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Abstract 
Olofsson, Martin (2015).  Microalgae -- future bioresource of the sea?  Linnaeus University 
Dissertations No 227/2015, ISBN: 978-91-87925-75-7. Written in English. 
 
Unicellular microalgae are a renewable bioresource that can meet the challenge for 
food and energy in a growing world population. Using sunlight, CO2, nutrients, 
and water, algal cells produce biomass in the form of sugars, proteins and oils, all 
of which carry commercial value as food, feed and bioenergy. Flue gas CO2 and 
wastewater nutrients are inexpensive sources of carbon and fertilizers. Microalgae 
can mitigate CO2 emissions and reduce nutrients from waste streams while 
producing valuable biomass.  

My focus was on some of the challenging aspects of cultivating microalgae as 
crop: the response of biomass production and quality to seasonality, nutrients and 
biological interactions. Approach spans from laboratory experiments to large-scale 
outdoor cultivation, using single microalgal strains and natural communities in 
southern (Portugal) and northern (Sweden) Europe. 
Half of the seasonal variation in algal oil content was due to changes in light and 
temperature in outdoor large-scale cultures of a commercial strain (Nannochloropsis 
oculata). Seasonal changes also influence algal oil composition with more neutral 
lipids stored in cells during high light and temperature. Nitrogen (N) stress usually 
enhances lipid storage but suppresses biomass production. Our manipulation 
showed that N stress produced more lipids while retaining biomass. Thus, 
projecting annual biomass and oil yields requires accounting for both seasonal 
changes and N stress to optimize lipid production in commercial applications. 
Baltic Sea microalgae proved to be a potential biological solution to reduce CO2 
emissions from cement flue gas with valuable biomass production. A multi-species 
cultivation approach rather than single-species revealed that natural or constructed 
communities of microalgae can produce equivalent biomass quality. Diverse 
communities of microalgae can offer resilience and stability due to more efficient 
resource utilization with less risk of contamination, less work and cost for culture 
maintenance.  
Stable algal biomass production (annual basis) was achieved in outdoor pilot-scale 
(1600 L) cultivation of Baltic Sea natural communities using cement flue gas as a 
CO2 source. Results indicate favorable algal oil content at northern European 
latitudes compared to southern European latitudes.  
My thesis establishes the potential of cultivating microalgae as a bioresource in 
Scandinavia, and using a community approach may be one step towards 
sustainable algal technology.  
 
Keywords: Microalgae, algal cultivation, bioresource, bioenergy, CO2 mitigation, 
multi-species community approach, seasonal variation 
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Sammanfattning 
Utmaningen att förse jordens växande befolkning med föda och energi på ett 
hållbart sätt är enorm. Encelliga mikroalger utgör en förnyelsebar bioresurs, 
vilken kan bidra till att vi lyckas i framtiden. Algceller använder solenergi, 
koldioxid, näring och vatten i fotosyntesen och producerar biomassa i form av 
socker, protein och fett. De här molekylerna har ett kommersiellt värde som 
föda och bioenergi. Koldioxid i rökgas och närsalter i avloppsvatten blir till 
hållbara kol- och näringskällor med positiva effekter på miljön och klimatet, 
samtidigt som värdefull biomassa produceras av algerna. 
    Jag har fokuserat på några av de utmaningar som finns med att odla 
mikroalger som biogröda; biomassaproduktion, biomassans kvalité och dess 
respons på olika säsonger, näringsförhållanden samt biologiska interaktioner i 
odlingssystemen. Tillvägagångssättet sträcker sig från laboratorieexperiment 
till storskalig odling utomhus med algstammar (strains) av monokulturer och 
naturliga eller konstruerade algsamhällen i södra (Portugal) och norra 
(Sverige) Europa. 
    Oljehalten i en kommersiell strain (Nannochloropsis oculata) varierade med 
säsong och hälften av denna säsongsvariation kunde förklaras med 
förändringar i ljus- och temperaturförhållanden. Förändringar i ljus och 
temperatur påverkar även sammansättningen av oljan i algerna. Opolära 
lipider (oljor) lagrades i högre grad i celler under höga temperaturer och 
ljusintensitet. Även begränsad tillgång till kväve (N) ökar normalt inlagringen 
av olja i cellerna men hämmar biomassaproduktionen. Vår manipulation av 
kvävetillförseln visade att N-stress producerade mer olja med bibehållen 
biomassaproduktion. För att optimera oljeproduktionen i kommersiella 
applikationer och vid uppskattningar av årlig produktion, behöver hänsyn tas 
till både säsongsvariation och N-stress. 
    Vi visade att mikroalger från Östersjön har potential, att genom en biologisk 
tillämpning, minska utsläpp av koldioxid i rökgas från cementindustrin. 
Naturliga eller konstruerade algsamhällen med hög biologisk mångfald, i 
kontrast till monokulturer, kan producera likvärdig kvalité av biomassa. 
Diversa samhällen kan erbjuda robusta odlingar, motståndskraftiga mot 
störningar med högre stabilitet som följd. De kan utnyttja resurserna i ett 
odlingssystem mer effektivt och därmed producera mer biomassa med mindre 
risk för kontaminering, jämfört med en monokultur, vilket innebär mindre 
underhållningsarbete och lägre kostnader. 
     Stabil produktion av biomassa uppnåddes på årlig basis utomhus i en 
pilotanläggning (1600 L) på Öland i sydöstra Sverige. Naturliga samhällen 
från Östersjön odlades med rökgas från en cementfabrik som koldioxidkälla. 
Resultaten indikerar att oljehalten i algbiomassan kan vara högre på nordliga 
breddgrader jämfört med södra. 
    Min avhandling demonstrerar potentialen att odla mikroalger som bioresurs 
i Skandinavien. Att använda samhällen av algarter med kompletterande 
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egenskaper i motsats till monokulturer skulle kunna vara ett steg mot hållbar 
kommersiell algteknologi. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

För att påminna mig själv om vad som är möjligt 
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 5 

Quick guide to the thesis 

In this PhD thesis I address some of the challenging aspects of the cultivation 
process within algal technology. 
 
Box 1. Quick presentation of microalgae and the focus of this PhD thesis. 
What are microalgae? Microscopic unicellular organisms (Fig 1) 

converting water, CO2 and nutrients (N and P) into 
sugar, proteins and oils through sunlight driven 
photosynthesis. 

Algal solutions  
What can algae do? 

Efficient assimilation of CO2 and nutrients for 
biological cleaning of waste streams (flue gas and 
sewage water).  
 
Rapid growth producing biomass and both bulk 
chemicals (sugar, proteins and foils) and fine high-
value compounds (e.g. fatty acids, peptides, 
polysaccharides, pigments) with a broad range of 
commercial applications. 
 

Traditionally, research about algal cultivation tends to stress the importance of 
technical and engineering aspects of cultivation systems and operations, 
molecular engineering and development of commercial single-species 
strategies. Instead I have focused on the understanding and demonstration of 
the following aspects in relation to algal biomass production and the biomass 
composition and quality in terms of bulk chemicals: 
 

• Seasonality effects (light, temperature) 
• Nutrient concentrations 
• Biological/ecological conditions (multi-species community 

approach)  
• Applicability of cement flue gas as CO2 source  
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Fig 1. A typical spring bloom community of microalgae dominated by diatoms and 
dinoflagellates. Some species form chains of cells linked together. Source: 
www.balticseaportal.net  
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7 

Introduction 

Growing world population (over 7 billion) (Worldometers 2015) and 
increasing energy demand create an enormous competition for the scarce 
resources of the planet. Fossil fuel combustion is responsible for 85 % of 
global energy consumption and for 80 % of greenhouse gas emissions (Center 
for Biological Diversity 2012). The rate of global CO2 emissions from fossil 
fuel and cement production increased by 2.7 % from 2003 to 2012 (Le Quéré 
et al. 2012). According to most scenarios, CO2 emissions will continue to 
increase over at least the next 20 years (Peters et al. 2013). Temperature 
matters. 
    The negative effects from excessive exploitation of fossil fuels on climate 
and ecosystems, together with diminishing natural resources, calls for 
renewable energy sources and sustainable production processes. The 
competition for food, water and energy is perhaps the greatest challenge in 
modern time. A combination of renewable and recycled materials for energy, 
fuels, food and feed together with new technology to meet the demands are 
required. Microalgae based production systems might well be a part of the 
solution towards a biobased circular economy. 
 

