
 

 

Manipulation of Lipid Content in Algae Biomass at the Blue 

Lagoon R&D Center 

 

Máté Osvald 

 

 

Thesis of 60 ECTS credits 

Master of Science in Sustainable Energy Engineering 

 

September 2015 

 



 

  



 

 

Manipulation of Lipid Content in Algae Biomass at the Blue 

Lagoon R&D Center 

 

Máté Osvald 

 

Thesis of 60 ECTS credits submitted to the School of Science and Engineering at 

Reykjavik University in partial fulfillment of the requirements for the degree of 

Master of Science in Sustainable Energy Engineering 

 

September 2015 

 

Supervisors: 

Dr. Halldór Guðfinnur Svavarsson 

Associate professor, Reykjavik University, Iceland 

 

Hrönn Arnardóttir 

Scientist, Blue Lagoon, Iceland 

 

Examiner: 

Dr. Michael S. Moorhead 

Associate Professor, Rose-Hulman Institute of Technology, USA 

  



 

 

 

 

 

 

 

 

Copyright 

Máté Osvald 

September 2015 

  



 

Manipulation of Lipid Content in Algae Biomass at the Blue 

Lagoon R&D Center 

 

Máté Osvald 

 

60 ECTS thesis submitted to the School of Science and Engineering at 

Reykjavik University in partial fulfillment of the requirements for the degree of 

Master of Science in Sustainable Energy Engineering 

 

 

September 2015 

 

Student: 

  ___________________________  

 Máté Osvald 

 

Supervisors: 

  ___________________________  

 Dr. Halldór Guðfinnur Svavarsson 

 

  ___________________________  

 Hrönn Arnardóttir 

 

Examiner: 

  ___________________________  

 Dr. Michael S. Moorhead  



 

The undersigned hereby grants permission to the Reykjavík University Library to 

reproduce single copies of this project report entitled Manipulation of Lipid 

Content in Algae Biomass at the Blue Lagoon R&D Center and to lend or sell 

such copies for private, scholarly or scientific research purposes only. 

 

The author reserves all other publication and other rights in association with the 

copyright in the project report, and except as herein before provided, neither the 

project report nor any substantial portion thereof may be printed or otherwise 

reproduced in any material form whatsoever without the author’s prior written 

permission. 

 

  ___________________________  

 Date 

 

  ___________________________  

 Máté Osvald 

 Master of Science 

  



 

ABSTRACT: 

Microalgae have long been recognized as a potentially good source for biofuel production because 

of their high oil content and rapid biomass production. There are two main objectives of this 

research: one is to explore the effect of growth conditions on the lipid content in algae biomass and 

the other is to convert the algae biomass into lipid by using so-called hydrothermal liquefaction, 

(HTL, a process where long chain polymers of hydrogen, oxygen and carbon decompose into short-

chain petroleum hydrocarbons, under heat and high pressure). The optimal circumstances for the 

HTL both in terms of temperature, pressure and running time during the HTL were investigated, 

with the aim maximizing the lipid content. 

Microalgae strain, isolated from the geothermal environment of the Blue Lagoon in Iceland was 

cultivated at the Blue Lagoon R&D Center in geothermal seawater. Algae were harvested and 

subsequently processed by HTL by exposing the algae to high pressure (more than 50 bar) and high 

temperature (up to 270 °C) at the same time, to achieve the chemical conversion of the biomass. 

An induction-heated autoclave, available from a previous M.Sc. project carried out at the Blue 

Lagoon R&D Center, was used. To investigate the highest amount of lipids naturally accumulated 

in the microalgae cells, growth conditions (nutrition concentration and pH) were manipulated in 

small-scale bioreactors. 

As the best outcome, oil content increased to 9.03% from the initial 0.46% in algae biomass, during 

hydrothermal processing at 280 °C temperature and under 56-61 bar pressure. This research 

confirmed that, microalgae cultivated with low nutrition concentration has the most lipid content 

per produced mass. However, unfavorable circumstances are limiting the growth rate of the 

biomass in a way, the absolute mass of produced lipids in are the lowest in the case of nutrition 

limitation. 

 

The thesis also gives an overview of geothermal systems and the most common methods and 

technologies used to harness geothermal energy. 

 

Keywords: bioenergy production, environmental sustainability, geothermal seawater, 

hydrothermal liquefaction, microalgae cultivation  
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1. INTRODUCTION 

 

Due to increased population and higher average living standards, the use of the Earth’s energy 

resources is drastically growing. With the growing energy demand, the amount of emitted 

greenhouse gases is increasing as well, which causes global warming (Jian-Bin, Shao-Wu, Yong, 

Zong-Ci, & Xin-Yu, 2012). The most abundant greenhouse gases are water vapor (H2O), methane 

(CH4), carbon-dioxide (CO2), ozone (O3) and chlorofluorocarbons (CFCs). These gases absorb and 

emit radiation causing the natural greenhouse effect (Dunne, Jackson, & Harte, 2013), which 

warms up the Earth's atmosphere and makes it possible for life to exist. However, human activity, 

emission of greenhouse gases and the burning of fossil fuels add to the natural greenhouse effect 

leading to global warming, making a constantly larger part of the planet uninhabitable and less 

efficient for growing crops. 

The primary greenhouse gas emitted through human activities is CO2. One possibility to decrease 

CO2 emission is to use less fossil fuel by replacing it with alternative and renewable energy sources 

such as geothermal energy. 

In Iceland, geothermal energy has a remarkable contribution to the country’s energy supply as it is 

used for electricity generation and district heating. The generation of electricity with geothermal 

energy has its by-products and utilizing them increases the efficiency of the overall process. In this 

work, algae were cultivated using the effluents of a geothermal power plant. The algal biomass is 

furthermore processed and converted into lipids for energy use or for more advanced biorefinery 

applications. 

 

1.1. Sustainable energy production 

 

Utilizing renewable energy sources has advantages but it is not always straightforward. In an 

attempt to decrease the amount of waste, a solution is presented in this sub-chapter: algae 

cultivation based on renewable geothermal energy. Other solutions are not discussed in detail, since 

they are not closely related to this work. 
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1.1.1. Geothermal energy 

 

Geothermal energy refers to the Earth’s inner heat content, which originates from the decay of 

radioactive elements in the core. This heat flows towards the surface because of the temperature 

gradient between the surface and the deeper zones. An important term related to geothermal energy 

is geothermal gradient, which is the rate temperature is increasing at with respect to depth in the 

Earth’s interior. The average gradient is 30 °C per kilometer, but the distribution is not consistent 

(Saemundsson, Axelsson, & Steingrímsson, 2009). The geothermal gradient is much higher at 

places where the Earth’s crust is thinner and the heat source is closer to the subsurface. Such places 

are the subduction zones, mid-ocean ridges and sites of active volcanism. Geothermal energy 

therefore is a huge, practically inexhaustible energy source, which is present all over the world. 

