph A shows a fluorescent light tuBeght-light 2014) Photograph B shows a Metal Halide lamp
(GoPixPic 2014)Photograph C shows an LED lighting block with red/blue lighting, image (kbanvestKing
2014)

6.2.2.Mixing

Adequate mixing is required in all bioprocesses to maintain homogenous culture conditions
within a heterogonous mixtui@®oran 1995) This is to ensure access to sufficient nutrients
and quanta of light whilstalso allowing for gaseous xehange The mixing within
bioprocesses can occur via convective or intensive mettadigiugh within most algal
applications intensive and direct fluid displacement is prefefoedthe aforementioned
reasons. This means that fully turbulent systems are comnitbnRevalues >4,004.0,000
dependent on system geometifhe displacement required for fluid mixing can be
undertaken in one of many ways; but conventional systems include; impeller or paddlewheel

agitation, direct liquid displacement, or airlift systef@haumont 1993)
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Impellers and paddle wheels can be used to move an aqueous dispersion around predictable
circulatory patterns by introducing kinetic energy into the fluid. Impellers tend to be used
within smaller laboratory scale systems, or withiassical enclosed fermenteseéFigure

6.2 A). This method of mixing has the benefit of transferring a large anajwsmergy into

the fluid, but can also have some negative attributes, such as high energy consumption and
the creation of considable shearing effect®oran 1995) Furthermore, it habeen found
thatcultivating photosynthetic algae with impellers on a larger sa@dhallenging due to the

poor light penetration in bigger fermentation vesg@sgh and Sharma 2012)his means

that large scale impeller mixed systems halveen deployed solely for heterotrophic
cultivation of algae, with Solazyme producing algal oil in this way in thgfg&nklin et al.

2012) Paddlewheel systems differ from impellers in that they are only partially submerged
and positioned in a horintal planeto the culturethey also run at a much lower rpm (see
Figure6.2 B). This mode of mixing is preferred for larger scale algal production, due to its
lower running costs and comparative ease of maintengheey and Raymond 1985)
However, thdow liquid velocities induced by this type of miximgsult in analgal culture

that is suboptimally mixed, and dead zones are often created within certain areas of the
pond. Some of these problems can be overcome to an extent by introducing baffles a
maintaining certain depth to width andeingth relationshipgWeissman and Goebel 1987,
Hadiyanto et al. 2013)

Other prominent mixing methods deployed within closed systems indiqdiel or air
pumps. Conventional pumps can be characterised into three main groups, based on how they
create the actual ixing. The first type of pump is the impulse or airlift pump, which creates
a density difference in the fluid circulation pathway, thereby forcing liquid circulation to
occur. These reactors are often described as having a bubble column or airlift etiofigur
seeFigure 6.2 (C) and (D), and are discussed further 8ections 6.3.6 and 6.3(Chisti

1989) Another prominent categprof pumping system is the positive displacement pump,
which creates movement by trapping a fixed volume of fluid and moving it into a discharge
pipe This is achievedby creating a driving motion through reciprocating or rotary motion.
The final majorcategoryof pumps includes velocity driven motors. Thegerate by adding
kinetic energy into the fluid, increasing the pressureflovd rate around a set pathwésee
Figure6.2 E). These types of pump form a broad category, which include rotodynamic and
centrifugal motors Centrifugal pumps arefrequently used to move liquids through piping

systems and therefore a popular choice Horizontal tubular reactor{McDonald 2013)
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These pumps operate by allowing fluid to enter the impeller along or near to the rotating axis.
The liquid is then accelerated by the impeller flowing outward ineeitladial or axial
directions wiere it enters a diffuser or volute chasnhupon which it can exit towards the
downstream piping system. Centrifugal systems can find particular applications where large

discharge through smaller heads is required.

Figure 6.2. Photographs of different mixing systems.

(A) Rushton impeller, deployed to create radial mixing within stirred tank rea¢Banskaier 2015) (B)
Paddlewheel, used to create directional fluid mixingjpen pondgMira 2015) (C) Bubble column reactor,
turbulence is created by direct blibh of the culture(Allen 2013) (D) Airlift reactor (ALR), where air
injection creates directional liquid circulation. (E) Velocity pump, used in tubular systems, showing the inlet and
outlet (ReefCentral 2013)The red arrows indicate the direction of bulk fluid movement within each of the

mixing configurations.
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6.2.3.Control Systems and Construction Materials

Larger scalebioprocessedhave a requirement for process control. This allows ther
maintenance of optimal operational parameters and conditions, whilst minimisrkbpaeb

for operator§Doran 1995) Thesecontrol systemsnost oftertake the form of a $@f sensor

and controlmodulesthat can measure, relay and then adjust parameterpresdatermined

set pointusing a control looseeFigure 6.3). Most of the sensors work by converting
electrechemical signals within the solution into current or voltage related outputs that can be
calibrated using common standard solutid®sveral common parameters are measured and
controlled during algal cultivain. These include the light intensity, temperature, pH,
dissolved oxygemutrient levels, conductivitgnd cell density.Dissolved carbon dioxide is
often not measured directly due to the relatively high cost of suitable probes; however pH
values can aas an indirect indication of GQvithin solution.More complex user interfaces

and processesllow for dynamic control; includinghe potential forturbidostatcultivation,

where the culture density is maintain&tiis can have particular benefits for @lgrowth as

the biomass concentration can be adjusted to incident light levels, maximising photosynthetic

efficiency.

B
Figure 6.3. AlgaeConnectcontrol system and pH pobe.

The probes can interface withraool systems such as the AlgaeConnect platform produced by Akjae
Systems(Lee 2012, ChampionLighting 20Q5)

Photobioreactors are often constructed from cheap, durable and readily available materials. In
the case of open pond systems this ofterolves considerable groundwork operations,
including the levelling and compacting of terrain. Depending on cost and durability

117



requirements this preparatory work is followed by the layingasfcrete or plastic under
lining to contain the culturéWeissman and Goebel 1987, Tredici 2004) the case of
externally illuminated photobioreactoithe choice of construction material is often decided
by the requirements for transparent materials with high optical ckmyresistance to solar
radiation such as durable polymers like acrylicomtycarbonat€Tredici 2004) Glasss also
deployed, and can have madifgcycle benefits in comparison to plastics, especially in terms
of overall longevityand ease of cleanin@ther less optally important parts of the reactor
can beconstructed from cheaper materials such as polyvinyl chloride (F&Gaumont
1993) The final decigan on the choice ofnaterial is often driven by a traaéf in lower
upfront expenditurend less durabilitwersus longer lasting and more expensive building
materials Modern trends in reactor design have started to focus on the environmental impact
of construction materials, achieved via detailed-djele assessmeiiforatana and Landis
2011)

6.3. Common Reactor Designs

6.3.1.Reactor Geometries

Vessels for algal cultivation are commoslit into two broad categories, often described as
open or closed systems. Open systems usually take the form of high rate algal ponds
(HRAPSs), open unmixedonds or suspended cultures like membrane reactors. These systems
are inherently cheaper than other cultivation methods, but their exposed nature makes biotic
control more challenging. Enclosed vessels are afestribed as photobioreactors (PBRS).
They are used to culture algal biomass under more stringent and optimised conditions than
open systemgBorowitzka 1999) Although many differenphotobioreactoiconfigurations

exist, three main geometries dominate; these include horizontal or vertical arrangements with
either tubular, plate or single column configuratiohisere is still some debate between the

relative meris of horizontally stacked or vertically stacked systdiMgon et al. 1999)
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although the most recent research suggests vertically stacked systems are more productive per
m? (Cuaresma et al. 2011)The actual categorisation and distinction betwesany
cultivation systems can become more complicated in practice as many reactors display
hybridised geometries and configtions. For these typeof systems it can often help to
determine the mixing method, which in many cases can have greater impact on the reactor

characteristicthan the geometry.

6.3.2.Pond Based Systems

The design of high yield open algal ponds can be traced back to work initiated in the latter
part of the 1940s and into the early 195@®rowitzka 1999) Such systems are also
described as ‘high rate al g(@rdggyeval 8044FhefeHRAP s )
are several comnmovariations in the design apen pond systens, with most examples

taking the form of concrete or plastic lined channetmstructed so as form a raceway

loop (Jiménez tal. 2003) Most ponds tend to be fairly shallow, usually within the range of
0.1-0.3 metres in deptfOswald 1995)so as to allow for maximabar penetration into the
culture. Mixing within thesesystems isnormally achieved by paddle wheel agitatiand
nutrientsare added either continuously or in batch. Although most ponds are mixed with
paddle wheels there have also been sewxsmples ofairlift ponds within the literature
However, the findings from these studies have shown thataterycompare unfavourably

with paddle wheel mixed systenf@haumont 1993)Carbon dioxidecan beintroduced toa

HRAP systemvia submergedspagers located withinimbeddedsumps (Weissman and
Goebel 1987)nonethelessadequate gaseous retention and distribution within the medium
can be hard to maintain due to the large contact areas involved. Harvesting methods are
dependent on the desired product and can occur in eithenwousi or batch unit operations
downstream. As the name suggests, most ponds are open to the €laiteotigh some
coverings have been employed in smaller pilot type projdetg#nez et al. 2003A typical

HRAP arrangemerns shown inFigure6.4.
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Figure 6.4. Schematic and photograph showinghe typical arrangement of a raceway pond.

(A) Shows an aerial view, indicating how the pond is mixed and sparged witl{n@@ified from (Chisti
2007). (B) Shows the raceway arrangement employed by NBT lItd. in Eilat, (K&ae¢énwell et al. 2010)

To date open ponds have remained the most widespread and historically succeskéul of
large scale production systems; and there are sefeetals that helgo explain whythey
remain the preferred production system for many applicatid?schaps e single mst
important factor is the lower energynsumptionthat is required to maintain a sufficient
level of paddle wheel mixing(Stephenson et al. 2010This makes manyroduction
processegonsiderablymore economical within open pond systems. Other benefits include
cheap and simple constituent parts, as welasy access to the whole system; meatiiag
fouling canbe cleaed relatively easilyBorowitzka 1999) There are also some biotic
benefits to the relatively low liquid velocity ain open ponds. Namely the reduction in the
shear levels encountered within the system, which can allow for the cultivation of more
fragile algal species. Another important factor thiab@d not be understated is the fact that
raceway ponds have beenexistence for a number of decadesd there is alreadylarge
body of literature on successful operatiopiceduregOswald 1995)

Amongst the imitations ofan open pond desigs the fact that they have relatively poor
levels of biomass productivityyith averages in the range ©050.15g Lt d* (Brennan and
Owende 2010, Ugwu et al. 2008, Rogers e2@l4) These lower yields can be attribuied
partto the suboptimal mixing conditions found withimost HRAPsystemswhich in turn
result in a low transition frequency between light and dark phisgse and Benoit 1962)
This effect is exeerbated byhe inconsistent and variable light profiles found thrauglhe

raceway, with light often only reaching the uppermost layers of the culdtiner issues with
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the use of open ponds concern their exposed nature, making contamination wittirgpmpe
organisms or predator species particularly problematic. These problems can be partially
overcome by using growth conditions that favour the cultivated strain. For example the use of
extremophilic or extremotolerant organisms is a preferred optiorvd@ aontamination
(Schenk et al. ZiB). Other more geneiliaed problems with opemond systeménclude the
relatively large areas of land required to establish a production faeititya vulnerabilityo
changes in abiotic factors such as temperapnexipitation and fluctuations ight quality.

These criteriavould renderopen ponds$argelyunsuitablefor Central and Northern European
climates Finally, from an environmental perspectihere are also soneater conservation

issuegegarding the evaporative losses that cacur wihin hotter climate¢Chisti 2007)

Open pond systesnare particularly suited to the production lofver and middle value
biomass, including biofueleind feed productiofChaumont 1993)In fact arrent data
indicates that around 10 times more algal biomagsoduced inopen pond systenmthan

within closed reactorgPosten 2009) This data highlights the fact that if the algal
biotechnology industry is to reach its envisaged potential it is soatawitikely that closed
reactors will be able to cope with the volume aast cequirements necessary for lower value
bulk producs. This means that is likely thatany serious attempt to produce large quantities

of lower value products such as algal biomass for biofuel will require the large scale
deployment of HRAP type systems due to their comparably favourable operational costs.
Currently pond based systems ficmhsiderable usage in the production of some higher value
pigmentssuch as astaxanthin and betotengBorowitzka 1992)In fact sveral companies
produce algaéor this purposegincluding Cyanotech, who cultit@Haematococcuslpvialis

to produceastaxarttin in a two stage systemiith theinitial vegetative stage within closed
photobioreactors and the second maturation stage waithdoorHRAP systemgBorowitzka

1999) Other companies such as Seambiotic produce algae in open ponds grown from flue
gas and wastewatdn facttheintegrationof algaewithin wastewater treatent infrastructure

may be gpromising avenue for HRAPs, piadlarly within warmer climates with abundant
unused landSheehan et al. 1998, Oswald 1988)
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6.3.3.Membrane Reactors

The use of membrane technology is increasingly finding its way into the wastewater
treatment sector. This is due to the ability of membrala¢gformsto increase biological
retention within highflow rate systems, thereby decreasing the hydraulic retention time, and
improving system efficienc{Stephenson et al. 2003daptations of membrane designs are
beginning tobe trialled as algal production systen@mmon designs vary in the way in
which the cuiure and media interact, but some form of trickling or rotational contact is
required to keep the algae moist. Perhaps some of the most innaledigasare those that
have a liquid mobile phaseparated from the culture with a permeable barrier. Ampba

of such a configuration is shown figure6.5, where the liquid phase sandwiched between

two semipermeable membranes. These membranes allow for the liggiduanents to pass
throughthe specific pore sizdaut the algae remain attached as a biofilm to the other side of
themembrangNaumann et al. 2013, Shi et al. 2014lthough much work is still needed to
charactese these systemshe potential advaages are numerous and include a short light
path and little need for downstream-watering. Foreseeable problemstlwimembrane
reactors include the considerable cost buaksociated with harvesting, which would require
considerable manpower. In fact this type of production would resemble agricultural
harvestingpracticesmore closely than modern biotechnolog9ther potential problems
centre on the membrane material, itsatbility and its propensity to foul, all of which could

lead to a considerable performance drop within the system.

Source layer
Glass fiber nonwoven
/ Substrate layer
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Figure 6.5. lllustration and photograph of a membrane photobioreactor.
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The diagram on thieft demonstratedhe trickling nature of the membrane, whilst the photograph on the right
shows the straindlannochloropsis Isochrysisand Tetraselmisgrown within drip fed membrane reactors.
(Naumann et al. 2013)

6.3.4.Plate or Panel Based Systems

From a theoretical perspective flat panelled reactms the most efficient enclosed
photobioreactor systenirhis is due to the large surface aeeto volume ratios, which
minimise culturanduced shadingmeaning that the plate systems displayatgticularlyhigh
conversion efficiency of incident sunligfiiu, Guterman and Ritnond 1996)Additionally,

a panelled array can be tilted towards the surutther maximise solar penetratioby
improving the incident anglgRichmond 2003) see Figure 6.6 (A). Dependent upon
configuration plate reactors can also benefit flomer levels of dissolved oxygen builgh
than manyothertypes ofclosed reactor. This idue to the relatively short circulatory path
within the reactar meaning the culture is able to rapidly-gis. In combinationthese
favourable characteristicsesult in soe of the highest reportetevels of biomass
productivity, with maximal values withChlorella foundto bein the region of3.8 g L d?
(Doucha et al. 2005)he operational costs of panelled systeans comparable to tubular or
column reactors, and are heavily dependent on the selected mixing mode and ittefiasity .
themixing within platesystems tends not to follow idealised patteams|could be desdoed
as generally veryturbulent, with characteristicdhetween bubble column and airliftow
patterns, dependerdn internal structures. Like otherosed photobioreactorsexternal
contamination can be kept to a minimum, with an ability tstedlised more effectively than
many other configurationfHu et al. 1996) Internal fouling can also be kept lower than

tubular systems, due to a less convoluted flow path.

123



Figure 6.6. Diagram shows the potential arrangements of flat panelled reactors.

(A) Gives an indication of the many different tilt angles that are possible to optimise solar pene@ation. (

Shows an array of glass plated panelled reactbPhoenix, UfNanoVolaics 2014)

One potential drawback afeploying aflat paneled systenis the practicakcalabilityof the
array,as some level of compromise has to be struck between solar collecting surface area,
culture depth and areabnsiderationsseeFigure 6.6 (B). This problem can be overcome to
some extent by connecting a modular array of panels in tandem, althougisuhantareal
footprint would bdikely to be bigger than the equivalent volume within other types of closed
reactors Other physical drawback® panelled systemmclude the fact that temperature
control within thereactorcan be more energy intensive than otRBR geometries, caused
by the large surface area to volume rgterra et al. 2008)These largersurface areas and
comparativelyshort light paths can also create problems with pdatoagefithe light levels

are too high; although this damaging effect can be lessened by tusindostat based
cultivation techniquegCuaresma et al. 2012The large surface area to volume ratio also
means that the levels of hydrodynamic stress placed on the algbe bayher than in some
other systeméBrennan and Owende 201®s with all bioreactors it is also likely that some
degree of wall growth and fouling is unavoidable, especialtfeameeting obtraight edges
where the liquid velocity isower. Another notable point is that the rapid degassing seen in
flat panels could be seen as advantageous in most applications, as it prevents-ile dfuild
dissolved oxygen. However, thgppositeis true if gas use efficiency is sought, as gas

retention is considerably lower in these systems.

Larger scale plate or panel PBRFEigure 6.6 B) are less commonly depled tha other
closed systems; althoughne pr omi nent example is the sys
research group in Ital{fRodolfi et al. 2009)with a reactor chassis that can be constructed

from either rigid or flexible plastics. However, there are to date nstitierous manuéuring
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and cost related issues that needéoovercome beforplate systemsachieve widespread
deployment This includes issues with scalabilitgnd problems associated witie sealing
and warping of theplanar materials during temperate stress(McDonald 2013) As the
manufacturing problems are overcomesitikely that flat panelled systems will increasingly
find similar applications to those employed by tubular reactditspuegh with some distinct
process dvantages in terms of degassiagd solar penetrationAt smaller scale the
combination of large surface area and shight pathmake panelled systems a favourable
option, and systems such as the Labfors 5 Lux photebor (INFORS HT) have found
considerable use in growth modelling and scree(@lgser 2012)In the shorter term it is
likely that higher value indoor algal cultivation may find consiexrause for flat panels,
especially if good productivity levels are requirgdgenol are one examplejsing large
modularbag based panels to produsthanol(Woods et al. 2010)n the UK the company
Algaecytes has developed its own-house flat panel reactor for the production of orrgga
oils (Bashir 2014)

6.3.5.Horizontal Tubular Systems

Tubular photobioreactors encompass a broad ranglefns, and can be arranged either
horizontally or vertically, in serpentine or manifaddrangement$Chisti 2007) They can

also be laid flat on the ground or positioned stacked above one another. Most traditional
commercial and research designs tend to favour a single serpentine or horizontal manifold
arrangement, with the tubes stacked vertically in order to mse&iraral productivity
(Cuaresma et al. 201I)ubular systems have many comparative advastager open pond
systems.Most importantly they have been shown to achieve higher and more consistent
levels of areal productivity thacan be achieved withinpen pondgPosten 2009)This is
becausehorizontaltubular systems have larger illumindtsurfaces than open ponds, with
tubes often in the region of 0.63).1 m in diameterProductivity is further improved within
tubular systems bthe higher liquid velocitiefound within themwhich acts to increashe

level of turbulencgBorowitzka 1999) This in combination with better light penetration
allows for farhigheralgal growth rates than open ponasth reports of biomss productivity

reachingl.9g L't d? using a tubular airlift cultivating?haeodactylum tricornuturfMolina et
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al. 2001) The enclosed nature of gesystens also means that there is better control aver
range ofboth biotic and alstic factors during cultivation. In particuléris mucheasier to
control contaminationwithin tubular systemswhich allowsfor a wider repertoire of strains
to be cultivated Furthermore, ubular configurationsalso have the comparative benefit
lower levels of water loss when comparedopen systemsAn overview of the comon

tubular reactor arrangements is shown belowigure6.7.

Figure 6.7. Schematic and photographsshowing potential configurations for tubular reactors.

(a) Shows a manifold system, illustrating how the manifolds split the main flow, modified @taisti 2007)
(b) Vari con RAgwhiah’operaes undercammargfold syst@@Breenwell et al. 2010)c) Shows a
serpentine arrangemeiiBosten 2009vhich isdeployed in photograph (dy the ABNR wastewater treatment
technology produced by ClearAs, Montabi&g (Robinson et al. 2012)

Despite the many process benefits conferred by utilising a tubular configuthioa are
also somenotablelimitations. One of the major issues wihchreactors is the fact that the
capital and operational costeeaconsiderably higher than that of open pofidscuera et al.
2010} this is duein partto the relative cost of building materia]l€APEX) as well as the
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considerablenergy requirementer operation (OPEX)As with all closed systems it is also
common to find some degree of wall growth and foulifi@is can increase the costs
associated with the cleaning and maintenance of such a system, and can become a particular
challenge with larger and ore elaborate photobioreactqidcDonald 2013) To overcome

this problem, several companies have devisedcinge methods of keeping the reactor walls
clean, a prominent example being the oédBio-Be adisi™ Vari con Aqua’ s E
(Hulatt and Thomas 2011)n mandacturing terms, the scalg of tubular reactors can be a
reasonably straight forward process; however ladgptoymentsan suffer from a variety of

biotic and abiotic problems. One major problem with large scale tubular systems is that
considerablgyradients of dissolved oxygen, carbon dioxated pH can develop across the
system, causing inhibition or underperformance of algal gr¢8ubczuk et al. 2000 hese
considerations can pla@practical constraint on the run length rmany tubular reactors,
meaning that very large scale systems require interruptions in the run length for dedfassing.

is also worth noting that many tifese tubular systems are inappropriate for the more fragile
strains of algae, due to the relativéligh liquid velocitieswhich causeconsiderable shear

within the culture(Chisti 2007) Another important considerah when scaling a tubular
system is the multiplication of pumping energy requirements to overcome the frictional
forces of multiple tubes and bend@orowitzka 1999)

Prominent examplef tubular systemswithin the literatureinclude the ground based,
horizontal tubular reactor in Cadiz, SpdMolina et al. 2001)and the vertically stacked
manifold system at the Ben Gurion University, Isr@@ichmond et al. 1993Mixing within

these tubular reactors is conventionally achieved with a variety of pumping systems,
including centrifugal or diaphragm pumps, as veallairlift driven systemdviany horizontal

tubular reactors are already on the market, and may be purchased in the form of specialised
equipment from a variety of suppliers. One prominent exam@lé/ar i c on Aqua’
BioFencéM (Figure 6.7 B) which has been deployed in ovEd0 locaions worldwide for

both research and industriactivities (McDonald 2013) Currently he system has found
widespread use in the productiohhigher value nutraceutical and cosmetic compounds. One
example is the deployment of the BioFeltta the production of cyanobacterial metabolites

for use in cosmetic products by Blue Lagoon in Icel@idDonald 2013) Other examples of
commercial prodction in tubular systems can be found in Ketura, Israel where
Haematococcus pluvialiss grown for the production of astaxanthin in a custom built

manifold system(Richmond et al. 1993)n terms of bulk productiorit is more likely in the
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short term that closephobioreactors will integratavith open pond systems either as high
rate inoculation platforms or withia two stage productioprocess(Rodolfi et al. 2009)
Looking towards the near future, itlikely that tubular photobioreactors will continue to find
increasedusage in the production of higher gradiechemicals,especiallywhere quality

control is of the uhost importanc¢Pulz 2001)

6.3.6.Bubble Columns

Bubble columnshave found widespread use as multiphase reactors in various chemical and
biotechnological processéantarci, Borak and Ulgen 20Q5)hey are used extensively in a
variety of fermentation processes and have proved to be highly adaptable to the cultivation of
manydifferent micro-organismgseeFigure 6.8). Phototrophic bubble columns are typically
smaller in diameter than thidieterotrophic counterpantsten displayng heights in the range

of 1-2 m, and éhmeters in the range of 0.0.3 m(Mirén et al. 2000) The mixing regime
within columnreactosis createdria pneumatic air displacemewt smaller scales mixing in

this way can achieve considerable turbulence, with lower energy consurttmimomany

other types of liquid displacement puntfowever, at larger scales centrifugal pumps tend to
display greater energy efficiency. Other benefits of mixing via aeration are themlaiggh
transfer coefficientthat can be achieveds well as creating less shéaan many other types

of liquid circulation (Mir6n et al. 2004) Reports from the literature would indicate that
produdivity can reach an average of 0.4 L™* d! within column systemsultivating
TetraselmigZittelli et al. 2006) Further @vantages of column reactors include the fact that
they can be spaced ifairly compactarrangements, allowing for better productivity pet m
They are alsaelatively simple to construéh comparison to the larger haontal tubular
systemsthat currently dominate the market place, whilst absence of internal paxtan
translateto lower overall maintenance cogtdiron et al. 2000) Another notable benefit to
using a bubble column configuration is that it camizale froma wider variety of materials

than most other reactors. This includes lower cost plastics like PVC, polyethylene (PE) or
ethylene tetrafluoroethylenéETFE), which can dramatically lower th€ APEX during the

manufacturing process.
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Figure 6.8. A simplified schematic of a bubble columpalongside an array

(A) The diagramindicates the relative sections of light and dark zonation within the bubble column. Diagram
modified from(Mirén et al. 1999) It also shows how air bubbles can deform as they rise through the column
(B) A battery of bubble column@®llen 2013)

Bubble columns share many of the drawbaftkend in othertubular systems in terms of
construction and scalgp. However, there ardsa some design specific issues; the foremost
being the relatively lowllumination to volume ratio, especially when compared to many
other types b tubular reactor or plate based systermiis can lead to subptimal
productivity caused byhe large darkzone within the reactdseeFigure6.8, A) (Mirdn et al.
1999) Another prominehconsideration is that although cheaper thtrer tubular designs,
bubble columnsare stil considerably more expensivéan open pondsOther important
factors for bubble column deployment include practical issues aroundugcalRis is
because by their very nature, yhare infact individual units This means that scaig can
only be undertaken by increasing the nundféndividual columnsconventionally described
as scalingput. Whilst there are some advantages to isolated systems in terms of minimising
contamination; a majoproblem with this method of scalg is that each column ian
individual reactor meaning eme columns may perform diffently to others in the array.
Furthermore ading-out incurs a considerable fimecial penalty, as each colunmequires its
own set of process control equipmecieaning routine and harvesting connectjansking

the cultivaton process significantly more labour intensive.

