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SUMMARY

Summary

Worldwide depletion of fossil fuel reserves advanced the search for environmental
friendly and sustainable alternatives. The fact that microalgae perform very efficiently
photosynthetic conversion of sunlight into chemical energy has moved them into the focus of
regenerative fuel research, especially since algae cultivation, in contrast to land plants, is not
restricted to arable land. Renewable fuel generation via anaerobic fermentation using
microalgae biomass for biogas production, compared to biodiesel and bioethanol, is less

intensive investigated.

This thesis provides a systematic analysis of parameters influencing the degradability of
microalgae biomass in an anaerobic digestion process, with respect to algae species, biomass
composition and culture conditions. The biodegradability of twenty different freshwater
microalgae species possessing different cell wall characteristics, cultured under comparable
conditions and harvested in the same growth phase, was observed to be relatively similar,
corresponding to rather low conversion efficiencies of less than 53 % of the theoretical
maximum. These findings suggested that the recalcitrance of the cell wall is not the only
factor influencing anaerobic digestion, since not every algal species contains a rigid cell wall,
further indicating that other parameters must influence the accessibility of algae cells towards

decomposition by anaerobic microorganisms.

Naturally occurring nutrient starvation is a direct consequence of algae blooms in late
summer, and therefore this natural phenomenon was simulated under controlled conditions
and the impact on algae biomass degradability was investigated. Three scientifically and
industrially relevant algae strains Chlamydomonas reinhardtii, Parachlorella kessleri and
Scenedesmus obliquus were therefore cultured in low-nitrogen media (containing insufficient
nitrogen source for extensive cell proliferation) and subjected at different growth stages to
anaerobic fermentation in batch test. The results revealed a strong correlation of the cell
starvation status and biodegradability to biogas, towards complete biomass disintegration at
the maximum starvations level (indicated by max. C:N ratio). The feasibility of fermentation
of “nitrogen starved” vs “nitrogen replete” microalgae biomass was furthermore investigated
in a long term (160 days) continuous lab-scale simulation of an industrial biogas plant. The
results of “nitrogen replete” biomass fermentation revealed low conversion efficiency and
subsequent fermentations failure caused by high protein content in the biomass. The
fermentation of “low nitrogen” biomass, on the contrary, was characterized by very stable
process parameters and highly efficient biomass to methane conversion efficiency of 84 %. In

comparison to “energy crops” (e.g. maize), usually used for biogas generation, the achieved
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methane yield was 37 % higher on biomass basis and approximately 4.5 times higher based

on areal productivity (conservative estimation).

In conclusion, this PhD work provides a simple and effective microalgae cultivation
method for subsequent use of biomass as mono-substrate for anaerobic fermentation to
methane. Highly efficient and stable fermentation process of this biomass was demonstrated
in a continuous long-term experiment within this work and enables therefore an efficient
industrial scale application.
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INTRODUCTION

l. Introduction

1. Global energy demand — Photosynthetic energy conversion

Worldwide rising energy demand, limited fossil fuel sources and the threat of
anthropogenic global warming have created enormous efforts in the development of
renewable energy sources (IPCC, 2007; Martinot et al., 2007; REN21, 2011; REN21, 2015;
Verbruggen and Al Marchohi, 2010). Renewable energy technologies using wind, water and
solar energy currently cover only a portion of the global required energy demand and are still
unprofitable due to high investment and material costs compared to the use of fossil fuels. For
instance, nuclear fission represents an established technology for electricity generation and is
often regarded as an alternative to fossil derived sources for energy provision with lower CO,
emission. However, the application of this technology requires high-tech nuclear reactors and
is accompanied by great risks and disposal difficulties of the high radioactive waste (BMUB,
2010). Renewable energy based on wind, water, sunlight or geothermal heat has distinct
environment advantages, yet at the present time, they need to be financially subsidized for
economic feasibility. Moreover, most of current alternative systems mainly produce
electricity (e.g. photovoltaic, solar, thermal, nuclear and wind power), however the current
global energy request accounts two-third as fuel (Rifkin, 2002).

Sunlight is the most abundant renewable energy source because the light energy
reaching the surface of the earth exceeds the global primary energy demand several thousand
times (Schenk et al., 2008). Photosynthetic organisms like vascular plants and algae harvest in
a process called oxygenic photosynthesis, the light energy and use it to build up biomass.
Oxygenic photosynthesis represents a process of sunlight capture and conversion into
chemical energy by photoautotrophic organisms, involving the reduction of CO, to
carbohydrates and the removal of electrons from H,0O, resulting in the release of O, and
protons. Thereby, the photosynthetic reactions in plants and green algae occur mainly in the
chloroplast (Nelson and Yocum, 2006) and are traditionally divided into the "light reactions”,
which consist of electron and proton transfer reactions and the "dark reactions"”, encompassing
the biosynthesis of carbohydrates from CO, and utilizing reducing equivalents and ATP

provided by the light reactions.

The use of plant biomass, obtained by the photosynthetic process, is generally regarded
a resource alternative to fossil fuels (Brennan and Owende, 2010; Chisti and Yan, 2011; Costa
and de Morais, 2011; Dragone et al., 2010; Singh et al., 2011; Stephens et al., 2010b), since

equal amounts of CO, are assimilated during the photosynthetic growth and released during
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biomass conversion, therefore photosynthetic energy sources have a favorable CO, balance
compared with fossil fuels. First generation biofuels mostly derived from food and oil crops
including corn, sugarcane, rapeseed oil, sugar beet, and maize as well as vegetable oils and
animal fats, have now attained economic production levels (FAO, 2007; FAO, 2008).
However, the use of alternate energy resources akin to terrestrial crops has led to highly
controversy discussed food vs. fuel debate (Monbiot, 2004; Tomei and Helliwell, 2015),
because this crops place an enormous pressure on world food markets, contribute to water
shortages and precipitate the destruction of the world’s forests (Amela, 2011; Chakravorty et
al., 2009; Harrison, 2009; Hill et al., 2006). The advent of second generation biofuels is
intended to produce fuels (e.g. bioethanol), instead of food crops, from the whole plant matter
of ligno-cellulosic agricultural residues, forest harvesting residues or wood processing waste,
which can be processed into feedstock by either gasification or by cellulolysis via cellulolytic
bacteria as well as metabolic engineered yeast (Carere et al., 2008; Eisentraut, 2010; FAQO,
2008; Naik et al., 2010; Rutz and Janssen, 2007). Even though very promising, the technology
for conversion has not reached yet the scale for commercial exploitation (FAO, 2008;
Timilsina and Shrestha, 2011). Third generation biofuels, specifically derived from
microalgae, are also considered to be a viable alternative energy resource that is devoid of the
major disadvantages associated with first and second generation biofuels (Borowitzka and
Moheimani, 2013; Brennan and Owende, 2010; Chisti and Yan, 2011; Costa and de Morais,
2011; Dragone et al., 2010; Formighieri, 2015; Singh et al., 2011; Stephens et al., 2010Db).
Microalgae can grow on non-arable land using saline or waste water and produce lipids,
proteins and carbohydrates in large amounts over short periods of time, which can be
processed into biofuels (e. g. biodiesel, bio-ethanol, hydrogen, methane) and valuable co-
products (Brennan and Owende, 2010; Gouveia, 2011; Gouveia and Oliveira, 2009; Kruse
and Hankamer, 2010; Li et al., 2008; Mata et al., 2010; Mussgnug et al., 2010; Posten and
Schaub, 2009; Rupprecht, 2009; Scott et al., 2010).

The conversion of photosynthetic biomass into usable energy forms can be achieved via
different processes, leading to three main products: power/heat generation, transportation
fuels and chemical feedstocks (McKendry, 2002). The most important established strategies
are combustion to generate heat and electricity, conversion of carbohydrate-based compounds
into bioethanol and lipids into biodiesel, as well as biomass conversion via anaerobic

digestion (AD) into methane-rich biogas.
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1.1. Microalga — sources for renewable substrates

Microalgae are often described as “lower” plants that never have true stems, roots, and
leaves, and grow photoautotrophically by performing oxygenic photosynthesis (Hallmann,
2007), accounting for the net primary production of approximately 50% of the total organic
carbon produced on earth each year (Field et al., 1998). They are mostly eukaryotic, although
prokaryotic cyanobacteria are included in algae, and represent a highly heterogeneous group
with up to 1,000,000 species, possessing different shapes and capabilities (e.g. flagella for
motility, Figure 1), which inhabit all aquatic ecosystems but also some terrestrial habitats

such as soils and bogs (Barsanti and Gualtieri, 2014).

Figure 1: Light microscopic images of selected different microalgal species. (A) Chlamydomonas reinhardtii;
(B) Dunaliella salina; (C) Arthrospira platensis; (D) Euglena gracilis; (E) Parachlorella (formerly Chlorella)
kessleri; (F) Scenedesmus obliquus. Scale bars represent 10 um. Figure modified from own work (Klassen, 2010;
Mussgnug et al., 2010).

The most ancient group of photosynthetic eukaryotes is represented by the members of
the green lineage (Viridiplantae) including the green algae and green plants, which acquired
their plastids in an event of primary endosymbiosis (Keeling, 2010; Leliaert et al., 2012). In
this event a heterotrophic eukaryotic host cell captured a photosynthetic prokaryote that
became stably integrated and eventually turned into a plastid (Archibald, 2011; Keeling,
2010), leading to the rise of the Archeaplastida, which includes the green lineage (green algae
(Chlorophyta) and green plants) as well as red algae (Rhodophyta) and glaucophytes
(Glaucophyta) (Ball et al., 2011; Leliaert et al., 2012). Thenceforward, photosynthesis spread
widely among diverse eukaryotic protists via secondary and tertiary endosymbiosis, involving
captures of either green or red algae by non-photosynthetic protists (Keeling, 2010).
Secondary endosymbioses have given rise to different eukaryotic groups of algae either by a
single or multiple endosymbiotic events: the chlorarachniophytes (Chlorara-chniophyta), the
photosynthetic euglenids (Euglenophyta) and the dinoflagellates (Dinoflagellata), the
cryptophytes (Cryptophyta), haptophytes (Haptophyta), photosynthetic stramenopiles
(Heterokonta e.g., diatoms, chrysophytes and brown seaweeds) (Archibald, 2011; Baurain et

al., 2010; Bodyt et al., 2009). All these highly diverse organisms are considered algae as they
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are associated with each other through the presence of the plastid, thereby sharing a common
link to the photosynthetic ancestor (McFadden, 2001).