Every geothermal system has a heat source, reservoir and fluid. The origin of heat can be volcanic 

activity or the geothermal gradient. A good reservoir is a permeable and fractured rock, where fluid 

in the pores flows freely, so it is able to renew itself. This fluid is usually water, which can be liquid 

or gas (steam). Reservoirs can be permeable sedimentary or volcanic rocks (Grant, Donaldson, & 

Bixley, 1982). 

 

The main types of geothermal fields with respect to temperature are the following: 

 

Low temperature areas 

 

The main classification criterium is the temperature at 1 km depth. In this case, the reservoir is 

colder than 150 °C, therefore it is liquid dominated, but some steam may also be present. These 

areas are generally outside volcanic zones and characterized by hot or boiling springs at the surface. 

Besides this, there are only a few surface manifestations or none at all. The main heat source is hot 

rock. These sources are suitable for direct use or for heat exchange. 
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Medium temperature areas 

 

The temperature of the reservoir at 1 km depth is between 150 °C and 200 °C. 

 

High temperature areas 

 

At high temperature fields, the reservoir is warmer than 200 °C at 1 km depth, therefore these are 

vapor dominated systems with the presence of some water. These can usually be found within 

volcanic zones. The surface manifestations are very distinctive: there are fumaroles, steam vents, 

boiling mud pools, large amounts of alteration minerals and hydrothermal depositions on the 

surface, but lack of vegetation. The source of heat is generally shallow magma intrusions. These 

areas are suitable for electricity production (Axelsson & Gunnlaugsson, 2000) (Bodvarsson, 1964). 

The most common ways of harnessing geothermal energy (depending on the temperature of the 

reservoir) are by means of a a) heat pump, b) direct heat utilization and c) electricity production. 

 

a) Heat pump 

 

A heat pump is a compression machine, designed to withdraw heat from the lower temperature 

area and transport it to a warmer place. The mechanism is the same as that of a refrigerator, 

although it does not utilize the subtracted heat from the colder side, but the deposited heat at the 

warmer side. A heat pump uses some amount of external power to accomplish the work of 

transferring energy from the heat source to the heat sink. Since these devices operate with a working 

fluid, it can harness heat down to -15 °C ambient temperature (Daikin, 2013). 

The heat source – external environment – can be surface water, ground water, the heat of the ground 

at a few meters depth (utilized by a horizontal ground loop) or vertical pipes with a few hundreds 

of meters in depth. This method is capable of using waste heat (originating from geothermal waste 

water, animal or human activity). Therefore, heat pump assisted hot water production can 

technically be used everywhere. 
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b) Direct heat utilization 

 

At many places in the world, the reservoir is a low-temperature system, which means that the 

temperature of the fluid reaching the surface is lower than 100 °C. In this case, heat can be most 

efficiently utilized in a closed system, where the produced geofluid returns to the underground 

reservoir right after its heat is extracted through heat exchangers. Geofluid, which can be “any 

subsurface fluid, such as groundwater, geothermal fluids, basinal brines, petroleum or magmatic 

fluid” (English Wiktionary, 2015) is used to warm up domestic water, houses or greenhouses or 

swimming pools. Direct heat from a geothermal source can most efficiently be utilized if the users 

are connected to each other in a cascade system. In an ideal cascade system, the first stage would 

be electricity generation (in this case, with a binary unit, because of the low temperature system: 

~100 °C); after that, heat would be utilized for domestic hot water production, then agricultural use 

would follow, then pool heating and finally heat pump utilization or snow melting. 

 

c) Electricity production 

 

There are geothermal power plants all over the world, with the majority being near tectonic plate 

boundaries or hotspots. It is important to note that electricity generation with geothermal energy is 

also possible in countries with only an average geothermal gradient (such as Germany, the 

Netherlands or Hungary). The reason behind this is the existence of binary power plants, which 

can generate electricity from fluid at 74 °C temperature (Franco & Villani, 2009). 

The common characteristics of geothermal power plants are that for electricity generation they use 

thermodynamic cycles, which are already in use by industrial generation, like the Rankine-Clausius 

cycle (DiPippo, 2008). The main types of power plants are the following: 

 Direct dry steam 

 Single flash 

 Double flash 
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 Binary 

 Kalina cycle 

 Engineered Geothermal System 

In the power plant which has an important role from the perspective of this research, both single 

flash and binary turbines are used. 

The direct dry steam power plant is the oldest type of geothermal power plant, first used at 

Lardarello, Italy in 1904. This technology is used today at The Geysers in northern California, the 

world's largest single source of geothermal electricity. These plants emit only excess steam and 

very small amounts of gases (California Energy Commission, 2015). Through the production well, 

superheated fluid is cleaned from pollution, then goes directly into a turbine. In the turbine, the 

steam expands, the enthalpy drops and performs work. After exiting the turbine, the steam cools 

down by air cooling or condenses in cooling towers and is finally reinjected into the reservoir. The 

turbine drives a generator, which produces electricity. 

The single flash type is somewhat different from the dry steam technology, because the produced 

fluid is not dry steam, so it has to run through a separator to eliminate the water phase. Such solution 

is used in the Svartsengi power plant in Iceland, Figure 1 shows the turbine used there. 

 

Figure 1: Octopus type single flash unit in the Svartsengi power plant 
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The double flash is similar to the single flash but in this case, the first turbine fluid is flashed again 

and it drives a second (low-pressure) turbine to extract even more energy. This improves efficiency 

by 15-25%, but its investment costs are higher. 

If the water that reaches the surface is not hot enough to produce steam, it can be still used to 

generate electricity in a binary power plant (or Organic Rankine Cycle, ORC). The water coming 

from the production well flows through a heat exchanger and is reinjected. The heat exchanger 

heats up a working fluid, which has a lower boiling temperature than water (such as pentane, 

isopentane, butane, isobutane, propane and synthetic media); therefore the working fluid goes into 

gas phase and to a turbine, where it expands and enthalpy decreases, meanwhile it performs work; 

afterwards it condenses back to liquid phase in a condenser and is used again in the heat exchanger. 