Bubble columns are a popular choice for intermediate sized systems and the ealseivcd
scaleup using repeating units has led them to be used in a wide array of production
processes, ranging from low toigh value applicationsCurrently, hey find particular
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prominence within the aquaculture industparticularlyfor the production of algae as feed,

or as inoculation vessels for larger photobioreactoreese bubble columns are
conventionally made outf dieat sealed polythene and suspended or supported using a metal
frame or cage, this approach saves considerably on CAPEX in comparison to constructing in
harder plastics.To date several commercial reactors availablewithin the marketplace,
including a UK spirout from Plymouth Marine Laboratory; sEegure6.8 (B) (Allen 2013)
However the relative ease of manufacturing bubble colummsans that they can be
fabricated with limited resources and specialist equigmesulting in a great variety of4n
house designs and configuratiofsominent designs of novel and modular bubble columns
can now be foundvithin the literature and address some of the issues regarding-apatd
bubblecolumns this includes vertial systems built by AlgEternal and systems deployed by
the University of TexaAlgaelndustryMagazine 2013)

6.3.7.Airlift Reactors

Airlift photobioreactors encompass a broad family of pneumaticligaisl contacting
devices, which act to create circulatory motion within a constrained geometry. This type of
flow regime differs from that found within a bubble column, being characteins¢éead by

more defined cyclical patterngShah 1982) The circulatory patternswithin airlift
photobioreactors are a function of the geometry and velocity within the system, and are
created through interconnecting channels designed specifically for this purpose. The channels
are often described as riser and downcomer sectionsspon@ng to the direction of the
liquid travelling within them. The actual motion within the reactor is created by the injection
of a mixing gagnormally air)into the reactor from the bottom of the riser section. The-hold

up of the mixing gas within theiser section creates aower liquid density which is
subsequently forced round by denser liquid within the downcohsethe gas leaves the fluid

by disengaging at the egassing zonat the topof the riser, the densde-gassedluid moves

down throughthe downcomer, and the circulatory motion contg(@histi 1989)

Airlift reactors can be categorised as having either an internal or external loop configuration.
Interral loop reactors separate their riser and downcomer, either with a draft tube or a split

cylinder arrangement. External loop airlifts have a physically separated riser and downcomer,
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taking the appearance of two separate interconnected (@esti 1989, Doran 1995)
Bubble size within airlift reactors is usually the diameter rangef 0.5-5 mm. Figure 6.9
illustrates some of the more common airlift reactor configurations. Airlift photobioreactors
have a variety of operational benefits when comptyexthertubular systemsThese include
relatively high gas and mass transfer, uniform turbulent mixingeddwdrodynamic stress
than liquid pumped systenad ease of control, particularly with regards to liquid velocity
(Chisti 1989, Merchuk 1990)They can al® be designed with geometries that habhert
liquid circuldion loops and rapid dgassing, which can minimidevels of dissolved oxygen
These favourabléctorsmean thabutdoorproductivity within airlift reactor types has been
reported to reach vads as high a$.9g L1d*(equating to 32 g rhd™?) with Phaeodactylum
tricornutum (Molina et al. 2001)Disadvantages of airlift designs revolve around the liquid
velocity being limited by riser height, which can mean that there are practical limits to the
circulation speed in comparison to liquid pumpgdtemgMerchuk and Gluz 2002)Other
design issues relatspecifically to the overalfreactor configuration orgeometry, being

similarto thosefound intheother enclosedystems $ections5.3.46.3.9.

A. B. C.

Internal-loop split Internal-loop External-loop
ALR concentric ALR
tube reactor

Gas output Gas output Gas output

A { {

p GV |
Gas input Gas input Gas input

Figure 6.9. Different configurations of airlift bioreactors.

(A) Split-cylinder internalloop; B) concentricdraughttube internaloop; (C) external loop. Image from
(Merchuk and Gluz 2002)
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Despite thdower levelsof commercial uptake than conventional liquid mixed systenese

are numerous examples of airlfoweredphotobioreactors ineployment across the globe.
Oneprominent academic example includes h@ssachusettBistitute of TechnologyMIT)

airlift reactor, which was deployed to investigate the potentidflie# gas scrubbingThis
system takes the form efdividual 30 Ltriangular modules arranged in an array; Begire

6.10 (A) and B) (Vunjak-Novakovic et al. 2005)Another prominent reactor within the
literature isthe horizontal serpentinairlift system deployed idlmeria, Spain(C) and (D).

This system has provided considerable biological and engineering data from a pilot site
(Molina et al. 2001, Acién Fernandez 2012)

A

Figure 6.10. Diagram showssome ofthe potential configurations of airlift reactors.

The MIT reactor in(A) and B) shows how airlift mixing can be created by directing the flow @fir into a
specific vertical riser channel, at the back of the reg®tonjak-Novakovic etal. 2005) (C) and (D) shows the
Almeria reactor, which has an individual riser and downcomer section (in the box) and serpentir&ggeoto
(Molina Grima et al. 2003, Molina et al. 2001, Acién Fernandez 2012)
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6.4. Evaluation of Photobioreactor Designs

6.4.1.Design Conceptualisatiddethodology

The initial designconceptualisation for the prototype Airlift Reac{&lLR) was realised i@
series ofdistinct stagesThe work commencedith a comprehensive litature review to
determine the factors most important in photobioreactor design, alongside the various
solutions currently available (discussedSection 6.3tabulated inTable6-1 andTable 6-2).

To this end,initial ideas for the reactor geometopnsidered previougxamples, both
academic and industrial. This procegass assisted greatly by the following body of literature
(Vunjak-Novakovic et al. 2005, Molina Grima et al. 1999, Molina et al. 2001, Chisti 1989,
Tredici 2004) The next stage of the design process involved recogrisenfactors that were
most important in meeting the aims and objectives definegkation 6.1This included an
assessment of threlative strengths and weaknesses of othidely deployeddesignswithin

the literatureusing the considerations from themprehensive literature review, seection
6.26.4. The final stage of this process evaluated some of the current trends within
commercial photobioreactor constructidine findings were thefollowed by afinal design
rationalisation process, which @dereda combination ofthese scientific, manufacturing

and operational parametdcsrealise a final prototype design.

Table 6-1. Table outlining the relative merits and disadvantages of majophotobioreactor systems.

Modified from the work of(Borowitzka 1999, Ugwu et al. 2008, Tredici 2004)

Reactor Advantages Disadvantages

Open ponds Most economical of the production Poor control of culture conditions; includin
systems easy tobuild, operate,clean insufficient mixing, poor mass transfer ar
and maintain. God for masgroduction light distribution. This results in low
of bulk quantities oflgae productivities. Systems have a large ar

footprint and cultures are easily
contaminatedProduction idimited to afew

strains ofalgae.
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Flatplate

photobioreactors

Horizontat
tubular

photobioreactors

Verticalcolumn

photobioreactors

Large illumination surface areayith
short light paths. Suitable for outdor
cultures Results in very high biomas
productivities. High mass transfer ar
good mixing can reduce photo
oxidation Relatively asy to sterilise anc

robustto operate
Large illumination surface area, suitak
for outdoor cultures, fairly good biomas
High
good

productivities. liquid velocity,
Robus

construction, with good potentiafor

results in mixing.

scalability alongside practice

sterilisationoptions

High mass transfer andgood mixing
reduce photoinhibition and photo

oxidation Relatively bw enegy
consumption required for mixing. Lov

levels of shear stress for a closed systt

Scaleup may require multiple

compartments and support materia
Difficulty in controlling cuture temperature
and high risk of photoinhibition. More
potential forwall growthandhydrodynamic

stresghan other systems.

Gradients of pH, dissolved oxygen and C
can occur kong the tubeslue to poor mas:
transfer Fouling can be difficult to cleaon

some manifold or curved section
Considerable performance dragan occur

upon scalaup.

Smalkr illuminated surface aredhan flat
plate reactors. She stress #t higher than
open ponds. Difficulto scaleup due tothe
individual nature of the columns, which ci

increase labour costs.

Good potentiafor robust salability and
low levels of fouling allow for relatively

easy sterilisation.

Considering thestringent costrequirements for wastewater treatmeiitis an inevitable
conclusion thata strong candidate for the reactor would &®open raceway pond. This
design would havenajor strengths for any bioremediation activity, due to loperational
cost andease of maintenand@orowitzka 1999) Thereare also a considerable number of
successful operational examples to act as guidéorcecaleup (Oswald 1995) However
several problems remaimith pond usewithin a Northern European conteXthese include
poor light penetration, poor mass transfersufficient mixing and gas holdp, lack of
temperature controlarge areal footprinand highrisk of contaminatior(Ugwu et al. 2008,
Borowitzka 1999) In combination these factotsan leado relatively poor areal yields and
studies have shown betteroguctivities in tubular systems than open ponds when grown on
the same wastewat¢Arbib et al. 2013) The intention was to design a reactor that could
overcome, or at least minimise many of the reported problems within previous d€sigms.

that the primaryuse for this reactoconfiguration would beawithin a wastewater treatment
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plant the best designs woulthve to remaimelatively cheago construct, whilsbeing easy
to operate andhaintain.Key criteria includescalability (volumetric size betwedh01nt and
100n?), without compromising the key design parameters. Manufacturing sbestdd be
kept to a minimum; which can be achieved in part through fabrication using staadardis

partsand proceduresmportant design parameters are listed ale6-2.

Table 6-2. Common photobioreactor design considerations.

Modified from the work of(Borowitzka 1999, Ugwu et al. 2008, Tredici 2004)

Biotic Abiotic Manufacturing or Operational

A Productivity and yield A Performance drop during scale A Cost of materials

A Energy consumption during

A Product quality A Build-up of dissolved oxygen _
operation
A Photoinhibition A Mixing, Reynolds numbefQc . A Ease of operation
A Temperature control

A Fouling o _ A Maintenance
A Light penetration

6.4.2.Vertically Stacked Systems

It could be said that curregbnvention in terms of large scale photobioreactor design is the
horizontal tubular system, in either serpentine or manifold configuradio® in part to the
widespread availability of industrially manufactured tubes; either in plastic or §lasther
reason for the popularity of tubular systems is thaseconfiguratiors give more intrinsic
strength to theeactor especially whercompared to flat plate reactorBhey are also less
likely to wamp significantly given a change in temperaturhis meanghat tubular systems

have been the most widely developed of the commercialised systems; with global suppliers
such as Varicon Aqua Solutions, Evodos and AlgaeLink having constructed and deployed
numerous systems for both commercial and acadapptiications (McDonald 2013) The
literature supports the commercial sector with indicationsttiatlar systems can be used
successfully for a variety of applications including wastewater treat(Aebib et al. 2013,

Michels et al. 2014, Tamer et al. 2008)any of these papers swggg some problems with
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fouling within enclosed systems; which may mean the use twifbalar configuration is
favourable over a plate configuration, as thaye higher liquid velocities aratea loteasier
to dissembleand cleanMcDonald 2013) The modulamature of theubesalso allows for
easy replacement should one get damalgedombinationthese factors would mean that the
deployment of a tubular system would therefore seem prefetabée panel systenfior
wastewater applications. Especgyalvhen consideringhe likelihood thatthe system may

encounter tough operational conditiarsd a degree of damageer its lifespan.

A majority of vertically stacked, vertically orientated systems are based upon bubble column
designs that are arrangesl @ battery of individual reactofMirén et al. 2000) This means

that they display many of the benefits and disadvantages of column based systems previously
discussed imable6-1. One particular problematised by scalingut norconnected modular
systems by number is the increased requirement for process control systems. For example an
array of uaconnected bubble columns would all need their own auxibgsgems, such as
gas and liquid delivery lines, @eparate units for temperature contrghich can increase
CAPEX considerably. Individual units also multiply operator requirements in terms of
maintenance and process control duties. These issues can be further compounded by both
biotic and abiotic facts, as it can be hard to maintain all of the individual cultures in the
same physiological state. For example some tubes may be exposed to greater extremes of
temperature and light intensity than others based on their positioning, which has an impact on

yield and product quality.

Many of the newer generation of commercial photobioreactors, appear to favour vertically
arranged and orientated tubular systems; this includes the AlgEternal VGM Optimax and the
BFS reactor (BioFuel Systems), both shown Rigure 6.11 (A and B respectively)
(AlgaelndustryMagazine 2013, BFS 201¥prtically stacked upright tubes have the ability

to be arranged in a variety of configurations, either asidaial columns or on a manifold.

The use of a manifold allows for the individual columns to share the reactor geometry, and
hence help to overcome some of the problems associated with individual column reactors.
These vertical systems are often mixed pnatically, allowing forsuperior mass transfat
equivalent mixing power when compared to conventional liquid pumping in horizontal
serpentine or manifold systen#dditionally, vertically arranged reactors have the benefit of
imparting more intrinsic strgth to the reactor than horizontal configurations, hence
requiring less supporting framework and thereby saving on CAPEX. Another benefit of a

vertically stacked systens the considerable body of literatutbat can be drawn upon to
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design suitableairlift or bubble column configuration&histi 1989, Molina Grima et al.
1999) and ®veral recent publications have shown the meritdeployingcolumn orairlift
systems for flue gas absorption wastewater treatmeirbib et al. 2013, Doucha et al.
2005, VunjakNovakovic et al. 2005)
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Figure 6.11. Examples of \ertically stacked column configurations.

Photograph(A) s hows Al gEt er na,lwhish isvcGpris&lpof a sedex of individual column
reactors connected by a common manifold for ease of harvesting. A pressure balanced delivery system ensures
that nutrients and carbon dioxide are delivered consistently to each(AlgmelIndustryMagazine 2013)
Photograph(B) shows the BF$BioFuel Systems) bubble column reactor, which consist of individual columns

with a mutual support structu(BFS 2014)

6.5. Airlift and ColumnDesignPrinciples

The body of academiliterature orairlift and bubble columiphotobioreactor design is fairly

well establishedwith notable contributions fronfChisti 1989, Doran 1995, Molina et al.
2001) A summary ofequations which describe many of the phenomena seen within the
operation of a airlift or columnphotobioreactoare listed; and act tprovide some guiding
principles for sensiblesystemdesign. These modsl were selected due to their general
acceptance and widespread usage in the algal literature for a variety of airlift and column

reactor configurations.
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6.5.1.Solar Penetration

The importance of receiving adequate photosynthetically active radiation (PAR) for biomass
growth is one of the factors of greatest importance for large scale algal cultiiMobna et

al. 2001) Whilst there are a variety of ways in which PAR can be deliverea reactor
(outlined inSection 6.2.1), conventionatethods often inclile external or internal lighting
arrays,as well asolar radiation. To estimate the effect that light can havenahgal growth

rate, a numbeof equations can be used. Thestate to the average irradiance received
within the cultureay, which can b given by expressions along the lines of those developed

by (Alfano, Romero and Cassano 198&)own in Eqg. 10.

0 0 Agbr 0O Eq.10
nos P v g.

Where "Ois the irradiance on the surface of the culture@nd the extinction coefficient of

the algal biomas$, is the length of the light path from the surface of the reactor to any
other point within the bioreactor. Whil&t is the concentration of biomass within the reactor.
For outdoor tubular systems is related to the diameter of the tubing used for cultivation

(Fernandez et al. 1997)his relationship can be described in Eq. 11:

Q Eq.11

WhereQ is the tube diameter, aréis the solar zenith angle, in degrees.
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6.5.2.Algal Growth

The ultimate aim of any bioreactor is to maximise biomass productivity by ensuring that the
conditions for growth are optimal. When all other parameters are considered, suboptimal light
is the factor that has the greatest overall limitation on the actaaltly rate of the algae.
There are many relationships that describe the relationship of light on algal gkteliha

Grima et al. 1999)However, for the purposes of this project the expression in Eg. 12 was

selected for this research, due to its simplicity and widaspusag€Grima et al. 1994)

‘ ‘ ° Eqg.12
O 0 q.
Where' is the specific growth rate, Is the maximum value of, O is the average

irradiance inside the reactor ari@is a constant that is dependent on dlgal strain being

cultivatedas well as culture conditions, ads an empirically established exponent.

6.5.3. Liquid Mixing and Circulation in Pneumatic

Photoloreactors

6.5.3.1.Reynolds Number

The importance of maintaining a waflixed and turbulent system within the reactor is
important for mass transfer, shear effects and access to light. The Reynolds number is an
important dimensionless grouping that is often used to determine whether m 3syste
operating in a turbulent manner, and a simplified expression for Newtonian systems is shown
in EQ. 13;

vo Y2 Eq.13
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The terms are expressed as; derisitguperficial liquid velocityY, pipe diameterQ and
viscosityi . Determning the liquid velocity within airlift reactors can be a complex process,
and will vary greatly upon the chosen system and configuration. Tubular systemRewith
numbers above 4,000 are said to be turby@atan 1995)

6.5.3.2.Liquid Velocity in Airlift Photobioreactors

A generally well accepted expression for the liquid velocity within an external loog airlif
system can be found in the work(@histi 1989)and is shown in Eq. 14.

Eq.14

Where the superficidiquid velocity (Y) is equal to the gravitational acceleratiof,(the

dispersion heightQ ), the gas hold up in the riser J and downcomer-(), and the friction
loss coefficient Q). The crosssectional areas of the riser and downcomerrapresented
asw andd respectively. The gas helih within the riser and downcomer , can be

approximated by Egs. 186.

. 5. Eq.15
OT[SQT 5,8'8(Un8w0

- T & T®57 Eq.16

Where'Y is the gas superficial velocjtyndthe dispersion height can be found from the

following Egs. 1718.

Ri /4 PN "U c‘ "/4“ /4 Eq 17
) AA T
( )\ u)/‘
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E Eq.18

E R R
PR 447

Wherel},, ,is the mean gas holab in the reactofQ is the height of the liquid and the
heightof the dispersion.The superficial gas velocity can subsequently be determined from
Eq. 19.

Wherew is the volumeof gas flowing into the system and the cross sectional area of the

riser.The actual linear liquid circulation velocity can then be calculated from Eq. 20.

n Y Eq.20
PZRo

6.5.3.3.Liquid Velocity in Column Reactors

Determining the upward liquid velocity within bubble columns under heterogeneous flow can
be described by the expression shown in EqH&ljnen anl Van't Riet 1984)

'rY 8o "D T’Y 8 Eq 21

WhereQ is the diameter of the bubble column; and the gas superficial velocity is calculated

in a manner identical to Eq. 19. The actual gas -bpldfor bubble columns can be
subsequently calculadausing the expression in Eq. 22.

Y Eq.22

~
g

) Y
Where the gas holdp (), is defined by the superficial liquid velocit)¥(), divided by the
bubble rise velocity™Y ).
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6.5.3.4.Circulation Time in Airlift and Column Photobioreactors

From the superficial liquid velocity it is also possible to describe the mixing times, although
caution should be taken when using these relationships, as they do not always extrapolate
well to individual system configuration€histi 1989) One commonly used expression is
shown in Eq. 23.

Whereo is the circulation timel) the riser length,Y the superficial velocity in theiser,
0 the length of the downcomer afd the superficial velocity in the downcomgEhisti
1989) The mixing time within airlift and bubble column reactors camjpgroximated using

the expressions outlined in Egs. 24 and 25 respectively.

o ovg® o B8 Eq.24

5 p° o a0 8 Eq.25

6.5.3.5.Shear Rate within Pneumatic Photobioreactors

Another factor that is important for the overall growth of an algal species within a
photobioreactor is the observed shear rate. An approximate estimation of shear within bubble
columns can be described as follows in Eq.(R&hikawa, Kato and Hashimoto 1977)
However it should beoted that the prediction of average shear rates by empirical methods in

pneumatic reactors has been described as being conceptually ufSbistidl 989)

[ L TUTIYVT Eq.26
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Wherg is the average shear rate, avd the superficial gas velocity is determined from Eq.
19.

6.5.4.Mass Transfer in Pneumatic Photobioreactors

Gas to liquid mass transfer is of considerable importance in all bioprocesses, and good
characterisation allows for optimal aqueous culturing conditions. This is because many
conventional bioprocesses require the addition of air to provide sufficientrokygaerobic
respiration, whilst also stripping carbon dioxide from the culture. Conversely, phototrophic
algal cultivation requires the opposite of this process; with a greater requirement for carbon
dioxide input for cellular growth and the removal ofcess oxygen which can inhibit
photosynthesis. A general description for the change in the concentration of dissolved
inorganic carbond in the liquid phase for plug flow is described in Eq. 27, whilst the

equivalent expression for oxygen is shown @ Z8(Rubio et al. 1999)

~ ~ z

608 QO 50° 80 YQOY p - YQ& Eq.27

~ ~ z

000 Q6 6 5 YQoY p - YQo Eq.28

Where0 is the volumetric flow rate of liquid through the tulé®is the tube diametelQ
is the volumetric gaiquid mass transfer coefficienty Qi» the differential volume, is the
fractional gas holdup® 070 ° is the saturation concentration of carbon dioxide/oxygen
and’Y ¢ describes the volumetric rate of carbon dioxide/oxygen consumptanthE

liquid phase the component mass balance in Eq. 29 can be established for the molar flow rate

of carbon dioxide™© ), and likewise for oxyger@ ) in Eq. 30(Molina Grima et al. 1999)
(o)) foIA) 60° 00 "YQw Eq.29

(06 fola) 0 0 YQ Eq.30
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The equilibrium concentrations of carbon dioxide and oxygen can then be determined from

Eqs. 31 and 32, using Henry’'s | aw;

56° 00 O 0 0 ——— Eq.31

5° 00 OO0 0 — — Eq.32

WhereO i s Henry’s constant f o ycimthd@mondi o X i
dioxide/oxygen partial pressure in the gas phase (8tnmgnd0 are the total and partial
pressires in the system, arfi@ refers to the molar flow rate of the molecular entities in (mol

s1). To work out the actual dissolved concentration of carbon dioxide or oxygen within the
reactor the Q¢ value has to be determined. Within airlift photakiactors this can be
calculated either in terms of the superficial gas riser velocity or the power (Bplib,

Robinson and Mo&’oung 1985) the relationship with gas riser velocity is shown in

Equation 33

T L (I) * 8
Qw T ¢p "y Y Eq.33

Where™Y is the superficial gas velocity within the riser section. For column reactors a
number of relationships also exist, but one commonly used expression is presented in Eq. 34
(Doran 1995)

N ™ €8 Eq.34

6.5.5.Power Consumption

For pneumatically driven reactors, the expressio&gin35 and Eq. 36 can be used to derive

the power input due to gassing J for bubble column and airlift reactors respectively. These
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expressions hold true based on the assumption that the kinetic energy contribution to power

input can be ignored due its negligible quantitfChisti 1989, Pérez et al. 2006)

0 .

—— "Gy Eq.35
W

0 1 0)%

) o} Eq.36
W P 3 q

Wherew is the volume of liquid; is the density of the liquidy and™Y are the total and
riser gas velocities respectively aéd and@ are the areas of the downcomer and riser

respectively.

6.5.6.Heat Transfer in Airlift Reactors

Heat transfer within photobioreactors is a reasonably well understood phenomenon, and can
present particular problems for outdoor photobioreactors both in terrogedfieating or
overcooling; this is particularly the case in systems with large surface area to volume ratios.
Upon establishing the required heat duty, the necessary surface area required for heat transfer
can be calculated from Eqg. 3Ghisti 1989)

0 Yo Yvy Eq.37

Where0 is the heat transfer raf@/ the sum of resistances to heat trandlerthe heat
transfer area and Ythe mean temperature difference driving force. The sum of resistances

due to heat transfer can be determined with Eq. 38;

Y Eq.38
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WhereQ is the film heat transfer coefficient for the fermentation fluid film in contact with
the heatig surface)Y . The'Y value can be found in most chemical engineering and heat
transfer data books. However, information on the valu&¥as less prevalent within airlift

literature, but one proposed equation for air and water within concentughdtabes is
shown in Eq. 39, and should also be suitable for bubble column sy&ams 1989)

8

~.

N p@®1p Y8 Eq.39

£ £

Where® and® are the areas of the downcomer and riser respectively, Whilist the

superficial gas velocity.

6.5.7.ScaleUp

Factors that are considered particularly important for the -sgnlef any photobioreactor
include the maintenance of favourable charactessteen at a smaller scale. As such several
equations have been derived to describe both the importance of maximising the light
intensity, whilst also maintaining the transitional frequency between light and dark zones
during scaleaup. An expression usea tdescribe the volumetric rate of fluid movement

through the dark zone of a reactor, is displayed in Eq. 4(Molina et al. 2001)

— Eq.40

5 q

Whereo is the maximum acceptable duration of dark period between successive light
periods andw is volume of the dark zone. The fluid interchange velotitycan be

descibed from thed on a unit length basis, as follows in Eq.(#olina et al. 2001)

1
_,l CA

Eq.41
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This is wherd is the boundary arc between the two zones, as describ@dolma et al.
2001)and demonstrated Figure6.12.