This high level of diversity is also reflected in the protecting outer cell wall of different
microalgae (Popper et al., 2011; Popper et al., 2014). To date, only little structural
information is available for most of the species, but it was observed that microalgae mainly
differ in terms of molecular components intra- and intermolecular linkages as well as the
overall structure of their cell walls. Many species were described to possess a cell wall of high
recalcitrant nature (Burczyk and Dworzanski, 1988; Takeda, 1991) and others are containing
only a protecting membrane like the pellicle-complex in Euglena gracilis (Buetow and
Schuit, 1968; Nakano et al., 1987). The cell wall analysis of different species revealed that
they contain many different biopolymers such as proteins {Miller, 1972 #35;Goodenough,
1985 #387}, lipids (Gelin et al., 1999; Kodner et al., 2009), carotenoids (Burczyk et al., 1981)
as well as carbohydrates (Kloareg and Quatrano, 1988) including cellulose (Bisalputra and
Weier, 1963), chitin-/chitosan-like molecules (Kapaun and Reisser, 1995), hemicellulose
(Domozych et al., 1980), pectin (Domozych et al., 2007), and lichenin (Ford and Percival,
1965). However the cell wall of the comparably well studied microalga Chlamydomonas
reinhardtii (Fig. 1A) (Harris, 2001; Merchant et al., 2007) does not contain cellulose (Adair
and Snell, 1990; Horne et al., 1971) and is solely composed of hydroxyproline-rich
glycoproteins (Miller et al., 1972). On the other hand, species like Parachlorella kessleri and
Scenedesmus obliquus (Fig. 1E, F), although phylogenetically not very distant from C.
reinhardtii (Fig. 2), are considered to contain very rigid and recalcitrant polysaccharide-based

cell walls.

77 Ankistrodesmus fusiformis

99 I*= Monoraphidium neglectum

g0 Monoraphidium braunii

79 2
Scenedesmus obliquus Green algae

5 1 Chlamydomonas reinhardtii l

2 i Chlorella kessleri

Botryococcus braunii J

76 Nannochloropsis gaditana ] Eustigmatophytes

Ectocarpus siliculosus JPhaeophytes

100 _{:Phaeodactylum tricornutum }
Diatoms
99

Thalassiosira pseudonana

Stramenopiles

Euglena gracilis

—_
0.05

Figure 2: Phylogenetic analysis of selected microalgal strains based on the 18S rDNA sequences using the
maximum likelihood method. Species of green algae highlighted with a box are of special interest within this
work. Figure modified from (Bogen et al., 2013a).
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The analysis of the cell wall constituents of Scenedemus sp. and Chlorella sp. revealed
the presence of glucose, mannose, galactose, xylose as well as uronic acid (Burczyk and
Dworzanski, 1988; Takeda, 1991; Takeda, 1996), however exclusively Chlorella was shown
to contain glucosamine as common dominant cell wall breakdown product (Gerken et al.,
2013; Huss et al., 1999; Juérez et al., 2011). This variety of sugar constituents indicates the
presence of cellulose, hemicellulose, pectin, chitin and chitosan in microalgal cell walls
(Gerken et al., 2013; Popper et al., 2011). Moreover, further analysis revealed that the high
recalcitrance of microalgae is attributed to the formation of extraordinarily stable aliphatic
polymers like sporopollenin (Burczyk and Dworzanski, 1988) and algaenan (Kodner et al.,
2009; Scholz et al., 2014).

Several microalgae serve as model systems for scientific investigations or are of great
economic and industrial importance (Fig. 2). For instance, the green unicellular biflagellate
Chlamydomonas reinhardtii has long been used as a model system for studying
photosynthesis, chloroplast biogenesis, flagella assembly and function, cell-cell recognition,
circadian rhythm and cell cycle control because of its well-defined genetics, and the
development of a comprehensive molecular toolkit (Breton and Kay, 2006; Grossman et al.;
Harris, 2001; Harris et al., 2009; Mussgnug, 2015; Rochaix, 1995). Analysis of the complete
nuclear genome sequence of C. reinhardtii significantly advanced the understanding of
ancient eukaryotic features such as the function and biogenesis of chloroplasts, flagella and
eyespots, and regulation of photosynthesis (Kreimer, 2009; Merchant et al., 2007; Peers et al.,
2009). Several genome projects are ongoing and to date twenty complete microalgal genomes
have been sequenced (Blanc-Mathieu et al., 2014; Blanc et al., 2012; Derelle et al., 2006; Fan
et al., 2015; Ferris et al., 2010; Foflonker et al., 2015; Matsuzaki et al., 2004; Monier et al.,
2012; Palenik et al., 2007; Pombert et al., 2014; Prochnik et al., 2010; Worden et al., 2009)
among which many are of commercial/industrial interest like Nannochloropsis gaditana
(Carpinelli et al., 2014; Radakovits et al., 2012), Monoraphidium neglectum (Bogen et al.,
2013 ), Auxenochlorella protothecoides (Gao et al., 2014), Chlorella variabilis (Blanc et al.,
2010), Parachlorella kessleri (Ota et al., 2016). The evaluation of the algal genome provides
important informations for the understanding and future manipulation and design of

molecular tools of the particular strain of biotechnological interest.

Among the eukaryotic, green microalgae of the class Chlorophyceae, the genera
Chlamydomonas, Chlorella, Scenedesmus, Haematococcus and Dunaliella represent the most
commonly utilized for current commercial applications (Rosenberg et al., 2008; Spolaore et

al., 2006). Currently, microalgae are mainly cultivated as human/animal food source and used
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in aquaculture and agriculture and/or as fertilizers. Furthermore, they are used for the
production of high-value chemicals, pharmaceuticals, and cosmetics (e.g. polyunsaturated ®3-
fatty acids). Moreover the algal biomass is very versatile and represents a rich source of
proteins, biopolymers, and polysaccharides as agar, carrageenan, alginates, pigments,
vitamins, and antioxidants (Barsanti and Gualtieri, 2014; Bux and Chisti, 2016; Hallmann,
2007; Spolaore et al., 2006).

Many microalgae studied so far are photosynthetic, whilst some are described to grow
mixotrophically or heterotrophically by utilizing organic carbon sources like acetate or
glucose (Dent et al., 2005; Harris et al., 2009; Lee, 2016). The general requirements for
successful microalgal cultivation include light (photosynthetic and mixotrophic), carbon
source, macronutrients such as nitrogen, phosphorus, magnesium and silicates as well as
several micronutrients (Lee, 2016). A wide-ranging spectrum of phenotypes with specialized
adaptation abilities exists within the microalgae, colonizing diverse ecological habitats, from
freshwater to brackish, marine and hyper-saline, at different temperatures, pH, and nutrient
availabilities (Barsanti and Gualtieri, 2014; Hallmann, 2007; Hu et al., 2008)

1.2. Microalgae mass cultivation methods

The use of microalgae for biofuel production has notable advantages, since they exhibit
several attractive features (Formighieri, 2015; Formighieri and Bassi, 2013; Georgianna and
Mayfield, 2012). First of all, being photoautotrophic organisms, they are able to produce
biomass from solar energy, water and carbon dioxide, which are renewable and cheap
components. According to experts, algae can grow faster than food crops, resulting in overall
high area yields, containing more fuel than equivalent amounts of other biofuel sources such
as soybean, canola or palm oil (Ullah et al., 2014). Microalgae can be grown almost anywhere
like non-arable land using saline or waste water and since they require CO, for growth, they

can be used for bio-fixation and bioremediation (Wigmosta et al., 2011).

The perspective of large scale production of microalgae for biofuel applications is moti-
vated by the high theoretically reachable productivity with an upper value of 263 tons ha™
year (Chisti, 2007; Huntley and Redalje, 2007). Another work suggested the maximum
theoretical biomass productivity of 0.077 kg m 2 d™* (280 tons ha™ year™), corresponding to a
solar-to-biomass conversion efficiency of 8-10 % (Melis, 2009). In agricultural production,
microalgae are cultivated in open ponds (Fig. 3 a, b), with sunlight driving photosynthetic
growth (Chisti, 2016; Georgianna and Mayfield, 2012). In a well-operated raceway pond an

average annual dry biomass productivity of around 0.025 kg m2 d* (corresponding to 91.25
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tons ha™ year™) can be achieved (Chisti, 2012; Mendoza et al., 2013; Wolf et al., 2016),
however during suitable weather conditions higher daily productivities with up to 0.05 kg m™
d! (corresponding to 182.5 tons ha' year') have been recorded (Grobbelaar, 2000;
Moheimani and Borowitzka, 2007; Terry and Raymond, 1985; Weissman et al., 1989), thus
representing a solar-to-biomass conversion efficiency of approximately 3 % (Melis, 2009)
Nevertheless, 3% efficiency would still be greater in comparison to higher plants, where field
trials reported 0.2% of solar to-biomass conversion efficiency and an average of 10 tons ha™*

year™ with sugarcane and switch grass (Macedo et al., 2008; Schmer et al., 2008).

Figure 3: Algae cultivation methods. Figure modified from (Georgianna and Mayfield, 2012) a, Algal ponds of
0.5 ha and 1 ha are part of the first commercial-scale algal biofuel facility in the United States at Sapphire
Energy's Integrated Algal BioRefinery. They cover an area 400 m wide by 1,600 m long at a location near
Columbus, New Mexico. b, A single 1-million-litre paddle-wheel driven pond from the Columbus facility. ¢, A
pilot-scale flat panel photobioreactor developed at the Laboratory for Algae Research and Biotechnology at
Arizona State University in Mesa. d, A commercial-scale tubular photobioreactor designed and constructed by
IGV and operated by Salata in Germany.

Naturally, not all algae are equally productive (Chisti, 2012) and photoautotrophic
cultivation requires supplementation with carbon dioxide, which is insufficient in the ambient
atmosphere for the achievement of high biomass productivities. One possible solution could
be mixotrophic growth regime as is commonly encountered in high-rate algal ponds treating
wastewater (Craggs et al., 2014; Craggs et al., 2012), where dissolved organic compounds
contribute to growth leading to a generally higher productivity, reaching dry biomass
productivities up to 0.0375 kg m 2 d* (corresponding to 136.88 tons ha™ year™) (Fon Sing et
al., 2014). Another impediment for open systems is that they are exposed to high risks of

biological contamination by other microalgae species, bacteria, and/or predators owing to the
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direct contact of the culture with the atmosphere (Pruvost et al., 2016). In order to overcome
this and further obstacles associated with open systems, industrial production uses
photobioreactors (Fig. 3c, d), which typically have a tubular or large, thin and flat panel
design (Shen et al., 2009). Wolf and co-workers reported productivities of 0.0289 kg m 2 d*
(corresponding to 105.49 tons ha™ year™) for tubular reactor and up to 0.0408 kg m2 d™*
(corresponding to 148.92 tons ha™* year™) for flat panel reactor (Wolf et al., 2016).

With the use of photobioreactors (PBR) for the microalgal cultivation, many factors can
be adjusted for productivity improvement and cost reduction, including culture media and
nutrient sources, flow rates and sunlight exposure. Immobilized algal culture systems can be
used for growth on a solid surface (Léonard et al., 2011; Shen et al., 2009) to prevent shading
and improve photosynthesis, which is especially useful for algae that secrete fuel precursors
(Georgianna and Mayfield, 2012). According to the calculations performed in a comparative
life-cycle analysis (LCA) of the different growth systems, light-emitting diode (LED)-
illuminated PBR produced significantly more biomass (244.67 kg ha) than solar-illuminated
PBR (8.26 kg ha') and open ponds (4.96 kg ha') (Georgianna and Mayfield, 2012).
However, considering the production costs per kilogram of biomass, this order needs to be
reversed: the estimated production costs in open ponds were reported to be about $3 for a
kilogram, which was five times and eight times lower than the costs achieved with biomass
from solar PBR and LED-PBR, respectively (Amer et al., 2011). From these results can be
concluded, that despite higher biomass accumulation in PBR, open ponds are more cost
effective because of their significantly lower construction costs, even though with lower total
achievable biomass yield (Georgianna and Mayfield, 2012). However, growing algae
efficiently and sustainably in fully exposed outdoor ponds remains difficult, and suitable
cultivation systems and practices are still under development (Georgianna and Mayfield,
2012).