The turbine is connected to a generator, which produces electricity. The efficiency of this process 

is 6-13%, which is low compared to the conventional thermal power plant cycles, whose efficiency 

may get close to Carnot efficiency. This is because in this case, low temperature fluid is used. In 

the Svartsengi power plant, there are 6 binary units in operation. Figure 2 shows one Ormat unit 

with 1.35 MW gross electricity output. 

 

Figure 2: Ormat binary unit in the Svartsengi power plant with maximum 1.35 MW gross electricity output 
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Power plants with the Kalina cycle use a mixture of ammonia and water as a working fluid, which 

has a very interesting physical property: the boiling and condensing temperature vary. Also, 

thermo-physical properties can be altered by changing the ratio of ammonia. The freezing point of 

pure ammonia is -78 °C, which is useful at colder climates (Mlcak, 1996). Therefore, by 

determining the proper ratio of ammonia and water, the boiling point of the working solution can 

be adjusted to suit the heat input temperature. This significantly decreases the temperature 

difference between the geofluid and the working fluid and increases the thermodynamic average 

temperature of the convection. In theory, the efficiency of this cycle is 17%; however, compared 

to binary power plants, the investment costs are higher and its regulation is also more difficult. 

Today’s researches are directed towards the Engineered Geothermal System (or Enhanced 

Geothermal System, EGS). These systems are created to produce energy from geothermal 

resources that are otherwise not economical due to lack of water and/or permeability, by enhancing 

the hot dry rock (HDR) resource through hydraulic stimulation. If the natural reservoir does not 

have good enough porosity and enough cracks to sustain an economic flow rate, permeability can 

be enhanced by pumping cold water into an injection well to the target area, which can be down at 

6,000 meters. Since the rocks are extremely hot at the bottom of the well, the interaction with cold 

water will create fractures and improve the system’s permeability. In theory, the injected water, 

which is heated up by surrounding rocks, can be extracted through other wells to produce 

electricity. During the process, injected cold water heats up, then steam through production wells 

goes to a turbine which is connected to a generator and produces electricity. The use of EGS is 

risky, both because of the unpredictable energy production and the unknown environmental and 

social impacts. Construction cost of the systems is rather high, and the efficiency of the power plant 

is significantly lower than that of the already existing conventional power plants. At the same time, 

for the sake of economic and technological competitiveness, this could be the absolute emission 

free resource of the future. Nevertheless, there are some operating pilot sites in the world using 

EGS, the closest being located at the French-German border in Soultz-sous-Forêts, France and 

producing 1.5 MW electricity (Genter, Fritsch, Cuenot, Baumgärtner, & Graff, 2009). 
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1.1.1.1. Reinjection 

 

Geothermal energy, which is used for electricity generation and hot water production in many 

countries worldwide, is a reliable energy source with a favorable environmental impact. Even 

though geothermal energy is a renewable resource, it is not inexhaustible. In the case of 

overproduction, the reservoirs will be depleted. In order to ensure long-term operation, appropriate 

maintenance and thorough understanding of geology, hydrogeology and the geochemical 

parameters of the reservoir are crucial. In most cases, appropriate operation requires reinjection of 

the heat-depleted fluid. 

“Reinjection started purely as a disposal method, but has more recently been recognised as an 

essential and important part of reservoir management.” (Stefánsson, 1997) 

Studies from (Sigurðsson, Arason, & Stefánsson, 1995) and (Stefánsson, 1997) have shown that 

injecting fluid into the same reservoir increases the lifespan and the total extractable heat of the 

geosystem. Thanks to several decades of practice and experience, nowadays it is not just a waste 

disposal method, but an essential part of geothermal reservoir management. During this process, 

fluid is injected (usually immediately after the separators) back to the reservoir in lesser depth than 

the production wells. After being pumped down, the fluid has a chance to join the natural water 

cycle and get heated up again by the heat source. Without this method, geothermal energy would 

not be a sustainable resource in the long run. Therefore nowadays, a reinjection well is designed 

along with every production well (Stefánsson, 1997). 

Reinjection plays an important role in the Svartsengi resource park as well. Approximately 64% of 

the geofluid is reinjected (HS Orka, Annual Report, 2014), and as it is detailed in Chapter 1.2, 

about 8% of the total extracted fluid forms the Blue Lagoon. 
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1.1.1.2. Icelandic geothermal experience 

 

Iceland is a volcanic island located on the mid-Atlantic ridge with a population of 330,000 people. 

It is quite mountainous and has active volcanos, which makes 80% of the country uninhabitable 

but also rich in geothermal resources and hydropower. 99.9% (18,113 GWh) of Iceland’s electricity 

generation comes from renewable energy resources, which is one of the highest ratios in the world. 

71% of the electricity is generated by hydropower and 28.9% by geothermal energy (Orkustofnun, 

2014). Figure 3 shows the geology of Iceland and Figure 4 shows the location of already existing 

geothermal power plants. The correlation between the highest geothermal activity with the active 

volcanic zones is clear. 

 

Figure 3: Volcanic zones and geothermal areas in Iceland. 

Retrieved from (Landmælingar Íslands, 2015). 
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The Icelandic geothermal experience shows that geothermal energy can be harnessed in a 

sustainable and feasible way with low environmental impact. 

 

Figure 4: Geothermal fields and installed power in geothermal plants 

Retrieved from (Flóvenz, 2008). 

 

1.1.2. Bioenergy 

 

Biomass can make a substantial contribution to supplying the energy demand of the future in a 

sustainable way. It is currently the largest global contributor of renewable energy, and has 

significant potential to expand in the production of heat, electricity, and fuels for transport (Bauen, 

Berndes, Junginger, Londo, & Vuille, 2009). Both vegetal waste and energy crops can be utilized 

in a biomass power plant to generate heat and/or electricity but chemical methods are also well 

known to convert flora carbohydrates into ethanol, methane or hydrogen, which serve as biofuel. 

However, there is a remarkable ethical issue regarding the application of conventional crops as 

biomass for energetic use, because it requires a large amount of productive land where food plants 
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could also be grown. There is no such issue in the case of aquatic (algae) biomass, since it can be 

grown indoors in bioreactors, where the energetic use does not compete for land with agricultural 

plants. However, the economic aspect of biodiesel production is not favorable, mainly because of 

the high feed cost of the vegetable oil (Antolı́n, et al., 2002) and (Miao & Wu, 2006). 

