TAMPEREEN TEKNILLINEN YLIOPISTO
TAMPERE UNIVERSITY OF TECHNOLOGY

Aino-Maija Lakaniemi

Microalgal Cultivation and Utilization in Sustainable
Energy Production




Tampereen teknillinen yliopisto. Julkaisu 1034
Tampere University of Technology. Publication 1034

Aino-Maija Lakaniemi

Microalgal Cultivation and Utilization in Sustainable
Energy Production

Thesis for the degree of Doctor of Science in Technology to be presented with due
permission for public examination and criticism in Festia Building, Auditorium Pieni Sali 1,
at Tampere University of Technology, on the 27" of April 2012, at 12 noon.

Tampereen teknillinen yliopisto - Tampere University of Technology
Tampere 2012



Supervisors: Professor Jaakko A. Puhakka, Ph.D.

Reviewers:

Opponents:

Department of Chemistry and Bioengineering
Tampere University of Technology

Tampere

Finland

Professor Olli H. Tuovinen, Ph.D.
Department of Microbiology

Ohio State University

Columbus, Ohio

U.S.A.

Professor Irini Angelidaki, Ph.D.
Department of Environmental Engineering
Technical University of Denmark

Lyngby

Denmark

Michael Seibert, Ph.D., Research Fellow
Chemical and Biosciences Center
National Renewable Energy Laboratory
Golden, Colorado

U.S.A.

Professor Eva-Mari Aro, Ph.D.

Department of Biochemistry and Food Chemistry
University of Turku

Turku

Finland

Dimitar Karakashev, Ph.D., Senior Researcher
Department of Environmental Engineering
Technical University of Denmark

Lyngby

Denmark

ISBN 978-952-15-2792-0 (printed)
ISBN 978-952-15-2833-0 (PDF)
ISSN 1459-2045



ABSTRACT

Microalgae are a promising feedstock for biofuel and bioenergy production due to their high
photosynthetic efficiencies, high growth rates and no need for external organic carbon supply.
However, microalgal biomass cultivation for energy production purposes is still rare in commercial
scale. Further research and development is needed to make microalgal derived energy sustainable
and economically competitive. This work investigated cultivation of fresh water microalga
Chlorella vulgaris and marine microalga Dunaliella tertiolecta and their utilization in production of
hydrogen, methane, electricity, butanol and bio-oil after bulk harvesting the biomass. Growth of the
two microalgae was studied in five different photobioreactor (PBR) configurations especially
concentrating on the quantification and characterization of heterotrophic bacteria in non-axenic
microalgal cultivations and microalgal utilization of different nitrogen sources. Anaerobic cultures
used for the energy conversion processes were enriched from a mesophilic municipal sewage
digester separately for production of H,, CH,4 and electricity from the two microalgal species. After
culture enrichment, energy conversion yields of microalgal biomass to the different energy carriers
were compared. Anaerobic microbial consortia utilizing microalgal biomass were characterized
based on the 16S rRNA gene sequence analysis. H, and CH,4 production potentials were tested in
anaerobic serum bottles and electricity and butanol production in fed-batch operated two-chamber
microbial fuel cells (MFCs).

All the PBR configurations tested were amenable to C. vulgaris and D. tertiolecta biomass
production. Highest biomass concentrations and productivities by C. vulgaris and D. tertiolecta
were 3.8 and 3.2 g L™, and 0.60 and 0.83 g L™ d*, respectively. They were obtained in bubble
column PBRs at 12% CO,, 10 mM NOs™ and 350 pmol photons m? s™. Static mixers used in the flat
plate PBRs did not generally enhance the growth of either C. vulgaris or D. tertiolecta at the low
light intensities (50 umol photons m? s™) used. However, the low light intensity resulted in high
growth rates at the early stages of growth. The highest specific growth rates were obtained in the
flat plate PBRs and were 2.0 and 1.4 d”* for C. vulgaris and D. tertiolecta, respectively.

Bacterial growth occurred simultaneously with microalgal growth and correlated generally well
with algal exuded dissolved organic carbon (DOC) concentrations. The bacterial communities were
relatively stable and reproducible in both C. vulgaris and D. tertiolecta cultivations. However, algal
associated bacterial communities were vastly different in C. vulgaris and D. tertiolecta cultures due
to different growth medium salinity (<0.05% and 3%, respectively). C. vulgaris cultures were
dominated with Alphaproteobacteria, especially Sphingomonas spp., which are typical in freshwater
environments, whereas D. tertiolecta cultures were accompanied with halotolerant or halophilic
bacteria belonging to classes Gammaproteobacteria, Flavobacteria and Alphaproteobacteria.

The choice of nitrogen source (ammonium, nitrate and urea) did not affect the biomass productivity
or growth rate of D. tertiolecta at 1.3 mM N concentration. Nitrate and urea supported growth of C.
vulgaris to a similar extent. The use of ammonium resulted in acidification and collapse of the
culture due to algal and bacterial uptake of NH,", bacterial nitrification and a lower buffering
capacity of fresh water medium used for C. vulgaris compared to the marine medium used for D.
tertiolecta. Growth responses of C. vulgaris and D. tertiolecta to N limitation were also different.
Total lipid content and heating value of C. vulgaris increased under N limitation, whereas no
significant changes occurred in the lipid content of D. tertiolecta when conditions changed from
sufficient N to N limitation. The energy embedded in the N source was low compared to power
consumption of gas sparged photobioreactors but was still a significant penalty in the overall energy
balance. The maximum net energy ratios were 1.85 and 2.16 for C. vulgaris and D. tertiolecta



biomass production, respectively, when the energy consumption of gas sparging and N source was
taken into account. However, there is a need to further optimize cultivation strategies to reduce the
mixing as well as CO, and N consumption.

Low level of H, was produced from both microalgal feedstocks by the anaerobic sewage sludge
enrichment cultures. H; was, however, subsequently consumed even in presence of 2-
bromoethanesulfonic acid, a specific inhibitor of methanogenesis. Some H, accumulated from both
C. vulgaris and D. tertiolecta biomass in cultures with no added anaerobic inoculum. This was
attributed to anaerobic activities of bacteria associated with the harvested algal biomass slurries. H;
production by these satellite heterotrophs was similar with both feedstocks; 0.52 mmol H, g-VS*
from D. tertiolecta and 0.45 mmol H, g-VS™ from C. vulgaris. Methanogenesis and butanol
production by the anaerobic enrichments were higher from C. vulgaris (11.9 mmol CH, g-VS™ and
0.56 mmol butanol g-VS™) than from D. tertiolecta (1.0 mmol CH, g-VS™ and 0.11 mmol butanol
g-VS™). Electricity generation in MFCs was also higher from C. vulgaris (15 vs. 5.3 mW m?),
whilst power generation was more sustained from D. tertiolecta (13 vs. 9.8 J g-VS™). In addition,
the highest lipid content was higher in C. vulgaris (28%) than in D. tertiolecta (19%) biomass.
Methanogens were likely inhibited in D. tertiolecta cultures by high salinity of D. tertiolecta slurry.
Salinity also resulted in formation of Ca- and Mg-precipitates on the cathodes of the D. tertiolecta-
fed MFCs, revealing a mechanism which may impair electricity generation from salt water algae
during long-term MFC operation.

Microbial community analysis of the anaerobic serum bottle and MFC cultures indicated that the
anaerobic decomposition of microalgal biomass supported a high diversity of bacteria. Microbial
communities enriched separately for the different energy conversion processes and for the two
microalgal biomass feedstocks were different. Polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR-DGGE) profiling demonstrated the presence of H, producing bacteria (e.g.
Clostridium spp., Hafnia alvei) among the satellite bacteria of both microalgal biomass samples and
both H, producing (e.g. Petrimonas spp., Syntrophobacter spp) and H, consuming bacteria (e.g.
Bilophila wadsworthia, Wolinella succinogenes) in the anaerobic serum bottle enrichments. MFC
cultures contained bacteria previously reported in bioeletrochemical systems or with a demonstrated
ability to transfer electrons to anode electrode. These included W. succinogenes, Bacteroides and
Synergistes spp. in C. vulgaris enriched MFC cultures and Geovibrio thiophilus, W. succinogenes,
Bacteroides, Synergistes, and Desulfomicrobium spp. in D. tertiolecta enriched MFC cultures.

The highest calorific yield of methanogenic conversion of microalgal biomass to energy was 10.3
kJ g-VS™. The highest H., simultaneous electricity and butanol as well as lipid production yields
were 0.14, 1.4 and 4.8 kJ g-VS™ from the similarly grown microalgal biomass. Calorific yield of
lipids increased up to 10.4 kJ g-VS™ by growing the microalgal biomass under conditions favoring
lipid production. The effect of higher lipid content of biomass on H,, CHjy, electricity or butanol
production was not studied. Maximum areal energy productions obtained as H, and CH,; were
significantly higher from microalgal biomass (3.15 and 246 GJ ha™ y™) than from the reference
lignocellulosic plant material, non-pretreated reed canary grass (0.38 and 51.0 GJ hay™).

In summary, this study demonstrated that both C. vulgaris and D. tertiolecta can be used for
production of H,, CHy, electricity, butanol and lipids. Based on this study C. vulgaris is more
suitable for bioenergy production than D. tertiolecta. Depending on cellular lipid content, lipid
utilization for bio-oil production and anaerobic digestion were the most potent means of converting
C. vulgaris biomass to energy. The study also revealed diverse microbial communities in non-
axenic microalgal photobioreactor cultures and in anaerobic consortia converting microalgal
biomass to energy carriers.



THVISTELMA

Mikrolevabiomassaa pidetdén lupaavana raaka-aineena biopolttoaineiden ja bioenergian tuotantoon.
Mikrolevien fotosynteesiteho ja kasvunopeudet ovat suuria eivatkd mikrolevat tarvitse orgaanista
hiilenldhdettd kasvuunsa. Mikrolevabiomassan k&yttd kaupallisessa bioenergian tuotannossa on
vield harvinaista. Tutkimus- ja kehitysty6ta tarvitaan ennen kuin mikrolevista tuotettu energia on
ympariston kannalta kestava ja taloudellisesti kilpailukykyinen vaihtoehto. Tdssa tydssa tutkittiin
makeassa vedessé kasvavan Chlorella vulgaris-levan ja merileva Dunaliella tertiolecta:n kasvatusta
ja kayttoa vedyn, metaanin, biosahkon, butanolin ja lipidien tuotannossa. N&iden kahden levan
kasvua tutkittiin viidessa erilaisessa fotobioreaktorissa keskittyen erityisesti mikrolevaviljelmissa
esiintyvien heterotrofisten bakteerien kvantifiointiin ja karakterisointiin seka erilaisten typen-
ldhteiden kasvuvaikutuksiin. Energiankantajien tuottoon k&ytetyt mikrobiviljelmat olivat perdisin
mesofiilisestd yhdyskuntajatevesilietteen madattamaosté ja ne rikastettiin kummankin levabiomassan
késittelyyn erikseen vedyn-, metaanin- ja sdhkontuottoa varten. Mikrobiviljelmien rikastuksen
jalkeen eri energiankantajien tuottosaannot ja mikrobiyhteisokoostumus madaritettiin. Vedyn- ja
metaanintuottokokeet tehtiin anaerobisissa seerumipulloissa. S&hkon ja butanolin tuottoa tutkittiin
biologisissa polttokennoissa (MFC).

Kaikki tdssé tyossa tutkitut fotobioreaktorimallit soveltuivat C. vulgaris- ja D. tertiolecta-levien
kasvattamiseen. Biomassan kasvu oli tehokkainta kuplapetireaktoreissa (12 % CO,, 10 mmol NO3z”
ja 350 umol fotoneja m? s™). C. vulgaris-levalla suurin saavutettu biomassakonsentraatio oli 3.8 g
L™ ja suurin biomassatuotto 0.60 g L™ d*. Vastaavat arvot D. tertiolecta-levalla olivat 3.2 g L™ ja
0.83 g L* d. Paneelireaktoreissa kaytetyt liikkumattomat sekoitusrakenteet eivét tehostaneet
biomassan kasvua kokeissa kaytetylla alhaisella valonvoimakkuudella (50 pmol fotoneja m? s™).
Alhaisella valaistuksella kuitenkin saavutettiin suuret kasvunopeudet kasvun alkuvaiheessa, jolloin
biomassan pitoisuus reaktoreissa oli vielda matala. T&std johtuen suurimmat spesifiset kasvu-
nopeudet saavutettiin paneelireaktoreissa ja ne olivat 2.0 d* C. vulgaris-levalle ja 1.4 d™* D.
tertiolecta-levalle. Bakteerien kasvu korreloi mikrolevien kasvun ja niiden ulkopuolelleen erittdmén
orgaanisen aineen pitoisuuden kanssa. Levébioreaktoreissa bakteeriyhteisdjen koostumus oli
suhteellisen vakaa reaktorikokeiden aikana ja toistui samanlaisena eri reaktorikokeissa sekéd C.
vulgaris- ettd D. tertiolecta-kasvatuksissa. Bakteeriyhteisot olivat kuitenkin taysin erilaisia
vertailtaessa C. vulgaris- ja D. tertiolecta-kasvatuksia keskend&n johtuen kasvatusalustojen
erilaisesta suolapitoisuudesta. C. vulgaris-kasvatuksissa hallitsevia bakteereja olivat alfa-
proteobakteerit ja erityisesti Sphingomonas spp., jotka ovat tyypillisia makean veden bakteereja. D.
tertiolecta-kasvatuksissa esiintyi  halotolerantteja ja halofiilisia gamma-proteobakteereja,
flavobakteereja ja alfa-proteobakteereja.

Typenlahteelld (ammonium, nitraatti, urea) ei ollut vaikutusta D. tertiolecta-mikrolevén biomassan
tuottoon tai kasvunopeuteen 1.3 mM pitoisuudessa. C. vulgaris sen sijaan kasvoi samankaltaisesti
nitraattilla ja urealla, mutta ammonium-typen assimilaatio ja/tai hapettuminen laski pH:ta heikosti
puskuroidussa makean veden kasvatusalustassa haponmuodostuksen takia. Tamén seurauksena C.
vulgaris-kasvatukset romahtivat kaytettdessa ammoniumia. C. vulgaris- ja D. tertiolecta-solut
reagoivat eri tavoin typen vahyyteen. C. vulgaris-solujen lipidipitoisuus ja lampoarvo kasvoivat
typpivajeen seurauksena, mutta D. tertiolecta-solujen eivét. Typenldhteen siséltdma energia oli
pieni verrattuna kaasutuksen energiankulutukseen, mutta silti merkittdva tekijd mikroleva-
fotobioreaktoreiden energiatehokkuuden kannalta. Suurin tuotetun ja kaytetyn energian suhde C.
vulgaris-biomassan tuottoprosessissa oli 1.85 ja D. tertiolecta-biomassan tuottoprosesseissa 2.16,
kun kaasusekoituksen energia ja typenlahteen sisaltdma energia otettiin huomioon. Kestavan



levdbiomassan tuotannon kannalta prosessia tulee kehittda edelleen sekoitukseen kuluva energian
seka hiilidioksidin ja typen kulutuksen minimoimiseksi.

Anaerobiset rikastusviljelmét tuottivat molemmista levaraaka-aineista pienid pitoisuuksia vetya,
mutta rikastusviljelmén organismit myéhemmin kuluttivat tuotetun vedyn, vaikka metanogeenisten
organismien kasvu estettiin 2-bromietaanisulfonihapolla. Vetyd muodostui molemmista levéaraaka-
aineista kasvatuksissa, jotka sisélsivat pelkastaan levabiomassan mukana tulleita bakteereja. Néiden
satelliittibakteereiden avulla saavutetut vedyntuotot olivat samaa suuruusluokkaa molemmista
levaraaka-aineista; 0.52 mmol H, g-VS™ D. tertiolecta-biomassasta ja 0.45 mmol H, g-VS™ C.
vulgaris-biomassasta. Rikastusviljelmilld saavutetut metaani- ja butanolituotot olivat suurempia C.
vulgaris- (11.9 mmol CH4 g-VS™ ja 0.56 mmol butanolia g-VS™) kuin D. tertiolecta-biomassasta
(1.0 mmol CH; g-VS™ ja 0.11 mmol butanolia g-VS™). Sahkontuottohuiput olivat rikastus-
viljelmilla suurempia C. vulgaris-biomassasta (15 vs. 5.3 mW m), mutta leveampia kéytettéessa
D. tertiolecta-biomassaa ja siksi energiantuotto oli suurempaa D. tertiolecta-biomassasta (13 vs. 9.8
J g-VS™). C. vulgaris-solujen suurin lipidipitoisuus oli 28 % ja D. tertiolecta-solujen 19 %. D.
tertiolecta-biomassan suuri suolapitoisuus todennakdisesti inhiboi metanogeenisia organismeja.
Suuri suolapitoisuus aiheutti myés Ca- ja Mg-saostumien muodostumista katodi-elektrodien
pinnalle D. tertiolecta-MFC-kasvatuksissa. Saostumat voivat heikentda biologisten polttokennojen
sahkontuottokykya pitkien kayttdjaksojen aikana. Suurin metaanintuoton energiasaanto mikrolevé-
biomassasta oli 10.3 kJ g-VS™. Vedyn, samanaikaisen sahkén ja butanolin seké lipidien tuoton
suurimmat energiasaannot olivat 0.14, 1.4 ja 4.8 kJ g-VS™, kun raaka-aineena Kkaytettiin
samankaltaisissa olosuhteissa kasvatettua mikrolevabiomassaa. Lipidituoton suurin energiasaanto
oli 10.4 kJ g-VS™, kun mikrolevien kasvatusta optimoitiin lipidituoton suhteen rajoittamalla typen
méérad kasvatusalustassa. Biomassan lipidipitoisuuden vaikutusta vedyn, metaanin, s&hkon ja
butanolin tuottoon ei tutkittu. Sek& vedyn- ettd metaanintuoton maksimi-energiasaannot kaytettyyn
kasvatuspinta-alaan suhteutettuna sekd vedyn ettd metaanin muodossa olivat suuremmat
mikrolevabiomassasta (3.15 ja 246 GJ ha® y%) kuin vertailu-kasvimateriaalina kaytetysta
esikasittelemattomasta ruokohelpiheinasta (0.38 ja 51.0 GJ ha™* y?).

Anaerobisten seerumipullojen ja MFC-kasvatusten mikrobiyhteisdanalyysit osoittivat, ettd
mikrolevabiomassan anaerobinen hajottaminen vaatii monipuolisen bakteeriyhteison. Eri energian-
tuottoprosesseja varten kahdella eri levabiomassalla rikastetut mikrobiyhteisdt olivat erilaiset.
Polymeraasiketjureaktio-gradienttigeelielektroforeesi-analyysin sekvensointi osoitti, etta
molemmissa levabiomassoissa oli satelliittibakteereja, jotka ovat tunnettuja vedyntuottajia (esim.
Clostridium spp., Hafnia alvei). Liséksi seerumipullojen rikastusviljelmissa esiintyi sekd vetya
tuottavia (esim. Petrimonas spp., Syntrophobacter spp.) ettd vetyd kuluttavia bakteereja (esim.
Bilophila wadsworthia, Wolinella succinogenes). MFC-mikrobioyhteisoissa esiintyi bakteereja,
joita on myods aiemmin raportoitu bioelektrokemiallisista systeemeistd. Naitd olivat W.
succinogenes, Bacteroides ja Synergistes spp. C. vulgaris-levalla rikastetuissa MFC-viljelmissé
seka Geovibrio thiophilus, W. succinogenes, Bacteroides, Synergistes ja Desulfomicrobium spp. D.
tertiolecta-levalla rikastetuissa MFC-viljelmissa.

Tutkimus osoitti mikrolevakasvatusten bakteeriyhteisdjen olevan monipuolisia ja riippuvan ainakin
kasvatusten suolapitoisuudesta. Kumpaakin tutkittua mikrolevalajia on mahdollista kéayttaa vedyn,
metaanin, sdhkon, butanolin ja lipidien tuotannossa. Taman tyon perusteella C. vulgaris on parempi
bioenergian raaka-aine kuin D. tertiolecta. Lipidien tuotto biopolttoaineiden raaka-aineeksi ja
metaanintuotto ovat sopivimmat C. vulgaris-biomassan jalostusvaihtoehdot.
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1 INTRODUCTION

In 2008 the global energy consumption was 8 428 Mtoe of which 41.6% was contributed by oil,
17.2% by electricity, 15.6% by gas, 12.7% by biofuels and waste, 9.8% coal and peat, and 3.1%
was produced from other sources such as geothermal, solar, wind and heat energy (International
Energy Agency 2010a). During the last 30 years world primary energy demand has increased on
average by 2% every year (International Energy Acency 2010b). At the same time concerns about
depleting fossil fuel supplies and environmental security of energy production are growing (Antoni
et al. 2007). For example, the model of Shafiee and Topal (2009) estimated that the reserve
depletion time for crude oil, gas and coal are 35, 37 and 107 years, respectively. According to
Intergovernmental Panel on Climate Change (IPCC), human activities related global green house
gas emissions have increased by 70% from 1970 to 2004 and thus there is a very high confidence
that human activities have caused climate warming (IPCC 2007). The Stern Review on the
Economics of Climate change has announced that it is necessary to reduce greenhouse gas
emissions with swift international response to avoid the most drastic economic and environmental
effects of the climate change (Stern 2006). At the United Nations Climate Change Conference held
in December 2009 in Copenhagen, the major emitting countries set a non-binding target to limit the
increase in global temperature to two degrees Celsius above pre-industrial levels (United Nations
2009). Due to uncertainty of global economic situation of past few years and non-binding nature of
international agreements, the energy demand of the future is extremely difficult to predict. It has
been estimated that between 2008 and 2035 the world’s primary energy production will increase by
36%, corresponding to 1.2% annual increase, based on recently made policy advances (International
Energy Agency 2010b). Thus, there is enormous global drive to introduce sustainable energy
solutions.

Biomass based energy sources are considered as sustainable alternatives to fossil fuels (e.g.
Srivastava and Prasad 2000, Buckley and Wall 2006). To be able to compete with conventional
energy sources, these alternative feedstocks must be technically acceptable, economically
competitive, environmentally acceptable and easily available. Advantages of utilization of biomass
based energy sources include the reduction of fossil fuel derived carbon dioxide emissions, and
increased energy security and independence in regions without fossil fuel reserves (e.g. Field et al.
2007). A large variety of plant materials, ranging from sunflower, corn and palm oil to cedar wood
have been studied in production of bioenergy such as bio-ethanol, biodiesel, biohydrogen, and
biomethane (Amirta et al. 2006, Barnwal and Sharma 2006). However, terrestrial energy crops
require fertile land. Consequently, increased exploitation of terrestrial biomass based energy
sources sacrifices natural ecosystems to managed monocultures, increases deforestation as forests
are turned into croplands, contaminates waterways with agricultural pollutants, and threatens food
production and increases food prices by competing for available land areas (Field et al. 2007,
Schenk et al. 2008). Increased terrestrial biomass energy utilization may even increase CO;
emissions due to increased deforestation and energy-intensive conversion technologies (Field et al.
2007, Righelato and Spracklen 2007).

Microalgae have several advantages over terrestrial plants such as higher photosynthetic
efficiencies, lower need for cultivation area, higher growth rates, more continuous biomass
production, no direct competition with food production, and possibility to utilize saline waters and
wastewater streams in their biomass production (Schenk et al. 2008, Posten and Schaub 2009).
Microalgae can be utilized in energy and fuel production in several ways. For example, microalgal
biomass can be anaerobically digested to produce methane, hydrogen and/or ethanol, utilized as a
substrate for electricity production in microbial fuel cells (MFCs), or processed under high



temperature and in absence of oxygen to produce bio-oil and bio-syngas, dewatered biomass can be
incinerated, and lipids can be extracted from the cells to produce liquid biobased fuels (Scragg et al.
2002, Chisti 2007, Velasquez-Orta et al. 2009, for a review see Li et al. 2008b).

The concept to use microalgal biomass as a feedstock for bioenergy production is not new. It dates
back to the 1950s and has been widely studied especially since the 1970s (Golueke et al. 1956,
Sheehan et al. 1998, Schenk et al. 2008, Chen et al. 2009, Wiley et al. 2011). However, no
commercial scale microalgal bioenergy production facilities are yet in operation although several
startup companies have attempted to commercialize it (Chisti and Yun 2011). Some recent life-
cycle assessments claim that microalgal biomass cultivation and utilization for energy production
might consume more energy than can be harvested from the process (Lardon et al. 2009, Beal et al.
2011), whilst positive energy balances have also been reported (Clarens et al. 2010, Jorquera et al.
2010, Xu et al. 2011). Sustainable production of microalgal biomass based energy requires
optimization of several steps including large-scale microalgal biomass production, recovery of the
biomass and final processing of the product (Molina Grima et al. 2003). All these steps still require
further development. The present work focuses on microalgal biomass production and associated
bacteria in non-axenic microalgal mass cultures, microalgal utilization of different nitrogen sources
and different methods to produce energy from the harvested biomass. The summary part of this
thesis includes literature review on a) principles of photosynthesis, b) comparison of microalgae and
terrestrial plants as energy feedstocks, ¢) microalgal growth requirements, d) description of existing
microalgal growth units and harvesting processes, e) energy production from microalgal biomass,
and f) options to enhance economics of microalgal derived energy production. In the experimental
part of this study a) microalgal biomass production and microbial diversity in microalgal growth
units were characterized under various experimental conditions, b) microalgal utilization of
different N sources and energy balances of microalgal biomass production were examined, c)
anaerobic mesophilic cultures were enriched to utilize algal biomass for H,, CH, and bioelectricity
production, d) the potential production of lipid, H,, CHy, electricity and butanol from two different
microalgal feedstocks was determined, and e) the potential production of H, and CH, from reed
canary grass (RCG) was determined. Where applicable, comparisons were made between different
feedstocks as well as energy balances of different energy production process chains.



2 PRINCIPLES OF PHOTOSYNTHESIS

Photosynthesis is a process where energy of light is converted into chemical energy by living
organisms (Reaction 1) and it is central in biomass based energy production as it is ultimately the
driving force in production of all bioenergy feedstocks.

Light
6CO,+ 6H,0 —= CgH1,0¢+ 60, 1)

Photosynthesis can be divided into two distinctive reaction sets: light reactions and light-
independent reactions. During light reactions, which occur in thylakoid membranes in eukaryotes,
light energy is converted to chemical energy in the form of biochemical reductant nicotinamide
adenine dinucleotide phosphate (NADPH) and high energy compound adenosine triphosphate
(ATP). Light-independent reactions take place in the stroma and entail the use NADPH (i.e.,
reducing power) and ATP (i.e., biochemical energy) in the reductive assimilation of CO, to
carbohydrates. (Masojidek et al. 2004)

Photosynthetic organisms capture light by specialized light harvesting complex proteins referred to
as LHCI and LHCII (Figure 1). These complexes contain most of the chlorophyll and carotenoid
pigments present in the organisms and in addition to capturing light they protect photosynthetic
reaction centers, photosystem | (PSI) and especially photosystem Il (PSII) from over-excitation by
dissipating excess energy as heat or fluorescence (Janssen et al. 2000). Excitation energy captured
by the light harvesting complexes is delivered to photosynthetic reaction centers and utilized by
PSII to water splitting reaction, in which water is converted to protons, electrons and oxygen.
Produced electrons are transferred via plastoquinone (PQ), cytochrome bef (Cytbgf), PSI and
ferredoxin (Fd) to stroma. At the same time protons are released to the thylakoid lumen by PSII and
the PQ/PQH, cycle generating a proton gradient across the thylakoid membrane and driving ATP
production via ATP synthase. In the PQ/PQH, cycle (or Q-cycle, first proposed by Peter Mitchell in
1975) plastoquinone (PQ) is reduced reversibly to hydroplastoquinone (PQH.) at a quinone site on
one side of the thylakoid membrane by taking up two protons. Then the unionized PQH; diffuses to
another quinone site at other side of the membrane, is oxidized back to PQ and releases two
protons. In the next phase of the cycle electrons are transferred across the membrane between the
quinone sites, transmembrane electrical gradient is changed and PQ is able to diffuse back to the
first quinone site (Mitchell 19754, b, Osyczka et al 2005). The protons and electrons are combined
in the stroma by ferredoxin-NADP™ oxidoreductase (FNR) to produce NADPH,. (Masojidek et al.
2004, Schenk et al. 2008)

In the photosynthetic carbon fixation reactions CO, enters the Calvin-Benson-Bassham cycle and
reacts with a five carbon molecule ribulose-1,5-bisphosphate (RBP) to form two molecules of 3-
phosphoglycerate  (3PG). This reaction is catalyzed by ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO). Conversion of 3PG to 3 carbon containing glyceraldehyde-3-
phosphate (G3P) molecules is catalyzed by phosphoglycerate kinase and glyceraldehyde-3-
phosphate dehydrogenase and requires ATP and NADPH. Finally, part of produced G3P is
converted back to RBP via complex series of reactions and part of it the cells can utilize to produce
hexose sugars and other carbohydrates, but also fatty acids, amino acids and organic acids. Three
turns of Calvin cycle are required to produce one surplus of G3P. (Masojidek et al. 2004, Schenk et
al. 2008)
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Figure 1. Schematic diagram of photosynthesis (adapted from Schenk et al. 2008).

Efficient photosynthesis requires balanced distribution of excitation energy between PSI and PSII in
varying light conditions and generation of ATP and NADPH in a ratio of at least 3:2 to fulfill the
requirements of Calvin-Benson-Bassham cycle reactions (Finazzi et al 1999, Allen 2003a). Linear
electron flow (LEF), which includes both PSI and PSII explained above and shown in Figure 1,
provides ATP and NADPH in a ratio of 9:7, which is lower than required by the Calvin-Benson-
Bassham cycle (Allen 2003a). Additional ATP can be produced via cyclic electron flow (CEF),
which occurs around PSI without the involvement of PSII (Arnon et al. 1954, Allen 2003a). In this
pathway electrons flow from PSI through Fd and Cytbsf complex back to PSI simultaneously
generating ATP as shown in Figure 2 (Rochaix 2011). The exact electron transport chain of CEF is
still unknown but it has been suggested that either Fd transfers electrons via FNR and NADPH
dehydrogenase complex to plastoquinone pool (Burrows et al 1998), Fd transfers electrons to
plastoquinone pool through a ferredoxin-plastoquinone reductase (Cleland and Bendall 1992) or Fd
transfers electrons straight to the cytbsf complex (Stroebel et al. 2003). In the case of low ATP and
thus inability to Calvin-Benson-Bassham cycle to regenerate NADP™ as electron acceptor for LEF
or CEF, oxygen can act as terminal electron acceptor in a process called pseudocyclic electron
transport also shown in Figure 2 (Allen 2003a). This process, which is also known as Mehler
reaction, results in formation of superoxide, which is subsequently converted to H,O and O, by
superoxide dismutase and catalase (Rochaix 2011).

The light harvesting complexes LHCI and LHCII have different pigment compositions and
therefore PSI and PSII absorb optimally light of different wavelengths, and changes in light quality
result in unequal excitation of the two photosystems (Allen 2003b, Masojidek et al. 2004, Rochaix
2011). This imbalance in the photosynthetic electron transport chain is corrected by state
transitions, which were first demonstrated by Bonaventura and Myers (1969) and Murata (1969).
They showed that exposure to light that favors PSI causes excess excitation energy to be redirected
to PSII (state 1) and that exposure to light that favors PSII results in excitation energy direction to
PSI (state 2) thus balancing the energy distribution. Transitions between these states are referred to
as state transitions. Molecular explanation to state transitions is that some light harvesting complex
proteins of LHCII are motile and able to move between PSI and PSII depending to their state of
phosphorylation, collecting light for PSI in phosphorylated form and for PSII in dephosphorylated



form (Bulté et al. 1990, Allen 2003b, Rochaix 2011). Enzymes involved in LCHCII
phosphorylation and dephosphorylation are believed to be byStt7/STN7 kinase and PPH1
phosphatase (Finazzi et al. 2002, Depege et al. 2003, Pribil et al. 2010, Rochaix 2011). It has been
shown in Chlamydomonas reinhardtii that transition between state 1 to state 2 acts as a switch from
LEF to CEF (Finazzi et al. 2002). Thus, it seems that in addition to facilitating adaptation to
changing light conditions, state transitions act in adjusting the ATP:NADPH ratio.