Nevertheless, for economic competitiveness of biofuels, the achievement of high
biomass productivity through an improvement of photobioreactor systems and the
photosynthetic efficiency (e.g. antenna engineering), are of great biotechnological relevance
and interest in order to accomplish profitable generation of biofuels from microalgae (Beer et
al., 2009; Carere et al., 2008; Kruse et al., 2005; Lehr and Posten, 2009; Melis, 2009; Mitra
and Melis, 2008; Morweiser et al., 2010; Posten, 2009; Zhu et al., 2010).
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1.3. Microalgae — promising feedstock for biofuels production

Microalgae are regarded as a promising feedstock for biofuels due to the high biomass
productivity and high theoretical (10-12 %) and practical (~3%) photosynthetic efficiency
(Melis, 2009). This group of microorganisms is very versatile and is able to produce large
amounts (species dependent, up to 60%) of lipids, proteins and/or carbohydrates over short
periods of time, by using only sunlight, carbon dioxide and water. The accumulated
compounds can then further be processed into renewable biofuels (e. g. biodiesel, bio-ethanol,
methane, hydrogen) and valuable co-products (Fig. 4) (Brennan and Owende, 2010; Bux and
Chisti, 2016; Carballa et al., 2015; Gouveia, 2011; Gouveia and Oliveira, 2009; Kruse and
Hankamer, 2010; Li et al., 2008; Mata et al., 2010; Posten and Schaub, 2009; Rosenberg et
al., 2008; Rupprecht, 2009; Scott et al., 2010; Wijffels et al., 2010).
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Current Opinion in Biotechnology

Figure 4: Schematic of commercially important metabolic pathways in microalgae, showing simplified cellular
pathways involved in the biosynthesis of various products. Figure reprinted from (Rosenberg et al., 2008).

Confronted with stresses during culturing such as nutrient deprivation, microalgae
store chemical energy in the form of oils such as neutral lipids or triglycerides (Hu et al.,
2008). The algal oil can be extracted with organic solvents from the organisms and converted
into biodiesel with complex processes like transesterification with short-chain alcohols

(Amin, 2009; Chisti, 2007), or by hydrogenation of fatty acids into linear hydrocarbons
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(Lestari et al., 2009). Furthermore, microalgae produce starch and other carbohydrates as
storage compounds, which can be hydrolyzed by hydrolytic enzymes (e. g. amylases) or
extracted via chemical or mechanical pretreatment to monomeric sugars and used in
fermentation for the production of fuel alcohol like bio-ethanol and bio-butanol (Ellis and
Miller, 2016). Diverse microorganisms including bacteria, yeast and filamentous fungi can
ferment pentose and hexose sugars of microalgal carbohydrates to alcohols or other products
such as acetone (Harun and Danquah, 2011; Harun et al., 2010; John et al., 2011).

Algae also synthesize directly other fuel products, such as hydrogen (Benemann,
2000; Kruse and Hankamer, 2010), ethanol (Deng and Coleman, 1999) and long-chain
hydrocarbons, that resemble crude oil (Banerjee et al., 2002), or the algal biomass can be
converted to biogas through anaerobic fermentation (Oswald and Golueke, 1960).

2. Biogas generation via anaerobic fermentation

Fermentative biogas generation via anaerobic digestion (AD) is a naturally occurring
process that is readily observed when organic matter decomposes in anoxic milieu, e.g. in
natural wetlands, rice fields as well as the intestinal tract of ruminants and termites
(Deppenmeier, 2002; Walter et al., 2001). Human beings have been using anaerobic digestion
processes for centuries, however the first documented digestion plant was constructed in
Bombay, India in 1859 (Meynell, 1976). The first usage of biogas from a digester plant for
street lightning was reported in 1895 in Exeter, England (McCabe and Eckenfelder, 1958).
However, high fuel prices coupled with an increasing awareness of greenhouse gas emissions
and global warming have promoted an interest in further anaerobic digestion research and
industrial applications (Smith et al., 2001). Nowadays, the AD processes are regarded not
only as techniques for treatment of sewage bio-solids, livestock manure, and concentrated
wastes from food industry, but also as a potentially significant source of renewable fuel
(Azman et al., 2015; Bohutskyi and Bouwer, 2013; Weiland, 2010).

The organic matter is usually composed of complex polymeric macromolecules (often
in particulate or colloidal form), such as proteins, polysaccharides, lipids, and nucleic acids
(Fig. 5). The ADP converts organic matter to the final products (methane and carbon dioxide),
new biomass, and inorganic residue. Several groups of microorganisms (anaerobic bacteria
and archaea) are involved in organic substrate transformation to methane, CO, and water, and
the overall process comprises multiple stages with many intermediate products. Commonly,

the process is simplified to four successive phases: (I) hydrolysis; (1) fermentation or
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acidogenesis; (I1l1) acetogenesis; and (IV) methanogenesis. The overall transformation,
however, can be described rather by six distinct biological processes as shown in Figure 5
(Bohutskyi and Bouwer, 2013; Gujer and Zehnder, 1983).

Nucleic acids Proteins Carbohydrates Lipids
1 1 1 1 1
2 \ 4 \ 4 \ 4 v A4 3
- = Sugars, amino-acids, glycerol, purines, pyrimidines Fatty acids

| Intermediary products (propionate, butyrate, lactate, alcohols, etc.) |«

—— — — —

 — Acetate ld— —l Hydrogen/1C components :‘_

[ ———— D — ——— —

Figure 5: Flow diagram of complex organic matter anaerobic digestion. Figure modified from (Bohutskyi and
Bouwer, 2013) (originally modified from (Gujer and Zehnder, 1983), where (1) hydrolysis; (2) fermentation; (3)
R-oxidation; (4) acetogenesis; (5) acetoclastic methanogens; (6) hydrogenophilic methanogens; (7)
homoacetogenesis.

1. Hydrolysis of colloid and particulate biopolymers to monomers.

2. Fermentation or acidogenesis of amino-acids and sugars to intermediary products
(propionate, butyrate, lactate, ethanol, etc.), acetate, hydrogen, and formate.

3. B-oxidation of long-chain fatty acids and alcohol fermentation to volatile fatty acids
(VFA) and hydrogen.

4. Anaerobic oxidation or acetogenesis of intermediary products, such as VFAs to
acetate, carbon dioxide, and hydrogen. This reaction is performed by obligate and
facultative hydrogen producing species.

5. Transformation of acetate into methane by acetoclastic methanogens.

6. Transformation of molecular hydrogen and carbon dioxide into methane by hydro-
genophilic methanogens.

7. Conversion of variety of mono-carbon compounds (e.g. formate, methanol) to acetic
acid, carried out by homoacetogenic bacteria (the same group of microorganisms that
as primary fermenters perform the first three steps). These biological processes are
sometimes referred to as acidogenesis or the acid-phase (Ghosh et al., 1975). The
reduction of sulfur compounds to hydrogen sulfide by sulfur reducing bacteria
represents another important biological process in AD.
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During AD in biogas plants, organic biopolymers such as lipids, polysaccharides and
proteins are converted by anaerobic hydrolytic bacteria into less complex compounds, which
then can be further used by other microorganisms. According to microbiological
examinations, hydrolytic species are found in a broad range of bacteria phyla and many of
these bacteria have developed cell bound multi-enzyme complexes, known as the
cellulosomes (Doi and Kosugi, 2004; Felix and Ljungdahl, 1993), for the decomposition of
cellulose and hemicellulose containing substrates (Fontes and Gilbert, 2010; Lamed et al.,
1983). Many bacterial species do not have cellulosomes (Blumer-Schuette et al., 2011),
however they are able to secrete free hydrolases, containing multiple catalytic domains or
they produce many other enzymes such as glucanases, hemicellulases, xylanases, amylases,
lipases and proteases for efficient biomass hydrolysis (Azman et al., 2015; Weiland, 2010).
The abundance of every hydrolytic bacterial species is dependent on the inoculum type of the
digester, thus in biogas plants, the members of the phyla Firmicutes and Bacteroidetes are the
most commonly found, while others belonging to Fibrobacteres, Spirochaetes or
Thermotogae are less abundant (Azman et al., 2015). Thereby the members of the genus
Chlostridium (Firmicutes) are described to usually dominate the bacterial community in the
biogas plant (Burrell et al., 2004; Lucas et al., 2015; Nishiyama et al., 2009; Shiratori et al.,
2009; Sundberg et al., 2013; Wirth et al., 2012; Zverlov et al., 2010).

In the next steps, the acidogenesis and 3-oxidation, fermentative bacteria convert the
breakdown products of hydrolysis to simple carbonic acids (e.g., propionate, butyrate, acetate,
formate, succinate, and lactate), alcohols (e.g., ethanol, propanol and butanol), and other
compounds (e.g., Hy, CO,, VFAs and ketones). Some of these products (e.g., fatty acids
longer than two carbon atoms, alcohols longer than one carbon atom, and aromatic fatty
acids) are then used by acetogenic or syntrophic bacteria within the acetogenesis-step, for the
conversion into acetate and C-1 compounds (Deppenmeier, 2002; Diekert and Wohlfarth,
1994; Drake et al., 1997). Hydrogen producing bacteria, like the homoacetogenic bacteria are
Acetobacterium woodii and Clostridium aceticum are usually described to perform the
acetogenesis, resulting in the generation of acetate, CO, and H, (Weiland, 2010). Even though
many details of microbial metabolic networks in a methanogenic consortium are still unclear,
there is evidence that hydrogen might be a limiting substrate for methanogens, since the
addition of Hj-producing bacteria to the natural biogas-producing consortium increases the
daily biogas production (Bagi et al., 2007; Weiland, 2010).
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At the end of the degradation series, the metabolic activity of two groups of
methanogenic bacteria, namely acetoclastic (utilizing acetate) or hydrogenotrophic (utilizing
H,, CO, or formate) methanogens produce methane. Only few species are acetoclastic
methanogens, thus able to degrade acetate into CH; and CO,, belonging to the order
Methanosarcinales (e.g. Methanosarcina barkeri and Methanotrix soehngenii) and
Methanococcales (e.g. Methanonococcus mazei), whereas all methanogenic bacteria are able
to use hydrogen to form methane (Deppenmeier, 2002; Schink, 1997; Zinder, 1993).
Methanogens of the orders Methanosarcinales, Methanomicrobiales and Methanobacteriales
were usually the most abundant within the archaeal sub-community (Deppenmeier, 2002;
Pope et al., 2013).