Figure 6.12. Typical light profile within a photobioreactor tube.
Diagram shows the typical solar irradiance profile at midday with a dilution factor of ,04nd a tube

diameter of 0.06 m. Figure frofMolina et al. 2001)

The cycling time is another important factor to keep consistent when scaling up a
photobioreactor configuration. This is because by maintaining atasdnsycling time
(6 ) between the solar collecting region8 X and the dark zone { ), the reactor

performance can be maintain@éblina et al. 2001) The actual transitions between these two
zones are determined by the cycle frequency, which is equal to Eq. 42;

pTo 0 Eq.42

It is also possible to estimate the illuminated fraction of the culture volumghotic

fraction), from the light profiles using Eq. 43, where;

A (A Eq.43
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From this expression it can be assumed that the flash vebunie directy proportional to
the flash period ¢ ), and that the dark volumew(), is proportional to the dark periaal).
This allows the cycling time to be expressed in terms/oEqs. 44 and 48Molina et al.

2001)

0 o) 5 Eq.44
Making the frequency) equal to;
. P T

: Eq.45
0 5 q

Using these equations, it can be shown that the light/dark interchange velocity at a large scale
Y and at the smalicale 'Y may be shown to depend on a scale fa€as follows in
Eq. 46(Molina et al. 2000Q)

Yo=Y Eq.46

The factor'Qis the ratio of tube diameters at the larger and smaller scales, whilst the

parameter depends o then values at the two respective scales, described in Eq. 47.

Eq.47

The actual velocity of interchang¥ is then estimated as the fluctuating component of the

steady state velocity in turbulent flqMolina et al. 200Q)shown in Eq. 48.

Y TR Eq.48

148



This gives the radial interchange velocity | within the tirbulent core as a function of the
superficial liquid velocity 1Y), the tube diameteiY), the viscosity () and the density’).
To ensure that performance is kept identical during successfuligzatbe linear flow

velocities at the two scalésve to conform to Eg. 4Molina et al. 2000Q)

Where superficial liquid velocityt a large scale iy and superficial velocity at a small

scale isY .

6.6. Airlift Reactor (ALR) Design

6.6.1.Early Concept

The selection of a simple vertical arrangement favoured by some of the more modern
photobioreactors (shown iBection 6.4.2hallows for high mass transfers, rapid-ghkssing,

and a reduction in material costs compared to horizontal systems. The high levels of mass
transfer resulting from the mixing driven by aeration would be particularly suitable for
wastewater treatment as ghivould allow for the system to reduce any excess BOD, whilst
not over saturating the system with oxygen. Other benefits of using this type of reactor
include thefact that there are no internalised mechanical péttsn airlift or bubble column
reactors meaninghat there would be®wer levels ofequipmentvare andouling; whilst the
constant tube diameter reduces shear within the system. The photobiodeawooutlined

in this thesis seeks to improve on previousrk, and overcome some of the liations
common to scaling out individual unitBhis was achieved by basitige reactor geometry on

a common manifold along the length of the top and bottom of the system, creaimgle
modular designSome of the early concept sketches are showigure6.13.
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Figure 6.13. Early ALR concept sketches.

From left to right: The sketches show how the ideas farpaight serpentine system evolved into the alternating

riser and downcomer configuration of the ALR.

The resultantdesign could be considered hybrid reactor, able to operate under bubble
column or airlift mixing regimesHigure 6.14, A and B. This distinction places some
constraints on the general geometric design of the reactor, but gives added operational
flexibility . During bubble column operation, tiheactors et as a series of parallel and inter
connected bubble columng) which a bulk of the flow is mixed as a bubble column.
However, depending on the water level within the reactor there would be sorreointen

mixing at the top and bottom manifoldBidure 6.14, A). In the airlift operational mode
(Figure 6.14, B) adjacentcdumns form alternating riser and downcomer tubes, essentially
mixing as a series of external loop airlift columns, wité top horizontamanifold acing as

a degassing zone.
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Figure 6.14. Engineering diagam of the two possible mixing modesvithin the reactor.

(A) Column mixing mode (CM)AIl air diffusers are osimultaneouslhandthe reactolis mixedas aseries of
connectedbubble columas. (B) Airlift reactor (ALR). Alternate spargerare on andhe reactomixes as an

airlift. In both cases the mixing mode can be scaled out to any number of coRloearrows signify air flow
entering and leaving the reactor. Red arrows give an indication of the bulk liquid mixing patterns; thicker arrows
descibe the direction of a majority of the flow.

This configuration giveshe systemwo important benefitsfirstly the reactor is reasonably
compact and capable of being arranged in linear arfdnssecond major benefit of this type

of tubular arrangemenis that scalaip adheres to simple design principles, based on the
modularity of each of the riser and downcomer sectidiés means thain theory any
number ofriser and downcomer pairs can be added to the design without any associated
performance dno. The benefits of this design in comparison to the systems outlirfédune

6.11 include the connection of all the solar collecting tubes via a common manifokl. Thi

reduces the requirements forline process and control equipment as well as for auxiliary
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connectionsAdditionally, the planar arrangement of the system allows for the reactor to be
angled towards the sun with relative ease, in a manner similar te® nglactors, thereby

maximising direct solar penetration.

6.6.2.Construction Materials and Methods

One particularly important factor within sustainable and resilient reactor design is that the
construction materials should be selected for durability and standardisation. This reduces
purchasingmanufacturingand maintenanceosts whilst also allowing for gppliers to be
switched easily should supply chain issues df$effi 2007) To this endconstruction from
standard pipe fittingsvas consiered an optimal solution, both in termsatibwing for rapid
prototype developmenas well as fotowering overall production costsrom the literature it

was decided to use cast acrylic (PMMA) as the material for the solar collecting parts of the
reador, due to levels of optical clarity similar to glass (up to 92%), as well as relatively
favourable costéMolina et al. 2001, Tredici 2004) he photo-collecting tubes had walls &f

mm in thickness, made from cast acryRlastock) giving a total outer diamet¢©D) of 63
mmand an inner diameter (ID) of 55 mm; and were based on common dimensions within the
literature (Molina et al. 2000, Molina et al. 2001, Molina Grima et al. 1999is tube
diameter allowed for balance between higlevels of solar pengdtion whilst also
maintaining a reasonable areal volunide photocollecting tubes had arinset Qring
groove milled into the top and bottorto a depth of 1 mm, with a nitrile-6ng (1.5 mm
section x 61 mmiD) inserted to creat@ water tightseal betwveen the photeollecting

sections and the manifold.

The manifold sections were constructed from PVC conneutitinsan internal diametgiiD)

of 63 mm (Pipestock). Theswere joined togetheusing offcut PVC pipe (length 70 mm,
outer diameter (ODB3 mm and glued with PVC cemerb form the top and bottom
manifolds. PVC was selected dits reasonable price point, itigh levels of chemical
inertness andonsiderableesistance tdJV exposurelnevitably, the dark zones created by
the PVC will have sore negative impact on the total surface area available for light
collection but the connectors were judged to be the only suitable option when cost

considerations were factored into the desigine total height of each riser and downcomer

152



was 1.15 m, witheach verticabkolar collecting region 1 m in length. The manifskettions

varied in length depending on the reactor configuraaioth had % bsprassfittings threaded

at a centre t@achvertical riser sectionat the baseto provide inlets fothe intraluction of

mixing air. The final working volume of each system were; 5.5,, Bhd 55 L, although the

practical working volumes (due to an increase from aeration) were 5, 10 and 50 L.
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Figure 6.15. Technical drawings show theALR geometryfor the 10 L system.
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The diagram indicates the dimensidgman) of the ALR and its main component$ie modularity of the reactor

can be clearlyseen from the front elevation perspectigechnical drawig courtesy of Richard Beckethe

Bartlett School of Architecture).

A frontal profile photo of the finished 10 L prototype is displaye&igure6.16 with all the

main constituent parts labelled. The alternating riser and downcomer sections connected by

top and bottom manifolds can be clearly seen in the photograph.
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Figure 6.16. Photograph of the finished10 L prototype.

(A) The frame is made fromdXion andcan clearly be seen supportitige reactor. (B The diffuser section is at
the top where the tubesemt the connecting manifolds.)(The lighting arrangemeiftvhich changed during the
course of various experimental iterations), currently dispbays30W fluorescent tubes (GroLux) which can be
seen in parallel to (Pthelight receiving tubes(E) aeration inletsan beseen at the bottomanifold Sensors,

detectors and controlle@re inserted from the top of theactor.

Figure6.17 gives an indication of the different sized systems constructed dinengroject,
alongside their relative volumes. The principle of segleby adding sets of riser and

downcomer pairs is clearly demonstrated.
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Figure 6.17. The ALR at different scales.

The seies of photogrphs demonstratbow the same intrinsic reacteharacteristicxcan be maintainedy

scaling out(A) 5 L system. (B) 10 L system. (&) L system.

6.7.Summary of the Design Process

Overall, the aims and objectives definedSection 6.1could beconsidered as having been

met within this Chapter. The main theoretical considerations have been outlinedhared a
prototype photobioreactor has been constructed, with specific considerations appertaining to
operation within a wastewater treatment emwment The result is asimple and robust
system that was assembled from relatively cheap and standardisedTparttheoretical

assumptions concerning linear seafevia the use of a common manifold have been clearly
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explained; with the belief that #hiwill overcome the performance drop problems that are
often seen when scaling photobioreactor systems. Through its innovative design, the reactor
provides a platform for testing two mixing modes; connected bubble column array, or
connected external looprlt array. In practical terms, this will allow for greater operational
flexibility and will provide an opportunity to investigate whether bubble column or airlift
mixing modes are superiof.his is an important consideration as there are a variety of
conflicting reports regarding the performance of the two mixing modes within the literature
(Chisti 1989, Mirdn et al. 2000, Merchuk and Gluz 2002, Kantarci et @b)2Chapter 7 will

build upon the work outlined herein and look to charactahiseengineering and biological
parameter spaa# the ALR systemwith a view to determinéhe best operationabnditions.

This includes ascertaining the suitability of using the photobioreactor for large scale waste

treatment.
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/. ReactoModelling and Scaleip

7.1. Aims and Objectives

To test the comparative benefits and disadvantages of the novel photobioreactor design a
series ofcharacterisatiorexperiments wereindertaken. Principallyhese were intended to
ascertain the comparative performance of biotic and abiotic factors withireactor, under

the different mixing regime$pecific objectives included;

A To characterise the main differences between bubble column and airlift operation within
the ALR.

A To determine the engineering and biological parameter space, and decide ostthe be
operational conditions.

A Profile outcomes of pilot growth within a UK greenhouse.

7.2. Experimental Methodology

7.2.1. ReactorConfigurations

7.2.1.1.The 5, 10 and 50itre ALR

The 5, 10 and0 L aidift reactors (ALRs) were constructed as describe8eotion 6.6and
the final configurationsand mixing arrangementge shown irFigure7.1. Mixing gas was
supplied to the bottom of the riser secionma anarray of air-compressa (Hailea ACG
009E) 30W, with a maximum outpof 45 L min't and pressure output 0.035 MPa. The 5
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and 10 Lreactors were operated in either aiffftLR) or columnmixing (CM) mode,whilst

the 50 litre reactor was operated solely as an ALR.
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Figure 7.1. Experimental ALR arrays and mixing modes.

The numbers 1 and 2 indicate the position ofrtfmometers, see Section 7.2.2.1. Blu®ws signify air flow
entering and leaving the reactor. Red arrows give an indication of the bulk liquid mixing patterns; thicker arrows

describe the direction of a foaity of the flow.
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7.2.1.2.The 2.5 and 5 Litre Bubble Columns

The 2.5 and 5 bubble columns (BC) were constructed to act as a comparatichrbark to

the ALR and CM configurations. The 2.5 L bubble column had an identical diameter and
volume to a single ALRiser section andvas constructed from a single 63 mm PVC pipe
manifold with an inserted®MMA tube of ID 0.055@ m x 1 m for he photecollecting
column. The 5 Lbubble columrhad the same volume and liquid height as the SALRveasl
constructed frona PVC pipe manifold with IIB5 @ mm, and @MMA tubeinserted with ID
0.0802 mx 1.2 m for thephotc-collectingcolumn (Plastock). The reactor configurati@amsl
mixing patternsare shown inFigure 7.2. Mixing gas was supplied to the bottom of the
columns via an aicompressor (Hailea AGO09E)30W, with a maximum output 45 in

and pressure output > 0.035 MPa.
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zone zone

\\

F/ s Drf
I
2

level

O.Dﬁ‘_)ﬁ‘j‘.) ﬁ‘)‘)é:l- »
N -

Diffuser

-

Figure 7.2. Experimental BC arrays and mixing modes.

The numbers 1 and 2 indicate the position of the manomet®sSection 7.2.2.1. Blaerows signify air flow
entering and leaving the reactor. Red arrows give an indication of the bulk liquid mpatbegns; thicker arrows
describe the direction of a majority of the flow.
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7.2.1.3.Table of Reactor Dimensions

A key of reactor codes was created to simplify their description witi@nresults section;

these are shown ifiable7-1.

Table 7-1. Reactor characteristics.

Reactor Chassis Code Mixing Mode No. of Un-gassed liquid Tube
Tubes Height (m) Diameter (m)
5 Litre ALR 5ALR Airlift 2 1.1 0.055
5CMALR Column mixing 2 1.1 0.055
10 Litre ALR 10ALR Airlift 4 11 0.055
10CMALR  Column mixing 4 1.1 0.055
50 Litre ALR 50ALR Airlift 20 1.1 0.055
2.5 Litre BC 2.5BC Column mixing 1 1.05 0.055
5 Litre BC 5BC Column mixing 1 0.99 0.08

7.2.2. Mixing and Mass Transfer

7.2.2.1.Gas HoldUp Measurements

All mixing experiments were undertaken using tap water (Londdm. gas holeup within
the ALR, CM and BCsystems was measuregperimentallyby using a Ubend manometer
according to well defined engineering princip(€histi 1989) A typical U-bend manometer
arrangement is shown frigure 7.3, and was achieveit this caseby drilling two pointsat
the top andhe bottom of the riser and downcomer sections (giving points 1 an&igure
7.3). These points werihen connectedia a vertically positioned Wube Experiments were
undertaken at 21+2°C; for airlift operatidmetgas holdip in the riser or downcomerg'r,)
was calculated for eaajas flow ratdby dividing the height differenc&Q ) of the liquid in

the manometers by the height of the liquid in the rSerThe same process was then
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undertaken for column mixing modes and bubble column reactors. The gasiphold
measurements were then compaiethe theoretical calculations @Ehisti 1989)using Egs.

15 and 22 outlined in Sections 6.5.3.2 and 6.5.3.3 respectively. The bubble rise velocity for
Eq. 22 was determed from the chart in Appendix 10.1.2Results were plottedgainst vvm

so as to allow for each system to be compared on a standardised basis.
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Figure 7.3. Diagram showing the arrangement of an invertedi-tube manometer.

Image courtesy ofChisti 1989)

7.2.2.2.Liquid Velocity

The superficial liquid velocity was measured using a tracectioje of 0.8 mMacetic acid.

In the case of the ALR mixed systems, this was achievatkteymining thecirculation time

(@), which wascalculated as the average duration between pH tracer peaks detected by a pH
probe (Jenway)as shown irFigure 7.4 (Chisti 1989) The superficial liquid velocity )

was then calculated by dividing the reactor remgth by the averagarculation timeat each

of the gasflow rate intervals.For BC or CM systems the liquid velocity was measured
directly, and represented the time for the tracer injected at the bottom of the riser to reach the
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probe at the top of theigpersion (Q ). The circulation time could be derived via
multiplication of the linear liquid velocity by 2 X2 (which in effect representan
internalised riser and downcomer within the column). Radial mixing effects and liquid
velocities were not calculated in this studjeTmixing time(Q) was therdeterminedrom

the traces, and described as the point at wifietpulse concentration waqual tor® 0

0 , whered is the final tracer concentration aadis the initial tracer concentraticat the
probe, sed-igure 7.4. Experiments were uredtaken in triplicate, anéd standard deviation
from the meartalculated and displayed. The process was repeated wdbmof the reactor
configurationsdescribed ifrable7-1 and the experimental results were then compared to the
linear liquid velocities § ) modelled usindgzgs. 14 and 2{Chisti 1989, Doran 1995)

TRACER
INLET

Figure 7.4. Typical response pulse in airlift photobioreactors.

Image courtesy diChisti 1989)
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7.2.2.3.Reynolds Number

The Reynolds nunds was determined frorig. 13 using modelled and experimentil
values and subsequently plotted agaitiseé gas flow rate (vwvm) in each of the systems

Assumptions are listed ikppendix10.1.2.3

7.2.2.4.Mass Transfer

The mass transfer coefficients within each of the systems were determined using the dynamic
method outlined iDoran 1995) Each experiment was undertaken byoeggenating the
reactor via direct sparging with 100% nitrogen (BOC). The systems were tbgggenated

by aeration within the rangef @ommonly used mixing air flow rates (€11vvm), the
dissolved oxygen concentration would then reach a steady state value based upon its
solubility 6 . During the process of 1@ygenation, the oxygen concentratighs and

0 are measuredt timesd ando respectively using a dissolved oxygen meter (Jenway).
TheQdcan then be estimated using two or more time points on during-the/genation.

This is achieved using Eq. 49. and plotting agaiist (0 ) (Doran 1995)

5 g
Qb g Eq.49

The results were then compared to the empirical projections from Eqgs. 33 and 34, however

due to the poor fit Egs. 50 and 51 were developed using a linear regressioifob ttata.
Q! , 2mY Eq.50

Quw" # 1Y Eq.51
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7.2.2.5.Model Plotting and Statistical Analysis

Models were plotted using Windows Microsoft Excel 2010. Theoretical calculation of the
superficial liquid velocity (5 ) required an iterative parameter error minimisation
methodology. Selected datasets had their fitrtedi models described by Ralues, whilst
significant differences between groups were determined using-aan&NOVA, with ap
value of 0.05.

7.2.3. Batch Growth Experimest

7.2.3.1.System Comparisons

Biological validation of the novel photobioreactor designs aixihgn configurations outlined

in Table7-1 was undertaken over a series ef Slay batch experiments. The 2.5BC, 5BC,
5ALR, 5CMALR reactors were investigated in trgate under the same conditions in a
controlled growth chamber. These experiments were undertaken by holding the average
surface illumination for 24 h at 75 pE3! with the irradiance from 2 x 150 W red/blue
LED lights (Yozop) arranged directly aboveetheactors. The temperature was maintained
around 32+1°C with the use of a submerged 50W heating element (Aqdiking gas was
supplied to the bottom of the riser or column section via acoanpressor (Hailea AGO
009E) 30W, with a maximum output 45 rhin? and pressure output > 0.035 MPa. The
mixing rate was fixed at 0.6 vvm for these experiments in order to standardise the power
input and ensure the Reynolds number was well within the turbulent range for all reactor
types during the experimentshe gowth medium was 1 x BBM (Sigma) with 99.5% £0
(BOC) injection at flow rates between-88 cn? min. The parameters that were monitored
included the biomass productivity and yield, pH, temperature and conductivity; these were
measured as described in @tex 4 (section 4.3) and Chapter 5 (section 5.4.1.6). The
dissolved oxygen was measured both in migabhd % in a randomly selected riser column
using a portable dOmeter (YSI 550A). Nutrient removal was determined using lon

chromatography, as described in Chapter 4 (section 4.3.6).
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Further work was undertaken comparing the 5, 10, 50 L ALR systems to each other to ensure
performance was consistent between scaleshénfirst instance this included testing the
liquid velocity, biomass concentration andd® different tubes and depths along the array.
The liquid velocity was measured as described in Section 7.2.2.2 in randomly selected riser
and downcomer tubes. Th@omass was measured by sampling at rangositions inthe

reactor and measuring the biomass concentration as described in Section 4.3.5. The dissolved
oxygen was measured both in m¢ Bnd % in randomly selected riser and downcomer
columns at differenheights (0.0, 0.5 and 1 m) using a portable d@ter(YSI 550A). The

results from these experiments are summariseippendix 10.1.2.4The second phase of

this work aimed to investigate the conditions necessary for the maximal growth rates and
yields. This was achieved using conditions identical to those described in the previous
paragraph, with the following exceptions; surface irradiance was increas60 e n2s?

for 24 h, and achievethrough the deployment of a greater number of LED arrais.

culture was grown using a fed batch strategy as outlined in Chafgecton 4.3.4.2) t@

total concentration of 3 x BBM; whil€€0;, injection was also increased to control the pH,
with flow rates ranging between -3®0cm® min™.

7.2.4. Pilot Cultivation

Pilot testing was undertakarsingthe 50ALR within the greenhouse on the Darwin Building.
These experiments consisted of a series-b0 day batch experiments designed with the
purpose of quantifying performancader an array ofatural and artificiatonditions. This
included a preliminarynvestigation ofthe seasonal variation in algalqauctivities within a
Northern European greenhousieuated latitudes1.522996 longitude-0.132877 seeFigure
7.5. All pilot experiments were undertakender thgollowing conditions 1 x BBM with pH
control and feeding with variable addition of 9% (50-300 cn¥/min). The mixingwas
held at 0.6 vvm, using an array ofair-compress@ (Hailea ACGO09E) 30W, with a
maximum output 45 Lmin? and pressure output > 0.035 MPdaturally illuminated
conditions depended on daily and seasonal light variations. Online measurement of key
parameters was undertaken with the Algam@&mt data acquisition syster(Algae Lab

System} alongside an arragf sensors. Measured parameters inclugemvth which was
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.measured with a custom built Oprobe (Algae Lab Systemswhilst pH change was
followed by apH probe(Jenway) dO, was also moitored in real time with a prob@iettler
Toledo). hternal temperature wasonitored with thermocouple temperature proleS
Componentsandvaried dependent on external conditions, but was kept bet3&¢nC by
the greenhouskeating andrentilation ystem.Antifoam 204 was added when the cultures
began to show signs &rothing (Sigma) Analysis was undertaken as describe€ivapter 4

(section 4.3) and Chapter 5 (section 5.4.1.6).
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Figure 7.5. The Darwin greenhouse andb0 litre ALR growing C. sorokiniana

The greenhouse is constructed from glass and has an open aspect Smitigvilesterly direction. Theentral

London location is evident from tH&T Towerthatcan be seen in the background.
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7.3. Reactor ModellingResults

7.3.1. Gas HoldUp

The gas holdip is a key characteristic for subsequent parameter determingidging an
important role in the mass transfer and liquid velocity of a given system. The measured and
modelled gas holdp in the risefor the 5ALR, 10ALR and 50ALR are shownkigure7.6.
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Figure 7.6. Predicted and experimentally measured gas holdp within the riser for the 5ALR, 10ALR
and 50ALR Systems.

Thethick dashed lingepresers the modelled prediction for gas halg in the riserbasedn Eq. 15. Diamonds
representhe BALR, circles represent the 10ALR, crosses the 50AERperiments werandertaken irriplicate

and error bars showstandard deviaticafrom the mean.
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The results show that in the case of the 5ALR system the percentage deviation between the
model and experimental findings was betw&&y2%, and represents the closesttditthe

model. The 10ALR and 50ALR show similar gas hold up levels within the riser, deviating
from the model by between 24B%. No statistical significanceas found between the mean
results of the 10ALR and 50ALR (ANOVA), indicating that scaling by numisng the
approach outlined in this thesis minimises performance drop. The greater spread of standard
deviations in the 10ALR was most probably caused by taking average measurements from
the two riser columns. This was deemed necessary at a smallerdseate the bigger
differences in liquid velocity between central and outlying riser tubles.gas holdip for

the 2.5BC, 5BC, 5CMALR, 10CMALR are shownHhigure7.7.
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Figure 7.7. Predicted and eperimentally measured gas holdup within 2.5BC, 5BC, 5CMALR and
10CMALR systems.

The thick lines representhe modelled predictions for bubble column gas hgicdbasedon Eq. 2. The solid
line is for the 5BC and the dotted and dashed projection for all other configurations. Experimental
measurements are represented by the following shapekes: 2.5BC, squares: 5BC, crosses: 5CMALR and

diamonds10CMALR. Error bars show &andard deviatiomfrom the mean.
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The results show that the BC and CM systems deviate from their respective models less than
ALR based systems. The 2.5BC, 5CMALR and 10CMALR all show similar levels of gas
hold-up, which is attributable to their identiceblumn dimensions. Specifically, the 2.5BC

fits the model most closely, with results betweeB00 from the modelwhilst the CM
systems deviated by betweer25%. The 5BC deviates the most considerably from the
model around-27% of the projectionfor reasons that are unclear at this tifderall, the

results show that the BC and CM systems have higher gasupotdan the ALR at
volumetric gas flow rates abo®e1-0.2 vvm

7.3.2. Liquid Velocity

7.3.2.1.SuperficialLiquid Velocity

The liquid velocity wasdeterminé to allow for the calculation dfey system characteristics

such aghe Reynolds numbeaind circulation times undéhe differentmixing regimes These
findings were also necessary to validate the assumption that the modular scale up of the
reat¢or would not have a considerable effect on the liquid velocity found throughout the
system The experimentalfindings for the 5ALR, 10ALR and 50ALRare shown irFigure

7.8 and compared to theoretical model€ins. 14 and 21.
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Figure 7.8. Modelled andexperimentally measured liquid velocities within the 5ALR, 10ALR and 50ALR

systems.

