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ABSTRACT

A STUDY ON THE UTILI ZATION OF MICROALGAE FOR PRODUCING
LIGHT AND BIOFUEL IN THE BUILT ENVIRONMEN T

SungerYaj] mur
Master of ScienceBuilding Science in Architecture
SupervisorProf. Dr.Soofia Tahira Elias Ozkan

September 201951 pages

Microalgae utilization in the built environment cde a key way to develop
sustainable urban environments. Microalgae have many potentials sucviasng

the raw material for biofuels, reducing greenhouse gas emissions, contributing to
indoor air quality, treating wastewater, and illuminating spachkerefore, all these
features offer the opportunity of symbiosis between the microalgae and the built
environment. Although there are many studies on microalgae, more research is needed
at the intersection of architecture and biotechnology to integrateittierthe built
environment. In this study, it igimed to contribute to this new research topic by
proposing integration designs to show the possibilities to produce biofuel and
bioluminescent light from algae within a symbiosis between the microalgaieand

built environment. In this context, a comprehensive literature review was conducted
on microalgae and their characteristics, cultivation and harvesting methods,
integration systems, processes to obtain bioenergy and bioluminescence. Microalgae
utilized case studies in the built environment were reviewed. After having a
fundamental knowledge, six microalgae species were defined for target use in the
study: biodiesel and light production. Characteristics of selected species and
requirements to cultivatbem in buildings were presented and using this information,

a conceptual study was prepared on Konya Provincial Directorate of National



Education Buildingbés architectur al project
two differentintegrations wergroposed Utilization of microalgae on the building

facade and inside the buildinghe proposal wadased on the conbrution that

microalgae and the building could provide to each other. One of the conclusions of

this study is the importance of archite@l design process for integration studies.

Microalgae become one of the building users as a result of integration, and like other

living things, they can survive under certain conditions. In order to build a symbiotic
relationship, the characteristicstbke algae to be cultivated in the building should be

well known and optimum conditions should be provided for them. Successful designs

can create symbiosis and buildings can be productive components of sustainability.

Keywords: Sustainable Architeate, Productive Architecture, Microalgae in

Architecture, Buildingintegrated Photobioreactors, Bioluminescent Lighting
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MKKROALGLERKN YAPILI ¢EVREDE |kl K VE BKY
K¢KN KULLANIMI ! ZERKNE BKR ¢ALI k M/
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Mi kroal gl erenkylapahéeémeesged¢ir ¢l ebilir ker
anahtar yol olabilmektediMi kr oal gl er , bi yoyakeéetl arén h

sera gazé emisyonlarénén azaltel masée, i -

i yil ektirmdhkermrsliarvwemyaaydénl at eél masé gi bi
Dol ayéséyla t¢m bu °zellikler mikroalggle
sunmaktader . Mi kroal glerl e 11 gili bir- ok
yapélé -evreyre minmarglral yoeubiyoteknol oj i
daha fazla araktérmanén yapeéel masalglea i ht iy
vV e yapéel e - e simbigosis kragpps ameEaldia al gl erden

bi yolumi nesanosl ada&j]l am@gwmeet pE€rseleirk laent egr ¢
Onerilmesii | e bu yeni araktéerma konusuna katHk
kapsamda, mikroalgler ve 6zellikleri, kiltivasyon ve hasat yontemleri, entegrasyon

sistemleri, bi yoenerji el lbden welt arreé nidkal edrd te:
i terategr taramasé yapeéel méxkteéer. Yapeéel e

i ncelenmi kKtir. Temel bil giler edinil dikt
ama-1larée olan biyodi zel vetik k bkl gpr eenmiR
Se-ilen te¢rlerin °zellikleri ve yapeéelar dé
bil giler kull anél arak Konya KI Mi || Ej
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mi kroal g entegrasyonu iczerine kfoarslelpé -al e

entegrasyon °neril miktir: Mi kroal gl erin bin
¥nerinin temel.] alglerin ve binanén birbirir
Bu -alékmada vareélan sonu-1lardan Dbiri enteg
s¢recinin °nemidir. Mi kroal gl er entegrasyon
ol makt adeéer , ve dijer canl el ar gi bi bel | i ko
Simbiyotik bir ili kKK kurul masé i-in binad:
bilinmel i ve onl ar i -in en wuygun Kkokull arén se
tasarémlar sonucu simbiyosis olukturulabil ec
°jJeleri olabilecektir

Anahtar KelimelerSirdirilebilir Mimari, Uretken Mimari, Mimaride Mioalgler,

Bina Entegre Fotobiyoreakt©°rler, Biyolumines
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CHAPTER 1

INTRODUCTION

This study presents the utilization of alga¢heabuilt environmentnainly for biofuel
and bioluminescent light production purpadeshis chapter, theomcerns underlying
this study, motivationabackground, argumenbbjectives and methodology are
introduced.The dapte ends with dispositiorthe brief informationof whichis given

in thefollowing chapters.

1.1.Problem statement and argument

Energy is or of he main indicators that present the potentiatémial and economic
development. Over the decades, especially in developed countries, energy demand
continues to increase. Accordingttee InternationalEnergy Agency, there is a 3%
growth inthe buildingsd f | oor ar ea g llso bha bdildngs eande r y
building construction sectors consume 36% oéltenergy and are responsible for
40% of direct and indiredarbon dioxide€©O,) emissiongThe International Energy
Agency, 2019) High demand and consumption of fossil fuels cause depletion of
sources with increasing greenhouse gas emissions whicmbeagcountrieso plan

energy policies for short and long term.

By 2020,theEuropean Union aims to reduce greenhamissions by 20% compared

to the 1990 year level, increase energy efficiency and to achieve a 20% reduction in
primary energy consumption, to supply 20% of energy consumption from renewable
sources. Regulated likie EU Energy Performance of Buildings Ditee, all new

buildingsarerequired to be nearly zeenergy by the end of 202énd all new public

y |



buildings must be nearly zeemergy by 2018The European Parliament, 201The
United States has a comprehensive mydarprogram plarwhich requiresuildings

to achievea 17% reduction irgreenhouse gas emissions by 2020m 2005 levels

and 83% by 2050. Doubling energy productivity relative to 2010 by 2030 is also
highlightedin national goalgU.S. Department of Energy, 2016)

Renewable sources and carbon neutral fuels are the key solutions to achieve a
sustainable environment. Despite the global energy issues, scientists have been
continuing tosearch for renewable energy sourcesvalterndives, energy efficient

desigrs, and tetinologies.

The climate and weather conditions have been a problem for constant energy
production from commonly utilized renewable sources like solar and wind. One of the
renewable energy alternatives, bioenergy, Wh& derived from biomass, receives
attention worldwide. Biomass is mainly converted into biofuel types such as biodiesel,
bioethanoland biogas through different processes. Microorganisms which are defined
as third generation bioenergy feedstock, ardnljiggddvantageous among first and
second generation feedstocks like staich crops and noefood crops(Pragya,
Pandey, & Sahoo, 2013Chia, Ong, Chew, Show, Phang, Ling, Nagarajan, Eee,
Chang,2018). The microalgae are ptasynthetic aquatic organisms which are the
primary producers ithemarine environmern(Chia, et al., 2018 Spilling & Seppala,

2012) Because of simple cell structure, they are more efficientextens of solar
energy compared to oth@hotosyntheticplants (Bajhaiya, Suseela, & Ramteke,
2012) They contribute to a significant amount of oxygen production and more than
40% of carbon is fixed by algae on a global s¢Alemed, Li, & Schenk, 2012As a

third generation feedstock, microalgae have much more to offer like the potential of
doubling their mass every few hours during the exponential growth period and the
oleaginougell structure whikb can be more efficient for biofuel producti@@ajhaiya,
Suseela, & Ramteke, 2012) Addi t i onal | ylargetaideasabledamds6t r eq u i
like crop plants, and they can live in marginal water sources likepptable water
(Ozkan, Kinney, Katz, & Berberoglu, 2012)



Algae which are classified under the division dinophyta calleditieflagellates can

be both photosynthetic amibluminescent. Bioluminescence, the light production by

living organisms is commonly observed on the surface ocean, and bioluminescent
groups among dinofl agell ates arWynnmostI| vy
Behrens, Sundararajan, Hansen, & Apt, 20{@parcinko, Painter, Martin, & Allen,

2013) (Valiadi & IglesiasRodriguez, 2013)

All'in all, considering the use of miatgae in built environment can be worthwhile.
They can be cultivated in built environment and be feedstock supply fluelsp
reducegreenhouse ga§&HG) emissions andontribute to indoor air qualitiyn terms

of CO absoption, treat wastewater, and illuminate our womy. these feature, is
argued that microalgae have the potential to mibet built environmend s
requirementsandbe cultivated within buildings in a symbiotic relationship.

1.2.Objectives

Recent studies show that microalgae are one of the renewable bioenergy sources to
achieve a sustainable clean environmditiere are many efforts to maximize the
biomassproduction and obtainingndproducts from algae but mortudiesare
neededon building integrated microalgae cultivation and its effeats built
environment.So hee, it is aimed to contribute tthis new research topic, by
conducting a comprehensivaterature review on microalgae and proposing

i ntegration designs on Konya Provincial
architectural projecto show thepossibilitiesto producebiofuel and bioluminescent

light from algaewithin a symbiosis beteen the microalgae and the built environment

1.3.Procedure

This study is majorly developed in 4 phadeghe first phase, raroalgae utilization

is examined within the framework of;



Microalgae cultivation and harvesting methods
Methods to obtain bioenerdgom algal sources,

Bioluminescence to define the potential for lighting,

> > > >

Microalgae utilizedarchitecturabpplications

In the second phase, suitable algae species @mlidsiel and light production are

reviewed However, it is estimated that over 50006pecies of microalgae do exist,

but nearly 30.000 of them have yet to be determipdell ci k & ¢akmakcé,
Depending on the desired function and the end product, determining the microalgae
species becomes crucial as theicafficy of cultivation, harvesting and energy
conversion methods depend @nmgya Raedeys& r ai nod s
Sahoo, 2013)Besides, the chemical compositions and the growth rate of algae are
affected by cultue medium and environmental conditions, such as temperature, pH,

light intensity, nutrient availability, salinity level, G@vels, mixing ratéChia, et al.,

2018) ( El ci k & ¢ a kTimaekore ethe mdsd duifaple algae species are
identified among the commonly studied ones by scientists for biofuel production and
bioluminescence researchiheir characteristics are collected amgtimal growth

conditions are lotained from published data in the biological field. Microalgae

requirements and photobioreactor design parameters are also reviewed.

In the third phasdhe information isnterpreted and the integration of microadgato
the built environment idiscusgd. A conceptual study has been prepared for Konya
Provincial National Education Directorate building for the integratiomicfoalgae
to building fagaddor biodiesel productiomndto building interiorswith daylighting

systems for bioluminescent lightoduction.

In the last phase, the studyesaluated overall and conclusions are given.

1.4.Disposition

The report is composed of five chapters.
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After the introduction, a literature review is presented for gebeinderstanding of
microalgae,its potental and possible applications in architectural designthe
section otftheliterature review, iformation about algae is givecommon citivation
methods are explaingd microalgae requirements and designitecia of
photobioreactors are reviewed thefollowing part, algae potential is examined under
two main categories which are bioenergy and bioluminescence. Under bioenergy,
harvesting algal biomass and conversion methods to bioethanol, biodiesel and biogas
are presented. Bioluminescence categorysisté of different biologic lighting
mechanisms with a highlight on bioluminescence phenomena, in which the chemistry
and molecular biology, behavior and physiology, and functions are examined.
According to research targets microalgae species are sedectekeir characteristics

are given.In the las® sectiors of the literature revieydaylighting systems as a tool

for microalgae cultivation anexamples of algae utilization in built environment are

reviewed.
The third chapter presents the materials$ #ti@ method of the study.

Thefourth chapter presents discussion the integration of micrégae into the built
environment with a conceptual study conceptual study prepared for Konya

Provincial National Education Directorate building.

The final chaptr gives the conclusion.






CHAPTER 2

LITERATURE REVIEW

In this chapter, literature is reviewed to know more about algae, its potential and
possible implications in architectural design from different aspects. Algae cultivation
methods, conversion of biomass different types of energyioluminescenceand
biologic lighting mechanismsare examined. Moreover, examples of algae utilized

projects are presented at the end of this chapter.

2.1.Algae and current applications

Life has started on Earth with Cyanobaigtemhese prokaryotic algae were the first
colonizers, and through photosynthesis, carbon dioxide filled atmosphere was cleaned
and oxygen was released which enabled other life forms to(liee mi r bak &
De mi r b a,Chu, 2002} 0 )

Algae aresinglecelled or multicellular simpleorganisms( De mi r bak & De mi
2010) They can be found everywhere on Earth but maintemarine environment;

they are the most abundant bétprimary producers in the ocean which have 71% of

the footprint. Despite their mass size constitutes less thanmiéfe than 40% of

carbon is fixed by alga@ast, 2012)1t is reported thaapproximately 1.8 kg o£O;

can bdfixed by 1 kg of microalgae biomagSharma & Sharma, 2017)

Algae are an extremely diverse group. Despite their important role on the Earth, the
knowledge of algal diversity remains limited due to geographically unexploresl area
and lack of research. Biologists still discuss algal taxonomy and systematics; current

classification of algae are mainly based on kinds of photosynthetic pigments, cellular



structure and life cycle. Major groups of algae have been classified intoia@gis
which are; Cyanophyta (blegreen algae) and Prochlorophy@hlorophyta(green
algae), Rhodophyta(red algae), Euglenophyialorarachniophyta, Glaucoplayt
Heterokontophyta, Cryptophyta, Haptophyta, d@he Dinophyta (Elnabris) (Bast,
2012)

In terms of size, they can be defined as the microscopic (microalgae) and macroscopic
(macroalgae) forms including seaweeds in macrodlGae, 2012) Microalgae are
commonly otosynthetic; by using GOthey cowert solar energy and produce
valuablecompoundsy metabolic reactiondHigh surface to volumeatio cell body
makes them capabke take more amount of nutrients and sunlighbe mi r b a K
De mi r b aKTheir &rQclue9 are majorly designed to store and convert energy
without development beyond the cells, the simplicity of their growth has made them
more sustainable than other renewable bioenergy so@fckmniyi, Azimov, &
Burluka, 2018) Even the consideration of algae as a renésvabergy source is not
new, benefitting frommicroalgae by humans dates bacB(® years to the Chinese
(Spolaore, Joanni€assan, Duran, & Arséne, 200t the present time, thegre

manybiotechnological applications:

A They are used ithefood industry due to their high nutritional value,
microalgae such &pirulinaandChlorellaare being mass cultured for
dietary supplementary produgtShu, 2012)

A They have a significant contribution tiee health industry. Microalgae are
rich sources of bioactive metabolites which have applications in
pharmaceutical industries. It is reported that most of the algae have ant
microbial, antiviral, antrcoagulant antenzymatic, antoxidant, antifungal,
antrinflammatory, and anitancer activity compoundSigamani,
Ramamurthy, & Natarajan, 2016)

A They contain many compounds that hiepncreas the fertility of soil
besides acting as a biological protector against plant diseases. Nitrogen is one

of the most important factefor the growth of plants while most



cyanobacteria are known to fix atmospheric nitrogen as an effective fertilizer
(Sharma & Sharma, 2017)

A Environmental biotechnology is applied to remediate the wastewater hence
algae can be used as a tool for assessment and monitoring of environmental
pollutants(Chu, 2012)

A They areused as feed in aquaculture as well as for pets and farm animals
(Carlsson, Beilen, Mdller, & Clayton, 20Q{ypolaore, Joanni€assan,

Duran, & Arsene, 2006)Sharma & Sharma, 2017)

A They can be incorporated into cosmetics which microalgal esteae used
in antiagingandrejuvenating care products, sun protectants and hair care
products(Spolaore, Joanni€assan, Duran, & Arsene, 200@harma &
Sharma, 2017)

Besides the applications, there are conducted researches on light production from the
living organisms. Simply, bioluminescence is visible light produced by living
creaturegWidder, Marine bioluminescence, 200I)spiredbyn at ur e 6s phenor
studies in architecture investigate the potential applications of microorganisms in

spatial or material contexianuel, 2017)

As a result, carbon captymsguestrationlight production features, rapid growth rate
and ability to survive irsevereconditionsleads microalga¢o be apotential for
utilization in built environmentlIn this study,from many applications of algae
explained previouslyalgae utiliation will be evaluated mainly in terms efiergy
production,carbon capturing and lighting.