The biogas generation is a sequential process, where the overall digestion speed
depends on the slowest, rate-limiting step. For simple degradable substrates like sugars,
methanogenesis will often be rate limiting, whereas hydrolysis will often be rate limiting step
in case of persistent lignocellulosic plant biomass (Azman et al.,, 2015; Speece, 1983,
Weiland, 2010). In addition, for a balanced anaerobic digestion process, maintaining of valid
environmental and operational process parameters for bacterial and archaeal communities is

crucial for effective methane production.
2.1. Environmental and operational process parameter

An efficient AD process demands that both substrate degradation and methanogenesis
are balanced. In case, the degradation step goes too fast, the acid concentration rises within
the digester, and the pH drops below 7.0, which inhibits the methanogenic bacteria. If the
methanogenesis runs too fast, methane production is limited by the hydrolytic stage. Thus, the
rate-limiting step depends heavily on the particular substrate used for biogas production.
However, usually within the anaerobic digester, Achaea receive only a limited energy amount
from methanogenesis and possess the slowest growth rate among the anaerobic
microorganisms (Bohutskyi and Bouwer, 2013). Altogether, the anaerobic digestion process
needs to be controlled in terms of environmental and operational parameters as well as
substrate characteristics (Bohutskyi and Bouwer, 2013; Weiland, 2010), since an unbalanced
process would lead to an over-accumulation of certain intermediates or byproducts, such as
VVFAs, ammonia, and hydrogen sulfide, which can lead to inhibition of methane production
(Chen et al., 2008; Yenigln and Demirel, 2013).
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Important operational and environmental factors

Biogas plants are usually operated either at mesophilic (35-45°C) or thermophilic
(45-60°C) conditions and at neutral pH levels. Fluctuating and changing temperatures or pH
values within stable bioreactors may cause temporarily or constantly disturbance in
methanogenic activity, leading to lower biogas production (Chae et al., 2008; Cioabla et al.,
2012; Ferry, 1992).

Other essential parameters for an efficient-operating AD process are represented by
organic loading rate (OLR), hydraulic (HRT) and solids retention time (SRT). For instance,
the rapid increase of ORL, especially of easily digestible substrate, would cause fast acid
formation, leading to alkalinity depletion and pH drop, since the methanogens cannot convert
fast enough the produced acids to methane. The HRT determines the volume and capital cost
for an AD system, whereas the SRT effects the volatile solids (VS) reduction and, thus the
methane yield from biomass. Significant fluctuations in OLR, HRT, and SRT would lead to
upset of the AD process and inhibition of the methane generation (Bohutskyi and Bouwer,
2013).

Substrate structure and accessibility (or substrate related factors)

All type of biomass, containing carbohydrates, proteins, lipids, hemicelluloses and
cellulose as main components, would be suitable as substrate for biogas production. Only
strong lignified organic substances, e.g., wood, are not suitable due to limited accessibility of
hydrolases, and therefore, slow anaerobic decomposition (Vidal et al., 2011; Weiland, 2010).
Today, most of the agricultural biogas plants digest manure from animals with the addition of
co-substrates (e.g. harvest residues, organic wastes from agriculture-related industries, and
food waste) in order to increase the content of organic material for the achievement of higher
biogas yields (Weiland, 2010). Thereby, the composition of biogas and the methane yield
depends on the feedstock type, the digestion system, and the retention time (Braun, 2007).
Particle size of the substrate is one of the most important factors that influence the hydrolysis
efficiency. Many studies showed increased hydrolysis rates with the particle size reduction
(Pereira et al., 2012; Zhang et al., 2004) and consequently the overall digestion process

improvement.

Furthermore, for stable maintenance of the microbial community, macro- and
micronutrients are indispensable and the availability of carbon, nitrogen, phosphor, and sulfur

should be in a relative ratio of 600:15:5:1 (Weiland, 2010). Trace elements like iron, nickel,
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cobalt, selenium, copper, zinc and molybdenum, are also essential and have to be
supplemented when they are not present in adequate amounts (Abdoun and Weiland, 2009;
Kida et al., 2001; Noyola and Antonio, 2005). Additionally, the ratio of carbon and nitrogen
(C:N ratio) is very important and should preferably be in the range of 15-30 (Braun, 1982;
Weiland, 2010; Zubr, 1986), because ammonia accumulation as a consequence from protein
rich (low C:N biomass substrate), is very detrimental and can lead to AD process failure
(Bohutskyi and Bouwer, 2013). On the other hand, too high C:N-ratios (higher than 30,
carbohydrate rich biomass) could lead to growth limitations of the microbial community

within the digester and thereby also reduce the digestion efficiency.
2.2. Biogas generation from microalgae

Anaerobic digestion represents a promising application of algal biomass for methane
production, since microalgae are considered an advantageous substrate due to high biomass
productivity, low ash content and the reduced competition for arable land. Furthermore, AD
has the potential for integration within an algae biorefinery for bioenergy provision as well as
nutrients recovery (e.g. nitrogen, phosphorus) for reuse in microalgae cultivation (Bux and
Chisti, 2016; Georgianna and Mayfield, 2012; Murphy et al., 2015).

The choice of optimal algal strains can conceivably lead to fast and efficient conversion
of biomass to methane. For instance, the brown algae Macrocystis pyrifera has been long
regarded for biomass-to-methane conversion because of its ease of harvesting and high
growth rate as well as biogas yield (400,000 L per ton of VS) (Chynoweth, 2002). Several
microalgae species have also been investigated for biogas production (Mussgnug et al., 2010),
showing a strong species dependency for the biogas potential. Especially, the digestible nature
of the microalgal cell, which in turn depends on the type of cell wall (chapter 1.1), is a key
factor determining the biogas yield. Already, Golueke and colleagues demonstrated the
problem of resilient algal cell walls by showing that a significant fraction of microalgal cells
remained intact during the anaerobic fermentation (Golueke et al., 1957). Observations of
Chlorella vulgaris, subjected to AD, revealed that based on the chlorophyll concentration
increase, the cells continued growing for two weeks (Hernandez and Cordoba, 1993). Similar
observations could also be made for Scenedesmus obliquus, where intact cells could be
identified in an anaerobic digester after an experimental duration of up to six months
(Klassen, 2010; Mussgnug et al., 2010). In the same study, six distinct microalgal species
were compared regarding recalcitrance towards bacterial attack and it was shown that biogas

yields correlated with the degree of cell decomposition. Species devoid of a rigid cell wall or
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possessing a cell wall composed of glycoproteins and lacking cellulose or hemicellulose (e.g.
D. salina, C. reinhardtii, E. gracilis and A. platensis) displayed a better digestibility than
species with a rigid cell wall containing hemicellulose and sporopollenin (e.g. C. kessleri and
S. obliquus) (Mussgnug et al., 2010). Regarding the biogas production potential, C.
reinhardtii was shown to be the most efficient biogas substrate (587 mL g V/S™), followed by
D. salina (505 mL g VS™), representing an equivalent of 90 % and 77 % of the biogas yield
from maize silage, respectively. Beside biogas yield, the relative amount of methane among
biogas components determines the biogas quality, and all microalgae tested showed higher
specific methane content (ranging from 61 to 67 %) compared to maize (54 %) (Mussgnug et
al., 2010), suggesting the potential of algae for the production of quality biogas.

An easily degraded cell wall, or the total absence of a cell wall, does not necessarily
imply that a microalga is a good substrate for AD. Other factors, such as productivity or
sensitivity to contamination as well as the presence of inhibitory substances (e.g. toxic
compounds produced by algae, high salts concentration, heavy metals) may also influence
degradability and have to be considered (Hildebrand et al., 2012; Uggetti et al., 2016).
However, when a specific microalgal strain of choise is considered for biogas production due
to the high productivity and other valuable characteristics, but possesses a rigid cell wall,
resistant to AD, a suitable pretreatment step might be necessary (e.g. thermal, biological or
mechanical). Many studies dedicated to the anaerobic digestibility of microalgae after
pretreatment have been performed and are summarized in numerous reviews to this topic
(Bohutskyi and Bouwer, 2013; Gonzalez-Fernandez et al., 2012; Montingelli et al., 2015;
Passos et al., 2014). However, for the decision-making whether a certain pretreatment is
energetically worthwhile undertaking, improved estimates of the energy demands of the

various pretreatments are required.

Additionally, the biogas production of microalgal biomass also depends on its
compositions, for instance, high lipid content in the biomass can be advantageous because the
theoretical biogas yield from lipids is generally higher (1390 L kg VS™) than proteins (800 L
kg VS™) or carbohydrates (746 L kg VS™) (VDI-4630, 2006). However, excess lipid and/or
protein content, which is usually observed in microalgae (Becker, 2007; Brown et al., 1997,
Prochazkova et al., 2014), means also low C:N ratio in a range of 5-9 (Lardon et al., 2009;
Yen and Brune, 2007) and may lead to accumulation of ammonia and long chain fatty acids
(LCFASs) during AD, which are important inhibitors of anaerobic microorganisms (Angelidaki
et al., 1999; Chen et al., 2008; Yenigun and Demirel, 2013). Co-digestion of microalgal
biomass and carbon-rich substrates like corn stalks and waste paper, might be one possible
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strategy to ensure more balanced C:N ratio (Park and Li, 2012; Shuchuan et al., 2012; Yen
and Brune, 2007).

In conclusion, anaerobic digestion of microalgae is certainly promising, but requires
pretreatment of the biomass and/or co-digestion with carbon-rich co-substrates. In the present

state of knowledge, an AD of microalgae as mono-substrate is not feasible for industrial
application.
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SPECIFIC AIMS

Il.  Specific aims

Increase of the world human population and higher energy demand and simultaneously
depletion of fossil fuel reserves have created an enormous demand of renewable energy
source, especially CO; neutral sources represent an important issue in order to minimize the
greenhouse effect (IPCC, 2015; REN21, 2015). Photosynthetic microalgae are increasingly
considered as feedstock for renewable energy production such as biodiesel, bioethanol and
biogas (Bux and Chisti, 2016; Daelman et al., 2016; Montingelli et al., 2015; Uggetti et al.,
2016). However, due to comparably high biomass generation expenses and down-stream

processing costs these systems are still not economically viable.

Biogas generation via anaerobic fermentation represents one of the most efficient
biomass conversion processes, where most of the biomass compounds can be converted to
methane and carbon dioxide with high efficiency (up to 88 % of energy can be transformed to
methane (Raposo et al., 2011). However, due to natural recalcitrance of algae cells this
efficiency can only be reached after energy or cost intensive pretreatment procedures.
Moreover high protein content of the microalgae biomass complicates the fermentation
process, by increasing the risk of ammonia inhibition and therefore the biomass must be co-

fermented with other carbohydrate-rich substrates.

First aim of this work was to identify crucial parameters influencing algae biomass
accessibility towards anaerobic decomposition, with respect to different algae species, since
the identification of species with low cell wall recalcitrance and high methane yields can be
useful in order to reduce process costs by avoiding all kinds of pretreatment. In order to
elaborate a more universal applicable procedure, whereby different algae strains can be used,
another strategy was persecuted. In this case natural occurring limitations in nutrient supply
were investigated with respect to the influence of starvation impact on anaerobic
degradability. Additionally, the possibility of altering of biomass composition by targeted
deprivation of certain macronutrients was investigated. The primary aim was it, to reduce the
protein content in the biomass without negative effect on biomass accumulation rate, in order
to reduce anaerobic fermentation process imbalances caused by unbalanced C:N ratio in algae

biomass.