Microalgae 
Microalgae comprise a diverse group of organisms, both eukaryotes (protists) 
and prokaryotes (cyanobacteria). It is estimated that roughly 70 000 species of 
microalgae exist of which approximately 40 000 have been described, 30 000 
of these included into the online taxonomic database AlgaeBase and another 
30 000 species yet to be described (Guiry 2012). Microalgae can be found 
globally in marine, limnic and even terrestrial systems (Bold 1970). By the 
utilization of light energy in the process of photosynthesis, microalgae is 
capable of converting inorganic compounds, e.g. H2O, CO2, nitrogen (N) and 
phosphorus (P) to chemical energy-rich organic compounds such as 
carbohydrates (sugars), proteins and lipids (oils). CO2 is the primary 
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    During photosynthesis, inorganic carbon (CO2, HCO3
-) is reduced for 

production of organic carbon (sugars), which can be further allocated into 
carbohydrates, proteins and lipids (Hata et al. 2000). Yet, some microalgae 
can under certain conditions use organic carbon compounds for heterotrophic, 
mixotrophic and photoheterotrophic growth. I will mainly refer to 
photoautotrophic growth. Nutrients, mainly N and P are essential for building 
biomass. In algal cultivation systems, nutrients and CO2 need to be supplied 
to boost production. For sustainability, nutrients from wastewater and CO2 
from flue gas emitted from the industry may be used as nutrient and CO2 
sources for microalgae. Apart from boosting production, microalgae can 
remove nutrients and CO2 from waste streams and thereby serve as biological 
solutions in bioremediation stategies.  
    The theoretical maximum photosynthetic efficiency (MPE), defined as the 
ratio of chemical energy stored in biomass to the light energy, was calculated 
to 8-9 % (Bolton & Hall 1991; Wijffels 2008). Under low light conditions, 
MPE in that range was measured for several microalgae (Grenbaum 1988). 
However, for dense cultures at high light intensities photosynthetic efficiency 
(PE) rarely exceeds 1-4 % (Richmond 2004; Melis, 2009; Tredici 2010). 
Photosynthetic rate of microalgae increases linearly at low light intensities but 
the rate slows down at further increase and eventually saturates. The point of 
saturation is dependent on species and acclimation to environmental 
conditions, such as light and temperature (Gordillo et al. 2001; Grobbelaar & 
Kurano 2003). No further photosynthesis occurs at light intensities above 
saturation point, whilst increased light may lead to photoinhibition (Richmond 
2004). Designing PBRs is about efficient light utilization. When the culture 
grows dense, cells might shade each other and thereby cause photolimitation. 
Thus, appropriate mixing of culture is needed for efficient capturing of light. 
    Microalgae is considered to have higher photosynthetic efficiency and 
productivity of microalgae compared to land-grown crops (Chisti 2007; 
Dismukes et al. 2008; Schenk et al. 2008). Taking into acount 
photosaturation, photoinhibition, photoacclimation, and photolimitation in 
dense mass cultures, the actual photosynthetic efficency is not superior 
compared to land-grown crops (Tredici 2010). But all year round production 
in suitable climates may result in higher yields. Other advantages are no need 
of arable land and possibility to grow in saline/wastewater. 
    Above all, microalgae can accumulate high levels of intracellular lipids 
(10-80 % of dry weight), which makes them interesting as feedstock for 
biofuel and other commercial applications (Mata et al. 2010). Microalgae 
have been categorized based on lipid levels and the environmental factors and 
the growth conditions (light, temperature, salinity, CO2, pH, nutrients, growth 
phase etc.) that can influence the accumulation (e.g. Sukenik et al. 1989; 
Renaud et al. 1991; Thompson et al. 1992; Roncarati 2004; Fabregas et al. 
2004; Schwenk et al. 2013). Lipid content together with biomass productivity 
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determines the lipid productivity, which is identified as a key trait in algal 
biodiesel production (Griffiths & Harrison 2009). In most species of 
microalgae, nutrient deprivation or stress from light increase cellular storage 
of carbon rich compounds, such as lipids or carbohydrates (Hu et al. 2008; 
Bondioli et al. 2012; Olofsson et al. 2014). This ability to manipulate the 
biochemical composition in microalgal cells is an important advantage for 
commercial purposes (Dismukes et al. 2008; Tredici 2010). Thus, the 
potential lipid production from microalgae may be much higher than land-
grown crops (Rodolfi et al., 2009). Comparison of oil yield with other oil 
producing crops shows much higher potential for microalgae (Chisti 2007; 
Schenk et al. 2008; Brennan & Owende 2010; Mata et al. 2010; Singh & Gu 
2010). 
 

Productivity 
Some species of microalgae can double their cell density several times per 
day under optimal conditions, such as the freshwater green algae Chlorella 
sorokiniana (0.27 h-1) (Jansen et al. 1999) comparable to bacterial growth. 
Productivity is the standing biomass times the growth rate. The high 
maximum growth rates of several doublings per day reported in literature 
come from a diluted culture at low light intensities during a short time span of 
days (Tredici 2010). Claims of biomass yield and productivity based on 
small-scale experiments and short-term operations overestimate the potential 
of algal biomass production (Grobbelaar 2010). Extrapolated biomass yield of 
60-180 t ha-1 y-1 and oil yield of 50-140 tons ha-1 y-1 are common in the 
literature (Chisti 2007; Schenk et al. 2008; Brennan & Owende; Mata et al. 
2010; Moazami et al. 2012). Many of these claims have been deemed 
unrealistic (Rodolfi et al. 2009; Grobbelaar 2010; Tredici 2010). Long term 
data on annual basis is scarce but long term (1 y) biomass productivity was 
reported to range 5-20 g m-2 d-1 (Moheimani & Borowitzka 2006; Tredici 
2010; Quinn et al. 2012), which would correspond to 15-60 t ha-1 y-1 (300 
days), but still needs to be demonstrated at appropriate scale. Nonetheless, 
compared to other oil-producing crops microalgae have high potential. The 
highest oil producing crop is palm oil, nearly 6000 L Ha-1 y-1 (Darzins et al. 
2010) whilst estimates for microalgae range 3 500-140 000 L ha -1 y -1 by 
aforementioned authors. However, everything above 40 000 L ha -1 y -1 would 
be highly unlikely to achieve (Tredici 2010). 
 