2.2.Cultivation methods

Strain selection andsolation of microalgae depenonh the intended purpose of
utilization. But in general, strain selection netmbe evluated on certain parameters
under resistivity to the environmental changes sudigls temperature, nutritional

requirementscarbon supply, pH, and contaminatigso, a high growth rate is a



crucial factor as itreducs cultivation time and cosfRashid, Rehman, Sadiq,
Mahmood, & Han, 2014 Selected strain can be obtained from culture collections, but

it is reported that cultured microalgae tend to lose their resistivity to environmental
factors and reproduction capabjliin time due to the controlled environment.
Therefore, it is suggested to isolate the selected microalgae strain from nature, which
many methods exist such as single cell isolation, serial dilution, streak plate, density

centrifugation. Commonly, the falving steps are applied for isolation:

A Collection of microalgal samplesdfiltration of undesired microorganisms
A Reducing the number of cells in a gradual manner by diluting the filtered

sample

A Determination of microalgae strain which is examined fdiloted samples
by microscope and cultivation in the agar media

A Trarsportation of microalgae to liquid mediaEl ci k & ¢akmakceée, 2017

Algae basically need nutrients such as sunlight; @@ water buthe selection of
cultivation and harvesting methods also depends on the desired end phalduncyi,
Azimov, & Burluka, 2018) In the production of microalgae, biological, ron
biological and many factors arising from operating parameters are effecight,
temperature, nutrient§),, COp, pH, salinity and toxic chemicals are rbiological
factors whereadacteria viruses and other algae species are among the biological
factors. Besides, mixing, operational factors such dikition rate, harvesing
frequency are also effective lmomassroduction( EI ci k & ¢akmakcé, 2017
At present, microalgae biomass for is harvested from natural habitats or obtained from
controlled cultivation processés commerciapurposesNatural ponds and lagoons,

or artificial ponds such asaceway and circular ponds, photobioreactors and
fermenters can be used to growcroalgae(Zittelli, Rodolfi, Bassi, Biondi, & Tredici,

2013) In general, cultivation methodan be categorized as open and closed systems.
Hybrid systems and algal filmdsa exist for biomass culturingut closed PBRs are

the main focus within the scope of building integrated algae utilization.
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2.2.1.0pen systems

Open systemare commonlysed fodargescale production. Micragae cultivation

takes placeutdoors wheré¢he culture is directly exposed to the environm&hese

systems can be listed;asceway pondamixed pondsshallow lagoons and ponds,

inclined systemsand circular centrgbivot ponds(Borowitzka & Moheimani, Open

Pond Culture Systems, 2018)onstructed ponds can be in excavated pits or raised

above ground level, usually incorporated with a mixing system like paddlewheels,

water jets or air pumps. Ming playsan important role to achieve a homogenous

culturecirculation of algae, wateand nutrients as well as enabling algae to suspend

in thewater close to the surface for sunlight penetration anga®8brption(Adeniyi,

Azimov, & Burluka, 2018)Open systemare introduced below

A

Algae lagoons, ponds and ditches are used as natural systems of algae
culture. These natural systems serve for wastewater treatment and biomass
production inthefood industry including aquaculte feed and human
consumption.

In inclined systems, algae culture flows down on an inclined surface and
pumped back to the top level continuously during the day.

Circular centralpivot ponds arene of the oldest types which are used for
cultivation. Thee ponds which are made of concrete, can be 50 meters in
diameter and mixed with rotating arm mounted at the center.

Mixed ponds are commonly used on biomass production for aquaculture
feed. These ponds or tanks can vary in mixing methods like aeratohieo

base or using drag boar(Borowitzka & Moheimani, Open Pond Culture
Systems, 2013)

Raceway ponds are generally preferred among artificial cultivation systems.
The channels 260 cm in depth comprise a closed loop, wtdah be built in
concrete, or compacted earth and be lined with plastic. The paddlewheel,
where the nutrients are supplied to culture in front of it, is operated to achieve

continuous flow and to prevent sedimentation..G® supplied from the
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surface aitbut aerators may be installed to enhance absorgBmnnan &
Owende, 2010)

Someopen systems can be seen in Figure 2.1. At the top left, a shallow pond is
presented which is one of the largest commercial microalgae prody#iots in
Australia. Mixing is ensured by wind, convection and water flow management through
the system. The top right shows paddle wheel driven raceway ponds in USA, and the
bottom left shows sloping shallow cascade system in Czech Republic. At th@ botto
right, waterjet circulated lined racewaype pond in Australia is introduced
(Borowitzka & Moheimani, 2013)

Figure 2.1 Open system cultivation methg@orowitzka & Moheimani, 2013)

Open systems are more advantageous compared to closed systems in terms of
installation and operation costs. They also have lower energy requireameht,

maintenance and cleaning are easier. Despite disacomels systems are generally

12



reported to be less efficient on mass productivity, which thesfecting factors can
beevaporation losses, temperature fluctuation in the growth mediad€idiencies,
inefficient mixing, and light limitationMoreover,open systems is limited to a few
genera and they require highly selective environments due to contamination risk
(Chia, et al., 2018)Brennan & Owende, 2010)

2.2.2.Closed systems

Closed systems are diffent types of tanks or photobioreactors in which algae are
cultivated.Water, necessary nutrients and carbon dioxide are provided in a controlled
way, where monoculture or multiculturalltivations are possiblgCarlsson, Beilen,
Moller, & Clayton, 2007) Photobioreactor technology is designed to overcome the
problems associated with open systems such as contamination and pollution risk
(Brennan & Owende, 2010Photobioreactors have higher efficignon biomass
production, shorter harvest time and higher surfaeslume ratio compared to
ponds. They consist of phelionited central darkzone and peripheral zone witlktter

lit close to the surface. Turbulent flow provided by air circulates micaeabgtween

light and dark zones, also helping the mass transfer of carbon dioxide and oxygen
gasef Demi r bak & DElosedrsysterrs,are gedekally)characterized by
their shape and geometry. The design considerations for PBRs in common are efficient
transport of light and diffusion of GOO, gas removal and temperature and pH
control. If sohr light is used, transparent materials are needed to comprise the system,;
for plastics, the highest optical transparendypared wavelength range between 590

670 nm is recommendedhe eflective material coatg on internal surfaces of PBRs

can be preerred ifaninternal artificial light source is used. Medium culture is mixed
through aeration or mechanically withe use of an impeller. Since homogenous
diffusion of CQ, nutrients and light access are important factors on productiviy,
thicknessof PBR and selection of mixing system hareeffect on these parameters
(Genin, Aitchison, & Allen, 2016)Closed systems are commonly in three geometries,
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they include tubular, flat plate and column photobioreadfBrennan & Owende,
2010)

Tubular photobioreactors are the most commonly used type in commercial algae

production. They consist of tubes either made of glass or plastic in which the culture

is circulatel (Fig. 2.2)(Zittelli, Rodolfi, Bassi, Biondi, & Tredici, 2013)'ransparent

tubes range from 3 to 6 cm in diameter and 10 to 100 m in length and can be positioned

in various waygJanssen, Tramper, Mur, & Wijffels, 2003)

A In a horizottal planeas straight tubes with-bDends

A Vertical, coiled as a cylinder

A In a vertical plane, positioned in a fedid@ structure using Wbends or
comected by manifolds

A Horizontal or inclined, paralléubes connected by manifolds

Figure 2.2 A Tubular photobioreactoin a greenhouse growing Spirulifkarml, 2019)
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The culture is continuously circulated between the tubes and a reservoir. Biomass
sedimentation is prevented high turbulent flow which is produced by a mechanical
pump or an airlift pumgChisti, 2007) Smaller tube diameter increases biomass
productivity and ensures optimal light regime. Extremely long tubular design effects
photosynhesis inhibition caused by excessiveptoduction(Acien, et al., 2017)

Column PBRs are vertical elements aerated from the bottom which can be stirred
tanks, bubble columns or airlifts. They can be illuminated througmpter surface

or internally (Brennan & Owende, 2010)(Eriksen, 2008) ACol umn PBR
terminology varies in many sourc€arvalho, Meireles, & Malcata, 2008¢fines

airlift and bubble column reactors as types of vertical tubular reacto&yandHu,
ChunYen, & Chang, 2014g¢ategorizes them under vertical column PBRs, whereas
(Duan & Shi, 2014yemarks them individaily like main PBR types as flat or tubular
PBR. Considering all with details, bubble columns andiféér can be categorized
under column PBRs. Bubble column PBRs are vertically placed tubular PBRs-and air
lift reactors can be defined as modified bubbtdumn reactors which an internal
structure is added. While gas flow is directed to the entire reaciduibble column,

the volume is separated with a secondary internal column in order to create a
circulating flow inthe air-lift reactor. Rising bubbkin the internal structure cause

the liquid to flow upwards than downwards to counteract forces. In terms of efficiency,
it is reported that dimensions for bubble column andifareactors should be limited

by 0.2 m in diameter and 4 m in heigbuan & Shi, 2014)(Bitog, et al., 2011)

Flat panel reactors are transparent boxes with a depth ranging from 1 tth&yane
designed to capture maximum solar energy. They are oriented accordimegstom
either vertically or inclined. Perforated tube at the bottom of the panels supahd

mix the culture (Fig. 3).

Overall, closed systems are advantageous for ensuring a controlled environment in
terms of temperature, pH, mixing, contaminatioavention, evaporation prevention

and reduction of carbon dioxide lossé&deniyi, Azimov, & Burluka, 2018)
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However, theequipmentnd highenergy requiremertf the systems impede them to

be utilized widespread. Also, mostregns of the worl dds <cli mat e
suitable for stable biomass production, therefore temperature control in culture

medium come into prominence. As a result, designing new systems and new material
selections with lower costs is crucial for huet developmer(tyen, Hu, ChunYen, &

Chang, 2014)

Figure 2.3 Flat panel photobioreactoflLofgren, n.d.)

Comparison of PBR efficiency is theowsly possible, however, experiments
conductirg various PBR using the same spesieinder identical environmental
conditions are needed for realistic results. A study concluded that vertical PBRs
provide higher areal productivity due to lower incident photiux density on the
reactor surface. Flat PBRs found to have the highest average photosynthetic

efficiency, areal and volumetric productivifcien, et al., 2017)According toa
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different research, the maximum cell c@mtration ofPhaeodactylum tricornutum

was achieved through flat panel PBR among airlift and stirred (@nler, Deniz,

Demirel, Oncel, & Imamoglu, 2019)n another study, it is reported that ffdates

are considered to bag¢most efficient design for PBR&enin, Aitchison, & Allen,

2016)

Table2.1 Comparisorof differentcultivation method¢Brennan & Owende, 2010)

Production system

Advantages

Limitations

Raceway pond

Relatively cheap

Poor biomass productivity

Easy to clean

Large area of land required

Utilises non-agricultural land

Limited to a few strains of algae

Low energy imnputs

Poor mixing. light and CO, utilisation

Easy maintenance

Cultures are easily contaminated

Large illumination surface area

Some degree of wall growth

Suitable for outdoor cultures

Fouling

Good mixing with low shear stress

Tubular PBR Relatively cheap Requires large land space
Gaodbomum prolichviits C?radients of pH. dissolved oxygen and
CO, along the tubes
High biomass productivities Difficult scale-up
Easy to sterilise Difficult temperature control
Low oxygen build-up Small degree of hydrodynamic stress
Flat plate PBR Readily tempered Some degree of wall growth
Good light path
Large illumination surface area
Suitable for outdoor cultures
Compact Small 1llumination area
High mass transfer Expensive compared to open ponds
Low energy consumption Shear stress
|Column PBR

Sophisticated construction

Easy to sterilize

Reduced photoinhibition and photo-
oxidation

Table 2.1 shows the advantages and disadvantages of commonly used

cultivation

methods. In summary, the major advantage of raceway ponds is the feasibility in terms
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of low construction costs, low power consumption and easy maintenance. In contrast,
biomassproductivity is low, and the cultivation is limited to a few strains of
microalgae due to contamination risk. Atsgeway ponds require largeeas ofands.

As the closed systems are designed to overcome the limitations ofyspems, they

have the adantageof reducing the risk of contamination thus giving dgportunity

to produce monocultures of the selected microalgae species. Also, controlled culture
conditions provide higher biomass productivity. On the other hand, fouling is one of
the disadvaratges. Fouling and dense biomass culture limits light penetration into the
culture. Tubular and flat panel PBRs have larger illumination surface area compared
to column PBRs, but high surface to volume proportion can result in difficulties to
control cultue conditiongAcien, et al., 2017)Brennan & Owende, 2010)

2.3.Requirements of microalgae and PBR Design parameters

Information abouthe site, the building function and requirements often cantstst

the fundamentals of initial architectural design. Parameters of cultivating microalgae
take part in these design fundamentals since the environment can have a crucial effect
on organisms. Therefore, the key way to createefficient symbiosis between
microalgae andouilt environment is to provide the optimal growth conditions for
microalgaethrough PBRs in the first stem the previous sectionbrief information

about microalgae cultivation and common types of PBRs are presented. In this section,
requirements of microalgae and design parameters of PBRs are reviewed in order to
have the knowledge for integrating them in buildings.

2.3.1.Light

Light is the energy input for photosynthetic organisms; thus becoming the most
important factor in algal growth drproductivity. Therefore, knowledge about solar

radiation is necessary to understand the primary requirement of microalgae. Solar
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radiation is electromagnetic energy from the sun. It can be evaluated in 2 ways; as

light quantity and light quality.

i.  Light quality

Solar radiation spectrum includes bands between 100 nm and 1 mm, and this band is
categorized into 3 ranges as ultraviolet, visible enfichred. As seen in Figure 2.4
ultraviolet radiation covers the range of 1400 nm, visible light is betweet00-700

nm, and infrared light contains wavelengths from 700 nm to over 1mm.

1200

1800 OUTSIDE ATMOSPHERE

SPECTRAL IRRADIANCE (Wm~?pm™)

200 500 1000 1500 2000 2500

WAVELENGTH (nm)

Figure 2.4 The solar radiation spectruif-ondriest Environmental, 2019)

Shorterwavelengths are atre energetic comparedltnger ones, which tend to cause
more harm. Ultraviolet (UV) light can damage DNA and other important cellular

structures, and it is also known to inhibit photosynthesis in phytoplankton by over 8%.

Infrared light is on the oppdsiside of the spectrum and it is responsible for warming
Earth. It is reflected more than UV or visible light due to its longer wavelengths and

allows to transfer heat.
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The vsible light spectrum is the range that can be used for photosimtivasch is

also defind as photosynthetically active radiation (PAR). Different plants may
respond to different wavelengths of PAR with different light levels. Similar to
microalgae variety, sun plants require higher solar irradiance while shade plants
conduct photsynthesis at lower light intensiti@Sondriest Environmental, 2019)

ii.  Light quantity

Radiation can be quantified in photometric, radiometric and quantum units. Watts,
joules and calories are radiometric units which quantife #mount of energy
contained within the radiation. Photometry is a way of measuring light for humans,
photometric units include candela, lux or lumens which are also used in architecture
(Mattson, 2019) Quantum units expressetmumber of light particles or photons
delivered in between the PAR ran@@rczynski, Logan, & Faust, 200Zyor plants,
instantaneous light incident upon a surface is commonly measured in units of
micromoles per square metarsecondymol/n?/s), where 1 mole of photon is equal

to 6.022 x 18 photons. Accumulation of all the PAR received during one day is called

daily light integral, and moles per square meter day (ntaday) is the unit.