Altogether, the optimization of methane productivity from algae biomass with the aim
of cost reduction and process simplification was in the main focus of this work in order to

allow later sustainable application at industrial scale.
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I11. Discussion

Microalgae are regarded as a potential biomass feedstock for the production of biofuels.
This very diverse group of microorganisms performs photosynthetic conversion of sunlight
into chemical energy and produces thereby large amounts of proteins, lipids and
carbohydrates, which then can be converted into biofuels via anaerobic digestion. According
to the present knowledge, the use of microalgae as substrate for anaerobic fermentation is not
feasible for industrial application because of poor degradability of the algal biomass.
Therefore for the efficient biogas production the biomass requires currently physical or
biological pretreatments and co-digestion with carbon-rich substrates. The present work is
dedicated to the systematic analysis and further understanding of anaerobic digestion of
microalgae as mono-substrate into biomethane with the aim of the overall process efficiency

optimization.
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1. Microalgae potential for biofuel

Microalgae represent an extremely diverse taxonomic group (McFadden, 2001),
including both cyanobacteria and eukaryotic organisms that occur in various natural habitats.
Most of the microalgae investigated, are photoautotrophs, whereby some of them are also
capable to grow mixotrophically or heterotrophically, consequently implying a wide genetic
and metabolic diversity (Apt and Behrens, 1999). Microalgae accumulate a variety of
metabolites and products within the cell (Hejazi and Wijffels, 2004; Pulz and Gross, 2004;
Wijffels et al., 2013), but are also known to secrete enzymes into the aqueous environment. In
addition to already well characterized extracellular enzymes such as carbonic anhydrases
(Baba et al., 2011), the ability of the green algae Chlamydomonas reinhardtii to secrete
hydrolytic enzymes was elucidated during this PhD thesis [1]. The investigation of the
cellulose digestive system of C. reinhardtii revealed that this species secretes endo-1,4-i3-
glucanases, which perform the degradation of cellulosic material to cellobiose and
cellodextrins, and imports them into the cells, where they are converted to glucose by -
glucosidases [1]. In fact, it is well known that plants, some bacteria, fungi, protozoa, and sea
squirts, which synthesize cellulose, should also be able to degrade or modify it during growth
and development (Gilbert, 2010). However, the existence of cellulase encoding genes in the
genome of Chlamydomonas cannot be explained by the requirement of cell wall
rearrangement, because its cell wall is solely composed of hydroxyproline-rich glycoproteins
(Adair and Snell, 1990; Horne et al., 1971; Miller et al., 1972). Accordingly the data provided
within this work, suggest that C. reinhardtii is capable of cellulose degradation and the
assimilation of the breakdown-products like cellobiose, mainly for mixotrophic growth

especially under CO, limiting conditions [1].

This and other abilities of microalgae let these microorganisms appear very attractive
for commercial use for biofuel and valuable product formation within a biorefinery complex
(Bux and Chisti, 2016; Georgianna and Mayfield, 2012; Murphy et al., 2015). However, the
formation capacity of the particular product is always dependent on algae strain and/or culture
conditions, however the natural accumulation of some interesting metabolites like astaxanthin
or a-tocopherol is relatively low (Lorenz and Cysewski, 2000; Tani and Tsumura, 1989),
since the microalgae are in most cases evolutionary forced to cell division and biomass
accumulation, rather than specific product formation. To overcome these drawbacks, genetic
modification can be applied to certain algal species for the enhancement of distinct

metabolic/enzymatic pathways or the establishment of new metabolic pathways in order to
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increase product formation and enzyme secretion rates for customized solution (Gimpel et al.,
2015; Lauersen et al., 2013; Rasala et al., 2012).

In general, photoautotrophic alga cultivation in large scale facilities is attractive for
biofuel generation since it is, in contrast to bacteria or yeast not depended on heterotrophic
energy source, and uses natural light energy, available in excess. Outdoor cultivation,
however for optimal light-use efficiency requires more area compared to heterotrophic
fermentation processes, which might be not easy and expensive for the cultivation of
genetically modified organisms (GMO), since they have to be cultivated under controlled
conditions in enclosed PBR (Henley et al., 2013). Given the fact, the large scale cultivation
and use of microalga in the near future will be only possible with wild-type strains,

accordingly with the associated drawbacks of biomass versus product formation.

Microalgae biomass is basically comprised of proteins, lipids and carbohydrates (Bux
and Chisti, 2016), whereby the particular content of each can vary in dependence of strain and
culture condition. Some of these compounds like proteins can be used for food industry, other
like carbohydrates and lipids for fuel production, with the disadvantage that only this one part
of the biomass is used, leaving the rest biomass as waste and for the extraction energy or
solvent intensive methods have to be applied (Bux and Chisti, 2016; Chisti, 2007; Ellis and
Miller, 2016; Spolaore et al., 2006). Another promising strategy could be fermentation of the
biomass to biogas/methane via anaerobic digestion, since in this process most of the biomass

can be converted in gaseous fuel (Uggetti et al., 2016).
1.1. Anaerobic fermentation of microalgal biomass

The total conversion efficiency of biomass to methane via anaerobic fermentation
process can be quite high from 85 to 88 % (Raposo et al., 2011), whereby the rest is used for
metabolic activity and cell growth of microbial community within anaerobic digester.
However practically this is only true for biomass entirely accessible to anaerobic digestion
process such as cellulose, starch or mung bean (Raposo et al., 2011). Microalgae, however,
due to their natural habitats (aqueous or soil environments) where they have to resist to a
variety of other microorganisms have evolved efficient protective mechanisms (Amaro et al.,
2011; Senhorinho et al., 2015). The recalcitrance of microalga cells towards anaerobic
microbes during the anaerobic fermentation was repeatedly observed by different authors
(Golueke et al., 1957; Hernandez and Cordoba, 1993; Klassen, 2010; Mussgnug et al., 2010).
Thereby, the researchers described that microalga were not only able to resist the microbial

disintegration but in some cases were able to proliferate under this mesophilic fermentation
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conditions (Hernandez and Cérdoba, 1993). Within a comprehensive literature comparison
regarding anaerobic digestion of microalgae biomass [4, chapter 4.2, Table 1], it became
apparent that the fermentation of microalgae (without consideration of the individual species)
is not efficient, since the achieved yields often do not exceed more than 50% of the theoretical
methane potential (TMP) [4, chapter 4.2]. Nevertheless, some studies indicate that the choice
of the species can be crucial for fermentation efficiency (Mussgnug et al., 2010), given the
fact that cell wall composition of different species may vary considerably (Popper et al., 2011;
Popper et al., 2014).

On the other hand, Frigon and colleagues reported significantly different methane yields
for the same species Scenedesmus sp.-AMDD, which were achieved during fermentation,
when the strain was cultured in different media (410, 340, 306 mL CH4 g™ VS for biomass
grown in wastewater, municipal wastewater effluent and Bold’s 3N medium, respectively)
(Frigon et al., 2013; McGinn et al., 2012). This strain was identified as the best performer
(with respect to methane yield) from other 19 tested microalgae species in this study Frigon et
al. 2013. Interesting is also the fact that other researcher testing Scenedesmus for biogas
generation, reached much lower methane yields 38 % of TMP (mean from 10 other
Scenedesmus stains 208+23 mL CH. g™ VS) [4], thus qualifying this genus as one of the most
recalcitrant tested so far [4]. This observation suggests that the biogas production potential of
microalgae not only depends on the individual species, but might be rather more dependent on
media and culture conditions applied for the biomass generation.

In order to test more systematically the influence of the applied microalgae species on
methane productivity, 24 different strains were cultured under same conditions (with the
exception for marine strains, the used media contained 500 mM NaCl compared to 17.1 mM
for freshwater media), harvested in the mid logarithmic growth phase and subjected to AD
batch test [2]. The resulting methane yields were in the range of 39 — 60 % of TMP and
appeared to be very similar to the published values of other microalgal species [4, chapter
4.2]. At this point, it should be noted that all tested marine strains like Navicula salinicola,
Dunaliella tertiolecta, Dunaliella spec. and Spirulina platensis showed the highest yields,
representing 60 %, 57 %, 56 % and 56 % of TMP, respectively, whereas the fresh water
species ranged between 39 and 53 % of TMP [4]. Slightly higher methane yields from marine
microalgae can be attributed to the osmotic stress, to which the cells were exposed by
inoculation in a mesophilic batch reactor. These results are also consistent with earlier
findings where marine strains Dunaliella salina and Arthrospira platensis were shown to be

very fast disintegrated after the addition to the anaerobe reactor (Mussgnug et al., 2010).
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Despite the positive effect on disintegration and fermentation efficiency of marine algae in
batch trails, no further investigations were performed within this work regarding marine
species. The main reason was the possible severe inhibitory effect of NaCl (contained in
culture media) on anaerobic microbial community in continuous fermentation trails (Chen et
al., 2008). Theoretically, it is possible to eliminate the salt with sophisticated dewatering
methods (Soomro et al., 2016), however, this work was primary aiming for the improvement
of microalgae degradability without additional energy intensive steps (e.g. physical, chemical,
enzymatically pretreatments), preferably associated with cost saving possibilities for later

large scale applications of this technology.

Altogether, the achieved fermentation efficiency for the freshwater strains harvested in
mid-logarithmic growth phase was observed to be in a similar range between 39 and 53 %,
suggesting that all tested microalgal strains showed more or less comparably low degree of
degradability [2]. Furthermore, the monitored methane values were comparable to the
published data (< 50 % of TMP) for other microalgal species [4, chapter 4.2, Table 1].
Moreover, the studies with achieved high methane productivities (Bohutskyi et al., 2014;
Frigon et al., 2013; Grimm et al., 2015; Mahdy et al., 2014b; Mussgnug et al., 2010) might be
explained by the difference in the media composition, as indicated by Frigon et al. (Frigon et
al., 2013), since indeed microalgae biomass composition can vary significantly depending on
nutrition status and culture condition (Becker, 2007; Brown et al., 1997; Hu et al., 2008;
Prochazkova et al., 2014). This has a direct impact on the theoretical methane potential (TMP)
since different biomass compounds have a distinct energy density and accordingly different
TMPs on the weight basis (Heaven et al., 2011). So, based on elemental composition of the
compounds (protein, carbohydrates and lipids), the TMP potential can be calculated using the
Buswell equation (Symons and Buswell, 1933). Thereby, TMP of carbohydrates, proteins and
lipids is at the level of 415 mL, 446 mL and 1014 mL CH, g™ VS, respectively. According to
this, microalgae with high lipid content would possess higher TMP, and the biomass rich in
carbohydrates and protein would possess a rather comparable TMP (Table 1).

Table 1: Theoretical methane potential (TMP) of microalgae biomass. Biomass composition is
extrapolated on the basis of literature values [4], (Bux and Chisti, 2016; Markou et al., 2013).

Microalga biomass Protein Carbohydrates Lipids TMP
composition % of DW % of DW % of DW CH,ml/g VS
typical composition 60 20 20 553
carbohydrate rich 20 60 20 541
lipid rich 20 20 60 781
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However, the use of biomass with high lipid content for AD tests seems not be very
frequent, since based on comprehensive literature examination [4], only biomass from
Nannochloropsis salina (oleaginous marine microalgae), having high lipid content, was used
for AD (Schwede et al., 2013a; Schwede et al., 2013b). Despite comparable high lipid content
(36 % of DW), the attained methane yield was comparable low (200 mL CH, g* VS),
corresponding to 31 % of TMP ([4], (Schwede et al., 2013Db), indicating that other factors
such as cell wall resistance might prevent the complete biomass disintegration. Authors were
able to overcome natural cell wall resistance of the Nanochoropsis cells (Scholz et al., 2014)
after applying thermal pretreatment, and achieved superior methane yields (570 mL CH, g™
VS), in comparison to other research work [4, Table 2], (Schwede et al., 2013b). However the
conversion efficiency of 89 % was only reached after energy intensive (thermal 120°C for 8
h) treatment, clearly showing that cell wall recalcitrance is the main drawback for an efficient
AD [4], (Bohutskyi and Bouwer, 2013; Gonzalez-Fernandez et al., 2012; Montingelli et al.,
2015; Passos et al., 2014; Uggetti et al., 2016), despite the high TMP.

