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Abstract 
Initially this report explores the production process of biodiesel from microalgae including growth 

methods, extraction methods and the conversion into methyl esters through transesterification.  

The primary focus of this study is on the environmental impact, fuel efficiency and cost of bio-

diesels from microalgae compared to petroleum diesel. 

The biodiesel was made from the microalgae strains Chlorella vulgaris and Dunaliella tertiolecta, 

through growth, extraction using hexane, and transesterification using methanol and sodium hy-

droxide. The product was tested on GC-MS and determined to be biodiesel. The calorific value was 

found to be comparable to that of petroleum diesel. A discussion of the competitive performance of 

biodiesel from microalgae is made by combining the results with an investigation of their properties 

including emissions from the burning of diesels, cetane numbers, gel points and labor costs. 

Biodiesel derived from microalgae is found to be superior to petroleum diesel in many of these as-

pects, however, a major disadvantage is the high cost of biodiesels, making the use of biodiesels as 

a supplement more realistic.  
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1 Introduction 
The main topic for this project was ñChemical and Bio industrial Productsò and from this we chose 

the topic of Biodiesel. Biodiesel has been in the public eye for a while because of societyôs increas-

ing concern about the environment. Many governments around the world are making an effort to 

use cleaner energy sources, and biofuels are a good example of this. Using more environmentally 

friendly fuel sources can make a huge difference since our society is very dependent on fuel for our 

cars, trains, aircraft, etc. Although there is a great societal awareness of the environmental and 

health risks associated with fossil fuels, they are still our primary energy source. We want to inves-

tigate why a substitute product has not yet emerged as a viable competitor to fossil fuels, and for 

this purpose we took a particular interest in biodiesel, since it may help reduce the use of petroleum 

diesel specifically. This could be a good step towards becoming less dependent on fossil fuels. 

Biofuel is made from biomass, such as animal fats or plant oils. This of course makes biofuel a very 

broad topic with many different types to work with, and all of these have different advantages and 

disadvantages. We shortly investigate the different generations of biofuels in order to choose which 

type of feedstock we think seems most promising, both in regards to availability, such as its ease of 

growth, and the environmental impact, such as whether the crops have a negative impact on the 

surrounding environment. These considerations led to us choosing algae-based biodiesel, since we 

found it to have the highest potential to compete with petroleum diesel, especially because algae 

production has no impact on food scarcity.  

Our initial research on algae-based biodiesel seems very promising, which has increased our curios-

ity regarding the subject. The potential for an environmentally friendly and economically sustaina-

ble replacement for petrodiesel is very interesting, which is why we have chosen to examine it fur-

ther in this project. 
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2 Problem Analysis 
We have chosen to focus on the topics we find necessary to be capable of answering the problem 

statement. To make this more manageable we have made a breakdown chart (see Appendix A) fol-

lowing the process to define our scope of work and gain a better overview of which topics reflect 

our problem statement, and in the same process eliminating the topics that are not directly identified 

with it. 

2.1 Generations of Biofuel 

Through time, different generations of biofuels have been defined to overcome the complications 

related to previous generations. This, however, does not mean that a newer generation is always 

better than lower generations in every aspect since factors such as the efficiency of the production 

process must be taken into account as well [1]. 

First -generation biofuels refer to biodiesel or bioethanol produced from crops, which are also used 

as a food source. Examples include wheat and sugar for bioethanol-production and oil seed rape for 

production of biodiesel. The most notable issue with first-generation biofuels is their competition 

with food crops for land [2]. 

Second-generation biofuels are those produced from non-food crops. This solves the initial problem 

of competition with food crops, but still requires large areas of land to grow the crops needed [2]. 

Third -generation biofuels include aquatic photoautotrophic1 organisms such as algae [1]. Their 

largest benefit is that algae are able to produce more energy per acre than conventional crops and 

thus help reduce the area needed to cover the same biofuel production [2]. Moreover, biomass for 

third-generation biofuels can be cultivated anywhere where sufficient amounts of carbon dioxide 

and water are found [3]. 