The solar irradiance depends oreth el evati on of sur face
scattering elements like clou@ondriest Environmental, 2019preatly depending

on season and weather conditions, sun can provide aboup2@00r?/s on a sunny
summer day at nooand 65 mol/rfiday over the course of the day, andu®@ol/m?/s

on a cloudy winter day at noon and 1 mdlaay over the course of the dédyattson,

2019) In the study conducted gorczynski, Logan, anéraust(2002 mean day

light integral was presented for each month of the year in United States Provinces. The
minimum daily light integral was measured as®molm2 d? at northerncities in
December, anthe maximum was measured §5-60 molm? d! at southwesern

cities in JungKorczynski, Logan, & Faust, 2002)
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ii. Microalgaeds | ight requirements

Microalgae can exploit solar irradiation within the PAR range. Approximately 50% of

sunlight includes PAR, except PAR range most of the enelggtislue to reflection,
fluorescence emission, and dissipation as hetteiight absorption process. At the
final stage, the conversion of light energy to biomass efficiency decreasé®4o 8
During outdoor cultivation, light conditions are never canstand light intensity
levelsd f ect microal gaeds photosynthetic
algae have the ability to adapt various light intensitssexcessive amount of light
can lead to photoinhibition and lack of light can caulet@limitation. For most
species, photosynthesis is saturated at [#BOn? s and maximal productivity is
established in the range of-800 uE m? s, photoinhibition occurs at irradiances
over 500uE mi? st (Acien, et al., 2017XGarcia Cafiedo & Lopez Lizarraga, 2016)
(Huang, Jiang, Wang, & Yang, 201 addition, it was reported that red light (600
700 nm) and blue light (46800 nm) appears to be more shitafor cell growth
(Chang, et al., 2017)

Correspondingly with light requirements of algae, the main design criteria for PBRs

include geometry (surface to volume ratio), orientation and inclination. Generally, it

is desired tdhavea high surface area per volume to maximize the light veckiOn
the other hand, the same characteristic may cause PBBsdame inefficient systems

ef f

when scaled up to industrial size due to control of frequent volumetric activities such

as Qaccumlation, CQ absorption, and nutrient depleti¢fredici, 2004) Also, the

influence of orientation and inclination of PBRs on biomass productivity are studied

by several authors:

Tredici (2004) stated #t reactors placed in dasestdirection with tilt angle result
in higher productivity at high latitudes whileeangle of inclination has no significant
effect at low latitudeg§Tredici, 2004)

A studywas conductetb estimate the solar radiatiohflat panel surfaces; horizontal,

vertical norh/south and vertical east/west Almeria, Spain (384 8 6 M5 4 62W)

East/west oriented vertical PBRs maximized the solar radiation gathered over the year
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for the location studied. The radiation intercepted in winter was increased while the
culture was tenedto be photdimited, and in summer was decreasdtile culture

was teneédto be photenhibited. It was concluded th#te eat/westorientationis

more appropriatéor latitudes above 35andnorth/south oriented PBRs receive more
radiation at latitudes below 38Sierra, et al., 2008)

The relationship beteen the optimal tilt angles gbuth facing flat panel PBR and

productivity of Spirulina platensisunder the climatic conditions of south Israel

(latitude approximately 3} was investigate¢Fig. 25). Small tilt angles ©10-30° in

summer and 60° in winter resulted in maximal productivities. For single adjustment,

it was 30° forthe entire year, besides it was highlighted that several adjustments
throughout the year resulted in the highest overall annual produ¢tiédy ang, Faé man,
& Richmond, 1998)

Figure 2.5 Schematic diagram of the flat panel PBR and its tilt angles studied by Qiang and his p@iaags
Faéman, & Ri.chmond, 1998)

A theoretical modahg based investigation was made to define the effects of building
integration conditions on PBR operation. Three scenarios of inclinations were
evaluated orthe south facing facade using green microal@zidorella vulgaris

vertical, horizontal and 45 It was found that 45inclination maximizes the yearly
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amount of light energy intercepted for a fixed system in Nantes, F(dii¢c&2N,
01°33W) (Pruvost, Le Gouic, Lepine, Legrand, & Le Borgne, 2016)

2.3.2.Nutri ents supply

Microalgae are composed of carbon, oxygen, hydrogen, nitrogen, phosphorus, and
minor amounts of other elements like sulfur, potassium, magngesigncalcium.
Maximal performance of culture depends on fulfilling these nutrients which comprise
the biomass compositiofAcien, et al., 2017) Besides light transfer the most
important task of PBRs is to fieesupply of CQ since carbon is the major constituent

of algal cells(Posten, 2009)Chang, et al., 2017)

2.3.3.Culture conditions

Microalgae require adequate culture conditions to grow, which pH and temperature

are the major variables. The pH value is an impoffiactor in cultivation since it

affects biologicalmechanisms and especially determines the solubility of CO2 and

other essential nutrients. Mastmi cr oal gaeds opti mal val ue:
slightly alkaline. Generallythe variationsinsidthec ul t ur e medi umdés pH
from the reactions;volved in the consumption of carbon and nitrogen. Additionally,

the excess accumulation of, Mas a toxic effect on alga@nd decreases PBR
efficiency. Therefore aeration or degassing system fore@oval is necessary for

cultivation in aPBR (Acien, et al., 2017)Chang, et al., 2017)

Temperature control is another factor in establishing high biomass production. The

optimal temperature for growth of the most microalgae spemnges from 20to 33.

Below the optimal temperature the biomass yield can be decreased, but overheating
of the cultures can become fatal for the cells. Shading, water spraying, immersion in

a water bath, regulating the temperature feed and installing a heat exclaaager
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methods to avoid overheating of PBRsedici, 2004) (Huang, Jiang, Wang, & Yang,
2017) (Acien, et al., 2017)

2.3.4.Mixing

Agitation or mixing is essential ithe cultivation of microalgae. One of the most
important phenomena edkd to mixing is regulatintight utilization. In PBRs with

dense culture light gradients can be formed and several illuminated regions occur as
saturated region, limited regipand photointbition region. In other words, incident

light is absorbed bynicroalgaeon PBR surface and light cannot penetrate deeper
because of dense culture, which causes photic zones (high light intensity) and dark
zones where fermentative growth occurs. Efficiemking provides all cells to
experience light and dark cycles and increase biomass productivity and PBR
efficiency. Additionally, it provides uniform distribution of nutrients to the cells,
facilitates heat transfer, ensures gas exchange, prevents sationeand maintams

the cells in suspension. Excessive applications can damage cells and result in culture
collapse. Mixing methods inclugér bubbling, stirring, or liquid circulation by pumps
(Garcia Cafiedo & Lopez Lizarraga, 201&hang, et al., 2017)Acien, et al., 2017)

2.4.Harvesting Methods

Harvesting igherecovery of biomass from the medium which requires one or more
steps to achieve desired biomass conaeéiotr (Brennan & Owende, 2010)
Harvesting costs magontribute 20 30% to the total cost of algal biomakepending

on the cell size and culture volunfj€arlsson, Beilen, Mdller, & Clayton, 2007)
Selection of harvesting technology depends on characteristics of microalgae such as
cell size, density, and the value of the target products. Biomass is obtained from algal

suspension by harvesting and drying.

24



Figure 2.6 shows the diagram of microalgaevasting techniquesln general,
harvesting consists of two stages: bulk harvesting or thickening, which the culture is
concentrated; dewatering, which the slurry obtained by bulk harvesting is
concentrated and dewatereda cakeln other words, it is vdl to reduce the water
content of algae suspension to enable practical harvesting and obtain a thick algae
slurry. The harvesting methods include flocculation, filtration, flotation,
centrifugation, gravity sedimentatiorfBrennan & Owende, 2010)(Barros,
Goncalves, Simdes, & Pires, 2018how & Lee, 2014)At the present, harvesting
technology involves mechanical, chemical, biological and electrical based methods.
Combinaion of these methodsvedely preferred in order to achieadigh separation

rate at lower costs. In fact, flocculatigedimentation with centrifugation

combination can reduce the process cBasros, Goncalves, Simdes, & Pires, 2015)

Algal suspension |:> Harvesting methods :> Drying
Thickening Dewatering
| CoagulationFlocculaion Filtration
Bioflocculation Centrifugation
Gravity sedimentation
Flotation
Electrical based processes

- Chemical method E Biological method D Physical method

Figure 2.6 Diagram of microalgadarvesting techniques, adapted fr@Barros, Goncgalves, Simdes, & Pires,
2015) (Show & Lee, 2014)

Flocculation is a method that aggregates particles with each other forming flocs,
causing them to sink as sediments by high de(Reghid, Rehman, Sadiq, Mahmood,

& Han, 2014) Naturally, algal cells carrgnegative charge #t prevents aggregation.
Addition of flocculants neutralizes or reduces the negative charge, providing
aggregation for the harvest. Flocculation can be defined as a preparation stage for

other harvesting methods like filtration and flotation, which meetibas bulk
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harvesting process above(Brennan & Owende, 2010) Chemical
coagulation/flocculation is the main approach to optimize the harvesting costs
(Brennan & Owende, 2010)

Filtration is a widely ged technique which the microalgae suspension is passed
through a porous medium. The pore size depends on species cell size which
microfiltration or ultra-filtration can be used. The efficiency of 95% can be achieved
by filtration (Rashid, Rehman, Sadiq, Mahmood, & Han, 2014)

In flotation, gas bubbles are introduced to the broth medium for particle transportation
and separation by lifting force. This method can also be defined as an inverted
sedimentation. Flotation method isvadtageous in terms of low space requirements,
short operation time and high flexibility with lower initial equipment c¢Biros,
Goncalves, Sim@es, & Pires, 2018pP-90% harvesting efficiency is reported by this
method(Rashid, Rehman, Sadig, Mahmood, & Han, 2014)

In centrifugation, the centrifugal force separates microalgae biomass from the

medium. The process is rapid and energy intensiv®080 of harvesting efficiency

can be obtained withia-5 min operatiorfRashid, Rehman, Sadiq, Mahmood, & Han,

2014) Gravity and the centrifugation sedi ment a
of suspended particles are determined by density and radius of algae cells. Gravity
sedimentation is suggested for harvesting microalgae which will be obtained low

value products such as wastewater treatment or bigiBedsnan & Owende, 2010)

(Barros, Gongalves, Simoes, & Pires, 2015)

Table 2.2 shows the main advantages and disadvantages of different harvesting
methods. Low-energy requirement is the advantage of chemical
coagulation/flocculation, auto and bioflocculation, gravity sedimentation, and
filtration methods. Howeverhe use of chemi¢siand intervention in culture pean

be toxic or change the cellular composition of microalgae. As an electrical based
process, centrifugation do not require additive chemicals, but they requirerregly

compared to the others. Filti@t is a simple method and it has no effect on
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mi croal gaeods

cel |l ul

ar composition,

cleaning that increases the operational costs.

Table2.2 Comparisorof differert harvesting method®arros, Gongalves, Simdes, & Pires, 2015)

Harvesting method

Advantages

Disadvantages

Chemical coagulation/

Simple and fast method

Chemical flocculants may be expensive and
toxic to microalgal biomass

flocculation
No energy requirements Recycling of culture medium 1s limited
Inexpensive method Changes in cellular composition
Auto and Allows culture medium T : : : i
; i ] Possibility of microbiological contamination
bioflocculation recycling -

Non- toxic to microalgal
biomass

Gravity sedimentation

Simple and iexpensive method

Time-consuming

Possibility of biomass deterioration

Low concentration of the algal cake

Feasible for large scale

Generally requires the use of chemical

microalgal species

applications flocculants
Flotation Low cost method Unfeasible for marine microalgae harvesting
Low space requirements
Short operation times
Applicable to a wide variety of % =
: PP . % Poorly disseminated
Electrical based microalgal species
rocesses Do not require the addition of 3 : 2
P ot High energeticandequipmentcosts
chemical flocculants
: Gz The possibility of fouling/clogging increases
High recovery efficiencies. PO ty ECoEane
operational costs
- Allows the separation of shear
Filtration 7E P Membranes should be regularly cleaned
sensitive species
Membrane replacement and pumping
represent the major associated costs
Fast method Expensive method
High recovery efficiencies High energy requirements
Centrifugation Suitable for almost all Suitable only for the recovery of high-valued

products

Possibility of cell damage due to high shear
forces
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2.5.Bioenergy

Depletion offossil fuel sources and their negative environmental impacts has given
cause for a common practice on using renewable energy sources reencing
carbon dioxide emissior{®ragya, Pandey, & Sahoo, 2018}¥ a salition, bioenergy
derived fromrenewable sources is considered to be one of the most sustainable
alternative. Also, it is argued to be advantageous dexe of its independence from
climate and weather conditions which canag@oblem for other renewable energy
alternatives like solar and wind. Bioenergy is acquired fromfossilized biological
sources where biomass can be used directly as fuel oertedvinto liquid or gas
form. The common types of biomass used for energy are firewood, plants, forest,
animal waste which are burnt to obtain heat energy and defined as primary biofuels.
Secondary biofuel types are mainly; biodiesel, bioethamal biogs, which grouped

as in three generations. First generation biofuels are produced from human food stock
like sugarcane, soybean, wheat, sugar beets and rapeseed. Whilechanaps like
sugarcane and wheat which contaihigh amount of carbohydratese commonly

used as feedstk for bioethanol, biodiesel [groduced from oleaginous biomass like
soybean, coconuaind rapeseed. Unfortunately, it is reported thatusage of food
cropshas caused food shortage aldfecing food prices negatily. The second
generation feestock are mainly nofood crops; but unsustainability, leyeld,
expansive production processes makem infeasible. Thereforéghe target of third
generation biofuel 6s feedstock are microor ge
attention by researchef€hia, et al., 2018YAlam, Mobin, & Chowdhury, 2014)

Biofuel production technology consists of four basic stages as micraalgagon

and characterizationmicroalgal biomass production, harvesting and product

processing. Whilghere are many importafactors in the dvelopment of biofuel

production, cultivation process plays a key role among tiela| ci k & ¢Cakmakcé,
2017) Besides, it is reprted thatproduction of biofuels from microalgae through

existing methods still cannot achieve a positive energy bal@®segne Itoiz, et al.,

2012) (Pruvost, Le Gouic, Lepine, Legrand, & Le Borgne, 2016)
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2.5.1.Conversion of biomass to biofuel

Microalgae can be used as a source of raw materials for many types of bldfli&ks.

fossil fuels, biofuel productiors environmentdy friendly and the processes dot

entail the release afangerousompound. Biofuels can be in solid, liquid and gas
form. For example, it is possible to produceethaneby anaerobic dgradation of
microalgal biomasdjiodieselby microalgal oilsandbiohydrogerby photobiological
reactionf EIl ci k & ¢ akMomriec2els) 201 7)

Figure 2.7 shows the energy conversion processes from bioftessconversion
technologies to process microalgae biomass can be categorized as thermochemical and
biochemical conversion. Seleati@f conversion process mostly depends on the type
and quantity of biomass feedstock, desired form of energy and economic aspect
(Brennan & Owende, 2010) Thermochemical conversion processes include
gasification, direct combusn, pyrolysis and liquefaction. These methods are the
thermal decomposition of organic components in biomass to obtain biofuel.
Biochemical conversion processes can be given as anaerobic digestmmlic
fermentation,and photobiological hydrogen maction (Tsukahara & Sawayama,
2005)

l Ethanol, Acetone, Butanol]
Biochemical

el
i —-| Bioelectrochemical Fuel Cells }-—>{ Electricity J

_l Photobiological production I'——VI Fuels and chemicals ]
(Focn |
: Thermochemical

Ijn_-un—a—‘ss_l Conversion Pyrolysis 0il, Charcoal

Liquefaction “

abet i

Electricit;

Combustion ——1 Power Generation y

Figure 2.7 Energy conversion processes fraitgal biomasqTsukahara & Sawayama, 2005)
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2.5.1.1 Biodiesel

Biodiesel isa sustainable fuel type that is obtained from biologic sources of oil and
fats which contain longchain esters.Transesterificationis a chemical reaction
between triglycerides and alcdhio the presence of a catalyst. Triacylglycerol (oil) is
processedhroughtransesterificatiomo produce biodiesel which contains lecigain

fatty acid methyl esteand glycerol as a byprodu@tlorone, 2016)(Du, et al., 2016)
(Brennan & Owende, 2010)

Microalgae are composed of carbohydrates, limdsl protein, which lipids that can

be used to produce biodiesel. Therefore, oleaginous algae strains, which are rich in oil
content, are desirable for biodiesel produc{®uan, Liu, & Zhou, 2016)Usually, lipid

rates are between70%, but under certain conditigrspecific strains can reach up to

90% of dry weigh{Mata, Martins, & Caetano, 201Q@)ipid quality and quantity can

vary relatively with nutrients conditions in the cultivation media; for example, lipid
rate can be increased in the absence of nitrogen and silicon. On the other hand, growth
rate and lipid production are inversely correlated; while an increment-80%bin

lipid rate, the growth rateedreases up to 50%. A study hdwwn that 22% of
nutrients areised for biomass production and the rest is supplied for oil production in

plants.