In conclusion, the differences in the composition of the cultivation media and therewith
associated differences in cell structure play a crucial role for anaerobic degradability,
suggesting that algae cells under nutrient limitation stress, in contrast to replete conditions can
be subjected to significant physiological changes (Hu et al., 2008; Prochazkova et al., 2014)

and might therefore be more or less accessible for bacterial disintegration.
1.2. Anaerobic digestion of nitrogen limited microalgal biomass

It is generally accepted, that microalgal cells subjected to nitrogen or sulfur depleted
conditions, recycle other, under these conditions less important proteins like RuBisCo or cell
wall proteins for de novo synthesis of photosystem-related and protective proteins (Gonzalez-
Ballester et al., 2010; Grewe et al., 2014; Plumley and Schmidt, 1989; Sugimoto et al., 2007;
Takahashi et al., 2001; Zhang et al., 2004), in order to further maintain photosynthetic activity
and thereof accumulate storage compounds such as carbohydrates or lipids. However, this
reshuffling of proteins may alter the cell wall function, usually serves as a barrier for other
microorganisms. Indeed, some experiments, using different enzymatic pretreatments prior
anaerobic digestion, elucidated the importance of protein compounds for cell wall
recalcitrance [4, chapter 4.3.1]. Mahdy and co-workers treated three microalgae strains
(Chlamydomonas, Chlorella and Scenedesmus) with carbohydrolases and proteases (Mahdy et
al., 2014a; Mahdy et al., 2014b; Mahdy et al., 2015), whereby their results showed that

protease application was more efficient than carbohydrolase-treatment [4]. Thus, despite the
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general view that complex carbohydrates in the cell wall are responsible for the low
digestibility of microalga, these studies suggest that the hydrolysis of cell wall proteins
represents another equally important bottleneck for the AD process (Mahdy et al., 2014a;
Mahdy et al.,, 2014b; Mahdy et al., 2015). Some further indications for the better
biodegradability of nutrient starved phytoplankton biomass can be found in ecology related
studies, where researchers often observe higher methanogenesis in natural or simulated
environments (Tezuka, 1989; West et al., 2012; West et al., 2015), when nitrogen starved
biomass is used. For instance, West and colleagues used Scenedesmus biomass, cultured
under low-N and high-N condition for the biomass generation with high and low C:N ratios,
respectively. (Here, it should be noted that microalgae cultivation in low-nitrogen media leads
to the formation of biomass with high C:N ratio and vice versa). Subsequently, this biomass
was then added to fresh water lake sediments and resulted in much higher methane production
for high C:N ratio biomass compared to the low C:N ratio biomass (West et al., 2015). Since
these results were acquired under psychrophilic conditions (temperature 4 °C), it was
interesting to investigate, whether the same tendency can be observed under mesophilic
fermentation conditions (temperature 38°C), which are more influential for industrial scale for

biofuel generation.

For the investigation of the influence of the starvation degree of microalgal biomass on
methane productivity (via AD) under mesophilic conditions, a novel experimental setup was
designed and accomplished with three prominent (scientifically or industrial relevant) algae
species (Chlamydomonas reinhardtii CC-1690, Parachlorella kessleri SAG 211-11h and
Scenedesmus obliquus SAG 276-1) [3]. The technical innovatory degree in experimental
setup was in minimizing AD test volume from 60 to 2 ml and thus minimizing by 30 times the
required amount of algal biomass, because of the dispensation ability of microalga cells in
aqueous environment no drawbacks in reproducibility could be observed (unpublished test
experiments). Additionally, the setup envisaged direct application of algae for anaerobic test
after harvesting and concentration, without need for storage (freezing, cryo-desiccation or
drying), since this is a kind of pretreatment can lead to artificial results (Gruber-Brunhumer et
al., 2015; Mussgnug et al., 2010), [4] regarding degradability and the subsequent methane
yields. The main biological purpose of the experiments was to elucidate biochemical methane
potential (BMP) of different microalgae species throughout all phases of nitrogen starvation,
by periodically sampling the algae PBR, where the cells subsequently pass over in nitrogen

starvation, and application of that biomass immediately to AD test (for more details see [3]).
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The accomplished results showed a clear dependence of starvation state of the cells
(indicated by C:N ratio) and methane formation potential [3, Fig. 2 C and Fig 4].
Interestingly, in the early cultivation stage, where nutrient limitation could not yet be
observed, at least on biomass composition level, indicated by low (5-9) C:N ratio [3, Fig. 2 A,
C], the achieved methane yields were quite low [3, Fig.4], thus indicating low conversion
efficiency (<50 of TMP), and thereby confirming the values described in literature [3 and 4,
Table 1]. Additionally, the so called “positive outliers”, with inexplicably high methane yields
(with BMP near the TMP) [4] (Bohutskyi et al., 2014; Frigon et al., 2013; Grimm et al., 2015;
Mussgnug et al., 2010), could also be confirmed within the same experimental setup, since
similarly high methane values could be achieved [3, Fig. 4] in the later cultivation phase,
where nitrogen limitation was at maximum level (indicated by high C:N ration of 24-26) [3,
Fig. 2 C]. These results enable a clarification of the previously described variety of
fermentation data ([4], chapter 1.1): namely, it is the starvation state of cells, which impacts
the anaerobic bio-degradability of the microalgal biomass and consequently leads to higher
methane productivity. For the verification of these findings on other level than methane yields
(since TMP can change significantly if lipids are accumulated, see Table 1), the degrading
behavior of microalgae cells was observed and evaluated during the AD [3]. The observations
confirmed the great effect of starvation status on algae cell disintegration efficiency [3 Fig. 3].
Especially results achieved for Chlamydomonas strain were particularly clear, while nearly all
cells from early growth phase could resist anaerobic disintegration [3, Fig. 3 time point 0],
they were completely disintegrated after starvation [3, Fig. 3 time point 6 to 10]. Furthermore,
the achieved maximal biomass to methane conversion efficiency rates (87 %, 82 % and 73 %
of TMP for Chlamydomonas, Parachlorella and Scenedesmus, respectively), were only
comparable to the values reached after application of most efficient pretreatment strategies

such as thermal and enzymatical [4, chapter 4.3.1, Table 2].

However, although the conversion efficiencies of Chlorella and Scenedesmus based on
the evaluation of methane yields [4] were near the optimum (82 % and 73 % of TMP,
respectively) [3], the assessment of the cell disintegrations level via cell count revealed that
~70% of Chlorella and ~50% of Scenedesmus cells or cell-shape-like structures could still be
counted [3, Fig. 3]. At first glance, this finding was very contradictory, since the conversion
efficiency and cell disintegration levels are normally expected to have the same degree. The
main reason for this discrepancy was the manual cell count, where all particles (appearing as
cell-shape-like structures) were precautionary counted as cells. In fact, many cells were

partially or completely empty, [see 3, Fig. 3, microscopic image of Scenedesmus obliquus
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after fermentation, time point 10], where apparently only the cell wall was present and the cell
content was absent. Furthermore, these results correlate well with the current literature
knowledge (see Introduction chapter 1.1) regarding the differences in the cell wall
composition of investigated algae strains Chlamydomonas, Parachlorella and Scenedesmus.
The recalcitrant compounds like sporopollenin in Scenedesmus and chitosan in Parachlorella
cell walls (Gerken et al., 2013; Juérez et al., 2011; Kapaun and Reisser, 1995) are well-known
for their poor degradability under anaerobic conditions (Golueke et al., 1957; Mussgnug et al.,
2010; Wieczorek et al., 2014), so that it is conceivable that the cell wall on itself might not
be digestible. However, it might be that during the ongoing nitrogen starvation, the
rearrangement/reshuffling of the cell wall compounds of Parachlorella and Scenedesmus
enabled in some way the anaerobic microorganisms the access to compounds inside the cells,
thereby consequently increasing the overall methane yields. On the other hand, the cell wall
of Chlamydomonas reinhardtii is mainly composed of hydroxyproline-rich glycoproteins
(Miller et al., 1972), which apparently are sufficient for the protection of the cells against
microbial attack or disintegration under replete conditions but can be completely disintegrated
after reshuffling under nitrogen limitation [see 3, Fig. 3, microscopic image after ferm.

Chlamydomonas reinhardtii, time points 0 and 10].

In conclusion, a simple and effective cultivation method was developed within this
thesis, for the enhancement of microalgae biomass accessibility to anaerobic degradation, and
thereby maximizing the methane production in batch fermentation to optimal levels [3, 4].
The application of nitrogen limitation during photoautotrophic growth of the microalgae was
not only increasing the accessibility of the biomass to higher methane conversions rates but
also reduced the required nutrient input amount for biomass generation. However, despite the
promising results achieved within the batch fermentation trails, the transferability of these
findings from batch to continuous fermentation process is only partially possible, since batch
procedures provide only information regarding the maximum possible methane potential and
biological degradability of the particular biomass and do not allow any statements regarding
the overall process stability or fermentability of mono-substrates for a continuously fed
reactor. Therefore, a realistic assessment of the feasibility of above presented approach for
industrial scale fermentation can only be performed after the implementation of continuous

fermentation.
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1.3. Anaerobic fermentation of microalgal biomass in semi-continuous mode

Biogas generation from plant material and different waste streams represents a well-
established technology worldwide (Weiland, 2010), with the employment of different reactor
types in dependence of substrate and process requirements. One of the most frequently
applied reactor type is the continuously stirred tank reactor (CSRT), which allows very simple
technical process implementation (VDI-4630, 2006). Despite the relatively simply technical
implementation, the biological complexity of the process is comparably high, since different
strict and facultative anaerobe microorganisms are involved in the substrate disintegration and
methane formation process (Bohutskyi and Bouwer, 2013; Gujer and Zehnder, 1983) (see also
Introduction chapter 2). For an efficient performance, all microbial participants have to
cooperate with each other permanently (Azman et al., 2015; Deppenmeier, 2002; Goswami et
al., 2016), and this evolutionary very old interplay among the microbial community seems to
have evolved some self-regulating mechanisms. Nevertheless, utilization of various substrates
can sometimes lead inevitably to process imbalances and thus to fermentations failure. Some
substrate composition compounds (e.g. high protein content, antibiotics, toxic compound) are
known to imbalance the fermentation process, others (e.g. unknown toxins, microelements,
heavy metals) are not detailed tested yet, but are presumed to cause similar effects (Bohutskyi
and Bouwer, 2013; Hildebrand et al., 2012; Uggetti et al., 2016). Additionally, factors like
temperature, pH, organic loading rate (OLR), hydraulic retention time (HRT), nutrient
availability, oxidation-reduction potential and substrate particle size can also be crucial for the
continuous process (Speece, 1983). Therefore, new or modified substrates for biogas
generation have first to be tested in a continuous fermentation setup in lab scale, before they
can be transferred to industrial scale, since the results obtained in the lab have an enormous

impact on the configuration and design of a large-scale plant (VDI-4630, 2006).