Thethick dashed solid lineepresers the modelled predictidmasecon Eq. 14Experimental data is represented
by the following symbols; diamondSALR, circles: 10ALR, crosses: 50ALHEXperiments were undertaken in

triplicate and error bars showsfandard deviatisfrom the mean.

The results show that the 5ALR system matches the model most closely and that the 10ALR
and 50ALR reactors have similar, albeit faster liquid velocities at any given vwm. The results
show the modegives a reasonably good predictiaf the linear liquid velocity, with all

results withint5-36% of the modelwhich is comparative with the error seen in the literature
(Chisti 1989) As with the gas holdip in Figure 7.6, the 5ALR was found to produce results
most closely matched to the modafter 0.6 vvm, all the velocity measurements were found

to plateau somewhat and evérop off. This could be attributed to poor gas disengagement at
higher mixing rates, as the higher liquid velocity draws more air back into the downcomer.
Other lesser contributing factors could include a rise in dispersion height at higher flow rates,

which would have the effect of flooding the-dassing section of the riser and result in
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increased resistance to flow within the system. The results for the 2.5BC, 5BC, 5CMALR,
10CMALR linear liquid velocities are shown kfgure7.9.
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Figure 7.9. Modelled and experimentally measured liquid velocities within 2.5BC, 5BC, 5CMALR and
10CMALR Systems.

The solid thick line represert the modelled predictions for 5BC and the-dashed line for the other
configurations,basedon Eq. 21. Diamondsl0CMALR, circles: 2.5BC, crosses: 5CMALR, squares: 5BC

Experiments were undertaken in triplicate and error bars gstandard dviatiors from the mean.

The graph inFigure 7.9 shows that the experimental data matches 8€ Bodel more
closely ¢£0-23%) than the other systems, the fit is particularly good until 0.6 vvm after which
the measured velocity tails off trend. TA&BC, 5CMALR and 10CMALR vary by as much
as 5060% from the model, with the 2.5BC showing the slowest liquid veloOwgrall, both

the moded and data from this section confifindings from the literatureshowinghigher
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linear liquid velocities in external loop airlifeactors than bubbleolumns (Chisti 1989,
Doran 195, Miron et al. 2000)

7.3.3. Circulation and Mixing times

The data generated from the experimentBigure 7.8 andFigure 7.9 was used to evaluate
the validity of circulation and mixing models for the ALR, BC and CM configurations. The

findingsfrom the ALR systems are shownFigure7.10.
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Figure 7.10. Modelled and experimentally measured circulation times within the 5ALR, 10ALR and
50ALR systems.

Thethick dashed lineepresergthe modelled predictiohased orkEq. 23.Diamonds represetiie SALR, circles
represent the 10ALR, and crosses the 50AERperiments were undertakentiiplicate and error bars show 2

standard deviations from the mean.
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The results irFigure7.10 show that the modelisplays high levels of predictive power in the
case of circulation time estimation, with no experimental measurement more tharira80%

the projectionlt can be seen that all systems respond in a similar manner, with no obvious
trends based on their system siEbe modéed and experimental circulation data for the BC
and CMALR systems were subsequently plotted together and the findings are shown in
Figure7.11.
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Figure 7.11. Modelled and experimentally neasured circulation times within the 2.5BC, 5BC, 5CMALR
and 10CMALR Systems.

Thethick linesrepresenthe modelled predictions, the solid line is for the 5BC and the longdtatsik for the
CMALR and 2.5BC configurations, modelled projections hased on Eg23. Circles represent the 2.5BC,
crosses the 5CMALR ahdiamondsthe 10CMALR, whilst squares represent the 5BEXxperiments were

undertaken in triplicate and error bars stbstandard deviaticgfrom the mean.
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The data shows that the trends in circulation time predictions and correlations are as expected
based on the linear liquid velocities, with deviation from the model following a similar
patternto the liquid velocities inFigure 7.9. The 5BC matches the models more closely,
followed by CMALR and 2.5BC configurations, which deviate from the model by up to 50%.
Following from the circulation time experiments the mixingdimas also deduce#igure

7.12 shows the mixing results for the ALR configurations.
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Figure 7.12. Modelled and experimentally measured nixing times within the 5ALR, 10ALR and 50ALR
systems.

Thethick dashed solid lineepresers the modelled predictiomasedon Eq. 24. Diamondeepresenthe ALR,
circles represent the 10ALR and crosses the 50AdRe: for the 50ALR the mixing time was measured using
adjacent tubes to confirm localised mixing patterns and were identical to the smaller ssgemisnents were

undertaken irriplicate and error bars showsfandard deviaticgfrom the mean.

The pedictions from the circulation time modehry considerably dependent on the size of
each system, with the 10ALR fitting the datasety9%. The 5ALR showed mixing times
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faster than the model, whilst the 50ALR was somewhat slower, and most probalely bgus
the increased tube numbdrme mixing times for the BC and CMALR configurations are

shown inFigure7.13.
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Figure 7.13. Modelled and experimentally measured mixing times within the 2.5BC, 5BC, 5CMALR and
10CMALR Systems.

The thick lines represent the projection of system mixing based a2bEdhesolid line is for the 5BC and the
long dash dot is for the CMALRonfigurationsCircles represent the 2.5B@hilst squares represent the 5BC;
diamonds representhe 5CMALR and crosses the 10CMALEEXxperiments were undertaken in triplicate and

error bars sho standard deviatisfrom the mean.

The fit of experimenthdata inFigure 7.13 appeardess closdor the 5BC than the other
systems, with differences from the model up to 80%. Slightly more reasonable error margins
are show in the othesystemst5-50%. Overall, the results suggest better mixing times for

the 5ALR and BC configurations, when compared to the CMALR. There is also an indication
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that a bigger tubular diameter can improve the mixing times, which may be theafesult

increased radial mixing patterns.

7.3.4. Reynolds Number

The Reynolds number for thLR, BC and CMALR was modelled accordingEg. 13and
compared to an experimental Reynolds number calculated using the superficial liquid

velocity. The findings are shown Figure7.14.
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Figure 7.14. Effect of altering the volumetric gas flow on the Reynolds numbeof the ALR, BC and
CMALR systems.

The thick solid linerepreserdt the modelled prediction for the 5BC, tHashed linerepresents all the ALR
projectionsand the daskot line represents the 2.5BC and CMALR. Projections are based on.ERpw®lds
numbers with real liquid velocity inputs are represented by the shapes. Diamotits 34k R, circles for the
10ALR and xcrosses for the 50ALRPluscrossesepresent the 2.5BC, single dashes represent the 5CMALR
and stars represent the 10CMALR.
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The resultsrom the model predict that the 5BC configuration is a more turbulent system than
the ALR and 2.5BC/CMLR configurations. However, the experimental findirsjw that

the ALR configurations exceed the projections of the model. In fact, the turbulence within the
ALR is always higher than the BC systems above 0.4 vwm. The BC and CM systems with
smaller tubular diameters are significantly less turbulent tharALlie and 5BC systems,
indicating the important contribution of liquid velocity and tubular diameter terms to the
Reynolds number. Interestingly, overall turbulence is increased as more tubes are added, both
in the ALR and CM configurations, again reflecfian increase in liquid velocityrhese
findingsalsohave implications on the requarairflow within the systemsuggesting that the

mixing can be as low as®yvvm and still bavithin a turbulent flow regimén all systems.

7.3.5. Mass Transfer

The mass ansfer coefficient for oxygen was determingalgive a comparative and overall
idea of how effective thé\LR, BC and CMALR systemsvould beat bothdelivery and

removal ofgaseous entitiesithin the two systems. The results are showRigure7.15.
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Figure 7.15. Effect of dtering the volumetric airflow upon the mass transfer oefficient within the 5ALR,
10ALR, 50ALR, 2.5BC, 5BC, 5CMALR and 10CMALR Systems.

The thick linesrepresent the modelled predictions. Note the empirical expressions described in Egs. 33 and 34
did not accurately reflect the ALR and BC data in these experiments. New expressions wereathel itresl
dashed lines represent the ALR systems (Eq. 50), the shortidaskpresents the CMALR (Eqg. 33), the solid

line represents the 5BC (Eq. 51) and the long didhrepresents the 2.5BC (Eq. 51). Diamonds represent the
5ALR, circles represent the AQR and xcrosses the 50ALR. Single dashes represent the 5CMALR and stars
the 10CMALR. Pluscrosses represent the 2.5BC, squares the 5BC.

Most of the experimentally measured mass transfer coefficients within each of the systems
deviated considerably frotheir original respective models (Egs. 33 and 34), but fitted better

to the novel expressions (Egs. 50 and 51). In this regped® values for the ALR, 5BC and

2.5BC systems were seen to range from 0.94 to 0.97. Overall, the BC systems were found to
have the highest mass transfers (~60087 s'), followed by the CMALR systems (up to
~0.02 &Y and finally the ALR (between 0.0a5006 s). These levels of mass transfer are
similar to those seen within the literature for bubble columns of similar diores) with
average values typically falling within the range of 600a8 s! (Chisti 1989, Krishna and

van Baten 2003)

7.3.6. Summary of EngineerinBarameters

A summary of the engineering results is showmable7-2.

Table 7-2. Measured egineering parameters within the tested reactor patforms.

Parameter Symbol Unit 25BC  5BC 5CMALR 10CMALR 5ALR  10ALR  50ALR
Maximum gas hold-up - - 0.05 0041 0048 0045 0037 0028 0026
Maximum superficial -
na \ % msl 0.09 0.17 0.12 0.14 0.27 0.29 0.29
liquid velocity
i _ ‘
Minimum circulation ¢ s 226 115 171 155 89 82 82
time
Minimum mixing time ¢ (S 56 125 48 72 38 46 40
Reynolds number Y'Q - 5,050 13,550 6,650 7,350 14,600 15,950 15,950
M o

QX OYGEN MASS — y 1 0063 0067 0021 0017 0006 0007  0.007

transfer coefficient

178



7.3.7. Batch Growth Experiments

7.3.7.1.Biomass Yield and Growth Rates

To test the biotiamplications of each configurationa series of batch experiments were
undertaka with conditions described iSection 7.2.3. Theesultsfor biomass production
(dry weight) and pH change within the 2.5B8BC, 5ALR and 5CMALR systereare shown

in Figure7.16.
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Figure 7.16. Comparison of gowth and pH changewithin the 5ALR, 5CMALR, 2.5BC, 5BC.

The symbol connected dashédes represent the bioss concentrations and are plotted on the prirgeayis.
Individual symbolsrepresent the pH and are plotted on the seconglais. Triangles represent the 5ALR,
diamonds the 5CMALRcircles the 2.5BC and squares thRC5 Experiments were undertaken niplicate

(error bars omitted)

Theresults inFigure7.16 show thatC. sorokinianashows very little lag time within all of the
tested systems, with growth reaching stationary phase betwet209%6 and yields in the

range of 11.26 g LX. There wa little difference between the means of each reactor at 96 h,
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apart from that of the 2.5BC which was significantly different from the 5CMALR and 5ALR

(p values of 0.026 and 0.0004 respectively). The 5ALR configuration gave the lowest overall
yield and thesBC the highest; with a comparative increase of ~25% more biomass by 140 h.
The 2.5BC showed the best yield by 96 h, highlighting the potential benefits of a smaller
tubular diameter and hence shorter light path when the culture is less dense. Further

investigation of the 24 h productivities correspondindrigure 7.16 were plotted inFigure
7.17.
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Figure 7.17. Comparison of the productivity at 24 h time intervals within the 2.5BC, 5BC, 5ALR and
5CMALR.

The productivity (yaxis) is plotted up until selected time pointsafs). White columns represent the 5ALR,
light grey columns the 5CMALRdark grey columns theBsC and black columns the 2.5BExperiments were
undertaken in triplicateError bars show 1 standard deviation.

Theresults inFigure7.17 show that the productivities range between @28 g L'd?, with

the 5CMALR and 2.5BC appearing to have the highest productivities around 48 h. However
over the later time points (72 h and®6both BC systems outperform the ALR and CMALR
systems.
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7.3.7.2.Dissolved Oxygen Profiles

The dissolved oxygen profiles in the 2.5BC, 5BC, 5ALR and 5CMALR syséeenshown in
Figure7.18.
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Figure 7.18. Dissolved oxygen levelwithin the 2.5BC, 5BC, 5ALR and 5CMALR systems.

Dissolved oxygen levels are shown in mgdnd % on the primary and secondargys respectivelyTriangles
represent the 5ALR, diamonds the 5CMALErcles the 2.5BC and squares thB(5 Experiments were

undertaken in triplicatéerror bars omitted).

These results show that tHssolved oxygerevels vary between 4.5 and 7 mg, lwith no
significant difference between systems (oveey ANOVA) and considerable varianfem

the meanUnder these conditions all reactors maint#a levels belowl00%.
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7.3.7.3.Nutrient Removal and Conductivity

The Nnitrate removal within the 2.5BC, 5BC, 5ALR and 5CMALR systears shown in

Figure7.19, providing an indication of potential removal rates in the larger scale systems.
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Figure 7.19. Comparison of NNOs removal within the 2.5BC, BC, 5ALR and 5CMALR systems.

N-NOs removal levels are shown in mglon the yaxis. White columns represent the 5ALR, light grey
columns the 5CMALR dark grey columns the BEC and black columns the 2.5B@Experiments were

undertaken in triplicateError bas show 1 standard deviation.

The results show thalitrogenlevels are reduced rapidly, witimost complete removal (93

99%) by 96 hours. The different systems display comparable performances, although
between 2472 hours the 5CMALR and 2.5BC show greater rates of removal. The
phosphorus results for the equivalent experiments are shdwigure7.20.
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Figure 7.20. Comparison of RPO.* removal within the 2.5BC, 5BC, 5ALR and 5CMALR systems.

P-PQ removal leels are shown in mg-ton the yaxis. White columns represent the 5ALR, light grey
columns the 5CMALR dark grey columns the BE£ and black columns the 2.5BExperiments were

undertaken in triplicateError bars show 1 standard deviation.

The results showhat RPQs> levels are reducedp until 96 h of the experimeralbeit with
lesser efficacy than N removal (time points after 96 h show phosphedtease into the
media and were excluded from the graph). The different systems showarabing

performance over the course of the experiment, with a total reduction of around 50% by 96 h.

7.3.8. Summary of Biological Findings

The biological findings from the batch experiments are summariseabile 7-3.
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Table 7-3. Biological findings from the batch experiments.

Parameter Symbol  Unit 2.5BC 5BC 5CMALR 5ALR
?gfﬁ?};;:gi' blomass gL 0082 0078 0076 008
Biomass yield (96 h) ® gLt 1.08 0.98 0.9 0.84
Maximum specific growth rate ht 0.112 0.106 0.105 0.096
Doubling time (min) (0] h 6.2 6.5 6.6 7.2
Productivity (max) 0 g Ld? 0.29 0.27 0.29 0.23
Yield on total PAR ol gmolt 058 07 0.48 0.45
Nitrogen removal rate (max) mg L*h?  0.99 0.58 0.79 0.48
(Pn?;));phorus removal rate 5 g R 0.33 0.4 0,51 0.5
Maximum dissolved oxygen o % 88 % 9 89

concentration

7.4. Scaleup andPilot Production

7.4.1. Comparison of Biological Performance

7.4.1.1.Growth Rate, Productivitand Yield

This part of thestudy intended toascertain the maximal achievable levels of certain
parameters within the ALR system; whilst also investigating any effects caused by system
scaleout. The ALR mixing configuration was selected for this partled study due to its
relative novelty in comparison to other mixing configurations seen within the literdture.
comparison of maximally obtainable growth rates, productivities and yields within the 5, 10

and 50ALR systems are shown belowrigure7.21 A and B.
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Figure 7.21. (A) Comparison of maximum and average growth rates. (B) Comparison of productities
and final yields within the 5, 10 and 50ALR systems over a 96 h time period.

(A) The growth rate is plotted on theaxis: Black bars represent the maximal growth rate and white bars the
average growth rate. (B) Productivity and yield are plottedheny-axis. Black bars represent the final yield,
whilst white bars represent the average productiiiperiments were undertaken in triplicagror bars show

1 standard deviation.

The results show that the scalp of the ALR system does not appeairmpede any of the

key biological measures at 96 h; with maximal growth rates close to 8, Eérage growth
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rates of 0.052 h productivities of 0.87 g £d* and final yields in the region of 3.5 gL

under these high light intensity conditions.

7.4.1.2.Comparison oDissolved Oxygen Concentration

A comparison of dissolved oxygen concentration within the 5, 10 and 50ALR systems is

shown inFigure7.22.
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Figure 7.22. Dissolved oxygen levels within the 5, 10 and 50ALR systems over a 168 h time period.

Dissolved oxygen levels are shown in mg§and % on the primary and secondassys respectivelyTriangles
represat the 5ALR, squares the 10ALR and diamonds the 50AEXperiments were undertaken in triplicate

(error bars were omitted).

Theresults show that theéO; levels vary between 7.4 and 12.6 mig, with a steady upward
trend over the course of the experimente findings show that under these experimental

conditions all reactors maintagtO; levels below 15%.
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7.4.2. Summary of ALR at 5, 10 and 50 L Scales

The biological performance of the ALR at different scales is outlindélole 7-4.

Table 7-4. Comparison of biological performance prameters within 5, 10 and 50ALRs

Parameter Symbol  Unit 5ALR 10ALR  50ALR
I(Eiit;art]l)Biomass concentratior gLt 0.28 0.3 0.35
l\\(/llslgr?génh())btained biomass gLt 353 33 364
Maximum specific growth rate’ hl 0117 0121  0.115
Doubling time (min) O h 59 5.7 6
Productivity (max) 0 gLd? 0.81 0.75 0.83
Yield on total PAR ™ g mol* 0.26 0.24 0.26
Maximum Dissolved Oxygen - % 135 139 146

Concentration

7.4.3. Darwin Pilot

The Darwin pilotset out to provide confnation that the use of the thermotolerant stfain
sorokinianaUTEX 1230 was feasible within a Northern European cangarticularly with a
view towardsvastewater treatment applicatiamsder natural lighting condition$he testing

wasundertaken ithe 50ALR and theesultsare showrnn Figure7.23.
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Figure 7.23. 50ALR performance over different seasons.

(A) Shows ight intensity on the primary-gixis (solid line and diamondandtenyperature on the secondary y
axis(dashed line and squares). (Bhows the corresponding biomass concentration on the priyraxis (solid

line and diamondsind pH on the secondayyaxis(dashed line and squares)

The result§rom these experimenthow that production is much higher during Spring and
Summer when compared toet midwinter. Maximal yieldsafter 96 hwere shown to be 0.6 g
L in January, 1.2 g Ein April, 1.5 g L* in June and 0.9/ L'! in October.The average

seasonal productiwitwas found to be 244 mglLd?® (Note: these results represent a
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selection of experiments, and therenche a great level of variation resulting from

temperature and irradiance differences tagay).

7.4.3.1.Comparison of Seasonal Nitrate and Phosphate R&mov

A comparison of seasonal nitrate and phosphate removal levels from the experiments in

Figure7.23 are shown irFigure7.24.
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Figure 7.24. Comparison of NNOsz and P-POs* removal between the seasons.

(A) N-NOs removal (B) P-PQ:* removal. Nitrogerand phosphorus removal levels are shown in rgi the
y-axis. Black bars represent January; dark grey bars represent Wgiril grey bars represent June, white bars
October.

The results show thaitrogen levels are rapidly reduced by close to 100%illiseasondy

96 h, with winter removal efficiencies noticeably reduced in comparison to other seasons.
The resultshow thaphosphorugevels are reducedly over 50% in 72 h, with better removal

in June and October.

7.5. Reactor Performance Conclusions

The resultsshown within Chapter &re notabldor beingamongst the very fewithin the
literature that evaluate comparable systems owemrange of biological and engineering
parameterdan tandem (Mirén et al. 2000) The findings presented herein should be of
significant interest to researcBeworking within photobioreactor design, and suggest a
practical methodology of scaling out by number. In doing so the ALR avoids many of the
issues surroundingerformance drop seen thin other photobioreactors, without having to
alter key parameters ardimensions to maintain cycling time (outlined S®ction 6.5.7)
(Molina et al. 2001)This is supported byhe experimental findingsvhich show that the key
engineeringand biologicalparameters within the ALR remain reasonably consistent upon
scaleup (often less than Q0% difference), and often lack statistical significance between
measurementd.he results from the reactor modelling part of this chapter would indicate that
the models ofChisti 1989)and(Doran 1995pre sufficient in their predictive power for most

of the system parameters, with variation from the madetaging 540%.

Most of the experimental measurements for the gasumMere found to be lower than the
projection from the model, although the fit can be seen to be better at lower gas flow rates.
This could be attributed to a variety of factors, including the bubbé which was larger

and less uniform than the averages stated within the literé@histi 1989) This was

because no diffuser was used, meaning that larger butshle#tioned fromsphercal, to
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elliptical and then cap shapes as they rose through the water ¢qlartioularly when they
coalesced at the higher gas flow rai€histi 1989, K. Koutita 2015)This larger bubble size

acts to increase the bubble rise velocity and thereby decreases the overall bubble residence
time, lovering gas holeup. Looking specifically at each set of reactors, it can be seen that the
model fits the experimental data from the 5ALR system the best, which is most probably due
to its simpler ‘“textbook’ g e 0 m@gds hojdup(ingdhee r i S €
bubble columns is good up until 0.5 vvm, at which point the mixing could be observed to
transition from imperfect bubbly to churn turbulent and slug flow in the 2.5BC and 5BC
respectively(Deckwer 1992, Kantarci et al. 2005)he column mixed reactors perform
between the 2.5BC and 5 BC, deviatingnirthe model in similar ways. These findings are
important in terms o$ubsequently predicting the effect tigas holdup hason mass transfer
andliquid circulation velocityin airlift or column configurationdn this respect, the findings

would suggesthat the BC and CM reactors should have higher mass transfer coefficients

than the ALR, which is attested by the experimental findings.

As expected the ALR configurations have superior linear liquid velocities when compared to
BC or CM configurations aquivalent gassing. Looking specifically at each set of reactors, it
can be seen again that the model fits the experimental data for the SALR system the best,
most probably due to its idealised geomdtMerchuk and Gluz 2002)interestingly, the
measured liquid velocity was found to increase slightly in the ALR as the reactor was scaled
out, indicating that thedalition of columns actually increases this particular performance
characteristic. This effect could potentially be attributed to an increase in dispersion height,
decrease in gas helgh within the downcomer or an effect on the reduction of the friction
loss coefficient. However, due to the absence of similar systems within the literature it is hard
to come to any concrete answer without further experimentation. The modelled fit for the
column reactors deviate more from the experimental data, most prdisabigasons of
decreased gas helh at increased airflows.h& experimental data shows that Bgstems

with greater cross sectional pipe diameter match the modst olosely, with the 5BC
having the best fitfollowed by the 10CMALR, 5CMALR and 2.5BCThis could be
attributedto the empirical nature of Eqg. 21, which doest factor theincreased frictional
forces in smaller diameter tub@deijnen and Van't Riet 1984As a result of these higher
liquid velocities the ALR systems display improved Reynolds numbers than the BC systems,
particularly those with thinner tube diameters. The higher liquid velocity shown by the ALR

mixed sysems translates into faster circulation times; however the BC and CM systems show
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similar mixing times to the ALR configurations, which can be explained by the radial mixing
characteristics displayed within column react@sckwer 1992, Kantarci et al. 2009)he
maximal linear liquid velocityin ALR operation isconparable to that founavithin the
literature, with reports of 0.32 m‘sén a helical photobioreactgHall et al. 2003and0.35 m

st in a serpentine horizontal airlifbut lower than the 0-0.8 m ' reportedin the manifold
BioFence' system(McDonald 2013)

The neasured gabquid mass transfer coefficients for,Qvere corsiderably higher for
bubblecolumn reactorsthis would also be the cader CO; mass transfenwhich can be
estimated by multiplying ©@mass transfer coefficients by a factor 0@ontreras et al.
1998) The higher mass transfer coefficients found in the &€ in accordance witthe
secondary and radial mixing patterns that are found within these systems, which act to
increase gas holdp. These findings are supported within the literature, which report better
mass transfer coefficients within bubble column reactors than airliftrsggt@histi 1989,
Mirdn et al. 2000) As mentioned in Section 7.2.2tHe previous empirical expressiof&(g.

33 and 34)ere not suitable for the ALR and BC systems, and the nexygessions (Eq. 50
and 51)displayed much better fit ev the range of gas flow rateBhis maybe due to the
differences in cross sectional areasl ratiosbetween the tested systems and those found

within the literatureFor example,Hhe airlift systems tested in this thesis have cross sectional
area ratios((*) ¢y) that are slightly larger than the ranges stipulate(Beilo et al. 1985)

This is because the ALR system has equsérriand downcomer cross sectional areas.
Likewise, thebubble column systems have cross sectional ana@asite slightly smaller than
thosestipulated in(Doran 1995) Thesefindings are significant in so mbas many tubular
systems suffer frorftow masstransfer ceefficients with its importance aa design parameter
under considerebdothwithin industryand theliterature(Rubio et al. 1999, Ugwu et al. 2008,
McDonald 2013) Overall, he mass transfer coefficients determined during this thesis were
found to be comparable to thierature both in terms of th&C (Acién Fernandez et al.
2001, Krishna and van Baten 20@8)d ALR configurations(Loubiére et al. 2009Specific
examples from the literature show maximal mass transfer coefficiedté@s ' in a helical
airlift (although witha very high power inpubf 3200 W m®) (Hall et al. 2003) Whilst
maximal values in flat panelled and airlift tubutaactors (riser column) were found to be as
high as 0.025°5and 0.04 3 respectively(Sierra et al. 2008, Acién Femdez et al. 2001)

Interestingly, the findings ofAcién Fernandez et al. 2004)so indicate the low levels of
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mass transfer in a serpentine loop ~@.83 at superficial gas velocities equivalent to the

experiments within this thesis.