As a resultthe selection of algae strain and cultivation mode are the kectsspe
microalgae cultivation before harvesting. After harvesting the processes for
converting biomass to biodiesel involvegential posharvesting stepsirying, cell
disruption, oil extractionand transesterification, followed by the characterization

the fuel(Mohan, Devi, Subhash, & Chandra, 201B@sidesall the applied processes
may have a significant effect on oil quality and quanfiyt exampleanincrement

of lipid extraction fromChlorella sp.was reported bysing glass microparticles as
disruption enhancdDerakhshandeh, Atici, & Un, 2019)
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2.5.1.2 Bioethanol

Carbohydrate is an important component of interest in biofuel produ&ibng a e 6 s
energy reserves can conststarch, celllose, paramylonand laminarin which are
formed by carbohydrates. Bioethanol and biobutanol are biofuel typeh algae

can provide, sugagontaining starch/cellulose in algae acts asubstrate for
fermentation. After harvesting algae biomass, bioathaan be produced in three
general steps; piieeatment to release fermentable sugars, fermentation of the sugars
to ethanol, and the separation and purification of eth@tuh, et al., 2018)

Currently, bioethanol is the n@jbiofuel in the global market. The studies found out
the use of ethanol addition to gasoline increases the efficiency of engines, reduces
gasoline consumptions and e@missions (Chia, et al., 2018) Bioethanol
fermentation hs lower energy consumption compared to biodiesel production.
Furthermore, the undesired byproduct XC€an be used for cultivation process
(Bahadar & Khan, 2013)

2.5.1.3.Biogas

Biogas is a mixture consisting of primarily methane-{5%o0), carbon dioxide (25

45%) and other gases like hydrogen sulphide which can be obtained through anaerobic
digestion(Brennan & Owende, 201QHarun, Singh, Forde, & Danquah, 201R)s

a complex ichemical process that a group of microorganisms metabolize the organic
compounds into biogas. Methane can be used directly for the production of heat,
electricity, and transportation, also supplied for a natural gas network. The final
digestate is utilied as fertilizer(Kiran, Stamatelatou, Antonopoulou, & Lyberatos,
2016) Anaerobic digestion is suitable for highly moist organic wastes9(80),
therefore it eliminates biomass drying process and provides better energyefficie
compared to other methods used for biofuel produ¢Bvannan & Owende, 2010)
(Adeniyi, Azimov, & Burluka, 2018)Prajapati & Malik, 2015)Production of biogas

by anaerobic digestion processalected by factors like temperature, pH, but long
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retention time and high organic loading rate provides better methane(keidn,
Singh, Forde, & Danquah, 2010)

2.5.2.Utilization of biofuels in buildings

Biofuels have been used since ancient times as a source of heat and light. However,
increasing energy needs lead fossil fuels tah®sefocus of interest and provided
development in refining and supply chain management of fossil fuels. Recengapolitic
economic, environmental, and security concerns have brought biofuel utilization
forward. Currently, the attention is focused on biofuel utilizatiohé@transportation

sector. Considering the energy consumption of buildings, biofuel becomes oee of th
alternatives to reduce the environmental impact of building tpesaand the caon

footprint.

Biodiesel and biogas variants may be used in fuel oil and natural gas boilers and water
heaters. In general, manufacturers have developed the performarsysteis
compared to conventional ones regardless of fuel type, only the energy density of
utilized biofuelcan create noticeable changes.

Biofuels can also be used in reciprocating engine, turbine or fuel cell, which can be
grouped as prime movers, to geate electricity and heat. Another alternative is to
pair prime movers with heat recovery systems to foombined heat and power
(CHP) systems, which are also known as cogeneration systems. CHP systems can
recover the energy losses which stems from cmiwe, transmission, and distribution

of energy from grid powegiBetz, 2012)

2.5.3.Species selection for biodiesel production

Obtaining energy from algae is not a new subject, howsssgarchers encounter with
countless possibties since there too many microalgae species. Therefoee,

selection of suitalel microalgae specider the target product is no easy task. Even

32



there can be great variations in terms of cell composition and response to growth

conditions between straifiBorowitzka, Species and Strain Selection, 2013)

In this part, a review of microalgae species which are suitable for obtaining biodiesel
as an engbroduct is made. The energy content of biodiesel is higher with 41 %J kg
compared to biogas with 9.36 MJ "kgand it is more convenient to stofRatel,
Tamburic, Zemichael, Dechatiwongse, & Hellgardt, 20TRere are many studies in

the literature and some species that are suitable for biodiesklgtiomn come into
prominence High lipid productivity, which mean$oth high oil content and high
growth rate, is desired among other characteristics for biodieselghiaa(Chisti,

2007) (Borowitzka, Species and Strain Selection, 2013)s reported that smaller
microalgae grow faster and tend to have higher lipid productivity. Relatthellgigh
growth rate may depend on different factors:

A Nonsticky smallsize cellseasily suspend in the veatcolumn, therefore the
diffusion of nutrients and C£and contact with light from all directions would
be asier, consequently leadingltetter photosynthetic efficiency and higher
growth rate.

A The aility of toleration to high irradiances is anothfeature that reduces
photoinhibition and photodamage at high light inteesi which can also
increasegproductivity.

A Largesize and heavyells can be harvested with lesest methods like
filtration but it is hard to keep them in suspensioth@culture system and
they generally grow slower.

A The culture system and its geographical location determine the temperature
that microalgae may be exposed. It is essential that the selected strain has the

ability to tolerate the temperature range to avoid celladgaor culture loss.

Apart from these, photosynthetic activi§/O» sinking capacityrespiration rate, lipid
composition and quality, pH and oxygen tolerance, salinity, shear tolerance to forces

of mixing system, competitiveness to contaminating orgasiarthe culture are other
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desirable characteristics of microalgae for energy produ¢Bonowitzka, Species
and Strain Selection, 201 3Brennan & Owende, 2010pverall, it is unlikely to have
all the characteristics in one strain. It can be concluded that, selectipacésaving
the strongest characteristics for the desired end prashactvhich also can tolerate
the environmental conditions are batie key for aeliable production at thiewest

cost.

Neochloris oleoabundans, Scenedesmus obljqand Botryococcus brauniiare
examples of suitable microalgae species for biodiesel production. They are selected
due b their high lipid productivity. Review of research papers which guided the
species selection process is as follows. The characteristics of the setectealgae
species wex collected in Chapter 3, Table 3.2nd some of the information were

referencedrom these papers.

2.5.4.Review of works conducted on selected specidNeochloris oleoabundans

Scenedesmus obliquuand Botryococcus braunii

i.  Botryococcus braunji Chlorella vulgaris and Scenedesmus spwere
examined under high levels of €@r lipid production. Growth ratesarbon
fixation ability, total lipid contentand fattyacid profile of three species were
evaluated Microalgae were cultivated at 25 1 °C with continuous
illumination of 150umol m? s with a high level of C@similar to flue gas
for 2 weeks.In result,Scenedesmus spasappropriate for mitigatin@ O,
due to itshigh biomass productivity and carbon fixation ability, &dbraunii
wassuitablefor biodieseproduction due to its lipidquantity and qualityY oo,
Jun, Lee, Ahn, & Oh, 2010)

ii.  Botryococcus braunstrain CHN 35%vas examined in terms of lipid content
and growth at different temperatures, light intensjta®l salinitiesOverall,
the results indicate thate optimum culture conditions tfis strain are 23 °C
and 3060 W m?(Qin & Li, 2006).
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Microalgae species @hlorella vulgaris Spirulina maximaNannochloropsis

sp.,, Neochloris oleabundans Scenedesmus obliqyusaand Dunaliella
tertiolectawas screened in order to find the most adequate one(s) for biofuel
production in terms of oijuantity and qualityThe am was identifying the
strains with the highest growth rates and appropriate composfianil
content Firstly, dl the microabaewereculturedin airlift bioreactorsand then

in polyethylene bags with bubbling air under 15& m? s? lighting
conditions at the optimal temperature for each microalga (indoors), and finally
in outdoor racewaymixed by paddle wheels, during 4 montliem May to
August. As a resultyeochloris oleabundarendNannochloropsis sgpadthe
highes oil content, 29%and 28.7% respectively, and thenre foundto be
suitable as feedstock for biofuel production. Both microalgae can reach up to
56% oil content under Nitrogen deficient culture medium. Besides,
Scenedesmus obliqgupsesented the most eguate fatty acid profile, which
makes it a good option for biodiesel productf@ouveia & Oliveira, 2009)

InLi , Mar k, Wang, 2008)study,&leochlor@ oleabuadariss  (
was selected for examining the effects ofagen on cell growth and lipid
accumulation. In literature; Chlorella, Dunaliella, Nannochloris sp.,
Parietochloris Incisa, Neochloris oleoabundans, Botryococcus brduavie
beenreported to have the ability to accumulate large quantities of lipids.
Amongthese marine species dbunaliella and Nannochloriswere reported

to be umsuitable for freshwater cultivatiorParietochloris Incisés | i pi d
composition was found to be less desirable for biodiesel production due to its
lipid composition andBotryococcusraunii was approved to bappropriate

for liquid biofuel production but not biodiesetegarding theenergy
conversiomprocessefrom biomasgLi, Mark, Wang, Wu, & Q. Lan, 2008)

A comprehensive review was made Nrochlorisoleoabundanstrain for
biofuel production by(Abu Hajar, Riefler, & Stuart, 2017)The optimum

temperature andight intensity for growth varyin literature according to
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different studies. Nevertheless, the growth condition$86220 pmol/m?/s
range for light intensity and 280°C range for temperaturevddely accepted.

vi.  The effect of light intensity ocenedesmus Obliquaslture was examined
in terms of growth rate, lipid content aptiotosynthetic performancedsoth
in batch and continuous systems. In batch reactors, the species showed a
maximum growth rate @50pmol m? stlight intensity.At higher intensities
growth was inhibited but mioalgae exploited light withower efficiency,
therefore biomass accumulationasv substantial. In continuous flow
experimenta higher biomass density was obtained and the @aitoation
point was found to be increased to more than afg@0ol m? s'. The results
show thatScenedesmus Obliquhss the property of adaptation to ieais
lighting conditions which is advantageotes reduceoperating conditions of
reactor systems for controllir(@forza, Gris, Silva, Morosinotto, & Bertucco,
2014)

vii.  Hodaifa, Martinez, & Sanchg2010) studied otheinfluenceof tempeature
on growth ofScenedesmus Obliquindiluted olive mill wastewater as culture
medium They examined the effect of teergiure changes with a range of
14.8534.85°C on algal growth and concluded that 29%5was the ideal
value for maximungrowth ratg(Hodaifa, Martinez, & Sanchez, 2010)

viii.  Botryococcus brauniwas grown in flat panel PBR under different light
intensities. Flat panel dimensions were 0.75 m x 0.59 m x 0.0@®&adnthe
experiments were conducted ancontrolled environment, in 27 °C with %1
COp. Biomass concentration and specific growth rate were maximarigat
intensity of 8@ pmol m? s, and lipid content and lipid yield were maximum
atalight intensity of 48 umol m? s®. The results were esl inmathematical
modding in order to predict and optimize light transport in PBRs for biomass
and lipid accumulation. Based on the mddg, the optimal conditions for
lipid production were found to be 450 umofrsi light intensity which allows

maximizing the use of light energyAlso, it was reported effective light

36



penetration decreases beyond 3 cm width of the PBR irrespective of the
incident light at high biomass concentrat{@thichi, Anis, & Ghosh, 2018)

2.6.Bioluminescence

Light is one of the prime movers of the evolution process and it has always been an
integral part of living systems. Regardless of the evolutionary hierarchy, all living
organisms emit ultraweak light spontaneously that is not detectable by the éysnan
which the phenomena is called as biophoton emission. Different from biophoton
emission, bioluminescence is the emission of visible light by living organisms. From
time immemorial, natural light sources like sun, moon, stargl biologically
originatel systems, in other wordbioluminescent organisms have fascinated and
capturedheattention of many peopl®evaraj, Usa, & Inaba, 19973incetheancient

era, there are many written records of bioluminescence. Observait@sback
roughly from 1500 to 1000 B.C. in China, referring to fireflies and glawms.
Marine bioluminescence has been recorded firstly by Greek philosopher Anaximenes
(585528 BCE). Aristotle (38822 BCE) who wrote the first detailed
bioluminescence luservations, also identified cold light that bioluminescent
organisms was not accompanied by heat. Dutliegenaissance period, before the
end ofthe15"cent ur y, the explorers brought b a
phenomenonvhich isknown as miy seas at the present time, suggebsiidgdue

to the bioluminescent marine bacteria. In 1885 the chemical reaction of
bioluminescence was verified by the French scientist Raphael Dubois. In addition,
regarding the cold light spectrum, bioluminescence wadvertised as a source of

i Il uminati on, At he cheapest form of I
bioluminescence played a role in the development of the modern theory of light. By
the end othe 19" century, the advancemenisoceangoing vesselsral deepvater
trawling provided to describe most of the bioluminescent species, revealing that all
marine species below 200 fathom are biolumines@emda, 2011)(Lee J. , 2017)
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Bioluminescence is widespread phenomenon in nature, a broad range of organisms

from singlecelled to large vertebrates can produce light (Taldg I the table,

bioluminescent creatures are categorized according to their living environments as

marine, freshwater and testrial. As seen, anajor part of the bioluminescent

organisms resides in the ocean, in a diverse range of habitats, from polar to tropical

waters at different depth@Vidder, 2010) Emissionof light serves for different

functions, with different chemistries in different species, and the process has changed

or perhaps lost many times during evolut{®herese & Hastings, 2013)

Table2.3 Bioluminescat creatures in different environmerf#&/idder, Marine bioluminescence, 2001)

MARINE

Bacteria

Dinoflagellates

Radiolarians

Sponges

Coelenterates
Scyphozoa (Jellyfish);
Hydrozoa: Hydroids, Hydromedusae;
Siphonophores;
Anthozoa: Sea fans, Soft corals, Sea pens,
Sea pansies.

Ctenophores [Comb jellies)

Nermerteans [Ribbon worms)

Molluscs
Seaslugs, Boring bivalves, Cuttle fish, Squid,
Vampire squid, Octopods

Annelids
Polychaeta {Bristle worms), Parchment tube worms,
Scale worms, Fireworms

Arthropods
Pycnogonids{Sea spiders), Copepods, Ostracods
(Sea fireflies), Malacostraca, Opossum shrimp,
Amphipods, Euphausiids (Krill ), Decapod shrimp

Bryozoa (Sea mats)

Chaetognaths (Arrow worms)

Echinoderms

Crinoids (Sea lilies} Holothurians(Sea cucumbers),
Asteroids (Starfish), O phiuroids (Brittle stars)

Hemichordates (Acorn worms)

Chordates

Tunicates: Sea squirts;
Pyrosomes (Fire cylinders); Larvaceans

Vertebrates

Sharks, Anchovies, Gulper eels, Spookfish,
Slickheads, Shining tube shoulders, Bristlemouths,
Hatchetfish, Viperfish, Dragonfish, Snaggletooth
fish, Loosejaws, Pearleye fish, Lanternfish, Morid
cod, Merluccid hake, Rat-tails, Midshipman fish,
Anglerfish, Pinecone fish, Flashlight fish, Ponyfish,
Drums

TERRESTRIAL
Bacteria
Fungi
Molluscs
Snails
Anrelids
Earthworms

Arthropods

Insects, Springtails, Fireflies, Click beetles,
Railroad worms, Glow-worms, Centipedes,
Millipedes

FRESHWATER

Molluscs

Limpet (Latia)
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Bioluminescent light is produced as a result of energy released during a chemical
reaction. Without exceptions in all bioluminescence mechanisiolgcules specific

to a group of organisms are oxidized and catalyzed by specific enzymes. The chemical
reaction consists of two main components; a light emitting moledwd#erin, which

is highly conserved across phyla, and a catalyzing enaymeihe luciferase or
photoprotein. In the marine environment, four different luciferins are commonly seen.
Different from luciferins, luciferases and photoproteins are unique and derived from
many evolutionary lineagefHaddock, Moline, Case, & F., 2010(Therese &
Hastings, 2013)

Fluorescence and phosphorescence are different natural optical phenomena than
bioluminescence. Fluorescence is the emission of light derived from the energy of an
absorbed photowhich happens in less than a second like a bioluminescentTlash.
distinction between two mechanisms may be blur because of some luciferins are
fluorescent and rarely the excitation energy is passed along to fluorescent proteins.
Phosphorescence iset delayed emission of light over a long period of time from the
optically excited source, which glow in the dark paints can be exafHplédock,

Moline, Case, & F., 2010§Widder, 2001)