 

1.1.2.1. Algae 

 

Algae is not a taxonomic category: they are mainly aquatic eukaryotes that use light as an energy 

source to utilize carbon-dioxide and produce carbohydrates and oxygen. This classification 

includes macroalgae (or seaweeds) as well as microalgae, which are the topic of this thesis. The 

term microalgae refers to the eukaryotes: green algae and diatoms and the prokaryotic 

cyanobacteria. Microalgae (also known as phytoplankton) are microscopic-size plants which are 

able to grow in any kind of water: lakes, oceans and at any place where moisture is available. Many 

species are able to live in an extreme environment with large salt concentration, unusual pH or 

extreme heat. Their form of presence also varies greatly: they can be floating in the water or 

attached to a surface or to other organisms. Figure 5 shows algae species with different 

morphology. Since the biological properties and the cultivation of macroalgae are fundamentally 

different from microalgae, this thesis only discusses the growing of microalgae in an artificial 

aquatic environment (Lundquist, Woertz, Quinn, & Benemann, 2010). 

 

Figure 5: The most dominant coccoid (on the left) and filamentous (on the right) algae species of the Blue Lagoon 
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Several different types of biofuel can be produced from microalgae. The anaerobic digestion of 

biomass releases methane; many types of algae can produce hydrogen and lipids extracted from 

the algae can be used as biodiesel (Chisti, 2007). The idea of using microalgae as a biofuel is not 

new, but is of practical interest: they are easy to cultivate, they can grow indoors in 

photobioreactors (where they do not have to compete for land with food plants); they can utilize 

water which is not suitable for human use and they also have a much greater growth rate than 

agricultural crops (Mata, Martins, & Caetano, 2010). Microalgae not only convert CO2 to 

polysaccharides, but also produce fatty acids and lipids, the molecules of which could be the source 

of biofuel production (Takagi, Watanabe, Yamaberi, & Yoshida, 2000). Polysaccharides are 

composed of monosaccharides, joined by glycosidic bonds; fatty acids are a special type of lipids 

with long-chain molecules found in cell membrane and oil; lipids are oily organic compounds 

which are essential structural components of a cell, for example, triglycerides and cholesterol are 

lipids. Some microalgal species are used in cosmetics, mainly in facial and skin care products, and 

also in sun protector and hair care products. It is popular to extract high-value molecules such as 

pure fatty acids, carotenoids, phycobiliproteins and other stable isotope biochemicals from 

microalgae (Spolaore, Joannis-Cassan, Duran, & Isambert, 2006). At the Blue Lagoon R&D center, 

Cyanobacterium aponinum and Silicibacter lacuscaerulensis are cultivated, for cosmetic purposes. 

Previous research suggests that nitrogen limitation (Illman, Scragg, & Shales, 2000), high light 

intensity (Khotimchenko & Yakovleva, 2005), low temperature (Renaud, Thinh, Lambrinidis, & 

Parry, 2002) and high salinity (Takagi, Karseno, & Yoshida, 2006) during growth are favorable to 

the formation of lipids inside cells. Lipid content increased to 31% to 60% of the dry weight of the 

Dunaliella tertiolecta cells in the study of (Takagi, Watanabe, Yamaberi, & Yoshida, 2000), which 

is a very promising result as cultivating biomass in such stressful conditions should contribute to 

the increase of fuel oil productivity (Hsieh & Wu, 2009). Even though other species might not 

respond to the unfavorable growth conditions as particularly as Dunaliella species do, it is still 

worth investigating the optimal growth conditions in order to maximize the lipid output. Table 1 

shows how different the lipid composition can be in various algae species. 
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Table 1: Fatty acid methyl ester yields distribution of the lipids obtained from different types of microorganisms. 

Retrieved from (Karatay & Dönmez, 2011) 

Fatty acid methyl ester yields (%) 
Synechococcus 

sp. 

Cyanobacterium 

aponinum 

Phormidium 

sp. 

Caprylic acid (C10:0) 23.8 18.3 – 

Myristic acid (C14:0) 23.8 8.3 4.1 

Palmitic acid (C16:0) 13.7 21.9 33.0 

Palmitoleic acid (C16:1) 20.0 6.6 3.8 

Cis-10-heptadecanoic acid (C17:1) 2.9 5.6 5.3 

Stearic acid (C18:0) 13.2 29.4 47.6 

Oleic acid (C18:1n9c) – 5.0 6.2 

Linoleic acid (C18:2n6c) – 4.8 – 

Arachidonic acid (C20:4n6) 2.6 – – 

 

Even though nitrogen depletion enhances algal lipid production, it also limits its growth rate. 

Therefore, the best results are at an optimum of growth rate and starvation, with maximum lipid 

accumulation. Optimal conditions allow the algae to grow and form lipid at the same time. In this 

research, the nutrition supply was varied in order to explore the highest amount of lipid in the 

Cyanobacterium aponinum. 
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1.1.2.2. Hydrothermal liquefaction 

 

The thermochemical conversion of biomass into liquid fuels in a hot and pressurized environment 

with the presence of (liquid) water is the process called hydrothermal liquefaction (HTL) (Toor, 

Rosendahl, & Rudolf, 2011) and (Elliott, Biller, Ross, Schmidt, & Jones, 2015). For such 

hydrothermal processes, temperatures range from 200 °C to 600 °C and pressure from 5 MPa to 

40 MPa. Liquefaction reactions generally take place between 200 °C and 400 °C; above that 

temperature, a process called gasification is dominant (Peterson, et al., 2008). Temperature and 

pressure range of each hydrothermal process can be seen on Figure 7. According to (Jazrawi, et al., 

2013): “These conditions allow complex reaction cascades to take place, which include a series of 

decomposition and repolymerisation reactions resulting in the formation of a bio-crude”. This 

process can be ideal for aquatic biomass such as algae, since after being harvested, microalgae have 

high moisture content, which is useful in this reaction. Therefore, energy and time consuming 

drying processes are not needed and wet algae can be directly fed into an HTL chamber (Figure 6 

is showing a pressure chamber, which was used in the experiments). 

 

Figure 6: Pressure chamber supported by induction heating, used in the research 
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Figure 7: Hydrothermal processes referenced to the pressure-temperature phase diagram of water 

Retrieved from (Peterson, et al., 2008) 
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1.2. Geothermal Resource Park in Svartsengi 

 

The utilization of geothermal energy on the Reykjanes peninsula began in 1971, when the first 

exploration well was drilled for the Svartsengi power plant. In this well, at 250 m depth the 

temperature was around 200 °C. The power plant, established on 800 year-old lava at the peninsula 

in South-West Iceland, started harnessing the geothermal fluid, which contains 2/3 sea water 

percolating through the lava deep into its aquifer and 1/3 meteoric water, (through heat exchangers) 

for central heating in neighboring communities in 1976. At that time, reinjection was not a common 

method, so the waste water was just deposited on the surface, where silica, dissolved in the hot 

geothermal fluid, started precipitating, which was one of the first steps in forming the Blue Lagoon. 