NADPH
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Figure 2. The Z scheme originally proposed by Hill and Bendal (1960) for photosynthetic electron transfer including
linear (solid lines), cyclic (dashed lines) and pseudocyclic (gray lines) electron transport chains (adapted from Allen
2003a). Chl = chlorophyll, Chl* = the excited state of Chl, other abbreviations are explained in the text above.
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RuBisCO has a central role in photosynthesis, but it can also function as an oxygenase and catalyze
fixation of O,, which reacts with RBP to form 3PG and 3-phosphoglycolate in a process referred to
as photorespiration (Furbank and Taylor 1995, Masojidek et al. 2004). The phosphoglycolate
produced cannot be utilized in photosynthetic carbon fixation reactions, but some of the carbon can
be recycled to the Calvin-Benson-Bassham cycle via complex processes that require ATP and
NADPH (Furbank and Taylor 1995). The level of photorespiration depends on O,/CO, ratio and is
stimulated when O,/CO; ratio is high (Masojidek et al. 2004). For example, at the atmospheric O,
and CO, concentrations for every three moles of CO, fixed RuBisCO fixes one mole of O,
(Furbank and Taylor 1995). Photorespiration consumes energy and releases recently assimilated
CO; with no metabolic gain to the organism. Therefore, it is considered to be an unfavorable
process (Masojidek et al. 2004). However, it has also been suggested that photorespiration acts as a
protective energy sink under stress conditions preventing overreduction of photosynthetic electron
transport chain (Wingler et al. 2000).

Terrestrial plants use different photosynthetic pathways, referred to as Cs, C4 and crassulacean acid
metabolism (CAM) photosynthesis. C; plants fix CO; into the 3-carbon compound, G3P, by
catalytic activity of RuBisCO as described above, while C4 plants can additionally fix CO, into a 4-
carbon acid (e.g. malic acid or aspartic acid) via the catalytic activity of phosphoenolpyruvate
carboxylase (El Bassam 1998, Lonergan 2000). C4 plants can transport the produced 4-carbon acid
to the site of RuBisCO, regenerate CO, at the site and thus effectively suppress photorespiration
(Furbank and Taylor 1995). CO; fixation in plants is conducted via stomata (epidermal pores that
control the passage of gases into and out of a plant), and stomata need to be open in order for the
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plants to fix carbon; but as the stomata are open, other gases such as water vapor are also able to
pass in and out. In C; and C, photosynthesis, stomata are open for CO, fixation during light, but
CAM plants fix CO; only in dark via the C, pathway, exposing themselves to much less water loss
(Lonergan 2000). C3 plants generally thrive at moderate temperatures, whereas C4 plants have a
competitive advantage at higher temperatures and under CO; limitation, because photorespiration
increases as temperature increases and as CO; level decreases (Ehleringer et al. 1997, ElI Bassam
1998). CAM plants have a competitive edge in arid areas, because of their effective water
utilization ability (Lonergan 2000). Of the traditional energy crops, rape, soybean, castor, sunflower
and cassava are Cs plants, while corn, sugarcane, switchgrass, sorghum and Miscanthus are C,
plants (El Bassam 1998).

Solar energy is available in huge quantity, as sunlight provides more energy in one hour than is
consumed by humans globally in a year based on current energy consumption (Lewis 2007).
However, photosynthetic organisms cannot utilize all this energy, because only photosynthetically
active radiation (PAR, 400-740 nm), which accounts for 48.7% of the total solar energy, can be
utilized by biological organisms. Even part of this energy is lost due to reflection and the ability of
photosynthetic apparatus to exploit only energy equivalent of red photon (700 nm). Photons with
shorter wavelengths have higher energy content, which cannot be fully used. Energy is also lost in
electron transport between photosynthetic reaction center and carbohydrate synthesis, and in
photorespiration (Zhu et al. 2008). The maximum theoretical efficiency by which solar energy can
be converted into biomass is 4.6% for Cs plants and 6% for C, plants at 30 °C and at atmospheric
CO; concentration of 380 ppm (Zhu et al. 2008), but generally only 0.1-1% of received solar energy
is been utilized even by most rapidly growing terrestrial crops (Huber et al. 2006, Posten and
Schaub 2009). Because of their simpler structure microalgae have generally higher photosynthetic
efficiencies than terrestrial plants (Brennan and Owende 2010, Schenk et al. 2008). Photosynthetic
efficiencies even as high as 18-22% of PAR, which correspond overall photosynthetic efficiency of
8.8-11%, have been reported for microalgae (Acién Fernandez et al. 1998, Laws et al. 1986, Pirt et
al. 1980).



3 MICROALGAE AND TERRESTRIAL PLANTS

Microalgae are an extremely large, heterogeneous and non-cohesive group of microorganisms
which contain chlorophyll pigments and are able to carry out oxygenic photosynthesis (Andersen
1992). Microalgae are virtually ubiquitous because they can grow in freshwater, marine areas,
temporary water pools, fish tanks, swimming pools, acidic habitats, ice, snow, moist soils, deserts,
and even inside rocks (Andersen 1992, Madigan et al. 2000). In many studies cyanobacteria have
been included in the group of microalgae (Metting 1996, Li et al. 2008b, Brennan and Owende
2010). In this work, however, the term microalga is used to refer to eukaryotic microorganisms.
Although the photosynthetic machinery is similar both in eukaryotic algae and cyanobacteria,
cyanobacteria are prokayotes.

Traditionally microalgae are categorized into various classes based on their pigmentation, storage
products, organization of the thylakoid, and the structure of the cell wall (Metting 1996). The most
important classes of eukaryotic microalgae are green algae (Chlorophyta), red algae (Rhodophyta)
and diatoms (Bacillariophyta) (Brennan and Owende 2010). Green algae contain chlorophyll a and
b and several carotenoids, of which lutein is characteristic pigment to this algal group (Metting
1996, Tomaselli 2004). Typical storage product in green algae is cross-linked amylase-amylopectin
starch, which forms within chloroplasts. Cell walls of green algae generally contain cellulose,
although some green algae have no cell wall (Tomaselli 2004). Red algae lack flagellate stages,
contain chlorophyll a and d and phycobiliproteins, have chloroplasts with singly occurring
thylakoids and accumulate floridean starch as their storage product outside the chloroplast (Metting
1996, Tomaselli 2004). In diatoms carotenoid pigments such as fucoxanthin and [-carotene
predominate over chlorophyll a, ¢; and c, causing golden-brown appearance (Tomaselli 2004).
Diatoms contain decorated cell walls constructed of silicon and produce chrysolaminarin (B-linked
glucan) or fats and oils as their storage compound (Metting 1996).

Terrestrial plants consist of differentiated cellular structures such as roots, stems and leaves and are
therefore more complex than microalgae. Energy crops can be divided into carbohydrate-based
plants, such as sugarcane, sweet sorghum and corn, lignocellulosic material, such as wood, corn
stalks and bagasse, and oil-bearing crops, such as oil palm, sunflower and rape (Peters 2007).
Composition of terrestrial plants varies greatly (Table 1), but they all contain lignocellulosic
material. Lignocellulose is mainly composed of cellulose, hemicellulose and lignin. Cellulose is an
unbranched polymer that consists of glucose monomers connected via 1,4-B-glycosidic bonds
(Esteghlalian et al. 1997). Cellulose is tightly packed and crystalline, which makes it insoluble in
water and recalcitrant to depolymerisation (Mosier et al. 2005). However, the crystallinity does not
prevent hydrolysis of cellulose as has been shown by Ladisch et al. (1992) who used Cytolase to
enzymatically hydrolyze microcrystalline cellulose and achieved 80% hydrolysis in 6 days.
Hemicellulose is a branched and amorphous polymer that consists of glucose or xylose with
arabinose, xylose, galactose, fucose, mannose, glucose or glucuronic acid as substituents. In
lignocellulosic biomass, hemicellulose links to cellulose microfibrils with hydrogen bonds and this
network of carbohydrates provides structural support to plant cell wall (Mosier et al. 2005). Lignin
is an aromatic polymer that has substituents connected to the aromatic ring via ether and carbon-
carbon bonds (Jeffries 1994). Lignin is associated with the plant cell wall structure and creates a
physical barrier that hinders enzymatic hydrolyzation of cellulose and hemicellulose (Ladisch et al.
1992, Fan et al. 1981).



Table 1. Chemical composition of selected terrestrial crops and microalgal species

Component (dry weight %)

Species Carbo- Cellulose  Hemi- Lignin Proteins Lipids Ash References
hydrates cellulose

Terrestrial crops
Alfalfa (stems) 56.3-59.8  27.5-30.6 10.5-12.2 15.8-17.5 8.8-12.7 5.8-8.1 Dien et al. 2006
Corn grain 70-76 8-11 3-19 Woods et al. 2009
Corn stover 36 23 17 10 Huber et al. 2006
Hardwood 43-47 25-35 16-24 3 Peters 2007, Demirbas 1997
Jatropha curcas seeds 13.98 3.22 14.25 17.08 34.38 Winkler et al. 1997
Oil palm fruits 40-65 Peters 2007
Rape seeds 25 25 45 Woods et al. 2009
Reed canary grass 51.8-59.7 20.9-26.5 17.5-21.8 10.9-14.8 4.5-8.8 9.5-12.8  Dien et al. 2006
Softwood 40-46 24-29 25-31 2 Peters 2007, Demirbas 1997
Sugar beet 94 0.04 0 Woods et al. 2009
Sunflower seeds 14.7-18.2  36.1-44.1 3.0-3.9 Rosa et al. 2009
Switchgrass 56.9-65.5 27.3-32.2 235-27.9 13.3-17.3 3.0-6.5 5.7-8.9 Dien et al. 2006

Microalgae
Chaetoceros sp. 1.3 43.0 19.4 Martinez-Fernandez et al. 2006
Chlorella protothecoides 10.6 52.6 14.6 6.4 Miao and Wu 2004
Chlorella vulgaris 6-10 25-30 30-40 Yeh et al. 2010
Dunaliella tertiolecta 60.6-67.8 Takagi et al. 2006
Isochrysis sp. 26.7 215 31.9 5 Knuckey et al. 2002
Pavlova lutheri 11.7 28.8 37.0 4.9 Knuckey et al. 2002
Phaeodactylum tricornutum 10.5-15.1 25-55 19.8-22.2 Sheehan et al. 1998
Tetraselmis suecica 10.7-47.1 28.3-67.6 14.6-23.1 Sheehan et al. 1998
Thalassiosira oceanica 10.3-12.9 14.0-17.2  42.3-46.0  20.5-36.3  Knuckey et al. 2002




Microalgae are a promising bioenergy feedstock alternative to terrestrial crops, because microalgae
have higher photosynthetic efficiencies, higher growth rates, lower requirement for cultivation area
(Table 2), lower water demand and ability to be cultivated in saline waters and in arid land areas
(Schenk et al. 2008, Posten and Schaub 2009). Microalgae do not require application of herbicides
or pesticides (Rodolfi et al. 2009), minimize nitrous oxide releases (Li et al. 2008b) and at least in
some cases nutrients for microalgal cultivation can be obtained from wastewater streams (Mufioz
and Guieysse 2006). In addition, microalgal biomass can be harvested virtually all year round,
whereas terrestrial crops can be harvested usually only few times a year (Schenk et al. 2008).
Microalgae lack recalcitrant compounds such as lignin (Table 1), which is common in terrestrial
crops and very resistant to microbial attack and thus complicates biochemical conversion of
lignocellulosic biomass into energy and fuels (Fan et al. 1981, Posten and Schaub 2009).
Biochemical composition of microalgal cells can be altered into accumulating storage compounds
such as carbohydrates and lipids by changing their nutritional composition or by causing
environmental stresses (Dismukes et al. 2008, Brennan and Owende 2010). Microalgal cultivation
units have higher capital costs and require more intensive care than conventional agricultural farms.
Due to low microalgal biomass concentrations in the cultivation units and small size of the
organisms, harvesting of microalgal biomass is more challenging and less cost efficient than in the
case of terrestrial plants. Further, microalgal biomass has a high water content resulting in high
dewatering and drying costs in the applications where dry biomass is required (Li et al. 2008b).
Some microalgae have rigid and recalcitrant cell walls, which may cause problems in utilization and
processing of the biomass (Golueke et al. 1956, Carver et al. 2011a). Algal biomass cultivation has
higher N requirement than that of terrestrial crops (Halleux et al. 2008, Sialve et al. 2009).
Utilization of terrestrial plants and plant residues in bioenergy production has been studied and
practiced in commercial scale widely (Huntley and Redalje 2006). However, microalgal cultivation
has significant potential in increasing biomass productivities, while this seems unlikely with
terrestrial crops.

Table 2. Biomass yields of various terrestrial crops and microalgal species.

Species Productivity (t dw ha™ y) References
Terrestrial crops
corn grain 7-9.4 Dhugga 2007, Huber et al. 2006
corn stover 13-24 Huber et al. 2006
eucalyptus 40 Huber et al. 2006
Jatropha curcas seeds 0.4-12 Openshaw 2000
oil palm fruits 18.4 Thamsiriroj and Murphy 2009
pine 12 Huber et al. 2006
rape seeds 3.5-4.1 Thamsiriroj and Murphy 2009, Iriarte et al. 2010
reed canary grass 6-8 Pahkala et al. 2005
soybean 3.6-7 Cooper 2003
sugarcane 73-87 Huber et al. 2006
sunflower seeds 2.2 Iriarte et al. 2010
sweet sorghum 43.8 Huber et al. 2006
Microalgae
Chaetoceros calcitrans 136" Sato et al. 2006
Chlorella pyrenoidosa 2659 Lee et al. 1995
Haematococcus pluvialis 38 (92)? Huntley and Redalje 2006
Phaeodactylum tricornutum 1179 Molina Grima et al. 2001
Undefined algal biomass 358 Pulz 2007

Note: dw = dry weight, “productivity extrapolated from a small scale photobioreactor culture, “average productivity for
a whole year with the maximum achieved in the parentheses.



4 CULTIVATION AND HARVESTING OF MICROALGAL
BIOMASS

4.1 Growth requirements of microalgae

Microalgal growth requirements are relatively simple. Water, light, carbon dioxide and inorganic
nutrients are needed for their growth. In reality, however, effective algal growth requires
optimization of temperature (Cho et al. 2007, Renaud et al. 2002), pH (Blanchemain and Grizeau
1999), mixing (Barbosa et al. 2003b), hydrodynamic stress (Barbosa et al. 2003a), gas bubble size
and distribution (Barbosa et al. 2004), gas exchange (Eriksen et al. 2007), mass transfer (Molina
Grima et al. 1999), light intensity and cycles (Janssen et al. 2001, Perner-Nochta and Posten 2007),
salinity (Cho et al. 2007, Takagi et al. 2006), nutrient availability (Sheehan et al. 1998), carbon
availability (de Castro Aradjo and Garcia 2005) and cell density (Hu et al. 1996). These factors are
often interrelated (for a review, see Schenk et al. 2008).

One major limitation of microalgal growth is the availability of light (Ogbonna and Tanaka 2000,
Eriksen 2008). Ideally, light with saturation intensity characteristic for a given microalgal species
should be distributed homogenously to the entire volume of the cultivation unit. In practice, this is
impossible because of light absorption by microalgal pigments and light scattering due to cells and
other particles in the culture solution (Ogbonna and Tanaka 2000, Pottier et al. 2005). Thus, in
practical cultivation systems with strong external illumination, light inhibition, light saturation, light
limitation and dark zones coexist simultaneously in different parts of the culture vessel (Ogbonna
and Tanaka 2000). Fluctuations in the order of milliseconds between illuminated and dark zones
have been shown to reduce light limitation and inhibition, allow the photosynthetic apparatus of the
organisms to recover from the previous light induced excited state and therefore increase biomass
productivity (Rabinowitch 1951, Ogbonna and Tanaka 2000, Janssen et al. 2001, Camacho Rubio et
al. 2003). These fluctuations can be enhanced by causing swirls in the culture flow with bends in
the reactor design (Carlozzi 2000) or by inserting static mixers inside the cultivation vessels (Degen
et al. 2001, Muller-Feuga et al. 2003).

Efficient mixing is required to prevent cell sedimentation, enable efficient light utilization and
promote efficient mass transfer of nutrients and metabolites between the cells and the culture media,
but the mixing intensity should not exceed the shear tolerance of the cultivated alga in order to
avoid damaging the cells (Sanchez Mir6n et al. 1999, Vernerey et al. 2001, Carlozzi et al. 2005).
Mixing can be conducted with mechanical agitators (e.g., paddle wheels, mixing arms), with
mechanical pumps or by sparging the system with air or with other gas mixture (Chaumont 1993).
Mechanical agitators are mainly used in open systems and pumps in closed bioreactors. Gas
sparging causes less shear than mechanical mixing and the same system can be used to introduce
CO; into the reactor (Vernerey et al. 2001). However, gas pumps are less flexible than mechanical
pumps and constant supply of air/gas is needed in their operation (Chisti 2007). Furthermore, gas
sparging rate should not be high enough to cause gas hold-ups, because they decrease light
transmission into the system (Sanchez Mirén et al. 1999).

The optimum growth temperature of most microalgae is in the range of 20-30 °C (Wang et al.
2008). However, there are also some psychrophilic (Okuyama et al. 1992), thermotolerant (Sakai et
al. 1995) and thermophilic microalgae (Doucha and Livansky 2006) that have been described from
various environments. When the temperature is much lower or much higher than the optimum,
specific growth rate of microalgae is reduced (Madigan et al. 2000, Thébault and Rabouille 2003).
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Low temperature is disadvantageous in bright conditions because it reduces biomass production and
can cause photoinhibitory damage, but advantageous in the dark because respiration slows down
with decreasing temperature and thus reduces biomass losses (Vonshak et al. 2001, Carlozzi 2003,
Chisti 2007). Warming of cultures at early daylight hours and cooling during night time have been
shown to increase biomass productivity (Vonshak et al. 2001, Carlozzi 2003, Moheimani and
Borowitzka 2006a). Excessively high temperatures often occur together with high light intensity
and can lead to growth inhibition or even cell death (Chisti 2007, Stephens et al. 2010). In open
microalgal cultivation systems cooling occurs naturally via water evaporation and in closed systems
temperature control can be achieved by submerging the bioreactor or parts of it in water (Carlozzi
2003), by sprinkling water on the system and allowing it to evaporate (Hu et al. 1996, Zittelli 1999),
by heat exchangers (Vernerey et al. 2001) or by reflecting infrared portion of light (Stephens et al.
2010).

Some microalgae are able to utilize simple organic carbon substrates such as sugars and ethanol for
their growth (Ogbonna and Tanaka 2000) and some even have higher heterotrophic and
mixotrophic biomass productivities and growth rates than when grown photoautotrophically (Chen
1996). In some cases organic substrates have been used in algal cultures to prevent biomass losses
caused by cloudy weather or night time darkness (Ogbonna and Tanaka 2000) or to increase lipid
production of certain microalgal species (Miao and Wu 2004). However, heterotrophic and
mixotrophic growth are not as sustainable as photoautotrophic growth, because organic substrates
required for heterotrophic and mixotrophic growth are ultimately produced by photosynthesis
possibly in terrestrial plants (Chisti 2007). During photoautotrophic growth microalgae can fix
carbon from atmosphere, industrial exhaust gases or from soluble carbonates (Wang et al. 2008).
CO; needs to be fed continuously to the system, when there is light available to enable efficient
growth (Chisti 2007). In their natural habitats microalgae fix CO, from air, but due to low
atmospheric concentration of CO,, CO,-enriched air, flue gases from power plants and soluble
carbonates are often used in microalgal cultivations (Huertas et al. 2000, Zhang et al. 2001, Vunjak-
Novakovic et al. 2005). CO; additions can be used to control the pH of the cultivation vessel and
CO; additions need to be carefully optimized to prevent drastic changes in culture pH and to avoid
CO; losses (Janssen et al. 2003, Stephens et al. 2010). Carbon limitation and too high pH can be
avoided by having several CO; injection points along the reactor (Molina Grima et al. 1999).

At high irradiance, photosynthetic oxygen generation in a microalgal mass culture can rise up to 10
g O, m™> min™ (Chisti 2007). High levels of dissolved oxygen (DO) inhibit photosynthesis due to
the increased oxygenase action of RuBisCo (Molina Grima et al. 2001, Stephens et al. 2010).
Therefore, the DO concentrations should be kept below 400% of the air saturation value (Chisti
2007). At intense light, high DO concentrations can also lead to formation of reactive oxygen
species that can cause extensive photooxidative damage (Molina Grima et al. 2001, Chisti 2007).
Because of these negative effects, oxygen must be removed effectively from the cultivation system.
This can be done by periodically bubbling the culture medium with air, which strips the excess
oxygen out from the solution (Acién Fernandez 2001, Chisti 2007). Intense mixing also reduces
oxygen tension (Suh and Lee 2003).

Nitrogen and phosphorus are essential for microalgal growth. Diatoms also require silicon (Sheehan
et al. 1998). These mineral nutrients and trace elements, such as iron, potassium, magnesium,
sulfur, calcium, zinc, copper and manganese (Madalam and Palsson 1998) are usually provided for
the organisms in culture media. Optimized composition of culture medium provides sufficient
amount of nutrients but not in excess to minimize the costs and wastage (Stephens et al. 2010).
Nutrient requirement are different for different algal species and can be estimated by analyzing the
biomass composition of the specific algal species (Madalam and Palsson 1998). However, some
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nutrients need to be added in excess to enable efficient growth because not all added nutrients may
be bioavailable. For example, phosphate can form complexes with metal ions (Chisti 2007) and iron
precipitates as Fe(OH)s in aqueous solutions at near neutral pH and in the presence of O, (Keren et
al. 2004).

During photoautotrophic microalgal growth, culture pH increases due to removal of CO, from the
system (Suh and Lee 2003). Also the uptake of nutrients such as nitrogen affects culture pH.
Nitrogen uptake as nitrate (NOs’) increases pH as it produces OH" ions, while uptake of nitrogen as
ammonium (NH4") decreases pH as it produces H* ions (Goldman and Brewer 1980). Further,
changes in pH affect the availability of CO, and iron (Lee and Pirt 1984, Suh and Lee 2003).
Culture pH can be kept at desired range by adding carbon dioxide, bicarbonate or acid into the
system (Chen and Johns 1995, Hu et al. 1996). Often the pH-control system is automated so that
when pH reaches a certain value, a reagent lowering the pH is added (Zittelli 1999, Carlozzi 2003).

4.2 Algal interactions with other microorganisms

Algal-bacterial interactions have been widely studied in natural waters and artificial mesocosms
(Riemann et al. 2000, Rooney-Varga et al. 2005, Stenuite et al. 2009, for a review, see Cole 1982),
but in algal mass cultures heterotrophic organisms are generally considered as contaminants, and
even harmful for microalgal growth (Chaumont 1993, Belay 1997, Huntley and Redalje 2007).
Microalgal and bacterial interactions may be ecologically and physiologically complex. Algae may
assist bacterial growth by providing organic substrates for bacteria either by excreting soluble
material during growth or via cell decomposition after cell death (Cole 1982). Bacteria can have
both negative and positive effects on algal growth (Fukami et al. 1997, Joint et al. 2002, Watanabe
et al. 2005, for a review, see Cole 1982). They may compete with microalgae for the available
nutrients, such as N and P, produce metabolites that are inhibitory to microalgal growth, infect
microalgae or cause lysis of algal cells (Cole 1982, Joint et al. 2002). In open systems, increased
bacterial numbers may increase the number of predators that also prey on microalgae (Joint et al.
2002). Bacteria can also supply vitamin Bj, for the algae that are not able to synthesize Bi;
themselves (Croft et al. 2005), provide CO, for algal growth, reduce oxygen tension (Mouget et al.
1995) and increase solubility of nutrients and trace elements making them more bioavailable for the
algae (Keshtacher-Liebson et al. 2005).

Many microalgae excrete growth-inhibitory compounds (Blanchemain et al 1994, Richmond et al.
2003). These compounds can affect other organisms, such as bacteria, fungi and other algal species,
in a phenomenon known as heteroinhibition, or they can affect the algae themselves in a
phenomenon known as autoinhibition (Stephens et al. 2010). Possible autoinhibitory compounds
can be removed to achieve ultrahigh microalgal cell densities (> 10 g/L) by using ultrafiltration of
culture media, by total medium replacement or by using high dilution rates in continuous cultures
(Javanmardian and Palsson 1991 and 1992, Hu et al. 1998, Richmond et al. 2003). However, cost-
effectiveness of these processes should be analyzed, as that especially ultrafiltration is expensive (if
even feasible) in large scale operation. Heteroinhibitory compounds could possibly be used to
alleviate culture contamination with unwanted bacteria, algae and algal grazers (Jittner 2001). One
group of the most studied growth inhibitors is the free fatty acids (FFAs), which can cause both
autoinhibition and heteroinhibition by altering plasma membrane permeability and thus causing
leakage of potassium ions and subsequent disintegration of membrane structure (Juttner et al. 2001,
Wu et al. 2006a). In many studies (e.g., Hu et al. 1998, Richmond et al. 2003), the presence of
growth inhibitory compound was reported but the bioactive compound was not characterized, thus
warranting further studies.
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4.3 Cultivation systems

Microalgal cultivation systems are usually different from bioreactors used for heterotrophic
organisms due to the light requirement of microalgae (Eriksen 2008). Microalgal culture vessels are
either thin reservoirs illuminated with natural light or an external artificial light source, or tanks
with internal illumination. Existing microalgal culture systems are divided into two major
categories, i.e., open systems and closed photobioreactors (PBRs) (Chisti 2007) (Figure 3). Open
systems can be either natural basins, or more often artificial ponds or containers (Belay 1997,
Pushparaj et al. 1997, Huntley and Redalje 2007). PBRs can be of various shapes and sizes.
Existing photobioreactor systems include horizontal tubular PBRs (Carlozzi 2000, Hai et al. 2000,
Molina Grima et al. 2001), column PBRs (Lee et al. 2006, Zittelli et al. 2006, Hulatt and Thomas
2011), flat plate PBRs (Hu et al. 1998, Degen et al. 2001) and stirred tank bioreactors (Li et al.
2003, Eriksen et al. 2007).

The major types of open-air cultivation systems used in mass cultivation of microalgae are shallow
big ponds, tanks, circular ponds and raceway bonds (Borowitzka 1999). Most common of these is
the raceway pond design, which consists of a closed loop of channels, and can be constructed in
concrete or compacted earth (Figure 3B) (Chisti 2007, Schenk et al. 2008). In a raceway pond,
culture is circulated with a paddlewheel and fresh medium is usually fed to the front of the wheel
and the biomass is harvested behind the wheel (Chisti 2007). The cultivation must be conducted in
batch or fed-batch mode, if the used algal strain is very susceptible to contamination so that the
system is periodically re-inoculated (Borowitzka 1999). Mixing should be continuous to prevent
sedimentation of the cells and thus to enhance light utilization and production efficiency (Chisti
2007). The ponds should be as shallow as possible to provide adequate light to all cells but deep
enough to maintain ion concentrations and sufficient fluid depth for mixing. Often the pond depths
are compromises between these two requirements and thus not ideal for high biomass production
(Borowitzka 1999). Raceway ponds are usually approximately 0.15 to 0.3 m in depth (Chisti 2007,
Schenk et al. 2008).

Horizontal tubular photobioreactors (HT-PBRs) can be straight, serpentine or helical and have
usually a tube diameter of 0.1 m or less (Chisti 2007, Hai et al. 2000, Molina Grima et al. 2001).
Straight HT-PBRs commonly contain an array of parallel transparent tubes (Chisti 2007), which are
arranged on top of each other in a fence-like structure (Sdnchez Mirdn et al. 1999) or next to each
other in a row-like structure (Zittelli 1999). If outdoors, straight HT-PBRs are usually oriented from
North to South and the ground below is often painted white to enhance solar energy utilization
(Chisti 2007). The gas exchange can be conducted by aerating the reactor at the end of the tube or
via a separate gas-exchange unit (Carvalho et al. 2006). Serpentine HT-PBRs are often mixed with
an airlift system (Figure 3C), and the solar collector part of the system is submerged in thermostatic
water for temperature control (Acién Fernandez et al. 1997). Helical HT-PBRs require smaller land
area than straight or serpentine tubes (Figure 3D) (Chisti 2007). Due to small diameter of the tubes
HT-PBRs have a high surface to volume ratio for efficient light harvest. Because of oxygen
accumulation as a result of efficient photosynthesis the tube length between gas exchange systems
should not exceed 80 m (Molina Grima et al. 2001, Chisti 2007).

Column PBRs are transparent straight vertical columns to which air or CO,-supplemented air is
sparged from the bottom to ensure efficient mixing (Luo et al. 2003, Luo and Al-Dahhan 2004,
Carvalho et al. 2006, de Morais and Costa 2007). Examples of column PBRs are bubble columns
and air-lift columns. In a bubble column the gas flow is directed to the entire reactor, whilst in an
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air-lift column the reactor volume is separated into gassed and ungassed region causing a vertically
circulating flow (Figure 3E) (IUPAC 1997, Luo and Al-Dahhan 2004). Column PBRs have usually
a diameter of 0.15-0.4 m and, therefore, their light utilization efficiency is lower than in HT-PBRs.
The presence of large number of bubbles also affects the light penetration negatively (Snchez
Miron 1999). However, during intense irradiation HT-PBRs express more photoinhibition, suffer
more of oxygen tension and need more cooling than column PBRs (Sanchez Miron 1999, Brennan
and Owende 2010).

A B C

Degassingunit —

Airlift pump ——— s
Paddlewheel pump

—

|

Air

l

Figure 3. Schematic figures of typical algal cultivation systems including a circular pond with a mixing arm (A), a
raceway pond (B), a serpentine horizontal tubular photobioreactor (C), a helical tubular photobioreactor (D), an air-lift
column photobioreactor (E) and a flat plate photobioreactor (F) (adapted from Chisti 2007 and Schenk et al. 2008).

Flat plate PBRs are thin transparent rectangular vessels in which gas exchange and mixing is
typically realized by bubbling compressed air from a perforated tube in the bottom of the panel
(Figure 3F) (Hu et al. 1996, Zhang et al. 2001). Flat plate PBRs can be placed horizontally,
vertically or in an inclined angle. All surfaces of inclined and vertical flat plate PBRs are
illuminated, as the front receives straight light and the back is illuminated by reflected light (Hu et
al. 1996). The impinging light can be spatially diluted and the surface to volume ratio of the
bioreactor increased by constructing flat plate PBRs with alveolar or laminated surface structure
(Tredici et al. 1991). The advantages of flat plate PBRs include high biomass productivity,
relatively uniform distribution of light and ability to orientate them towards the sun (Carvalho et al.
2006).

Conventional fermenter type stirred tank bioreactors have a low surface area to volume ratio and
thus external light penetrates poorly to the inner part of the vessel (Carvalho et al. 2006). They have
been used widely, their operation and hydrodynamic characters are well-known, they are technically
relatively simple and they can be scaled-up to industrial scale without extensive further
optimization (Franco-Lara et al. 2006). Light utilization efficiency of stirred tank bioreactors can be
enhanced by collecting external light with Fresnel lenses and guiding it into the reactor with optical
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fibers (Ogbonna et al. 1999, Ogbonna and Tanaka 2000). This would provide homogenous light
distribution and remove the infrared part of the spectrum while at the same time reducing the
overheating at high external irradiance (Schenk et al. 2008). However, light conduction technology
is very expensive and the insertion of optical fibers into the bioreactor may complicate mixing, and
cause cell sedimentation and biomass attachment onto the fibers (Ogbonna and Tanaka 2000,
Schenk et al. 2008).