In terms of the biotic performancet appears from these experiments that the BC
configurations have higher final yields compared to the CM and ALR configurations (up to
28%). Whilstin terms of productivity, both the CM and BC systems outperform the ALR by
between 17% and 26%. These fimgs conflict with those ofKumar and Das 201Zhat
indicate thegrowth profile ofC. sorokinianan airlift reactorsis better than itubblecolumn
reactors However, a mixing, ight path and mass transfer are all important parameters
appears that colummixed configurationsoffer some distincprocessenefitsin comparison

to ALR configurationsReasons for this improvement could be dubdtier mixing and mass
transfer, wiist theradial mixing patternsf bubble columngould increase the frequency and
efficiency of light flashing period€Camacho Rubio et al. 2004 the case of the 2.5BC the
improved growth characteristics most probably derive from the short light path and high mass
transfer. Whilsfor the 5BC systema greater Reynolds number coupled to high mass transfer
could be major contributing factormterestingly, the findingshint at atradeoff betweenthe

light path andother volumetric parameters (e.g. tReynolds number This would suggest
that a bigger tubular diametgup to 0.08)could be selecteavith minimal detriment to
volumetric productivity whilst considerably increasing areal productivityis performance
advantagas borne out by the yield on PAR, which is notably higher in the 5BC than the
other reactorsTable 7-3). Broader aalysis of the productivity data under sedower light
conditions would suggest runnirgny of thetested configurationat a densitypetween0.2-

0.6 g L%, corresponding to the bes&ily productivitiesaround 0.229 g L'd? (between 24
and48 h).

The results from the comparative ALR work show that the system is scalable with minimal
performance drop; as outlined by an overview of the parameters shdovabla7-4, which
generally show performance differences e€f%. Likewise the yield orPAR wasfound to

be similar for each of the tested ALR systems, which was a good indication of consistent
performance despite scak@. A maximal wlumetric yield of 3.64 g L! and a daily
productivity 0f0.83 g L't d* were found under high light conditiariBhese numbers compare
favourably with values frm the literature. For exampldindings within the review of
Griffiths et al suggest thatC. sorokinianais capable of daily productivities in the region of
0.551.1 g Lt d? under similar lighting and temperature conditi¢@siffiths and Harrison

2009, Matsukawa et al. 2000\ hilst the findings of Tanaka indicated maximal volumetric
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yields of 1.5 g L* were possible, alongsidgaily productivities between 0-8.2 g L d*
within airlift reactors (Ugwu CU, Ogbonna J and H. 2002)he findings from the
comparative work also show that levels of .dBuild-up with increased biomass and
photosynthetic activity, but can be kept within accelatdimits (below 150%). This can be
attributed to the short run lengths beforegdessing coupled to adequate mass transfer
coefficients. These figures compare wellthe literature whictshow dQ levels reaching
seweral times air saturation in convesrtal serpentine tubular systenoften betweer800-
500% (Mir6n et al. 1999, McDonald 2013, Kiser 2015)

The findings from the Darwin Greenhouse 50ALR pilot study would indicate a similar
biological performance tthe less light intensive comparative batch experiments undertaken
in Section 7.3.7albeit with some seasonal variations, and lower productivities in January. In
this respect nutrient removal wesen to béairly consistent between the contedl batch ad

pilot experiments, with the exception of a notable increase in phosphorus levels in the pilot
experimentation between 920 h. This is most probably caused by cell growth slowing
down during the beginning of stationary phase (around 96 h) and the coement of
variousdegradation pathwaythereafter. For example the beginning of cell death, with the
associated breakavn of cellular componentgan rerelease phosphorus back into the
medium. Unfortunately insufficient experimental data was collected tonfirm the
differences in daily and seasonal uptake ratee.we v e r , when compared
lighting option outlined irBection 7.4.1 theilot fell considerably short of what was possible
under higher powered artificial illumination, or bettetural illumination. This means that
under lower light (or natural light conditions in the UK) the productivityCofsorokiniana

within the ALR could be expected to average around 0.244! g whilst phosphorus
removal could be expected to be in tlegion of 0.51 mg £ hl. Chapter 8 will use the
findings from the thesis thus far to construct a realistic cost model for the construction and
operation of an ALR system, using wastewater treatment in UK conditions as a Sypessafic
study.
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8. ALR PerformanceCod Comparison

and WWT Model

8.1. Aims and Objectives

The aim of Chapte8 is to provide a greater understanding of the costs associated with the

manufacture and operation of an ALR system. Twas undertaken at a unit level in

comparison to other photobioreactor systems and also with specific reference to deployment

within the UK as a tertiary wastewater treatment platform. gpexific objectives weres

follows:

A

To benchmarkthe performanceof the ALR in comparison to other photobioreactor
systems.

To provide a bill of materials; including the construction and deployment costs for an
ALR system; in terms of reactor footprint, productivity and volume. This process should
allow the commercial vability of the system to be ascertained, whitargeing
components&nd processdsr improvement.

To undertake a targeted sensitivity analysis to determine any areas for cost savings within
the manufacturing process.

To determine the feasibility aftilising the ALR alongside a membrane filter to undertake
tertiary treatment of wastewater with a particular focus on nitrogen and phosphorus
removal.

To compare the system to other biological treatment methods as well as to conventional

chemical approaches.
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8.2. Modelling Methodology

8.2.1. SystemConstructiorand Comparison

8.2.1.1.Aims and Obijectives

This work package intended to demonstrate how changes in wdisir materials and
operational strategies could affect the capital expenditure (CAPEX) and operational
expenditure (OPEX) of an ALR system. This included quantification of the operational costs
as well as undertakingensitivity analysis to assess tHéeet of changing different reactor
parameters; including configuration, spacing, construction matetist® diameter and

length.
8.2.1.2.ALR Dimensions, Sizing and Areal Footprint

The original assumptions for characterising the ALR system were basedreadtwr design
outlined in Section 6.6. In order to determinea more intensivespatal and volumetric
configuration, severahssumptions were then made with regards toAbR system. In
practice this involved theonvesion of volumetric considerationsto larger and more
industrially suitable areal footprints, which could ®agbsequentlycompared to literature
examples. All modelling within this chapter was undertaken using Excel 2010 (Microsoft),

and the assumptions and changes to the reactor gearetigtailedn Section 8.3.1.

8.2.1.3.Comparison oMixing Requirementand Productivities

Energy projections for mi Xi ng requirement :

specifications. The minimum mixing requirements within the ALR (W¥) mvere calculated
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directly using power ratings from lower powered 2W pumps (Hail€hjs power rating was
able to providean airflow rate ofat leastD.2 vvm andbenchmarkeas beingwvell within the

turbulent rangeof reactor operation~Re 4,000). From the design consideratns and

validation experimentsutlined inChapters 6 and @ll comparable ALR parametevgere

considered to scalénkarly unless otherwise stated. This includeshilbenass productivity
and yield, which was considered to not be adversely affected byehsnthe tubular
diameter within the ranges of 0.085L1 m (supported by discussion ire&ion 7.5. The

findings were then compared to prominent examples of different reactor conbgsratund
within the literature, which are described in Appendib@d.3.4 and 10.1.3.5.

8.2.1.4.Sensitivity Analysis

A bill of materials was createduring the construction of thariginal ALR prototype based

on the construction cosis Appendix 10.1.3.1To reduce the costs associated with the
construction of the ALRa variety of tubular photaollecting mateals were subsequently
assessedrhis investigation was undertaken comparing tubes with diametagsng from
0.055 mto 0.11 m. The materials selected for this analysis includeglic PMMA), both

cast and extrugt (~92% transmission)transparentpolyvinyl chloride PVC), which is
capable of reasonable levels of light transmis$tef0%), whilst being relatively cheap and
chemically inert Another chosen material was polycarbonate, which was selected for
favourable properties, including being half the weight of normal glass, as well as having high
clarity (~90%) temperature resistance and impact strength. REd<zalso selected due to its
transparency~90%) inertness and favourable cost profil@nally, glass tubing was also
selected due to its favourable transmission properties (~91%) and lifg@yabaicliffe
1968) For the analysis all materialsewe assumed to have negligible differengaslight

transmission.
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8.2.2. Phosphorus Removal with the ALR

8.2.2.1.Aims and Obijectives

As has been outlineith Chapter 5t has becoméncreasingly importat to reduce the levels
of phosphorus within tertiarywastewater. One potential solution is to useAhR coupled to

a membrane belt filter in a wastewater treatment(Rtbinson et al. 2012, ClearAs 2013)
8.2.2.2.Sizing the Treatment Process

The wastewater fadil modelled in this study was sizading a rationalebased onUK
government population statistiesd isdescribedwith the relevant references Table 8-8.

This sizingassumption forms the basis upon which the equipment and energy calculations are
based. The model assumes all of the final effluent from the secondary treatment process
passes tlmugh the ALR in a continuous flgwand is nutritionally sufficient for the
production ofC. sorokiniana The photobioreactor would have to be operated in a steady
state for 24 hours a day, 365 days a year. After tertiary treatment within the ALR, the
wastavater and algal biomass are separatid a membranéelt filter, and the treated water

is subsequently discharged into a receiving waterway. The biomass from the process is then
either dried by a rotary drying machine or recirculated within the ALR totaia the
biomass concentration and nutrient uptake. fateombination, the belt filter and the ALR
are described as being part of inBRigure81Adnd P’ (a
based on the system used by ClearAs (USAg treatment level ibased orbringing the
emission standardsithin the case study plaim line with the most stringerdf currentEU
emissionlegislation (from a p.e. of 10,000 to a p.ef 100,000. In practice, thientaik a
reduction of phosphorousithin the final effluentfrom 2mg/Lto 1mg/L, and of nitrogen

from 15mg/L tolOmg/L (CEEP 2007, DEFRA 2012)
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Figure 8.1. Schemdic of ALUP process with key @nsiderations.

8.2.2.3.System Components and Capital Costs

The cost evaluations were derived by splitting the capital expenditure (CAPEX) into distinct
categoriesCapital costs consistl of the total land purchadegroundworkmodifications,
equipment, infrastructure and installation costs. This was projest&d construction period

of one monthincluding overheads and unforeseen costs. Adjacent farnilaadelectedor

the location of the ALUP processas this is often the most common type of |des$ide
wastewater treatment facilities. The actual reast@s installed within atemperature
controlledgreenhouse tanitigate variations in temperaturéheseassumptionsvere based
on data from average UK civil construction comtgl commercial information from Varicon
Aqua Solutions and other suppliers (detailiad Section 8.3.3 The onsite overheads
included labour, groundworland land costsThe actualhardware costsvere broken down
into all of the materials and components asated with the photobioreactor as well as the
harvesting and drying equipmenthe depreciation cost was calculatedsed on the
equipment having a 1@ear lifespan. To simplify the depreciation model, the majority of
equipmentwas assumed to follow a direct (straighihe) depreciation until the end of each

service year.
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8.2.2.4 Annual al Recurrent Costs

Operatioml and maintenance col®PEX)were calculated based uptire ALUP treatment

plant having alifespan of 10 yea (McDonald 2013) The maintenance and cleaning costs
consider a sodium hypochloritsterilization process andhinor repair fees duringthe
lifecycle. The plant operational costgere categorised into consumable costs, recurrent costs
like energy consumption and other annualised costs such as insurance. The energy costs are
based on summating the relevant equipmmatingsand scalingup fromthe optimised areal
footprint The temperature contr@osts assume an average temperatfird0°C within a
heated greenhouseith a requirement within the reactor of+3C (de-Bashan et al. 2008)
Carbon dioxide requirements were estimated as being twice the levels of the algal
productivity ratein mass termgkg/kg) according to wetknown stoichiometric principles
(Sayre 2010Q)

8.2.2.5.Biomass Productivity andalorisation

As a byproduct of thereatment process tltadgal biomass that was produced watorised,
with theassumption that. sorokinianagrown undethese conditions with natural irradiance
would havea market price of £&( (Shaanxi Jintai Bioldgal Engineering Co)This would

make it suitable for reale as a feedstock in an arcdyow to medium value products.

8.2.2.6.0ther Tertiary Treatment Platforms

The costs of operation for competing tertiary wastewater treatment systems were calculated
from the relevant literature sources. This included an open pond with membrane belt filter, a
reed bed, an algal membrane bioreactor, an algal turf scrubber and conventional chemical
precipitation. Detailed descriptions of each system can be fouAgpendix D.1.3.4 The

measured considerations included; the areal footprint, the total cost of deployment by
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volume, the energy consumption, the maintenance costs and the cost associated with treating

one ni of wastewater.

8.3. Results

8.3.1. System Comparison

8.3.1.1.Dimensions, Sizing and Areal Footprint

The original reactor dimensions, sizing and areal footprint are shoWralne 8-1. This base
case scenario shows tubes arethin two rows, giving a total of 16 vertical tubes péramd

aworking volume of 51 L .

Table 8-1. Original ALR dimensions, sizing and areal botprint.

Parameter Value Units Assumptions

Individual vertical tube length 1.00 m Based on Section 6.6.2

Vertical tube diameter 0.055 m Based on Section 6.6.2

Vertical tube radius 0.0275 m 0.5 x diameter

Number of rows 2 per nt  Assumption of 0.5 m spacing between rows
Number of vertical columns 8 per row Shortened manifold, 8 columns per linear metre
Total number of vertical tubes 16 per nt  Based on assumption of 0.5 m spacing between rc
Total vertical length 16 m Based on the number of tubes pémmtube length
Individual vertical tube volume 0.0238 m3 Volume of a cylinder

Total vertical tube volume 0.0381 m*m? Volume of a cylinder x total vertical length
Individual horizontal tube length 1.00 m Based orSection 6.6.2

Horizontal tube diameter 0.063 m Based orSection 6.6.2

Horizontal tubeadius 0.0315 m 0.5 x diameter

Number of horizontal columns 2 per row Dimensions fronSection 6.6.2row = 1 min length
Total number of horizontal tubes 4 pernt  Based on assumption of 0.5 m spacing between rc
Total horizontal length 4 m Based on theumber of tubes perdw tube length
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Individual horizontal volume 0.0032 m® Volume of a cylinder

Total horizontal tube volume 0.0128 m*m?  Volume of a cylinder x total horizontal length

Total Volume per square metre 0.051 m*m?  Sum of horizontal andertical volumes

Using the base case presentedTable 8-1 an iterative process was used to develop an
optimisedarealscenarioby making adjustments to the column height, diameter and spatial
arrangements of the ALR. These findings are showrahie8-2.

Table 8-2. Optimised ALR dimensiors, sizing and areal éotprint.

Parameter Value Units Assumptions

Individual vertical tube length 2.00 m 2 x reactor height, Table B

Vertical tube diameter 0.11 m 2 X reactor diameter, Tablel8

Vertical tube radius 0.055 m 0.5 x diameter

Number of rows 2 per nt  Based on assumption of 0.5 m spacing between rov
Number ofvertical columns 5 per row Based on new dimensions: 1 m in length

Total number of vertical tubes 10 pernt  Based on assumption of 0.5 m spacing between rov
Total vertical length 20 m Based on the number of tubes pémmtube length
Individual vertical tube volume  0.0095 m3 Volume of a cylinder

Total vertical tube volume 0.19 m*m?  Volume of a cylinder x total vertical length

Individual horizontal tube length 1 m Based on dimension constraints

Horizontal tube diameter 0.15 m Based on OD of¥ertical tube

Horizontal tube radius 0.075 m 0.5 x tube diameter

Number of horizontal columns 2 per row Row =1 min length

Total number of horizontal tubes 4 pernt  Based on assumption of 0.5 m spacing between rov
Total horizontal length 4 m Based orthe number of tubes perm tube length
Individual horizontal volume 0.0177 m Volume of a cylinder

Total horizontal tube volume 0.0707 m*m?  Volume of a cylinder x total horizontal length

Total Volume per square metre 0.261 m*m?  Sum of horizontahnd vertical volumes

A visual representation of base case and optimised configurations are shHagur@8.2.
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Figure 8.2. lllustration of reactor configuration for (A) the base case ALR and (B) the optimised ALR.

Isometric and plan dimensioase diplayed in mm.

Using thevolumetric and areal footprint data frohable 8-2 alongside prominent examples
from the literaturea comparisomf each common reactsystem was determined. The results

are shown imable8-3.
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Table 8-3. Comparison of deployed photobioreactor volume perraa.

Reactor Total Volume  Units Assumptions

ALR 0.261 m3m2 Based orTable8-2

CMALR 0.261 m® m2 Table8-2

BC 0.261 mS m2 Based on identical constraintsTable8-2

Impeller Fermenter 34 m® m2 3:1or 4:1ratio of height to widti{Doran 1995)

Serpentine 0.18 mS m2 3 m? reactor volumederived from(Acién Fernandez
2012)

Open pond 0.3 m3m2 0.3 m depth, derived froifRogers et al. 2014)

Membrane bioreactor 0.1 m3m2 0.1 m spacing, membrane dimensions: 2 x 1 x 0.00¢
adapted fronfNaumann et al. 2013, Shi 2009)

BioFenceé" 0.15 m>m2 0.6 n?¥ reactor volume, double phostage, 2 m height,
area of 4 m(McDonald 2013)

PhyceFlow™ 0.152 m®m2 3.3 n¥reactor volume, serpentine, 2 m height, area ¢
22 nt, (2.88 L/ linear m{McDonald 2013)

PhycePyxis™ 2 m3m2 2:1 ratioof height to width(McDonald 2013)

The findings show thahdoor systems such as impeller fermenters and the APyds can
achieve greateworking volumes perarea(Doran 1995, McDonald 2013)he literature
would also indicate that most open pond designs can acklgrely larger volumetric
footprints than the tubular systems par (Rogers et al. 2014)Looking at the tubular
systems some variabilithetweenconfiguratims can be seen, with the optimised ALR
chassis showing higherolumetric values thanthe serpentine exampl@Acién Fernandez
2012)andthe systems previously designed by Varicon Aqua Solutibhs dovious caveat
to these findings is the fact thtétese volumetric consideratiomse very much dependent
upon the nature of the system stacking and spacing, metahgn practical terms each

reactor couldere-configured to be within a simildunctioral footprint

8.3.1.2.Comparison oMixing Requirementand Productivities

The mixing resultdor an ALR system running at 0.2 vvmRe 10,000)were compared to
values from the literatures well as other reactors produced by Varicon Aqua Solutions. The

findingsare shown inmrable8-4.
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Table 8-4. Comparison of mixing energy consumption in typical bioprocesses and photiobeactors.

The table shows the levels of mixing energy required in Wfan typical algal bioprocessewith a range of
values from both literature and industry.

System Energy Units CharacteristicsAssumptionsand References
Consumption

ALR 360 W m?  Based orenergy drawn from pum.2 vvm,Re~10,000.

CMALR 360 W m?  Based orenergy drawn from pum®.2 vvm,Re~5,000.

BC 360 W m?3  Based orenergy drawn from pum®.2 vvm, Re~10,000.

Impeller Fermenter 1,500 W m3  ~100 nfvolume,Re>10,000(Doran 1995)

Serpentine 330 W m? 3 m?volume, centrifugal pumpAcién Fernandez 2012)

Open pond 24 W m? 0.3 mdepth. 0.3 n’s paddle wheelRogers et al. 2014)
Re~35,000

Membrane bioreactor 210 W m? 0.1 m spacing, membrane dimensions: 2 x 1 x 0.005 m
adapted fronfNaumann et al. 2013, Shi 2009)

BioFencé' 1,600 W m? 600 L volume, 150QV centrifugal pump, runs at 1009,
Re~ 24,000.

PhycoFlow™ 185500 W m?  Note: scale up ndinear. Small:600 L volume 750 W,

centrifugal pump runs at 300 Warge:27 n? system 7
kW centrifugal pump running & kW. Re ~18,000.

PhycoPyxis™ 10 Wm3 10 W pumpUg=1.67x 16*, U.=0.116 m 3, Re~
116,000.

The findings show that the ALR performs on par with many oftretobioreactosystems
quoted within the literature in terms of mixing energy requiremantd/ m3, as well as
giving comparable Reynolds numbeBamewhat unsurprisinglppen pond systems have by
far the lowesimixing energy consumptioof all the investigated reactors, whilst the Phyco
Pyxis also proves to be less intensive than the tubular configurations. A compdrtken

volumetric productivitiesinder lower light conditions each systens shown inTable8-5.
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Table 8-5. Comparison of volumetric and areal poductivities.

Reactor Productivity Assumptions
Volumetric  Units Areal Units

ALR 0.23 gLtd? 60.0 gm?d! Based on Table-3 and Table &

CMALR 0.29 gLtd? 75.6 gm?d! Based on Table-3 and Table &

BC 0.29 gLtd? 75.6 gm?d! Based on Table-3 and Table &

Impeller Fermenter 8.7 gLtd? 30,450 gnt2d?  Chlorella protothecoides,
heterotrophic growtliCeronGarcia
et al. 2013)

Serpentine 042 gLtd? 75.6 gm?d!  Scenedesmus almeriensidmeria
Spain(Acién Fernandez 2012)

Open pond 0.05 gLtd? 15.0 g m?d!  Chlorella vulgaris Paddle wheel, 0.3
m depth. 0.3 m5(Rogers et al.
2014)

Membrane 3.2 gLtd? 320 gm?d!  Chlorella sorokiniana(Shi 2009,

bioreactor Schultze et al. 2015)

BioFenceé" 0.3 gLtd? 45 gm2d?  Chlorella sorokinianaRun at 1 g L%,
30% harves{McDonald 2013)

PhycoFlow™ 0.3 gLtd? 45.6 g m?d!  Chlorella sorokinianaRun at 1 g £,
30% harves{McDonald 2013)

PhycoPyxis™ 0.3 gLtd? 600 g m?d!  Chlorella sorokinianaRun at 1 g £,

30% harvesfMcDonald 2013)

The findings show that thBC and CM configurations display better productivity thiha

ALR mode (based offable 73). Howevey the Serpentine Reactor in Almer{&pain)
performsbetter than all of the other tubular systems; which cbeléxplained in paby the
greaterlevels ofirradiance foundat that particularlocation. Thefindings also highlight that
open ponaystems haveonsiderably poorer productivities than the other systems, whilst the
impeller fermenter, membrane bioreactor and PHgxis” are capable of far greater areal

productivities.
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8.3.2. ALR Construction Costs

8.3.2.1.Sensitivity Analysis: Construction Material of Solar

Collecting Tubes

Sensitivity analysis would suggest that the construction materials of the photobioreactor have
a disproportioately large cost on the overall CAPEX. This is particularly the case for the
photo-collecting tubes within the systemable8-6 shows theresults of an investigation into

the effect of altering the materials used for tin@nsparensections of the photobioreactor

The finalised results are expressed as apmsiinear metre of tube.

Table 8-6. Cost comparison of different tubular materials.

Materials Cost (£/m) Assumptions
@0.055 0.1

Acrylic tube (cast) 28.26 50.38 Date: 17/04/15(http://www.plastock.co.ul/
Acrylic tube (extruded) 8.36 18.11 Date: 17/04/15(http://www.plastock.co.ul/
PETGtube 18.31 30.21 Date: 17/04/15(http://www.McMaster.conp
Polycarbonatéube 12.55 34.67 Date: 17/04/15(http://www.plastock.co.ul/
Transparent PV@ube 21.92 53.68 Date: 17/04/15(http://www.McMaster.com
Glasstube 23.6 79.04 Date: 17/04/15HKttp://www glasssolutions.com

Thefindingsin Table8-6 showthat the reactor tubing material can have considerable impact
upon the costs associated with the phkmitlecting region of the ALR. Cast acrylic had been
previously selected for use dhgy the construction of the prototype due to favourable
characteristics and a body lderature supporting its ug@olina et al. 2001, Tredici 2004)
However, its costs are®3.4 times higher than its extruded countergdartact, the extruded
acrylic tube was by far the cheapest material investigated, offedleguaimprovement to ¢h

overall cost profile of the photobiaetor, and was used for all subsequent calculations.
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8.3.2.2.Costof ALR Deployment per rh

The total constructiomostof an ALR deploymenper nt is shown inTable 8-7, with (A)
showing the original configuration (tubular diameter of @ 0.055) and (B) showing the

optimised configuration (diameter of @ 0.11.m)

Table 8-7. Construction costs asociated with (A) Original configuration (B) Optimised spatial

configuration.

(A) Based on original configuration frofirable8-1.

Chassis No. Units  UnitCost Costm? Units Assumptions
Acrylic Tube 16 8.36 133.76 £ 16 metres of acrylic, @ 0.05Bbate:
(extruded) 17/04/15
(http://www.plastock.co.ul/
T-Connector 32 3.1 99.2 £ @ 0.063Date: 17/04/15
(http://ww.plastock.co.uly/
Fittings & connections N/A 166 166 £ ALR build cost (Appendix 10.1.3.1)
Machined fittings 32 10 320 £ ALR build cost (Appendix 10.1.3.1)
Gas line and N/A 132 132 £ ALR build cost (Appendix 10.1.3.1)
connections
Frame 1 118 118 £ ALR build cost (Appendix 10.1.3.1)
Manufacturing 10 25 250 £ ALR build cost (Appendix 10.1.3.1)
Sub Total 1,218.96 £m?
23.90 o
Electronics No. Units  Unit Cost Costnt® Units Assumptions
Pump 1 22 22 £ ALR build cost(Appendix 10.1.3.1)
Electronics N/A 96 96 £ ALR build cost (Appendix 10.1.3.1)
Temperature Control 1 360 360 £ ALR build cost (Appendix 10.1.3.1)
(http://www.tecoonline.eu)
Manufacturing 6 25 150 £ ALR build cost (Appendix 10.1.3.1)
Sub Total 628 £ nv?
12.31 £L1
Total 1846.96 £ m?
36.21 £L* Plus £2,875 for AlgaeConnect
control wnit
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(B) Optimised spatiatonfiguration fromTable 82 is used for this cost projection.