By now, a major part of the discharged fluid is reinjected into the geothermal reservoir (64%) but 

the remaining part is still fed into the Blue Lagoon (Svavarsson, Einarsson, & Brynjólfsdóttir, 

2014). Electricity production started in 1980, when the third phase of the Svartsengi power plant 

was finished. At the beginning, steam of 160 °C and 40 kg/s flow rate was utilized to produce 

6 MW electricity by counter-pressure steam turbines. By the end of 2008, the energy plant was 

extended and today it has 72 MW electric and 150 MW thermal energy production capacity (HS 

Orka, Svartsengi plant, 2010). In 2014, the net extraction at Svartsengi was approximately 5.6 

million tons, representing an average flow rate of 488 kg/s (HS Orka, Annual Report, 2014). (It is 

composed of 15.4 million tons produced and 9.8 million tons reinjected geothermal fluid, which is 

roughly 64% reinjection ratio.) The total result was 551 GWh electricity generated in 2014. 

To further utilize the great potential of the Reykjanes peninsula, a new power plant was put into 

operation in 2006 with 100 MW electricity production performance, called Reykjanes 

(Reykjanesvirkjun). It has two 50 MW twin steam turbines and a unique, seawater based cooling 

condenser system (HS Orka, Reykjanesvirkjun, 2010). The seawater enters the cooling system at 

8-9 °C temperature (as a cooling fluid) and exits at about 35 °C, which temperature is perfect for 

further utilization for nearby fish farms. The net extraction in Reykjanes was approximately 13.7 

million tons, which corresponds to an average production of 518 kg/s. About 16% or 2.6 million 

tons out of 16.3 million tons of the produced fluid is reinjected (HS Orka, Annual Report, 2014). 

This resulted in a total of 786 GWh electricity generated in 2014. 
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They are planning to build a new 50 MW electric production capacity power plant in the region, 

called Eldvörp, by 2020. This proposed power plant would use the same reservoir as Svartsengi is 

using right now; however, in this particular scenario, the reservoir has two separate heat sources 

and, according to an already existing exploration well in Eldvörp (Franzson, 1987), the new power 

station would have warmer fluid (262 °C). 

The core concept of the Geothermal Resource Park is to use the extracted fluid and its derivatives 

in as many ways as possible in order to increase the efficiency of utilization of geothermal resources 

as much as possible. Every participant of the cooperation would receive some side product from 

the power plants and waste from the electricity generation to use further. Such effluents can be cold 

water, hot water, steam and CO2. This aggregation would bridge different technologies and social 

cultures and aspire not to waste any resource. It could be a very good example of a sustainable 

society. The complexity in Svartsengi is composed of: 

 Svartsengi Power Plant 

 Reykjanes Power Plant 

 Blue Lagoon Ecocycle (Spa, Clinic, R&D Center) 

 Holistic Fish Processing Industry 

 Northern Light Inn 

 ORF Genetics 

 Carbon Recycling International 

 Stolt Sea Farm (HS Orka, Green Energy from Renewable Ground Resources, 2014). 

The use of the geothermal hot water started in 1971 and today there are two electricity generating 

power stations in the peninsula which provide employment for about 50 people. However, because 

of the close symbiosis and the most efficient use of energy, an enormous industry with developed 

infrastructure has been formed, providing jobs for 500 people. 
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1.1.3. Blue Lagoon 

 

As the Svartsengi power plant started its operation, the effluents were initially disposed to the 

surface, where from the warm (~90 °C) effluents dissolved silica started precipitating by cooling 

down to ambient temperature, and the silica started to plug the pores in the lava on the surface, 

slowly forming the Blue Lagoon. It is now a unique bathing facility, which utilizes part of (40 l/s) 

the effluents of the Svartsengi power plant. Now, the lagoon is filled with more than 

5.7 million liters of geothermal fluid and has a surface area of 5,000 m2 (shown by Figure 8). The 

lagoon is one of the most visited destinations in Iceland, with 766,000 guests in 2014. The 

composition of the lagoon’s water is unique. It has three key components: silica (which makes the 

water distinctly blue), mineral salts and algae. A clinic on site offers therapy for psoriasis patients 

and 24 different types of skin care products based on the three distinctive key ingredients (Suryata, 

Svavarsson, Einarsson, Brynjólfsdóttir, & Maliga, 2010). 

 

Figure 8: Svartsengi power plant (on the left) and the Blue Lagoon (on the right) 
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There is also a research and development (R&D) center, whose main objectives are as follows 

(Blue Lagoon, 2015): 

 Basic research on the Blue Lagoon geothermal seawater and its elements (i.e. microbial 

community, silica and minerals) 

 Comprehensive screening of actives 

 Efficacy and clinical studies of the Blue Lagoon’s healing power 

 Improving the harvesting and processing methods of Blue Lagoon actives 

 Developing Blue Lagoon skincare products and treatments  

In the facility of the R&D center, two microalgae species are cultivated. Cyanobacterium 

aponinum, cultivated in tubular bioreactors, is a photoautotrophic bacterium with coccoid 

morphology, most prevalent in the water of the Blue Lagoon during the summer time. In the 

autumn, Silicibacter lacuscaerulensis, a heterotrophic alphaproteobacterium, is dominant, but it is 

not cultivated in the laboratory. The other cultivated microalgae species is Cyanobacterium 

leptolyngbya, which has filamentous morphology. Even though these species have abundant 

presence in the lagoon’s water, they are not the only ones. During isolation and sequencing of the 

bacteria in the lagoon’s water, a total of 48 bacterial strains were found, which proves how dynamic 

the ecosystem of this geothermal lake is (Petursdóttir, Björnsdóttir, Hreggvidsson, Hjörleifsdóttir, 

& Kristjánsson, 2009). 

As mentioned before, these cultivated organisms are used in cosmetic products; however, the aim 

of this thesis is to use a chemical process, the so-called hydrothermal liquefaction, to alter the 

biomass composition of the cultivated algae and convert it into lipids. Furthermore, to cultivate 

algae in a laboratory-scale batch system and change the cultivation conditions with respect to pH 

levels and nutrient concentration to find an optimal environment where the biomass contains the 

most lipid. Those lipids will ideally be used in new cosmetic products, but the hydrothermal 

liquefaction process is able to convert biomass into oil on a large scale, which would be suitable 

for biofuel production. 