Light production in creatures occurs in diverse forms of morphology and it is
controlled by chemical and neurological mechanisms. While some animals have
complicated light organs, singtelled organisms also contain all needed apparatus
for light production(Shimomura, 2012)Bioluminescence reflects the characteristics
of the environment in which the living organisms have evolved. In the ocean, sunlight
decreases approximately 10 times at every 75 m t@idlepth of 1000 m, where
swnlight cannot reach further. Light is a way of communicatiotmn@deep ocean and

it frequently serves multiple functions for a single organism. Visible light then
blue-green spectrum after a particular depth, so the majority of marine smgaare
sensitive to blue lighFigure 2.8 shows the light penetratemd light spectrum ithe
ocean.The wavelength is centered around 470 nm, which the light travels farthest

through seawater. A bioluminescent flash can be seen from tens to hundreds of meters
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away, even a singleelled dinoflagellates flash can reach 5 m away. Additionally,

creatures can control their light like adjusting the intensity, caad angular

distribution, and have the ability to turn their photophores on and off. The functions

of bioluminescence include:

A

> > > > > >

Defense,

Counterillumination,

Burglar alarm,

Aposematism,

Offense and prey attraction,

lllumination,

Intraspecific communicatiofWidder, 2010) (Haddock, Moline, Case, & F.,
2010)

Depth

Figure 2.8 Light penetration in the ocean and spectrum of visible Iiyfanuel, 2017)
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Luminous bacteria are widely distributed in the marine environment, vghoes
continuously and forsmibi ol umi nescent surface phenome
reach sufficierly high concentrations to initiate quorum sensing in the presence of
oxygen.Figure 2.9 shows the region a milky sea was spotted by a merchant ship in
the Indian Ocean near the horn of Africa in 1996e Ight intensity is weak, but the
continuous emission can make them to be visually distinguished from dinoflagellates.
Commonly, marine living bacteria are in the geriéhatobacteriumBeneckeaand
Vibrio, while nonmarine forms are irVibrio and Xenorhabdus Some of them
correlate symbiosis with certain marine fished aquid, while bacteria produtght,

the host provides the optimum growth environm&gnerally accepted hypothesis

for luminous frediving bacteria is that the continuous light production sefoe
attraction, which causes them to be consumed and thereby living in nutfegut
(Haddock, Moline, Case, & F., 201@phimomura, 2012)YWidder, 2010)

Figure 2.9 Left. The region a milky sea was spotted (box, color enhanced) by a merchant ship in the Indian
Ocean near the horn of Africa in 1996. Rigahlarged image of the same ar@erese & Hastings, 2013)

41



Dinoflagellates are singleelled algae, which are abundant in the surface water of the
marine environment. They comprise of thousands of species which are mostig,mari
within the only members of phytoplankton community with the ability of
bioluminescence. These microscopic organisms emit light in short flashes when
disturbed at night, formingpeautiful sparkles that attragteople, for example,
bioluminescent bays iRuerto Rico and Jamaica are one of the tourist destinations.
AfRed tideso, which are colored patches
be seen due to excessive growfhherese & Hastings, 2013)Haddock, Moline,
Case, & F., 201Q)YMarcinko, Painter, Martin, & Allen, 2013)

The cell size of the dinoflagellates varies between 36 irmm and the wavelength

of the light produced can reach 474 nm. The light petidn process takes less than

20 ms as it makes bioluminescence one of the fastest cellular prodesgawwn.

Each cell can produce more than one flash, light production can continue until the
whole luciferin is oxidized and the cell is depleted. Tight intensity changes
between 1810'° photons/s/flash and it can be detected by the human(leye,

2005)

Bioluminescence is prior for dinoflagellates, light production comes first after the
ability to swim rather thamgrowth. Results of previously done works show that
dinoflagellates invest in bioluminescence even more than the reproduction system in
terms of energy utilization. Generally, the emission of light is a response to mechanical
stimulation, which is activateby deformation of the cell wall. Mechanical stimulation
can be in fluid shear stress form or direct physical contact. Experiments also have
shown that different stimuli like rapid temperature changes, chemical, pH, electrical
and osmotic shock can alsonduce bioluminescence. Intensity and decay rate of
flashes are mainly mechanical stimulatibependent, and other affecting factors
include sensitivity of cells to mechanical stimulation, nutritional state of the cell and
light (Haddock, Moline, Case, & F., 201QMarcinko, Painter, Martin, & Allen,
2013) (Valiadi & IglesiasRodriguez, 2013)Deane & Stokes, 2005)
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The change in the hydrodynanenvironment is known to stimulate bioluminescence,

but there are naccuratestatements about its causes and functi@esides, ti is
knownthat bioluminescence changes the feeding behavior girduator One of the

theory is the utilization oflighh s a def ense tool, which 1is
The prey attracts other larger predators to distract the organism which th(eatens

2005) The origins and causes of bioluminescence are still being investigated an
many experiments have been conducted to investigate the effect of different fluid flow
mechanics on the cellular mechanigbussatlegras & Le Gal, 20Q4yvidder, 2010)

(Latz, 2005)

2.6.1.Species selection for light production

Bioluminescence has been reported in 81 dinoflagellates sgbtaesinko, Painter,
Martin, & Allen, 2013) The level of bioluminescence may vary according to the
morphological structure, physiological state, diurnal rhythm and mechanical
stimulation of the cell; different species and even each cell under tleestiam may
react differently(Valiadi & lglesiasRodriguez, 2013)Thelight intensity and length
vary according to the species, but it is known that large cell species give more light.
Pyrocystisspecies were found foroduce bioluminescence 10€8ld more per cell
thanLingulodinium and 106fold thanCeratium fususPeridinium pa&tagonium and
Pyrodinium bahamendgee R. E., 2018)PyrocystisandDissodiniumspecies reach
the maximum population at depths of-600 m, although they can be found below
200 m(Bhovichitra & Swift, 1977) Therefore, high population densities and cell
division rates can be associated with low light intensitieg#growth ofPyrocystis
(Rivkin, Seliger, Swift, & Biggley, 1982)

Pyrocystis fusiformis, Pyrocystis ndatia, and Ceratocorys horrideare selected as
examples of suitable microalgae species for light producBgrocystis fusiformis,
Pyrocystis noctilucahas high light intensity andCeratocorys horridahas high
bioluminescence response leveeview of resarch papersvhich guided the specse

selection process is as followBhe characteristics of the selecteluminescent
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microalgae species wex collected in Chapter 3, Table 13.and some of the

information were referencddom these papers.

2.6.2.Review of works conducted onselected speciesf Pyrocystis fusiformis,

Pyrocystis noctiluca and Ceratocorys horrida

Latz, Nauen, and Rol{2004) conducted a study to compare flow sensitivity
of morphologically diverse species Gkratium fususCeratocorys horrida
Lingulodinium polyedrumand Pyrocystis fusiformigsusing fully developed
laminar and turbulent pipe flaw,aboratory cultures of dinoflagellates were
grown in seawater with f/2 additions on a 12:12 light/dark cycle.
Bioluminescence response thresisoldvere occurred in laminar flows,
depending on species, ranged fro92i 0.3 N m? It was found thatC.
horrida showed the highest response rate, wiilusiformishad the brightest
flashes. As a result, species were ranked in order of decreasing serestivity
C. horrida > P. fusiformis> C. fusus> L. polyedrumof bioluminescence
response in laminar flow. The response was not significantly changed in
turbulent flow(Latz, Nauen, & Rohr, 2004)

Bioluminescence oPyrocystis notiluca was examined by different flow
regimes using Couette chamber. Laboratory cultures of dinoflagellates were
grown in enriched f/2 media and maintained in a culture chamber at 20 + 2
on a 12:12 light/dark cycle. It was concluded that stationaryolgemeous
laminar shear flow was unable to excite the bioluminescence reaction in
Pyrocystis noctilucalt was suggested that temporal changes are required such
as turbulence withccelerated flows to stimulateassive bioluminescence. In
the experiment, ttal light emission was 3x1tfor the amount 025x1G cells
(Cussatlegras & Le Gal, 2004)

Swift and Meunier (2008) studied the effects of light intensity on division rate,
stimulable bioluminescence and cell size of the ocealnoflagellates

Dissodinium lunula, Pyrocystis fusiformand P. Noctiluca Cultures were
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grownon a 12:12 light/dark cycle at different light intensities under-eduote
fluorescent lamps. Cell numbers did not increase above an intensit$0of 5
HEin m? s for all species and division rate was saturated at 30, 60 guiEiB0
m?2 s' for Pyrocystis fusiformis, P. Noctilucaand Dissodinium lunula
respectively(Swift & Meunier, 2008)

2.7.Daylighting systems as a tool for microlgae cultivation in buildings

Di ffused skylight and direct sunl i ght
(Al rubai h, v e. Dalylight eproVides high illiinthdan8e) and color
discrimination for good vision and affes human health positively. Researches on
daylighting are still developing since
quality, increase energy efficiency and reduce environmental pollution. Daylight
systems are used to improve the daylightlevadjusting the illuminance of regions

as desired, provide stghading and eliminate glafRuck, et al., 2000)n this section,
daylighting systems are introduced focusing on the light transport methods since they

are a wayo provide light for microalgae in building cores.

Due to the fact that some of the systems do not fall precisely into a single category,
different classifications of daylighting systems exist in literature. In here, they are

considered as 2 main groufight guiding and light transport systems.

2.7.1.Light guiding systems

Light guiding systems enables the light to react08n further from its entrance by
reflection, refraction or deflectiofGarcia Hansen & Edmonds, 200E&)therdirect
sunlight or diffuse light can be used, but generally, systems which are designed for
direct sunlight also provide shading. These systems include light shelves laser cut
panels, prismatic panels, louvers systems;drecting glasses, holographictumal

elements, and anidolic ceilingSome light guiding systems are presented in Figure
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2.10.The working principle of the syste(a), and d is the redirection of the light to

the room ceilingFigure 2.11 shows an example of a light shelf applicafidme
systemswhich areshown inFig. 2.10(b), (e), and(h) are different types of louvers

that give opportunity to block the direct sunlight that caugkare, allow the
penetration of daylight at desired angle or redirect the light to the desired a@sea.

cut panels and prismatic panels show(fjrand(g) are made of transparent materials
that redirect light. Prismatic panels can be either used as a shading device but they
also transmit diffuse skylighSun directing glaséFig. 2.10h) is made of cocave
acrylic elements stacked within a doublezed unit. It is usually placed in the
window area above the eye level, the system redirects direct sunlight onto the ceiling.
Anidolic ceiling is shown in(c), the diffuse light is concentrated with paraboli
concentrators anthe light is transported with a light duct to the back of the room.
Anidolic ceilings provide adequate light to room interiors under overcast sky
conditions(Ruck, et al., 2000)
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Figure 2.10 Light guiding systems: a) Light guiding shade, b) Louvers and blinds, c) Anidolic ceiling, d) Light
shelf, e) Fish system louver, f) Laser cut panel, g) Prismatic panel, lji®ating glasgRuck, et al., 2000)

46



Figure 2.11 Semitransparent double light shelves made out of reflective @Russk, et al., 2000)

2.7.2.Light transport systems

Light transport systems charnihe collected sunlight to building interiors, the
majority of them depend on direct light. The systems details are given below as they
can transmit light to further distances than guiding systems, and they have the potential
to provide sufficient sunlighfor microalgae in the building core. Light transport
systems consist of 3 major components: a collector, light guides for transportation,
and distributorg¢Garcia Hansen & Edmonds, 200@Yair, Ramamurthy, & Ganesan,
2014) Transport elements deliver light from the collector to the place where it will be
distributed, although some types can also act as en{i@arter, 2004)

Laser cut panels, anidolic concentratoen doe given examples as passive light
collectors. They are able to capture sunlight only at a certain angle due to fixed
applications, so they require a large area to collect. Active light collectors are coupled
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with a suntracking devicgNair, Ramamurthy, & Ganesan, 201H4gliostat is one of

the active light collectors, which is a stracking mirror.Figure 2.12 shows the
heliostats above the Mongd_ewis Office Building. As shownusually, two mirrors

are seen in configurans, the second fixed mirror is used to redirect sunlight to the
desireddirection. Honeycomb system and Fresnel lenses are other light collectors and
combinationof systems can be used to capture and concentrate the light. In the
Himawari system, small dxagonal Fresnel lenses are attached to heliostat to
concentrate sunlight and eliminate UV and IR light. Than collimated beams are
received by 1 mm diameter of glass fibers, which can transport light up to 200 m.
(Nair, Ramamurthy, & Ganesan, 201@)sangrassoulis, 2008)

Figure 2.12 Heliostat above the Morgan Lewis Office Buildifgpubekri, 2014)

Light transport methds can be named differently in literature such as; tubular
guidance systemEarter, 2004)light pipes(Boubekri, 2014)or light transportation

guides(Nair, Ramamurthy, & Ganesan, 2014hese methods include lens systems,
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hollow mirrored guides, hollow prismatic light guides, and fiber optics. Classification
of transport elements may depend on materials or physics of light transmittance like
multiple specular refleain and total internal reflectiofGarcia Hansen & Edmonds,
2003) (Nair, Ramamurthy, & Ganesan, 2014Boubekri, 2014) In general, light
transport systems have benebf:

A Integration possibility with artificial lighting,
A Providing centralized lighting without electrical fixtures and cables,
A Eliminating UV, IR radiation, and heéBarcia Hansen & Edmonds, 2003)

Figure 2.13 2.14 and 2.5 presents an applied light transport system in Austria. A
heliostat configured with a mirror redirecight to a concentrator (Fig. 2.13The
concentration of captured sunlight is increased by two adjustable Fresnel lenses to be
transported in 30 cm diare tubular prismatic hollow guide (Fig. 2)1 As seen in
Figure 2.15 diffuse ambient light is provided to the task area. Users can adjust the
mirror to provide light directly on the task area and to have visual contact with
outdoors. The working planduminance is reported between 100 and 1200 lux in
sunny conditions with a 30% overall system efficiency. Artificial lighting is also
incorporated in the system, which can be adjusted according to sky conditions. Power
savings of 4660% were recorded comeal with a conventional syste(Carter,

2004)

Figure 2.13 Capturing the light by a heliostat configured with a mir(@kutan, 2008)

49



Figure 2.14 Concentration and transportation of ligfbkutan, 2008)

Figure 2.15 The illuminance in the rooif©kutan, 2008)
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Another example of applied the light transport system is in Borusan Holding Building,
Kstanbul . Light is col | episnmatdlightiguide (Fig.e |l i o st
2.16).

Figure 2.16 Heliostas above Borusan Holdin@oubekri, 2014)

In Figure 2.17, the light transportation is shown on the building section. The prismatic
light guide has a length of 8 m at outside, and it continues for 24 m across four floors
inside the building. The illuminance is reported as 400 lux on the upper floor and 150

lux on the lower floor in sunny sky conditio(Boubekri, 2014)

51



Figure2.17Bor us an dhaglightng;neftdSection of the daylighting system, Right: The illuminance in
the room(Boubekri, 2014)

2.8.Case studies

Forms and functions of natural systems have always influenced architects, designers
and scientists. Unftunately, the complexity and the requirements of living organisms
limit their use in construction. In this context, there are many conceptual and
theoretical works at #hpresent time, some of them hasgerimented and few of
them have been put into preet

2.8.1.Applied Projects
i.  BIQ Building

BIQ (Bio Intelligent Quotient) is the worl
Hamburg, designed by Splitterwerk Architects in collaboration with Arup. The four
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story building has a 1.600 vof gross floor area with 1Bpartments, and the
construction cost is approximately 5 million euro funded by Hamburg Climate
Protection Conceptrigure 2.18 shows the building picture from soulat panel
PBRs are used on the southeast and southwest sides of the fagade whidhdia 20
total, consisting 12#nodules of 70 cm wide, 170 cm high and 8 cm thick, rokatab
suntracking panelsLaminated safety glass is used as PBR material and without
supports they are 1.7 cm wide filled with the culture medjuakenbrink, Petersen,

& Roedel, 2013)

Figure 2.18 Facade integrated flat panel PBRsBihQ Building(Lakenbrink, Petersen, & Roedel, 2013)
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The bicreactive facade servéasr different functions, it generates energy from algal
biomass and solar thermal heat and provides a second exterior layer as well, which
can function as shading, thermal insulation or noise abatement. PBRs are mounted on

a steel frame, approximately 85 apart from the building envelope, integrated with

installation system for the requirements of algae such as nutrierggrdQ@ir (Fig.
2.19.