In addition to the most typical PBR designs, many other PBR configurations have also been tested.
Examples of these include a-type tubular reactor (Lee et al. 1995) and triangular air-lift reactor
(Vunjak-Novakovic et al. 2005). High biomass productivities have been achieved with both
bioreactor types (Table 4). The a-type reactor developed by Lee et al. (1995) consists of two sets of
parallel transparent tubes in an angle of 25° with the ground, two receiver tanks and two sets of air
riser tubes, which together form a geometry that resembles the symbol o (Figure 4A). In this system
biomass flows down in the inclined tubes and is lifted up in the air-lift tubes. Pure CO; is injected to
the culture in the top parts of the system. Advantages of the a-design are efficient light harvesting
and that the direction of the flow changes only before the air riser tubes (Lee et al. 1995). The bends
in the serpentine and helical bioreactors increase the need for mixing energy compared to straight
tubes (Carlozzi 2000). Triangular air-lift bioreactor (Figure 4B) resembles the a-type bioreactor, but
it has only one air-lift region and one inclined down-coming region. In the inclined tube portion of
the bioreactor turbulent flow causes the cells to circulate between different light zones. This is
generated by injecting gases from the bottom of the tube (Vunjak-Novakovic et al. 2005).
Advantages of triangular air-lift design are efficient light harvesting and effective suppression of
fouling and its limitations include relatively high energy demand of bubbling and problematic
harvesting (Vunjak-Novakovic et al. 2005, Pulz 2007, Lehr and Posten 2009).

A B

Figure 4. Schematic figures of a-type tubular photobioreactor (A) and triangular air-lift reactor (B) (adapted from Lee et
al. 1995 and Vunjak-Novakovic et al. 2005). Grey arrows in the triangular air-lift reactor indicate gas injection points.

The selection of the cultivation system is dependent upon the intended application of the products
and the specific strain of the organism. Geographical location and weather conditions, biomass
productivity of the system, available land area, land price, availability of competent workforce,
investment and operational costs, and the market price of the prospective product influence the
choosing of the production setup (Chaumont 1993, Carvalho et al. 2006). Compared to open-air
systems the PBRs have reduced risk for contamination, more controlled cultivation conditions,
better possibility to cause strong turbulent flow, lower CO, losses, lower water evaporation,
increased volumetric yield, better biomass quality, improved harvesting efficiency and increased
illuminated area to volume ratio (Hu et al. 1996, Pushparaj et al. 1997, Carlozzi 2003, Ono and
Cuello 2007). The PBRs are more expensive to build and operate, need cooling systems to prevent
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over-heating, are more complex and require training of personnel for proper operation (Pushparaj et
al. 1997). According to Schenk et al. (2008) PBRs are more suitable for growing algal biomass for
bioenergy production, because they save water, chemicals and energy compared to open systems.
However, the scale up of promising and high-yielding laboratory-scale PBRs into industrial scale
systems is still problematic. This is because increasing the PBR volume for large scale production
often requires changing the dimensions of the reactor and leads to lowered biomass yields.
Characteristics of open ponds and typical photobioreactor designs are compared in Table 3.

Table 3. Comparison of different microalgal biomass production systems (Sanchez Miron 1999, Ogbonna and Tanaka

2000, Pulz 2001, Carvalho et al. 2006, Franco-Lara et al. 2006, Schenk et al. 2008, Brennan and Owende 2010).

Cultivation system

Advantages

Limitations

Open pond

Tubular photobioreactor

Flat plate photobioreactor

Column photobioreactor

Stirred tank reactor

-Relatively low operation and investment
costs

-Technically very simple

-Easy to clean and maintain

-Low energy inputs

-Easy to scale up

-Proven technology in relatively large
scale

-Large illumination surface area
-Efficient light harvesting

-High biomass productivities

-Short light paths

-Widely studied and largest constructed
photobioreactor utilizes this design
-Low contamination risk

-Large illumination surface area
-High biomass productivities
-Reduced photoinhibition

-Low oxygen build-up

-Short light paths

-Can be oriented towards the sun
-Low contamination risk

-High radial mixing

-Require relatively small land area

-Moderate biomass productivities
-High mass transfer

-Reduced photoinhibition

-Low oxygen build up

-Low contamination risk

-High radial mixing

-Compact and require small land area

-Excellent degree of control

-Low contamination risk

-Compact and require small land area
-Operation and hydrodynamic characters
well-known

-Technically relatively simple

-Poor biomass productivity

-Requires relatively large land area

-Poor mixing, light and CO, utilization
-Low degree of control

-High water losses

-High weather dependence

-Cultures are easily contaminated

-Low harvesting efficiency

-Successful only with certain algal strains

-Wall growth

-Gradients of pH, dissolved oxygen and CO,
along the tubes

-Generate considerable amount of heat and
require temperature control

-Susceptible to photoinhibition

-More expensive than open ponds

-Wall growth

-Difficult to scale up

-Difficult temperature control

-Some degree of hydrodynamic stress
-More expensive than open ponds

-Small illumination area

-Relatively long light paths

-Difficult to scale up and decrease of area to
volume ratio upon scale up

-Some degree of hydrodynamic stress
-More expensive than open ponds

-Poor utilization of external illumination
-Light utilization can be enhanced by using
internal radiation with optical fibers, but this
is very expensive and requires further
development of light conducting technology
-More expensive than open ponds

By combining PBRs with open ponds it is possible to combine their advantages and to achieve
promising biomass productivities (Huntley and Redalje 2006). When these systems are combined
the overall investment and operation costs and also the areal productivity are lower than with PBRs
alone. PBR segments reduce contamination and provide improved control for early growth stages

16



and ponds provide cooling for the cultivation at high irradiance (Pushparaj et al. 1997, Huntley and
Redalje 2006).

The comparison of biomass productivities of different cultivation systems from the scientific
literature is difficult because the cultivation conditions, strains and purposes of the biomass
production differ between the experiments. Some studies have been conducted indoors and others
outdoors, some systems have been operated around the year and others only during summer. The
volumes of the used systems also vary significantly. Table 4 lists examples of microalgal biomass
productivities of various experimental systems.

Table 4. Microalgal biomass production and highest obtained biomass concentration of certain microalgal species in
various culture systems.

Biomass Maximum  Maximum
Test organism production  growth rate  biomass Reactor type [llumination  Reference
(gm?dh  (dh conc. (g LY
Chaetoceros . .
calcitrans 37.3 n.g. 2.5 Pipe type PBR Sun light Sato et al. 2006
Chlorella .
pyrenoidosa 72 n.g. 13.6 a-type reactor Sun light Lee et al. 1995
Inclined open thin- . Doucha and
Chlorella sp. 32.2 n.g. >40 layer PBR Sun light Livansky 2006
Chlorococcum Fluorescent
littorale n.g. ~1.9 84 Flat plate PBR lamps Hu et al. 1998
. . Garcia-
Du_nallella 3 0.2 n.g. Open_oval fiberglass Sun light Gonzélez et al.
salina containers
2003
Dunaliella Moheimani and
. 37.7 0.23 n.g. Raceway pond Sun light Borowitzka
salina
2006a
Tubular PBRs
Haematococcus 15.1 1.3 0.2 connected to open Sun light Huntlgy and
pluvialis Redalje 2007
ponds
Monodus Flat inclined modular .
subterraneus 51.1 n.g. 55 PBR Sun light Hu et al. 1996
Neochloris - . da Silva et al.
oleoabundans 20 0.18 2.8 Raceway pond Sun light 2009
Phaeodactylum Coiled horizontal . Molina Grima
tricornutum 35 n-g. 4.0 tubular PBR Sun light et al. 2001
Pleurochrvsis Moheimani and
ry 16-47.7 0.60 n.g. Raceway pond Sun light Borowitzka
carterae
20064, b
Tetraselmis . Zittelli et al.
suecica 38.2 n.g. 1.7 Annular columns Sun light 2006
Undefined algal Triangular air-lift .
biomass 98 n.g. n.g. PBR (or 3DMS) Sun light Pulz 2007

Note: conc. = concentration, n.g. = not given, PBR = photobioreactor, * calculated from the presented data

4.4 Harvesting and dewatering the biomass
Microalgae are small and the culture broths in commercial biomass production units are dilute.

Therefore, cost-effective microalgal biomass recovery is challenging and requires processing of
large volumes (Molina Grima et al. 2003). Biomass recovery and dewatering significantly affect the
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economics of the microalgal bioenergy production (Schenk et al. 2008). Recovery costs from high
yielding closed PBRs can be lower than the harvesting costs of open ponds, as the biomass
concentrations in closed units can be almost 30 times higher than in open systems (Chisti 2007).
The efficiency of harvesting and dewatering steps also affect the economics of the downstream
processing. The more concentrated biomass is, the more compact are the unit processes required for
further treatment (Bosma et al. 2003).

There is no single method that is universally considered to be the best and the most efficient for
microalgal harvesting and water content reduction (Molina Grima et al. 2003, Uduman et al. 2010).
Most commonly used harvesting and dewatering methods for microalgae are flocculation aided
gravity settling, filtration and centrifugation (Schenk et al. 2008), but also flotation (Kim et al.
2005, Cheng et al. 2010), ultrasound recovery (Bosma et al. 2003) and electro-coagulation
(Morrison and Lacaey 2011, Vandamme et al. 2011) have been applied. Microalgal harvesting and
dewatering can be conducted as one or two step process. After primary harvesting step the formed
slurry has usually solids content of 2-7% and after secondary dewatering the microalgal paste
generally contains 15-25% of suspended solids (Uduman et al. 2010). Bulk harvesting is often
conducted by flocculation aided gravity settling or flotation, and followed by dewatering by
centrifugation or filtration (Brennan and Owende 2010). For example, centrifugation of dilute algal
broths as primary harvesting step would be very energy and cost intensive, whilst centrifugation is
considered efficient dewatering method (Schenk et al. 2008).

The type and size of the microalgal cultivation unit affect the selection of the harvesting and
dewatering methods, but perhaps the most important factor is the microalgal strain. For example,
filtration is cost-effective only with filamentous and large colonial algae (Schenk et al. 2008).
Ultrasound recovery and filtration have been successfully utilized in small scale, but in large scale
the ultrasound recovery suffers from high power consumption and requirement for cooling, and
filtration is subject to high maintenance costs and membrane clogging (Bosma et al. 2003, Molina
Grima et al 2003, Schenk et al. 2008). Electro-coagulation seems promising as it consumes less
energy than centrifugation. It is especially promising for marine microalgae as medium salinity
lowers power consumption (Vandamme et al. 2011), but the process requires further research to
reach commercial stage.

Some algae settle naturally because of gravitational forces. While this property is utilized in some
algal farms the process is too slow to be used in connection with bioenergy production (Schenk et
al. 2008). The natural negative charges of microalgal cells can be reduced or neutralized with
chemical flocculants to aid cell aggregation (Brennan and Owende 2010). Addition of flocculants
enhances gravity settling, but flocculants can also enhance flotation process by stabilizing the algal
flocs (Edzwald 1993). Multivalent metal salts such as ferric chloride (FeCls), ferric sulfate
(Fe2(S04)3) and aluminum sulfate (Al,(SO4)3) are efficient flocculants, but they affect negatively
the use of the biomass in downstream applications (Molina Grima et al 2003, Schenk et al. 2008).
Other chemicals used in flocculation of algal biomass include cationic polyamine (Tenney et al.
1969), cationic polyethyleneimine (Tilton et al. 1972), Praestol (derivate of acrylic acid and
acrylamide) (Pushparaj et al. 1993) and chitosan (polymer of acetylglucosamine) (Divakaran and
Pillai 2002). However, high salinity of marine microalgae growth media can reduce the flocculation
capacity of polyelectrolytes (Sukenik et al. 1988). Some microalgae such as Dunaliella tertiolecta
can be flocculated simply by increasing the culture pH by NaOH addition (Horiuchi et al. 2003).
Use of naturally flocculating microbes to aid the harvesting of non-flocculating microalgae has also
been proposed (Lee et al. 2009).
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Cultivation strategy and timing of the harvesting affect the harvesting efficiency and costs. Danquah
et al. (2009) reported that fast-growing microalgae at the exponential growth phase have maximal
intracellular metabolic rate and unicellular mobility and thus minimal intercellular interaction
between the individual cells. At the late exponential and stationary phase slow growing algae have
reduced metabolic rate and unicellular motility, which result in higher level of intercellular
interactions and more efficient cell agglomeration (Danquah et al. 2009). Recycling of a portion of
gravity-harvested microalgae into the cultivation unit has been shown to increase the harvesting
efficiency and the dominance of these readily settleable species in open microalgal cultivations
(Park et al. 2011).

4.5 Selection of optimal microalgal species for energy production

Optimal microalgal species as bioenergy feedstock should have high growth rates and biomass
productivity, have high calorific values and outcompete other organisms. The cells should have
high shear tolerance but be easy to break down in biomass processing. The microalgal strains
should also be non-toxic to avoid detrimental health effects on the operating staff as well as on
general public. Toxic strains are common among cyanobacteria and dinoflagellates but not for
example among green algae (Katircioglu et al. 2004, Moestrup et al. 2009). According to Carvalho
et al. (2006) the main criterion affecting the species selection in open systems is the ability of the
candidate organism to compete with contaminant organisms (such as other algae, bacteria,
zooplankton and ciliates). In closed systems the most important characteristics is shear resistance
(Carvalho et al. 2006).
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5 ENERGY PRODUCTION FROM MICROALGAL
BIOMASS

Microalgal biomass can be converted to energy and fuels in several different ways. These energy
conversion processes are generally divided into two categories, i.e. thermochemical and
biochemical conversion (Figure 5) (Tsukahara and Sawayama 2005, Brennan and Owende 2010).
Selection of conversion process depends on type and production quantity of microalgal biomass,
desired form of produced energy, local environmental regulations and standards, and economic
conditions (McKendry 2002b).

_ | Microbialfuel Electricity
cell
—>] Ethano_l Ethanol
fermentation
Blochem_lcal Fermentatl_ve H, H,
conversion production
Anaerobic
—>] ) .
digestion CH,
Photobiological
—> f
H, production H,
Algalbiomass |— N Lipid extractl_on Bio-oil
and processing
N Hydrothe_rmal Bio-oil
upgrading
—> Liquefaction Bio-oil
Thermoche_mlcal Pyrolysis Bio-oil, syngas,
conversion charcoal
—> Gasification Syngas
—> Combustion Electricity, heat

Figure 5. Possible energy conversion processes for algal biomass utilization (Adapted from Tsukahara and Sawayama
2005, Brennan and Owende 2010).

5.1 Thermochemical conversion

Thermochemical conversion uses thermal energy to convert biomass into utilizable form of energy
(Tsukahara and Sawayama 2005). Thermochemical biomass conversion processes include
combustion, gasification, pyrolysis, liquefaction and hydrothermal upgrading (HTU). Descriptions
of the processes and their advantages and disadvantages in respect to microalgal feedstocks are
listed in Table 5 and the product yields in Table 6.
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Table 5. Various thermochemical conversion processes used in conversion of biomass into usable form of energy including their advantages and limitations in respect to
microalgal feedstocks (Dote et al. 1994, Goudriaan et al. 2000, Demirbas 2001 and 2004, Kadam 2002, McKendry 2002a and b, Onay and Kockar 2003, Caputo et al. 2005,
Petrus and Normerdeer 2006, Brennan and Owende 2010, Chen et al. 2011a).

Conversion process

Description

Advantages

Limitations

Combustion

Gasification

Pyrolysis

Liquefaction

Hydrothermal
upgrading (HTU)

Biomass carbon is oxidized to carbon dioxide
and hydrogen to water in presence of air

Biomass is converted to combustible gas
mixture (CO, H, and CH,) by partially
oxidizing the biomass at high temperature
(typically 800-900 °C)

Biomass is converted to liquid (bio-oil), solids
(charcoal) and non-condensable gases by
heating (temperatures generally above 500 °C)
it in absence of oxygen

Biomass is processed under high pressure (5-
20 MPa) and temperature (300-350 °C) using a
catalyst to produce a liquid fuel

Biomass is converted at high temperature (300-
350 °C) and pressure (10-20 MPa) in a wet
environment to partly oxygenated
hydrocarbons

-Proven technology
-Widely used with various feedstocks and
tested also with dried microalgal biomass

-Large variety of potential feedstocks
-Cheaper reactors and fuel-feeding systems
than in liquefaction

-Careful adjustment of temperature, heating
rate and residence time enables predominant
production of the desired conversion fraction
-Up to 70-80% conversion efficiency of
biomass into bio-oil possible with flash
pyrolysis

-Widely studied with microalgae compared to
other thermochemical conversion processes

-Wet biomass suitable for the process
-Positive energy balance shown with
microalgal biomass

-Widely studied with microalgae compared to
other thermochemical conversion processes

-Wet biomass suitable for the process
-Thermal efficiencies up to 75% proven in a
pilot plant utilizing sugar beet pulp

-Feasible only from feedstocks with moisture
content less than 50%

-Corrosion problems due to high alkalinity of
microalgal biomass and high chloride
concentrations of salt water algae

-Dry biomass is more suitable than wet
biomass

-More studies required to clarify the energy
balance with dried microalgal biomass

-Dry biomass is more suitable than wet
biomass

-The bio-oil produced from lignocellulosic
material is corrosive and has poor thermal
stability, but pyrolysis oil from dried
microalgae has higher heating value, lower
viscosity, lower density and lower content of
oxygen

-More expensive reactors and fuel-feeding
systems than in pyrolysis

-1f temperature is too high low molecular
hydrocarbons may break down reducing the oil
yield

-Upgrading of the product is still in research
and development stage

-No evidence of utilizing microalgal biomass
in HTU




Table 6. Bio-oil, gas and charcoal yields obtained from various microalgal feedstocks in thermochemical conversion processes.

Conversion  Test organism (cultivation Temp Pressure Holding Heatingrate Bio-oil yield Gasyield (% dw  Solid yield Reference

process mode) (°C) (MPa) time(s) (°Cs?) (% dw) /L g-dw™) (% dw)

Gasification  Spirulina (Arthrospira) sp.* 850 1.06 Hirano et al. 1998
Gasification  Spirulina (Arthrospira) sp.* 900 1.12 Hirano et al. 1998
Gasification  Spirulina (Arthrospira) sp.* 1000 1.55 Hirano et al. 1998
Pyrolysis Chlorella protothecoides (AG) 452 S 10 50 34 Demirbas 2006
Pyrolysis Chlorella protothecoides (AG) 502 S 10 55 38 Demirbas 2006
Pyrolysis Chlorella protothecoides (AG) 602 S 10 52 40 Demirbas 2006
Pyrolysis Chlorella protothecoides (HG) 500 2-3 600 57 32 11 Miao and Wu 2004
Pyrolysis Chlorella protothecoides (AG) 500 2-3 600 17 29 54 Miao and Wu 2004
Pyrolysis Chlorella protothecoides (AG) 500 300 n.a. 52 >30 n.a. Peng et al. 2000
Pyrolysis Emiliana huxleyi (AG) 400 360000 n.a. n.a. 0.183 n.a. Wu et al. 1999
Pyrolysis Mircocystis aeruginosa (AG) 500 2-3 600 24 >50 ~20 Miao et al. 2004
Liquefaction Botryococcus braunii (AG) 300 2 3600 57-64 Dote et al. 1994
Liquefaction Chlorella vulgaris 350 n.a. 3600 27 Ross et al. 2010
Liquefaction Dunaliella tertiolecta (AG) 250 10 300 31 Minowa et al. 1995
Liquefaction Dunaliella tertiolecta (AG) 300 10 300 44 Minowa et al. 1995
Liquefaction Dunaliella tertiolecta (AG) 340 10 300 42 Minowa et al. 1995
Liquefaction Dunaliella tertiolecta 360 n.a. 3000 26 Shuping et al. 2010
Liquefaction Microcystis viridis (AG) 340 20 1800 33 Yang et al. 2004
Liquefaction Nannochloropsis sp. 350 35 3600 43 Brown et al. 2010

Note: * = Spirulina (Arthrospira) sp. is a cyanobacterium, AG = Autotrophic growth, HG = heterotrophic growth, dw = dry weight, s = heater was stopped immediately after
the given pyrolysis temperature was reached, n.a. = data not available.



5.2 Biochemical conversion

5.2.1 Microalgal lipids for bio-oil production

Biodiesel is traditionally produced from oils extracted from terrestrial oil crops such as rapeseed,
soybean, sunflower and oil palm, from animal fats or waste cooking oils (Barnwal and Sharma
2005, Agarwal 2007, Chisti 2007). Vegetable oils usually contain 98% of triacylglycerols (TAGSs),
which are esters of glycerol and three fatty acids (Barnwall and Sharma 2005) (Figure 6). TAGs
cannot be directly used in diesel engines, because of their high viscosity, low volatility and poor
cold flow properties (Barnwal and Sharma 2005, Agarwal 2007), but there are several methods to
improve the properties of the feedstock oil including transesterification, microemulsification,
pyrolysis, thermal hydrotreating and diluting it with conventional petrol (Fukuda et al. 2001,
Knothe et al. 2005, Brady et al. 2007). For example, Finnish oil refining and marketing company
Neste Oil has developed the Next Generation Biomass to Liquid diesel fuel (NEXBTL) production
process which is based on high-pressure hydrogenation of vegetable and animal fat derived fatty
acids producing high-quality fuel free from sulfur, oxygen, nitrogen and aromatic compounds, but
having high cetane number and good cold-flow properties (Rantanen et al. 2005). Fuel produced via
transesterification and consisting of fatty acid methyl esters is generally known as biodiesel,
whereas fuel produced by hydrotreating and consisting of mainly alkanes is generally known as
renewable diesel (Marchese 2011).

Transesterification with alcohol is the process most commonly used in biomass based diesel
production (Figure 6). It consists of consecutive reactions, where TAGs are first transferred to
diacylglycerols (DAGs), DAGs to monoacylglycerols (MAGs) and MAGs to glycerol at the same
time producing one fatty acid ester during each step (Fukuda et al. 2001, Knothe et al. 2005, Chisti
2007). Suitable alcohols for transesterification are methanol, ethanol, propanol, butanol and amyl
alcohols, from which methanol is most often used due to its low cost and advantageous physical and
chemical properties (Fukuda et al. 2001). A catalyst is usually utilized to improve the rate and yield
of the transesterification reaction and possible catalysts include acids, alkalis and lipase enzymes
(Fukuda et al. 2001, Agarwal 2007). Alkali-catalyzed transesterification is significantly faster than
acid-catalyzed and substantially cheaper than lipase-catalyzed reaction, and therefore alkali
catalysts are most often used in commercial applications (Fukuda et al. 2001, Agarwal 2007).
Because the reactions are reversible, excess alcohol is required to shift the equilibrium to product
side (Agarwal 2007). Alkali-catalyzed transesterification is typically carried out at approximately
60 °C under atmospheric pressure (Chisti 2007).

CH,-O0C-R, R;-COO-R’ CH,-OH
Catalyst

CH-OOCR, + 3R'OH —>s R,-COO-R* + CH-OH

CH,-O0C-R4 R;-COO-R’ CH,-OH

Triacylglycerol Alcohol Fatty acid esters Glycerol

Figure 6. Transesterification of triacylglycerol (TAG) with alcohol, where Ry, R,and R; represent fatty acids that are
connected to the glycerol backbone in the TAG molecule (Adapted from Fukuda et al. 2001).

Microalgae are regarded as a potential source of biodiesel and other lipid-based liquid fuels,
because they contain large amounts of cellular lipids (Table 7). They can contain 1- 90% of lipids
per dry weight depending on growth conditions and the algal species (Metting 1996, Spolaore et al.
2006). The microalgal lipids can be found as functional components in various membrane structures
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and as storage product inclusions; and in some cases, lipids can also be excreted extracellularly as
vesicles and oleaginous globules (Satin 2007). Most microalgal lipids are esters of glycerol and
fatty acids having a chain length of C14-C22 (Metting 1996). Storage lipids of microalgae are
mostly TAGs while polar membrane bound lipids are mainly glycolipids and phospholipids
(Thompson 1996). The amount of lipids belonging to different lipid classes varies between different
microalgal species and also within individual cells with varied culture conditions. For example
dinoflagellates are rich in polar lipids, low in TAG and their polar lipid fraction usually contains
similar percentage of glycolipids and phospholipids (Mooney et al. 2007). Green algae contain high
proportions of polar lipids and accumulate significant amounts of storage lipids only under stress
conditions (Thompson 1996), whereas diatoms can contain significant amounts of TAG also during
efficient growth (Opute 1974).

Table 7. Lipid content (% of dry weight) of various microalgae.

Species/Strain (microalgal subgroup) Lipid (% dw) Reference

Biddulphia aurita (diatom) 40 Kosaric and Velikonja 1995
Botryococcus braunii (green alga) 35-63 Metzger and Largeau 2005
Chaetoceros calcitrans (diatom) 40 Rodolfi et al. 2009

Chlamydomonas reinhardtii (green alga) 13-46 Lietal. 2010

Chlorella emersonii (green alga) 29-63 Illman et al. 2000

Chlorella minutissima (green alga) 31-57 Illman et al. 2000

Chlorella vulgaris (green alga) 10-58 Scragg et al. 2002, Sydney et al. 2010
Dunaliella tertiolecta (green alga) 3-68 Takagi et al. 2006, Zou et al. 2009
Isochrysis galbana (haptophyta) 30-50 Valenzuela-Espinoza et al. 2002
Nannochloropsis sp. (eustigmatophyta) 22-61 Fabergas et al. 2004, Rodolfi et al. 2009
Neochloris oleoabundans (green alga) 23-89 Metzger et al. 1983, Pruvost et al. 2009
Ochromonas dannica (diatom) 39-71 Kosaric and Velikonja 1995

Pavlova lutheri (haptophyta) 32-50 Carvalho and Malcata 2000, Knuckey et al. 2002
Phaeodactylum tricornutum (diatom) 19-22 Sheehan et al. 1998, Rodolfi et al. 2009
Scenedesmus sp. (green alga) 20-21 Rodolfi et al. 2009

Tetraselmis suecica (green alga) 13-23 Sheehan et al. 1998, Rodolfi et al. 2009
Thalassiosira oceanica (diatom) 42-46 Knuckey et al. 2002

The structure of the lipids significantly affects the biodiesel production process and the quality of
the produced biodiesel (Knothe 2005, Hu et al. 2008, Lu et al. 2009). For example, phosphorus in
the biodiesel raw material reduces fatty acid methyl ester (FAME) vyield either due to catalyst
destruction (Freedman 1984) or due to the added difficulty in glycerol and FAME separation (Van
Gerpen 2005). Thus, phospholipids are removed before transesterification in a process called
degumming (Lu et al. 2009). Also presence of free fatty acids (FFA) reduces the efficiency of
transesterification and, therefore, the level of FFA in the oil feedstock should be below 3% (Meher
et al. 2006). Saturation and chain length of the fatty acids in TAG do not affect the
transesterification process, but they do affect the properties of the produced fuel. For example,
biodiesel produced from TAGs with high level of saturated fats has superior oxidative stability,
elevated cetane number and poor low-temperature properties, whereas biodiesel produced from
TAGs with high level of polyunsaturated fatty acids (PUFA) has good cold-flow properties but
instability problems during long storage (Hu et al. 2008). Microalgae generally contain high
proportion of unsaturated fatty acids (Thompson 1996). Some examples of microalgal fatty acid
profiles are given in Table 8 and in these examples proportion of unsaturated fatty acids varied
between 51.9 and 78.8%.
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Table 8. Main fatty acids of selected microalgae as percentage of total fatty acids. First number in the fatty acid designation describes the number of carbon atoms in the
molecule and the second number describes the number of double bonds in the carbon chain.

Species 14:0 16:0 16:1 16:2 16:3 16:4 18:0 18:1 18:2 18:3 18:4 20:0 20:1 20:2 20:3 20:4 20:5 22:6 Reference

Ef;%?icoccus 10 201 44 44 167 ng 21 111 81 308 ng. 03 nd ng ng ng ng ng Volovaetal 2003
gzgﬁ?ﬁems 150 173 304 48 78 05 08 19 07 14 08 ng 01 nd 02 18 128 08 Zhukovaand Aizdaicher 1995
Chlorella 45 339 232 ng. ng. ng 29 204 34 nd nd ng ng ng ng 19 87 nd LiuandLin2001
minutissima

Chlorella . -

vulgaris 31 251 53 nd 13 41 06 126 72 191 nd 01 09 nd 08 02 05 ng Gouveiaand Oliveira 2009
Dunaliella . -
tertiolecta 05 177 09 30 12 106 nd 49 124 302 nd. nd nd nd nd nd nd ng Gouveiaand Oliveira 2009
Isochrysis . L.

galbana 143 170 41 ng. ng. 02 99 187 28 34 117 04 nd. ng 23 16 20 8.0 Fernandez-Reiriz etal. 2006
S'\'pa””OCh'omps's 72 234 269 04 05 nd 05 132 12 nd nd nd nd nd nd 27 143 ng Gouveiaand Oliveira 2009
Neochloris 04 194 19 17 10 72 10 203 130 174 21 nd. nd nd nd nd nd ng Gouveiaand Oliveira 2009
oleabundans

Pavlova lutheri  10.3 20.8 184 ng. ng. ng. 04 33 19 15 68 ng. ng ng ng nd 21 6.2 LiuandLin2001
Phaeodactylum 74 413 294 54 123 14 04 28 15 14 05 ng nd 02 01 06 284 07 Zhukovaand Aizdaicher 1995
tricornutum

g;leirﬂe;mus 15 218 60 40 07 04 05 179 217 38 02 nd nd nd nd nd nd ng Gouveiaand Oliveira 2009
Tetraselmis sp. 06 1162 62 33 13 183 09 70 70 158 121 ng. 09 07 nd. 06 56 nd. Zhukovaand Aizdaicher 1995

Note: n.g. = not given, n.d. = not detected



Optimum microalgal strain for bio-oil production grows fast, has a high biomass yield and high
cellular lipid content. However, productivity and lipid content are generally inversely proportional,
as biosynthesis of lipids has a high metabolic cost (Rodolfi et al. 2009, Lv et al. 2010).
Environmental factors such as light intensity, temperature and nutrient availability affect growth
rate and biomass yield as well as lipid content and composition of many microalgae (Hu 2004).
However, relationship between these environmental factors and lipid yield is not straightforward as
responses change even within the same species. For example, Fabregas et al. (2004) detected that
Nannochloropsis sp. had higher lipid content at relatively low irradiance (60.7% of organic fraction
at 40 umol photons m? s™) than at higher light levels (33.3-48.7% at 60-480 pmol photons m? s™)
in a semi-continuous culture. In experiments of Li and Qin (2005) Botryococcus braunii strain CHN
357 had its fastest growth rate at 60, strain UK 807-2 at 100 and strain JAP 836 at 300 W/m?,
whereas the highest lipid contents of these strains occurred at 100, 60 and 100 W/m? of light,
respectively (Li and Qin 2005). Renaud et al. (2002) detected negative relationship between lipid
content and temperature for Chateoseros (CS256) and Rhodomonas (NT15), but they did not detect
significant change in the lipid content of Cryptomonas (CRFIO1) and Isochrysis sp. (T-1SO) at
temperatures between 25 and 35 °C. Also Li and Qin (2005) observed that Botryococcus braunii
UK 807-2 and CHN 357 strains had higher lipid content at 25 than at 30 °C, but did not detect
significant difference in JAP 836 strain. On the other hand, Zhu et al. (1997) observed that lipid
content of Isochrysis galbana TK1 increased as the temperature was raised from 15 to 30 °C.

High lipid contents in microalgal cells are often associated with a stress situation, such as high
salinity or nutrient limitation (Sheehan et al. 1998, Takagi et al. 2006, Rodolfi et al. 2009). Stress
conditions also usually alter the biosynthetic pathways towards accumulation of TAGs, i.e. the most
useful lipids for biodiesel production (Hu et al. 2008). Increasing salinity has been shown to
increase lipid content of Dunaliella tertiolecta (Takagi et al. 2006), but decrease lipid content of
Botryococcus braunii strains UK 807-2 and JAP 836, (Li and Qin 2005), Chaetoceros wighamii (de
Castro Araujo and Garcia 2005) and Dunaliella salina (Sheehan et al. 1998). Nitrogen deficiency
generally increases the lipid content of microalgal cells (although there are exceptions such as
Dunaliella spp.) but it simultaneously causes cessation of cell division, because cells do not have
enough nitrogen for growth (Thompson 1996, Sheehan et al. 1998, Zhila et al. 2005). Therefore,
even though the lipid content of individual cells increases, the overall lipid production decreases
due to lowered biomass production. To optimize lipid production a compromise between conditions
favoring high lipid content of individual cells and high biomass productivity need to be sought.
Another option is to produce algal biomass with efficient growth conditions in separate biomass
production unit and then increase the lipid content of the biomass in a separate lipid production unit
under induced stress as suggested for example by Huntley and Redalje (2006).