Commercial applications 
Using the ability of microalgae to convert sunlight and waste CO2 and 
nutrients into biomass further processed to bioenergy was evaluated in the 
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aftermath of the 1970s oil crisis (Benemann 1997; Usui & Ikenouchi 1997; 
Sheehan et al. 1998). The high oil content and rapid growth rates (>1 
doublings day-1) have gained particularly widespread attention and microalgae 
are suggested as a source for liquid fuel production (Sheehan et al. 1998; 
Chisti 2007; Schenk et al. 2008 Brennan & Owende 2010; Mata et al. 2010). 
However, the potential applications for the use of algal biomass span over 
several areas such as bioenergy and biofuels along with high value products 
for food, feed and chemical industry processes (Sheehan et al. 1998; Becker 
2004; Grobbelaar 2010; Wijffels & Barbosa 2010). The approximate 
molecular formula of microalgal biomass would be CO0.48H1.83N0.11P0.01 
(Grobbelaar 2004; Chisti 2007). The dry matter of microalgae consists mainly 
of carbohydrates, proteins and lipids together with vitamins, minerals and 
other metabolites to less extent. More than fifteen thousand compounds from 
algae have been identified (Cardozo et al. 2007), many of them bioactive 
chemicals with commercial relevance, such as pigments, fatty acids, enzymes, 
polymers, peptides, toxins, sterols, polysaccharides (Pulz & Gross 2004; 
Spoalore et al. 2006; El-Baky & El-baroty 2013). Algae-based products 
presently form a niche market of high value products for nutra- and 
pharmaceutical industries and cosmetics (Becker  2004; Pulz & Gross 2004; 
Raja et al. 2008) as well as for livestock feed in aquaculture and in animal 
feed production (Borowitzka 1997; Brown et al. 1997), such as Omega-3 and 
Omega-6 oils . 
    Used in aquaculture for its high levels of nutritional fatty acids, microalgal 
products have also gained interest in human nutrition (Chini Zittelli et al. 
1999; Pulz & Gross 2004). Microalgal biomass could also serve as feedstock 
for manufacture of biopolymers for bioplastics and other chemical industries, 
although seen more as co-product in algal biofuels production (Benemann 
2009; Zabochnicka-Swiatek 2010). Microalgal protein was already in the 
1940-50s considered as a potential protein source for human consumption 
(Borowitzka 1999 and references therein; Tredici 2010). Microalgal products 
with high protein content are currently sold as dietary supplements but in 
recent years, proteins (same as carbohydrates) from microalgae are mainly 
regarded as a co-product in algal biofuels production to achieve economic 
feasibility (Wijffels & Barbosa 2010).  
    Striving for environmental and economic sustainability when 
commercializing algal technology and products, especially targeting biofuel 
or bioremediation, the entire biomass with all valuable components should be 
utilized by adopting a biorefinery concept (Yen et al. 2013). Successful 
implementation of an algal biorefinery process should involve several 
stakeholders and a collaboration among various industries, policy makers and 
academia together with cutting edge research. A schematic illustration of a 
circular algae-based production system is shown in Fig 3. 

922796 Martin Olofsson_inl.indd   18 2015-09-21   11:36



10 

determines the lipid productivity, which is identified as a key trait in algal 
biodiesel production (Griffiths & Harrison 2009). In most species of 
microalgae, nutrient deprivation or stress from light increase cellular storage 
of carbon rich compounds, such as lipids or carbohydrates (Hu et al. 2008; 
Bondioli et al. 2012; Olofsson et al. 2014). This ability to manipulate the 
biochemical composition in microalgal cells is an important advantage for 
commercial purposes (Dismukes et al. 2008; Tredici 2010). Thus, the 
potential lipid production from microalgae may be much higher than land-
grown crops (Rodolfi et al., 2009). Comparison of oil yield with other oil 
producing crops shows much higher potential for microalgae (Chisti 2007; 
Schenk et al. 2008; Brennan & Owende 2010; Mata et al. 2010; Singh & Gu 
2010). 
 

Productivity 
Some species of microalgae can double their cell density several times per 
day under optimal conditions, such as the freshwater green algae Chlorella 
sorokiniana (0.27 h-1) (Jansen et al. 1999) comparable to bacterial growth. 
Productivity is the standing biomass times the growth rate. The high 
maximum growth rates of several doublings per day reported in literature 
come from a diluted culture at low light intensities during a short time span of 
days (Tredici 2010). Claims of biomass yield and productivity based on 
small-scale experiments and short-term operations overestimate the potential 
of algal biomass production (Grobbelaar 2010). Extrapolated biomass yield of 
60-180 t ha-1 y-1 and oil yield of 50-140 tons ha-1 y-1 are common in the 
literature (Chisti 2007; Schenk et al. 2008; Brennan & Owende; Mata et al. 
2010; Moazami et al. 2012). Many of these claims have been deemed 
unrealistic (Rodolfi et al. 2009; Grobbelaar 2010; Tredici 2010). Long term 
data on annual basis is scarce but long term (1 y) biomass productivity was 
reported to range 5-20 g m-2 d-1 (Moheimani & Borowitzka 2006; Tredici 
2010; Quinn et al. 2012), which would correspond to 15-60 t ha-1 y-1 (300 
days), but still needs to be demonstrated at appropriate scale. Nonetheless, 
compared to other oil-producing crops microalgae have high potential. The 
highest oil producing crop is palm oil, nearly 6000 L Ha-1 y-1 (Darzins et al. 
2010) whilst estimates for microalgae range 3 500-140 000 L ha -1 y -1 by 
aforementioned authors. However, everything above 40 000 L ha -1 y -1 would 
be highly unlikely to achieve (Tredici 2010). 
 

Commercial applications 
Using the ability of microalgae to convert sunlight and waste CO2 and 
nutrients into biomass further processed to bioenergy was evaluated in the 

11 

aftermath of the 1970s oil crisis (Benemann 1997; Usui & Ikenouchi 1997; 
Sheehan et al. 1998). The high oil content and rapid growth rates (>1 
doublings day-1) have gained particularly widespread attention and microalgae 
are suggested as a source for liquid fuel production (Sheehan et al. 1998; 
Chisti 2007; Schenk et al. 2008 Brennan & Owende 2010; Mata et al. 2010). 
However, the potential applications for the use of algal biomass span over 
several areas such as bioenergy and biofuels along with high value products 
for food, feed and chemical industry processes (Sheehan et al. 1998; Becker 
2004; Grobbelaar 2010; Wijffels & Barbosa 2010). The approximate 
molecular formula of microalgal biomass would be CO0.48H1.83N0.11P0.01 
(Grobbelaar 2004; Chisti 2007). The dry matter of microalgae consists mainly 
of carbohydrates, proteins and lipids together with vitamins, minerals and 
other metabolites to less extent. More than fifteen thousand compounds from 
algae have been identified (Cardozo et al. 2007), many of them bioactive 
chemicals with commercial relevance, such as pigments, fatty acids, enzymes, 
polymers, peptides, toxins, sterols, polysaccharides (Pulz & Gross 2004; 
Spoalore et al. 2006; El-Baky & El-baroty 2013). Algae-based products 
presently form a niche market of high value products for nutra- and 
pharmaceutical industries and cosmetics (Becker  2004; Pulz & Gross 2004; 
Raja et al. 2008) as well as for livestock feed in aquaculture and in animal 
feed production (Borowitzka 1997; Brown et al. 1997), such as Omega-3 and 
Omega-6 oils . 
    Used in aquaculture for its high levels of nutritional fatty acids, microalgal 
products have also gained interest in human nutrition (Chini Zittelli et al. 
1999; Pulz & Gross 2004). Microalgal biomass could also serve as feedstock 
for manufacture of biopolymers for bioplastics and other chemical industries, 
although seen more as co-product in algal biofuels production (Benemann 
2009; Zabochnicka-Swiatek 2010). Microalgal protein was already in the 
1940-50s considered as a potential protein source for human consumption 
(Borowitzka 1999 and references therein; Tredici 2010). Microalgal products 
with high protein content are currently sold as dietary supplements but in 
recent years, proteins (same as carbohydrates) from microalgae are mainly 
regarded as a co-product in algal biofuels production to achieve economic 
feasibility (Wijffels & Barbosa 2010).  
    Striving for environmental and economic sustainability when 
commercializing algal technology and products, especially targeting biofuel 
or bioremediation, the entire biomass with all valuable components should be 
utilized by adopting a biorefinery concept (Yen et al. 2013). Successful 
implementation of an algal biorefinery process should involve several 
stakeholders and a collaboration among various industries, policy makers and 
academia together with cutting edge research. A schematic illustration of a 
circular algae-based production system is shown in Fig 3. 

922796 Martin Olofsson_inl.indd   19 2015-09-21   11:36



13 

2. Reduced loss of productivity by co-cultivating with other non-
photoautotrophic taxa, which may decrease susceptibility to grazers 
and other harmful contaminants. 

3.  Molecular engineering by co-dependence of different species with 
mutualistic interactions. 

4. Any new introduction to the culture assemblage should provide value 
for the total community production in order to create long-term 
stability of the culture.  