I
N

Figure 2.19 Installation system of PBRSynthetic Design Biotopes, 2019)

Panels are filled with drinking water enriched with nutrients for the cultivation of
algae, which are connected in series and to building services center for circulation.
Each of them has an inlet and outlehoection to the water system and the circuit is
separated for each story. The temperature of the culture medium is constantly kept
below 40°C in the summer and aboveéG in the winter. High flow velocities along

the inner surfaces of PBRs and scrapefshbit sedimentation and keep algae in
suspension. Air injection is controlled by magnetic valves and is provided every 4
seconds. Ceis supplied from flue gas which is saturated before introducing algae. It

is reported that BIQ building can reduce £#issions by six tons per year.
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Since algae absorb sunlight, the produced heat can be used for different functions after
harvesting, either for the heating system or hot water system. The associated heat is
reintroduced to the systemith integration of heapumps or excess energy can be
stored in geothermal boreholes or transferred to the district energy network for later
use. Flotation is used to harvest algae and the biomass is converted into biogas in an

external biogas plant and supply energy to the city

Overall, the integration of different systems and utilization of algae composes the
energy concept of BIQ building. The whole system is tracked in a central building
management system (BMS) called Rockwell SPS. Energy indicatdP8RE are

presented imable 2.4 Photobioreactor facade can produce 4k0h of electricity

or generate heat of 600@Wh per yvarAccor ding to these dat a
electricity consumptionorfompar t ment 6 s heat requirement
facade.The results @ provisional forecast for the annual energy balaBeen the

exact energy consumption rates of the building are not provided, yet it exemplifies a

good practice for architectufeakenbrink, Petersen, & Roedel, 201@ondazione

Eni Enrico Mattei) (Fytrou-Moschopoulou, 2019)

Table2.4 Energy indicators of PBR&akenbrink, Petersen, & Roedel, 2013)

Basic data per m? bioreactor area

Biomass production 15 g TS/m3/day (900 kg/year)
Energy production in biomass 345 kJ/m?/day
Biogas production from biomass 10.20 L methane/m3/day

Energy indicators for 200 m? bioreactor area with 300 days of production per year

Biomethane production 612 m* methane /year
Energy in methane 6487 kWh/year

Energy loss (auxiliary power, etc.) 30 per cent of production
Net energy as methane approx. 4541 kWh/year
Net energy from heat approx. 6000 kWh/year
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ii.  Urban Algae Folly, Canopy, and Algaecurtain

A cladding systerwith the use of engineered algae was proposed by the architecture
firm Ecologic Studiowith their partners. Cushions made of ETFE are filled with a
tailor-bred strainNannochloropsis gditana, which compose a PBR. The integration

of microalgae in ETFE facade creates afaion to obtain fuel, biological fertilizer

and food supplement from algae. The dynamic facade also provides shading which
reduces the energy requirements for coolingl amcreases urban air quality.
Utilization of microalgaecontributestocia ens 6 wel | bei ng and educat
addressing environmental and energy issliés.stated thaETFE cladding requires

less structural support compared to an equivalent mysteglass, and its carbon
footprint is claimed to be 80 times lower. The fabrication process of ETFE PBR is still
being worked, but the Urban Algae Foligstallations are handmade meag
demonstrations of this technoloffycologic Studio, Photo.Synth.Etica, 2019)

The Urban Algae Folly is an interactive pavilion integrating microalgae, which is built

for EXPO Milano 205 Future Food District (Fig.2.20Microalgaeare cultivated in

the ETFE architectural skin system and it rapgmately produces 2 kg of Dper

day,the equivalent oxygen that 3 adults need to surwhéch normally 25 large trees

can provideSpirulinais being known as the food ofefiuture which is selected to be

cultivated. The folly can produdke equivagnt in proteins of Xg of meat per day,

enough for 12 adults, with no animals being killed and no methane being rekessed

well as capturing4dkgof G er day. Pl aced sensors read vVvi s
which control the flow of microalgae forlgal oxygenation, solar insolatiomnd

growth (Ecologic Studio, Photo.Synth.Etica, 2019)
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Figure 2.20 The Urban Algae FollyEcologic Studio, 2019)

The Urban Algae Canopy was also presented as other microalgae integrated ETFE
architectural cladding system in the Expo Milano 2Blifure Food District (Fig. 2.21

and Fig. 2.2pFigure 2.22 showthe structural elements holditige ETFE cladding
anddetached pipes for supplying algae nutrients and (E€ologic Studio, 2019)

Figure 2.21 The Urban Algae Canop{cologic Studio, 2019)
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Figure 2.22 The Urban Algae Canop{cologic Studio, 2019)

Algae curtains designed to be integrated into both existing and new buildings. It was
presented in Dublin durg the week of Climate Innovation Suntr@018 (Fig. 2.23

and Fig. 2.2% The artain is a custom made bpdastic container, which is 16.2x7 m

in size. Unfiltered urban air is captured from the bottom and air bubbles rise through
the watery medium withinhe container. Oxygen is released frtime top of each
module. Sun feeds microalgae and releases luminescent shades gEcodbgic
Studio, 2019)

Figure 2.23 Algae curtan (Ecologic Studio, 2019)
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Figure 2.24 Algae filling (Ecologic Studio, 2019)

iii.  The Algae Dome

Fourmeterhigh bioreactor dome is designed bK EA6s ext er nal |l ab
architectsAleksander Wadas, Rafal Wroblewski, Anna Stempniewrazich was
installed at Copenhagends Chart Art Fair
of future(Fig. 2.25. It was chosen to be exhibitedthe2017 event after winning an
architecture competition run by the fair. The dome is wrapped with 320 meters of
coiled tubing filled with microalgae. It is pointed out that the different species of
microalgae could be used for animal feed, the developmdnobfofels and as a way

to reduce CO2 and GHG, as a method of treating industrial wastéateis, 2019)
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Figure 2.25 The Algae DoméMorris, 2019)

iv.  Algocultures

SymBIO2 is an industrial research and development project which aims to develop

hybrid fagade systems that optimize the symbiosis between building and microalgae
cultivation. Project participants are XTU architects, National Center font#ae

Research (University of Nantes) and engineering consulting firms. The first prototype

of this operational facade was introducedHravi | | on de | 6 Arsenal,
exhibited and studied on at the same t{iffig. 2.26. During the exposure time, the

engineers and the researchers measured the culture conditions and various parameters
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ontheprototype(Pruvost, Le Gouic, Lepine, Legrand, & Le Borgne, 20({Bavillon
de l'arsenal, 2019)

Figure2.26 AlgoculturesinPa vi | | on (@avilloh deAarsermin2819)

v.  Philips Biolight

Manufacturer Philips presented the Microbial Home in 2011, a domest&ystam
projectwhich proposes a lighting fixture by using household waste.-Wallnted
glass cells were filled with bioluminescent bacteria solution which are fed with
methane and composted materials. A soft green light was emitted by the badceria
sustainable cyel (Fig.2.27 (Manuel, 2017)(Koerner, 2019)
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Figure 2.27 Microbial Home project by PhilipeKoerner, 2019)

vi.  Bioluminescent Field and Interference projects

The German designer Nicola Burggraf has conducted research Rgiogystis

lunula. Different types of stimulations to induce bioluminescence were explored,

ranging from tilting, shaking, stirring, pouring and rotatitigs reported that 200 m|

of dinoflagellates showed 0.6 lux of illuminancks an extension of preceding
experiments ABi ol umi nescent Fieldo and Al nt

publicly to test the response of dinoflagellates to motion and sauBibluminescent
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Field project, eighty thin poles carrying dinoflagellates filled glass vial was connected
with a reactive floor. After the visitor
by flashes. Researcher indicates that every cell was acteda®a sensor to visitors

which could be seen as intruders (Fig. 2.28). In Interference, the effect of acoustic
waves on algae was explored. It was found that specific frequencies stimulate algae
and induce bioluminescen(®urggraf, Bioluminescence: Toward Design with Living

Light, 2014)

Figure 2.28 Bioluminescent Field Project installation in 2010 Luminale, Frankfurt: Left:glass vials with
dinoflagellates installed on a reacé\loor; Right: Bioluminescence response after the entrance of visitors
(Burggraf, 2019)

2.8.2.Conceptual projects
ii. Los Angeles Federal Office Building

Architects and engineers from HOK @and Val
Next Generation Design Competition with

proposed fothe 46-yearold federal office bilding in Los Angeles (Fig. 29. The
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design uses mixed energy conservation and renewal strategies like integrated louvers

for passive ventilation, phase changing materials for insulation, photovoltaic films,
rooftop solar collectors and cloud computing system. Additionally, a modular network
of tubular PBRs wrap the building, also providing sun shading for interior sffice
spaces Microalgae contribute toenewd#le energy production on site by 9%. The
PBRs are covered with thin photovoltaic film to protect the tubes and avoid
overexposure tthesun. CQ is captured from the nearby freeway, it enters a central
vessel with buildigds wastewater and additional
buil dingds bl ack water and supplied t
reintroduced to the system and generatets@eleased intthe building. Overall, it

is given 84% of reductiomi bui |l di ngds energy demand
with achieving the goal of neero desigfHOK, 2019) (Elrayies, 2018)

Figure 2.29 Net zeo retrofit solution for GSA office building by HOK and Vanderyeéxigner, 2019)
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iii.  Marina City Towers

Marina City Towers are icons of Chicago City, which were originally built in 1962. A
design proposal was made by Influx Stutb achieve zero environmental footprint

by the integration of different systems which algae come into prommemsong
others (Fig.2.3D The project, named The Green Loop, was the winner of the
Abundance Prize of the 2011 International Algae Competitind turbines at the

top of the towers enhance airflow and carbon scrubbing plants capta@n@adlter

it be used in algae bioreactors to produce biofuel. Algae tubes wrap around the
circumference of the towers. The phytoremediation garden recy@es for
irrigation of the vertical gardens cladding the fazadd allows building occupants to
farm. Exterior surface of balconies mvered with photovoltaic and solar thermal
panels to provide additional energy and light for the plants. The bridgedretowers

is used as algae showroom and bazaar, brings people together to promote farming
(Meinhold, 2019)(Kim E. , 2019) (Elrayies, 2018)

Figure 2.30 Design proposal of Marina City Towers by Influx Stu@einhold, 2019)
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iv. In Vivo

In Vivo is another microalgae utilized projeehich is designed by XTU architects,

MU architectureand SymBIQ consortium (Fig.2.31 and 2.8@ egendre, 2019)in

the project, it is aimed for urban integration of nature and living matter with using

urban greenhouses, vertical forests and building integrated microalgae. The project

consgsts of 3 buildings; the Tree House which the trees and bushes are placed on

balconies, the Plant House which is dedicated to small scale urban agriculture, and the
AlgoHouse which the microalgaeisusedwii n bui |l di ngd aélsof a- ade ( Fi
there isanother house for earthworms to allow the vermicomposting of organic waste

and culture conditioning. Named fAbiofa-adeo
SymBIO2 consortium under a research program fotbbiged medicines. The heat

collected by PBRs il be used for domestic hot water and heating systems.

Figure 2.31In Vivo project, the AlgoHouggegendre, 2019)
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Figure 2.32In Vivo project, the Tree Hougkegendre, 2019)
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Figure 2.33 Functional diagram of In Vivo proje¢Legendre, 2019)
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v. French Dream Towers

XTU Architects hada design proposal for highse French Dream Towers in
Hangzhotcalled French Dream Towe(fSig. 2.39, whichmanysustainable strategies
are utilized in the projeancluding microalgae integratiofFig. 2.39. The French
architecture studio hasfluenced from various sources of Chinese history, haute

couture fashion and nature in the design.

Figure 2.34 French Dream Tower@lock, 2019)

The algae aretroducedasa | ayer to provide natur al i nsul
heat is used to regulate the culture temperature of lgamn be seen in Figure 2.35,

organic building form and sloped facades help facilitate rainwater collection, the

rainwater flows naturgl to basins on the roof and ground. Througe

phytoremediation process, flora growing near the basins cleans air and rain and
aguaponics system allow for the cultivation of vegetables, flowes fish(Block,

2019) (Pinto, 2019)
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Figure 2.35 Sustainable design strategies of French Dream To{Rirgo, 2019)

vi.  FSMA Tower

The architect Dave Edwards proposed a skyscragsgml for London which focuses

on algae(Fig. 2.39. The huiilding envelope was considered as a green wall that
improves air quality, produces food and biofuel. The waste biomass feeds the building
skin and wastewater can be recycled through microafggeund source heat pump
allows to store the excess heat and to be re(@ealcraft, 2019)
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Figure 2.36 FSMA ToweiChalcraft, 2019)

vii.  Developments insynthetic biology

Developments in synthetic biologyveaccelerated for the new forms of architecture

that incorporate the dynamic properties of living structures. Recent studies show that

different species of bacteria can be adapted for detecting pa#utanaintaining

indoor quality and used for producing bioluminescent t{@demstrong & Spiller,

2010) AGl owing Pl ant Projecto was an open Ssou
many people on Kickstarter and exceeded its irdmgoals. It was aimed that trees

could replace street lamps and serve as a sustainable lighting source in the long period

(Manuel, 2017)
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2.8.3.Published research works

i. Kim (2013) performed a study on algae integrated facadesraysthich
structural, thermal and environmental performances were analyzed using
computer software and experimentation. The idea was to replaalyae
bioreactor system between two glazing systems to provide thermal and
structural performance, daylighatrsmission, shading capability and improve
indoor air quality. The fagade system consists of algae zone, which is a flat
panel PBR, vision zone and a mechanical system for growth and maintenance
of algae, the panels are made of ¥z inch acrylic sheet 112y ta ft wide with

a linch water gap (Fig. 2.37

intake
pipes

| f ) <——algae zone
' &=——vision zone

algae fagade = v
sygstem 5 z = M gﬁ'}tmg
?n t‘jmg:]“m back | 4 sheet

lazin -
gheetg o

outtake
pipes

Figure 2.37 Algae Facade Syste(dim K-H. , 2013a)

A series of prototyping wasarried out in School of Architectued UNC Charlotte in

order to assess fabrication methods, cost analysis, daylighting and thermal
performances, which were made of acrylic panels 2 ft by 2 ft in size (BR). Bligh
dynamic rangephotogrammetridechniques are used to evaluate the dhtihg
performance and space coloeated by the algae zone. It was found that algae zone
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needs solutions fronthe interior side to minimize color transmission, and film
application was suggested to overcome the probl€he peliminary thermal
assessmernndicated that tfactor of algae facade is comparable to -l®woated
insulated glass unit although double layers of acrylic gaasdneeded to provide
thermal comfort. Based on published datag@neration and biofuel production per
panel with 5ft by 2ft are calculated. The initial w# of preliminary assessment is
assumed as 70 liteof oxygen per houR.1221.2 g/panel/day in biomass and-#.2
g/panel/day of lipids fo€hlorella vulgaris(Kim K.-H. , 2013a)Kim K.-H. , 2013b)

Figure 2.38 Test seup ofthe prototype for thermal performance analy8iSm K.-H. , 2013a)

i. Kim and Patel (2018) workedn a simulation project of an existing office
building in New York City. Two models were studied in order to carry out an
energy analysis; the original building and its copy with a different window
system. The results demonstrated that it was possibedource a bui |l di ngo
energy consumption and environmental impact by retrofitting to microalgae
facade. The retrofitted building could reduce CO2 emissions by 200 tons and
also could have more th&i0M over a 36year periodKim & Patel, 2018)
iii.  In a study, it was indicated that algae fagade integration has a great impact on

the overall tanslucency and transparency btilding skin. A design
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experiment was conducted to investigate the use of flat panel reactors applied
in a doubleskin facade. A test environment was built with a couple of rotating
flat panel PBRs, which givéhe opportunity to measure light levels on the
surface of PBRs as well as the interior spadb@test environment (Fig. 2.39
2.40).