  



20 

Algae cultivation at the R&D center 

 

Algae can be cultivated in large-scale open-air pools in places where the ambient temperature and 

precipitation is suitable for algal growth, or in closed systems where temperature, pH and all the 

growth parameters can be controlled artificially to optimize growth rate and/or oil production 

(Molina, Fernández, Acién, & Chisti, 2001). 

At the Blue Lagoon R&D center, biomass (mainly Cyanobacterium aponinum) is cultivated in two 

independent tubular photobioreactor systems. Geothermal fluid from the Svartsengi power plant 

(2/3 seawater and 1/3 fresh water) is used as the medium for the cultivation. A nutrition mix is 

added to the water to satisfy the algae’s need for trace elements and vitamins. Traditionally, algal 

nutrition is a various mix of nitrogen (N), potassium (K) and phosphorus (P). Walne medium has 

been used extensively for algal culture as it is suitable for the growth of most algae species. Table 

2 shows the composition of the Walnes Media nutrient solution (Walne, 1970). 

Table 2: Composition of the nutrition mix added to the water 

Nutrient solution per liter 

FeCl3.6H2O 1.3 g 

MnCl2.4H2O 0.36 g 

H3BO3 33.6 g 

EDTA 45.0 g 

NaH2PO4.2H2O 20.0 g 

NaNO3 100.0 g 

TMS 1.0 ml 

 

Flow is granted by a total of four pumps in ten racks of tubular bioreactors (see on Figure 9) which 

are connected to two reservoirs. The flow rate of each pump can be controlled from a panel where 

flow, pH and temperature can be monitored. Since light source and light intensity are both critical 

factors during cultivation, illumination is provided by sodium light bulbs with 56,500 lm and 

34,000 lm luminous flux. Carbon dioxide is also a primary commodity, which is supplied from 

the Svartsengi geothermal power plant – as a flue gas – and fed into the reactors. Optimal pH can 

be obtained with digitally controlled CO2 feedback loop. There are pure CO2 gas tanks (from IS 
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AGA) as well, which are a little bit different from the flue gas coming from the power plant which 

contains H2S (~3%). 

 

Figure 9: Tubular photobioreactors used in the R&D center 

 

There are physical parameters (pH, temperature and salinity), which are kept at an optimal value, 

in order to maintain the best growth rate for the microbes. There are also some parameters which 

vary over time depending on the age of the culture and the amount of the biomass (turbidity and 

adsorption), which indicates whether the system is ready to be harvested.  
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Harvesting process 

 

As the concentration of biomass reaches an optimum, algal biomass is harvested from the growth 

medium. The harvest method could be ultrasonic separation, membrane filtration, gravity 

sedimentation, centrifugation, foam fractionation and flocculation (Chen, Yeh, Aisyah, Lee, & 

Chang, 2011). As an estimation, harvesting results in a 50 to 200-fold concentration of the algal 

biomass (Grima, Belarbi, Fernández, Medina, & Chisti, 2003). 

When spectrophotometry at 620 nm spectrum (with Camspec M350 Double Beam UV-Visible 

Spectrophotometer device) indicates a sufficient amount of biomass in the reactors, the harvest can 

be started. Centrifugation is used to collect the solid material from the water. 

During separation, the first step is a fed-batch centrifuge from GEA Westfalia Separator Group 

GmbH, which is running up to 15,000 rpm for 120 to 500 seconds, depending on the density. It 

separates the high-density fluid (useful biomass) from the low-density fluid (water with dissolved 

nutrients), and then the output is collected in buckets. The mass from the buckets is centrifuged at 

4,500 rpm, where the supernatant is separated and the sediment, what we call wet algae, is packed 

in smaller containers until further processing. 

 

Drying process 

 

If required, biomass can be dehydrated for downstream processing or for storage by spray drying, 

freeze drying, oven drying, sun drying or other convection, radiation or sublimation-based drying 

process (Homsy, 2012). 

After harvest, wet algae are dried by a freeze dryer (see Figure 10). Freeze drying (also known as 

lyophilisation) is a dehydration process used to preserve material. Even though it is a time- and 

energy consuming process that could take several days or even a week to finish, it not just removes 

the water from the samples, but also provides easy handling at shipping and storage. It works by 

freezing the mass (down to -50 °C) and on a reduced pressure (95 Pa) – the water sublimates 

directly from the mass, bypassing the liquid phase. The triple point of the water is at 0 °C 
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temperature on 611.73 Pa pressure. Cooling down the water below this point and decreasing the 

pressure at the same time will cause the particles to go to the vapor phase (Tang & Pikal, 2004). 

 

Figure 10: Gamma 1-16 LSC plus freeze dryer used in the process 
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2. EXPERIMENTAL SETUP 

 

This chapter describes in two sub-chapters how the experiments were conducted. In 2.1, the batch 

algae cultivation system and the circumstances of the growing are described and in 2.2, the operated 

high pressure - high temperature chamber is introduced and duration and physical parameters 

during each run are described. 

 

2.1. Laboratory scale algae cultivation system 

 

Algae were cultivated in 3 independent glass bottles of 2.6 liters volume. CO2 gas was fed into the 

bottles. The amount of CO2 was controlled by pH probes. The pH probes were continuously 

measuring the pH and indicating the amount of fed-in CO2. (This works by the principle, when the 

fed-in CO2 dissolves in water, it produces carbonic acid, H2CO3, which is acidic and perceived by 

the pH sensors.) Pressurized air was bubbled through the cultivation solution in order to keep the 

algae flowing. 42 °C temperature was maintained by a water bath surrounding the bottles. 

Continuous illumination was provided by fluorescent tube lamps. Figure 11 shows the 

experimental set up. 
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Figure 11: Small-scale batch cultivation system 

 

Each bottle was filled up with 2.5 liters of seawater, then 100 ml of algae culture and nutrients were 

added and it was left to grow for 7 days. All the 3 batch reactors have a different pH, controlled by 

and automatic CO2 injecting system. Table 3 shows the experimental setup of each batch.  
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Table 3: Growth parameters of each batch 

Sample 
Nutrient 

(g per 2.6 liter) 
pH 

Weight of starting 

culture (g) 

#1 1.00 7.3 0.1698 

#2 1.75 7.3 0.2369 

#3 2.00 7.3 0.1114 

#4 1.00 7.5 0.1698 

#5 1.75 7.5 0.2369 

#6 2.00 7.5 0.1114 

#7 1.00 7.7 0.1698 

#8 1.75 7.7 0.2369 

#9 2.00 7.7 0.1114 

 