 
Single-species and multi-community approaches may be combined through 
crop rotation for further increase of resilience and stability (Smith & Crews 
2014).  
 

Bioenergy and biofuels from algae 
Microalgae produce biomass possible to convert into energy. Oil can be 
extracted from the biomass to produce biodiesel or renewable diesel through 
transesterification where triglycerides (TAGs) and alcohol, usually methanol 
or ethanol, form fatty acid methylester (FAME) or fatty acid ethyl ester 
(FAEE) (Chisti 2007). Analogously, renewable diesel, typically hydrotreated 
vegetable oil (HVO) and biomass-to-liquid (BTL) have somewhat divergent 
features when it comes to performance (Aatola et al. 2008; Sunde et al. 2011). 
Through fermentation process, starch and cellulosic compounds from algae 
(both macro- and microalgae) are suggested as substrate for a more 
sustainable alternative to biologically produced alcohols (ethanol, methanol, 
butanol, propanol, etc.) than land-based crops (Hirayama et al. 1998; Harun et 
al. 2010; Ullah et al. 2014). Biobutanol can be combusted in existing gasoline 
engines without modification and seems to have both high energy and 
stability potential (Ullah et al. 2014). The green revolution where microalgae-
derived biofuels were proclaimed to be able to replace fossil fuel 
transportation fuel (e.g. Chisti 2007; Schenk et al. 2008) is yet to come. 
Nevertheless, the technology to produce biodiesel from microalgal biomass is 
there but currently not economically competitive compared to petro-diesel or 
land based biodiesel and still with low net energy ratio (~1) (Ratledge & 
Cohen 2008; Lundquist et al. 2010; Tredici 2010; Fernandez et al. 2012).  
 

Bioremediation 
Waste can be considered a cost both as an environmental threat but also as an 
overlooked resource. By transforming waste into new commodities, 
microalgal product development creates added value for the industry sector 
and serves as a biological solution of mutual interest for industry people, 
environmentalists and policy makers.  
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    Assuming 50 % carbon content in dry microalgal biomass (Miron et al. 
2003; Chisti 2007), 1 g of biomass captures 1.8 g of CO2 (Doucha et al. 
2005). Microalgal cultivation adjacent to industrial output sources of flue gas 
could potentially reduce substantial amounts of CO2 emissions through 
photosynthesis but will require large areas (Benemann 1997; Fernandez et al. 
2012). Microalgae as a CO2 sink has been investigated by several researchers 
(e.g. Benemann 1993), but cannot be considered as a carbon capture storage 
(CCS) technique since CO2 will be released via combustion or degradation 
(Fernandez et al. 2012). Although not a method of storage, algal technology 
can prevent new CO2 release by substituting petro products with algal 
products (Fernandez et al. 2012).  
    Algae-bacteria consortia in secondary wastewater treatment ponds can be 
an energy- and cost efficient means for removing biochemical oxygen 
demand, nutrients and other pollutants in sewage water compared to pure 
mechanical and chemical systems (Oswald et al. 1953; Oswald et al. 1957; 
Green et al. 1995; 1996). Methane production through anaerobic digestion of 
algal biomass could assist in sustainability of the wastewater treatment 
process (Golueke et al. 1957; Lundquist et al. 2010). Microalgae can serve as 
biofiltration or biosorption agents for removal of Heavy metals and other 
toxic pollutants in wastewater (Qari & Hassan 2014), which possibly also 
could apply for compounds in flue gas. Moreover, algae-bacteria consortia 
using a natural community approach with lake water proved to be efficient for 
nutrient removal from wastewater (Krustok et al. 2015). Coupling 
bioremediation with algal product development improves sustainability of 
process, but could limit the application of the produced biomass, which may 
present with unwanted compounds. 

Bottlenecks 
Site selection – current land use, geology and topology, climate, distance to or 
availability of input resources determine the location of a cultivation system 
(Maxwell et al. 1985). Algal cultivation also needs areal space so both 
location and available land may be limiting factors.  
    A single-species approach to cultivation can be a major bottleneck. 
Keeping a stable production without interruptions from invasive species 
(protozoa, unwanted microalgae, bacteria, viruses, fungi) reducing biomass is 
a vast concern (Mata et al. 2010). A multi-species approach in contrast to a 
single-species approach could potentially be more appropriate (Kazamia et al. 
2012).  
   Life cycle assessment (LCA) and the more specified Life Cycle Cost 
Assessment (LCCA) and Social Life Cycle Assessment (SLCA) of any 
production process are necessary tools to evaluate energy and carbon balance, 
environmental impact, production cost, and impact on society to determine 
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the feasibility and to attain sustainability. For algal biofuel (yet no existing 
production process), attempts are made to model the feasibility of the process 
based on certain assumptions (e.g. Lardon et al. 2009; Clarens et al. 2010; 
Jorquera et al. 2010; Campbell et al. 2011; Yang et al. 2011; Beal et al. 2012). 
Results of different LCAs are sometimes contrasting since different 
assumptions and models are used and seldom apply a full cradle to grave 
approach. However, two common features from most reported LCAs or 
techno-economical analyses are the low net energy ratio (~1) and the lack of 
economical viability (two variables strongly interconnected). Several of the 
above mentioned authors emphasize that the LCA of a potential production 
process is not set in stone but should serve to reveal the current situation and 
identify bottlenecks for future research. Although raceway ponds may have 
lower productivity, the net energy ratio is usually higher (>1) compared to 
closed PBRs (<1), mainly due to much higher energy requirements for 
circulation and mixing of culture (Slade & Bauen 2013). Commercialization 
of algal technology comes with multiple challenges in several steps of a 
production process, everything from upstream processes (i.e. capital costs, 
nutrient and CO2 inputs) through the cultivation (i.e. energy consuming 
operational costs, biological culture processes) to downstream processes (i.e. 
harvesting, dewatering, extraction and production refinement). If utilization of 
waste streams/flue gas is not included in the process, nutrient fertilization and 
CO2 demand are energetically costly with CO2 alone accounting for 40 % of 
the total energy consumption (Clarens et al. 2010). Mixing of culture is 
essential to maintain high production in the cultivation system but can 
comprise 50 % of the energy consumption for the cultivation process (Tredici 
2010). Downstream processes such as harvesting, extraction and separation of 
substances are regarded as major bottlenecks associated with vast energy 
requirements and substantial cost. Harvesting and dewatering could be 20-30 
% of the production cost (Gudin & Thepenier 1986). Lardon et al. (2009) 
argued that oil extraction in algal biodiesel production could account for up to 
90 % of the energy requirements.  
 

The key to sustainability 
The basics should be sorting out the upstream technology of low energy 
nutrients and CO2 supply from recycled and/or renewable sources (Clarens et 
al. 2009). Inexpensive nutrient (wastewater), CO2 (flue gas) and water (e.g. 
seawater/process water) sources could reduce cost of cultivation by more than 
50 % (Slade & Bauen 2013). In addition, the use of drinking water can 
therefore be kept at a minimum. As algal cultivation does not require arable 
land, marginal and non-fertile land can be exploited instead, which is 
beneficial considering the vast land areas that are needed for significant 
mitigation of CO2 emissions and biofuel production (Benemann 1997; 

922796 Martin Olofsson_inl.indd   22 2015-09-21   11:36



14 

    Assuming 50 % carbon content in dry microalgal biomass (Miron et al. 
2003; Chisti 2007), 1 g of biomass captures 1.8 g of CO2 (Doucha et al. 
2005). Microalgal cultivation adjacent to industrial output sources of flue gas 
could potentially reduce substantial amounts of CO2 emissions through 
photosynthesis but will require large areas (Benemann 1997; Fernandez et al. 
2012). Microalgae as a CO2 sink has been investigated by several researchers 
(e.g. Benemann 1993), but cannot be considered as a carbon capture storage 
(CCS) technique since CO2 will be released via combustion or degradation 
(Fernandez et al. 2012). Although not a method of storage, algal technology 
can prevent new CO2 release by substituting petro products with algal 
products (Fernandez et al. 2012).  
    Algae-bacteria consortia in secondary wastewater treatment ponds can be 
an energy- and cost efficient means for removing biochemical oxygen 
demand, nutrients and other pollutants in sewage water compared to pure 
mechanical and chemical systems (Oswald et al. 1953; Oswald et al. 1957; 
Green et al. 1995; 1996). Methane production through anaerobic digestion of 
algal biomass could assist in sustainability of the wastewater treatment 
process (Golueke et al. 1957; Lundquist et al. 2010). Microalgae can serve as 
biofiltration or biosorption agents for removal of Heavy metals and other 
toxic pollutants in wastewater (Qari & Hassan 2014), which possibly also 
could apply for compounds in flue gas. Moreover, algae-bacteria consortia 
using a natural community approach with lake water proved to be efficient for 
nutrient removal from wastewater (Krustok et al. 2015). Coupling 
bioremediation with algal product development improves sustainability of 
process, but could limit the application of the produced biomass, which may 
present with unwanted compounds. 