Algal lipids can be processed for biodiesel production in similar manner as vegetable, animal and
waste oil derived lipids. However, before the lipids and fatty acids can be utilized in biofuel
production, they need to be removed from algal cells (For a review, see Mata et al. 2010). Possible
processing steps include biomass dehydration, cell disruption and TAG/fatty acid extraction.
Harvested algal biomass usually has dry solids content of 5-15% and it should be processed rapidly
to avoid spoilage that can occur in a few hours in a warm climate (Molina Grima et al. 2003).
Lardon et al. (2009) reported in their life-cycle assessment (LCA) of biodiesel production from
microalgae that lipid extraction with associated processes consumes significant amount of energy,
especially if the biomass needs to be dried prior to lipid extraction. Therefore, they recommended
lipid extraction from wet biomass. However, drying increases preservability of the biomass as well
as eases the solvent extraction of the lipids from microalgal cells (Belarbi et al. 2000, Molina Grima
et al. 2003, Mata et al. 2010). Methods that can be used to dry microalgal biomass include spray-
drying, drum-drying, freeze-drying, belt drying and sun-drying (Hassebrauck and Ermel 1996,
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Molina Grima et al. 2003). Due to high water content of harvested algal slurry and low costs
required for profitable biofuel production, sun-drying and spray-drying are not considered most
optimal due to low efficiency and high cost, respectively (Mata et al. 2010). Belt dryers have shown
to be relatively simple for sewage sludge drying (Hassebrauck and Ermel 1996) and could possibly
be used also with algal biomass (Lardon et al. 2009). Freeze-drying is rather expensive in large
scale, but it provides excellent product quality. In addition to drying the biomass, it also disrupts the
cells into a loose powder from which the lipids can be extracted without a separate disruption step
(Belay 1997, Molina Grima et al. 2003, Mata et al. 2010). Other possible methods for microalgal
cell disruption include alkaline lysis, osmotic shock, enzymatic treatment, high pressure
homogenization, bead milling, ultrasonication, autoclaving, microwaving and electroporation with
high electrical field (Middelberg 1995, Mendes-Pinto et al. 2001, Bosma et al. 2003, Molina Grima
et al. 2003, Schenk et al. 2008, Lee et al. 2010, Mata et al. 2010). Lipid extraction can be conducted
by solvent extraction with hexane, chloroform, diethyl ether or benzene (Belarbi et al. 2000, Lee et
al. 2010) or with super critical fluid extraction (Mendes et al. 1995). OriginOil (Los Angeles based
algal biofuel company) has reportedly developed a simpler and more efficient lipid extraction
method combining ultrasound and electromagnetic pulse to extract oil from the cells and adding
carbon dioxide to lower the pH and to separate the oil from the biomass (Heger 2009). This method
is claimed to be simple and requiring low energy input, but actual energy consumption value or cost
estimation has not been reported.

Drying, cell disruption and lipid extraction all affect the lipid yield and in some cases also the lipid
composition (Widjaja et al. 2009). For example Widjaja et al. (2009) reported significant decrease
in lipid yield when drying temperatures above 60 °C was used.

5.2.2 Photobiological hydrogen production
Certain green algae, such as Chlamydomonas reinhardtii (Kosourov et al. 2002), Chlorella salina
(Chader et al. 2009), Chlorella sorokiniana (Chader et al. 2009), and Scenedesmus obliquus
(Schnackenberg et al. 1993), are able to produce hydrogen in anaerobic conditions via direct
photolysis according to the following reaction (Melis 2002, Levin et al. 2004):

Light
2H,0 — 2H,+ 0, 2
Initiation of this H,-producing mechanism, which is also known as direct biophotolysis, requires
anaerobic incubation period of several minutes to hours in the dark, during which the necessary
enzymes such as hydrogenase are activated and/or synthesized. Then photoproduction of hydrogen
is possible with the aid of reversible hydrogenase, which accepts electrons from ferredoxin and
combines them with protons (H") to produce H,. Ferredoxin receives the electrons via PSI from the
water splitting reaction that occurs as a part of photosynthesis in PSII. (Ghirardi et al. 2000,
Kosourov et al. 2002, Levin et al 2004) This process results in a simultaneous production of H, and
0O, with a H, to O, ratio near to 2:1 (Greenbaum et al. 1983). However, oxygen, the co-product of
the process, inhibits the enzymatic reactions and suppresses hydrogenase gene expression and
therefore the mechanism can operate only temporarily unless oxygen is removed continuously
(Melis 2002). Hallenbeck and Benneman (2002) suggested that O, partial pressure should be below
0.1 % in order to enable simultaneous H, and O, production. Methods developed for O,-removal
include addition of O, scavengers, addition of irreversible and reversible reductants and purging the
cultures with inert gases, all of which would not be realistic or cost-effective in large scale
production (Kosourov et al. 2002). Also attempts to enhance the O, tolerance of hydrogenase via
mutagenesis have been conducted (Ghirardi et al. 1997, Kruse et al. 2005). However, despite
extensive research this process is still rather feeble and filled with technical challenges (Brentner et
al. 2010).
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It has been shown with C. reinhardtii that sulfur limitation leads to reversible loss of PSII activity
leading to lowered rate of oxygenic photosynthesis without affecting the rate of mitochondrial
respiration (Melis et al. 2000, Kosourov et al. 2002, Melis 2002). Eventually, in a sealed system, the
cells consume more dissolved oxygen with respiration than photosynthesis produces, making the
environment virtually anaerobic in 20-24 hours after sulfur deprivation (Melis et al. 2000, Kosourov
et al. 2002). In these conditions hydrogenase is activated under light and H, is produced (Melis et
al. 2000). Instead of short temporarily H, production of direct photolysis occurring in dark, this
process requires light and can be maintained for a few days, but begins to level off after 70 hours of
sulfur limitation requiring rejuvenation at normal photosynthesis conditions (Melis et al. 2000,
Melis and Happe 2001, Kosourov et al. 2002). Cell immobilization has been shown to increase
duration of sulfur-deprived photobiological H, production up to 4 weeks, increase specific H;
production rate compared to suspended cultures (Laurinavichene et al. 2006) and decrease the
sensitivity of H, production to presence of O, in the bioreactor headspace (Kosourov and Seibert
2009). According to Melis and Happe (2001) maximum theoretical yield of this process would be
approximately 200 kg H, ha™ per day. For example, Kruse et al. (2005) reported maximal H-
production rate of 4 mL h™ and 540 mL H, L™ culture and Torzillo et al. (2009) 5.8 mL h™ and 504
mL H, L™ culture with an engineered strain of C. reinhardtii. In summary, for now the H.
production rates from this process are not high enough for commercial scale production (Kosourov
and Seibert 2009).

Microalgae can also be utilized in indirect photolysis, where microalgae produce fermentable
organic substrates and then photosynthetic bacteria utilize these substrates for H, production
(Benemann 2000). Ike et al. (1997) used lactic acid bacterium Lactobacillus amylovorus to liquefy
C. reinhardtii and Dunaliella tertiolecta biomass to lactic acid, which is an ideal substrate for
photosynthetic bacteria. Then they fed the algal fermentates to halotolerant photosynthetic bacteria
Rhodobium marinum with a H, yield of 8 mol H, mol-strach-glucose™ from C. reinhardtii (66%
starch conversion efficiency) and 6 mol H, mol-strach-glucose™ from D. tertiolecta (52% starch
conversion efficiency). Kawaguchi et al. (2001) used a mixed culture of L. amylovorus and R.
marinum to produce H, from C. reinhardtii and D. tertiolecta biomass in one step. They achieved
starch conversion efficiency of 52 and 61% with H, production rate of 0.85 and 1.55 mmol H, h*
L™ culture, respectively. In the culture system with combined liquefaction and photosynthetic
conversion of fermentates to H,, the H, production rate was somewhat reduced compared to
separate liquefaction and H, evolution experiment. This was due to reduced light penetration to the
culture and was caused by the suspended solids from the algal cells that were present in the cultures
together with the photosynthetic bacteria (Kawaguchi et al. 2001).

5.2.3 Anaerobic digestion and hydrogen fermentation

Methane and hydrogen are generated during anaerobic degradation of organic compounds in the
absence of terminal electron acceptors such as sulfate, nitrate or ferric iron (Madigan et al. 2000).
Degradation in these conditions is conducted by a heterogeneous community of anaerobic
organisms with complex interactions and can be divided into four phases: hydrolysis, acidogenesis,
acetogenesis and methanogenesis (For reviews, see de Mes et al. 2003, Levin et al. 2007).
Methanogenesis is terminal process in anaerobic digestion, whereas hydrogen is a key intermediate
produced to maintain the electron balance in the anaerobic system (Madigan et al. 2000).
Microalgae are a potent substrate for anaerobic digestion and hydrogen fermentation as they
generally have high content of lipids, starch and proteins, but do not contain lignin, which is
common in terrestrial crops and very recalcitrant to microbial attack (Fan et al. 1981, Posten and
Schaub 2009). In addition, no drying of the algal biomass is required, because fermentative H, and
CH, production can be conducted from wet biomass. However, anaerobic conversion processes
have also some limitations. 1) Strong cell walls of certain microalgal species can limit the anaerobic
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degradation of algal cells (Golueke et al. 1956, Chen and Oswald 1998, Carver et al. 2011a). 2)
Biomass of marine microalgae may contain relatively high levels of sodium ions which may inhibit
the growth of anaerobic microorganisms (Feijoo et al. 1995, Rinzema et al. 1998, Sialve et al.
2009). 3) Microalgae cultivated in optimal growth conditions often contain high proportion of
proteins and therefore have low C/N ratio, which may reduce their digestibility and cause inhibitory
ammonium accumulation (Yen and Brune 2007).

Methanogenic fermentation has been applied in digestion of manure, sewage sludge and organic
fraction of municipal solid wastes for a long time in both industrial countries and in agrarian
societies to stabilize wastes and wastewater sludges, to treat wastewaters and to produce bioenergy
(for a review, see Claassen et al. 1999). The final product of anaerobic digestion is biogas, which is
a mixture of CH,4 (55-75 vol-%) and CO, (25-45 vol-%) (de Mes et al. 2003). CHy,4 is a relatively
versatile and clean fuel as it can be directly combusted or it can be converted into electricity with
fuel cells or turbine systems and it generates less CO; per quantity of produced energy compared to
fossil fuels (Chynoweth et al. 2001, Amirta et al. 2006). Anaerobic digestion of microalgal biomass
has been studied in various temperatures, with and without pretreatment as well as with and without
co-substrate (Table 10). Digestibility of strong cell walled microalgal species has been improved by
increasing the digestion temperature (Golueke et al. 1956) or by pre-treating the algal biomass prior
to digestion (Chen and Oswald 1998). Increases in digestibility of 5-10% and 33%, respectively,
were reported, but the energy lost in heating and pretreatment were higher than enhancement in CH,4
production (Golueke et al. 1956, Chen and Oswald 1998, Yen and Brune 2007, Sialve et al. 2009).
Possible sodium ion inhibition can be reduced by utilizing inoculae from saline environments and
adapting the anaerobic community stepwise to increasing sodium levels (Feijoo et al. 1995, Aspé et
al. 1997, Sialve et al. 2009). C/N ratio of algal biomass can be enhanced by selecting growth
conditions that reduce protein production and favor lipid or carbohydrate production. High lipid
content also increases the CH, yield, because theoretical CH, yield is higher from lipids than from
proteins (Table 9). However, lipids can also cause problems in digestion process by limiting
substrate and gas transfer, and by causing unwanted flotation of digester biomass due to adhesion of
fat on cell surfaces (Cammarota et al. 2001, Pereira et al. 2004). Also C-rich co-substrate such as
waste paper (Yen and Brune 2007) or glycerol (Ehimen et al. 2009) can increase CH, yield from
microalgal biomass due to improved C/N ratio. Retention times required to obtain high CH, yields
from microalgal biomass are relatively long, 20-30 days (Ras et al. 2011, Zamalloa et al. 2011).
Research on anaerobic digestion of microalgal biomass has so far been conducted in batch and fed-
batch systems as well as in continuously stirred tank reactors (CSTR) (De Schamphelaire and
Verstraete 2009, Sialve et al. 2009). Zamalloa et al. (2011) suggested that anaerobic sludge blanket
reactors (UASB), anaerobic filter reactors (AF) and anaerobic membrane bioreactors (AnNMBR)
should also be tested due to their higher volumetric loading rates. However, the latter reactors have
been designed for wastewaters and high solids content of microalgal slurry could cause process
disturbances. Typical anaerobic reactor configurations are presented in Figure 7.

Table 9. Theoretical methane yields from various biomass constituents (Adapted from Sialve et al. 2009).

Biomass constituent Approximate composition  Methane yield (L CH, g-VS™)

Llplds Cs7H10406 1.014
Proteins CeH13.101Ngs 0.851
Carbohydrates (CsH1005)n 0.415
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Figure 7. Typical reactor configurations used in anaerobic digestion and fermentative H, production (Adapted from
Speece 1983).
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Table 10. CH, yields from various anaerobic digestion experiments utilizing microalgal biomass as the substrate.

Temp  CHy,yield (mL

Substrate Substrate pretreatment °C) CH, g-VS‘l) Reference
Chlamydomonas reinhardtii None 38 387 Mussgnug et al. 2010
Chlorella kessleri None 38 218 Mussgnug et al. 2010
Chlorella spp. Drying and grinding 37 >400 Ehimen et al. 2009
Chlorella spp. Lipid extraction with 1-butanol® 37 268 Ehimen et al. 2009
Chlorella spp. In situ transesterification® 37 222 Ehimen et al. 2009
Chlorella vulgaris None 35 147-240 Ras et al. 2011

Dunaliella salina None 38 323 Mussgnug et al. 2010
Euglena gracilis None 38 325 Mussgnug et al. 2010
Mixed algal culture from high-rate sewage stabilization ponds None 38 240 Chen and Oswald 1998
Mixed algal culture from high-rate sewage stabilization ponds Heat treatment at 100 °C for 8h 38 320 Chen and Oswald 1998
Mixed culture from hydroponic growth system supplemented with Heat treatment at 70 °C for 60 h 40 335% De Schamphelaire and
Chlamydomonas reinhardtii and Pseudokircheneriella subcapitata Verstraete 2009

Mixed culture of Chlorella spp., Scenedesmus spp., Euglena spp. and None 45 402 Golueke and Oswald 1959
Oscillatoris spp.

Mixed culture of Scenedesmus spp. and Chlorella spp. None 50 314 Golueke et al. 1956

Mixed culture of Scenedesmus spp., Chlorella spp. and others None 35 143 Yen and Brune 2007
Mixture (1:1) of algae (Scenedesmus spp., Chlorella spp. and others) None 35 293 Yen and Brune 2007

and waste paper

Phaeodactylum tricornutum None 33 350 Zamalloa et al. 2012
Scenedesmus obliquus None 33 210 Zamalloa et al. 2012
Scenedesmus obliquus None 38 178 Mussgnug et al. 2010
Spirulina maxima® and domestic sewage sludge None 35 360 Samson and LeDuy 1983b
Spirulina maxima® and peat hydrolyzate None 35 280 Samson and LeDuy 1983b
Spirulina maxima® and spent sulfite liquor None 35 250 Samson and LeDuy 1983b
Spirulina maxima® None 35 160-310 Samson and LeDuy 1983a, b
Spirulina maxima® Ultrasonication 35 170 Samson and LeDuy 1983a
Spirulina maxima® Heat treatment at 50 °C, pH 11 35 210 Samson and LeDuy 1983a
Spirulina maxima® Heat treatment at 100 °C, pH 11 35 220 Samson and LeDuy 1983a
Spirulina maxima® Heat treatment at 150 °C, pH 11 35 240 Samson and LeDuy 1983a

DSpirulina (Artrospira) is a filamentous cyanobacterium, ?Microalgal biomass residue after lipid extraction, *CH, yield was calculated from the biogas yield by assuming
that 2/3 of the biogas was CH,,



Large variety of microorganisms are able to produce H, trough dark fermentation including obligate
anaerobes such as Clostridium, rumen bacteria, methylotrophs and archaea, facultative anaerobes
like Esherichia, Enterobacter and Citrobacter, and aerobes such as Alcaligenes and Bacillus (for a
review, see Li and Fang 2007). Hydrogen fermentation can be achieved both with pure and mixed
cultures, but for complex substrates such as microalgal biomass and for feasible application in large
scale, the ability to use non-sterile feedstocks and mixed cultures is obligatory (Hawkes et al. 2002).
In mixed cultures H, production can be promoted instead of CH,4 production by controlling culture
pH, by utilizing short hydraulic retention times (Hawkes et al 2002), by inactivating H, consumers
by heat treatment (Chang et al. 2002, Lay et al. 2003) or by addition of 2-bromoethanesulfonic acid,
iodopropane (Zhu and Béland 2006), acetylene or chloroform (Li and Fang 2007). H, production is
thermodynamically favorable only when H; partial pressure is low (Thauer et al. 1977). Thus, when
the growth of H,-consuming microorganisms is inhibited, continuous H, requires continuous or
intermittent H, removal from the system. Theoretical H- yield maximum is 4 mol-H, mol-glucose™
with acetate as the sole soluble product of dark fermentation (Claassen et al. 1999, Levin et al.
2004). Hydrogen fermentation is in pilot stage (Kim et al. 2010), but not in commercial stage.
Studies on H; production by dark fermentation have mainly concentrated on using simple substrates
such as glucose or sucrose (Li and Fang 2007). Some studies have also been conducted with
biopolymers, plant materials and waste streams (Table 11). Dark fermentation of microalgal
biomass has been scarce and only few references reporting fermentative H, production were found
(Table 11). However, based on data obtained with other complex substrates, H, generation is
generally higher from carbohydrate-rich material than from lipid- or protein-rich material (Lay et al.
2003, Dong et al. 2009). In addition, pretreatment of complex materials (discussed more in Chapter
5.2.4) and utilization of thermophilic digestion instead of mesophilic often increase H, yields (de
Vrije et al. 2003, Valdez-Vazquez et al. 2005, Zhang et al. 2007, Pan et al. 2008). Batch reactors
and CSTRs are the most commonly used reactor types in hydrogen fermentation, although studies
have also been conducted with packed-bed reactors, fluidized bed reactors and membrane
bioreactors (For a reviews see, Hawkes et al. 2007, Li and Fang 2007, Koskinen 2008) (Figure 7).
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Table 11. H, yields from selected complex substrates.

Temp H,yield

Substrate Substrate pretreatment Reactor type °C) (ML g Reference
Cellulose None Batch bottle 37 36 Lay 2001
Cornstalk Grinding Batch bottle 36 3 Zhang et al. 2007
Cornstalk Grinding and NaOH pretreatment Batch bottle 36 57 Zhang et al. 2007
Cornstalk Grinding and HCI pretreatment Batch bottle 36 150 Zhang et al. 2007
Fodder maize Shredding and passing through a juicer CSTRY in batch mode 35 62 Kyazze et al. 2008
Food waste Grinding Batch bottle 35 39 Pan et al. 2008
Food waste Grinding Batch bottle 50 57 Pan et al. 2008
Food waste Grinding CSTRY 55 3299 Shin and Youn 2005
Grass silage Chopping Batch bottle 70 16 Pakarinen et al. 2008
Lettuce None Batch bottle 37 50 Dong et al. 2009
Macroalga Laminaria japonica Ball milling and heat treatment (120 °C 30 min)  Fermentor 35 28 Park et al. 2009
Microalga Chlorella vulgaris None Batch bottle 60 114 Carver et al. 2011a
Microalga Chlorella sp. None Batch bottle 35 7 Sun et al. 2011
Microalga Dunaliella tertiolecta None Batch bottle 60 58 Carver et al. 2011a
Microalga Scenedesmus sp. Lipid extraction Batch bottle 37 17 Yang et al. 2010
Microalga Scenedesmus sp. Lipid extraction and alkaline heat treatment Batch bottle 37 46 Yang et al. 2010
(100 °C 8 h)
Organic waste Milling Semicontinuous digester 35 165% Valdez-Vazquez et al. 2005
Organic waste Milling Semicontinuous digester 55 360% Valdez-Vazquez et al. 2005
Potato None Batch bottle 37 106 Dong et al. 2009
Rice None Batch bottle 37 134 Dong et al. 2009
Rice winery wastewater None Upflow reactor 55 360-562% Yuetal. 2002

Rye grass Shredding and passing through a juicer CSTRY in batch mode 35 22 Kyazze et al. 2008

Sweet sorghum Milling and water extraction of sugars CSTRY 35 10 Antonopoulou et al. 2008
Water extract from pulped sugarbeet ~ None CSTRY 32 236 Hussy et al. 2005

Water hyacinth Sun-drying and pulverization Batch bottle 55 27 Chuang et al. 2011
Wheat starch None CSTRY 30 263 Hussy et al. 2003

Note: ’CSTR = continuously stirred tank reactor, “’H, yield per g of hexose, results were converted from mol per mol to mL per g, “gas production given as mL per g
removed VS



Hydrogen production by dark fermentation would require cost and energy intensive harvesting of
the microalgal biomass, whereas photobiological hydrogen production via direct photolysis could
occur even in the same vessel as the algal biomass production. On the other hand, maximum H,
synthesis rate achieved with dark fermentation (with sucrose), 620 mmol H, h™ L™ (Wu et al.
2006b), is orders of magnitude than that achieved with direct photolysis, 0.17 mmol H, h™ L™
(Kruse et al. 2005). Gfeller and Gibbs (1984), Miura et al. (1986) and Ueno et al. (1998) have also
reported intracellular hydrogen fermentation in microalgal cells under dark and anaerobic
conditions with H; yield up to 2 mmol H, g-dw™ (48 mL H. g-dw™) (Miura et al. 1986). However,
because microbial consortia were not analyzed in these studies, it is possible that H, was produced
by bacteria associated with the microalgal biomass, as also reported by Carver et al. (2011a).

5.2.4 Ethanol fermentation

Approximately 80% of global ethanol production is obtained by fermentation. Ethanol fermentation
consists of two phases, in first of which organic material is transferred into simple fermentable
compounds and in the second of which the simple compounds are fermented into ethanol and CO,
(for a review, see Lin and Tanaka 2006). Several organisms including yeasts, fungi and bacteria are
able to produce ethanol through fermentation and the most commonly used microorganism in
ethanol production is yeast Saccharomyces cerevisiae (Olsson and Hahn-Hégerdal 1996, Lin and
Tanaka 2006). With starch-rich substrates, such as corn, cassava and potatoes, pretreatment for
ethanol fermentation typically consists of acid hydrolysis or addition of a-amylase and cooking at
high temperature, approx. 140-180 °C (Lin and Tanaka 2006). Pretreatment of lignocellulosic
material such as woody plants, energy crops and forest residues, is more complex due to lignin,
which causes a physical barrier hindering enzymatic hydrolyzation of cellulose and hemicellulose
(Fan et al. 1981, Alvira et al. 2010). Several different methods ranging from hot liquid water
treatment (Allen et al. 1996), steam explosion (Hongzhang and Liying 2007), ammonia fiber
explosion (Teymori et al. 2005) to acid hydrolysis (Sun and Cheng 2005), alkaline hydrolysis (Fan
et al. 1981), hydrogen peroxide treatment (Silverstein et al. 2007), organosolv process (Jiménez
2000) and enzymatic pretreatment (Cheung and Anderson 1997) have been tested in pretreatment of
lignocellulosic material, but cost-effectiveness of these pretreatment processes is still questionable.
Some thermophilic bacteria, such as Clostridium thermocellum, and filamentous fungi, such as
Monilia sp., directly use cellulose for ethanol production, but they have slow production rates and
low yields (Gong et al. 1981, Saddler and Chan 1982, Lin and Tanaka 2006). Commercial ethanol
fermentors utilizing sugar and starch have been operated in several countries, but utilization of
lignocellulosic materials in large scale remains rare (Lin and Tanaka 2006, Margeot et al. 2009,
Alvira et al. 2010). The product of ethanol fermentation is dilute (10-15% ethanol) and therefore a
concentration process i.e. distillation is required after which the concentrated ethanol can be utilized
in vehicles as petrol substitute or supplement (Demirbas 2001).

Absence of lignin and high content of lipids, proteins and carbohydrates makes microalgae also a
promising substrate for ethanol fermentation. Ethanol production from centrifuge-harvested
Chlorella vulgaris biomass disrupted by sonication, hydrolyzed by a-amylase at 100 °C at pH 6 and
glucoamylase at 60 °C at pH 4.5 and then fermented by S. cerevisiae produced 52 pmol g-dw™
ethanol (Hirano et al. 1997). Higher ethanol production, 239 pmol g-dw™, was achieved with
Dunaliella sp. grown on wastewater from the desalting process of soy sauce waste, saccharified first
with Glucozym AF6 at 58 °C for one day and then fermented by S. cerevisiae (Shirai et al. 1998).
Hirano et al. (1997) and Ueno et al. (1998) also reported intracellular ethanol fermentation in green
algae under dark and anaerobic conditions with maximum ethanol productivity of 220 pmol g-dw™
from Chlamydomonas reinhardtii and 450 pmol g-dw™ from Chlorococcum littorale, respectively.
In fact, Hirano et al. (1997) suggested that intracellular ethanol production would be more efficient
than conventional ethanol fermentation because it is simpler and less energy intensive. However, no
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microbial characterization was conducted in the experiments and thus it is possible that ethanol was
in fact produced by microalgal associated fermentative bacteria. Higher ethanol yields, such as 11.3
mmol g-dw™ from Chlorococcum humicola (Harun and Danquah 2011) and 6.3 mmol g-dw™ from
C. reinhardtii (Nguyen et al. 2009) have been reported by utilizing dilute acid pretreatment of the
microalgal biomass prior to utilization of the produced sugars to ethanol fermentation by S.
cerevisiae. However, Harun and Danquah (2011) dried and pulverized the microalgal biomass prior
acid hydrolysis, which would significantly reduce the overall efficiency of the conversion process.

5.2.4 Microbial fuel cells (MFCs)

Microbial fuel cells (MFCs) are bio-electrochemical systems that convert chemically bound energy
directly into electricity by the catalytic reaction of microorganisms. In an MFC, anaerobic
microorganisms grow on the anode by oxidizing organic substrates and releasing electrons to the
anodic electrode. The electrons are then transported to the cathodic electrode via a wire and an
external load. At the cathode released electrons reduce oxygen, iron, manganese or permanganate,
or are taken up by a biological electron acceptor. Thus, closed circuit is formed and electrical
current is produced (Figure 8). (Logan 2008, De Shamphelaire and Verstraete 2009, Powell et al.
2009)

—‘ External load }—
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Figure 8. Schematic figure of two-chambered microbial fuel cell with a membrane allowing the transfer of protons from
the anode to the cathode (adapted from Rabaey and Verstraete 2005).

MFC technology is in research and development stage (De Shamphelaire and Verstraete 2009).
However, MFCs provide some advantages over other biochemical energy conversion methods
including high conversion efficiency due to direct conversion of the chemical energy of the
substrate to electricity, ability to operate at low temperatures and no requirement for gas treatment
(Rabaey and Verstraete 2005). Large variety of construction materials and system designs for MFCs
has been tested over the years (Table 12) (For a review, see Rabaey and Verstraete 2005, Logan et
al. 2006, Logan 2008). Anode materials have ranged from simple graphite plate and carbon paper
electrodes to graphite brushes, reticulated vitreous carbon and high-temperature ammonia treated
carbon cloths (Logan et al. 2006, Cheng and Logan 2007). Tested cathode types have included
carbon-based cathodes with a catalyst such as Pt in air-sparged aqueous solutions, passive open air
cathodes with a catalyst, tubular carbon and catalyst coated ultrafiltration membrane cathodes, and
plain carbon cathodes in aqueous catholyte such as ferricyanide (Logan 2008). Ferricyanide based
cathodes enable greater power generation than oxygen based cathodes. This is because plenty of
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high-grade electron acceptors are available due to high solubility of ferricyanide in water (Logan et
al. 2006). In addition, ferricyanide based cathodes can be operated without a catalyst; whereas
oxygen based cathodes usually require one. However, due to unsustainable nature of ferricyanide,
as it requires chemical regeneration from ferrocyanide back to ferricyanide, and large energy input
of air-sparging of aqueous cathode solutions, in actual MFC applications only passive air cathodes
and tubular cathodes are viable options (Logan et al. 2008).

One way to classify MFC designs is to divide them into two-chamber systems and single-chamber
systems. In two-chamber systems (Figure 7) anaerobic anode and aerobic cathode chamber are
separated by a membrane that allows the transfer of protons from the anode to the cathode, but acts
as a physical barrier keeping anode and cathode liquids separate and preventing oxygen from
diffusing to the anode chamber (Liu et al. 2005). Single chamber systems can be constructed
without the separating membrane providing simplified system design, decreased overall volume and
lowered costs. In the absence of the membrane, oxygen diffuses to the anode more freely, but an
aerobic biofilm that forms to the surface of the cathode efficiently removes oxygen before it reaches
the anode and thus anaerobic conditions are maintained near the anode (Liu et al. 2005).
Membranes are relatively expensive and decrease system performance due to increased internal
resistance. Therefore, MFC designs with single chamber are preferred for scale up and industrial
use. However, two-chamber systems with the membrane are still widely used for experimental
purposes. Logan (2008) suggested that MFC design with a graphite brush anode and a tubular
cathode provides the most promising configuration for further development and scale up. (Logan
2008)

In early MFC studies expensive chemical mediator compounds were used to transfer electrons from
inside the bacterial cells to exocellular electrode (Logan 2008). However, in 1999 it was realized
that these chemicals are not needed, because certain microorganisms, i.e. exoelectrogens are able to
transfer electrons directly to an insoluble electrode (Kim et al. 1999). MFCs have been operated
both using pure cultures of single exoelectronic species and using mixed cultures. Pure cultures
provide useful information of that certain species and its exoelectrogenic abilities, but are unable to
degrade complex substrates such as microalgal biomass, are prone to process disturbances and have
lower power outputs (Pham et al. 2006). Microorganisms able to produce electricity without
exogenous mediators include for example Desulfobulbus propionicus (Holmes et al. 2004),
Desulfuromonas acetoxidans (Bond et al. 2002), Geobacter metallireducens (Bond et al. 2002),
Shewanella oneidensis (Ringeisen et al. 2006) and Shewanella putrefaciens (Kim et al. 1999). Also
some photosynthetic organisms such as cyanobacteria Synechococcus sp. (Tsujimura et al. 2001)
and Anabaena sp. (Chiao et al. 2006) generate electricity in photo-electrochemical cells (PECs), but
there are no unambiguous reports of eukaryotic microalgae having the ability to act as
exoelectrogens in the anode. Strik et al. (2008) reported a solar-powered MFC with living, but not
photosynthesizing algae and exoelectrogenic bacteria co-operating on the anode, but they were not
able to verify the role of the microalgae in electrical current production.

Majority of MFC studies have been conducted using model substrates such as acetate (Nien et al.
2011, Winfield et al. 2011), butyrate (Liu et al. 2005) and glucose (Liu and Logan 2004, Carver et
al. 2011b). Some studies report the use of more complex substrates such as cellulose (Rismani-
Yazdi et al. 2007), domestic wastewater (Liu and Logan 2004), paper recycling wastewater (Huang
and Logan 2008) and solid manure (Zheng and Nirmalakhandan 2010) (Table 12). Power
production from a given substrate varies greatly due to differences in MFC configurations and
exoelectrogenic communities used (Feng et al 2008). Maximum power densities are generally
higher with model substrates than with complex feedstocks. For example, Liu and Logan (2004)
reported power densities of 494 and 146 mW m? from glucose and domestic wastewater,
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respectively, with the same MFC configuration. However, sometimes high internal resistance of the
MFC has limited electricity generation resulting in similar maximum power densities with different
substrates (Min et al. 2005a and b).