As the cultivation time reached 7 days, the batches were harvested. Centrifugation with a Sorvall™ 

LYNX 6000 superspeed centrifuge for 4,500 rpm in 1 liter polycarbonate centrifuge bottles 

separated the sediment (wet algae), which was put into the aforementioned freeze dryer for 48 

hours. After drying, the mass of algae was weighted and samples were sent to chemical analysis. 
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2.2. Hydrothermal liquefaction 

 

In order to achieve the temperature and pressure range discussed in chapter 1.1.2.2, an induction-

heated pressure chamber was built by Jóhannes Einar Valberg, a student of Mechanical 

Engineering MSc at Reykjavik University. The device can tolerate pressure up to 6.5 MPa and can 

build up heat up to 285 °C. It works by heating up water in a previously pressurized chamber, 

which builds up more pressure up to a set value, where the pressure controller switches off the 

induction heating. As the pressure drops 5 bars under the maximum, the controller turns on the 

heating. Figure 12 is showing a rest run with 5 bars starting pressure. (Figure 12 can be seen in a 

bigger size in Appendix 1.) The pressure is building up in 59 minutes, to 55 bars, where it switches 

off the induction heating, therefore temperature and pressure are decreasing, down to 50 bars. At 

that pressure, the heating switches on again and pressure and temperature start to increase, up to 

55 bars. During experiments, conversion time was measured after the chamber first reached the 

desired temperature and pressure. The minimum and maximum values of these parameters are also 

considered only after the first “kick-off” point. 

 

Figure 12: Test run of the device, at 5 bars starting pressure 
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The pressure chamber is filled with CO2 three times to squeeze air out of the system, and to have 

a built-up starting pressure value. Various starting pressures (provided by CO2) were investigated. 

Table 4 shows the properties of each run. No catalysts were used. 

Table 4: Time and starting pressure of each run 

Run 
Time 

(hour) 

Starting 

pressure 

(bar) 

#1 1 10 

#2 1 15 

#3 1 20 

#4 1 25 

#5 6 10 

#6 6 15 

#7 6 20 

#8 6 25 

#9 6 10 

#10 6 15 

#11 6 20 

#12 6 25 

 

The chamber of the device was filled up with the mixture of algae and water. The algae had been 

cultivated as the sub-chapter Algae cultivation at the R&D center describes. Even though 

hydrothermal processes are supposed to occur in water phase, experiments were not always in a 

one-phase. Figure 13 is showing the pressure-temperature curve of the test run with 5 bars starting 

pressure (orange), compared to the water phase diagram (blue). (Figure 13 can be seen in a bigger 

size at Appendix 2.) At many points the graphs are crossing, which means the sample inside the 

chamber of the machine sometimes goes into the vapor phase. 
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Figure 13: Phase diagram of the test run with 5 bars starting pressure 

 

 

Since the chemical process should be in a water-phase, none of the runs (described in Table 4) start 

at 5 bars. The lowest starting pressure is 10 bars and the highest is 25 bars. 
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2.3. Extraction 

 

Samples from the Laboratory scale algae cultivation system and from Hydrothermal liquefaction 

from run #1 to #8 are treated the same in order to extract the oil from them. Samples were sent to 

a laboratory, for chemical analysis, where a method by (Blight & Dyer, 1959) is used. It is a simple 

and rapid extraction, using chloroform and ethanol to separate the lipids from the water-phase. The 

mixture of water and chloroform separates into two layers, where the chloroform phase contains 

all the lipid. 

However, Hydrothermal liquefaction samples from run #9 to #12 were analyzed with a method 

based on (Hara & Radin, 1978). It is a simple extraction with hexane, in an extraction cone, but 

since the algae is very foamy and every phase of the solution is green, the border between the two 

(hexane and water) phase could not be seen. In order to help this, centrifugation at 3,500 rpm, for 

3 minutes, was used. This separated the remaining cell organelles from the liquid phase and made 

the hexane phase more transparent. Thereby the phases could be separated and the hexane phase 

could go under vacuum-distillation into a heidolph laborota 4000 efficient rotary evaporator, for 

40 °C. After the process, the hexane was evaporated from the mixture, and what is left is the oil. 

The weight of the residue was measured: because of the small amount of lipids, the weight of the 

distiller flask was measured before extraction, when it is empty, and after extraction, when all of 

the n-hexane evaporated and only the oil was left. The difference between the two weights is 

considered to be the weight of the oil. 
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3. RESULTS AND DISCUSSION 

 

This chapter is divided into two sub-chapters. 3.1 is describes the results of the small scale batch 

algae cultivation experiment 3.2 is shows the results of the algae conversion by hydrothermal 

liquefaction. 

 

3.1. Algae cultivation 

 

When interpreting the results, we have to differentiate between total lipids (which is the absolute 

weight of lipid in the sample) and the lipid ratio (which is the weight of lipids compared to the 

weight of the sample). Since the weights of the samples are different, due to the different growth 

rates, the amount of total lipids might be high in a bigger amount of biomass, but this would mean 

less in the lipid ratio. If the ratio is high, even though the sample has a small amount, therefore less 

total lipids, we would still want to produce that algae on a bigger scale, in order to obtain the highest 

possible amount of lipids. Table 5 compares the properties and the amount of extracted lipids from 

each batch.  
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Table 5: Summarizing table of the properties of each batch 

Sample Nutrient 

(g per 2.6 

liter) 

pH Weight of 

starting 

culture (g) 

Total weight 

of dry algae 

(g)) 

Lipid ratio 

(%) 

Total 

weight of 

lipids (mg) 

#1 1.00 7.3 0.1698 1.2085 3.47 41.94 

#2 1.00 7.5 0.1698 0.9324 3.79 35.34 

#3 1.00 7.7 0.1698 0.9969 3.35 33.40 

#4 1.75 7.3 0.2369 1.5110 2.94 44.42 

#5 1.75 7.5 0.2369 2.3118 3.49 80.68 

#6 1.75 7.7 0.2369 2.1822 1.88 41.03 

#7 2.00 7.3 0.1114 1.7173 2.36 40.53 

#8 2.00 7.5 0.1114 2.8326 1.83 51.84 

#9 2.00 7.7 0.1114 1.4300 3.92 56.06 

 

According to the results, the highest lipid ratio occurred when the batches had low nutrition 

concentration; in other words, the algae were starving (shown by Figure 14). However, those 

batches had a smaller growth rate because of the nutrition limitation and they are not considered to 

be the best results. One of the highest amount of lipids in weight occurred when we had the most 

amount of nutrition in the systems. High nutrition content is not putting algae under stress, so the 

lipid ratio per cultivated algae is rather small; however the growth rate is so favorable that these 

samples yielded the most lipid in mass (shown by Figure 15). 
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Figure 14: Comparison of lipid content in each sample (lipid % per sample mass) 

 

 

Figure 15: Comparison of lipid content in each batch (total extracted lipids in milligrams) 
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As it can be seen on the Figure 16, which is a combined diagram of the previous oil yield per gram 

(%) and total oil yield (mg) diagrams, starvation is not an optimal solution for lipid production. At 

1 gram nutrition per 2.6 liters concentration, the amount of extracted lipids is the smallest. 