Bottlenecks 
Site selection – current land use, geology and topology, climate, distance to or 
availability of input resources determine the location of a cultivation system 
(Maxwell et al. 1985). Algal cultivation also needs areal space so both 
location and available land may be limiting factors.  
    A single-species approach to cultivation can be a major bottleneck. 
Keeping a stable production without interruptions from invasive species 
(protozoa, unwanted microalgae, bacteria, viruses, fungi) reducing biomass is 
a vast concern (Mata et al. 2010). A multi-species approach in contrast to a 
single-species approach could potentially be more appropriate (Kazamia et al. 
2012).  
   Life cycle assessment (LCA) and the more specified Life Cycle Cost 
Assessment (LCCA) and Social Life Cycle Assessment (SLCA) of any 
production process are necessary tools to evaluate energy and carbon balance, 
environmental impact, production cost, and impact on society to determine 

15 

the feasibility and to attain sustainability. For algal biofuel (yet no existing 
production process), attempts are made to model the feasibility of the process 
based on certain assumptions (e.g. Lardon et al. 2009; Clarens et al. 2010; 
Jorquera et al. 2010; Campbell et al. 2011; Yang et al. 2011; Beal et al. 2012). 
Results of different LCAs are sometimes contrasting since different 
assumptions and models are used and seldom apply a full cradle to grave 
approach. However, two common features from most reported LCAs or 
techno-economical analyses are the low net energy ratio (~1) and the lack of 
economical viability (two variables strongly interconnected). Several of the 
above mentioned authors emphasize that the LCA of a potential production 
process is not set in stone but should serve to reveal the current situation and 
identify bottlenecks for future research. Although raceway ponds may have 
lower productivity, the net energy ratio is usually higher (>1) compared to 
closed PBRs (<1), mainly due to much higher energy requirements for 
circulation and mixing of culture (Slade & Bauen 2013). Commercialization 
of algal technology comes with multiple challenges in several steps of a 
production process, everything from upstream processes (i.e. capital costs, 
nutrient and CO2 inputs) through the cultivation (i.e. energy consuming 
operational costs, biological culture processes) to downstream processes (i.e. 
harvesting, dewatering, extraction and production refinement). If utilization of 
waste streams/flue gas is not included in the process, nutrient fertilization and 
CO2 demand are energetically costly with CO2 alone accounting for 40 % of 
the total energy consumption (Clarens et al. 2010). Mixing of culture is 
essential to maintain high production in the cultivation system but can 
comprise 50 % of the energy consumption for the cultivation process (Tredici 
2010). Downstream processes such as harvesting, extraction and separation of 
substances are regarded as major bottlenecks associated with vast energy 
requirements and substantial cost. Harvesting and dewatering could be 20-30 
% of the production cost (Gudin & Thepenier 1986). Lardon et al. (2009) 
argued that oil extraction in algal biodiesel production could account for up to 
90 % of the energy requirements.  
 

The key to sustainability 
The basics should be sorting out the upstream technology of low energy 
nutrients and CO2 supply from recycled and/or renewable sources (Clarens et 
al. 2009). Inexpensive nutrient (wastewater), CO2 (flue gas) and water (e.g. 
seawater/process water) sources could reduce cost of cultivation by more than 
50 % (Slade & Bauen 2013). In addition, the use of drinking water can 
therefore be kept at a minimum. As algal cultivation does not require arable 
land, marginal and non-fertile land can be exploited instead, which is 
beneficial considering the vast land areas that are needed for significant 
mitigation of CO2 emissions and biofuel production (Benemann 1997; 

922796 Martin Olofsson_inl.indd   23 2015-09-21   11:36



16 

Pienkos & Darzins 2009). Nonetheless, available land may be limiting but 70 
% of the earth’s surface is covered with water. The prospect of growing algae 
in PBRs located and integrated into the sea or other waterways should be 
considered, similar to other aquaculture disciplines. 
    Microalgal cultivation systems are biological systems that need to be 
treated as such by adapting the inherent mechanisms in such a system instead 
of trying to suppress and fight these mechanisms. Firstly: today only 50 
microalgal strains are used within most of algal research (Hu et al. 2008). 
Considering the wealth of diversity that microalgae offer, there might be 
several more interesting candidates to be discovered. Thus, screening for algal 
strains suitable for mass cultivation and production of biomass/bioproducts is 
imperative for algal R&D. Secondly: cultivating microalgae using diverse 
multi-species communities discussed in section 3.1.1 (Commercial single 
strains vs natural/multi-species communities) can potentially be the way 
forward. However, the advantage and practical applicability of the multi-
species approach in commercial scale systems need to be demonstrated and 
proven and will be an existing line of research in the coming years. 
    The improvement of downstream processes is very much dependent on 
technological breakthroughs but the biorefinery concept needs to be 
developed further. A full utilization of co-products (especially for biofuels 
and bioremediation targets) seems to be necessary for sustainability (Mata et 
al. 2010; Brennan & Owende 2010; Wijffels & Barbosa 2010). Nevertheless, 
separation of fine chemicals when bulk chemicals are the target will saturate 
the market for many products considering the scale needed for e.g. biofuels 
and feed manufacture (Lundquist et al. 2010). Consequently, the true 
economic benefits of high value products in for instance, algal biofuel 
production needs to be thoroughly evaluated.  

17 

Aims of the thesis 

Naturally, outdoor algal farming needs to account for seasonality when it 
comes to biomass production but more importantly, and rarely investigated, 
also the variation of bulk chemicals (lipids, proteins and carbohydrates), since 
the biochemical composition may be manipulated. Lipid content and quality 
can potentially vary with environmental factors, such as light and temperature 
but can also change with different nutrient stressors. Therefore, attempts were 
made in the thesis (Papers I and II) to understand and demonstrate firstly: the 
seasonal variation in lipid content of microalgae, and secondly: the combined 
impacts of seasonal changes and imposed nitrogen (N) stress to boost lipid 
production. In the pursuit towards sustainability, fundamental ecological 
principles coupled with utilization of flue gas as inexpensive carbon source 
were investigated (Papers III and IV). The focus was first to determine the 
cement flue gas as appropriate CO2 source for microalgae and second to 
compare growth performances, biomass quality, and production stability 
among monocultures and natural or constructed multi-species communities of 
microalgae. Constructed algal communities typical for spring, summer and 
autumn conditions in the Baltic Sea reflected seasonality patterns (Paper IV). 
Stability, resilience and suitability of microalgal communities for algal 
cultivation and algae-based product development were evaluated. These 
efforts can have implications on bridging the gap between lab/pilot scale 
cultivation and developing sustainable commercial production systems.  

Specific aims 
1 – To test the effects of environmental factors such as light and 
temperature on the seasonal variation of lipid content and profiles in 
outdoor cultures of a commercial microalgal strain in rrelation to 
light and temperature (Paper I).  
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2 – To investigate the combined effects of seasonal changes and 
nitrogen stress on the lipid production of a commercial strain (Paper 
II). 
 