Microalgal biomass can be used as a substrate for the exoelectrogenic bacteria in the anode
(Velasquez-Orta et al. 2009). Microalgae can also be cultivated at the cathode to act as the electron
acceptor (De Shamphelaire and Verstraete 2009, Powell et al. 2009). At the cathode, according to
Powell et al. (2009) microalgae themselves can act as the electron acceptor and utilize the electrons
for their growth. According to De Shamphelaire and Verstraete (2009) the actual electron acceptor
is oxygen generated by microalgal growth. The highest power output from an MFC is so far 4310
mW m with a two-chamber MFC utilizing glucose as substrate (Rabaey et al. 2004), whereas the
highest power output from an MFC utilizing algal biomass is 980 mW m with a single-chamber
MFC (Velasquez-Orta et al. 2009). However, the results are not directly comparable, as different
MFC designs were used in the experiments. Further, Velasquez-Orta et al. (2009) used dried
microalgal powder, which is more amenable to electricity production than untreated microalgal
biomass slurry. Biomass drying and pulverization require a significant additional energy input,
which may not be required.
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Table 12. Different MFC configurations utilizing various complex substrates and power generations obtained with them.

Max power

Substrate MFC configuration (MW m?) CE (%) Reference

Carboxymethyl cellulose Two-chamber MFC with ferricyanide cathode 143 47 Ren et al. 2007

Cellulose Two-chamber MFC with ferricyanide cathode 59.2 39 Ren et al. 2007

Cellulose Two-chamber MFC with ferricyanide cathode 55 n.a.  Rismani-Yazdi et al. 2007

Cellulose Substrate-enhanced sediment MFC 84+10 na.  Rezaei et al. 2007

Chitin Substrate-enhanced sediment MFC 83+8 n.a.  Rezaei et al. 2007

Brewery wastewater Single chamber MFC with air-cathode and carbon cloth anode 205 10 Feng et al. 2008

Brewery wastewater with 50 mM PBS buffer Single chamber MFC with air-cathode and carbon cloth anode 483 16 Feng et al. 2008

Brewery wastewater with 200 mM PBS buffer Single chamber MFC with air-cathode and carbon cloth anode 528 20 Feng et al. 2008

Corn stover (liquid from neutral steam-explosion) Single chamber MFC with air-cathode and carbon paper anode 810+3 10-30  Zuo et al. 2006

Corn stover (liquid from acidic steam-explosion) Single chamber MFC with air-cathode and carbon paper anode 861+37 10-30  Zuo et al. 2006

Corn stover (dried powder) Bottle MFC with air-cathode and carbon paper anode 331 na.  Wang etal. 2009

Corn stover (solids after neutral steam-explosion) Bottle MFC with air-cathode and carbon paper anode 406 na.  Wang etal. 2009

Domestic wastewater Two-chamber MFC with biocathode 9.7 14.5+0.5 Lefebvre et al. 2008

Domestic wastewater Single chamber MFC with air-cathode and carbon paper anode 146 20 Liu and Logan 2004

Manure (solid) gaﬁ::gg:;?;xg%m;hsg?&?gneg)%idﬁd in the manure and 4.2 n.a Scott and Murano 2007

Manure (solid) Single chamber MFC with air-cathode and brush type anode 67 15 Zheng and Nirmalakhandan 2010

Manure wash-water Single chamber MFC with air-cathode and brush type anode 216 n.a.  Zheng and Nirmalakhandan 2010

Macroalga Ulva lactuca (dried powder) Single chamber MFC with air-cathode and brush type anode 760 23 Velasquez-Orta et al. 2009

Microalga Chlorella vulgaris (dried powder) Single chamber MFC with air-cathode and brush type anode 980 28 Velasquez-Orta et al. 2009
H-type two chamber MFC with graphite and carbon

Mixture of marine phytoplankton and zooplankton impregnated rod electrodes and oxic seawater circulated 17 11-16  Reimers et al. 2007
cathode

Paper recycling wastewater Single chamber MFC with air-cathode and brush type anode 144+7 n.a. Huang and Logan 2008

Paper recycling wastewater with 50 mM PBS buffer Single chamber MFC with air-cathode and brush type anode 501+20 16+2  Huang and Logan 2008

Paper recycling wastewater with 100 mM PBS buffer Single chamber MFC with air-cathode and brush type anode 672127 na.  Huangand Logan 2008

Swine wastewater Single chamber MFC with air-cathode and carbon paper anode 261 8-26  Min et al. 2005b

Note: CE = Coulombic efficiency, n.a. = data not available.



5.3 Comparison and combination of different energy production processes

Comparison of the alternative processes to produce sustainable bioenergy from microalgal biomass
is challenging due to limited research and lack of studies concentrating on energetic and economic
efficiency of microalgal derived bioenergy. Based on current data, harvesting and drying of the
biomass are the two most energy and cost intensive stages of converting the chemical energy of
algal biomass into utilizable form (Schenk et al. 2008, Lardon et al. 2009). Thus, liquefaction,
anaerobic digestion and ethanol fermentation seem the most promising energy conversion
processes. They are in commercial use with other feedstocks and they do not require drying of the
algal biomass. However, utilization of microalgal lipids for liquid biofuel production has been
intensively studied and promoted by many, because of the immense areal productivity of microalgal
lipids compared to the most efficient terrestrial oil crops (Table 13) and because of urgent need to
replace fossil transportation fuels with sustainable options that can be used in existing motor
vehicles (Chisti 2007, Schenk et al. 2008).

Table 13. Comparison of biodiesel production efficiencies of microalgae and certain terrestrial oil crops (Adapted from
Schenk et al. 2008).

Oil source Biodiesel productivity Area required to Area as Area as percentage of
(L ha'y™ fulfill global oil percentage of global arable land
demand (hax10°) global land area area

Soybean 446 10932 73.4 551.6
Sunflower 952 5121 34.4 258.4
Rapeseed/canola 1190 4097 275 206.7
Jatropha 1892 2577 17.3 130/0?

Oil palm 5950 819 55 41.3
Microalgae® 12 000 406 2.7 20.5/0%
Microalgae® 98 500 49 0.3 2.5/0%

Note: Yassuming microalgal productivity of 10 g m™ d” at 30 % TAG, “assuming microalgal productivity of 50 g m™
d* at 50 % TAG, Yjatropha can be cultivated on marginal land and microalgae on non-arable land.

Many of the energy production processes presented in previous chapters utilize only part of the
chemical energy stored in microalgal biomass. For example, in production of liquid biofuels from
microalgal lipids only the lipids are utilized (Sialve et al. 2009). Due to thermodynamic constraints
complete degradation of algal biomass into H; via dark fermentation is not possible (Li and Fang
2007). Thus, the most effective way to utilize the chemical energy stored in microalgal biomass
may be to combine different techniques. Powell and Hill (2009) suggested combining ethanol
fermentors utilizing yeast as anodic half cell and photobioreactor producing algal biomass for
biodiesel production as cathodic half cell of a large scale MFC. Effluent from dark fermentative H,
production process can be polished and further energy captured by directing the effluent to
anaerobic digestion and/or to an MFC (Hawkes et al. 2007). Sialve et al. (2009) reported that
extraction of lipids for biodiesel production is not viable if cellular lipid concentration does not
exceed 40%. In cases of lower lipid content they suggested anaerobic digestion of the biomass. In
case of over 40% lipid concentration, the lipids could be used for biodiesel production and residual
biomass digested. Lipid extraction prior to digestion would also act as cell disruption method, thus
facilitating CH,4 production (Sialve et al. 2009). Anaerobic digestion could also remineralize part of
the nutrients from microalgal cells to be used again for microalgal biomass production, reducing the
overall nutrient consumption (Lardon et al. 2009).

Nutrient recycling is a very important part of sustainable energy production, as microalgal biomass

production consumes large amount of N and P. For example, N requirement (as ton ha™ y™) of
microalgae is 55-111 times higher than that of rapeseed (Halleux et al. 2008, Sialve et al. 2009).
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Conventional N and P production consumes energy and produces green house gas emissions. To
facilitate efficient nutrient cycle and full utilization of the chemical energy stored in algal biomass,
closed loop systems have been suggested. Golueke and Oswald (1959) combined an algal growth
unit to an anaerobic digester and an “activated sludge” unit. In this system, algal biomass was
cultivated in the growth unit and utilized as a substrate for the anaerobic digester. The effluent of
the anaerobic digester was further purified in the “activated sludge” unit before it was circulated
back to the algal growth unit. They were thus able to convert solar energy to CH4 with a single
closed loop system (Golueke and Oswald 1959). De Schamphelaire and Verstrate (2009) modified
this idea slightly by combining microalgal growth unit to an anaerobic digester and an MFC. They
used the produced microalgal biomass as substrate in the digester and further polished the digester
effluent in an MFC. Oxygen produced by the algae in the growth unit was utilized on the cathode of
the MFC and the MFC effluent was recirculated back to the microalgal growth unit.
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6 ENHANCEMENT OF ECONOMICS OF MICROALGAL
ENERGY PRODUCTION

6.1 Integrated pollution control and bioenergy production

6.1.1 Microalgal cultivation and CO; mitigation

Accumulation of CO; in the atmosphere due to fossil fuel combustion is considered to be one of the
main causes of global warming (IPCC 2007). Chemical reaction-based CO, mitigation by reacting
gaseous CO, with solid metal oxide (Gupta and Fan 2002) or by separating CO, from flue gas by
washing it with agueous ammonium solution (Resnik et al. 2004) are relatively costly and energy-
consuming processes and do not serve any other purpose besides CO, capture. Photoautotrophic
growth of microalgae sequesters large amounts of CO,, as approx. 50% (dry wt basis) of algal
biomass is carbon (Sanchez Mirdn et al. 2003, Chisti 2007). Cultivation of microalgae for CO,
mitigation from flue gases would effectively recycle CO, from flue gases and provide a low-cost or
even cost-free source of CO, for microalgal biomass production (Wang et al. 2008). Microalgae can
also capture CO, from the atmosphere, but due to limited CO, content of air this is not perceived as
efficient (Stepan et al. 2002). Too high a concentration of CO; can inhibit photosynthesis and slow
down the growth of microalgae (Lee and Tay 1991). Therefore, CO, bio-mitigation by microalgae
requires species that are able to tolerate high concentrations of CO,, as flue and flaring gases
contain 5-15% of CO, (Maeda et al. 1995, L.i et al. 2008b). Several studies have shown that certain
microalgae such as Chlorella spp., Chlorococcum littorale and Scenedesmus obliquus tolerate CO;
concentrations up to 40% (Maeda et al. 1995, Sakai et al. 1995, Iwasaki et al. 1998, de Morais and
Costa 2007). For effective CO;, bio-mitigation microalgae need to grow at relatively high
temperatures and tolerate small amounts of SOy, NOy, dust and some trace elements, shown to be
possible for certain algae (Maeda et al. 1995, Sakai et al. 1995, Wang et al. 2008). CO, removal
efficiencies as high as 82.3+12.5% on sunny days and 50.1+6.5% on cloudy days have been
reported for Dunaliella spp. in a triangular air-lift photobioreactor using flue gas with 8% CO, and
20 ppm of NOy (Vunjak-Novakovic et al. 2005).

CO; capture for microalgal growth and subsequent utilization of the biomass for energy production
would recycle CO,, but not act as long term carbon storage. It has also been suggested that
remaining algal biomass after lipid extraction for liquid biofuel production could be converted into
durable biochar via low temperature pyrolysis and incorporated into soil. Biochar would remain in
the soil hundreds or thousands of years. In addition to lowering atmospheric CO; load, it could
improve the structure, carbon content and fertility of the land as well as possibly decrease nutrient
run-off. (Lehmann 2007, Schenk et al. 2008)

6.1.2 Microalgal cultivation using wastewater

Use of wastewater in microalgal biomass production could reduce or even eliminate the need for
additional nutrients, minimize the use of freshwater resources and combine bioenergy production
with wastewater treatment (Li et al. 2008b, Wang et al. 2008). Several studies have shown that
microalgae grow on wastewater and remove nutrients and even heavy metals from the water (Yun
et al. 1997, for a review, see Mufioz and Guieysse 2006). However, some organic compounds
(Tamer et al. 2006) or heavy metals (Murfioz et al. 2006) in wastewater may inhibit the growth of
microalgae. In addition, utilization of complex wastewater in microalgal biomass production likely
increases the growth of heterotrophic contaminants leading to reduced or even ceased microalgal
growth. These adverse effects can be reduced with appropriate pretreatments such as removal of the
inhibiting compounds and/or sterilizing the wastewater via UV-irradiation (Tamer et al. 2006).
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However, the cost and energy efficiency of these pretreatment processes may be prohibitive for
large-scale systems.

6.2 High-value co-product strategy

Many microalgae produce high-value products such as PUFAs, pigments, antioxidants, vitamins,
antimicrobial agents and other bioactive compounds that have possible pharmaceutical applications
(for a review, see Pulz and Gross 2004, Bremus et al. 2006). Due to a high content of proteins and
the presence of these bioactive compounds, many microalgae have shown positive physiological
effects such as antioxidant and immunomodulation activity on both humans and animals (Plaza et
al. 2009). Therefore, residual microalgal biomass after lipid extraction for liquid biofuel production
could also be used as health foods and animal feed additives (for a review, see Pulz and Gross
2004). By integrating production of a high-value compound to microalgal energy production, an
additional income stream could be generated and the overall cost-effectiveness of the process
increased (Li et al. 2008b, Stephens et al. 2010). However, production of for instance vitamins or
pharmaceuticals would not scale well with biofuel production due to limited markets (Stephens et
al. 2010). In addition, aseptic production and handling of the biomass would be required for
pharmaceutical and human food supplement production thus making the production chain
complicated and expensive.

6.3 Metabolic engineering of microalgal strains

Genetic engineering and systems biology approaches can provide significant improvements to
microalgal biomass production and energy production applications (Huntley and Redalje 2006,
Chisti 2007, Schenk et al. 2008). However, in order to establish efficient metabolic engineering
strategies for optimization of microalgal bioenergy production, a comprehensive understanding of
microalgal metabolic pathways on genetic and enzymatic level is required. To date, relatively few
algal genomes have been sequenced, routine genetic manipulation has been established only with
few model species and heterologous expression of enzymes is yet to be characterized (for a review,
see Beer et al. 2009). Therefore, a lot of fundamental research on microalgal metabolism is needed.
The use of genetically modified organisms would be restricted only to confined units, because their
use in open systems is restricted in many countries. It should also be considered how acceptable
bioenergy and biofuels produced by genetically modified organisms would be for the consumers.

Useful and potential targets of molecular level engineering could include the following: 1) growth
rate enhancement; 2) raising the photosynthetic efficiency; 3) increasing the triglyceride/fatty acid
(FA) content of the organisms; 4) improvement of temperature tolerance; 5) elimination of light
saturation phenomenon; 6) decreasing of photoinhibition; and 7) reduction of susceptibility to
photooxidation (Chisti 2007). For example, RuBisCO, the enzyme that catalyzes the first CO,-
fixing step of Calvin cycle in all photosynthetic organisms is very inefficient. Therefore, the
photosynthetic efficiency and growth rates of microalgae could be significantly increased by
modifying it (Mann 1999, Huntley and Redalje 2006). In order to survive in nature microalgae have
large light harvesting antenna complexes (LHC) to maximize light capture at low light intensity. In
photobioreactors with strong illumination, however, microalgal mutants with small LHC would
provide reduced losses dissipated as fluorescence, reduced photodamage, improved growth
efficiency and improved biomass yield (Polle et al. 2002, Mussnug et al. 2007). Strategies to
optimize lipid production in microalgae include overexpression of FA biosynthetic enzymes,
increased availability of FA precursor molecules, down-regulation of FA catabolism such as f-
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oxidation, introduction or regulation of desaturate enzymes to alter FA saturation profile and
regulation of thioesterases to optimize FA chain lengths (Schenk et al. 2008, Beer et al. 2009).
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7 COMMERCIALIZATION STATUS OF MICROALGAL
BIOENERGY

Microalgal bioenergy production has not been widely reduced to practice. There are, however,
several startup companies attempting to commercialize microalgal bioenergy (Table 14). For
example, Algenol Biofuels claims that their engineered algae produce ethanol via photosynthesis
and diffuse it outside the cells. Ethanol then evaporates inside the photobioreactor, condenses on the
reactor surface and can be collected (Algenol Biofuels 2011). Solazyme claims to utilize
heterotrophic microalgae in standard industrial fermentors to produce bio-oils and chemicals
(Solazyme 2011). Sapphire Energy claims to utilize genetic engineering in order to optimize algal
characteristics such as low-cost harvestability and Synthetic Genomics claims that their engineered
algae are able to secrete hydrocarbons (Mascarelli 2009). These process claims remain, so far, to be
demonstrated in the scientific literature.

Microalgal bioenergy production is highly promoted for investor investment especially in the
United States (Table 14). For example, Solazyme has a US$ 8.5 million contract with US Navy to
produce commercial quantities of algal-derived fuels. The algal biotechnology field is, however,
very turbulent. An example of this is the closing down of GreenFuel Technologies (in 2009), a
long-standing front-runner in the field and a collector of risk funding up to US$ 70 million.
(Mascarelli 2009)

Table 14. Examples of startup companies attempting to produce bioenergy from microalgae (modified from Chisti and
Yun 2011).

Company Location Website

Algenol Biofuels Bonita Springs, FL, USA www.algenolbiofuels.com
Aguaflow Nelson, New Zealand www.aquaflowgroup.com
Aurora Algae, Inc. Hayward, CA, USA WWWw.aurorainc.com
Bioalgene Seattle, WA, USA www.bioalgene.com

Bionavitas, Inc.
Bodega Algae, LLC
LiveFuels, Inc.
OriginQil

PetroAlgae Inc.
Phyco Biosciences
Phytonix Corporation
Sapphire Energy, Inc.
Seambiotic Ltd.
Solazyme, Inc.

Solix Biofuels, Inc.
Synthetic Genomics Inc.
Targeted Growth, Inc.

Redmond, WA, USA
Boston, MA, USA

San Carlos, CA, USA
Los Angeles, CA, USA
Melbourne, FL, USA
Chandler, AZ, USA
Asheville, NC, USA
San Diego, CA, USA
Tel Aviv, lIsrael

South San Francisco, CA, USA
Fort Collins, CO, USA
La Jolla, CA, USA
Seattle, WA, USA

www.bioanvitas.com
www.bodegaalgae.com
www.livefuels.com
www.originoil.com
www.petroalgae.com
www.phyco.net
www.phytonix.com
www.sapphireenergy.com
www.seambiotic.com
www.solazyme.com
www.solixbiofuels.com

www.syntheticgenomics.com

www.targetedgrowth.com
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8 HYPOTHESES AND AIMS OF THE PRESENT WORK

Environmentally and economically sustainable production of microalgal biomass derived energy
involves several steps from large-scale microalgal biomass production, harvesting of the biomass
and conversion of the chemically bound energy in the biomass into utilizable form (Molina Grima
et al. 2003). All of these steps have been widely studied and several technical solutions for each
step are available, but further optimization of all the steps is still required to make microalgal
derived energy economically competitive (for reviews, see Chisti 2007, Schenk et al. 2008, Brennan
and Owende 2010, Wiley et al. 2011). The present work concentrates on microalgal biomass
production and energy production from harvested biomass.

In microalgal biomass production experiments the aim was to examine selected aspects of the
microalgal cultivation process, such as nitrogen utilization and microbial communities associated
with microalgae. Microalgal biomass production requires input of nutrients, and life-cycle
assessments of microalgal technologies have invariably identified the importance of minimizing
their consumption (Clarens et al. 2010, Lardon et al. 2009, Stephenson et al. 2010). It was
hypothesized that supply of nitrogen to microalgal cultivations is a key question because nitrogen is
required in higher quantities than other nutrients (Grobbelaar 2004) and because manufacturing of
nitrogen source (Haber-Bosch process) is more energy intensive than, for example, production of
phosphates (Dalgaard et al. 2001). Nitrogen limitation has proven to be a trigger for cellular lipid
accumulation in many microalgae and therefore nitrogen limited growth conditions could both
reduce the need for nitrogen addition and enhance lipid content of the microalgae (Sheehan et al.
1998, Lardon et al. 2009).

In nature microalgal growth is always associated with growth of other organisms and foremost
bacteria (Cole 1982, Reynolds 2006, Stenuite et al. 2009). Generally in microalgal biomass
production heterotrophic microorganisms are considered harmful for algal growth (Belay 1997,
Huntley and Redalje 2007) and have not been widely studied in microalgal biomass production
units. However, there are some reports on bacteria and fungi having positive effects on algal growth
(Watanabe et al. 2005, Park et al. 2008). Sterilization of culture media and growth units in large-
scale biomass production for low-value products, such as biofuel or bioenergy, is neither
economically nor practically feasible. It was hypothesized that heterotrophic organisms provide an
untapped resource in microalgal cultures and that fundamental understanding of the interactions of
the different organisms in microalgal growth units can possibly be used to enhance microalgal
biomass production. For example, bacteria could be used to reduce oxygen tension in closed
photobioreactors, whilst this would require associated bacteria, which do not excessively compete
with the algae for nutrients and do not produce compounds inhibitory to microalgal growth (Cole
1982, Mouget et al. 1995, Joint et al. 2002). Before the interactions of algae and bacteria can be
studied the molecular tools to characterize microbial community profiles need to be tested. Analysis
of the diversity of non-photosynthetic microorganisms can also provide useful information on
public health aspects by proving or excluding the presence of potential human pathogens in algal
mass cultures.

In the field of microalgal bioenergy production, studies have mainly concentrated on examination of
individual energy production processes, such as pyrolysis (Miao and Wu 2004), liquefaction
(Minowa et al. 1995), microalgal biodiesel (Sheehan et al. 1998), photosynthetic H, production
(Kosourov et al. 2002), fermentative H, production (Carver et al. 2011a), methanogenic digestion
(Ras 2011) or use of microalgal biomass as feedstock for MFCs (Velasquez-Orta et al. 2009). The
aim of the present work was to compare four different energy production processes, lipid

45



production for bio-oil manufacturing, fermentative H, production, methanogenic digestion and
simultaneous electricity and butanol generation in MFCs from two different microalgal biomass
feedstocks and to compare these feedstocks to monomeric and polymeric models substrates as well
as to a terrestrial plant biomass feedstock. The aim at this stage was to reveal energy production
potentials, not to optimize any of the studied energy production processes. It was hypothesized that
energy production potential is higher from microalgal biomass than from terrestrial plant feedstock
due to absence of lignin.

Chlorella vulgaris and Dunaliella tertiolecta were chosen as the microalgae of interest for this
study because their cultivation has been widely studied and their characteristics are well known. It
has also been shown that both of these algae can in certain conditions contain more than 50 w-%
lipids and serve as a feedstock for bio-oil manufacturing and for H, and CH,4 production (Scragg et
al. 2002, Takagi et al. 2006, Sialve et al. 2009). Chlorella spp. and Dunaliella spp. have been
successfully grown in open cultivation systems and thus compete effectively with associated
bacteria (Chaumont 1993). They provide an interesting comparison as C. vulgaris is a fresh water
green alga with a rigid cell wall structure and D. tertiolecta is a marine green alga that lacks a
distinct cell wall. Reed canary grass (RCG) was selected as the reference lignocellulosic plant
material, because it is a relatively high-yield perennial grass that grows naturally in Finnish climate
conditions and is widely utilized for energy production (Pahkala et al. 2005).

Based on the previous research and the hypotheses described above, the specific aims of the present
work were:

e To characterize the growth of C. vulgaris, D. tertiolecta and microalgal associated bacteria
under various experimental growth conditions (Papers I, 11 and 111).

e To test three different flat plate photobioreactor configurations for microalgal biomass
production (Papers | and II).

e To examine microbial community diversity in microalgal cultivation systems (Papers | and
).

e To investigate applicability of quantitative polymerase chain reaction (QPCR) in
quantification of eukaryotes and bacteria in microalgal cultivation units (Papers | and I1).

e To evaluate the effect of different nitrogen sources on the growth of C. vulgaris, D.
tertiolecta and microalgal associated bacteria (Paper 111).

e To characterize the response of C. vulgaris and D. tertiolecta to nitrogen limitation and
estimate the lipid production abilities of the microalgae under nitrogen limited conditions
(Paper 11).

e To enrich for mesophilic microorganisms from a municipal anaerobic digestion system and
test them for separate bioprocesses that can produce H;, CH4 and bio-electricity with
microalgal biomass as the feedstock (Papers IV and V).

e To determine bio-oil, H,, CH4, bioelectricity and butanol production potential from C.
vulgaris and D. tertiolecta under mesophilic conditions and to compare these feedstocks to
monomeric and polymeric model substrates as well as to lignocellulosic terrestrial plant
biomass (Papers I11, 1V, V and VI).

e To determine H, and CH,4 production potential from solid and acid hydrolysed RCG under
mesophilic conditions (Paper VI).
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9 MATERIALS AND METHODS

9.1 Microalgal cultivation

9.1.1 Microalgal strains and stock cultures

Chlorella vulgaris (SAG 211-11b) and Dunaliella tertiolecta (SAG 13.86) were obtained from the
Culture Collection of Algae (SAG) at the University of Gottingen, Germany. The cultures were
maintained in 250 mL shake flasks (Figure 9A) at 22+2 °C at 120 rpm under continuous 20 pmol
photons m? s illumination (Sylvania GRO-LUX F36W/GRO-T8 fluorescent lamps). C. vulgaris
was grown in Jaworski’s medium (Nichols 1973) and D. tertiolecta in modified NORO medium
(Takagi et al. 2006). Stock cultures were transferred into sterile media at 2 to 4 week intervals.
Stock culture volumes were scaled up for photobioreactor (PBR) experiments by growing the algae
in 1 L shake flasks for 2 weeks (Figure 9B).

Figure 9. Stock culture shake flasks for culture maintenance (A) and for inoculum volume scale up (B).

9.1.2 Microalgal cultivation units

Microalgal growth was studied in five different PBR configurations, namely a flat plate with no
mixer (NM), a flat plate with a plain mixer (PM), a flat plate with a complex mixer (CM), a
polyethene column and a bubble column. The flat plate reactors were thin rectangular glass vessels
with light path of 5 cm and effective volume of 7.0 dm®. The reactors had polyoxymethylene lids
with ports for oxygen outlet and sampling (Figure 10). The PM and CM designs also contained a
removable Plexiglas mixing element mounted with Plexiglas brackets. The purpose of the static
mixers was to enhance the mixing by dividing the reactor into upward flow region (aerated region)
and downward flow region (unaerated region). The mixers were placed in parallel to the illuminated
surfaces. The plain mixer consisted of a smooth sheet and the complex mixer of a sheet with baffles
towards the upward flow side (Figure 10). Polyethene columns were simple cylindrical plastic bags
mounted on a steel frame (Figure 11A). They had a diameter of 16 cm and a working volume of 20
dm?. Bubble columns were cylindrical PBRs with a diameter of 3.2 cm and working volume of 1.4
dm?® (Figure 11B). Light was supplied continuously with white fluorescent lamps and mixing was
conducted by gas sparging from the bottom of the reactor in all the PBR configurations.
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Figure 10. Photograph (A) and schematic diagram (B) of the flat plate photobioreactor with no mixer (NM). The flat
plate reactor with the plain mixer (PM) and the flat plate reactor with the complex mixer (CM) had the same dimensions
but contained also a removable mixing element parallel to the illuminated surfaces to enhance the mixing (C, D). The
plain mixer was a smooth sheet (C, D), whereas the complex mixer was a sheet with baffles towards the aerated
(upflow) side of the mixer (E) (Papers I-11).

Figure 11. Polyethene columns (A, photo: Aino-Maija Lakaniemi) and bubble columns (B, photo: Christopher Hulatt)
used in paper I1I.

9.1.3 Cultivation assays

In microalgal cultivation experiments different flat plate PBR configurations were tested for
production of C. vulgaris and D. tertiolecta biomass in non-axenic growth conditions, and algal
associated bacterial communities were characterized and quantified with molecular methods (Papers
I and I1). Growth of C. vulgaris, D. tertiolecta and algal associated bacteria using different nitrogen
sources and change in the biochemical composition of the two algae as a response to nitrogen
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limitation were tested in polyethene column PBRs (Paper 111). Bubble column PBRs were used to
measure the nitrogen dynamics of the two microalgae at atmospheric and flue-gas CO,
concentrations (Paper 111). The experimental growth conditions were as summarized in Table 15.

Table 15. Growth conditions in the microalgal cultivation assays.

Test Culture Light (umol  C-source and Gas flow

. Cultivation unit ) photons m?  mixing gas (Lgas min™ T (°C)  Paper

organism medium o) [CO, vol-%6] anuid'l)

Chlorella  Flat plate NM Jaworski’s 50 air [0.04] 0.23 22+2 (1

vulgaris Flat plate PM Jaworski’s 50 air [0.04] 0.23 2242 (1
Flat plate CM Jaworski’s 50 air [0.04] 0.23 2242 (1
Polyethene column ~ M-8Y 225 air [0.04] 0.50 2442 i
Bubble column M-82 350 air [0.04] 0.17 26+0.5 Il
Bubble column M-82 350 CO,/N/O, [12]  0.17 26+0.5 Il

Dunaliella  Flat plate NM Noro 50 air:Co; 2] 0.22 2242 Il

tertiolecta  Flat plate PM Noro 50 air:C0, [2] 0.22 2242 (1
Flat plate CM Noro 50 air:C0, [2] 0.22 2242 (1
Polyethene column ~ 2ASWY 225 air [0.04] 0.50 2442 i
Bubble column ASW? 350 air [0.04] 0.17 26+0.5 Il
Bubble column ASW?) 350 CO,/N/O, [12]  0.17 26+0.5 Il

Note: PNitrogen content adjusted to 1.33 mmol L™, “Nitrogen content adjusted to 10 mmol L™, ?Medium according to
Carballo-Cardenas et al. (2004) but without bicarbonate and nitrogen content adjusted to to 10 mmol L™.

9.2 Production of energy carriers

9.2.1 Feedstocks

C. vulgaris and D. tertiolecta biomasses for harvesting and use in energy production assays were
cultivated photoautotrophically in polyethene column PBRs in independent batches not related to
the cultivation assays presented in this study. C. vulgaris (UK strain 211/11B) was grown in milliQ-
water based Jaworski’s medium and D. tertiolecta (SAG 13.86) in natural seawater from the Menai
Strait, UK, treated by filtration (0.2 um) and UV irradiation, with nutrients supplied according to
Walne’s medium. C. vulgaris was harvested with chitosan flocculation followed by centrifugation
and D. tertioelcta by NaOH flocculation followed by centrifugation. The pH of the algal biomass
feedstocks was adjusted to 7.0+0.2 with HCI and the biomass slurries were stored at -20 °C until
used in the energy production assays.

Reference feedstocks used in the energy production assays included glucose, fibrous cellulose, acid
hydrolyzed cellulose, chitosan, solid reed canary grass (RCG) and acid hydrolyzed RCG. The RCG
had been grown in Finnish climate conditions and spring harvested two years after seeding. Solid
RCG had been chopped to less than 7 cm pieces. Cellulose hydrolysate and RCG hydrolysate were
the liquid portions generated by autoclaving of fibrous cellulose and chopped RCG at 10% (w/v)
solids loading with 3% HCI solution for 90 min at 121 °C, respectively. Bioelectricity production in
MFCs was also tested from pre-digested C. vulgaris and pre-digested D. tertiolecta.

9.2.2 Energy production potential assays

H, and CH, production assays were performed in 120 mL or 600 mL anaerobic serum bottles with
initial liquid volume of 50 mL or 250 mL, respectively (Figure 12A). Electricity production assays
involved cubic two-chamber MFCs with CMI-7000 membrane, graphite electrodes, 100 Q external
load, 50 mM potassium ferricyanide as the cathode solution and 75 mL liquid volume in both
chambers (Figure 12B). The anaerobic cultivations were conducted in modified Zehnder medium
(Zehnder et al. 1980) with modifications by Karlsson et al. (1999) and Ejlertsson et al. (1996) at 35-
37 °C.
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Figure 12. Serum bottles used in H, and CH,4 production (A) and two-chamber MFC used in bioelectricity production
(B) assays.