Continuous fermentation of microalgae as mono-substrate showed, according to
literature [4, Table 3] very low biomass to methane efficiencies (Collet et al., 2011; Golueke
et al., 1957; Passos et al., 2014; Ras et al., 2011; Schwede et al., 2013b; Wirth et al., 2015),
most likely due to high recalcitrance of algae cells against anaerobic community. In order to
overcome the resistance of microalgae cells, many researcher applied biomass pretreatments
(successfully in increasing biomass degradability) prior the continuous fermentation (Mahdy
et al., 2015; Markou et al., 2013; Mendez et al., 2015; Schwede et al., 2013b). Despite higher
biomass accessibility as a consequence of the applied pretreatment, still the fermentation
resulted in low efficiency and process instability [4, chapter 4.3.2]. The main reason for this
poor productivity might be the high protein content of the substrate, which leads to
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ammonium/ammonia accumulation within the reactor, thereby inhibiting primary the
methanogenic community (Yenigin and Demirel, 2013). This is not surprising, since
microalgae biomass is well-known to possess high protein content (50-60 % of DW) (Becker,
2007; Brown et al., 1997; Prochazkova et al., 2014), which is also indicated by low C:N ratio
of microalgal biomass (Lardon et al., 2009; Yen and Brune, 2007) [3, 4]. For an efficient
fermentation, substrates with C:N ratios in the range from 15 to 30 are preferable (Weiland,
2010), and lower ratios were described to cause ammonia inhibition (Bohutskyi and Bouwer,
2013; Uggetti et al., 2016). Based on the results achieved in batch trails, where the importance
of starvation degree and associated C:N ratio for efficient biomass degradability were
elucidated, it was shown that biomass with higher C:N ratios un a range of 20-26 possess
optimal accessibility to the microbial community in the digester ([3], chapter 1.2).

In order to investigate, whether nitrogen starved biomass is also fermentable in
continuous manner, a long term setup with two reactors was designed, where beside the
promising nitrogen starved biomass, also biomass cultured under replete nitrogen conditions
was used [5]. The cultivation conditions for the microalgae biomass generation were based on
previous results [3], with slight modifications: light intensity was lower 300 instead 400 pmol
photons m 25 * and buffer substance TRIS was removed (in order to reduce associated costs)
from media composition (remark: no negative growth effects could be observed in the test
phase, unpublished result) [3, 5]. According to batch trails biomass pretreatment via storage
was avoided, for this directly after harvesting and concentration biomass was stored at 2 °C
for maximal 2 weeks before feeding [5]. Microalgae growth performance was periodically
monitored via gravimetrical measurements of organic dry biomass weight, and revealed no
significant differences in biomass productivity until harvesting time point (6 d) [5, Fig. 1],
suggesting that the usage of nitrogen limited medium had no disadvantageous effect on the
biomass productivity. Furthermore, the analysis of algal biomass composition revealed
significant differences, especially the protein content was considerably reduced in the biomass
cultured with limited nitrogen amount (low-N biomass, 28 % DW), compared to biomass
cultivated in nitrogen replete conditions (replete-N biomass, 61 % DW). Reduced protein
content in low-N biomass led as expected to an increase of the C:N ratio (16.3) [5, Table 1],
which is within the optimal range of 15-30 for an efficient fermentation (Weiland, 2010). On
the other hand C:N ratio of replete-N biomass was with 6.9 significantly lower than desirable
for continuous fermentation, however corresponding to typical range (5-9) described for
microalgal biomass produced under nutrient replete conditions (Oh-Hama and Miyachi, 1988;

Yen and Brune, 2007). Additionally, it is important to note that the lipid content did not vary
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significantly in both types of biomass, leading to the estimation of similar TMP values of 554

and 552 mLy g™ VS, for replete-N and low-N biomass, respectively [5, Table 1].

The operation of the continuous biomass fermentation was performed in consideration
to the guideline (VDI-4630, 2006), where a sludge adaptation phase and stepwise organic
loading rate (OLR) increase is recommended. The simultaneously process management of
both types of algae biomass revealed significant differences regarding biogas productivity and
all tested process parameters, despite the fact that the same microalgae strain
(Chlamydomonas reinhardtii CC-1690) and same inoculum of anaerobic organisms (from

waste water treatment plant (WWTP), Bielefeld, Heepen) were used [5].

Obvious differences could be observed during the continuous fermentation regarding
biogas and methane productivities, although equal amounts of were fed and similar theoretical
biogas values were estimated based on TMP [5], thus indicating lower conversion efficiency
rate for the fermenter fed with replete-N biomass. Overall, higher biogas productivity was not
only observed in the adaptation phase (OLR 1, fed with 1g L™ d*), but also at OLR?2 (fed with
2g L™ d™) for low-N reactor reaching a biogas productivity of 761 mLy d™* g™ VS for low-N
biomass and 634 mLy d™ g™ VS replete-N biomass [5 Fig. 2, Table 2]. At higher loading rates
(OLR 4, fed with 4g L™ d™), productivity of the reactor fed with low-N biomass stayed on
comparably high level (750 mLy biogas d™* g™ VS), while productivity in the control replete-
N reactor gradually decreased [5, Fig. 2], resulting in a mean biogas productivity of only 203
mLy d™* g™ VS. However, for an accurate evaluation of the biomass conversion efficiency,
methane productivities have to be taken into account, which were in the range of 464 and 462
mLy d* g? VS for low-N biomass and 416 and 131 mLy d™* g* VS replete-N biomass in
OLR2 and 4, respectively [5 Fig. 2, Table 2]. Considering the theoretical methane potential
(TMP) of the biomass, the achieved conversion efficiency of the process was at 84 % for low-
N reactor (OLR2 and 4) and only at 75 % and 24 % for replete-N biomass reactor (OLR 2 and
4 respectively). Moreover, assuming the energy demands of the microbial community for
maintenance, metabolic activity and de novo synthesis requires 12-15 % of chemical energy
contained in the biomass (Raposo et al., 2011), the overall biomass-to-energy conversion of
the low-N biomass was even more efficient (with 96-99 %) from the practical point of view
[5]. Correspondingly to productivity, various process parameters (pH, TAN, FAN and VFA)
were analysed and confirmed a well-balanced and stable fermentation in low-N reactor and
subsequent ammonium (mainly indicated by TAN and FAN) increase in replete-N reactor [5].
Increasing ammonium concentrations within the fermenter contribute to raise of pH and

formation of ammonia at higher concentration (> 50 mg L), thereby inhibiting the
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methanogens (Yenigun and Demirel, 2013). Since acetoclastic methanogenesis contributes up
to 73 % of formed methane (Deppenmeier, 2002; Smith and Mah, 1966), inhibition of
methanogens can led to volatile fatty acid (primary acetate) accumulation in the reactor
supernatant, thus can accessory inhibit microbial community (Azman et al., 2015; Craggs et
al., 2014; Uggetti et al., 2016; Weiland, 2010). This could also be observed within this work,
in the replete-N reactor direct after the shift to ORL4, ammonia concentration increased to
maximum value of 73 mg L™ at day 112 and at the same day extraordinary VFA
accumulation was initialized and continuously increased until the end of experiment
(maximum 15 g L) [5 Fig. 3, replete-N BM]. However, similar ammonia concentration were
also observed in the same reactor at OLR2, but for reasons currently not known, this raise did
not lead to a significant increase in VFA concentration at this time point [5, Fig 3]. One
crucial factor might be the lower TAN concentration (~1500 mg L™) at this OLR, which
increased to 2249 mg L™ at day 112 (OLR 4). Inhibitory TAN levels of 1700-1800 mg L™ are
considered as inhibitory (Yenigin and Demirel, 2013), to a not acclimated anaerobic
community, which has been also confirmed by the results achieved during this PhD thesis.

The disturbing effect of the replete-N biomass on fermentation process was additionally
observed in the analysis of the microbial community in both reactors via high-throughput 16S
rDNA gene amplicon sequencing [5, Fig. 4]. The highest diversity of microorganisms (603 +
52 OTUs) could be detected in the inoculum samples, which was not surprising, since WWTP
are known to be confronted with very high substrate diversity, and therefore high microbial
variety has to be involved for an efficient fermentation process. By application of a mono-
substrate in continuous fermentation trails only proliferating species can survive in the reactor
due to washout, since proliferation rate is determined especially by substrate availability
(Blume et al., 2010; Carballa et al., 2015; Schlter et al., 2008). Consequently, lower species
diversity could be determined after 100 days in both reactors, low-N (269 OTUSs) and replete-
N (178 OUTSs) biomass digester and after 160 days species diversity decreased even further to
111 and 177 OUT for replete-N and low-N reactors, respectively [5, suppl. Table S1].
However, qualitative differences in community composition are more important than
guantitative changes. During the fermentation in reactors with optimal (no clear inhibition)
performance (low-N OLR 2 and 4, replete-N OLR 2) the phyla Bacteroidetes dominated
clearly the bacterial community, whereas the acetoclastic family of Methanosaetaceae was
dominant among the Archaea. On the other hand, the inhibited fermentation process (replete-
N OLR 4) was mainly predominated by the bacteria phyla Firmicutes and Thermotogae and

archaeal populations changed from acetotrophic to hydrogenotrophic methanogenesis with the
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species Methanoculleus sp. mainly replacing Methanosaeta sp. [5, Fig. 4, suppl. Fig. S5].
Similar observation could be made in other studies, suggesting that an unexpected shift of the
predominant phyla within the bacterial community or the replacement of certain species,
especially of the dominant Methanosaeta sp. by Methanoculleus sp., is to be interpreted as a
potential warning indicator of acidosis (Blume et al., 2010; Carballa et al., 2015; Goux et al.,
2015).

In summary, the data presented above clearly demonstrated the feasibility of using a
simple method (nitrogen limitation), in order to change microalgae physiology from
unfavorable towards optimal substrate for anaerobic fermentation. The fermentation of low-N
algae biomass was shown to be a very stable and highly efficient process, in contrast to
replete-N biomass. The method presented here, is in comparison to other attempts
(pretreatment efforts) an all in one solution for algae biomass fermentation, since the hurdle of
algae cell recalcitrance as well as the problem with the high protein content in the biomass is
terminated at once (without energy investments in pretreatment). The feasibility of the
continuous fermentations (of low protein biomass) changed towards stable and highly
efficient, instead of inoperable in the case of the control fermentation (high protein biomass).
Additionally, due to low protein content, significant amount of fertilizers can be saved,

thereby significantly reducing cultivation costs.
2. Economic aspects of biogas generation from nitrogen limited microalgae biomass

According to the achieved results in this PhD thesis, it can be stated that microalgae
biomass cultivated under nitrogen limited conditions [3, 5], represents in contrast to other
research accomplished under replete or undefined culturing conditions (Golueke et al., 1957;
Mahdy et al., 2015; Markou et al., 2013; Melbinger et al., 1971; Mendez et al., 2014; Ras et
al., 2011; Samson and Leduyt, 1986; Schwede et al., 2013b; Wirth et al., 2015) [2, 4, 5], a

very productive substrate for anaerobic digestion.