3 – To test cement flue gas as CO2 source for Baltic Sea microalgae 
and potential toxicity (Paper III).  
 
4 – To compare the performance of single-species cultures and multi- 
species communities of microalgae using flue gas as a CO2 source 
(Paper III).  
 
5 – To test and compare biomass quality, production, stability and 
resilience of constructed microalgal communities fed cement flue gas 
(Paper IV). 
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Box 2. Research collaborations carried out within the thesis with subsequent paper output. 
Academia-industry collaborations have generated Papers I-IV in the thesis.  
                       is an umbrella project fusing ecology and industry together for 
sustainable applications using microalgae within a triple helix consortium of 
industry-academia-authorities. 
 
Neste Corporation (Finland) produces various fuel types and 
lubricants from both crude oil and renewable sources. Neste is 
the world's largest supplier of renewable diesel. 
www.neste.com  
 

Co-
Funding 
Papers I-II 

Necton S.A (Portugal) consists of two business sectors: sea salt 
manufacture and microalgal cultivation, process and 
production, together with R&D technology. www.necton.pt, 
www.phytobloom.com   
 

Research 
partner 
Papers I-II 

                       Degerhamn - An ongoing academia-industry collaboration 
consisting of Linnæus University, Kalmar, Sweden and the companies 
CementaHeidelberg AB, Degerhamn, Sweden, and SMA Mineral AB, 
Filipstad, Sweden, currently evaluates the possibility of cleaning cement flue 
gas using microalgal production. www.lnu.se/ALGOLAND  
 
HeidelbergCement, Cementa AB Degerhamn (Sweden) 
Cementa AB Degerhamn is a cement factory on Öland, 
southeast Sweden, within Cementa AB Sweden belonging to 
the multi-national corporation HeidelbergCement Group. The 
core activities of HeidelbergCement are the production and 
distribution of cement and aggregates complemented by further 
downstream technology into concrete and asphalt activities. 
www.cementa.se   
 

Co-
Funding 
Papers III-
IV 

SMA Mineral AB, Filipstad (Sweden) produces and handles 
lime, dolime, and crushed and milled products from carbonate 
stone. Examples of application areas are steel- and paper 
manufacture, building industry, and envionmental technique 
such as water purification and flue gas cleaning. 
www.smamineral.se  
 

Co-
Funding 
Papers III-
IV 

Regional Council, Kalmar county (Sweden) is a politically 
controlled organization working for growth and development in 
the region. 12 municipalities act together to provide networks, 
coordination and financial support for public actors, trade and 
industry, non-profit organizations, and residents. 

Co-
Funding 
Papers III-
IV 
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Methodology 

Model systems 
Outdoor flat panel flow-through PBRs (1345 L) (Fig 2a) located at Necton 
facilities in Olhão, southern Portugal, were used as model systems to study 
biomass and lipid variation by both seasons and nutrient stress factors in 
microalgae (Papers I and II). Ground seawater (salinity 35) enriched with 
NutriBloom growth medium (Necton original recipe) was used for cultivation 
of the commercial microalgal strain Nannochloropsis oculata constantly 
circulating through the panels. CO2 was injected daytime at pH setpoint 8.5. 
Sprinkled water cooled the panels when culture temperature reached 25 °C. 
Cultures were grown in batch mode until the biomass reached approximately 
1 g L-1 of dry weight (DW) when shifting to semi-continuous mode by 
harvesting and replenishing 15-20 % of the culture volume twice weekly.  
Cultures were run in semi-continuous mode for 4-6 weeks as samples were 
collected at 20 occasions during commercial production 2007-2009 (Paper I). 
For Paper II, the same cultivation system was used. After batch mode (1.5-2 
g L-1 DW) nitrogen stress was induced by a daily dilution regime (5-9 days) 
replenishing 15-30 % of the culture volume with full NutriBloom strength 
N:P 20 (control) or N limited medium N:P 5 (autumn 2008, spring 2009) or 
N:P 2.5 (spring 2009).  
    Indoor bubble column cylinders (Paper III) were used to compare 
performance of monocultures with natural communities (Paper III), and then 
the stability of multi-species communities of microalgae under additions of 
flue gas (Paper IV). Cement flue gas (12-15 % CO2) or CO2 (13.5 %) was 
injected into the cultures by daily pulses (Papers III and Paper IV). The two 
indoor systems were operated at 15-16 °C, 300-500 µmol photons s-1m-2 and 
16:8 h light:dark cycle. 
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Model species 
The marine eustigmatophyte N. oculata (Necton commercial strain) is a 
robust and stable algal strain used by the company Necton S.A., Olhão, 
Portugal in aquaculture for larval feeding in fish farming. The genus 
Nannochloropsis has a high lipid content and contains essential fatty acids for 
larval development, such as eicosapentaenoic acid, EPA (omega-3) (Renaud 
et al. 1991), but the cells have the ability to change the lipid content in 
response to environmental conditions (Sukenik et al. 1989; Rodolfi et al. 
2009). Hence, N. oculata is suitable for studying microalgal lipid dynamics 
(Papers I and II).  
    The chlorophyte Tetraselmis sp. (KAC 21) isolated from the Baltic Sea was 
used to evaluate the toxic effects of cement flue gas on biomass production 
and total lipids (Paper III). A natural community (NC) of microalgae 
(dominated by spring bloom diatoms), collected during the PRODIVERSA 
cruise 2013 in the SW Baltic Sea (station 8, 18 April, N 56°25.590, E 
17°33.342) was used in comparison to the monoculture Skeletonema marinoi 
(SMTV-1), a highly productive Baltic Sea diatom (Paper III). A NC during 
summer bloom was collected at the Linnæus Microbial Observatory (LMO) 
NE of the coast of Öland, Sweden (N 56°55.851, E 17°03.640) (Paper IV). 
The NC in Paper IV was used as a base to construct three communities by 
adding three different species for each constructed community (Table 1). The 
communities were cultivated in filtered (0.2µm) Baltic seawater (salinity 7) 
supplied with Guillard’s f/2 medium (Guillard 1975).  
 
Table 1. Composition of the three constructed microalgal communities used in Paper IV. 
The Green community contains green algae and a eustigmatophyte. The Cyano community 
contains filamentous cyanobacteria. 
 
Constructed 

communities 
Diatom Green Cyano 

Natural microalgal community sampled at Linnæus Microbial Observatory 
Strains Skeletonema marinoi 

(SMTV1)1 
Dunaliella 
tertiolecta 
(CCMP1302) 

Aphanizomenon sp. 
(KAC15) 3 

 Chaetoceros 
wighamii 
(CWTVC1) 1 

Tetraselmis sp. 
(KAC21) 3 

Nodularia 
spumigena (KAC7) 3 

 Phaeodactylum 
tricornutum 
(CCMP2928)2 

Nannochloropsis 
oculata 
(commercial strain)4 

Anabaena 
lemmermannii 
(KAC16) 3 

Origin of the strains: 1Finnish Environmental Institute, 2 National Center for Marine Algae 
and Microbiota, 3 Kalmar Algal Collection, 4 Necton S.A. 
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Analytical procedures 
Growth and biomass production 
Growth and biomass production were determined using Optical density (OD), 
chlorophyll a (Chla), dry weight (DW) and cell density. OD was measured at 
540 nm in the spectrophotometer (Paper II). Chla was determined by 
fluorometric analysis of filtered culture suspension extracted in ethanol 
according to Jespersen & Christoffersen (1987) (Papers III and IV). DW was 
determined by filtering culture suspension onto glass fiber filters and dried 
until constant weight and biomass productivity calculated subtracting DW 
from consecutive values (Papers II-IV). Cell density was counted in an 
inverted microscope using sedimentation chambers (Utermöhl 1958). Growth 
rates were determined by a linear function of logarithmic values of the 
steepest slope during exponential growth based on either cell density or Chla 
values (Papers III and IV). Biovolume was calculated using microscopic 
observations and according to Olenina et al. (2006) (Papers III and IV).  
 