Anaerobic inocula originated from an anaerobic digester operating at 35 °C and treating primary
and secondary sludge from a municipal activated sludge process in Viinikanlahti wastewater
treatment plant (City of Tampere, Finland). Mesophilic H,-fermenters, CH, producers and
exoelectrogens using microalgal biomass as the feedstock were enriched separately for the two algal
biomass types. Enrichments for H, and CH, production with microalgae involved series of batch
incubations with 5 g volatile solids (VS) L. MFC cultures were further enriched from the CHy
cultures in fed-batch MFC incubations with an initial substrate concentration of 5 g VS L™ and
addition of 2.5 g VS L™ during each feed cycle. In H, production assays with microalgal biomass,
methanogenesis was inhibited with 20 mM 2-bromoethanesulfonic acid (BESA). In H; production
assays with solid RCG, dilute acid hydrolysed RCG and dilute acid hydrolysed cellulose, Ha-
enrichment culture was previously grown on glucose as described by Koskinen et al. (2007). Heat
treated fresh digester sludge and fresh digester sludge with 20 mM BESA were also tested. For CH,4
production from solid RCG and RCG hydrolysate, fresh digester sludge was used. The enrichment
cultures and substrate combinations tested were as summarized in Table 16.

Table 16. Summary of enrichment cultures and substrates used in H,, CH, and bioelectricity production assays.

Aimed Enrichment cultures Substrates Pa-
product per
H, C. vulgaris enriched sludge with BESA C. vulgaris, glucose, cellulose, chitosan v
D. tertiolecta enriched sludge with BESA D. tertiolecta, glucose, cellulose, chitosan v
H,-fermenting culture enriched with glucose RCG, RCG hydrolysate, cellulose hydrolysate, VI
glucose
Heat treated sludge cellulose hydrolysate VI
Sludge with BESA RCG, RCG hydrolysate, cellulose hydrolysate, VI
glucose
CH, C. vulgaris enriched sludge without BESA C. vulgaris, glucose, cellulose, chitosan v
D. tertiolecta enriched sludge without BESA  D. tertiolecta, glucose, cellulose, chitosan v
Untreated sludge RCG, RCG hydrolysate, cellulose hydrolysate VI
Electricity  C. vulgaris enriched exoelectrogenic culture C. vulgaris, pre-digested C. vulgaris, glucose \Y

D. tertiolecta enriched exoelectrogenic culture  D. tertiolecta, pre-digested D. tertiolecta, glucose  V
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9.3 Analyses

The analyses conducted during the experiments and the publications where they are explained are

summarized in Table 17.

Table 17. Summary of the analyses used in this study.

Physiochemical and instrumental analyses  Analytical method Paper
pH Electrode I-111, V-VI
pH paper v
Dissolved oxygen Electrode I-111
Temperature Electrode Il
Optical density Spectrophotometer Il
Chlorophyll a Methanol extraction, spectrophotometer (1
Dissolved organic carbon TOC analyzer I-111
Biomass concentration (dry weight, volatile Furnace, balance -V
suspended solids, volatile solids)
The performance of photosystem 11 PAM fluorometer Il
Dissolved NO3 Colorimetric method, flow-injection autoanalyser 111
Dissolved NO, Colorimetric method, flow-injection autoanalyser Il
Dissolved NH," Orthophthaldialdehyde analysis, fluorescence i
spectrophotometer
Dissolved urea Diacetylmonoxime method i
Dissolved PO,* Colorimetric method, flow-injection autoanalyser Il
Elemental composition Elemental analyzer ", v
Lipid content Chloroform/methanol extraction, balance ", v
Protein content Calculation based on elemental nitrogen ", v
Carbohydrate content Phenol sulfuric acid method v
Chemical oxygen demand Dichromate method IV-VI
Gas production volume Overpressure volume measurement with a syringe 1V, VI
Water displacement method V
Gas phase composition GC IV-VI
Volatile fatty acids and alcohols HPLC v
GC V, VI
Dissolved CI IC v, Vv
Dissolved Na* ICP-MS v, v
Conductivity Electrode V
Closed circuit potential Data logger V
Composition of precipitates SEM, ion microprobe for elemental analysis V
Soluble sugars Anthrone method VI
Microbiological analyses
Algal cell enumeration QPCR Il
microscopic counting with haemocytometer i
Bacterial cell enumeration QPCR (1
heterotrophic plate counting (1
DAPI staining and microscopic counting i
Microbial diversity and identification PCR-DGGE LIV, VvV
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10 RESULTS AND DISCUSSION

10.1 Microalgal biomass production

All PBR configurations studied in the present work were amenable to C. vulgaris and D. tertiolecta
biomass production. Biomass productivities and maximum biomass concentrations of the two algal
species obtained in various growth conditions in the cultivation experiments of the present study
(Papers I-111) and of other studies are listed in Table 18. Similar data for other algal species are
presented in Table 19. Due to highly different growth conditions used in the experiments presented
in Tables 18 and 19 the results cannot be explicitly compared. Generally speaking biomass
productivities and biomass concentrations obtained in this study with C. vulgaris were comparable
to previous studies and D. tertiolecta results were somewhat higher than in previous studies.
However, results obtained for both microalgal species were lower than the high biomass
productivities presented in Table 19.

10.1.1 Growth in different photobioreactor configurations

In flat plate PBR experiments of this study, static mixers did not enhance the growth of either C.
vulgaris (Paper I) or D. tertiolecta (Paper Il). Static mixers have been previously reported to
enhance microalgal growth (Degen et al. 2001), but the light intensity used in the flat plate
experiments of this study may have been too low to manifest this effect. Volumetric biomass
productivity was highest in the bubble column reactors at 12% CO, content in the mixing gas. In
the bubble columns under these conditions the light intensity, dissolved N concentration and CO,
availability were also the highest and reactor light path the shortest of all the reactor configurations
used in this study (Table 18).

Maximum specific growth rates of both microalgae were relatively high in flat plate PBR
experiments despite the low light intensity and relatively low CO, inflow concentration (Papers |
and 1, Table 18). The growth rates were highest at the beginning of the cultivations (between days
0 and 4), where cell numbers were low. Thus, the concentration of possible inhibitory compounds
produced by the algae (Blanchemain et al 1994, Richmond et al. 2003) was also low. It has also
been shown that the lower the cell concentration the lower the optimum light intensity is for algal
growth. At low cell concentrations cell shading is low and light level inside the reactor reaches
inhibitory levels more easily (Hu et al. 1998). For example, Masojidek et al. (2011) reported
inhibition of electron transport activity in PSII in dilute Chlorella sp. cultures at natural sun light
ranging from 400 to 2000 pumol photons m? s™. The low light intensities used in flat plate PBRs
likely enhanced the initial growth of the algae and resulted in relatively high maximum specific
growth rates, but limited the overall biomass productivity and maximum biomass concentrations
due to light limitation at later phases of batch growth.

52



Table 18. Biomass productivities, highest biomass concentrations and highest specific growth rates obtained with C. vulgaris and D. tertiolecta.

Algal Biomass Max bio- Max specific ~ Cultivation unit Light Lightintensity = CO; content N-source Reference
species productivity mass conc growth rate path  (umol photons (%) [N mmol
(gLdY (gL (dh) (cm) m?sh) L]
Chlorella 0.05 0.9 2.0 Flat plate NM 5 50 0.04 NO; [1.0]  Paper |
vulgaris 0.05 1.0 1.9 Flat plate PM 5 50 0.04 NO; [1.0] Paper |
0.03 0.5 1.1 Flat plate CM 5 50 0.04 NO; [1.0]  Paper |
0.05 0.5 1.1 Polyethene column 16 225 0.04 NO; [1.3]  Paper Il
0.05 0.5 1.0 Polyethene column 16 225 0.04 Urea[1.3] Paper Il
b b A Polyethene column 16 225 0.04 NH,* [1.3]  Paper IlI
0.10 0.6 0.4 Bubble column 3.2 350 0.04 NO; [10]  Paper Il
0.60 3.8 0.9 Bubble column 3.2 350 12 NO; [10]  Paper Il
2.6 2.0 1.9 Flat plate with baffles 1.5 980 0.04+pHadj” NO; [49] Degen etal. 2001
0.16 1.7 na.? Column aeration PBR 10 40" 0.04 NH, [1.4] Fengetal. 2011
0.48 3.2 n.a. Bubble column 75 150 15 NO; [2.9] Francisco et al. 2010
0.07 2.0 n.a. Polyethene column 16 225 0.04 NO;™ [10] Hulatt and Thomas 2010
0.04 0.4 1.0 CSTR n.a. 25 5 NO; [12] [liman et al. 2000
0.04 0.5 0.8 CSTR n.a. 25 5 NH," [3.1]  Illman et al. 2000
0.21 2.3 1.6 Tubular PBR 4 150 5 NO; [4.9] Perner-Nochta et al. 2007
0.04 n.a. 0.4 Helical tubular PBR 25 130 0.04 NO; [12] Scragg et al. 2002
0.02 n.a. 0.7 Helical tubular PBR 2.5 130 0.04 NH,"[3.1] Scragg et al. 2002
Dunaliella 0.15 2.9 1.3 Flat plate NM 5 50 2 NO; [9.9]  Paperll
tertiolecta 0.16 2.1 1.2 Flat plate PM 5 50 2 NO; [9.9]  Paper Il
0.14 2.9 1.4 Flat plate CM 5 50 2 NO; [9.9] Paper lI
0.03 0.5 0.7 Polyethene column 16 225 0.04 NO; [1.3]  Paper Il
0.04 0.5 0.7 Polyethene column 16 225 0.04 Urea[1.3] Paper Il
0.04 0.5 0.7 Polyethene column 16 225 0.04 NH," [1.3]  Paper IlI
0.07 0.7 0.5 Bubble column 3.2 350 0.04 NO; [10]  Paper Il
0.83 3.2 1.4 Bubble column 3.2 350 12 NO; [10]  Paper Il
0.37 25 n.a. Bubble column 7.5 150 15 NO; [0.5]  Francisco et al. 2010
0.06 1.3 n.a. Jar fermentor n.a. 135 10 NO; [1.0]  Horiuchi etal. 2003
0.03 0.5 n.a. Polyethene column 16 225 0.04 NO; [2.6]  Hulatt and Thomas 2010
n.a. n.a. 1.8 Flat plate PBR 3 433 0.04+pHadj®  NH,"[9.4] Janssen etal. 2001
0.1 1.0 n.a. Roux bottle n.a. 150 3 NO; [9.9] Takagi et al. 2006
0.05 0.39 n.a. Culture flask 4.45 350 4 NO; [n.a] Tangetal. 2011

Note: Pcultivations collapsed when NH,* was used as N source “mixing was conducted with air bubbles (0.04 % CO,), but CO, was also used in pH adjustment, *n.a. = data
not available, “calculated from the given lux value



Table 19. Biomass productivities, highest biomass concentrations and highest specific growth rates obtained with other microalgal species.

Algal species Biomass Max bio- Max Cultivation unit Light Light CO, N-source Note Reference
produc-  mass specific path  intensity content [mmol L]
tivity (g conc growth (cm)  (umol (%)
L*d) (@gLh rate (d™) m?s?)
Chlorella 2.9Y 13.6 n.a. a-type reactor 2.5- sun light. n.a. (Pco, urea[67] Fed-batch operation Lee et al. 1995
pyredoinosa 3.2 400-900  1kPa)
Chlorella sp. ~2 >40 n.a. Inclined open thin- 0.6 sun light, 0.1-0.2 urea [n.a.]  Fed-batch operation Doucha and
layer PBR Czech Livansky 2006
Republic
Chlorella sp. ~3 >40 n.a. Inclined open thin- 0.8 sun light, 0.1-0.2 urea [n.a.]  Fed-batch operation Doucha and
layer PBR Greece Livansky 2006
Chlorella sp. 2.6Y 47 n.a. Inclined open thin- 0.6 sun light, 0.04+pH n.a Fed-batch operation Masojidek et al.
layer PBR 400-2000 adj 2011
Chlorococcum 9.2 84 ~1.9 Flat plate PBR 1 2000 5 n.a. Growth medium replaced Hu et al. 1998
littorale daily
Monodus 1.6 55 n.a. Flat inclined 2.6 sun light, 0.04+pH n.a Continuous operation Hu et al. 1996
subterraneus modular PBR 500-2000 adj
Nannochloropsis 6.2 345 n.a. Flat plate PBR 1 2000 2+pHadj NO; [14]  Growth medium replaced Richmond et al.
sp daily 2003

Note: PCalculated from the given values, n.a. = data not available



The bubble column reactors used in the present study were vertical units with a small diameter, and
thus also had a small foot print area. Therefore, areal productivities in respect to reactor foot print at
12% CO, addition were very high; 660 g and 790 g (dw) m? d™ for C. vulgaris and D. tertiolecta,
respectively (Paper I11). The foot prints of the flat plate reactors and polyethene columns were
somewhat higher and biomass productivities lower, resulting in lower areal productivities. Highest
areal productivities in the flat plate reactors were 15 and 45 g m? d* and in the polyethene columns
38 and 37 g m? d™ for C. vulgaris and D. tertiolecta, respectively (Papers I-111). Areal productivity
of 10-50 g m? d* is often used as a reference value when microalgal biomass production is
compared to that of terrestrial crops (Chisti 2007, Schenk et al. 2008). Further, Pulz (2007) reported
98 g m? d™yearly average of microalgal biomass production in pilot-scale outdoor triangular air-lift
reactors. Thus, especially the bubble columns used in this study seem promising for microalgal
biomass production due to their high areal productivity. However, scaling up these reactors to
commercial scale would be challenging. Due to the narrowness of the bubble columns the
maximum height of the systems cannot be increased immensely because construction materials
would not endure the load and effective mixing would become difficult (Janssen 2003). Increasing
the diameter of the reactor would reduce biomass productivity due to lowered light availability and
increase foot print of the reactor further reducing the areal productivity (Molina Grima et al. 1999,
Vernerey et al. 2001). Another way to scale up the growth units to large scale would be to construct
multiple similar growth units. However, this would also have problems as each reactor would
require its own control units, such as temperature control, aeration system and CO, supply
apparatus (Janssen et al. 2003). Enough space must be left between the growth units to ensure light
availability to all units and enable reactor maintenance. This would significantly increase the overall
foot print of the establishment. Because of the issues related to reactor scale up, polyethene columns
might even be more promising for large scale microalgal biomass production than bubble columns
or flat plate reactors, due to their larger volume, simpler structure and lower-cost construction
material. However, polyethene columns also need individual control units and sufficient space
between growth units. The experiments of this study were conducted under continuous artificial
lighting and utilization of natural light and diurnal light-dark cycles could significantly reduce
obtainable biomass productivity. In addition, the growth experiments were conducted in batch
mode. This type of cultivation requires some downtime between the batch operations reducing
yearly productivity.

10.1.2 Effect of different nitrogen sources

The effect of nitrogen source on microalgal growth is dependent upon both the microalgal species
and nitrogen concentration of the medium. For example, Chen et al. (2011b) reported that D.
tertiolecta grew similarly in medium containing 1 mM NH4CI and 2.3 mM NaNOs3, but that at
higher ammonium levels (10 mM and 50 mM) growth was inhibited, whereas an increase in
concentration of NaNO3 up to 23 mM enhanced D. tertiolecta growth. Li et al. (2008a) reported that
the growth of fresh water microalga Neochloris oleoabundans was approximately 1.2 and 2.3 times
higher with 5 mM NaNOj than with 5 mM urea and 5mM NH;HCOs3, respectively. Xu et al. (2001)
reported that the growth rate of marine microalga Ellipsoidion sp. was lowest with urea and highest
with NH,ClI, while the post-logarithmic cell density was highest with NaNOs. In this study, biomass
productivity and maximum specific growth rate of D. tertiolecta was similar with nitrate,
ammonium and urea at 1.3 mM (Paper I11). C. vulgaris also grew similarly with nitrate and urea
(1.3 mM), while the use of ammonium resulted in acidification and growth cessation (Paper I11).
Feng et al. (2011) also reported a pH drop in C. vulgaris culture fed with NH4" without pH
adjustment, but they were able to sustain C. vulgaris growth at 1.4 mM NH4CI by repeatedly
adjusting the culture pH to 8-10. However, pH adjustment to reduce pH effects of N source
utilization is not considered economical for large scale microalgal cultivation systems as it would
increase cultivation costs and complicate the cultivation systems. The rapid acidification with C.
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vulgaris was attributed to algal assimilation of NH," and/or bacterial nitrification coupled with the
lower buffering capacity of the freshwater media compared to salt water media used with D.
tertiolecta.

The energy embedded in the N source was low compared to power consumption of gas sparged
photobioreactors but it was still a significant component in the overall energy balance. Maximum
net energy ratios of 1.85 and 2.16 were calculated for C. vulgaris and D. tertiolecta biomass
production when the energy consumption of gas sparging and N source were taken into account. If
concentrated CO, cannot be sourced locally (e.g., flue gas from power plant), the NER of biomass
production including provision of manufactured CO, would decrease to 0.09 and 0.11 for C.
vulgaris and D. tertiolecta. Thus, there is a need to further optimize cultivation strategies to reduce
mixing as well as CO, and N consumption.

10.1.3 Comparison of the two microalgae

In flat plate PBR experiments, the maximum specific growth rates were generally higher and
biomass productivities lower with C. vulgaris than with D. tertiolecta in identical flat plate reactor
configurations (Papers | and I1). However, growth conditions in the flat plate experiments were not
normalized with respect to C and N availability. The higher biomass production in D. tertiolecta
cultures was likely due to the higher CO, content of the mixing air and the higher dissolved
nitrogen content in the medium. Hulatt and Thomas (2010) and Fransisco et al. (2010) reported
higher biomass productivity and maximum biomass concentration for C. vulgaris compared to D.
tertiolecta (Table 18), when reactor configuration, light intensity and CO, inflow were identical for
the two algae. However, the N content of the medium was 3.8 and 5.4 times higher in C. vulgaris
cultivations than in D. tertiolecta cultivations in the experiments of Hulatt and Thomas (2010) and
Fransisco et al. (2010), respectively. Thus, the higher biomass production of C. vulgaris in these
two studies was likely due to the higher N content. When light intensity, CO, inflow and N
availability were similar for the two algae, as was the case in polyethene column and bubble column
cultivations, biomass productivities of C. vulgaris and D. tertiolecta were quite similar (Paper IlI).

Based on the results of the present study, growth of D. tertiolecta was more robust than that of C.
vulgaris. Growth rates and biomass yields in the flat plate PBRs were more reproducible with D.
tertiolecta (Papers | and Il). D. tertiolecta grew with all tested N sources in the polyethene columns,
whereas C. vulgaris cultures collapsed when ammonium was used as the N source (Paper Il1).
However, this was likely due to higher buffering capacity of salt water medium compared to fresh
water medium.

10.2 Quantification of algal and bacterial cells in algal mass cultures

Various analysis methods were used in quantification of algal and bacterial cells during this study.
Algal growth was monitored by measuring volatile suspended solids (VSS) or dry weight (dw),
optical density (OD), chlorophyll a, algal cell counts and eukaryotic 1/C+ values from quantitative
polymerase chain reaction (QPCR) (Papers I-111). Analyses used in bacterial cell enumeration
included DAPI staining followed by microscopic counting, heterotrophic plate counting (HPC) and
bacterial QPCR (Papers I-111). Correlation between different growth analyses was calculated by
using Pearson correlation coefficient (r).

VSS (Papers | and I1) and biomass dry weight (Paper I11) correlated very well with OD values with

both microalgal species (Tables 20 and 21). This has been shown also previously and due to the
fastness of OD analysis, biomass dry weight has not been measured in many studies and biomass
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concentration has been calculated from the OD measurements by using a standard curve previously
constructed for the two variables (Horiuchi et al. 2003, Takagi et al. 2006, Li et al. 2008a, Chiu et
al. 2008, da Silva et al. 2009, Feng et al. 2011).

The eukaryotic QPCR and microscopic algal cell counts correlated well with VSS/dw and OD with
C. vulgaris (Table 20), but the Pearson correlations between the variables were somewhat lower
with D. tertiolecta (Table 21). In D. tertiolecta cultivations eukaryotic QPCR results leveled out by
day 16 in flat plate PBRs and algal cell counts by day 7 in polyethene columns, while VSS/dw and
OD continued to increase beyond these points (Paper Il and Il1). This trend indicates that the
number of D. tertiolecta cells stopped increasing during the cultivations whilst the mass and volume
of individual cells continued to increase. Similarly, Chi et al. (2009) reported limited correlation
between cell counts and biomass dw during heterotrophic growth of Schizochytrium limacinum. The
cell density first increased rapidly followed by slowed down increase in cell density but quickened
increase in mass and size of individual cells. The eukaryotic QPCR results and cell counts
correlated better with VSS/dw and OD in C. vulgaris cultures. This might be because C. vulgaris
cells are smaller and thus possible variations in the mass and size of individual cells are lower in
comparison to D. tertiolecta cells. For example, Chiu et al. (2008) reported linear correlation
between Chlorella sp. cell counts and OD.

In this study, chlorophyll a correlated poorly with all other algal growth analyses (Tables 20 and
21). In C. vulgaris flat plate cultures, chlorophyll a concentration increased during the first 5-7 days
and in D. tertiolecta flat plate cultures during the first 13 days of the cultivation, but then started to
decrease (Papers | and Il). The decrease in chlorophyll a may reflect algal nutrient limitation as
decrease in chlorophyll a occurred after dissolved N and/or P were exhausted from the medium.
Trace metal limitation was also possible. The decrease in chlorophyll a was more drastic with C.
vulgaris than with D. tertiolecta as seen by the lower Pearson correlation coefficients between
chlorophyll a and results from other growth analyses (Tables 20 and 21). The reason to this may be
that both N and P were exhausted in C. vulgaris cultures, whereas D. tertiolecta cultures contained
excess of N but were low in P by the end of the batch cultivations (Papers | and I1). Decreases in
chlorophyll a content in both Chlorella spp. (Eriksen et al. 2007, Griffiths et al. 2011) and
Dunaliella spp. (Berden-Zrimec et al. 2008) have also been previously reported. These data indicate
that chlorophyll a is not a useful measure of microalgal biomass concentration in conditions where
nutrient availability is limited or varies.

Table 20. Average Pearson correlation coefficients between various algal growth quantification results in growth
experiments with C. vulgaris.

VSS or dw oD Chlorophylla (mg L")  Eukaryotic 1/Cy  Algal cell count

(gL?h (cells mL™)
VSSor dw (g L) - 0.99" -0.407 0.90” 0.98%
oD - - -0.30% 0.89% 0.99%
Chlorophyll a (mg L™) - - - 0.34% d.a?
Eukaryotic 1/Cy - - - - d.a.?

Note: YCalculated based on flat plate and polyethene column results (Papers | and 1), “Calculated based on flat plate
results (Paper 1), ¥Calculated based on polyethene column results (Paper 111), “'d.a. = data not available for comparison.
C+ values correlate with logarithm of the initial DNA content in the sample and therefore correlations for Ct values
were calculated using logarithms of the results they were compared to.
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Table 21. Average Pearson correlation coefficients between various algal growth quantification results in growth
experiments with D. tertiolecta.

VSS or dw oD Chlorophylla (mg L")  Eukaryotic 1/Cy  Algal cell count

(gL (cells mL™)
VSSordw (g L) - 0.98" 0.57% 0.817 0.85%
oD - - 0.58% 0.80% 0.92%
Chlorophyll a (mg L™) - - - 0.72% d.a?
Eukaryotic 1/Cy - - - - d.a.?

Note: "Calculated based on flat plate and polyethene column results (Papers Il and 111), ?Calculated based on flat plate
results (Paper 11), ®Calculated based on polyethene column results (Paper 111), “'d.a. = data not available for comparison.
C+ values correlate with logarithm of the initial DNA content in the sample and therefore correlations for Ct values
were calculated using logarithms of the results they were compared to.

QPCR enables processing of multiple samples in a relatively short time, but has some limitations
such as possible non-specificity of the primers and inter-species differences in rDNA copy number
(Zhu et al. 2005). The copy number of genes coding rRNA can vary between 1 to more than 12 000
among phytoplankton (Zhu et al. 2005) and between 1 and 15 among bacteria (Schmidt 1997).
However, the cultures in this study were unialgal and bacteria in low susbtrate environments such as
photoautotrophic microalgal cultures have low rDNA copy numbers (Fegatella et al. 1998).
Therefore, bias caused by inter-species differences in rDNA copy number was low in this study.
Eukaryotic QPCR results showed positive correlation with logarithms of VSS and OD measurement
in flat plate cultivations (Tables 20 and 21). Bacterial QPCR results correlated also positively with
the logarithms of HPC results as r in C. vulgaris cultures was 0.85 and in D. tertiolecta cultures
0.77 (Papers | and IlI). Bacterial QPCR results and bacterial cell counts indicated that bacterial
growth followed algal growth both in flat plate cultivations (Papers I and Il) and in polyethene
column cultivations (Paper I1), respectively. In flat plates, bacterial 1/C+ had r of 0.98 and 0.97
with eukaryotic 1/C+, whereas in polyethene columns bacterial cell counts had r of 0.78 and 0.83
with algal cell counts in C. vulgaris and D. tertiolecta cultures, respectively (Papers I-111, Table 22).
Thus, this study shows that QPCR is a useful tool for quantification of eukaryotes and bacteria in
algal culture systems. Fowler and Wade (2006) also reported a linear association between C.
vulgaris cell numbers and threshold of SYBR Green fluorescence in real-time PCR. Positive
correlation between bacterial cell counts and total bacterial numbers analyzed with QPCR have
been previously shown for example in samples of pig digesta (Castillo et al. 2006), human dental
plague (Maeda et al. 2003) and surface soil (Bach et al. 2002). HPC is labor-intensive and time-
consuming, and many water borne bacteria do not grow on solid media. However, HPC has still
been widely used in quantification of bacteria in algal cultures (Salvesen et al. 2000, Scragg et al.
2002, Mohan et al. 2009, Cho et al. 2011).

10.3 Growth and diversity of associated satellite bacteria in algal cultivations

10.3.1 Bacterial growth patterns

Bacterial growth occurred in all cultivation experiments of this study regardless whether the growth
medium was prepared in tap water (Papers | and I1) or in milliQ-water (Paper I11). High salinity has
generally been considered as a way to reduce unwanted bacterial growth in algal cultivation systems
(Schenk et al. 2008). In this study, however, the marine algal cultures contained more bacteria than
the fresh water algal cultures. In flat plate photobioreactors the highest bacterial 1/Ct values,
normalized with sample volume used for DNA extraction and dilution used in QPCR reaction, were
1.2 and 0.087 for D. tertiolecta and C. vulgaris, respectively (Papers | and II). In polyethene
columns with C. vulgaris, bacterial cell counts were 7.3x10° cells mL™ at highest with nitrate and
urea as the N source. In D. tertiolecta cultures maximum bacterial counts were 2.4x10°, 2.3x10’
and 1.1x10° cells mL™ with nitrate, urea and ammonium as the N source, respectively (Paper I11).

58



Dissolved organic matter (DOM) excreted by microalgae during their photoautotrophic growth and
liberated upon microalgal senescence is a carbon source for associated bacteria (Schéfer et al. 2002,
Watanabe et al. 2008, Hulatt and Thomas 2010). In flat plate reactors the higher bacterial numbers
in D. tertiolecta cultures were due to the significantly higher content of DOM measured as
dissolved organic carbon (DOC) which provided more bioavailable carbon for heterotrophic
growth. In polyethene columns the DOC was quite comparable in C. vulgaris and D. tertiolecta
cultures and differences in bacterial numbers were also lower. The growth of associated bacteria
was identical with nitrate and urea as the N source in both algal cultures, but significantly more
bacteria were present in D. tertiolecta cultures with ammonium compared to the other two N
sources (Paper I11). This may have been due to accumulation of nitrifying bacteria when ammonium
was used.

In this study, DOC followed the growth of C. vulgaris both in flat plate PBR cultivations and
polyethene column cultivations (Table 22). In D. tertiolecta polyethene column cultivations DOC
showed positive correlation with algal dry weight. In D. tertiolecta flat plate cultures the correlation
was lower due to a high background DOC concentration from tris(hydroxymethyl)aminomethane
buffer and EDTA in the cultivation medium, masking the possible associations between algal
growth and DOC (Table 22). Positive correlation was generally also seen between algal growth and
bacterial growth as well as between bacterial growth and DOC. This shows that bacterial growth
followed algal growth and that bacteria utilized DOM excreted during algal growth. Other studies
have reported positive correlation between bacterial growth and microalgal growth in
photobioreactor cultures (Silva-Aciares and Riquelme 2008) and between bacterial growth and
chlorophyll a concentration during natural phytoplankton blooms (Tada et al. 2011).

Table 22. Average Pearson correlation coefficients between algal growth, bacterial growth and DOC in microalgal
cultivation experiments.

Cultivation experiment Algal biomass” Algal biomass” DOC and Paper
and DOC and bacteria? bacteria?

C. vulgaris flat plate PBRs 0.98 0.93 0.73 I

C. vulgaris polyethene columns 0.89 0.77 0.76 i

D. tertiolecta flat plate PBRs 0.65 0.89 0.67 I

D. tertiolecta polyethene columns 0.88 0.96 0.85 Il

Note: PConcentration of algal biomass measured as VSS in flat plate PBR experiments and as dry weight in polyethene
column experiments, ?Bacteria measured by bacterial QPCR in flat plate experiments and by DAPI staining and
microscopy counting in polyethene column experiments. 1/Ct values correlate with logarithm of the initial DNA
content in the sample and therefore correlations for 1/C; values were calculated using logarithms of the results they
were compared to.

10.3.2 Bacterial community profiles

Community profiles of algal associated bacteria were studied in the flat plate PBR experiments with
PCR-DGGE (Papers | and IlI). C. vulgaris and D. tertiolecta were cultivated at <0.05% and 3%
salinity, respectively. Consequently, the associated bacterial populations were vastly different with
the two algae (Tables 23 and 24). C. vulgaris cultures were dominated by fresh water a-
proteobacteria, especially Sphingomonas spp., which are common in Finnish drinking water
distribution systems (Koskinen et al. 2000; Vuoriranta et al. 2003) and likely originated from the
tap water used in media preparation. D. tertiolecta cultures, on the other hand, were dominated by
halotolerant or halophilic a- and y-proteobacteria as well as Flavobacteria. High salinity of the
culture medium inhibited growth of tap water bacteria and selected for halotolerant and halophilic
bacteria that were initially present in the D. tertiolecta culture.
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Table 23. Bacterial species detected in association with certain fresh water microalgae.