Figure 2.39 Test environment with flat panel PB@ecker, Hahn, & Harris, 2016)

n . RGB Sensor
""" ISL 29125
Luminosity Sensor [
TSL2561 Wb
= |\ T
Ay O O
v ),, ................. \,:.‘.,,".‘.'.'.'.'.'.:::::::::: Photobioreactor - k
Plan Section

Figure 2.40 Drawing of test environmei{Decker, Hahn, & Harris, 2016)
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It was stated thaherotation of panels from the directionafideal relationship with
thelight source to other directions decreased the light levels vitieireactor due to
reactor geometry. The factoréfexting light levels were reactor geometry, frame
details, panel rotations, and culture density. In conclusion, they found that there was a
relationship withthe density of algae culture with the light levels inside the test

environmen{Decker, Hahn, & Harris, 2016)

iv.  An empirical study was conducted to define the relationship between culture
density and light quality. The negative correlation of culture density and light
transmittance was also confirmed by Elnokaly and Keeling (2018)oédh,

a weak relationship was found between culture density and shading efficiency;
shading ceefficient was decreased within increased denijokaly &
Keeling, 2015)

v. In a study, the potential of dinoflagellates was dised within the scope of
architecturallighting. Based on the morphological and bioluminescence
characteristics ofCeratium Ceratocorys Gymnodinium Lingulodinium
(Gonyaulax Pyrocystis and Pyrodiniumynits of emitted light by each kind
of cellwerecorverted to lumens from photoris.conclusion, it wasuggested
that algae light is an option where no point illumination is needed such as

public lighting or decorative lightinf/eron, Ibarria, & Lopez, 2013)
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CHAPTER 3

MATERIALS AND METHODS

In this chapterthe materials and method of the study are presented. Source of
information and selected microalgae to be integrated in built environment are given in

thematerials section. Ithemethodology part, steps of this study axplained.

3.1. Materials

This research i®ased om comprehensive literature revielhe materials of this
study include related books, articles, conference proceedings, abditese
Additionally, literature review was supported by thidormation gainedfrom 11

biologists(the contat list is given in Appendix A), and 1 laboratory observation.

Microalgae are the subject matter of this stublye characteristics of algae can vary
significantly between the species and strains. For this reason, it is \dlfinie the
subject materials in detail in order to propose an appropriate habitat for thken in
built environment. Based otheir characteristics, six species of microalgae are
selectedn view of the research target; to obtain light and biodiesel agpeodlcts,
and benefitting from other features of microalgae during cultivaiar as thermal

buffering and sunlight filtration

The information collected from literature were interpretedwsat to propose design
ideas to integrate microalgae in theilthmgs specifically forKonya Provincial

National Educatin Directorate Building project
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3.1.1.Selected microalgae species for light production

Pyrocystis fusiformis, Pyrocystis noctilyeadCeratocorys horridaare examples of
suitable microalgae specifes light production. They have been frequently mentioned

on their high bioluminescence levelsthe literature and onhe web. The selection
criteria of species was bioluminescence level. These bioluminescent dinoflagellates

classified in Dinophycea whicFigure 3.1 shows the light produced by them

Figure 3.1 Michael Latz stimulates bioluminescence of cultured dinoflagellates. True color image. Retrieved
from (Latz, Glowing with the Flow, 2005)

Species are morphologically diverse and their cell size differs approximately from 70
pum to 1 mm (Latz, Nauen, & Rohr, 2004)All of the selected species are
photosynthetic, and they present biolumirgge on a diurnal rhythm controlled by

an endogenous circadian clock. The light level is tuned according to the external
environment and minimize energy expendit{Marcinko, Allen, Poulton, Painter, &
Martin, 2013) (Valiadi & IglesiasRodriguez, 2013)Some dinoflagellatepecies are

toxic and they are responsible for red tides in the seafmfbutnationon toxicity of
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the selected species could not be obtained, hémeg can beaccepted as haless

for utilization in the built environment.

Pyrocystis fusiformisand Pyrocystis noctilucaare large, autotrophic and slew
growing dinoflagellates which mostly can found in calm tropical or subtropical
oceans. BotlPyrocystisspecies are capable of etimg highest intensities of light
among dinoflagellates and they are abundant at deptt8100 m(Bhovichitra &

Swift, 1977) (Behrmann, Hardeland, Stickan, & Siebert, 20@3)ocystis fusiformis

cells are fusiform shaped, elongated with tapered,eas large enough to be seen
under a dissecting microscope. (Fig. 3@#ll division occurs in the night phase and
takes minimum 5 to 6 daySweeney, 1982)Pyrocystis notiluca has a spherical
shape with an approximate size5®0 pm in diametefCussatlegras & Le Gal, 2004)

They are reported as the dominant luminescent dinoflagellate in the Sargasso Sea
contributing to bioluminescence potaitiLatz, Case, & Gran, 1994 Vertical
migration occurs commonly in dinoflagellates during specific life stages, mature cells
remain in the upper water column, whereas newly divided cells sink down to deeper.
The behaviorattrategy is related to overcome source limitation, and maximize the
nutritional uptake, also the photosynt he:
g e n e r a tPyrocystis ndctilucaAsexual reproduction may take several days to
complete in matte cells. The maximum division rate in laboratory cultures and nature
are determined as 0.11 to 0.183(&eo & Fritz, 200Q)(Rivkin & Swift, 1985)

Ceratocorys horridaare in spherical form wlit six distinctive spines, and relatively
smaller tharPyrocystisspecies witly0 pmcell sizein diameter They have a doubling

time of approximately 1112 days. They have a wide distribution; are found in tropical
waters of theMediterranean Sea and IndjaAtlantic, and Pacific Oceans with a low
abundance. It is reported that it has no significant contribution to levels of in situ
stimulated bioluminescenc&he luminescent capacity &fyrocystis fusiformignd
Pyrocystis noctilucare higher thaeratoorys horrida(Latz & Lee, 1995) On the

other hand, it is one of the most shear sensitive organisms that spines are thought to

act as levers to increase the shear foZidoel, Veron, & Latz, 2000)Additionally,
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Ceratocorys horridas one of only 2 species in whigpontaneous bioluminescence
exhibitscircadian rhythmn both flashing and glowinfl.atz & Lee, 1995)

Figure 3.2 Pyrocystis fusiformigwidder, 2002)

Al l the selected microalgaeds character:i

understand their potentials and limitations, and to integrate them in the built
environment. Optimum light intensity and temperature values of microalgae
determine the fundamentals of integrated building design. Photobioreactor location,
orientation, or the requirement of heating and cooling systems of PBRs depend on the

limits of microabae.

Light is the flow of photons; einsteins or moles are the units used for measuring
quantum (photon) flux density. Number of flashes per cell, flash duration and
maximum flash intensity indicate the bioluminescence light level for species, which
meanghe higher value is higher level of light. Cell size is another important parameter
to be evaluated. Larger cells produce more light. Also, the size information is
necessary for deciding the harvesting method, and the decisiors thedeesign of

buildingintegration system.
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Table3.1 Selected microalgae species for light production and their properties.
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3.1.2.Selected microalgae species for biodiesel production

Neochloris oleoabundans, $®sElesmus obliquusand Botryococcus brauniiare
examples of suitable microalgae species for biodiesel production. They have been
commonly studied on due to their oleaginous cell composition and high growth rate.
In Table 3.2 their characteristics are givéfithin the context of the study, the risk of
selected microalgae for the human health has not been investigated and none were
encountered during the literature review of various sources.

Neochloris oleoabundangs one of the freshwater microalgae specs&®wing
promising results for biodiesel production. It kaspherical cell shape with an average
size of 33.5 um in diameter and it can be cultivated in saline media samito
seawater. This microalgaas received attention since 1980s due to its rgiwth

rates and lipid accumulatiqAbu Hajar, Riefler, & Stuart, 2017}t has been proved

that its oil content can reach up to 40% under nitrate starvation condLltipiMsark,

Wang, Wu, & Q. Lan, 2008)

Scenedesmus obliquisswidespread specieghich is dominant in freshwater lakes

and rivers, normally in forms of fowgelled coloniefMansouri & Hajizadeh, 2018)
(Huang, et al., 2018)t has beewlefined as a versatile and fagbwing algahat can

be easily cultivated in different wastewaters and different environmental conditions.
It efficiently fixes CQ and presents an adequate fatty acid profile, which makes it a
good option for bidiesel productioiGouveia & Oliveira, 2009)Sforza, Gris, Silva,
Morosinotto, & Bertucco, 2014)

The green colonial algaBptryococcus braunis widespread in freshwaters, they can

live in reserwirs at temperate, tropical and arctic latitudes, and exist in the form of
blooms (Fig. 3.3). Clusters of elliptical cells form colonies vary betwegm3t® 2

mm in size. This alga has been recognized for the potential of producing liquid
hydrocarbons deito their rich hydrocarbon conterfAshokkumar & Rengasamy,
2012)( P®r ez Mor a, Mat sudo, Ce z a. Based®o three s & CM
chemical structure of synthesized hydrocarbons the speciiffeientiated in four
distinct raceqBlifernezKlassen, et al., 2018])t can produce up to 85% of its dry
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weight in hydrocarbons, which are chemically similar to petroleunfQit & Li,
2006) Its lipid content and the oleic acid proportion is appropritte biodiesel
production(Yoo, Jun, Lee, Ahn, & Oh, 2010)

10 um
000X

i

Figure 3.3 Botryococcus braunUTEX, 2019)

Al l the selected microal gaebs characteri
light intensity and temperature values are given to ensure them the appropriate
conditions in building design. The cell size of the species were alagate@las it is

a determinant factor for the selection of harvesting and processing methods. The oil
content of the selected species, maximum biomass concentration and total lipid
productivity provide information about the quantity of the biofuel that Wwél

obtained. Maximum biomass concentration is the weight of the biomass in oné liter

liquid and the lipid productivity shows the total oil amount in biomass per liter per

day.

In the table, each parameter value is given as a result of the relevantlistéuefore
it should be noted that these results may vary in different cases, as many factors such

as light, temperature, pH of the medium culture, etc. affects microalgae.

81



Table3.2 Examples of microalgae spies for biodiesel production and their properties.
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Annotation on units: An Einstein is defined as a mole of phdpmsgee Instruments, 2019Jo be expressive,

the unitsin Einstein is expressed amoleson data collected from literature review.
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3.1.3.Konya Provincial National Education Directorate Building Project

In this section, Konya Provincial National Education Directorate Building project
designed by the authas introduced, and in Chapter 4#htegration designs are
proposed for utilization of the selected microalgae spdtyescystis fusiformigand

Neochlorisoleoabundans

The project won thearchitectural design tender (which also included a design
competition) in2015 organized by Konya Metropolitan Municipalitfpuring the
designing processthe project was revisedfor a traditional appearance due to
approvi ng au(Fig.8.4)iThsyproject wasselactéosconceptial study
becauset represents a pical state institutiorbuilding design that can be commonly
encountered in Turkeyherefore, the proposal design can show that tlegiation

of microalgae cannainly be applied in new projects, but also in existing buildings

and it can lead to newegs for architects.

Figure 3.4 3D rendering of Konya Provincial National Education Directorate Building.
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The building has a total construction area of 622@md consists of 2 basements and
five normalfloors. Projects site is locatéa Meram, theold town of Konya City and

the lot isidentified as educational zoning. As shown in the site plan (Fig. 3.5), there
was a historical and a contemporary educational building on the project site, so the
availabk construction area defined by the Konya metropolitan municipality was very
limited. In the construction arebdre were surrounding buildingsdaalsooccupying

ones locatedDemolishment of the existing structutaslt within the borders of the

constrution sitewas planed for the new project
The functional use of building storeysdé are

A 2"9pasement floor (Fig. 3)6Technical rooms and an areaway for ventilation
of these rooms, seminar room, shelter

15tbasemat floor (Fig. 3.%: ParkingArea

Ground floor (Fig. 3.8 Offices

1%t 274 39 floors (shownas typical floor plan in Fig. 3)90ffices

D> > D>

4™ floor: Refectory, kitchen, Multuse hall

The offices were designed around the perimetethe buildingto achieve the
maximum use of dayligt, corrdors and core spaces remainethatcenter. In orde
to benefit from daylight as much as possiblgerior walls of the officeswere

designedasglazingf or i |l |l umi nating buildingés core spa
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(e iszin buildihg)

Figure 3.5 Konya Provincial National Education Directorate Building project site plan
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Figure 3.6 Second basement floor plan of Konya Provincial National Education Directorate Building.
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Figure 3.9 Typical floor plan of Konya Provincial National Education Directorate Building.
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3.2.Method
In this study, the methodologg basedon the reviewofmi cr oal gae6s
and itsrequirementscultivation and harvesting systems, and processes for obtaining

biofuel product$o benefit thenin the built environmenrty an architectural approach
Theknowledge gaineftom books, articles and journals, interviews with experts and
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laboratory observatiorprovided thebasis for interpreting it forintegration in

architectural design
This study was developedlith the following steps

A Investigation of alggbotential and determination of target productse¢aised

in built environment

Firstly, after examiningthe features thatcan be benefitted from algae
bioluminescence light and bioenergy productimere determined as the main
potentials that algae cangwide to architectural environment. the context of
bioluminescence, bioluminescent organisms, the evolutionary origins, functions,
chemistry, and light producing reactions wetedied In the field of bioenergy, the
types of biofuels and the processesried out in the production of biofuels were

examined.
A The methods for growing microalgae in buildings

In this stage, cultivation methods, PBR types, harvesting methods were re\aeed

the cultivation systems wesssessedccoding to microalgae reguements in order

to understand what algae needs and how to benefit them in the built environment.
Afterward, it was researched for thgpropriatespecies for the defined target products

in the study.
A The selection criteria of the microalgae species

The species whiclnave high lipid productivityare suitable t@btainbiofuels. It has

been observedhe specieswvhich are reported tdave high lipid productivity in
literature are also commonly studiedtiglogists and chemical engineers for biofuel
producton. The selection of the species in this research is based on the studies of these

experts.

There are experimental studies on dinoflagellates to measure their bioluminescence
response. Unlike the examination of species for biofuels, there are no consprehen

lists on the light capacity of the organisms as the issue of bioenergy production is an
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area where researchers show more interest than bioluminescent lighting. Species
selection for light production was made with the information in the literature and

supported by interviesy

Three algae species were selected for bioenergy production and bioluminescent light
production.Information on their requirements in terms of light and temperature, and
the quantity of products that can be provided by algae wengileal from various
studies. Thisnformation formed the design criteria to ensure the suitable conditions

for microalgae cultivation
A Interpretation of th literdure review and design proposal

Cultivating microalgae in outdoor conditions is a challengkerefore, it was
concluded thagstablishinga symbiotic relationship was mainly based on meeting the
requirements of microalga€ase studies on microalgae integrated buildings designs
were examinedOverall, all the information was interpreted for thiization of
microalgae in the built environmenth& ways to create suitable conditions for algae
while benefitting from the products of the cultivation proosssediscussedin this

context

i.  Microalgaeintegrated building system was described,

ii.  The poentials of microalgae in the built environment and system challenges
were examined,

iii.  Design methodology foa possiblenicroalgae integration was proposed, the
general design criteria to be considered in architectural design were presented,

iv.  The design propeal wasgiven using theKonya Provincial Directorat of
National Education Project for miatmae integration. The proposstiows
examples of integration to facade for biofuel production, and to building

interiors for bioluminescent lighting.

92



CHAPTER 4

DISCUSSON OF THE KNOWLEDGE IN LITERATURE AND DESIGN
PROPOSAL

In this chaptermicroalgaentegrationto the built environmerdre discussedn this

context, he potentials of microalgae atige purposes foutilization are presented.
The microalga integra¢d building system is described and itdiscussed on the
challengesAt the endadesignproposal igjiven forKonya Provincial Directorate of

National Education Project.

4.1.The potentials of microalgae in the built environment

Despite there is a greatnety of living speciesall microalgae present a common
important feature which is photosynthesis, and which can be done more efficiently
than terrestrial plants.

They grow, produce Hfix CO. naturally just by using sunlighfonsumption of C®

and libeation of @ as a byproduct of photosynthesis can improve life quality in
dense urban environment and higkeepthe ecological balance.

Other species dependent characteristics of microalgae include light production, rapid
growth, oleaginous morphologyand wastewater #atment It meansin suitable
conditions,different speciesffer a variety of opportunities: thesan produce light,
biofuels can be obtained, dense culture can provide sunlight filtering and act as an
additional insulation layer on dding facade as a result of rapid growth characteristic,
and specifianicroalgae species can treat wastewhjefeeding components within.
Also, after processing the residue can be used for soil fertilization or biogas

production.
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All these features poirgut to a sustainable cycle in an environment. Thus the idea is
not new, it can be associated withe ecologic life support system, which the
fundamentals of this concept was developed by NASA for space res@aeh.
ecologic life support system was desggl to meet the essential requirements of human

in a sustainable way for long duration space flights. The system uses living organisms,
which microalgae takethe stage as a primary component. Therefore, to reduce the
negative environmental impacts of theilt environment, and to minimize the inputs

and outputs of the buildings, renewable energy sources should be used and living

organisms should bacorporated in the system.