Biomass composition 
Total lipids (TL) were analyzed with different gravimetrical methods. In 
Paper I, TL was determined according to Folch et al. (1957) and in Papers 
II-IV by a modified Bligh & Dyer (1959) method. Fatty acid (FA) profiles 
were analyzed using gas chromatography (GC) and glycerides were 
determined with gel permeation chromatography (GPC) (Papers I and II). 
Total protein (TP) concentration was obtained from a colorimetric method by 
comparison of prepared algal samples to a standard curve of bovine serum 
albumin (BSA) measured in in a spectrophotometer according to Lowry et al. 
(1951) (Papers II-IV). Similarly, for Papers III and IV, algal samples 
prepared according to Dubois et al. (1956) were measured in a 
spectrophotometer and compared to a standard curve of glucose to calculate 
total carbohydrates (TC). 

23 

Results and discussion 

Changes in light and temperature alter the lipid 
content and composition in outdoor cultures of 
microalgae (Paper I) 
Seasonal variation influences many biological systems and outdoor 
cultivation of microalgae is no exception. Light limits growth for 
photosynthetic organisms, and temperature affects both growth and other 
metabolic processes. In outdoor cultures of N. oculata, 50 % of the variation 
in TL could be explained by the changes in light and temperature (Fig 4). 
Concurrent with previous reports, high light intensities and high temperature 
(i.e. summer conditions) accumulated more cellular lipids in microalgae 
compared to lower light and temperature (i.e. winter conditions) (Sukenik et 
al. 1989; Renaud et al. 1991). However, a peak in lipid content occurred in 
September-October when both light and temperature started to decline, 
coinciding with a relative increase in both total glycerides, mainly di- and 
triglycerides (DAGs and TAGs), and monounsaturated fatty acids (MUFAs), 
predominantly C16:1 FA. Similar to Chini Zittelli et al. (1999), diurnal 
temperature variations combined with still relatively high irradiance in 
autumn possibly resulted in increased lipid content. Glycerides are energy 
reserves but also function as protective agents (electron sinks) due to photo-
oxidative stress of reactive oxygen species (ROS) (Hu et al. 2008). In 
summer, when radiation is highest, glycerides are likely oxidized by ROS, 
preventing accumulation of DAGs and TAGs. When photoinhibition is 
alleviated in autumn, glycerides containing the monounsaturated C16:1 FA 
possibly started to accumulate leading to increased TL. Annual predictions of 
algal oil yield within biofuels R&D need to account not only for the seasonal 
variation in biomass production but also for the cellular responses of lipid 
synthesis in relation to seasonal changes (long- and short term).  
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Biomass composition 
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Results and discussion 
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sources of nutrients and CO2, such as wastewater (municipal, agricultural, 
industrial) and CO2-rich flue gas (industrial). Combining bioremediation of 
waste/exhaust streams with algal biomass production has the possibility to 
achieve this. Cultivation of microalgae is proposed as a cost-effective and 
environmentally friendly approach to mitigate CO2 emissions from flue gas 
(Benemann et al. 1977; Douskova et al. 2009). Coupling ecological principles 
of niche differentiation and complementary effects with microalgal cultivation 
may increase production and stability in such systems (Smith et al. 2010; 
Stockenreiter et al. 2102). The typical focus on single-species cultures with 
specific characteristics (e.g. biomass production, bulk or fine chemicals) in 
algal cultivation creates an environment susceptible to invasion of 
competitors, grazers and pathogens, which can lead to substantial loss of 
biomass (Georgianna & Mayfield 2012; Wang et al. 2013). The goal for 
industry-scale cultivation would instead be to create a stable ecosystem that 
can cope with issues of contamination, changes in environmental factors and 
inflicted growth conditions (light, temperature, pH, CO2) (Kazamia et al. 
2013).  
    Can Baltic Sea microalgae grow in cement flue gas (FG)? Experiments of 
documented monocultures, natural communities (NC) (Paper III) and 
constructed communities fed flue gas (12-15 % CO2) and industrial grade air-
CO2 mixture (13.5 % CO2) were performed (Paper IV). The green algae 
Tetraselmis sp., the diatom S. marinoi and a NC community of microalgae 
were able to grow in cement FG (12-15 % CO2). Tetraselmis sp. fed flue gas 
had higher biomass productivity compared to air-fed control cultures (Paper 
III). Performances of both monocultures and NC were similar irrespective of 
CO2 source (Paper III). Furthermore, constructed communities (Table 1), 
reflecting seasonal dynamics in the Baltic Sea, revealed the same trend with 
no differences in productivity between flue gas and CO2 treatments (Paper 
IV).  
    How is production stability influenced by a multi-species community 
approach? 
    Differences in growth rate were evident during batch growth with diatoms, 
both mono cultures and constructed communities, having higher growth rate 
than the other tested cultures and naturally a higher theoretical production 
potential (Paper III and IV). Natural communities performed similarly or 
better in terms of production than monocultures (Paper III). However, at 
large scale cultivation a semi-continuous harvesting regime is ususally applied 
to “milk” the culture at high biomass yield to reach a semi-steady state. The 
tested constructed communities (Diatom, Green, cyano) were all capable of 
performing in semi-steady state conditions with Green and Cyano showing 
higher temporal production stability compared to Diatom (Fig 6, Paper IV). 
Filamentous cyanobacteria were outcompeted at an early stage and diatoms 
during semi-steady state as green algae and mixotrophic Euglenoids (recruited 
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from NC) became the most abundant groups in all communities. Though 
diatoms were still present in all communities. Using a community approach to 
algal cultivation, a diatom dominated community in spring will produce 
biomass at a high rate and then likely succeeded by a more stable community 
consisting of green algae and flagellates (Euglenoids, cryptophytes, 
haptophytes), co-existing with minor diatom contribution. The ideal mix of 
different algal groups or species may be determined by using algal groups 
with complementary traits adapted to local environmental conditions 
(Stockenreiter et al. 2013; Nalley et al. 2014). Alternatively, the required 
function (biomass and/or specific target molecules) could be in focus to create 
a selective cultivation system where communities are shaped due to 
competition and selection pressure with maintained function, as suggested by 
Mooij et al. 2013.  
    Will flue gas as CO2 source influence the biomass quality of algal biomass 
in terms of lipids, proteins and carbohydrates? 
    Comparable biomass quality was obtained for tested monocultures, NC and 
constructed communities irrespective of carbon source (flue gas and CO2) as 
evident in Papers III and IV (Fig 7). Similar biomass composition profiles 
were observed for the NC and the monoculture apart from carbohydrates as S. 
marinoi accumulated more thereof (Fig 7, Paper III).  
 

 
Fig 6. Regression over time (Days) of daily biomass productivity for constructed 
communities of diatoms (Diatom), green algae (Green) and cyanobacteria (Cyano) during 
semi-steady state. Regression line with upper band of 95 % CI, (n = 3). Modified from Fig 
3 in Paper IV. 
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Biomass quality was equivalent among constructed communities and 
treatments. However, Cyano community composition changed the most from 
batch to semi-steady state with increased lipid levels and thus generating a 
different biomass composition profile with higher lipid content compared to 
other communities (Fig 7, Paper IV). 
    Paper III reveals the prospect of using locally adapted (Baltic Sea) 
microalgae present in natural assemblages for stable and sustainable algal 
mass cultivation coupled to biological solutions (CO2 mitigation) to transform 
waste into renewable resources. Paper IV suggests that a community 
approach using locally adapted microalgal groups with complementary traits 
can be a sustainable strategy for future large-scale cultivation. 