However, 7.5 pH value seems to be the best condition in the case of 1.75 g and 2 g nutrition per 

2.6 liters concentration batches. Surprisingly the most lipids extracted are from samples with 

7.5 pH, at 1.75 grams of nutrition. The next favorable circumstances for oil production are at 

2 grams of nutrition, which is nutrient rich environment. 

 

Figure 16: Relation between the total lipid yield and the lipid ratio in each sample 
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3.2. Hydrothermal liquefaction 

 

Pressure chamber with 150 ml maximum volume was filled up with 30 g dry algae (freeze-dried) 

and 120 g water, which corresponds to 25% dry weight. Each sample was left under pressure and 

high temperature for 1 and 6 hours, with various starting pressure granted by pure CO2. Table 6 

compares the properties of each run. After the required time, the device was unplugged from the 

electricity but was not opened (due to the increased pressure and the high temperature) until the 

next day. As it cooled down, the pressure meter showed more pressure inside the chamber than the 

starting pressure was. Table 6 shows this additional pressure as Pstopping. Pmin and Pmax indicate the 

pressure interval after the heating up. 

 

Table 6: Summarizing table of the properties of each run 

Run 
t 

(hours) 

PCO2 

(bar) 

Pstopping 

(bar) 

Pmin 

(bar) 

Pmax 

(bar) 

Temperaturemin 

(°C) 

Temperaturemax 

(°C) 

#1 1 10 17 52 57 270 280 

#2 1 15 21 53 58 270 280 

#3 1 20 24.5 53 58 270 280 

#4 1 25 33 52 58 240 270 

#5 6 10 10 55 60 280 285 

#6 6 15 17 52 60 275 280 

#7 6 20 25 52 59 260 280 

#8 6 25 31 52 58 240 275 

#9 6 10 19.5 56 61 279 282 

#10 6 15 21 56 61 280 282 

#11 6 20 26 57.5 62.5 270 281 

#12 6 25 27 59 64 268 282 

 

Samples from run #1 to #8 were sent to chemical analysis, where the measurements were 

unsuccessful. In the chemical analysis method by (Blight & Dyer, 1959), chloroform is used for 

the extraction. However, with these samples, the laboratory reported the invisibility of the two 



36 

layers, the mass was a dark-brown, homogenous layer. For this reason, additional samples (run #9 

to #12) were made and extracted with n-hexane, as it is described in Chapter 2.3 Extraction. The 

extraction method with n-hexane was successful; the results can be seen in Table 7. It is important 

to note that the extraction method could be more accurate, the values in the table might be slightly 

more with a better extraction method. However, since the same method is used with every sample, 

the results are comparative. The most important information from Table 7 is shown graphically by 

Figure 17. 

 

Table 7: Oil yield from each experiment 

Sample 
Pstart 

(bar) 

Algaeinput 

(g) 

Oiloutput 

(g) 

Oiloutput 

(%) 

Raw, untreated algae - 50.01 0.23 0.46 

Raw algae, treated with ultrasound - 50.00 0.28 0.56 

#9 10 30.00 0.22 0.73 

#10 15 30.02 1.81 6.03 

#11 20 30.03 0.93 3.10 

#12 25 30.00 1.5 5.00 

 

 

Figure 17: Extracted oil from each hydrothermal liquefaction sample, after 6 hours of conversion 
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These results indicate a low conversion rate at 10 bar starting pressure, which yielded 0.73% oil. 

This value can easily be in the error range of the extraction process; however, the run with 15 bar 

starting pressure clearly indicates chemical changes of biomass, which resulted in the highest 

amount of extracted lipids. The increase from 0.28 g to 1.81 g in oil is roughly a 650% increase, 

which is incredibly high in this small-scale experiment. However, if the implementation of this 

process is planned in a long term on a large scale, the increase in oil yield might not be this high. 
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4. CONCLUSION 

Hydrothermal processing of algal biomass to produce biofuel has proven to have practical value 

at places with large-scale algae production. It is not feasible on a small-scale, because of the low 

conversion rate. However, for cosmetic use, it is a promising method to produce valuable lipids 

from algae. As a result of this research, the best conversion with HTL yielded 6.03% oil, which is 

a great conversion rate, compared to the 0.46% initial oil content of the algae biomass. As the 

device, used during this research, has only 150 ml total volume, with this conversion rate it is not 

possible to make large-scale oil production. However, as a pilot project, it is confirmed that oil can 

be produced at the Blue Lagoon R&D Center, from Cyanobacterium aponinum. 

In order to achieve a large-scale production, a hydrothermal liquefaction chamber with bigger 

volume is needed. The use of catalyst has to be investigated and a device with higher pressure 

tolerance than we used, has to be tested. It would be interesting to see the changes in biomass if the 

pressure could be controlled independently from the temperature. Fatty acid composition of the 

resulted lipids is also crucial, which we did not have the opportunity to do in the course of this 

research. 

 

Laboratory-scale cultivation confirmed that, starvation and nutrition limitation increase the lipid 

accumulation in the microalgae cells, they also limit the growth rate. Therefore, the highest amount 

of oil in one gram of biomass occurs under unfavorable cultivating circumstances. However, the 

highest amount of total extracted lipids occurs when the algae has sufficient amount of nutrition to 

grow. In this research, the highest lipid yield was 3.92%. 

In the future, comparison of the lipid quality of each batch would have a great value, to see if the 

oil composition is changing with the growth circumstances. 
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6. APPENDICES 

Appendix 1: Temperature and pressure changes over time during the test run of the device, at 5 bar starting pressure 
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Appendix 2: Phase diagram of the test run of the device, at 5 bars starting pressure 

 

0

10

20

30

40

50

60

70

80

90

0 50 100 150 200 250 300 350

P
re

ss
u

re
 (

b
ar

)

Temperature (°C)

Test run at 5 bars starting pressure plotted on the water-wapor phase diagram



48 

  



49 

BACK COVER 

 