Chassis No. Units  Unit Cost Costm? Units  Assumptions
Acrylic Tube 20 macrylic, @ 0.1 Date: 17/04/15
(extruded) 10 18.11 362.2 £ (http://www.plastock.co.ul/
@ 115 mm Date: 17/04/15
T-Connector 20 13.73 274.6 £ (http://www.plastock.co.ul/
ALR build cost x 1.35 (Appendi
Fittings & connections N/A 224.1 224.1 £ 10.1.3.1)
ALR build cost x 1.35 (Appendi
Machined fittings 10 15 150 £ 10.1.3.1)
Gas line and ALR build cost x 1.35 (Appendi»
connections N/A 132 178.2 £ 10.1.3.1)
ALR build cost x 1.35 (Appendi»
Frame 1 118 159.3 £ 10.1.3.1)
Manufacturing 10 25 250 £ ALR build cost (Appendix 10.1.3.1)
Sub Total 15984 £n?
6.13 £L?
Electronics No. Units Unit Cost Costm?> Units  Assumptions
Pump 1 93 93 £ ALR build cost (Appendix 10.1.3.1)
Electronics N/A 129.6 129.6 £ ALR build cost (Appendix 10.1.3.1)
ALR build cost (Appendix 10.1.3.1
Temperature Control 1 575 575 £ (TECO Chiller)
Manufacturing 6 25 150 £ ALR build cost (Appendix 10.1.3.1)
Sub Total 947.6 £ m?
3.63 £17
Total 2,546 £ n?
Plus £2,875 for AlgaeConnes
9.76 £L1 control wnit

The findings fromTable8-7 (A) and (B) show that a reduction of almost 4x in price per litre

of reactor is possible by using the optimised spatial arrangement.
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8.3.3. UK Wastewater Treatment Model

8.3.3.1.Sizing theWastewateil reatment Works

The wastewater facility modelled in this study was sized based on UK government

population statistics using tliata andationaleoutlinedin Table8-8.

Table 8-8. Wastewater treatment works &e.

Parameter Values Units Assumptions

Households (hh) in the UK  26.4 Million hh  Government statistic®NS 2015)

Family members 3 persons UK average for each househddNS 215)
Wastewater generated 200 L/person/d UK average for each household

Total wastewater generated 600 L/hh/d UK average for each househd@EFRA 2012)
Municipal treatment works 9,000 sites Total in the UK(DEFRA 2002)

Households treate 3,000 hh/site Average site

Daily wastewater flow 1,800 m?3 day?

The average composition of the wastewdat would bereceived by the algal reactor after

secondary treatment is shownTiable8-9.

Table 8-9. Wastewater mmposition and reduction targets for the nodel.

Wastewater composition Phosphorus Nitrogen Units
Total nutrient composition 2 15 mg/L
Nutrient removal requirement 1 5 mg/L
Composition of the final effluent 1 10 mg/L
Percentage reduction 50 33 %

Total nutrient loading entering tertiary treatment 3,600,000 27,000,000 mg/day

Nutrient reductiortiarget 1,800,000 8,800,000 mg/day
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Table8-9 shows that the P and N reduction targets are 1.8%nd 8.8 kg @ respectively.
This data was used in conjunction wittetkey productivity and nutrient uptake valukeat

are shown imable8-10to determine the system sizing and components.

Table 8-10. System grformance.

Parameters Value Units Assumptions

Algal productivity 244 mg/L/d Based on average Darwin pilot data, Section 7.
Phosphorous removal rate  0.51 mg/L/h Based on average Darwin pilot data, Section 7.
Nitrogen removal rate 0.54 mg/L/h Based on average Darwin pilot da®&ction 7.4.3
Total ALR volume 147.1 m? Based on average Darwin pilot data, Section 7.
Algae produced 35.9 kg/d Productivity x reactor volume

The findings inTable8-10 show that 147.1 Aof ALR is required to meet the daily reduction
targets outlined iTable8-9.

8.3.3.2.System Components and Capital CSIAPEX)

Based on the requirements outlined Table 8-9 and Table 8-10 the ALUP system
components, operating volumes dndherassumptiongould be calculated, and ashown
in Table8-11.

Table 8-11. System components and key operationabasiderations.

Parameters Value Units Assumptions

ALR volume 147.1 m® Based onTable8-10.

ALR area 564.0 nv Based orm®m? (Table8-3)

Membrane belt filter capacity 120 m3ht Actual requirement = 74 #in. Sized for 4 x 30

m3ht (Shanghai QILEE Environmental
Equipment, Alibaba 2014 )

Membrane belt filter area 15 m? Dimensions and access

Rotary dryer 45 kg 1 x SS753600 Industrial Spin DryefAlibaba
2014

Rotary dryer area 3 m? Dimensions and access

Total site area 873.0 m?
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The findings in Table 8-11 show that the site would require a total area of 873fan
treatment of 1,800 frd* and the costs of the ALUP componeats shown irTable8-12.

Table 8-12. Total ALUP system component osts.

Parameters Value Units Assumptions

ALR deployment 1,438,792 £ Based on costs and configuration, including
controlunit.

Membrane beltifter 60,000 £ £15,000 per unit x 4Shanghai QILEE
Environmental Equipment, Alibaba 2014 )

Rotary dyer 6,000 £ 1x 1 x SS753600 Industrial Spin Dryer,
(Alibaba 2014

Total 1,504,792 £ Excluding VAT

ALR Deployment
& Membrane Belt Filter
B Rotary Dryer

£1,438,792

Figure 8.3. Visualisation of the total ALUP system componentasts.

Thetotal CAPEX for the ALUP system alongside the necessary processing equipment come
to £1.5 million. Theother capital costs required to bring the sitéutboperation are outlined
in Table8-13.
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Table 8-13. Other capital costs.

Parameters Value Units Assumptions

Land 1,673 £ £7,754 per acre1000 m site (UK farmland)

Property aix 251 £ Stamp Duty 15% for Corporate Entities

Land dearance 1,500 £ £1.5/nf (Acién Fernandez 2012)

Ground vork 4,000 £ £4/n? levelling (Acién Fernandez 2012)

Glasshouse 27,528 £ £43 n¥, including all equipmet, temperature control
and electrical connectiorfdcDonald 2013)

Reactor Installation 15,000 £ 25 dinstallation, 3 man team, £25/h, 8 h day

Industrial Pressure washel 2,999

(McDonald 2013)

1 x industrial pressureaghern(Karcher)

Site Tools 6,968 1,300 piece tool kit andgwer tools (Draper)
Total 59,918 £
£1,673 £251 #Land
@ Property Tax

Figure 8.4. Visualisation of other capital costs.

Clearance

m Ground Work

& Glasshouse

& Reactor Installation
& Industrial Pressure

washer
& Site Tools

It can be seen froMable8-13 that the remaining CAPEX for the installation comes close to
£60k this is 25 x less than the CAPEX for the actual ALUP platform outlindéiole8-12.
Overall the CAPEX for the project falls within the region of £1.6 millidinis equates to an

annual depreciation of £140,824 over a 10 year lifecycle, to adanapvalue of £161,889
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8.3.3.3.Annual and Recurrent Col9PEX)

The costs related to the energy consumption withinAbhR systemand its associated

componentsre shown below iffable8-14.

Table 8-14. Annual equipment energy consumption and associated cost

Parameters Value Units Assumptions

ALR pump 52,941 W 360 W m?®

ALR temperature control 147,059 W 1 W per litre TECO chiller, Trademark Aquatits
Membrane beltikter 36,000 W 9000 W x 4 (Shanghai QILEE, Alibaba 2014 )
Dryer 2200 w 1 unit only run 2.4 d?

Total Watts 238,200 w

Total kWh 5,716.8 kWh d?

Annual Electrical Cost 146,064 £ £0.07 /kWh, assume 3@y, 24 hoperation

BALR Pump
@ ALR Heating
Membrane Belt

Filter
& Dryer

147 kW

Figure 8.5. Visualisation of annual equipment energyconsumption and associated cost.

The findings withinTable 8-14 show thatenergy required for the maintenance of the
temperature within the ALR is by far the biggest of the costs associated with its operation.
The annuatonsumable costs are outlinedTiable8-15.
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Table 8-15. Annual consumable osts.

Note: There is no provision for nutrient input due to the assumption of adequate provision from the tertiary

wastewater. Likewisecarbon dioxide is presumed to be sufficient for the buffering requirements.

Parameters Value Units Assumptions

Carbon Dioxide £55,407 £ 0.5 g L* d! requirementz 72,500 g d, £11.1 for
5.3 kg(BOC). £151.8 dt.

Sodium Hypochlorite 69,600 £ £0.4 L1, 10% total reactor vame, 12 xannually

Cleaning Beads 5,000 £ Varicon Agua SolutiongMcDonald 2013)

Total £130,007 £

The costoutlined inTable8-15 show the considerable contribution to annual expenses that
both the carbon dioxide and sodium hypochlorite have on the overall consumabld lvests.
remaining annual and recurrent costs &w@\s1 inTable8-16.

Table 8-16. Other annual and recurrent costs.

Parameters Value Units Assumptions

Annualservice 15,048 £ 1% of total capital asts(McDonald 2013)
Insurance 8,731 £ 0.062 x depreciatiofMcDonald 2013)
Investment 31,294 £ 2% of capital and system cogtdcDonald 2013)
Maintenance 15,647 £ Spare parts, repairs unexpected expendi

(McDonald 2013)
Technician 73,000 £ 1 full time technician, £25/h, 8 hr day, 365 de
(McDonald 2013)

Total 143,720 £

Theotherannualand recurrentoss displayed inTable8-16 come to£140k.
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8.3.3.4.Biomass Valorisation

The total biomass projected to be produced within the ALUP system is shdwble8-17,

alongside the expected annual revenue.

Table 8-17. Annual biomass pioduction and projected sale value

Note That the biomass is expected to only be suitabléofeer value applications due to its production from a

waste feedstock.

Parameters Value Units Assumptions
Annual poduction 13,097 kg Chlorella sorokiniana
Annual revenue 78,582 £ £6kg (Shaanxi Jintai Biological Engineering o

The results fronTable 8-17 indicate thatthe almost £79k of revenue can be expected from

the site.

8.3.3.5.Total CAPEX, OPEX and Revenue

The total CAPEX and OPEX per annunmclusive of equipment depreciation and sales

revenue are shown imable8-18.

Table 8-18. Annual CAPEX, OPEX and revenue

Parameter Value Units Assumption

Total CAPEX 140,824 £ 10 year lifespandirect depreciation
Consumable Costs 130,007 £

Energy Consumption 146,064 £

Other Annual and Recurrent Costs 143,720 £

Annual Sales 78,582 £ Subtracted

Total 482,033 £ Annual costs

Table 8-18 shows that the annual costs come close to £500k, which would in effect be the

sum total of the operational loss for the wastewater treatment site.
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8.3.4. Exploration ofindustrial Symbiosis

8.3.4.1.Potential Process Benefits

As can be seen fromiable 8-18, the costs associated with wastewater treatment with the
ALUP process could be considered prohibitively costly for many wastewater treatment sites.
One avenue to remedy this problem would be to make ueeabnsiderable potential of
waste energy and res flow sharingavailable onsite at a wastewater treatment wotks
particular interest is the synergy that can occur with onsite anaedajgstion (AD)
processes. For example AD processas provide useful outputs from cbmed heat and

power generatin, as well asther usefubutputssuch asarbon dioxidesee Fig. 2.8.

8.3.4.2.Combined Heat and Power

The electrical consumption of the photobioreactor was identified as having a significant
contribution to the overall OPEX balange Table 8-14, and hence chosen as a target for
improvement. One assumption is for a scenario whereby a combined heat and power
generator is used to generate electrical outpdtreeat from biogas combustion. Thatential
reduction in electrical consumption is showTable8-19.

Table 8-19. Electrical energy production from combined heat and pwer.

Parameter Value Units Assumption

Sludge produced onsite 568.8 KGsoliasd™?  0.316 Kgolias M3, 1,800m* (Dhir and Ram 2012)
Methane production 170.64 m3d? 0.3 NPmetnandg * of Solids (Dhir and Ram 2012)
Losses 17.064 m3d? 10% (Banks 2009)

Electricity production from biogas 2.14 kWhm?  35% efficiency conversion(Banks 2009)

Total electricity generated 329 kwh d?

Original energy requirements 5716.8 kWhd! FromTable8-14

Optimised energy consumption 5,388 kwh d?

5.75 % Reduction
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Table8-19 indicates that céocation with an ADprocesscan result in electrical cost benefits

in the region 06.75% Table8-20 shows thdevels ofhigh grade heahat can begenerated

from the combined heat and power unit.

Table 8-20. High grade heat gneration.

Parameter Value Units Assumption

Low heating value of biogas 21 MJ n3 (Banks 2009)

Total energy production 895.86 kwh d? 1 kWh=3.6 MJ

Heat generation 447.93 kwh d? 50% efficiency conversio(Banks 2009)
Original heat requirement 3,529 kwh d? From Table8-14

Optimised heat consumption 3,081 kwh d?

12.69

%

Reduction

7,000

6,000

5,000

4,000

kwh d-1

3,000

2,000

1,000

Electrical Energy

Figure 8.6. Visualisation of potential energy savings.

®m Original energy
requirements

B Optimised energy
consumption

High Grade Heat

Table8-20 indicates that reduicins on the heating load of ¥26 can be achieved through a

co-location approach. The cumulative annealergy savings that are achievable vithis

industrial symbiosis approach are show able8-21.
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Table 8-21. Cumulative energy savings.

Parameter Value Units Assumption
Original daily ®nsumption 5,717 kwh d! Table8-14
New daily ®nsumption 4,940 kwh d?
Total saving 777 kwh d?
Original aanualenergy ost 146,064 £ Table8-14
Optimised anualcost 126,223 £

13.58 % Reduction

Table8-21 shows that a total of 13.6% of theeegy costs can be saved using ithaustrial
symbiosis approaabutlined herein.

8.3.4.3.Carbon Dioxide Use and Removal

The combustion of biogas from the andecodigester generates a point source of carbon
dioxide which can be used within the photobioreactor. The current scenario shows that the
massof carbon dioxide required for injection is approximately 72.5 kqThble8-15). The
findings inTable8-22 showthe assumptions for carbon dioxideuse.

Table 8-22. Carbon dioxide production and reduction from AD co-location.

Parameter Value  Units Assumption

Total biogas produced 364.0 m3d?!  0.64 nihogaskg® TS (Dhir and Ram 2012)
Methane content 170.6 mid!  47% MethanéBanks 2009)

Carbon dioxide volume in biogas 1934 mid? 53% Carbon dioxidéBanks 2009)
Carbon dioxide content in biogas 380 kg d? Calculated from assumptions

Carbon dioxide produced from combustic 335.2 kg d? All Methane converted to CO1 mole =
22.4L.16 g/mol ChWl - 44 g/mol CQ

Total carbon dioxide produced 715.1 kg d? Calculated from assumptions

Original carbon dioxide requirement 72.5 kg d? Table8-15

Original carbon dioxide cost 55,407 £
Optimised carbon dioxide cost 0 £
100 % Reduction
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The findingsin Table 8-22 show a 100% reduction in G@equirements, wih a potential

saving in the region of £55k

8.1.1.1.0ptimised Operational Costs

The comparative savinghown by the use of thisdustrial symbiosis@roach are shown in
Table8-23.

Table 8-23. Total savings to energy consumption and consumable costs using i@dustrial symbiosis

approach.
Parameter Value Units Assumption
Original energy and consumable costs 276,071 £ Annualised,Table8-18
Industrial symbiosis savings 75,249 £ Table8-19to Table8-22
Optimised annual energy and consumable co 200,823 £
Reduction in costs 27.26 %
Original CAPEX, OPEX and revenue 482,033 £ Table8-18
Optimised annual costs and revenue 406,785 £
Reduction in costs 15.61 %

8.3.4.4.Improving Algal Productivity

Further improvement® annual costs can be achieved through increased algal productivity
and nutrient uptake (N and P), outlinedrigure8.7.
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Figure 8.7. The effect on annual costs caused by increased productivity and nutrient uptake.

Base case is productivity in the region of 0.244-f Note: Due to the nutrient limitations within the final
effluent this case study woulssume nutrient uptake levels of 100% to achieve the 2x productivity, and AD
centrate supplementation to achieve the 4x and 6x conditions.

The findings show that increases in productivity can decris@sannual costs substantially.
It is likely that a2x improvemenmtarget isthe mostfeasible scenario given the unfavourable

cultivation conditions in the UK.

2.1.1.Comparison to other Tertiary Wastewater

Treatment Technologies

As discussed in Chapter Bnany waterways within Europe face severe problems with
nutrient inflow. This has led to stringent EU legislation which may force many facilities to
adopt tertiary wastewater treatment technologies. In this regard biological options may
present anovel cost effective and sustainable strategy for the removal of nitrogen and

phosphorougrom within the waterwaysA preliminary investigation of these technologies,
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including the ALUP process is compared to conventional chemical flocculatiorable
8-24, A-F.

Table 8-24. Cost comparisons for biological gstemsand chemical treatment.

A) Reed bed
Parameters Value Units Assumptions
Areal footprint 4,500.0 n? 250 n¥/208 n? (Emmanuel 2001)
Total wolume 5,4000 md 3 day retation time(Emmanuel 2001)
Cost of @ployment 265.0 £ n? £265/n%- upgraded for enhanced P remova
Energy onsumption 827.4 kwd* (Emmanuel 2001)
Maintenance asts 5.6 £ n? (Emmanuel 2001)
Cost to treat @&stewater 0.24 £ms (Emmanuel 2001)

B) Membrane bioreactor

Parameters Value Units Assumptions
Areal footprint 1,264.5 m? (Shi 2009) p 133136, 0.25 nspacing
Total wlume 147.1 m? Performance parity to the ALR.
Cost ofdeployment 430.9 £ nr? Quarter cost of ALR (estimate)

] (Shi 2009) p 133136, 5.8kWh per 100#of
Energy onsumption 2,505.6 kwd

wastewater

Maintenance asts 11.8 £ nr?
Cost to treat @stewater 0.37 £ms

C) Algal turf reactor

Parameters Value Units Assumptions
Areal footprint 2,529.0 m? 2 x membrane bioreactor
(Mulbry et al. 2008, Mulbry, Kangas and
Total volume 294.1 m?
Kondrad 2010)
Cost of @ployment 430.9 £ nv? Parity with membrane reactor
Energy onsumption 2,505.6 kwd
Maintenance asts 14.7 £ m?
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Cost to treat wstewater 0.51 £ Biomass worth half that of algal monoculture

D) ALR (ALUP)

Parameters Value Units Assumptions

Areal footprint 873.0 m? Based on Section 8.3.3

Total volume 147.1 m? Based on Section 8.3.3

Cost of @ployment 1,723.8 £n1? Based on Section 8.3.3

Energy onsumption 4,940.2 kwd Assuming industrial symbiosis savings
Maintenance asts 17.9 £m? Based on Section 8.3.3

Cost to treat wstewater 0.62 £nd

E) Open pond

Parameters Value Units Assumptions

) (Rogers et al. 2014)paddle wheel, 0.3 n
Areal footprint 2,782.3 n?

depth. 0.3 m'} calculated. 0.05 g'td?

Total wlume 552.9 m? (Rogers et al. 2014)
Cost of éployment 3.6 £ nv? (Weissman and Goebel 198751
Energy onsumption 948.6 kwd (No heating/cooling)
Maintenance @sts 5.6 £ nv?
Cost to treat astewater 0.25 £nmd

F) Metal precipitation

Parameters Value Units  Assumptions
Treatment ost 0.026 £/ g/loe(;r;u) precipitation(Ragsdale D 2007p 28, (Suplee

Table 8-24 (A-F) shows that the costs associated with the removal of phosphorus via
chemical flocculation are considerably lower than all the biological methods by at least a
factor of 10 Severalmajor differencesare seetbetween the technologies. Firstly, the energy
required for each of thether biologicalsystems is considerably less thagededfor the

ALR; whilst maintenance and ingkaion costs also prove to be higher than those required
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for the other systemsOne aspect in whicthe photobioreactor excetdompared to the other
platformsthe relatively low areal footprirthat is required. Overall the ALR system results in
a treatment cost of £0.62h{of wastewater) this is around 2.5 timesre expensive than
using a reed bed.

8.4. Modelling Conclusions

The findings from the parameter benchmarking exercise show that the ALR compares well to
the other tubular reactor configurations. In this regard, the projections from a reconfigured
spatial arangement result in better areal volumetric footprints than most of the tubular
examples compared within this study. In terms of energy consumption, the BiGFemcbe

seen to be the most energy intensive system, most probably as a result of the siumerou
manifolds and the resultant increase in pressure drop found within the system. The power
requirements between serpentine and air driven photobioreactor systems is fairly consistent at
a smaller scale. However, at a larger scale it can be seen thdugeahtigquid mixing allows

for distinct improvement in economies of scale to be achieved. Previous studies have
suggested the reason for this may be the better efficiency shown by centrifugal (plathps

et al. 2003, Norsker et al. 201The overall productivity in the ALR chassis was dependent

on the mixing mode (CM or ALR), but generally found to be comparable to the systems
within the literature, given the light conditions within the UK. Using the findings ffaivle

8-4 andTable8-5 the energetic cost of production within the ALR could be derived; and was
found to be 0.027 g W The findingsfrom the sensitivity analysisave shown that extruded
acrylic tubing is the best construction matefiat the ALR, both in terms of cost and
operational considerations. After spacing and sizing considerations, it wad tbat a
double length and diameter arrangemuesd a considerably lower cost profile than the base
case The optimised manufacturing cost was found to be in the region of £4.36 ALR

system, which is similar to many commercially available sys{@gmonald 2013)

In terms of theALUP wastewater treatment moddahe total cost of constructioand
installation(CAPEX) was found to be in the regioh £1.6 million. The annual OPEX costs
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were also broken down and show the high electrimitytributioncoming from themixing
and temperature controtequirements(£146Kk). Using this projectionthe optimal annual
operational costs were found to B482kinclusive of biomass sales, meaning that thatpla
would be projected to make a considerable annual Interestingly, it was found that by
using an industrial symbiosis approach, it was possible to reduce thé&yd€%o,giving an
annual operational cosf £407k. Thisvould suggest that elocation is a good idea for many
algal production plantsgspecially those producing low to mid value products. Projections
show that improvements in algal pradivity and nutrient uptake coutitive the annual costs
of the production plant down teetween £25A75k, which would be closer to conventional
chemicad costs for P removallhe overall CAPEX and OPEeompare favourably with dse
outlined by (Acién Fernandez 2012pr a 3n? system; (£744k and £96k respectively).
Looking at the production onsiteetthiomass would have to be sold at £37 tqybreak even,
which is similar to values reported within the literature, which rénga £50 k¢! to £9.15
kg depending on scal@cién Fernandez 2012)

Thefindingsfrom the analysis of different treatment systeshewed that th&LUP process
would be the most expensive way to remove phosphorus from the wastewater (.62 m
However,it is somewhat uncledrom the literaturevhetherthe other systemgarticularly

the open pond or reed bed) would be able to maintain the required levels of treatment
throughout the yegiCooper 1999, Geen and Upton 19945omewhat unsurprisingly, it was
found that chemical flocculation was by far the most cost effective technology, with a total
treatment cosbf £0.026 n¥. However, unlike the other biological systems it does not
produce any useable {pyoduct.Furthermore, ne of themajor advantages highlighted by the
analysis was that th&LR had the smallest areal footprir87@ m?) compared to the other
systems, meaninghat the system may well be suited the limited spatial options in
Northern Europe. Interestinglyhe results also highlight that other technologies such as twin
layer membrane reactors or algal turf scrubbers might be more suitable on an opeadional ¢
basisthan a photobioreactofrhe thesis concludes with Chapter 9, which presents a critique
and discussion of the research undertaken during this doctorate, atosgggestions and

furtherwork.
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O. Contribution to Field and Further
Work

9.1.Overview

Theresultsfrom the thesisre discussedccording to the researeims andbjectives set out

at the beginning of the report in Chapteif® summarise brieflythese describe treelection

of a suitable strainC. sorokiniana which scaled down work indicated as being capable of
growth from diesel flue gasesesulting in rapichutrient removal rate§ his laboratory work
indicated the potential for exploitation at larger scalasd was followedby the
conceptualisation of prototype photobioreactoifThe novel ALR systenwas designed,
constructed, developed and evaluated against a semgifieering and biologicatriteria.
Experiments were undertaken to determine the optimahtpeal conditions, angdilot scale
experiments wereonducted.Finally, a cost model was developed fhe photobioreactor
considering its potential for deploymemtithin a wastewater treatment facility, whilst
indicating possible routes towards markdigb This final chapterdiscusses the contribution
this thesis has made to the field, whilst explorsagneof the unresolved questions. It also
posits potential avenues @ésearchthat have arisen from this workThis includes a
discussion of the wider implications of the findings in relation to building a successful algal
industry within the UK, alongside thbalancing of wider industrial and environmental

requirements.
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0.2.Strain Selection andsrowthKinetics

The preliminary strain selection experiments undertaken during this research project showed
thatC. sorokinianawvassuperior to the other strains tested within this work. In particular, the
characterisation foun@. sorokinianawell suitedto small scale wrk within the laboratory,

from well plates tadl litre Duran bottles in the first instance, before moving a@hédarger

scale 5, 10 and 50 litnehotobioreactorsOverall, the findings indicate thatC. sorokiniana

was capable of reaching volumetric productivities and densities comparable to literature
values seeChapter 7, Section 7.51 combination, these results mean that the strain could
have a promising future as an i ndvaudtbei al
required to determine whether it is capable of producing commercial quantities of
biochemicals. Likewise, further work could develop the protocols necessary for stable
transformation of the strain, should a promising target molecule be iden€fieelh more

time and resources it would be worthwhile teopen investigation of other fast growing
algal strains to develop a portfolio of potential candidate organisms for growth on
wastewater. For example strains Sdenedesmusave been shown to bestagrowing and
robust(Acién Fernandez 2012This process would be assisted by the improvements in high
throughput screening afforded by the development of the shaker platform during the EngD

work.