Scaling up – towards stable and sustainable algal 
solutions  
The industry-academia collaboration ALGOLAND evaluates the feasibility of 
sustainable CO2 removal from cement flue gas using a multi-species 
community approach. In the process of scaling up from laboratory to outdoor 
cultivation, a pilot-scale cultivation system was installed at the Cementa AB 
facility in Degerhamn, Öland, Sweden, in June 2014 utilizing the cement flue 
gas on-site as CO2 source. The PBR operating in Degerhamn is a Green Wall 
panel (GWP) from Fotosintetica & Microbiologica S.r.l., Florence, Italy 
(WO2011/013104). The GWP consists of four LDPE cultivation chambers à 
12 m in steel structure with a total culture volume of approximately 1600 L 
covering a land area of 50 m2 including piping system and electromechanical 
equipment (Fig 8). The system has been in operation since 14 June 2014 with 
a pause in winter.  
    Results from the first season showed stable biomass production ranging 0.5-
20 g DW m-2 d-1 with an average of 5 g m-2 d-1. This would correspond to 12-
15 tons ha-1 y-1 depending on growth season length (250-300 days) and in 
agreement with literature (e.g. Tredici 2010). The algal community was 
heavily dominated by small spherical cells (2-4 µm) of an unidentified green 
algal species. Biomass composition varied slightly over the growth season, 
with co-varying lipids (24-40 % DW) and proteins (12-40 % DW) 
concentrations towards the autumn. Of the added flue gas (pipeline from the 
flue stack) containing 12-15 % CO2, 5-30 %, CO2 was captured in the algal 
biomass (assuming a 50 % carbon content in the biomass). Future element 
analysis of the algal biomass will verify these preliminary data. Regarding 
biomass quality in terms of dioxins and metals, concentrations are well below 
the EU allowed levels for feed and fertilizers (EFSA 2009; 2012).   
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Algal Production and lipid content – north vs. 
south  
The comparison between single-species and NC approach at different 
geographical locations (Fig 9) was extended by including productivity and 
extrapolated values when needed to reach a full season in a conceptual 
diagram (Fig 10). In the GWP system (1600 L) in Sweden, north Europe 
(NEU), biomass productivity was approximately 5 g m-2 d-1 (June-November) 
whereas 7-9 g m-2 d-1 (May and September-October) was attained from short 
term experiments in the flow-through flat panel PBR (1345 L) in Portugal, 
south Europe (SEU) (Paper II). The trend for the lipid content was similar 
between the different locations and systems but lipids peaked October-
November in NEU compared to September-October (SEU). This peak in 
autumn is likely due to large temperature differences of day and night 
(discussed in Paper I). 
    Experimental data obtained in Papers I, II and in ALGOLAND permitted 
to establish a conceptual model of biomass production and lipid content with 
extrapolations made early or late in growth season. Environmental data of 
PAR and ambient temperature for respective location (SEU and NEU) were 
plotted and fitted with a 6th order polynomial function. PAR values for SEU 
were converted from values of total global radiation (conversion factor 2.08). 
Experimental productivity data (May and September-October) from SEU 
latitudes were plotted and assumed May values to represent the high 
productive season. 10 g m-2 d-1 was here assumed to be maximum productivity 
during summer. Productivity values from NEU (June-November) were also 
plotted. The recorded slow but steady decline in productivity towards autumn 
was used to extrapolate data in early spring for both latitudes. An annual time 
series of total lipid (TL) data from N. Oculata (SEU) was incorporated in the 
model together with TL values from the natural community (NEU) (June-
November). The similar pattern of experimental data for lipids between 
locations granted an extrapolation of the NEU lipid curve likely to be expected 
at spring and towards winter. All plotted values were fitted with a 4th-6th 
order polynomial funtion and presented in Fig 10.  
    Approximately twice as high PAR and temperature in SEU than in NEU 
reflected the higher productivity at southern latitudes. Average NEU 
productivity was 54 % of the SEU. However, NEU could yield 15 % more 
lipids. The maximum biomass productivity at higher latitude can well be 
optimized through tuning of dilution rates and operation strategies.  
    The model shows a competitive biomass quality for algal production at high 
latitudes compared to southern European latitudes.  
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Fig 10. Conceptual model of biomass productivity (Prod) and total lipids (TL) at northern 
European (NEU) and southern European (SEU) latitudes together photosynthetic active 
radiation (PAR) and Temperature plotted on the left axis while productivity and TL are 
plotted on the right axis. Black dashed lines in the beginning and at the end of TL and Prod 
curves indicate extrapolated values. 
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Conclusions and future perspectives 

I suggest that microalgae from the Baltic Sea can be cultivated and serve as a 
bioresource for algal solutions and algae-based product development under 
Swedish conditions. 
    Seasonal changes need to be included in projections of productions, 
especially taking into account bulk chemical production (lipids, proteins, 
carbohydrates), and LCAs for sustainable algal technology. The seasonal 
variations have strong implications for production stability and high value 
products. A commercialization must allow for flexibility targeting different 
algal products during different seasons. In addition, seasonality may have 
consequences for location (SE vs SEU, Fig 9). Our results indicate that 
differences are not as great as expected based on the differences of PAR and 
temperature. In terms of lipids, the results also suggest an apparent gain in 
efficiency using a community approach at Swedish latitudes. 
    Taking into account seasonal changes and nutrient limitation to optimize 
lipid production in microalgae without loss of biomass is possible. The need 
for adopting a biorefinery approach is highlighted. Even though neutral lipids 
may be the target, valuable PUFAs (e.g. Omega-3) can be a significant 
product possibly refined from the algal biomass by separating production of 
high value products with bulk chemical production into a two-step cultivation. 
It could prevent oversaturation of limited markets for fine chemicals. Closed 
PBRs under rigidly controlled conditions should still be the tool for high value 
products, but the inoculums produced by such a system may be transferred to 
other systems of proper scale (semi-enclosed or open), with less need for strict 
and costly maintenance, where bulk chemicals are produced preferably with a 
constructed/natural community approach and possibly under nutrient stress. 
Apart from running production on easily accessible and recycled nutrients and 
CO2, nutrients and water could be recycled into the process to decrease 
financial inputs and environmental footprint. The usage of waste streams as 
nutrient supply is an ongoing research within the project ALGOLAND. 

    Other components, apart from CO2, present in industrial flue gas could 
potentially be toxic to aquatic organisms. We demonstrated that cement flue 
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gas served as a suitable source of CO2 and can be combined successfully with 
a multi-species community approach (natural and/or constructed 
communities). Concentrations of unwanted substances (dioxins and heavy 
metals) in the algal biomass were below the allowed EU levels, which pave 
the way towards usage in animal feed and fertilizer with implications for 
valorization and commercialization. CO2 removal from flue gas can be 
optimized but must be further scrutinized through LCAs and techno-
economical analyses of sustainability before transfer of technology to other 
industry sectors. Especially taking into account that flue gas composition can 
vary largely from different combustion sources and industry operations. The 
removal potential for the cement industry depends on available land area and 
the value of biomass attained together with legislation issues. 

    Adopting a multi-species approach by using natural or constructed algal 
communities proved to perform equally in tested monocultures both in terms 
of biomass production and quality (bulk chemical production profile). The 
benefits of such an approach would be less work and cost than maintaining 
sterile single-species cultures, as contamination would be a minor issue due to 
resilience of more diverse communities leading to more stable annual 
production. This is what is expected from general ecological theory but now 
demonstrated. Diatom communities will perform best in spring (4-10 °C), 
likely succeeded by more stable green algal communities at warmer 
temperatures but succession of different communities must be verified at large 
scale. Nevertheless, the community approach coupled to flue gas mitigation 
demonstrated the potential during scale up trials but this research must 
continue to establish fully the feasibility of using natural/constructed 
communities at commercial mass cultivation, although a step towards 
sustainability is taken. Future questions to be answered are if 
natural/constructed communities can deliver more specific valuable 
compounds, such as nutritional PUFAs (e.g. Omega-3 or Omega-6) for animal 
feed and if it will be possible on a consistent level? 

    Sustainability issues, not only for algae-based product development but for 
biobased products in general, concerns production technology, energy 
consumption, environment and economy. I suggest that the public opinion 
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