Cultivated microalga Detected associated bacteria with species level Sample origin Reference
(phylogenetic group) information (phylogenetic group)
Chlorella sp. -Brevundimonas kwangchunensis (a-proteobacteria) Top soil from an experimental field in The Otsuka et al. 2008

(green alga)

-Phyllobacterium leguminum (a-proteobacteria)
-Sphingomonas melonis (a-proteobacteria)
-Cyclobacterium marinum (Sphingobacteria)
-Dyadobacter fermentas (Sphingobacteria)
-Fluviicola taffensis (Flavobacteria)

University of Tokyo (Japan), algal cells isolated
with micropipetting

Chlorella saccharophila
(green alga)

-Afipia massiliensis (a-proteobacteria)

-Bosea enae (u-proteobacteria)

-Phyllobacterium myrsinacearum (a-proteobacteria)
-Comonas testosteroni (B-proteobacteria)
-Janthinobacterium agaricidamnosum (B-proteobacteria)
-Janthinobacterium lividum (B-proteobacteria)
-Acinetobacter Iwoffii (y-proteobacteria)

-Acinetobacter radioresistensis (y-proteobacteria)
-Pseudomonas mandelii (y-proteobacteria)
-Flavobacterium limicola (Flavobacteria)

Non-axenic microalgal strain from a culture Ueda et al. 2009
collection

Chlorella sorokiana
(green alga)

-Sphingomonas sp. (a-proteobacteria)
-Ralstonia pickettii (B-proteobacteria)
-Microbacterium trichotecenolyticum (Actinobacteria)
-Micrococcus luteus (Actinobacteria)

Non-axenic stock culture of C. sorokiana Watanabe et al. 2005

Chlorella vulgaris
(green alga)

-Blastomonas sp. (a-proteobacteria)
-Brevundimonas sp. (a-proteobacteria)
-Mesorhizobium sp. (a-proteobacteria)
-Porphyrobacter sp. (a-proteobacteria)
-Sphigobium sp. (a-proteobacteria)
-Sphingomonas sp. (a-proteobacteria)
-Sphingomonas xenophaga (a-proteobacteria)

Non-axenic C. vulgaris flat plate PBR cultures Paper |

Ulothrix variabilis -Maricaulis virginensis (a-proteobacteria) Non-axenic microalgal strain from a culture Ueda et al. 2009
(green alga) -Escherichia fergusonii (y-proteobacteria) collection

-Shigella dysenteriae (y-proteobacteria)

-Thermonema rossianum (Sphingobacteria)
Volvox aureus -Sphingomonas ursincola (a-proteobacteria) Non-axenic microalgal strain from a culture Ueda et al. 2009
(green alga) -Curvibacter lanceolatus (B-proteobacteria) collection

-Hylemonella gracilis (B-proteobacteria)
-Polaromonas naphthalenivorans (B-proteobacteria)
-Acinetobacter johnsonii (y-proteobacteria)
-Sanguibacter suarezii (Actinobacteria)




Table 24. Bacterial species detected in association with certain marine microalgae.

Cultivated microalga
(phylogenetic group)

Detected associated bacteria with species
level information (phylogenetic group)

Sample origin

Reference

Akashiwo sanguine
(dinoflagellate)

-Roseobacter sp. (a-proteobacteria)
-Roseovarius sp. (a-proteobacteria)
-Pseudoalteromonas sp. (y-proteobacteria)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing

Sapp et al. 2007

Asterionella glacialis
(diatom)

-Roseobacter sp. (a-proteobacteria)
-Tetracoccus cechii (a-proteobacteria)
-uncultured Microscilla (Sphingobacteria)
-Cytophaga sp. (Flavobacteria)

Uni-algal phytoplankton strain from algal culture collections

Schéfer et al. 2002

Ceratium horridum
(dinoflagellate)

-Sulfitobacter pontiacus (a-proteobacteria)
-Roseobacter sp. (a-proteobacteria)
-Oceanospirillum sp. (y-proteobacteria)
-Tenacibaculum sp. (Flavobacteria)
-Gelidibacter mesophilus (Flavobacteria)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing

Sapp et al. 2007

Chaetoceros socialis
(diatom)

-Roseobacter sp. (a-proteobacteria)
-Crassostrea virginica (o-proteobacteria)

Uni-algal phytoplankton strain from algal culture collections

Schéfer et al. 2002

Coscinodiscus sp.
(diatom)

-Roseobacter gallaeciensis (a-proteobacteria)
-Cytophaga sp. (Flavobacteria)

Uni-algal phytoplankton strain from algal culture collections

Schéfer et al. 2002

Dunaliella tertiolecta
(green alga)

-Ruegeria mobilis (a-proteobacteria)
-Ruegeria sp. (o-proteobacteria)
-Roseobacter sp. (a-proteobacteria)
-Alcanivorax jadensis (y-proteobacteria)
-Alcanivorax sp. (y-proteobacteria)
-Halomonas variabilis (y-proteobacteria)
-Halomonas sp. (y-proteobacteria)
-Marinobacter sp. (y-proteobacteria)
-Muricauda sp. (Flavobacteria)
-Flavobacterium sp. (Flavobacteria)

Non-axenic D. tertiolecta flat plate PBR cultures

Paper 11

Dytilum brightwellii
(diatom)

-Erythrobacter sp. (a-proteobacteria)

Uni-algal phytoplankton strain from algal culture collections

Schéfer et al. 2002

Guinardia delicatula
(diatom)

-Sulfitobacter pontiacus (a-proteobacteria)
-Roseobacter sp. (a-proteobacteria)
-Lacinutrix copepodicola (Flavobacteria)
-Gelidibacter mesophilus (Flavobacteria)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing

Sapp et al. 2007




Table 24. Continued

Cultivated microalga
(phylogenetic group)

Detected associated bacteria with species
level information (phylogenetic group)

Sample origin

Reference

Pseudonitzschia pungens
(diatom)

-Sulfitobacter pontiacus (a-proteobacteria)
-Roseobacter sp. (a-proteobacteria)
-Mesorhizobium sp. (a-proteobacteria)
-Halomonas venusta (y-proteobacteria)
-Pseudomonas sp. (y-proteobacteria)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing

Sapp et al. 2007

Skeletonema costatum
(diatom)

-Sulfitobacter pontiacus (a-proteobacteria)
-Sulfitobacter sp. (a-proteobacteria)
-Roseobacter sp. (a-proteobacteria)
-Rhodovolum iodosum (a-proteobacteria)
-Glaciecola sp. (y-proteobacteria)
-Pseudoalteromonas sp. (y-proteobacteria)
-Latinutrix copepodicola (Flavobacteria)
-Bacillus sp. (Firmicutes)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing

Sapp et al. 2007

Thalassiosira rotula
(diatom)

-Paracoccus sp. (o-proteobacteria)
-Sulfitobacter sp. (a-proteobacteria)
-Pseudoalteromonas sp. (y-proteobacteria)
-Halomonas venusta (y-proteobacteria)
-Aequorivita lipolytica (Flavobacteria)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing
Sampling done in spring

Sapp et al. 2007

Thalassiosira rotula
(diatom)

-Ruegeria atlantica (a-proteobacteria)
-Sulfitobacter sp. (a-proteobacteria)
-Halomonas venusta (y-proteobacteria)
-Halomonas sp. (y-proteobacteria)
-Alteromonas sp. (y-proteobacteria)
-Pseudoalteromonas sp. (y-proteobacteria)
-Glaciecola sp. (y-proteobacteria)

Plankton samples from the North Sea, single algal cells
isolated by micropipetting and washing
Sampling done in summer

Sapp et al. 2007

Thalassiosira weissflogii
(diatom)

-Crassostrea virginica (a-proteobacteria)
-Sulfitobacter sp. (a-proteobacteria)

-Desulfobacterium indolicum (5-proteobacteria)

-Cystobacter ferrugineus (5-proteobacteria)

Uni-algal phytoplankton strain from algal culture collections

Schéfer et al. 2002




Even closely related microalgae have shown to harbor distinct bacterial communities (Schafer et al.
2002, Tables 23 and 24). Sphingomonas spp. have been repeatedly isolated from non-axenic
Chlorella cultures (Watanabe et al. 2005, Otsuka et al. 2008, Ueda et al. 2009), whilst other
bacterial constituents of C. vulgaris flat plate cultures were quite unique compared to other fresh
water algae cultures presented in Table 23. Similarly, Roseobacter and Halomonas spp. have
repeatedly been detected in cultures of marine microalgae, but other bacterial phylotypes were
unique to D. tertiolecta (Table 24). Thus quantity and quality of bacteria depends also, for example,
on composition of algal exudates (Sapp et al. 2007), algal growth phase and physiological status
(Grossart et al. 2005).

In this study, bacterial community profiles were relatively stable during algal growth, although
some individual DGGE bands disappeared during the incubation and some bands became more
intense only in the later phases of algal growth. Schéfer et al. (2002) reported relatively stable
bacterial community structures during different algal growth phases in marine diatom cultures.
Grossart et al. (2005) reported, however, significant changes in associated bacterial communities of
diatoms Thalassiosira rotula and Skeletonema costatum when algal growth phase changed from
exponential to stationary. Only minor variations in bacterial communities were detected between
different flat plate PBR runs demonstrating that bacterial enrichment was a reproducible event. This
has also been shown by Schéfer et al. (2002).

The experiments of this work were not designed to delineate the roles of associated bacteria in
microalgal cultures. However, previous research has shown that bacteria may compete with
microalgae for the available nutrients and produce metabolites that are inhibitory to microalgal
growth (Cole 1982, Joint et al. 2002). They can also provide CO, for microalgal growth, reduce
oxygen tension (Mouget et al. 1995) and increase solubility of nutrients and trace elements making
them more bioavailable for the algae (Keshtacher-Liebson et al. 2005).

10.4 Energy production from microalgal biomass

This work demonstrated production of H,, CH,4 (Paper 1V), electricity, butanol (Paper V) and lipids
(Paper 111) from microalgal biomass, both from the fresh water species C. vulgaris and the marine
species D. tertiolecta. Anaerobic cultures used in production of H,, CH, and electricity originated
from the same municipal sewage digester, but was separately enriched for each process and the two
algal species (Papers IV and V, Tables 27-29). Butanol production was demonstrated to occur
simultaneously with electricity production in MFCs with the microalgal enriched exoelectrogenic
enrichment cultures (Paper V).

10.4.1 Enrichment of H,, CH,4 and electricity producing microorganisms

Digester sludge from an anaerobic digester treating municipal wastewater sludge was the source of
microorganisms in this study, because it contains a rich and diverse pool of anaerobic
microorganisms capable of degrading huge array of biomolecules and cellular constituents.
Anaerobic cultures were extensively enriched for the microalgal experiments. H,-fermenting (with
BESA) and CHg-producing enrichment cultures (without BESA) went through nine passages of
serial batch bottle incubations with microalgal biomass prior to the gas production experiments.
Exoelectrogenic enrichments were further enriched from the CHj-producing consortia in 6
subsequent passages in the MFCs before the electricity generation assay.

Several pretreatments to promote H, production from anaerobic digester sludges have been used
including heat-shock, aeration, acid and base treatment, as well as the addition of chemicals such as
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BESA and iodopropane (Chang et al. 2002, Lay et al. 2003, Zhu and Béland 2006). In this study,
higher H, yields were achieved with BESA treated than with heat treated sludge (Paper VI).
Therefore, BESA addition was generally the treatment method of choice (Papers IV and VI). The
addition of 20 mM BESA inhibited methanogenesis (Papers 1V and V1), but also reduced H, yields
obtained with the algal associated bacterial communities including Clostridium spp. (Paper 1V,
Table 27). It has been previously shown that low concentrations of BESA (1mM) do not affect the
H, production yields (Koskinen 2008), whereas high concentrations (1 M) inhibit fermentation of
Clostridium spp. (Wang et al. 2003).

Culture enrichment was observed as enhanced gas and electricity production, changes in volatile
fatty acid (VFA) and alcohol production as well as changes in microbial community profiles based
on PCR-DGGE profiling (Papers 1V and V). For example, no H, was produced either from C.
vulgaris or D. tertiolecta prior to enrichment step 6 (Paper 1V), and the sequential enrichment in
MFCs increased current generation from 0.02 mA to 0.76 mA with C. vulgaris and from 0.03 mA
to 0.53 mA with D. tertiolecta (Paper V). VFAs and alcohols accumulated in H, enrichment
cultures and exoelectrogenic cultures, but were utilized after initial accumulation in CH4 enrichment
cultures. The sum VFAs and alcohols concentrations in the end of incubations was highest in H;
enrichment cultures and lowest in CH4 enrichment cultures. In the corresponding enrichment
cultures, more VFAs and alcohols were always produced from C. vulgaris than from D. tertiolecta
biomass (Papers IV and V). In the batch bottle enrichment cultures for H, and CH,4 production, the
main soluble degradation products were acetate and propionate (Paper 1V). After culture enrichment
in the MFCs no acetate was detected and the main soluble products were butanol, propionate and
butyrate (Paper V). Acetate, propionate and butyrate are typical soluble degradation products in
mesophilic H, producing systems (Chang et al. 2002, Koskinen et al. 2007, Dong et al. 2009,
Karadag and Puhakka 2010b), whereas acetate is often used as a substrate for the exoelectrogenic
bacteria in the MFC anodes (Bond et al. 2002, Bond and Lovley 2003, Liu et al. 2005, Nien et al.
2011, Winfield et al. 2011). This indicates that exoelectrogenic bacteria readily utilize acetate from
anode solution and that the lack of acetate in exoelectrogenic enrichment cultures may be due to the
presence of organisms rapidly oxidizing acetate. Other possibility is that acetogens were absent in
the exoelectrogenic enrichments.

PCR-DGGE profiling revealed that the bacterial communities developed differently with the two
microalgal biomass stocks and depending whether BESA was added to the culture medium (Papers
IV and V). In the batch bottle enrichment cultures for H, and CH,4 production the PCR-DGGE
profiling demonstrated the presence of bacteria previously shown to produce Hj, such as
Petrimonas (Grabowski et al. 2005) and Syntrophobacter spp. (Boone and Bryant 1980, de Bok
2004), but also the presence of bacteria that have previously shown to consume H,, such as
Bilophila wadsworthia (da Silva et al. 2008) and Wolinella succinogenes (Gross et al. 1998). C.
vulgaris enriched exoelectrogenic culture contained, for example, W. succinogenes, Bacteroides and
Synergistes spp. and D. tertiolecta enriched exoelectrogenic culture Geovibrio thiophilus, W.
succinogenes, Bacteroides, Synergistes, and Desulfomicrobium spp. All these bacterial species have
been previously detected in bioeletrochemical systems or have proven ability to transfer electrons to
anode electrode (Sallez et al. 2000, Rismani-Yazdi et al. 2007, Dias et al. 2008, Call et al. 2009,
Wang et al. 2010, Borole et al. 2011). As an example of bacterial community enrichment, B.
wadsworthia, Petrimonas and Syntrophobacter spp. were not detetected anymore in the
exoelectrogenic enrichments. G. thiophilus, Desulfomicrobium and Synergistes spp. were not
detected in CH,4 enrichments but became detectable only after culture enrichment in the MFCs
(Papers IV and V). Archaeal profiling was not conducted in this study.
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10.4.2 Comparison of the two microalgal biomass feedstocks

C. vulgaris has a thick and rigid cell wall. Its structure and susceptibility to enzymatic attack vary
among different C. vulgaris strains (Yamada and Sakaguchi 1982). D. tertiolecta does not have a
distinct cell wall but a highly permeable protective coating, which consists of glycoproteins and
neuraminic acid residues (Oliveira et al. 1980). In some cases, thick cell walls of microalgae have
reported to hinder anaerobic utilization of microalgal biomass (Golueke et al. 1956, Chen and
Oswald 1998, Carver et al. 2011a). In this study H,, CH,, electricity and butanol yields were
comparable or higher from C. vulgaris as compared to those from D. tertiolecta (Tables 27-29).

Microalgal biomass composition (i.e., proteins, lipids and carbohydrates) is greatly influenced by
the microalgal species, growth conditions, cell age and storage conditions (Sheehan et al. 1998,
Knuckey et al. 2002, Molina Grima et al. 2003, Lv et al. 2010). Biomass composition also greatly
affects the yields of anaerobic conversions. For example, the theoretical CH4 production yields are
highest from lipids and lowest from carbohydrates (Sialve et al. 2009), whilst H, production is
generally higher from carbohydrate-rich materials than materials rich in proteins and/or fats (Li and
Fang 2007). High ammonium content released from proteins may also inhibit anaerobic digestion
(Yen and Brune 2007). Biomass compositions obtained in this study fell within the generally broad
range reported for C. vulgaris and D. tertiolecta biomass composition in previous studies (Table
25). In the harvested algal biomass stocks used as substrate for the anaerobic experiments (Papers
IV and V), however, the content of three major biomass components (proteins, lipids and sugars)
was far below 100% (Table 25). The sum of these components is often above 80% (Sheehan et al.
1998, Martinez-Fernandez et al. 2006, Liang et al. 2009, Zou et al. 2009, Lv et al. 2010), but there
are also several reports of much lower percentages (Renaud et al. 1999, Martinez-Fernandez et al.
2006, Cheng et al. 2010, Sydney et al. 2010). It is possible that long storage of the biomass
feedstocks during this study enhanced cellular leakage, which was especially pronounced with D.
tertiolecta as it is prone to lyse.

Table 25. Mass compositions (dry weight basis) of C. vulgaris and D. tertiolecta from this study and from selected
literature sources.

Microalgal species Protein (%0) Lipid (%0) Carbohydrates/ Reference
sugars (%)
Chlorella vulgaris 18-36 18-28 n.a. Paper I11
36 13 8 Papers IV and V
28 31 8 Cheng et al. 2010
7-70 14.5-28 13-70 Lv et al. 2010
41 10 17 Sydney et al. 2010
25-30 30-40 6-10 Yeh etal. 2010
Dunaliella tertiolecta 22-43 15-19 n.a. Paper 111
15 11 4 Papers IV and V
29 11 14 Sydney et al. 2010
61 3 22 Zou et al. 2009

Note: n.a. = data not available

Sodium, potassium, calcium and magnesium inhibit anaerobic digestion at high concentrations
(McCarty 1964). Differences in the salinity (<0.05% vs. 3%) and harvesting methods (chitosan vs.
NaOH) may have influenced anaerobic conversion of C. vulgaris and D. tertiolecta biomass to
energy carriers. Methanogens are sensitive to salt toxicity (McCarty 1964, Feijoo et al. 1995) and
that was also shown in this study as CH,4 production was significantly lower from D. tertiolecta than
from C. vulgaris (Table 28). H, and electricity productions were more similar from the two algal
biomass stocks (Table 27 and 29). According to McCarty (1964) the inhibition of methanogens is
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generally caused by the cation of the salt. McCarty reported 3.5 to 5.5 g L Na* to be moderately
toxic and concentrations above 8 g L™ highly toxic to methanogens. In this study, the Na'
concentrations were similar in C. vulgaris and D. tertiolecta fed methanogenic cultures and the Na*
concentrations were below the reportedly inhibitory levels (Table 26). However, CI" concentration
was significantly higher in cultures with D. tertiolecta than with C. vulgaris. Thus, it is possible that
methanogenesis in cultures with D. tertiolecta was inhibited by CI". Seawater also contains Ca®* and
Mg®* ions (Golubev et al. 1999) and it is possible that these cations together with high Na* and CI
concentrations caused synergistic effects and therefore pronounced inhibition of methanogenesis
(McCarty 1964). Mixed methanogenic microbial consortia can be adapted to elevated salinities
(Feijoo et al. 1995, Aspé et al. 1997, Chen et al. 2003), whilst the mechanism of adaptation has not
been shown. In this study, adaptation of methanogens to high salinities in D. tertiolecta fed cultures
was not seen despite extensive enrichment of the culture. This indicates the absence of salt tolerant
methanogens in the original culture maintained at low salinity municipal wastewater sludge for
decades.

Table 26. Concentrations of dissolved Na* and CI in microalgal fed anaerobic cultivations (Papers 1V and V).

Culture Na*(gL%) CI(gL?h
Batch bottle enrichment cultures for H, and CH,4 production with Chlorella vulgaris 2.3 0.7
Chlorella vulgaris fed MFCs 1.6 1.2
Batch bottle enrichment cultures for H, and CH, production with Dunaliella tertiolecta 2.1 4.8
Dunaliella tertiolecta fed MFCs 4.1 8.1

In D. tertiolecta fed MFCs the Na® and CI" concentrations were higher than in batch bottle
enrichment cultures for H, and CH,4 production (Table 26). The MFCs were operated in fed-batch
mode and new algal biomass slurry with Na* and CI" was repeatedly added. Samples for Na* and CI
analyses from the MFCs were only taken on the last operation day. So Na* and CI ions had had
time to accumulate to the cultures. The presence of salt ions increases the conductivity of the anode
solution, thus decreasing the internal resistance of the MFC and increasing power generation (Feng
et al. 2008, Huang and Logan 2008). However, Ca?* and Mg®* ions can move through the cation
exchange membrane. On the cathode, these ions reacted with the phosphate buffer and gradually
formed phosphate precipitates on the cathode electrodes and the cathode sides of the membrane
(Paper V). This may have negative impact on power generation from D. tertiolecta fed MFCs
especially during long operation periods (Jeremiasse et al. 2010). Similar precipitates were not
present in C. vulgaris fed MFCs.

10.4.3 H, production

H, was produced from C. vulgaris and D. tertiolecta biomass by the H, enrichment cultures
(containing BESA), but it was subsequently consumed by non-methanogenic microorganisms
(Paper IV, Table 27). Very low levels of H, were also produced from polymeric control substrates,
such as solid RCG, cellulose and chitosan. The H, yields were higher from acid pretreated RGC
than from solid RCG. The highest H, yields were produced from glucose (Table 27), a good
substrate for dark fermentative H, production (Koskinen et al. 2007, Li and Fang 2007, Karadag
and Puhakka 2010a, b). Dong et al. (2009) also reported H, consumption in a mixed culture
utilizing rice, potato or lettuce although they inhibited methanogens by thermal inactivation. Thus,
the inhibition of growth of all H, consuming organisms in complex microbial consortia required to
decompose solid polymeric substrates for dark fermentative H, production is difficult. However, the
pH in H, producing cultures of this study may not have been optimal to select for H, producers and
inhibit H, consumers. The pH in all cultures with solid substrates in this study remained above 7.0
(Paper 1V and VI). For example, Karadag and Puhakka (2010a) showed with an anaerobic,
moderately thermophilic (45 °C) enrichment culture that the pH significantly affected H,
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production from glucose due to pH mediated shifts in fermentation pathways and the bacterial
community composition. They reported pH 5.5 optimal for ethanol production and pH 5.0 for H,
production, whereas at pH 4.9 lactate production was favored lowering both H, and ethanol yields.

Table 27. Hydrogen yields from microalgal biomass and all the tested control substrates as averages of replicate batch
incubations.

Substrate Inoculum H, yield (mmol per g) Paper
C. vulgaris C. vulgaris enriched sludge with BESA 0.01 v
No inoculum 0.45 v
No inoculum with BESA 0.33 v
D. tertiolecta D. tertiolecta enriched sludge with BESA 0.00 v
No inoculum 0.52 v
No inoculum with BESA 0.35 v
Solid RCG H, fermenting culture enriched with glucose 0.18 VI
Sludge with BESA 0.07 VI
RCG hydrolysate H, fermenting culture enriched with glucose 1.15 VI
Sludge with BESA 0.83 VI
Glucose C. vulgaris enriched sludge with BESA 1.19 v
D. tertiolecta enriched sludge with BESA 2.43 v
H,-fermenting culture enriched with glucose 3.51 VI
Sludge with BESA 351 VI
Cellulose C. vulgaris enriched sludge with BESA 0.00 v
D. tertiolecta enriched sludge with BESA 0.00 v
Cellulose hydrolysate H,-fermenting culture enriched with glucose 0.26 VI
Heat treated sludge 0.02 VI
Sludge with BESA 0.27 VI
Chitosan C. vulgaris enriched sludge with BESA 0.00 v
D. tertiolecta enriched sludge with BESA 0.00 v

More H; accumulated in cultures with no added anaerobic inoculum than with algal enriched
sludges with BESA (Paper 1V, Table 27). PCR-DGGE profiling of the cultures with no added
anaerobic inoculum revealed the presence of known H; producing bacteria such as Clostridium spp.
(Koskinen et al. 2007, Hung et al. 2011) and Hafnia alvei (Podesta et al. 1997). These algae
associated bacteria were likely responsible for the detected H, accumulation, although Gfeller and
Gibbs (1984), Miura et al. (1986) and Ueno et al. (1998) reported H, fermentation by microalgal
cells under dark and anaerobic conditions, with H, yields up to 2 mmol H, g-dw™. Possible H,-
producers were not detected among algae associated bacteria during photosynthetic growth of C.
vulgaris and D. tertiolecta in flat plate PBRs (Papers | and Il), but these bacteria may already have
been present at concentrations below PCR-DGGE detection limit in algal growth systems and
become active only when algal biomass was subjected to anaerobic conditions. Similar H,
consumption after initial H, peak as with the algal enriched sludge with BESA was not detected
with the algae associated bacteria. This indicates that algae associated bacteria contained less H,
consumers or that H, consuming organisms had lower activity in these consortia. Further
enhancement of H, production was attempted by using these cultures in serial batch incubations, but
after four enrichment steps no increase in H, production was detected.

H, production by the satellite bacteria was comparable from D. tertiolecta and from C. vulgaris, but

the H, yields obtained in this study were low (Table 27). For comparison, Park et al. (2009)
reported production of 1.2 mmol H, per g dry weight of the macroalga Laminaria japonica
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pretreated by ball milling and heat treatment at 120 °C for 30 min using anaerobic sewage sludge as
an inoculum. Carver et al. (2011a) reported maximum vyields of 3.0 and 4.2 mmol H, g-VS™ from
C. vulgaris and 1.4 and 2.1 mmol H; g-VS™ from D. tertiolecta at 60 °C by microalgal associated
bacteria and by a thermophilic consortium, respectively.

10.4.4 CH4 production

CH,4 was produced from both C. vulgaris and D. tertiolecta biomass in batch cultivations with the
microalgae enriched cultures. CH, production was approximately 12 times higher from C. vulgaris
than from D. tertiolecta per g added VS (Table 28). The lower content of proteins, lipids and sugars
in D. tertiolecta as compared to C. vulgaris (Table 25) were in line with lower gas production
potential for D. tertiolecta. The theoretical CH, yield according to Sialve et al. (2009) based on the
biomass compositions would be 19.3 and 10.9 mmol CH,; g-VS® from C. wulgaris and D.
tertiolecta, respectively. The obtained CH, yields (Table 28) were 62 and 9% of the theoretical for
C. vulgaris and D. tertiolecta, respectively. The CH, yield from C. vulgaris was higher than that
from any of the other substrates, whereas lower CH, yields than that from D. tertiolecta were only
obtained from crystalline cellulose, cellulose hydrolysate and chitosan (Table 28). Anaerobic
conversion of glucose to CH4 was negatively affected by acidification of the cultures caused by the
rapid fermentation of glucose. The CH, yields from control cultures with glucose were 52 and 36%
of the theoretical with C. vulgaris enriched sludge and D. tertiolecta enriched sludge, respectively
(Sialve et al. 2009). Based on these data, it is likely that high salinity of marine microalga D.
tertiolecta slurry inhibited methanogenesis as already suggested in section 10.4.2. CH4 production
with the D. tertiolecta enriched sludge may have been further reduced by the presence of Wolinella
succinogenes, as coexistence of W. succinogenes has been reported to markedly reduce CH,
production (lwamoto et al. 2002). W. succinogenes was not detected from the C. vulgaris enriched
sludge in the H, and CH,4 production batch bottles (Paper V).

Table 28. Methane yields from microalgal biomass and control substrates as averages of replicate batch incubations.

Substrate Inoculum CH, yield (mmol per g) Paper
C. vulgaris C. vulgaris enriched sludge without BESA 11.9 v
D. tertiolecta D. tertiolecta enriched sludge without BESA 1.0 v
Solid RCG Untreated sludge 7.4 VI
RCG hydrolysate Untreated sludge 3.7 VI
Glucose C. vulgaris enriched sludge without BESA 8.9 v
D. tertiolecta enriched sludge without BESA 6.2 v
Cellulose C. vulgaris enriched sludge without BESA 0.0 v
D. tertiolecta enriched sludge without BESA 0.2 v
Cellulose hydrolysate Untreated sludge 0.7 VI
Chitosan C. vulgaris enriched sludge without BESA 0.3 v
D. tertiolecta enriched sludge without BESA 0.1 v

Unlike with H, production, acid hydrolysation of RCG did not increase CH, yield (Table 28).
Although solid RCG is recalcitrant and has a relatively high content of lignin (9-10%, Pahkala and
Kontturi 2008), more CH, was produced per gram used RCG from solid RCG than from RCG
hydrolysate. This was due to relatively low efficiency of acid hydrolysis, which converted only 12%
of RCG into soluble sugars (Paper V1). The CH, yields from solid RCG and RCG hydrolysate were
lower than the CH,4 yield from C. vulgaris but higher than the CH4 yield from D. tertiolecta.
However, CH4 production was very slow from both solid RCG and RCG hydrolysate. Lignin
possibly hindered digestion of solid RCG and the conditions used in acid hydrolysis may have
caused gradual degradation of lignocellulosic RCG material into formic and levulunic acid, which
are toxic to fermenting microorganisms (Musatto and Roberto 2004). Average CH,4 production rates
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from solid RCG and RCG hydrolysate were 0.09 and 0.7 mL h™, whereas CH, production rates
ranged between 3.4-6.5 and 1.2-4.9 mL h™ from C. vulgaris and D. tertiolecta, respectively. For
comparison, Ras et al. (2011) reported CH,4 production rates 1.7-7.3 mL h™ from C. vulgaris slurry
and Yen and Brune (2007) 6.0 mL h™ from mixture of different microalgae (including Scenedesmus
spp. and Chlorella spp.).

The CH, yield obtained with C. vulgaris (Table 28) was comparable to those previously obtained
with non-pretreated microalgal and cyanobacterial biomass at mesophilic digestion temperatures
(35-38 °C), namely 6.0 mmol CH, g™ (Yen and Brune 2007) and 10.0 mmol CH4 g™ (Chen and
Oswald 1998) from a mixture of different microalgae, 6.1-10.0 mmol CH4 g™ from C. vulgaris (Ras
et al. 2011), and 6.7-12.9 mmol CH,4 g™ from Spirulina maxima (Samson and LeDuy 1983a, b).

10.4.5 Simultaneous production of electricity and butanol

In the MFC studies, the maximum power density was higher from C. vulgaris whilst the current
generation was more sustained from D. tertiolecta. Thus, on per gram of biomass basis the amount
of energy produced was higher from D. tertiolecta (Paper V, Table 29). Higher power density from
C. vulgaris was likely due to higher protein, lipid and sugar content of C. vulgaris as compared to
D. tertiolecta (Table 25). The more sustained current generation from D. tertiolecta was likely due
to higher conductivity of D. tertiolecta fed anolytes and the lack of distinct cell wall structure in D.
tertiolecta cells. Power generation was lower from glucose than from the algal biomass stocks due
to lower anolyte conductivity and large pH decrease caused by glucose fermentation to VFAs (Feng
et al. 2008, He et al. 2008, Huang and Logan 2008). No electricity was produced from pre-digested
C. vulgaris, because C. vulgaris biomass had already been effectively utilized for CH4 production
during the digestion process (Paper 1V). Pre-digested D. tertiolecta still produced electricity, as all
biologically utilizable material had not been converted to CH,4 during the digestion due to salt
inhibition of methanogens (Paper 1V).

H, or CH; was not produced in the MFCs, but relatively high levels of VFAs and alcohols,
especially butanol, were detected in the anolytes of the MFCs fed with C. vulgaris, D. tertiolecta or
glucose (Table 29). VFA and alcohol production is an electron sink and suppresses electricity
generation and the coulombic efficiency of the MFCs (Freguia et al. 2008). However, butanol is a
prospective candidate as a biofuel and therefore contributes to the overall energy output of the
MFCs. In these systems the energy content of the produced butanol was significantly higher than
the energy content of the produced electricity (Table 29). For example, Finch et al. (2011) detected
>80 mM butanol in an MFC fed with glucose and inoculated with Clostridium acetobutylicum, but
energy output as butanol was not estimated.

The coulombic efficiency was lower but the concentration of butanol higher with C. vulgaris
enriched exoelectrogenic culture than with all the tested substrates (Table 29). Thus, electrons were
more efficiently directed to electricity production with the D. tertiolecta enriched exoelectrogenic
culture, whereas with C. vulgaris enriched exoelectrogenic culture electrons were directed more
toward VFAs and alcohols. This is consistent with the microbial community data, as D. tertiolecta
enriched exoelectrogenic culture contained higher diversity of bacteria previously indentified from
bioelectrochemical systems or otherways shown to have ability to transfer electrons to an anode
electrode. For example, Geovibrio (Rismani-Yazdi et al. 2007) and Desulfomicrobium sp. (Sallez et
al. 2000, Dias et al. 2008) were identified from D. tertiolecta enriched exoelectrogenic culture but
not from C. vulgaris enriched exoelectrogenic culture.
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Table 29. Electricity and butanol production in the MFC cultures (Paper V).