Algae, like corn, soybeans, and other plants store energy in the form of oils, carbohydrates, and 

proteins. The plantôs oil can be converted into biodiesel through different methods. The more effi-

cient a particular plant is at converting solar energy into chemical energy, the better it is from a bio-

diesel perspective, and algae are among the most photosynthetically2 efficient plants on Earth [4]. 

Fourth -generation biofuels aim to absorb more CO2 than is emitted back into the atmosphere when 

burned. This can be accomplished by capturing carbon dioxide throughout the production and ge-

osequestering3 it [2]. 

                                                 
1 Photoautotrophic: An organism, typically a plant, obtaining energy from sunlight as its source of energy to convert 

inorganic materials into organic materials for use in cellular functions such as biosynthesis and respiration. 

http://www.diffen.com/difference/Autotroph_vs_Heterotroph 
2 Photosynthesis: The synthesis of complex organic material using carbon dioxide, water, inorganic salts, and light 

energy (from sunlight) captured by light-absorbing pigments, such as chlorophyll and other accessory pigments. 

http://www.biology-online.org/dictionary/Photosynthesis 
3 Geosequestering: The process of capturing carbon dioxide that would otherwise be emitted to the atmosphere, com-

pressing it, transporting it to a suitable site, and injecting it in liquid form into deep geological formations where it is to 

be trapped for thousands or millions of years. http://www.landlearnnsw.org.au/sustainability/climate-

change/research/geosequestration-ccs  

http://www.diffen.com/difference/Autotroph_vs_Heterotroph
http://www.biology-online.org/dictionary/Photosynthesis
http://www.landlearnnsw.org.au/sustainability/climate-change/research/geosequestration-ccs
http://www.landlearnnsw.org.au/sustainability/climate-change/research/geosequestration-ccs


Biodiesel Production from Microalgae   

18 December 2015 

CBT15-B311b 

 

Page 8 of 71 

 

For this project we have chosen to focus on third-generation biofuels, specifically biodiesel pro-

duced from algae. The annual productivity and oil content of algae is far greater than seed crops. 

Soybean can only produce about 450 liters of oil per hectare. Canola can produce 1.200 liters of oil 

per hectare, and palm trees can produce 6.000 liters of oil per hectare. Algae, on the other hand, can 

yield 90.000 liters per hectare. Microalgae contain lipids and fatty acids as membrane components, 

storage products, metabolites and sources of energy [5]. From these values it can be reasonably 

concluded that algae and microalgae in particular would be the optimal candidate for biofuel.  

Even though more than 99 % of global biofuel production consists of first- and second-generation 

biofuels, future technological improvements may help third- and fourth-generation biofuels take a 

bigger role in the production of biofuels [6] and we think this makes biodiesel from algae an im-

portant topic of research. 

 

2.2 Environmental Impact 

Fossil fuels have been a part of our everyday lives and our industry for a long time, but they unde-

niably have significant detrimental effects on the environment, which is becoming something we 

strive to reduce. In regards to this, the topic of biofuels has gained a lot of interest since they seem 

to have great potential in reducing this negative environmental impact by acting as a partial or full 

substitution to fossil fuels. Biofuels tend to be more environmentally friendly than fossil fuels due 

to a number of factors, such as their renewability and lower pollution, which is why we have chosen 

to investigate them further. 

Biofuel from algae is considered carbon-neutral, which means that the algae consume as much CO2 

when grown as they release when burned. Some companies even claim that the GHG (greenhouse 

gas) footprint from biodiesel produced by algae is 93 % lower than that of traditional petroleum 

diesel (petrodiesel) [7]. Earlier sources of biofuel relied on using food crops for oil production, 

which meant that fuel production would tap into food production, both in regards to the space used 

for growing crops, and in regards to choosing how to use these crops. This would result in a signifi-

cant increase in the necessary farmland for crops, although there have been difficulties in reaching 

an agreement on the amount of required land, since the estimations can be based on different prem-

ises and assumptions, leading to many different outcomes. [8] These estimates show that between 

0.4 Mha 4 and 114 Mha of natural land5 could be lost due to biodiesel production. This, of course, 

depends on which crops are used as well as many other factors [8]. If we instead produce biodiesel 

from algae, the use of land will be minimized since algae do not share the same soil requirements as 

land-based crops, and can instead be grown on fields otherwise unsuitable for agriculture, or inside 

factory facilities [7]. 