4.2. Utilization of microalgae in the built environment

The basic characteristics wiicroalgae and the fields where they can contribute were
defined in order to see how microalgae can be utilized in the built environAgent.

can be seen in Table 4.1, many of the features that contribute to the architecture are
actually the regular metabo activities of microalgae in their life cycle, which is

expressed as cultivation under required processes.

In the table, basicharacteristics of algae and their potentials for use in the built
environment ardisted Except bioluminescence, all the aroalgae species have
characteristics like photosthesis, feeding or reproducingut potentials for usehat

are listed in the tabldepend on the right species selection. Besidesigh, growth

rate or reproduction rate is a desirable property fdizimi algae. As the number of
cells increases they can provide more biofuels, mererGnore light, and dense
culture can filter sunlight and stabilize the interior temperafutesy are cultivated

on building envelopeTherefore, possiblcations ofmicroalgae have been defined

based on the characteristics on ldst column 6Table4.1

Target locations of microalgae cultivation are given as examples that senidto
productsto be obtained from, but it should be noted that microalgae can beatadtiv

everywhere with presence of any sunlight or artificial light,,@@d nutrients they
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need.Architectural design has no limits, location of microalgae cultivation can be

defined different in a seaside building, a skyscraper or a desert house.

Table4.1 Characteristics of microalgae and their potential to use in built environment.

Possible
Potentials for use locations of
Characteristics in the built Required End microalgae
of microalgae environment processes product cultivation
Cultivation,
harvesting
and biofuel
Molecular Biofuel production Facade, roof,
composition production processes Biofuel landscape area
Facadeinteriors,
Bioluminescence | Light production | Cultivation Light landscape area
CQO, Sequestering Facade, roof,
Photosynthesis | Indoor air quality | Cultivation | O, landscape area
Wastevater Tanks or isolated
Nutrition treatment Cultivation | Clean watel landscape area
Sunlight
filtering
Reproduction Sunlight filtering | Cultivation | element Facade
Reproduction Thermal comfort | Cultivation - Facade, roof
Soil fertilization
Molecular and biogas Biomass
composition production - residual Landscape area
43.Mi croal gae integrated buildingds syster

Microalgae can be cultivated @pen orclosed systems Opencultivationsystems can
be integrated intflat roofs, terraces and landscapea This study focuses on closed
system integratiobecause they providegh biomass productivity and they have low

risk of contaminatin. Also, verticaktultivation requires less space in the building.

The design criteria to be considered for the integration of microalgae into the
environment will vary according to various situations. The design approach for a new

design project or a renovation projectlivbe different; the geographic location,
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building function, height, and construction areall affect the design considerations

in terms of choosing the PBR type, specifying the quantity of integration area, and
determining PBROs ianrSineentheavater vslumeand alggenc | i na't
densitydepend orthe PBR sizes and numbers toused the building services like

the selection of equipment and tank capacities, and mechanical and electrical systems

should bedesigned accordinghyAs the systenalso involvesoperation and control,

the integration of microalgae in the built environment requaresulti-disciplinary

work.

Fundamentally, the design of the building integrated microalgae system should be
based on twariteria meeting the microalgae regements and the use of products
obtained from the cultivation procassthe building Microalgaerequirements are the
suitable conditions for cultivation and harvesting. Tegyw undersufficient light,
andthe necessary nutrierasid CQ should be proded and the culture should be in

the optimum temperature and pH range. Harvesting is required at the enc:aclhe
growth cycleasit can beshort aseveraddays. The whole system should be monitored
and controlled to maintain the culture aodensue the continuity of the operation.

The components of this complex system can simply be grouped into photobioreactors,
equipment to feed and cycle microalgae, harvesting unit, and the control unit which

all the system is connected.

Figure 4.1 is given to deribethe integration of the microalgae production system in
the building.Microalgaeis cultivated in flat panePBRs(#8). Photobioreactorare
integrated into the glazed curtain walldethey have dimensions of 10@20x 2 cm.

All the PBRs are connéd to the building services in the basement of the building.
In this system, after the algae is harvested, titeire liquid is sent to the PBRor
re-use and nutritional supplement isade from the new culture tankl#vhen
necessary. During the cultivan process, the flue gas from the bo(ler) is pumped

to the purification systenfior CO, sequestration @§, and providedto algae. If the
external temperature conditionnst suitable, the culture temperature is compensated

by the heat exchangé¥#2). When thegrowth cycle of microalgae is completed, the
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cultureis collected intank#3, harvested in tar#4, and the obtained algae sludge is
kept in tank#5 to betaken for processing.he temperaturand pHare measured at
particular intervals to tracthe culture conditionand necessary interventions can be

done from théuilding servicegenter where the system is connected.
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1: new medium tank 2: heat exchanger 3: collected medium tank
4: harvesting tank 5: algae slurry storage tank
6: flue gas purification system 7: boiler 8: flat panel PBR 9: glazed facade

Figure 4.1 Integration of the microalgae production system in the building.

97



4.4.Discussion on ballengesin microalgae integrated buildingsystems
A Environmental factors

The purpose of the utilization of microalgae in the built environment is based on the
exchange of inputs and outputs between buildings and algae. Biomass production
using the sunlight will be the most feasible option that microalgae will not be a burden

to building in terms of energy consumption.

Solar irradiation and outdoor temperature are among the factors that affect algae. As

reported in literature, microalgaeealiving organisms which can survive and be

productive in certain range of temperature, and use the light in certain spectrum (which

is called PAR) and quantity range for photosynthesis. Since the outdoor conditions are

variable, keeping the culture undmontrol is one of the most important challenges.

The key to take precautions for maintenance of microalgae at outdoor conditions is to

know the solar irradiation. To compare with
deter mi ne PBRO s atianangledtdesigniogrprocess,dt is necasdarny n

to know the available sunlight in PAR at the building site, especially for all directions.

The challenge is the difference of expression units which are given in radiometric and
quantum units. TodecidePBR6 | ocati on i n the project based

light can be measured in quantum units specifically at the site.

The design mposalin section 4.6roviderecommendationsn how environmental

factors can be controlled in microalgae utilized dings.
A Energy consumption of the system

Building integrated microalgae cultivation has a complex system. As mentioned in the
literature, the energy of the fuel produced from microalgae cannot meet the energy
consumed by cultivation process, harvesting lainéuel production processes. Also,

the light produced by the dinoflagellates which are cultivated for illumination may be
weak and there may be imbalances between the inputs and the outputs/lodléne

system. Consequently, the cultivation process priscalould be used in the building

98



such as @production, CQsequestratiorthermal bufferingind sunlight filteringand

the system should be supported with other renewable energy sources.

Since harvesting and processing can consume a significant anfoemergy, this
issue can be evaluated separately in microalgae integrated buildings. Facilities can be
designed in the urban environment to provide services for many buildintigese
facilities, largescale harvesting and processing can be optimizestitace the overall

energy consumption.
A Aesthetics

As the biomass concentration increas@sy can beobstructed in buildings which

PBRs are integrated into facadéd. the same time the color of the microalgae will
prevail the appearance of thefacaleyd t he i nteri or space6s
well. For user comfort, facade segmentation can be designed in a way that does not
obstruct the view. In order to reduce the visual interaction between the culttfeea

building uses, the PBRs can besad as a second facade layer such as integrating them

in front of or beyond aolidwa |l | . Second | ayer of a fl at
made of stainless steel plate, or a double glazed PBR unit can be coated with film from
the building interiorThearchitect mayhoose theolor for the facade design among

the species which are suitable for the-pnalduct as different algae species may have

differentcolors.
A Structure

A flat panel PBR in 10& 220x 2 cm dimensions will hold 44 liters of water, whi

equals to approximately 44 kg in weigltacade integrated flat panel PBRs will
consist of steel, aluminum profiles and glass. As the PBR size increases, it should be
considered that the liquid weight and internal pressure in the PBR will increase. The
thickness of the glass and structural profiles should be selected according to

engineering calculations.
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The effect of PBR systemO0s structur al
comparing the weight of the stone cladding system. Natural stone caadoeidsly

in building claddingandthe weight of 1 rfi(100x 100x 2 cm)is approximately 60

kg / m? without its structural profilesThe weight of the liquid in the PBRvas about

22kg / n?, so the PBRsystem is lighter than the stortheP B R s y snpagetomd s

the structurewill be insignificantunless the building is na high-rise. However,
sincethe PBRs will be locatedh specific directions due to incoming solar radiation

thegravity centerof the huilding may need to be balanced in structuesign.
A Fire and earthquake

The fire can spread very quickbn the building fagade depending on the materials
used. During the fire, glazing expladender high heat and pressure which create a
serious safety risk. If the PBRs are components of the gtagtain wall system, the
design precautions of the glazed curtain wall can be adapted for wafetjuce the

risks of damage caused by fire and earthquake hazards
A Wastewatetreatment

Some microalgae species do not require clean water for cultivattbthey can be

used for wastewater treatme®m the other hand, water quality may not be stable for
the use of algae, variabEmountof heavy metals or inorganic substances may be
present in wastewater. Besidesing gray water for cultivation in buildjninterior

may cause problems such as appearance, samdlhygiene. Therefore, wastewater
treatment system should be considered outside the building and water quality should

be monitored regularly.
A Contamination

It can be difficult to keep the risk of mstamination completely under control during
cultivation and harvesting processes. Accordinglysigning an isolated space for
mi croal gaeds equi pment and keeping the

usinggenetically modified species resiat to contamination can be another option.
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4.5.Processfor designing

The designing process of microalgae integrated building has many stages.
Architectural designs limitless but fundamentallythe purpose of utilization of
microalgae is based on the benifieexchange between the microalgae and the
building.

As seen in Figure 4,2microalgae integrated building design requires the
determination of the final product to be obtained from microalgake first stage
Secondly, species selection should be memesidering the final product and the
building site where the cultivation will take placsigae are an extremely diverse
group, they can be found even on the poles or in the tropical waters. Since the
temperature and light tolerance of alga specievaantargetoriented species which

is also suitable for cultivation &te geographical location of the building site should

be selected. Species that can grow with minimum effort in the built environment
would be an appropriate selection. Tdeterminabn of geometry and the number of
PBRs, and their location, orientation, inclination angle mainly compose the
architectural workfor integration To build a symbiotic relationship between
microalgae and the building, it is essential to provide optimal thraanditions for

mi croal gae. I n this context, miicdetalal gaeo0:
building site conditions should be analyzexhd the environmental data should be
compared wit h a lnpanatelthe oppertynitichatean berptowded

by algae for the building should be cons
Finally, the whole data can be combined to decide the location of cultivation for the
highest biomass yield with multiple benefits for the buildiAg.the same time,
precautions should be considered in design for maintaininguthee under extreme
environmental conditions. Subsequent to major design decisions, the structural project
of the building should be reviewed. Operational planning shouldduke raccording

to thenumber of PBRs, theliquid capaciy and biomass capacitgnd the mechanical

and electricaprojectsof the building should beeviewed.
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define target product

species selection
design process for integration of microalgae into the buildings
- v
architectural structural, mechanical, electrical systems

v

determination of geometry and the number of PBRs,
their location, orientation, inclination angle

v R 4
for microalgae for building
{review the characteristics of algae (benefit from the
and analyze the site, and provide characteristics of algae)

the conditions for optimum growth)

Figure42Micr oal gae i nt edgigreptoeess bui | di ngos

The criteria are listetelowto give further details about analyzing the building site
and comparing the environment al dat a
correct decision for the location, orientation and inclination angleeoP®BRs and
appropriate geometry and material selection can provide optimal growth conditions

for microalgae.
A Geographical location and daily light integral

The first criterion to be considered the design phase is the location where the
microalgae will ke grown.The location provides information about the presence and
intensity of light, which is the basic requirement of microalgae. High latitudes have
different seasonal conditions and light levels show a significant change, whereas in
the lower latitudeshis difference is less. To achieve maximum biomass productivity,
PBR orientation should be oriented to exploit sunlight in the most efficient way and
prevent photdimitation where the solar irradiance levels are low. On the other hand,
strategies shoulde developed to keep microalgae in the optimum light randen
desired temperature levedsd prevent photoinhibition at low latitudes where solar
irradiation levels are constantly high.
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Microalgal productivity depends not only on the location of thiéding but also on

the orientation and inclination of PBRs. As detailed in the previous chapter, it was
statedthat PBRorientation is more effective on tiseuth direction at lower latitudes

less than 3% and ortheeastwest direction at higher latiteg. In the city of Hamburg

(539 BI Q Buil di ngbs PRdadR and souttwestt Acdoidiognto i s s
studies examining the optimum PBR angle, @Dsouth direction throughout the year

in Israel (3%), and 48 onthesouth direction in France (%7btained the best results

for microalgae productivity.

Although the risk of photoinhikibn is mentioned commonly in literature, PBRs are

widely considered in southern facades. For PBR orientation, the southern direction
which has the longest exposure titoesunlight is logical. However, if it is accepted
thatabout 2000 pmol/fisof | i ght hits on PBROs surfac
can be seen that this amount exceeds the light requirement of microalgae in most
species. Also, heat is a result of higimkght levels which creates lethal risk for
microalgae if not controlled. Therefore, precautions are necessary for high solar
irradiance conditions in the design of building integrated PBRs.

A The building site and obstructions

The construction site ian urban environment can be obstructed with surrounding
buildings or either with plants. Besides, laws and regulations may effect architectural
design significantly. Floor area indexes defined by zoning regulations and the aim of
maximizing consuction areamay result in highdensity urban environment which

can be a problem against exploiting natural light in buildingshédesign phasehe
architect should analyze the obstructions to shape the building in the most efficient
way. For heavily obstructed dades, daylight redirecting systems can be used to

improve interior space quajiand microalgae productivity.
A Selection of fotobioreactor geometry and materials

One of the important features required in the selection of PBR type is the high surface

to vdume ratio. Flat panel PBRs provide high biomass productivity due to this
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property. In different cases where sunlight is transported to building interiors such as

with light pipes or fiber optics, PBR geometry can be varied.

In terms of light transmittancand durability, glass will be the most adequate PBR

material choice, also its life will be parallelteeb ui | di ngodés I|-made. Pl astic
fibers, acrylic materials are used either for PBRs and goreeghcladding. However,

plasticbased materials andanmade fiker panels are noeresistant to UV rays as

color changes caoccurand light transmittance can be reduced in time. Preservative

additives tahematerial can prevent the permeability of UV and infrared rays, but this

application is likely to adersely affect the transmission of PAR either.

4.6.Konya Provincial National Education Directorate Building Project: A

conceptualstudy for integration of the selected microalgae species

In this section, microalgae integration is proposed for Konya Provih@sbnal
Education Directorate Building Project. Integration is implemented following the

design process stages mentioned in the previous section.

Step 1:Defining the target products and species selection

Integration of microalgae into the built enviroant requires the selection of target
product at the first stage. Subsequently, species selection should be done among the
ones appropriate for the target product that can be cultivated with minimum effort at
the construction site at outdoor conditioiibree species are selected for each light

and biofuel production purposes after a comprehensive literature survey in this study.
The geciesNeochloris oleoabundans, Scenedesmus obliquus, Botryococcus braunii
are suitable for biofuel production aRgrocysts fusiformis, Pyrocystis noctilucand
Ceratocorys horridaare suitable for light production. Most regions of Key have

mild climate and sufficienamount of solar irradiancéepending on the seasons,

conditions are within the optimum range for cultiva of algae in terms of light and
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temperatureStill, during areal application projedbcal species can be investigated
for the specific target product chieve easier cultivation process and reduce the

overall energy consumption

Step 2:Analyzing site conditions

Konya is located at 3”8atitude( Kony a Kl K¢l tegr veTRHeur i zm
city has a continental climate which shows a significant annual variation in
temperature. According to the map of solar irradiance potential of ¥ (Fkg. 4.3),

Konya has annuaolar irradiance level 6001750 KWh/m2 in totalThe project

site is located at Meram, which has 16660 KWh/m2yearsolar irradiance (Fig.

4.3). The dailyaverage insolation hours are 11.43 hours in June &2dhéurs in

Decembef Yeni |l ebi lir Enerj.i Genel M¢ederl ¢ ¢,

Figure 4.3 Solar irradiance potential of Konya. Meram, which is the region that project site is located, has 1650
1750 KWh/m2/ear solar irradianc Yeni | ebi |l ir Enerj.i Genel M¢ dgr |

(
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