One of the most interesting findings from tim#ial body of researchwas the relative ease

with which a microplate shaker could be converted for use in rapid screening processes and
exploration of parameter space. It is likely that the miniaturisaifoaquipment for higher
throughput work will increase considerably within the field of algal biotechnology, mirroring
developments in other fields. Whilst the microplate shaker proved to be a useful tool for
comparative purposes and rapid screening ofifigestrategiessome improvements could

have been made in terms of joining the scaledn screening to the subsequent scaled
reactor work. For example the microplate screening strategy could have been used to profile a
wider range of algal strains datty onto wastewater using UK growth conditions. This would
potentially reduce development times and produce more indicative results for the larger scale
work. Further experiments could also evaluate lduge number of poorly quantified
parameterswithin the shaker plate platformlhis would be particularly important for

parameter benchmarking and system standardisatioiiure design processdsor example,
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the surface to volume ratio is much higher at mL scale, resulting in a shorter light path length
and higher photosynthetic activity. This means that in the absence of photoinhfiaisien
growth rates are possib{&orzillo and Vonshak 2013)nd would lead to poor transferability
of results into larger scale tubular syste@®ame of these issues were explored more widely
in the work of(Van Wagenen et al. 2014icluding the effect of light path on growth rates in
24-well plates Furthermore, gabquid mass transfer in micravell plates and bubbleolumn

or air-lift reactorsarenot necessarilgomparableand would need further investigatigdoig

et al. 2005, Miron et al. 200050me of these transferability problems could perhaps be
overcome to some & nt via the deployment ofminiaturised mL-scale column
photobioreactors with equalurface to volume ratio than largecale reators. Research
investigating these considerations has been undertak@jydet al. 2015)and demonstrates

the high mass transfers obtained within miniaturised photobioreactors.

9.3. Scaleddown Cultivation with Waste

The ultimate aim of theemediation experimentsas to integratgrowth onexhaust gaand
wastewater to test the feasibility for scale To this end, the work highlights the
considerable potential for algae in bioremediation, and in particular wastewater treatment;
where bettepollutant removal efficiencies are possible when compared to flue gas scrubbing
(Vunjak-Novakovic et al. 2005)The novelty in this work came from combining retiation

of flue gases and wastewater into one integrated laboratory study; and clearly demonstrated
thatC. sorokinianaUTEX1230)couldbe gown to reasonablgieldson either final effluent

or anaerobic digester centrate. The findings suggesteddtleato the typical volumes,
concentrations and legislation involved in wastewater treatment processes, it is likely that

final effluent would be a most suitable feedstock for anteocefinery.

One aspect within the research that was not fully explored hesoptimisation ofthe
wastewater basedrowth media.ln this regard further researan cultivation with AD
concentrate found that the maximum biomass concentrations were found for 1:2 concentrated
AD medium and also indicated thieasibility of scaling p the process from microplate
shaker tdbALR (data not shownHowever due to the high turbidity ahe AD concentrate,

photosynthet activity is found to decreasas light penetration is diminishe@ata not
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shown (Molina et al. 2001)The best strategy therefore might bedeploy a final effluent
treatmentstrategytopped up withdigester centrate when biological requirements dictate
necessity. Some further research was undertaken comparing both autoclaved- and un
autoclaved waste media, which showed little difference between the two (data not shown),
however some process optimisatj alongside better quantification of the chemical changes
that this created would be interesting further work. Another interesting area to explore would
be that of improvinglipid productivity. Examples from the literature have shown that
changing the ahon, nitrogen and phosphorus ratios within growth media can have a
considerable impact upon the resultant biomass. In parti@hlanging the C:N ratio can
significantly alter the fatty acid (FA) composition and has been shown to increase lipid
production in C. sorokiniana(Feng and Jans 1991) Furthermore, the same study suggested
that an increased aeration rate can upregulate the synthesis of unsaturated dienoic and trienoic
FAs (Feng and Johns 199XQther studies show that increasing the temperature closer to the
optimal 35C can alter the ratio of polysaturated to saturated FAs in favour of
polyunsaturated FA@Belkoura et al. 2000)

Oneparticularly interesting avenue of research would be to investigate the effect that nutrient
starvation would have on algal growth, and subsequenenttrptakePrevious research had
shown that phosphate starvation of algae pridghéomain cultivation process couldprove
phosphate removéRAzad and Borchardt 1970, Hernandez et al. 20@6)ractical termshis

could be achieved by starving the inoculation generation anrdwsturing from these starved
parent cultures in future generations. This was investigated in a preliminary capacity during
this doctorate at a laboratory scabet the results were found to be inconclusive, and so were
omitted from the main body of the work, butay provide an interesting avenue for further
work. Cther important considerations for large scale cultivation from waste include dynamic
monitoring ofion compositionsas these camfluence buffering capacity and thereby the pH
profile of the cultureLikewise, biofilm developmentundercontinuous growth could be a
potential problem during scalg; and may be a factor that would merit further ingggiton.

The literature suggests thaibfilm formation could be explained to some extent by increased

production of extracellular polymeric substanf@sngender, Neu and Flemming 1999)

This work hasalso openedup some potentially interestinguestionsfor future research in
terms of optimising both the biological growth of the algae, as well as the absorption of the
gases and nutrientsor examplegrowth rates could be improved by selecting a point source

with an increased level of GQroncentration or by increasing the flow rdtedicated in
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Section5.5.1). Anotherinteresting direction for future research would be to tagf&tand

NOx removal asa means of scale upiteria,as opposed to GOThiswould befavourableat

larger industrial sites, where it would be unfeasible for algal production to remayettad!
carbon dioxide due to thargescales involvedin this case it would be importatd retain
dissolved gases within the system, which may requirdesggn of the photobioreactor.
Another interesting consideration is the rise in pH frerb to~8.5 during the course of a
phototrophic fermentation. This natural rise in pH could be asem advantageougrocess

to utilise for the bioremediation of certain substances. It would be worthwhile to investigate
which substances are better remediated at these higher pHs, or over the course of such a pH
transition. For exampldahere is some eglence that microbial degradation mdlyaromatic
hydrocarbonsHAHS) occurs better within neutral sofKastner, Breuedammali and Mahro
1998) Another interesting fact is thatkaline solutions are known to allow for higher levels

of CO, aborption(Hsueh, Chu and Yu 200Q7)

As the pilot project develops, a major avenue of importance would be the confirmation that it
is possible to grow the strain in a continuous mode from this type of waste feedstock, over the
longer termandwithout a loss of productivityThis has been idéfied as important within

the literaturg(Robinson et al. 2012and some preliminary work was undertaken during this
project in Chapter 5,Section 5.5.6 The reality of cultivation on waste media in outdoor
conditions would probably result in the complete replacement of any model organism by a
native algal species, inhabiting a natural consortium. This would be espék&iywith a
thermotolerant organism lik&. sorokinianagrowing in a Northern European context, where
both natural competition and the energy costs associated with maintaining temperature could
make culture maintenance a challenge. This would mean thieatstudy of successor
communities and the subsequent impact on removal rates would be of particular interest for
future work Some indication fronthe work of ClearAs has shown that stable successor
communities doindeed form during the wastewater cultitvan process,and are often
dominated byScenedesmus spinvestigation of these mixed microbial communities could

be particularlyinteresting from theiewpoint of breaking dowrthe more complexhemicals

that arenot reportedas widely within the literatire. Research to date has described this
nascent fi el d a(andha snd Ndirel 20l4and @reviolisangegtigations

into the relative merits and disadvantages of photosynthetic or heterotrophic metabolic
pathways have been investigated(Bguner and Dilek 2004yluiioz et al. 2005, Mufioz and
Guieysse 2006)To this end, furthestudy ofC. sorokinianametabolism would allow for a
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greater understandingf the additional benefitghis strain could bring towastewater
treament. This could open up the possibility to select digal strains thathave better
metabolic characteristicé&n example of this would be to mimeonventional carbon capture
(CCS), in which amines are used to dissolve XG0 an aqueous solutiofGibbins and
Chalmers 2008)Algal, cyanobacterial or bacterial strains could be selemtemhgineered to
have an amine secretion profile similar to thatafoon capture and storageGS molecules
(Acuner and Dilek 2004)

9.4.Reactor Desigand Validation

Within the current literature most photobioreactors hdween designed withthe
maximisation of areal productivity in mingyhilst particularconsiderations alsogiven to

the CAPEX and OPEX of the systems in quesiiblolina et al. 2001, Acién Fernandez
2012) The completion of this type of muparametric problem poses several issuesdiuat

be had to simultaneously optimise; making the role of the designer one of prioritlseng
most importantharacteristicgor the particular application in questiofudging against the
criteria ofa novel, lower cost, modular and scalable photobitice this part of the research
project could be considerexs offering a considerable contribution to the fidlttested by
thelow levels of variation seen in many of the key biotic and abiotic parameters at different
scales within the ALR chassis(~0-15%) Furthermore thefindings from the system
characterisation experiments were particularly interestivspmuch as theyhewed that the
reactor couldoperate either as an array of connected bubble columns or as an Hiikft
characteristi@allows for a range of operational attributes not often achievable in conventional
tubular photobioreactor designs, and provides an adaptable chassis for further research. In
this respect there are still a great mamgnues for investigationefore the ALRreaches its

full commercial potential.

The overall design methodology proved successful for the initial conceptualisation of the
photobioreactor. However, with the benefit of hindsight it is likely that a more technically
rigorous procedure could have beerpldged from the beginning of the design process;
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rather than the more iterative and creative approach that initiated the desegimished
ALR prototype wasdesigned to be flexible iterms of its finalapplication meaning the
concept shouldb e * fputowrfeé f or ma Aytheyesudts feom the differenme
mixing experiments have shown, the ALR chas$isuld be considered as a modudad
scalable basisupon which differing sparging arrangements, flow rates, remediation or
production activites could be undertakeihe simplicity of the actual vessel geometry
allows for a considerable numberedsyvariationsto be made to the basic design; including
changes in column heights and diameters, as waheagossibility to couple other novel
technologies \ithin the reactor, for example differeniffuser types or internalisedED
lighting. The basic ALR configurationould everbe extrapolatedor use as flat panetype
system with a channelled flow paffhere is alsmo reason why the reactor could not be used
as a multiphase or even solid state reactor, algaeimmobilised within beads or granules

inside the reactor.

The characterisation of fluid properties within the tested systems appears to conform to a
majority of the empirical expressions found within the literature (with a notable exception
being the mass transfer expressions) and therefore could be considered satisfactory for the
initial ALR design and validation process. However, other models in the Uiteratay offer

better predictive capability, and would definitely merit testing in future work; incluttieg

airlift fluid dynamic models outlined within the reviews(&fitog et al. 2011)(Merchuk and

Siegel 1988and (Petersen and Margaritis 2000f particular importance would be further
modelling of the fluid dynamics using suitable 3D simulation software, which would assist
with the optimisation of the ALR design, and may better elucidate dead zodestlaer
geometric ratio consideratiofisludde and Van Den Akker 20Q1or example, the addition

of extra columns does appear to have a srball quantifiable effect on the flow
characteristics, which may be better elucidated through the use of mesh based problem
solving tools. Another consideration that was not fully explored was the modelling of heat
transfer within the ALR; and further workhsuld determine heating and cooling load
requirements with greater accuracy than the equipment ratings that were used for the reactor
costing. This work may support the observation thaimperature controls more energy
intensive given a larger surfaceegrmeaning larger diameter reactors would be more cost
effective to contro(Sierra et al. 2008)ikewise, further work could plot and investigate the

projected effects of shear in either airlift or column mixed modes, which were not explored
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widely in this investigation and may have had an effect on the product®érez et al.
2006)

One interesting finding regarding the liquid velocity was tthatre was slightvariability

along the length of theeactor (seecommentAppendix 10.1.20), with the linear liquid
velocity dower at the edges than in the middby, around10%. This could be due to an
imbalance in the symmetrically of the flow, caused by increased frictional forces. One
possible solution to this problem may be to have an odd number of tubes within the system,
ensuring that the first and final tubes are alwaysrsisThis way drag would be reduced on
what would have been a downcomer tube placed on the edge. Another interesting effect was
the slight increase in liquid velocity within the larger reactors, caused by increasing riser
number. Further testing and mappiof the liquid velocity in each tube would aide in
exploring each of these effects in more detaillike many previous desigmescribed within

the literature, oxygen buddp did not appear to be excessive under the tested conglitioss

is most probhly due to the relatively short circulation times before reaching a degassing
zone. However, there were differenced{® concentrationbetween riser and downcomer
tubes (014%), especially at higher biomass densitiggler highirradiance (see Appendix
10.1.2.4, and it wouldbe advisable to gain a better understanding of these phenewvitna

further experimentatian

The relative benefit of column mixing over airlift was one of the more interesting findings
from the reactor validation study, and not one that was necessarily obvious from the literature
review at the onset of the investigati@@histi 1989, Merchuk 1990, Mirdn et al. 2000)
Overall these findings suggest the importance of mass transfer considerations in relation to
algal growth, whilst also opening up the possibility that the secondary mixing patterns within
bubble columnsif. radial cascades) may offer distinct benefits over the mixing shown
within an airlift reactor i(e. linear and axialYMirén et al. 2004) Furthermore, the higher
liquid velocities seen during airlift mixing may impart gter levels of physiological stress

onto the algae than column mixinghis higher velocity acts to increase shearing effects
within the system; and also creates rapid cycling between zones of high and low g#s, hold
which in combination may perturb mbétdlic processe®therresults thus fawould suggest

that the reactor design could be improved somewhat by reducing the spacing between
manifolds, as this would shorten tbark phase and circulation time. Thwuld also bring

the overall reactor georatry closer to that of Aubble columnwhich appears to belsetter

configuration for algal growthAnother interesting avenue for experimentation wouldde
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look at the effect of dropping the water level below the manifold, which would result in
mixing even closer to that of a bubble colunin. this respect, further study should be
directed towards investigatiarf column mixing mode within the 50 L ALR, as this would
better elucidatés effect on lateral mixing characteristics within a larger systxploration

of the interplay between the aforementiorfadtors should be continudaly investigating
different tubular diameters and heights, and how this in turn would a#figetl growth
Examples from the literature would suggest that increasing thennoheight of bubble
column systems up to 5 m can improve overall areal produf¥indn et al. 1999) whilst
preliminary workin ALR mixing modewould suggesbenefits inincreasing thecolumn
height to increase thkquid velocity, and the diametdp increase Bynolds numbefsee
Appendix10.1.2.3 {K. Koutita, 2015 #261.

Looking at the wider considerations in terms of kieg operational parameters it was found
that the ALR had a performancemparable to thatportedwithin other photobioreactors

from the literature(Chisti 1989, Molina Grima et al. 1999, Molina et al. 2001, Vunjak
Novakovic et al. 2005)A future avenue of research should build on the work undertaken in
this section by further and more detailed comparisons to reactors found either commercially
or within the literature. These fintys should prove useful in comparative terms to the
development of the newer generation of vertically stacked, vertically orientated
photobioreactors; like the AlgEternéhlgaelndustryMagazine 2013ystem or the new
vertical HCMR serpentine system deploye®aiansedJniversity (Oatley 2013)Evaluation

of the ALR design demonstrated that the simple modular array of repestitsgwas an
effective method for scalep, confirmed by findings in Chapter 8. One particularly
interesting finding that would merit further research is the interplay betwedwdhmixing
modes, andhe potential for the reactor to alternate betweemth@d-operation. Such an
approachmay be useful for particular organisms, specific mixing requirements or for
cleaning.For example, the reactor could be operat@é® &f he time in bubble column mode

and D% in airlift to ensure high mass transfeith increased levels of lateral mixing.
Variable mixing regimes could also save considerably on the operational costs and should be
explored further; for exampleight time mixing could use a lower gas floww airlift mode

when turbulent mixing is less importan

The impact of solar penetration was not investigated extensively in this thedisyould
merit further study. One clear findinvgas that it was possible to create a productivity trade

off between the tubular diameter and the light penetration, walilcahions that the diameter
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can range between certain values (in this case @035 m) without considerable loss in
productivity and hence create considerable areal productivity gain. Obviously, this effect
would only hold true up to a point and is degent on light considerations, but should merit
further modelling due to the considerable effect this would have on both system CAPEX and
OPEX. In the sameaespect, it is likely that increasing tlcident light levels will have
consideable impact on immving levels of productivitythe 75umol m? s? intensity that

was usedin the comparative investigatiorfséction 7.3.7) is well below saturation of the
maximal growth rate found in Chapter 4 (section 4.4.3 ~250 pmiat?), and moreover does

not consider the effects of culture density and light penetrafiatoure work should create a
suitable biological model for growth in the photobioreactor, considering both light
penetration and nutrient uptake, along the line@viflina Grima et al. 299 Molina Grima

et al., 2003).Some inroadsvere maden this directionduring the course of the thesis in

collaborationwith K. Koutita (data not shown).

Further improvements in reactor performance could be drivealtByations to theactual
spargedesign In particular, théubble size can have significant effects on the characteristics
within the photobioreactofK. Koutita 2015) particularlydO, levels,gas holdup and mass
transfer(Molina et al. 2001)This makes it an attractive option for furthesptimisation and
investigation; withattemps to minimise sparger bead frictional losses and improvements in
bubble size distributiobeing important targetsnother line of investigationouldassess the
mass transfer during an actual algal cultivation, as the presence of photosynthesing micro
organisms will have considerable impact on the levels of dissolved oxygen within the system.
Further study of gas diffusion woulalso be necessary fdonger ALR arrays, whichmay
benefitfrom pre-mixing the CQ with atmospheri@ir before entering the react@nsuring a
homogenoudlistribution of gasesFurthermore, thause of static mixing ds to increase
turbulence within reactor systerhas been investigated within other resedtdgwu CU et

al. 2002) and these could easily be incorporated within the ALR chassis from the top of the
system. In the longer term work should continue to determine the best operational
parameters fodifferent production strategies within the reacfosummary of the biological
findings would indicate that considerable work could be done in optimising the reactor
performance in tens of seasonality and feeding strategy. The positive results shown with a
fed batch feeding strategy would indicate that there could be other feeding iterations that

would merit testing.
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9.5.Operational Costs

Overall, the results from this section detail faly functioning model for both the
manufacture and operation of the ALR. The findings easist in evaluatingliffering
treatmentechnologies, andghould provide a usefuhsight for wastewater treatment facilities
when considering tertiary treatmenitons The data is important in smuch as it represents

one ofthe few studies that bring togethdesign,in-houseexperimentation andperational

cost modelling within one integrated studihis is especiallymportant, giverthe fact that
manycostingexercises antife cycle analyses (LCAlsedata from a variety of sources and
test case scenariosvhich can lead to considerable modelling err(Bsrowitzka 1992,
Clarens et al. 2010 he findings to date indicate that the operational costs of the platform
are cost competitive with other reactor platforms, and can obtaitasitavels of areal
productivity. Furthermore, the results from the sensitivity analysis indicate that considerable
CAPEX savings can be made by altering the construction materials. Overall, the results from
the wastewater treatment model suggest thefophatis still cost prohibitive, but that
improvements in productivity and reduced energy consumption can greatly reduce OPEX.

The methodology proved effective for the modelling requirements of this thesis, but further
work may want to expand the excel mebavith specialist lifecycle assessment (LCA) tools
such asGaBl (thinkstep) (Soratana and Landis 2011Yhe results from the ALR
configuration and construction suggestieat a larger column diameter (0.11 m) and doubled
height (2 m) would be necessary to become cost competitive with other reactor
configurationsFurther work could look at even more energy efficient operational strategies
for the ALR system, to bring mixghcosts down (preferably by a factor of 10). The results
from the sensitivity analysis highlighted the benefits of altering the manufacturing process;
through the use of thinner extruded PMMA tube, and incorporating tfieg&eal within the
actual reacto manifold. Further factors that could be considered within the sensitivity
analysis include investigation of the manifold array material as this contrib0#esf the
materials CAPEX, and would be a good target for further cost reducbtl? modelling

was based on the assumption that volumetric productivity would not be considerably affected
by shading and column diameter changeswever the literature showshat whilst an
increase in column heigltould in fact improve areal productiyi volumetric productivity

would decreassomewhat(Mirén et al. 1999) These effects are explored further in the
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research ofMiron et al. 1999)and give a goodxample of the further modelling that would

be required to correctly factor in the effects a# thhangein column diameter and shading.
Alongside the shading effectspatter understanding skasonality and its impact on nutrient
removal needs to be developed; this would require further experimentation at the 50 L pilot
scale to ascertain any further variability in nutrient removal r&éserfuture work should
consider the importance of varying the nitrogen source and the impact this wouldmave

production(Hulatt et al. 2012)especially if cefeeding with final effluent and AD centrate.

The next logical step for the development of the research would be to gain access to a UK
treatment plant, with a view to constructing a pilot ALUP system and testing practical
operation onsite. This would be important for gauging the rangerdérmancevariability
caused byseasonal nutrient flowehanges, including the effect of altering N:P ratiasd
would be a preequisite before the systerouwdd be used for actual wastewater treatmient

this respect it would be worthwhite further investigateitrogen uptakeasremoval would

most likely be higher than thetated environmentakquirementsthis is due to sizing the
system for P removalTreatment of nitrogen coulthen be compared to the costs to
conventional and hybrid techniques sasbiological carbonaceous conversinitrification

(Ngo 1998) Further investigation into carbon dioxide efficiency should also be undertaken as
the range uskexperimentally during the thesis is much higher (frorlQ0 x) than the 2:1

ratio stated in Section 8.2.2.4; it is probable théhwptimisationthis could be brought
closer to theoretical levels. Pilot operation could also allow fopractical eries of
experimentgo explore theproblems associated with mérane belt filter clogging, ahe

wider pitfalls d this method wer@ot fuly explored within this thesis

However, at this current juncturehie datafrom the modelwould indicate that using the
reactor solely as a remediation platforntigllengingdue to the considerab@APEX and
OPEX associated with its us@iventhis fact it may be interesting to investigate whether a
lease model would work better for the sechs a wholeFurther work could model reactor
operation under reduced energy consumption, which combined with productivity gains could
lead to brealeven operationOther options include developing an even strongéustrial
symbiosis approaghwhich caild bring increase@conomic benefitéo an algal production
processFor example, a good target for cost savings could be-tsegehemetaboliclow-

grade heat produced by the AD unit, a factor that was not investigated stutlis(Cao

2011) Other auxiliary benefits could also be investigated, these include renewable heating
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incentives and carbon credits; although their impact orotegall costs may be relatively

small.

The work undertaken comparing the ALR platform to other biological and chemical
treatment systems requires some further optimisation, not least because of the difficulty in
comparing the various literature sourcese Qeneral findings show thalgae are capable of
removing nitrogen and phosphoras a rate much higher than conventional reed beds
(Vymazal et al. 2006)However, the findings also show thagal treatmenhas arelatively

high cost associated with the remediation prgcespeciallyin comparison to that of a reed

bed (Green and Upton 1994)All of the biological systems that were profiled were
considerably more expensive than chemical treatment, wduald mean that the study of
hybridised systems may be an appropriate way to move forward. This would especially be the
case in combining the space saving advantages of a photobioreactor syst@ntowier cost
solution like an open pond. For example, an open pond could do a majority of the
remediation, and the photobioreactor could be used afterwards as a final polishing step.
Examples of this kind of hybrid system can be found in the literatara the work of
(Christenson and Sims 2011)

9.6. Final Conclusions and Summary

9.6.1.Joining the dotsvithin the UK Algal Industry

This doctorate has undertaken an interdisciplinary integrated systems approach from the
outset. It was felt that this would create considerable scope to investigate both technical and
scientific problems whilst maintaining &@ng focus on practical feasibilityhis approach is
somewhat different to a majority of the doctoafdal researchvithin the UK to date, which

is often split between numerous digdds and subject to very specific biological or
engineering investigam. This means that most research often commences with a view to

investigate or optimise distinct pax$ a process; and whilst undertaking this type of linear
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problem solving is particularly suitable for investigation in traditional engineering and
theaetical sciences; it can be somewhat inappropriate for the creation and study of integrated
or applied systems. This is often because integrated and applied systems contain many
unforeseen problems that only become apparent upon implementation and wogBratiell

1984, Emes 2012) ikewise, linear design can also lead to the optimisation of components or
concepts that may become obsolete over the course of time due to unforeseen advances
within allied fields. For these reasons it ig thelief of the author that for the algal industry to
flourish in the UK a greater level of interdisciplinary thinking and adaptability to industrial

reality should be fostered, particularly in younger researchers.