In order to evaluate the economic perspectivity and feasibility for this technology, the
knowledge obtained within this work will be combined with literature results, regarding
microalgae outdoor cultivation and compared to economics of biogas generation from
renewable plant material, as anestablished and economically applied/applicable technology.
For this purpose, the methane yield of so called “energy crops” will be compared with
methane productivity of microalgae biomass tested in this work. The methane productivity of
plant material always depends on biological and physical parameters of the substrate, whereby
lignin content (Givens and Deaville, 2001; Grabber et al., 2008; Grabber et al., 2009) and
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substrate particle size (Cone et al., 2008) represent the most important factors, often lowering
the degradability efficiency. This is also evident from the achieved methane yields (Table 2)
of different energy crops, for instance plant biomass like maize, grass and sunflower,
containing certain amounts of lignin (Demirbas, 2002; Saxena and Stotzky, 2001; Vogel,
2008) for structural stability are less efficient convertible into methane compared to plants
like sugar beet, fodder beet and wheat grain, which do not contain any significant amounts of
lignin (Beaugrand et al., 2004; Foster et al., 2001).

Table 2: Methane yields of commonly used energy crops, calculated based on literature values from (Weiland,
2010).

Usually used energy crops Methane yield
(mLy g™ VS)
Maize (Zea mays) 291 -338
Maize cob 350- 360
Grass (Poaceae) 286 -324
Sunflower (Helianthus) 231-297
Red clover (Trifolium pratense) 297 - 347
Sugar beet (Beta vulgaris) 387 - 408
Fodder beet (root vegetable from Beta vulgaris) 398 - 424
Wheat (Triticum ) 351-378
Wheat grain 371-398
Rye grain 297 - 413
Sorghum (Sorghum bicolor) 286 - 319
Triticale (Triticum x Secale) 319-335

For the yield maximization, drawbacks like high lignin content as well as substrate
particle size can be overcome by application of various pretreatment strategies, however
normally the energetic investment costs are higher than the return in additional methane
productivity (Herrmann and Rath, 2012). On the contrary, microalgae biomass does not suffer
from the drawbacks mentioned above, since the algal cells are typically unicellular and small
in size and mostly do not contain lignin (Barsanti and Gualtieri, 2014; Domozych et al.,
2007), therefore fermentation should yield in higher methane amounts. For instance, the
comparison of the methane productivity of the most frequently used substrates like maize
with 338 mLy CH, d* g VS and grass with 324 mLy CH4 d™ g™ VS (Table 2, (Weiland,
2010)) with the productivity achieved within this work for microalgae biomass (462 mLy CH4
d* g* VS) reveals a higher efficiency for microalgae biomass by 37 % and 43 % on the VS
basis than maize or grass, respectively [5]. Furthermore, the microalgae biomass is also by 13
% and 22 % more productive compared to lignin free substrates like sugar beet and wheat
with maximum reached productivities of 408 and 378 mLy d™ g VS, respectively (Table 2,

(Weiland, 2010). However this comparison is based on VS-basis, whereby the areal
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productivity (tons ha™ year™) of biomass can have a more significant effect for commercial
productivity and usability. For a more conservative comparison of the areal productivities of
plant substrates suitable for biogas generation and microalgae biomass, only maximal
productivities of plant material (Table 3) will be taken into account.

Table 3: Areal productivity of energy crops from different locations in Germany. (Data adopted from (Brauer-
Siebrecht et al., 2016)).

Energy crops Biomass productivity
(tons ha™ year™?)
Maize (Zea mays) 20-27
Sugar beet (Beta vulgaris) 11-23
Wheat grain 8-9

Maize has the highest areal productivity with up to 27 tons ha™ year® (Table 3) and may
therefore be the main crop grown for biogas production in Germany (Brauer-Siebrecht et al.,
2016). Sugar beet is less productive with maximal 23 tons ha’ year, whereas wheat is
performing worst of the tested plants and that is why it is not recommended by the authors for

biogas application (Brauer-Siebrecht et al., 2016).

The biomass of microalgae, based on the theoretical calculations, can reach areal
productivities of 263 tons ha™ y™* (Chisti, 2007; Huntley and Redalje, 2007) or even 280 tons
ha? y* ((Melis, 2009) assuming solar-to-biomass conversion efficiency of 8-10 %. However,
for a realistic economic evaluation only practically achieved productivities will be considered
(Table 4).

Table 4: Microalge areal biomass productivity in different cultivation systems.

Microalgae Biomass productivity Literature source

cultivation system (tons hat year?)
Raceway pond 91 Chisti, 2012; Mendoza et al. 2013; Wolf et al. 2016
Raceway pond (optimal weather) 182 Moheimani and Borowitzka, 2007; Weissmann et al. 1989
High-rate pond (mixotrophic, wastewater) 137 Fon Sing et al. 2014
Photobioreactor 150 Carlsson et al. 2007
Photobioreactor (tubular) 105 Wolf et al. 2016
Photobioreactor (flat panel) 112-149 Wolf et al. 2016

Alga cultivation, in contrast to agriculture plants is not restricted to arable land, but
this fact also means that culture vessels have to be installed (e.g. raceway ponds or photo-
bioreactors). Thus, cultivation systems can have different productivities, for instance, closed
photobioreactors are regarded to be more efficient due to more optimal light distribution and
contamination prevention, which was also confirmed by practical experiments with biomass

productivities up to 150 tons ha™® year” could be reached (Table 3, (Carlsson A.S. et al.,
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2007; Fon Sing et al., 2014; Wolf et al., 2016). On the other hand, this cultivation method is
also associated with higher acquisition costs compared to raceway pond cultivation systems
(Georgianna and Mayfield, 2012). Generally, production of microalgae biomass in raceway
ponds represents a less expensive and more established system, because it is used since 1966
for commercial production of algae biomass or high value products (Oren, 2005). The
productivity of this system seems to be somewhat lower by 91 tons ha™ year™ (Chisti, 2012;
Mendoza et al., 2013; Wolf et al., 2016), however under optimal weather conditions (in the
summer time) even more efficient values could be achieved (Moheimani and Borowitzka,
2007; Weissman et al., 1989) (Table 4). However, for the following calculations the more
conservative and practically evaluated raceway pond productivity of 91 tons ha™ year” was
considered.

Table 5: Comparison of areal methane productivities of energy crops and microalgae biomass. Microalgae

methane yields are given on VS basis (experimental data from this PhD thesis [5]), other experimental data
derived from (Brauer-Siebrecht et al., 2016; Weiland, 2010; Wolf et al., 2016).

Biomass Methane productivity

(my® ha™ year?)

Maize (Zea mays) 9126
Sugar beet (Beta vulgaris) 9386
Wheat grain 3578
Microalgae 42042

In order to estimate the areal methane productivity by anaerobic fermentation of energy crops
and microalgae biomass, experimentally proven biomass and methane yields were combined
(microalgae methane yield on VS basis, experimental data from this PhD thesis [5], other
experimental data from literature). The evaluation of the values shown in Table 5 clearly
demonstrates that the methane productivity from microalgae biomass is approximately 4.5
times higher than values from the best energy crop. However, although areal methane
productivity from microalgae is significantly higher, due to higher production costs associated
with algae biomass generation (Introduction, chapter 1.2), this may represent an obstacle for
economic use nowadays. Nevertheless microalgae are characterized by high diversity of by-
products (Introduction, chapter 1.3), which can be generated concomitantly to biomass

generation, and thereby improve significantly the total economics.
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IV. Perspective

Wide-ranging application of microalgae for fuel generation, mainly driven by social and
ecological motives (e.g. use of non-arable land and reduction of GHG emissions), depends in
first place on positive economics (Georgianna and Mayfield, 2012; Jones and Mayfield, 2012;
Stephens et al., 2010a). Highly efficient conversion of microalgae biomass to methane via
anaerobic digestion might provide a universal basis for widespread application of algae
biomass cultivation (Fig. 6).

Efficient microalgae growth is largely dependent on sufficient CO, availability as carbon
source, which can be supplemented from biogas-producing plant directly, thereby upgrading
the biogas (Ouyang et al., 2015) as well as from heat and power stations (exhaust gases), often
used for biogas to electricity conversion or other CO, emitting facilities (Kao et al., 2012;
Lindblom and Larsson, 2011). Since CO, emissions are restricted since 2005 in EU,
sequestration is financially provided (Ellerman and Buchner, 2007) and can significantly
improve the economical balance. Large part of nutrient requirements for biomass formation
can be recycled from the fermentation sludge, which theoretically contains appropriate
composition of macro- and micronutrients for generation of nitrogen-limited biomass (Larsen
et al., 1991). Additionally, wastewaters from wastewater treatment plants can be used for the
algae cultivation (Abou-Shanab et al., 2013; Bohutskyi et al., 2015; Cai et al., 2013; Chiu et
al., 2015; Gokulan, 2014; Sharma et al.), which would not only save costs for fertilizers but
also can be granted for water purification.

Natural ability of microalgae to secrete metabolites or proteins into the supernatant can
substantially increase productivity of such systems. For instance, hydrogen production is
regarded as promising CO, neutral renewable energy source, produced by microalgae under
sulfur starvation (Doebbe et al., 2007; Kruse and Hankamer, 2010; Melis, 2009) as well as
nitrogen deprivation (Philipps et al., 2012). Moreover, microalgae biomass naturally contains
large amounts of high value products, that can be also purified as part of a biorefinery concept
(Bux and Chisti, 2016; Georgianna and Mayfield, 2012; Murphy et al., 2015; Wijffels et al.,
2010), whereby residual biomass can be fermented to biogas (Fig. 6). The use of genetic
manipulation of microalgae might also be beneficial for product formation rates and
appropriate disposal of residual GMO biomass is ensured by AD, since algae cells and DNA

are completely disintegrated after fermentation [3, 5].

Furthermore, secretion of endo-R-1,4-glucanases for cellulose degradation [1] can be exploited

for mixotrophic cultivation with cellulose containing waste streams, whereby the risk of
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contamination (usually increased by mixotrophic cultivation) is minimized, since hydrolysis
of the cellulose polymer is resulting in cellobiose, cellotriose, cellotetraose and cellopentaose,
which is assimilated by algae cell and no glucose is present in the supernatant [1]. Genetic
modification can also lead to fundamental alleviation of the overall biorefinery process
efficiency, e.g. by using natural secretion mechanisms for proteins secretion into supernatant
[1], for highly variable customized protein production (Gimpel et al., 2015; Lauersen et al.,
2013; Rasala et al., 2012), whereby costs for extraction and purification from supernatant are
expected to be significantly reduced. Due to large dimensions of the cultivation facility
different classes of protein products can be targeted, e.g. catalytic enzymes chemical industry
(bulk product) can be produced in raceway ponds and proteins for medical treatment in closed
photobioreactor alongside, whereby cell biomass is always recycled via anaerobic digestion
and methane is generated.

protein
supernatant &

llet
pelle ‘ —— EC Cellulase

biomass

biogas

nutrient
recycling

car fuel
or
gas grid

methane

Figure 6: Perspective for future microalgae cultivation and fermentation concept. (CHP = combined heat and
power generator. GMO = genetic modified organisms. EC = extracellular)
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