Power E in produced E inend conc.
Substrate Inoculum density electricity 8/) (Br;JKZ/Ii;]OI of butanol

(MW m?  (JpergVs) ° (J per g VS)
C.vulgaris  C vulgaris enriched 15.0 9.8 17 87161 1380

exoelectrogenic culture

. D. tertiolecta enriched
D. tertiolecta exoelectrogenic culture 5.3 12.9 8.1 2.5-7.0 267

Pre-digested C. vulgaris enriched

; . 0.0 0.0 0.0 0-1.8 0
C. vulgaris exoelectrogenic culture
Pre-dlgested D. tertiolecta _enrlched 5.7 8.3 79 0 0
D. tertiolecta  exoelectrogenic culture
Glucose C. vulgaris enriched 9.3 2.5 14 46256 2330

exoelectrogenic culture

Glucose D. tertiolecta enriched 45 2.6 80 45147 1800
exoelectrogenic culture

Note: E = energy, CE = coulombic efficiency, R; = internal resistance of the MFC, conc. = concentration

The coulombic efficiencies estimated in this study were low and in a range previously reported by
Zheng and Nirmalakhandan (2010) (1.3-5.2%) for MFCs fed with solid animal manure. The
maximum power densities obtained in this study were also low when compared to other complex
substrates. For example, the maximum power densities of 55 mW m™ from cellulose with a two-
chamber MFC with ferricyanide cathode (Rismani-Yazdi et al. 2007), 67 mW m™ from solid animal
manure with a single-chamber MFC with air-cathode and brush type anode (Zheng and
Nirmalakhandan 2010), and 980 mW m? from dried C. vulgaris powder with a single chamber
MFC with air-cathode and brush type anode (Velasquez-Orta et al. 2009) have been reported.

10.4.6 Lipid accumulation in algal cells

C. vulgaris and D. tertiolecta have been shown to contain up to 58 and 68 w-% of lipids under
optimized conditions for lipid accumulation, respectively (Scragg et al. 2002, Takagi et al. 2006). In
this study, however, the total lipid content remained below 30% in C. vulgaris biomass and below
20% in D. tertiolecta biomass even when the algae were cultivated under N limitation (Paper 11,
Table 25). In biomass stocks used as substrate for the anaerobic conversions, lipid concentration
was even lower as no efforts were made to increase cellular lipid content during algal growth (Paper
IV, Table 25).

C. vulgaris responded to N limitation by increasing the lipid content and calorific value of the
biomass. In contrast, no significant changes were seen in the lipid content of D. tertiolecta when
conditions changed from sufficient N to N limitation (Paper I11). Some previous studies have
reported that cultivation in N limited conditions enhances the lipid content of C. vulgaris biomass
(Hman et al. 2000, Scragg et al. 2002, Converti et al. 2009, Widjaja et al. 2009, Lv et al. 2010).
However, the reports on lipid content of Dunaliella spp. are more variable. Chen et al. (2011b)
reported that N limitation resulted in rapid accumulation of neutral lipids, whereas Lombardi and
Wangersky (1995), Gordillo et al. (1998) and Sheehan et al. (1998) detected no N limitation
induced increase in lipid content of D. tertiolecta, D. viridis and Dunaliella sp., respectively.
Gordillo et al. (1998) showed that proportion of TAGs increased under N limitation if cultures were
bubbled with air enriched with 1% CO,, but no clear difference was seen under atmospheric CO,
levels. Chen et al. (2011b) conducted cultivations at 4% CO,, whereas Lombardi and Wangersky
(1995) and polyethene column cultivations of this study (Paper I11) were conducted at atmospheric
CO; levels. Thus, the different CO, concentration in the inflow air may have resulted in different
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responses to N limitation. However, more experimental data would be needed to verify this
assumption.

10.4.7 Comparison of the different energy production processes

Different energy production processes tested in this study were compared on the basis of energy
yield per g biomass and areal energy production calculated using the parameters given in Table 30.
Microalgal biomass digestion to CH, and lipid extraction to produce bio-oil were the most viable
options for microalgal biomass utilization (Table 31). Energy production was lowest in microalgal-
fed MFCs if only the energy of the produced electricity was taken into account. However, if the
energy content of butanol was included in the calculations, energy produced in the MFCs surpassed
the energy production obtained via hydrogenic dark fermentation (Table 31). Sequential treatment
of digested microalgal biomass in MFCs did not significantly increase energy production compared
to single stage of anaerobic digestion due to low coulombic efficiency and negligible butanol
production (Table 31). In addition, C. vulgaris was already effectively converted to CH, in the
digestion stage and exoelectrogenic culture enriched in MFCs from the methanogenic culture did
not further degrade digested C. vulgaris biomass.

Polyethene columns had the highest volume, simplest structure and cheaper construction material
than the other photobioreactors tested in this study. Therefore, the corresponding biomass
productivities were used in calculations of areal energy production from microalgal biomass.
Annual averaged areal productivities, when assuming 50 days of downtime per year and 20% of the
biomass production facility comprising of the photobioreactors (Table 30), were moderate
compared to values 36, 75 and 358 t ha™ y™ reported for microalgal biomass by Huntley and
Rejalde (2006), Shirvani et al. (2009) and Pulz (2007), respectively.

The energy vyields as CH; from microalgal biomass were high compared to those previously
obtained with terrestrial crops. They were comparable to CH, yields previously reported for
macroalgal biomass but low compared to CH, yields from high-yield water hyacinth (Table 31).
Areal microalgal bio-oil productivities obtained in this study were high or comparable to terrestrial
crops but low compared to results from other algal studies, whereas H, yields were low compared to
both terrestrial and aquatic crops (Table 31).

Table 30. Lower heating values of the various energy carriers and areal productivities of C. vulgaris, D. tertiolecta and
RCG used in calculation of energy yields.

Parameter Value Reference

Lower heating value of H, (MJ m™) 10.78 Kovéacs and Meggyes 2009
Lower heating value of CH; (MJ m™) 35.9 Cao and Staszewska 2011
Lower heating value of butanol (kJ g™ 33.07 Laza and Bereczky 2011
Lower heating value of algal biodiesel (k] g™) 37.2 Stephenson et al. 2010
Areal productivity of RCG (tha y™) 6-8 Pahkala et al. 2005

Avreal productivity of C. vulgaris (t ha™ y™) 23.9Y Paper 11

Avreal productivity of D. tertiolecta (t ha™ y*) 23.3Y Paper 11

Note: YAreal productivity obtained in the polyethene bags, assuming 50 days of downtime per year and 20% of the
production facility comprising of the photobioreactors themselves.
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Table 31. Comparison of energy yield and areal energy production of the various energy carriers produced from algal
biomass and various energy crops using values and assumptions given in Table 30.

Energy Areal energy
Energy carrier Substrate yield (J per  production Reference
gdwor VS) (GJha'y?h
H, C. vulgaris” 117 2.80 Paper IV
D. tertiolecta” 135 3.15 Paper IV
Solid RCG 47 0.28-0.38 Paper VI
Hydrolysed RCG 298 1.79-2.38 Paper VI
Fodder maize 673% 11.4-14.1% Kyazze et al. 2008
Rye grass 235% 4.23-5.40” Kyazze et al. 2008
Sweet sorghum 400 n.a. Antonopoulou et al. 2008
Water hyacinth 310 31.3 Chuang et al. 2011
CH, C. vulgaris” 10300 246 Paper IV
D. tertiolecta” 862 20.1 Paper IV
Solid RCG 6380 22.1-51.0 Paper VI
Hydrolysed RCG 3190 19.1-25.5 Paper VI
Industrial hemp 8400% 136 Kreuger et al. 2011
Jatropha curcus fruits n.a. 79 Gunaseelan 2009
Jerusalem artichoke 13300? 111-194° Lehtoméki et al. 2008
RCG 15400° 136-151° Lehtoméki et al. 2008
Timothy-clover grass 13600% 104-144% Lehtomaki et al. 2008
Ulva lactuca (chopped) ~ 6250? 161% Bruhn et al. 2011
Ulva lactuca (macerated)  9730% 250% Bruhn et al. 2011
Water hyacinth 8540 854 Chuang et al. 2011
Electricity C. vulgaris” 10 0.23 Paper V
D. tertiolecta” 13 0.30 Paper V
Electricity and butanol ~ C. vulgaris” 1390 33.2 Paper V
(simultaneous) D. tertiolecta” 280 6.52 Paper V
CH, and electricity C. vulgaris” 10300 246 Papers IV and V
(sequential) D. tertiolecta” 870 20.3 Papers IV and V
Lipid extraction for C. vulgaris” 4840 116 Papers IV and V
bio-oil production D. tertiolecta” 4090 95.3 Papers IV and V
C. vulgaris? 10400 249 Paper 11
D. tertiolecta® 7070 165 Paper 11
C. vulgaris 11300% 851 Shirvani et al 2011
Haematococcus pluvialis ~ 11000% 420 Huntley and Redalje 2006
Jatropha curcus seeds n.a. 54 Gunaseelan 2009
Palm oil n.a. 120 Thamsiriroj and Murphy 2009
Rape seed n.a. 46.5 Thamsiriroj and Murphy 2009

Note: "Biomass composition was not optimized in any way (Papers IV and V), “biomass was grown under different N
availability to enhance lipid accumulation and energy yield calculated from the maximum lipid content (Paper 1),
®calculated from the given values, n.a. = data not available. Comparative literature values for electricity production
were not given, because energy yields per g have generally not been calculated in MFC studies.
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The energy content of algal bio-oil was in this study assumed to directly correlate with the content
of total lipids, although the quality of the lipids also influences the bio-oil yield (Knothe 2005, van
Gerpen 2005). Due to salt inhibition of methanogens in anaerobic cultures where D. tertiolecta was
used as the substrate (Paper 1V), the cellular lipids for bio-oil production yielded more energy than
methanogenic conversion despite relatively low lipid content of the biomass (<19 m-%, Table 31).
On the other hand, CH,4 production from C. vulgaris resulted in higher energy yield than cellular
lipid for bio-oil production, when the C. vulgaris stock grown under sufficient N availability (13 m-
% of lipids) was used. In the C. vulgaris biomass cultivated under N limitation, cellular lipid
content was higher (up to 28%, Table 25) and energy production was comparable to that obtained as
CH,4 from the lower lipid content feedstock (Table 31). However, bio-oil production from the
biomass with higher lipid content and CH, yield from the biomass with lower lipid content cannot
directly be compared as increased lipid content would likely have also enhanced the CH, yield. This
is because the theoretical CH, yield is higher from lipids than from proteins and carbohydrates
(Sialve et al. 2009). The residual microalgal biomass after lipid extraction has also significant
energy content and can be converted into utilizable form of energy for example by methanogenic
conversion (Ehimen et al. 2009, Gunaseelan 2009, Sialve et al. 2009) or via combustion (Shirvani et
al 2011). This conversion was not tested in the present study and therefore estimations of combined
energy production from microalgal lipids and residual microalgal biomass are not included in Table
31. Sialve et al. (2009) suggested that it is energetically more favorable to subject the whole
biomass to anaerobic digestion than to extract the lipids for biofuel production and digest the
residual biomass, when the concentration of microalgal lipids is below 40%. However, Sialve et al.
(2009) only considered lipid extraction using dried biomass, which requires a considerable energy
investment. Alternative dry and wet extraction methods may prove to be more efficient, especially
if waste heat can be used to improve the process efficiency (Xu et al. 2011).

In the anaerobic processes, the extent of microalgal biomass degradation was measured as changes
in COD. During anaerobic digestion of microalgal biomass COD reduction was 52% with C.
vulgaris and 57% with D. tertiolecta, whereas the corresponding values during H, fermentation and
degradation in MFCs were at maximum 21 and 18% with C. vulgaris and 15 and 17% with D.
tertiolecta, respectively. This is partly due to accumulated alcohols and VFAs in H, fermentation
and MFC cultures. These estimates demonstrate that anaerobic conversion of algal biomass to H; or
to electricity does not utilize all the biomass and further treatment is required to more fully utilize
the energy bound in microalgal biomass. Previous studies on dark fermentative H, production have
shown enhanced H, production from dilute acid treated cornstalk, dilute base treated cornstalk
(Zhang et al. 2007), steam exploded corn straw (Li and Chen 2007) and dilute acid treated wheat
straw (Fan et al. 2006) compared to corresponding non-pretreated plant materials. Similarly, limited
digestibility of microalgal biomass has been improved by heat treatment (Chen and Oswald 1998),
but the energy lost in pretreatment was higher than enhancement in CH,4 production (Yen and Brune
2007). Based on these data and the negative effect of acid hydrolysation on CH, yield from RCG in
this study (Table 31), the pretreatment of microalgal biomass for methanogenic conversion is not
considered worthwhile. However, a pretreatment to disrupt the polymeric structures of complex
substrates and even to convert solid material into soluble sugars may be useful for H, production in
view of the experimental findings in this study. However, the energy consumption of the
pretreatment needs to be fully analyzed and compared to the increased H; yield. For comparison,
relatively high power densities (>330 mW m™) have been obtained from steam exploded corn
stover (Zuo et al. 2006, Wang et al. 2009), from pulverized corn stover (Wang et al. 2009) and from
pulverized micro- and macroalgal biomass (Velasquez-Orta et al. 2009), whereas lower power
densities (<70 mW m™) have been obtained with for example solid manure (Scott and Murano
2007, Zheng and Nirmalakhandan 2010) and non-pretreated microalgal biomass (Table 29, Paper
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V). This indicates that pretreatment of substrate may increase electricity production. However,
power production also depends greatly on the MFC configuration and anodic microbial community
(Feng et al. 2008) and therefore further research is required to clarify the effect of substrate
pretreatment on power generation in MFCs.

None of the energy conversion processes tested in this study was fully optimized and thus the
results reflect energy production potentials. Especially the MFC configuration used was very simple
and not optimized either for electricity or butanol production. Dark fermentative H, production and
MFC technology are not yet in commercial stage (De Shamphelaire and Verstraete 2009, Abo-
Hashesh et al. 2011, Franks and Nevin 2011), whereas anaerobic digestion has been utilized in
energy production and treatment of waste and wastewater sludges for over a century. Microalgal
biodiesel is not produced in commercial scale but terrestrial oil-bearing crops such as oil palm are
already commercially used in production of biodiesel and renewable diesel, and technologies
already in use there can likely be adapted to microalgae (Sazdanoff 2006, Huang et al. 2010).
Although there is potential with hydrogenic dark fermentation and MFCs for production yield
improvements through further research and development, methanogenic digestion and bio-oil
production from cellular lipids seem more viable options for energy production at present.

Further comparison of anaerobic digestion of microalgal biomass and utilization of microalgal
lipids for bio-oil production requires in addition to quantity of produced energy also estimates on
energy consumption in the production process. Collet et al. (2011) estimated the electricity and heat
consumption of a continuous anaerobic digester fed with microalgal biomass as 480 and 2450 J g™.
Lardon et al. (2009) estimated electricity and heat consumption of bio-oil production process, in
which microalgae were cultivated under N limitation and lipids were extracted from dried biomass,
as 1704 and 15300 J g, respectively. Energy requirement of algae derived bio-oil can be reduced
by extracting lipids from wet biomass (Xu et al. 2011). For this scenario Lardon et al. (2009)
estimated lowered electricity and heat consumption (1020 and 2910 J g™, respectively) for bio-oil
production but also assumed wet extraction to have lower lipid yield than dry extraction. In both
cases, energy consumption of CH,; production was lower than energy consumption of bio-oil
production making CH,4 digestion more viable option for C. vulgaris. By using the D. tertiolecta
stock with lower lipid content and anaerobic source inoculum used in this study, the net energy
yield would be negative in anaerobic digestion. Only slightly positive net energy yield could be
obtained in bio-oil production from the biomass stock with higher lipid content if lipids were
extracted from wet biomass and by assuming 70% lipid yield compared to the value given in Table
31. Microalgal biomass production consumes a substantial amount of energy with estimations
ranging from 824 J g™ (Collet et al. 2011), 1260-1500 J g™ (Lardon et al. 2009) to 2200-3300 J g*
(Xu et al. 2011). Biomass harvesting also consumes a lot of energy. Energy consumption
estimations calculated for flocculation and centrifugation have been 256-281 and 151-954 J g™,
respectively (Collet et al. 2011; Xu et al. 2011). Some recent life-cycle assessments suggest that
microalgal mass cultivation and utilization for energy production might consume more energy than
can be harvested from microalgal biomass conversion to utilizable energy carriers (Lardon et al.
2009, Beal et al. 2011). On the other hand, positive energy balances have also been reported
(Clarens et al. 2010, Jorquera et al. 2010, Xu et al. 2011). Especially reductions in energy
requirements of algal mixing during cultivation (Schenk et al. 2008, Posten and Schaub 2009,
Stephenson et al. 2010), biomass harvesting (Schenk et al. 2008) and possible lipid extraction
(Lardon et al. 2009, Xu et al. 2011) are considered important. Additionally, efficient water, nutrient
and CO; utilization and recycling would increase the sustainability of microalgal energy production
(Clarens et al. 2010, Beal et al. 2011, Pate et al. 2011). The net energy ratios (NER) >1 were
calculated for both C. vulgaris and D. tertiolecta biomass production (the energy consumption of
biomass conversion into utilizable form of energy was not included in the analysis) when the energy
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consumption of power and N source were taken into account. If CO, would come from purified,
compressed sources NERs would fall close to zero (Paper IlI). Thus, it is essential to utilize
concentrated waste CO, (e.g., from power plant) or atmospheric CO, for mass cultivation of algal
biomass. However, the former may prove to be a limited resource if microalgal derived energy is to
be widely utilized (Pate et al. 2011) and latter may be insufficient for high biomass productivity
(Beal et al. 2011). Anaerobic digestion of algal biomass has the advantage over cellular lipid
utilization for biofuel production in that it would reduce the overall N, P and CO, requirement of
the microalgal bioenergy, because nutrients and CO, produced during digestion could be at least
partly recycled back to the cultivation units (De Schamphelaire and Verstraete 2009, Sialve et al.
2009).
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11 SUMMARY AND CONCLUSIONS

This study demonstrated growth of the fresh water microalga Chlorella vulgaris and the marine
microalga Dunaliella tertiolecta under non-axenic growth conditions and the use of harvested
biomass for production of H,, CHy4, electricity, butanol and bio-oil. Growth of the two microalgae
and associated bacteria was characterized in five different reactor configurations. Energy
conversion yields of microalgal biomass to the different energy carriers were compared. The study
contributed to the understanding of microbial community diversity in non-axenic microalgal
photobioreactor cultures and microbial consortia utilizing microalgal biomass during anaerobic
conversion of the biomass to energy carriers. Based on this study, following conclusions can be
drawn:

e Highest biomass concentrations and productivities of C. vulgaris and D. tertiolecta were 3.8
and 3.2 g L™ and 0.60 and 0.83 g L™ d™, respectively, and they were obtained in bubble
column photobioreactors at the highest CO, inflow (12% COy), N content (10 mM NOs3’)
and light intensity (350 pmol photons m™ s™) tested in this study (Paper I11).

e Static mixers in the flat plate photobioreactors did not enhance the growth of either C.
vulgaris or D. tertiolecta at the low light intensities (50 pmol photons m? s™) used in the
experiments. However, the low light resulted in high growth rates at early stages of growth.
This was because light intensity was not inhibitory despite low cell densities and possible
inhibitory compounds had not yet accumulated into the cultures. Therefore, highest specific
growth rates were obtained in these reactors and were 2.0 and 1.4 d™ for C. vulgaris and D.
tertiolecta, respectively (Papers | and II).

e The choice of nitrogen source (ammonium, nitrate, urea) did not affect the biomass
productivity or growth rate of D. tertiolecta at N concentration of 1.3 mM. C. vulgaris grew
similarly with nitrate and urea, while the assimilation and/or oxidation of ammonium
resulted in acidification and culture collapse due to lower buffering capacity of fresh water
medium used for C. vulgaris compared to the marine medium used for D. tertiolecta (Paper
I11). Buffering of large scale microalgal cultivation systems is not considered economical.
Therefore, utilization of ammonium as N source in cultures of fresh water microalgae is not
recommended.

e Maximum net energy ratios of 1.85 and 2.16 were calculated for C. vulgaris and D.
tertiolecta biomass production, respectively, when the energy consumption of gas sparging
and nitrogen source were taken into account. If concentrated CO, could not be sourced
locally (e.g. flue gas from power plant), the NER of biomass production including provision
of manufactured CO, would decrease to 0.09 and 0.11 for C. vulgaris and D. tertiolecta
(Paper 111).

e Chlorophyll a was not a good indicator of microalgal biomass concentration when the
availability of nutrients was limited. This was because chlorophyll a concentration dropped
after dissolved N and/or P were exhausted from the cultures, but microalgal biomass
concentration still continued to increase (Papers | and I1).

e QPCR was a fast and reproducible method for quantification of both microalgal and
bacterial cells present in microalgal cultivation systems (Papers | and I1).

e Bacterial growth followed microalgal growth and algal exuded DOC concentration
indicating that bacteria used algal exuded organic material for their growth (Papers | and
).

76



Heterotrophic bacterial communities were relatively stable and reproducible in C. vulgaris
and D. tertiolecta cultivations (Papers I and II).

Microalgal associated bacterial communities were vastly different in C. vulgaris and D.
tertiolecta cultures due to different salinity (<0.05% and 3%, respectively) of the mineral
salts media. C. vulgaris cultures were dominated with o-proteobacteria, especially
Sphingomonas spp., which are typical in freshwater environments (Paper 1), whereas D.
tertiolecta cultures were accompanied with halotolerant or halophilic bacteria belonging to
classes y-proteobacteria, Flavobacteria and a-proteobacteria (Paper 1I).

High salinity of D. tertiolecta medium inhibited growth of tap water bacteria and resulted in
accumulation of bacteria adapted to high salinities (Paper I1).

C. vulgaris and D. tertiolecta cells responded differently to N limited growth conditions.
Total lipid content and heating value of C. vulgaris increased under N limitation, whilst no
significant changes occurred in the lipid content of D. tertiolecta when conditions changed
from N sufficient to N limited (Paper III).

Microbial community analysis of the anaerobic serum bottle and MFC cultures revealed that
a high diversity of bacteria is required to decompose microalgal biomass. Anaerobic
consortia enriched from municipal sewage digester sludge separately for the both microalgal
feedstocks and for the different anaerobic conversion processes (H,, CH4 and electricity
production) had different bacterial profiles (Papers IV and V).

Low levels of H, (<0.01 mmol H, g-VS™) were produced from C. vulgaris and D. tertiolecta
by the anaerobic enrichment cultures, but H, was subsequently consumed even in the
presence of 2-bromoethanesulfonic acid, an inhibitor of methanogens (Paper 1V). Low H,
production was also shown from solid reed canary grass (Paper VI). This demonstrates that
inhibition of all H,-consuming organisms in complex microbial consortia required to
decompose solid polymeric substrates for dark fermentative H, production is challenging.

More H;, accumulated from both C. vulgaris and D. tertiolecta (0.45 and 0.52 mmol H, g-
VS?, respectively) in cultures with no added anaerobic inoculum than with algae enriched
digester sludges. Based on PCR-DGGE profiling, in these cultures H, was produced by
bacteria such as Clostridium spp. and Hafnia alvei present in the non-sterilized algal
biomass feedstocks (Paper V).

CH, production was significantly higher from C. vulgaris (11.9 mmol g-VS™) than from D.
tertiolecta (1.0 mmol g-VS™) likely because methanogens were suppressed by high salinity
of D. tertiolecta slurry (Paper 1V).

In MFCs the maximum power density was higher from C. vulgaris (14.9 mW m?), whilst
the power generation was more sustained from D. tertiolecta (13 J per g-VS). The former
was likely due to higher protein, lipid and sugar content of C. vulgaris as compared to D.
tertiolecta, whereas the latter was likely due to higher anolyte conductivity and lack of
distinct cell wall structure in D. tertiolecta cells providing easier degradation (Paper V).

Butanol production occurred simultaneously with electricity generation and increased
substantially the overall energy output of the MFCs, up to 1390 and 280 J g-VS™ in C.
vulgaris and D. tertiolecta -fed MFCs, respectively (Paper V).

Precipitation of Ca- and Mg-phosphates, possibly impairing electricity generation during
long MFC operation, occurred on the cathode chambers of the MFCs fed with D. tertiolecta.
These alkaline earth metals present in the marine D. tertiolecta slurry, were able to
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translocate through the cation exchange membrane and react with the phosphate buffer in
the catholyte (Paper V).

Comparison of energy yields from microalgal biomass stocks grown under N sufficient
growth conditions showed the highest energy yield from C. vulgaris (10300 J g-VS™, 246
GJ ha y*) via anaerobic conversion of the biomass to CHa, whereas highest energy yield
from D. tertiolecta (4090 J g-VS™?, 95.3 GJ ha' y?) was obtained via extraction of
microalgal lipids for bio-oil production (Papers 1V and V).

The maximum areal energy productivities calculated for H, and CH4 were significantly
higher from microalgal biomass (3.15 and 246 GJ ha™ y™) than from the non-pretreated
reference lignocellulosic plant material, RCG (0.38 and 51.0 GJ ha™ y™*) due to high gas
yield per g VS and high areal productivity of microalgal biomass (Papers IV and V1).

Acid hydrolysis of reed canary grass enhanced H; but not CH,4 production (Paper V1).

Despite a rigid cell wall of C. vulgaris and the lack of distinct cell wall in D. tertiolecta H,
CH,, electricity and butanol yields were comparable or higher from C. vulgaris as compared
to D. tertiolecta. This may be due to possible cellular leakage of D. tertiolecta during long
storage, and inhibition and precipitation problems caused by high salinity of D. tertiolecta
biomass slurry (Papers 1V and V). The maximum lipid content of C. vulgaris (28%) was
higher than that of D. tertiolecta (19%) (Paper I1l). Thus it is concluded that C. vulgaris is
more amenable to bioenergy and biofuel production than D. tertiolecta. Depending on
cellular lipid content lipid utilization for bio-oil production and anaerobic digestion to
methane were the best options to convert C. vulgaris biomass to energy.
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12 RECOMMENDATIONS FOR FUTURE RESEARCH

In the present work, a central issue of the microalgal cultivation studies was the qualification and
quantification of heterotrophic organisms in microalgal photobioreactor cultures. Based on this
study and other reports (Schéfer et al. 2002, Sapp et al. 2007), associated bacterial populations are
different with different algal species. However, a wider variety of microalgal species and their
satellite bacteria should be characterized. Bacteria associated with the same algal species should be
examined under different growth conditions to demonstrate their effects on host algal cells and
satellite communities.

Bacterial growth followed algal growth and algal DOM exudation, but the roles of bacterial
communities were not further elucidated. Some of the bacteria in microalgal cultures are likely
beneficial for microalgal growth, whereas others may affect microalgal growth negatively or have
no effect on microalgal growth (Fukami et al. 1997, Watanabe et al. 2005). Future research is
needed to identify which bacteria are beneficial for microalgal growth and to find ways to promote
the growth of these bacteria and inhibit negative effects. One option could be to separately isolate
different algal associated bacteria, to co-inoculate axenic algal cultures with pure bacterial cultures
and to compare the growth of axenic algal cultures and algal co-cultivations with different bacteria,
as already demonstrated by Watanabe et al. (2005). The roles of bacteria in microalgal mass
cultures could also be further examined by radioactive carbon tracking (Malinsky-Rushansky and
Legrand 1996), stable isotope probing or by using QPCR with species-specific primers to quantify
different bacterial species during different phases of algal growth and in different growth
conditions. The possibility to utilize bacteria to reduce oxygen tension in closed photobioreactors
should also be tested.

Recent life-cycle analyses on microalgal bioenergy production have identified the need to reduce
energy requirement of mixing as well as water, CO, and nutrient consumption during biomass
cultivation (Clarens 2010, Stephenson et al. 2010, Beal et al. 2011, Pate et al. 2011). In the present
work, NERs of microalgal biomass production were sensitive to mixing energy and CO,
consumption. Therefore, future studies should focus on finding the lowest possible mixing
intensities that still enable efficient microalgal biomass production. The possibility to recycle water,
nutrients and CO, back to the cultivation units after conversion of the biomass to energy looks
promising but needs testing and evaluation. Qualification and quantification of possible inhibitory
substances produced by microalgae at high cell densities should be investigated. Their stability,
chemical identity and environmental fate during the energy conversion process need evaluation to
prevent their recirculation back to the cultivation unit. Process water recycling could also recycle
heterotrophic organisms from one process step to another. Therefore, microbial communities in
different process streams, especially in the algal cultivation units, and the effects of these organisms
on algal growth should be further defined. If water, nutrient and CO, recycling is not possible in
large enough extent, suitable waste streams from which they could be harvested should be tested in
algal cultivation.

The energy conversion processes in the present work were not optimized. Therefore, higher energy
yields are likely to be achieved with process optimization and development of reactor
configurations. Especially the MFCs should be developed to decrease their internal resistances and
increase their coulombic efficiencies. MFC configuration optimization and substrate pretreatment
could enhance power generation. However, if power density and coulombic efficiency are
increased, it is possible that butanol production decreases. Thus, MFC configuration optimization
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and possible further culture enrichment should be conducted so that the overall energy yield of the
MFCs is maximized.

By extrapolation of the reed canary grass experiment results, H, production from microalgal
biomass could be enhanced by pretreatment, such as dilute acid hydrolysis, of the substrate to
enable easier biodegradation. However, the pretreatment process needs to be optimized as the
energy consumption of the pre-treatment should be lower than the increased energy production as
H,. Dark fermentative H, production from untreated microalgal biomass should also be measured
under different pH levels to see whether pH optimization reduces the activity of H,-consuming
organisms in the mixed anaerobic consortia required to degrade solid microalgal biomass. In
addition, the enrichment of the algae associated H-producing bacteria should be further attempted
with simple model compounds in order to broaden our understanding about their physiology.

In the present work, methanogens were inhibited by high salinity of D. tertiolecta slurry. These salts
originated from the saline culture medium. The Na level of the biomass feedstock was further
increased by NaOH flocculation of the microalgal biomass. Therefore, the utilization of D.
tertiolecta biomass for anaerobic digestion to produce CH,; should be tested with salt-tolerant
methanogens. Different harvesting methods of microalgae should also be evaluated as they may
affect biomass digestibility. Theoretically, increased lipid content of microalgal biomass results in
increased CH, yield (Sialve et al. 2009). However, lipids may also complicate digestion process by
limiting mass transfer of substrates and gaseous products. They may also cause unwanted flotation
of digester biomass due to adhesion of fat on cell surfaces (Cammarota et al. 2001, Pereira et al.
2004). Therefore, CH, yields and production rates should be determined with microalgal biomasses
grown under different experimental conditions. Such studies may help find the optimal biomass
growth conditions and composition for anaerobic digestion.

In light of the mixed effects of N limitation on D. tertiolecta and relatively low maximum cellular
lipid content obtained in the present work for both test algae, responses of C. vulgaris and D.
tertiolecta cells to N limitation under different CO, enrichment conditions should be determined.
The effect of other stress conditions such as increased salinity and P limitation on lipid
accumulation should also be tested to find optimal conditions for lipid production for these two
microalgal species.

For the microalgal bioenergy production to become sustainable, all energy and components of
microalgal biomass should be utilized. In this study, the highest COD degradation of 57% was
obtained by anaerobic digestion of microalgal biomass to CH,4. Thus, there is potential to further
increase the utilization of the biomass in the energy conversion process. Sequential production of
CH, and electricity was tested in this study, but treatment of digested microalgal biomass in MFCs
did not significantly increase the overall energy yield or degradation efficiency. Other possible
combinations of energy production processes such as extraction of lipids and utilization of the
residual biomass for anaerobic digestion should be examined. It is also important to seek processes
that utilize all by-products from biomass digestion.

The comparison of different energy production process options is difficult due to limited data on
energy balances, and investment and operational costs of microalgal biomass production and
conversion to energy carriers. To better compare the different microalgal energy production chains
and microalgal energy with other energy production options such as fossil fuels, corn ethanol and
palm oil diesel, detailed and comparable energy balance calculations and economic evaluations on
different microalgal energy production process options and their combinations should be conducted.
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