Looking back at thalgali n d u srecentyhétary, this generation aksearchers could be
described adeing the’ b i o f u e bothlinadmms efsour, project and research funding
origins (Steyer 2014)Considerations regarding the overall sustainability of next generation
fuels and feedstock asn important debate and one that is alreadga@ng In this respect
thejury is still out on whether algal production will ever reach its full potentia¢ims of a
global replacement fofossil fuels (Richardson, Outlaw and Allison 2010}t is also
important to stress at this point, that given the current economic conditions the commercial
production of algae for low value biofuedsid boproducts is unfeasible in both Europe and
the UK. With some(possibly optimisticlestimates setting a time scale for the realisation of
mass producelbwer cost algal biofuels a@nbioproducts betweenZ) years dependent on a
variety of factor§Lamers 2013, Steyer 2014)hese ongoing questionser the feasibility of
algal biofuels has lefthis generationof researcherdooking into wder bioeconomy
considerations, andith this diversification has come the explorataond acknowledgaent

of manydifferent drivers foithe growth of algal biotechnology within the wider bioeconomy
(Subhadra and Grinson 2011)

Despite the podite outlook forintegrated algal production there atdl several hurdles
beforewe achievewidespread deployment of the technology. important consideratiois

that within the current economic climatemediation of waste is often not considered a
means intatself. The successful deployment of this typeeotbiorefineryis only feasible if
backed by a suitable regulatory framewoskth demonstrable advantages compared to other
technologiesor the result of a moreprofitable enterpriseThis raises some ingptant
guestions about the priorities of the plant operator. For example, is the acting driver to meet
sustainability or remediation goals, or is it to prodlme valuebiomass as a feedstock for

the bioeconomyStephenson et al. 2010)hese two actions are not necessarily aligned in
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terms of sustainable metridsurther issues include tlensiderable problensill asseiated

with the use ofwaste feedstock to produce biomass intended a@nimal or human
consumptionlt is possible that the tightening of EU environmental regulation may act in
itself to encourage the deployment of algae solely for remedjddidrnin themeantimesome
legislative change within EU wesdisposal frameworks would be crucial to the development
of the sector; or at the very least a ebgease validation of industrial symbiosis production
processes to ensure compliance (along the lines oflP@®&ertification for anaerobic
digestate). Furthermoré#he economic analysisndertaken within this projectighlights the
bottlenecks in energy requirements for mixing @echperature contrplwhich need tdbe
targeted for improvement. It is likely thgiven current technology thenly way in which this
balance could be altered more favourably would be in greater volumetric productivities or
through theco-production of higher value produalsring the remediation process.

The general finding$rom this thesiswould indicate that severalost barriershave to be
overcome before the widespread use of algae for bioremediatianNorthern European
contextbecomes a reality. Particular areas include @#PEX and OPEX of asuitable
systemand its assoated processed hese difficulties in cost effective production of lower
cost biomass mean that in the near terns ilikely that developments in algal production
systans will be driven largely byhigher value products and tHae chemical sectors
(Borowitzka 1992, Stephenson et al. 2010ne praoninent example ighe pigment and
antioxidant astaxanthjproduced by the green algiematococcus pluviali§he use of this
red carotenoids growing rapidly and finding increasing application within the nutraceutical
sector and aquaculture industryith a retail value in the regioof £10,000/kg(Leu and
Boussiba 2014, McDonald 2013Yo this end some preliminary work was undertaken
cultivating H. pluvialis within the ALR, and demonstrates the adaptabilitythd reactor
platform to the cultivatiorof a variety of strains whilst showing its potential to exploit
different algal marketd.ikewise, further developments within the biotaologysector, such

as improvements in genetic manipulation and physiological understanding will broaden the
types ofcells aml pathways that can be used awdfineries(Ghatak 2011)The ultimate aim

of future research shoulde to build upon these findings arghow that this is indeed a

possibilityat larger scalesvithout overly compromising either of the two processes.

The results presented withithis thesis relate closely to resilience in terms of resource
efficiency and reuse, as well as ecological modernisation and the creation of a green

economy These macro themes were not evaluated in a quantitative manner during this
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doctorate, and would ban interesting avenue for further research. Metrics for such an
analysis would have to considéetultimate ainof anecobiorefinery which isto generate

an endproduct of consistent qualityegardless of the type of waste inpDo. this endfurther
researchs also needed tmvestigate strains that are capable of undertaking stable nutrient
recovery alongside valuable product formation. In this regard there are still some legislative
considerations that may need to be overcome to position thefodct further up the value
chain Other mportanttargets for the algal sectanclude the development ahicroscale
technologieswhich will greatly assist inacceleratingprocessdesign anddevelopmentOf

equal importance is the improvement in phadobactor technology for lower cost mass
cultivation of algae, as without improvements in production systems the sector will stagnate.
Future photobioreactor design will require a step change in thinkirajl esclosed volume
reactors fundamentally suffefrom similar physical constraints, in regards to light
penetration mixing and biomass separatioome preliminary work exploring other
production methodsvas initiated towards the close of the researobjept Appendix
10.1.4.2)jnspired by the workfo(Shi, Podola and Melkonian 2007)

Algae retains its popularity within the minds of theneral publicwhich signals a healthy
future. This, alongside a greater desire for sustainable and resilient infrastructure #@sures
funding situation looks good for the sector as a whal¢he near term theodel of research
council funding coupledo private sector investmeshould assist the industry as a whole.
This includes the development of knowledge transfer networks like Phyconet aSdGAB
which serve as important ways for academia and industry to pool and exchange technical
expertise andesources. However, it likely that an increase in governmental sdies and
support would be required to bring bulk algal produotdshe market, especially if a truly
green economy is to be establish&d.this end, and ith the conclusion of thidodoratethe

author believeshat severalnovel contributions have beenadeto the understandingpf
integrated system design for algal bioprocesses. Alongside these integrated considerations the
research has also generatepractical and adaptable photobioreactor design in the form of
the ALR. Moving forward itis hoped that the findings and design frameworks usednwith

this thesis will assistfuture researchersin particular both academic and industrial
practitionerswho wish to combinesusténability and bioprocess desigmvhilst working

towards greater industl and environmental harmony.
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10. References and Appendices

10.1.Appendices

10.1.1.Strain Selection and Growth Kinetics

10.1.1.1.BoldsBasal Medium Composition

The nutrient composition for BBM (B5282) is shownTiable10-1 (Sigma). It was used for

all the nonwaste experiments within the laboratory.

Table 10-1. Composition of Commercial Media.

Bolds Basal Media (BBM) is referred to as B5282.

Component (mg/L) B5282 C3061 GO0154 G1775 G9903 K 1630
Ammonium chloride 2.675
Biotin 0.005 0.005

Boric acid 11.42 2.86

Calcium chloride dihydrate 25.0 36.0

Citric acid 6.0

Cobalt chOoride - 0.01 0.01 0.01
Cobalt nOtrate 0.49 0.0494

Cobalt sQul fate 0.01406
Cupric s fate 1.57 0.079 0.01 0.01 0.01 0.0025
EDTA (free acid) 50.0

EDTA di sofium « 2H 4.36 4.36 4.36 37.22
EDTA disodium magnesium 1.0

EDTA ferric sodium 4.295
Ferric ammonium citrate 6.0

Ferric chloride anhydrous 1.89

Ferric cpi oride - 3.15 3.15
Ferrous sul fate - 4,98
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[3-Glycerophosphate disodium
Magnesium Oul fate
Manganese el oride
Molybdenum trioxide

Nickel chOoride -
Potassium hydroxide

Potassium iodide

Potassium phosphate monobasic
Potassium phosphate dibasic

Sodium carbonate

Sodium chloride

Sodium meta®ilicat
Sodium mol ®Pbdat
Sodium nitrate

Sodium phosphate monobasic
Sodium selenite

Stannic chloride
Thiamine + HCI
Trizma base (TRIS)

Vanadi um sQul fate o
Vitamin Bi»

Zinc suiof ate e« 7H

(9]
.

Grams of powder to prepare 1L

75.0
1.44
0.71
0.003
31.0
0.003
175.0
75.0

25.0

250.0

0.002

0.001

0.0022

8.82
B 5282

n/a

75.0

1.81 0.18

40.0

20.0

0.39 0.006

1500.0 75.0
4.411
0.1
0.005

0.222 0.022

C3061 GO0154

n/a n/a

0.18

6.589*
0.006
75.0
4.347

0.022
G 1775

0.092

0.18

15.0
0.006
75.0
4.411

0.1

0.005
0.022
G 9903

n/a

3.061

0.18

0.006
75.0

0.00173

1211

0.022
K 1630

0.244
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10.1.1.2 Biomass Conversion

The biomass conversion relationship used for experimental work is shokigure 10.1.

Samples with OD values above 0.8 were diluted to preareobheous readings.

gL-1

o2

10

15 20
OD750

Figure 10.1. Conversion of optical density at 750 nm and biomass dry weight.

The gradient of the line was found to be y = 0&246
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10.1.1.3.Triolein Conversion Graph

The relationship between triolein concentration and fluorescence intensity is shown below in
Figurel10.2.
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Figure 10.2. Relationship between triolein concentration and fluorescence intensity.
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10.1.1.4 Selection of a Suitable Strain

The results from the strain selection Section 4.4.1 are shokigune10.3.

0.6 9

gLt
pH

0 25 50 75 100 125 150 175 200 225

Time (h)

Figure 10.3. Growth curves and pH change of the tested algal strains on BBM.

The solid black lines show the growth curve on the primaaxiy, whilst the dashed black lines show the
change in pH on the secondanrayis (Triangles Chlorella sorokiniana Squares- Scenedesmuimorphus

Crosses- Chlamydomonageinhardtii).

These results show th@t sorokinianaresponded the fastest in terms of exiting the lag phase
at approximately 18 hours. WhilScenedesmusimorphus(CCAP 276/48had a lag time of

up to 50 hours; an@hlamydomonaseinhardtii (CC-1021)had a lag time in the region of
100 hours.The maximumspecific growth ratepmay) was then determined, with the data
indicating thatC. sorokinianawas the fastest growing strain under these conditions, with a
growth rate of 0.063"h The key parameters of the differentgts were then determinedid

are dsplayed inTable10-2. As a result of its performance and robustri@ssorokinianavas

selected as the strain to be used for all further experimental work.
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Table 10-2. Preliminary biological parameters of the investigated strains.

Strain ‘ (Y ® (gL 0 (gL'd?h 0 (h?Y)
C. sorokiniana 0.063 0.46 0.057 11
S. dimorphus 0.039 0.35 0.044 17.7
C. reinhardtii 0.031 0.22 0.018 22.4

10.1.2.Reactor Modelling and Validation

10.1.2.1.Bubble rise velocity Chart

Figure 10.2 from (Chisti 1989) was used to calculate the bubble rise velocity and
subsequently used to determine gasifup within bubble column systen(Bq. 22).

T 100 - - .
I F T

-SPHERICAL BUBBLES| ELLIPSOIDAL BUBBLES :r’l-'.fllh.-;._

- (most influenced |  (most influenced by CAP .

by viscosity ) | surface tension ) :

! Jf'_‘ : _,_,..-f"’df 1
pure -

—heavily
contaminated waoter

=

T 11

AlR-WATER

BUBBLE RISE VELOCITY (Up) x 10 °ms

| at 20°C |

| - | | i1 1 I 111 | | J

D'Sc.i J | 10 40
EQUIVALENT BUBBLE DIAMETER (dg)

x 102m

Figure 10.4. The bubble rise velocity in water.

The terminal velocity of air bubbles in water is shown as a function of the bubble diameter. Bg&Hidt,on

Grace and Weber 2005)
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10.1.2.2 Assumptions of linear liquid velocity model

Thefollowing assumptions were made from the worKléijnen and Van't Riet 1984, Chisti
1989, Doran 1995, K. Koutita 2015)

A The gas is incompressible, i.e. there is no change in the gas volume of each bubble during
its propagation along the tube.

A Bubblesare spherical; bubbles have been reported to be sphericak¥er & mm and
ellipsoid for 1 mm <Q < 1 cm(Clift et al. 2005)

A The Reynol ds numb e in the liquidtishawayb below the thresholdi s

required by Eq.3, based estimats of 'Y (=170— 2,200in the experiments.

Bubbles have egligible weightcompared to the drag and buoyancy forces

Thegas flow ratds constant

Flow is at steady state

Flow is turbulent

> > > > >

The drag force is uniform over the cresection of the tube as bubbles are assumed to be
spread evenlgfter a short distance from their entrande the bioreactor.

A There is negligible bubble recirculati¢8histi 1989)

10.1.2.3 Assumptions for Reynolds number calculations

Liquid density { ) = 998.2 kg ¥ (water)

Liquid viscosity () = 0.0009 kg/(s.m)
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10.1.2.4.Sampling at different reactor points

Data forthe ALR systems not shown, but summarised as follows:

A Dissolved oxygen:
91 Difference letween riser and downcomer betw@eril4%.
1 Slight increase in dé&at the bottom of the photwollecting tube, between-6%.

A Biomass concentration:

1 Negligible.

A Liquid velocity:
1 Slight decrease towards the edges of the array, no more than 10 % of the velocity
in the centre of the array.
A Gas holdup:

1 65-73% lower in the downcomer than the riser.

10.1.3.0Operational Costs

10.1.3.1 ALR Build Cost

Table10-3 shows theALR build costthat was used as the basis for the manufacturing costs
in Chapter 8Section8.32.

Table 10-3. ALR build costs (Varicon)

1 Aluminium frame

1mof 2"x1"x1/4" ALUMINIUM ANGLE 3 5.9 17.7
2.5mof 2"x4"x3mm ALUMINIUM RECTANGULAR BOX 1 29.53 29.53
STAINLESS STEEL FEET 4 4.43 17.72
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STAINLESS STEEL FEET INSERTS 4 0.7 2.8
PLASTIC END CAPS 4 1.23 4.92
STAINLESS STEELBOLTS, NUTS AND WASHERS 1 20 20
POWDER COATING 1 25 25
TOTAL £117.67
Photobioreactor
1m x 90mm ACRYLIC TUBE 4 22 88
PVC-U 4" TEE 90 DEG. WHITE 3 22.2 66.6
PVC-U 3" TEE 90 DEG. WHITE 4 12.93 51.72
PVC-U 4" ELBOW 90 DEG. WHITE 1 15.83 15.83
PVC-U 4" X 3" REDUCING BUSH WHITE 4 8.79 35.16
PVC-U 4" PLUG NPT MALE THREADED 1 10.81 10.81
PVC-U 4" ADAPTOR 1 11.51 11.51
PVC-U 3" WHITE PIPE ASTM D 1785 SCH 40 1 3.42 3.42
95.3x90x2.65mm RUBBER O RING SEAL WASHER 10 0.52 5.2
100x90x5mm RUBBER ®RING SEAL WASHER 10 0.4 4
PVC-U 3" Cap White 3 5.84 17.52
O-RINGS MACHINED INTO FITTINGS 1 210 210
PIPE CLAMP 110mm 2 2.63 5.26
PIPE CLAMP 110mm 2 6.52 13.04
POLYCARBONATE AIRFLOW METER 2 49.44 98.88
STAINLESS STEEL NON RETURN VALVE TYPE 2 4 10.38 41.52
VARIOUS 8mm PUSHFIT FITTINGS 20 0.93 18.6
8mm AIR TUBE x 50m 1 47.09 47.09
GAS SOLENOID VALVE 2/2 WAY 1 43.6 43.6
8mm VALVE 3 13.91 41.73
HAILEA AIR PUMP 1 31.59 31.59
ENCLOSURE BOX (ELDON) 1 60.3 60.3
CONTROL BOX ACCESORIES (terminalspntacts, switches) 1 31.32 31.32
DELIVERY OF GOODS 1 47 47
TOTAL £999.70
MANUFACTURING
FRAME BUILDING CUTTING, FILING, 8 25 200
REACTOR PLUMBING 5 25 125
GAS INSTALATION 2 25 50
BUILDING AND TESTING 3 25 75
MACHINING FITTINGS 3 25 75
PLANNING 5 25 125
TOTAL £650
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BUILDING COST TOTAL: £1,767.37

10.1.3.2 Further Cost and Energy Assumptions

Further assumptions that were used include:

A Pumpcosts ~ £1 = 1Wf pump capacity.
A ALR mixing energy usage 6.36 W/L

10.1.3.3.AnaerobicDigestion Principles

Anaerobic digestion is often used on municipal wastewater sites to treat the sludge that is
produced as a bgroduct of the process. The digestion progresses via hydrolysis,
acidogenesis, acetogenesis and methanogenesis; with thetépaproducing biogas and
digestate as major byroducts. Thiiogas consist of 55% 75% methane gas (G} 25%

45% carbon dioxide €O,), as well adraces of other gases liké»O, HS, B and N. The

biogas produced from anaerobic digestian be usedlirectly as a biofuel and coupled to a
heat exchanger to convéinie energy into electricity.

10.1.3.4 Biological Treatment Systems

10.1.3.4.1Reed Beds

Reed beds have been a widely deployed wastewater tregitagaotm for many decades. In
practical terms the process mimics a natural wetland ecosystem, and is conventionally used as
a replacement for primary and secondary treatment when ote#rods are unfeasible.
However,by increasing the retention time reed basestesys can be upgraded for use as a
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tertiary treatment platfornfSoilAssociation 2006)Although many different configurations
exist, most systems can be divided dnthree major groups; horizontal, vertical and
downward flow.Vertical andhorizontal flow systemgigure 10.5 (A) and (B) respectively
areamongsthe most populaalternative wastewatéreatment systems in the UKhis is due

to the high nutrient and BODremoval efficiencieghat result fromthe systematic flowof

waste effluenthrough aporousgravel bedmatrix. Treatment in this wagllows for organic
contaminants to be filtered out by the rhizosphere beéforganic nutrient uptake froplant

roots (Cooper 1999) Benefits of usingreed bed technology includihe relatively low
congruction and operational costs; however thereadse severatirawbacks with reed bed
deployment. These factors include lower removal efficiencies during more extreme weather
events, as well as considerable performance drop during winter mathtbiswvhich can lead

to the accumulation of nutrients within the reed bed. There are also problems associated with
harmful bacteria and insects proliferating within the water body during hotter months.
Another major problem with the use of reed beds is the kregd footprint required fothe

treatment of higher throughput faciliti€@Sooper 1999, Green and Upton 1994)
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Figure 10.5. Diagram of aA) Vertical reed bed B) Horizontal reed bed

Image modified fron{Green and Upton 1994, Cooper 1999)
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10.1.3.4.2Twin- Layer Membrane Photobioreactor

Twin-layer membrane bioreactarsuld be considered tepresent the cutting edgérecent
developments in algal cultivatiofNaumann et al. 2013, Shi et al. 2Q1these platforms
could find applicatiorwithin industrial biotechnologyor wastewater treatment. The current
generation ofnembrane bioreactof8/1BRs) are constructed along a vertical axis, such that
two porous membraneseate aralgal biofilm sandweh dong acentral supporting core. The
wastewater is introduced to the system by trickling through the interphase layer from the top
of the system Kigure 10.6). This approach allows for nutrients to permeate through the
layers, whilst also keeping the algae separate from the bulk of the liquid phase. As with
closed photobioreactors there is an ability to control the biotic and abiotic parameters within
the system(Shi et al. 2007) The literature reports high levels of productivity andrient
removalwithin MBR technology as well as lowered energy costs compared to other closed
systens (Schultze et al. 2015)Some drawback#clude high initial capital expenditure
compared to open algae pond systems and an increased necessity for maintenance due to

membrane fouling.

Source layer
/ Glass fiber nonwoven

Substrate layer
Paper

Immobilized
microalgae

. I

Membrane
pump

&

-

q#

Culture medium

Figure 10.6. Twin layer membrane bioreactor.

Note the continuous drip flow that is created via the circulatory motion of a membrane pump. A clear separation
between the flow and immobilised algsecreatedby the substrate layehat can also be seen in the diagram
(Naumann et al. 2013)
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10.1.3.4.3Algal Turf Scrubbers

Algal turf scrubbers (ATS) are anothigpe of suspended biological systewhichcan vary
considerablyin construction and orientation, baften take the form of vertical or inclined
supporting struct r e s up on wh i-lwed itsedf. Comhmom donfiguateoms include a
lined tank through which wastewater can flow and contachitbfém layer, shown irFigure
10.7. Other approaches drip wastewater across the biafilra, fashionsimilar to the twin
layer membrane bioreactor outlined 8ecton 10.1.3.4.2, althoughvithout the physical
separation othe biofilm from the bulk of thevastewaterThe literature reports good levels
of nutrient removalwithin such systemsat around 92% nitrogen and 86% phosphorous
uptakerespectively(Mulbry et al. 2008, Mulbry et al. 2010)he problerms encountered by
these types of system are similar to those of reed beds, in that they can be negatively
impacted by seasonality, whilsther issuesnclude the requirement for regular replacement

and maintenance of the tudtie to foulingor con®rtia overgrowth.

[ hoshounciac |
' '
' . "
- 1 trough nylon netting with attached algal turf plastic liner
: '
'
'E o/ - / - / manure effluent
'
i < 30m R | @
RN : RS - - S —. Y R
= Water flow !
|
underground ' i sump
sump (3500L) — | @@ pump

Figure 10.7. Horizontal algal turf scrubber.

(A) shows a horizontal turf system. (EBhows common dimensions and circulation methods, fidoibry et
al. 2008)
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10.1.3.4.4Closed Photobioreactors and Open Ponds

A detailed discussion of open and closed algal systems alongside diagrams can be found in
Chapter 6Section 6.6.3.

10.1.3.5.VariconPhotobioreactor Systems

10.1.35.1Bi oFence ™

The Bi oFence™ i s a highly efficient and re
monocultures of marine and freshwater algae, typically operating at densities 2 to 5 times that

of conventionalculture methods. The innovative manifold design dramatically reduces the

light path and increases volumetric productivityternal tubular diameters typically range

from 2550 mm, and liquid velocity is in the region of 0.8 th s

10.1.3.5.2PhyceF | ow™

The PhyceFl ow™ i s an innovative serpentine desi g
production requirements, whilst dramatically reducing labour and handling problems with a
patented sele | eani ng mechani s m. The tubes are made
partnership with Schott Glass and result in a highly productive system with aasuperi
lifespan to many competitors. Liquid velocities are in the range of@3 m s, with tubular

diameters between 0.69.11 m.

10.1.3.5.3PhycePy xi s ™

The PhycePy x i s ™ Dbfully oogteolledaenclosed photobioreactor concept to the
marketplace, and is available in a range of incremental sizes frérto ¥n?. The reactor is
internally illuminated with LED technology that can be tailored to specific photosynthetic
requirementsand is mixed by aeration, which significantly reduces the issue of excessive
mechanical shear. Standard fabrication is in glass reinforced plastic, with a top overflow for
harvesting and a bottom outlet for draining, the top of the reactor is removable for

maintenance and cleaning purposes.
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10.1.4.Conclusions and Discussion

10.1.4.1 Further Work with the ALR

Collaborative work undertaken with K. Koutidemonstrated the effect of changing the
bubble diameter, riser diameter and riser height for a 5 L ALR. For thedpdirpeference
consultAppendix 10.1.5.ZK. Koutita 2015) A summary of finding$ollows:

A Gas holdup:
1 Smaller bubble diameter increased gas ‘ugd
1 Smaller riser diameter increased gas hgid
1 Shorter risers decrease the gas hgidbut lengths above 1 m have no apparent

effect on increasing the gas halg.

A Linear liquid velodiy:
1 No apparent effect of bubble size on liquid velocity within the tested range (1.8
4.4 mm).
Smaller diameters increase linear liquid velocity.

Longer risers increase linear liquid velocity.

10.1.4.2 Preliminary Membrane Reactor Work

A preliminary investigation into membrane bioreactors was undertaken to investigate the
feasibility of algal production using this platformA miniaturised reactor was set up as
described ifNaumann et al. 2013ith flow created by a peristaltic pump running at 2 ml
per min.C. sorokinianawas grown at 3T on 1 x BBM, under 10@ mol s m? of light
provided by white LEDs (White Python). Productivity was found to reach 7.%gefbrane)

d?. An image of the membrane can be seeBhiapter 4, Fig. 4.3.
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10.1.5.Published Work

10.1.5.1.Combined remediation and lipid production us{diglorella

sorokinianagrown onwastewater and exhaust gases.

A Complete manuscript was used in Chapter 5, alongside other unpublished data.

A.M. Lizzul, P. Hellier, S. Purton, F.&anz, N. Ladommatos, L. Camp@813) Combined
remediation and lipid production using Chlorelkorokiniana grown on wastewater and

exhaust gase®ioresource Technology. 151-13.

10.1.5.2. A Theoretical Fluid Dynamic Model for Estimation of the
Hold-up and Liquid Velocity in an External Loop Airlift

Bioreactor.

A Collaborative work undertaken with K. Koteti Summary of key findings in Appendix
10.1.4.1.

K. Koutita, A.M. Lizzul, L. Campos, N. Rai, T. Smith, J. Stegemann (2045)heoretical
Fluid Dynamic Model for Estimation of the Helgh and Liquid Velocity in an External Loop
Airlift Bioreactor. International Journal of Applied Science and Techno|dgyl-29.

10.1.5.3 Algal Cultivation Technologies.

A Book Chapter written under the supervision of Dr M. Allen (Plymouth Marine

Laboratory). Excerpts used in Chapter 4 and Chapter 6.

A. M. Lizzul, M. Allen (Article in Pres3. Book ChapterAlgal Cultivation Technologies.
Biofuels and Bioenergy. Wilelackwell.
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