Another problem with the development of biodiesel is that it can have an impact on the natural bio-

diversity6 by ruining habitats in order to make space for agriculture. There are a variety of ap-

                                                 
4 The area of Denmark is approximately 4.3 Mha. 
5 Land where plants grow freely without human interference 
6 Biodiversity is a measure of the amount of different species living in an ecosystem 
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proaches to growing algae, and these do not necessarily require being in fields, or even outside, 

which means that the production of algae can have a smaller impact on biodiversity than traditional 

land-based crops [8]. Natural ecosystems are already widely disturbed by the large areas we cur-

rently use for agriculture, and the amount of land required for this is expected to increase in the fu-

ture in accordance with the rising population. If, on top of this, we start growing crops for biodiesel 

on land currently dedicated to farming for food, then we will make an even greater impact on the 

natural ecosystems in the different areas. 

During early attempts at growing algae for biodiesel, the consumption of water during the growth 

process was very high. This is a major issue since water is a precious and highly valuable resource, 

and overuse is already a globally environmental issue, even without the added expenditure from 

biodiesel production. Attempting to fix the issue of global warming through use of biofuels would 

make little sense if it resulted in creating a significant shortage of clean water, since this would be a 

far more urgent issue. The initial methods of growing algae were in shallow ponds, and these ponds 

required large amounts of water because of the high evaporation rate in the system. But through the 

continued work and research in regards to growing algae, new methods have been discovered with 

no (or very low) evaporation issues, where it is even possible to minimize waste of water by recy-

cling up to 85 % of the water [7]. 

2.2.1 Danish Rules and Regulations on Production, Use and Sale of Biofuels 

With the previous chapterôs considerations in mind, laws have been made in Denmark that specify 

the usage of biofuels. When working with the uses of biofuels, it is important to consider the legis-

lation that exists on the topic. Ideally, these laws serve the function of protecting the environment 

by reducing the emission of greenhouse gasses and other environmental risk factors in order to en-

sure that the production of biofuels has the lowest possible amount of negative impact on the envi-

ronment. 

The Danish law on biofuels (2009) states that all sales of fuels for land based transport must consist 

of at least 5,75 % biofuels (measured in energy content) [9]. 

To count for this requirement the biofuels must meet the following rules for sustainability [ 10]: 

¶ The savings in greenhouse gas emissions must be at least 35 % (50 % from 2017 and 60 % 

from 2018 for plants that started operations after 2017). 

¶ The biofuels must not be produced from raw materials from an area with high biodiversity 

¶ The biofuels must not be produced from raw materials from an area with a high carbon stor-

age (defined as areas that were wetlands or dense forests in January 2008, but is not any-

more). 

¶ The biofuels must not be produced from raw materials from which were peatlands in Janu-

ary 2008, unless the cultivation will not dewater the soil. 

¶ Raw materials which are produced in Europe for use in biofuels must also follow require-

ments concerning the protection of [11]: 

o The groundwater from contamination by dangerous chemicals. 

o The environment, especially the soil, in connection with the use of sludge from 

cleaning facilities. 
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o Water from contamination caused by nitrates from agriculture. 

o Nature as well as wild animals and plants. 

Companies must send annual reports to the Danish Energy Agency, explaining how the company 

has met the requirements above [10]. 

Companies can apply for funding for projects that promote energy efficiency, for instance by re-

placing fossil fuels with biofuels [11]. 

Denmark has no specific laws on the cultivation of algae. 

 

The fact that biofuels must constitute at least 5,75 % of fuels for land based transport reduces  com-

petition from fossil fuels against biodiesel. Biodiesel from algae now only has to compete against 

other biofuels in this limited market share of 5,75 %. Since the production of other biodiesel feed-

stocks are more restricted by laws than algae production, biodiesel from algae has stronger ad-

vantage than it otherwise would have. 

 

2.3 Introduction to Algae Strains and Species 

The potential applications of algae have been known for many years, but there have been complica-

tions in regards to the development of the technology to use algae on a larger, industrial scale, and it 

is only in recent years that we have gained enough knowledge about algae to really work with them 

and utilize them for various purposes, such as the production of biofuels. 

In the late 1940s, algae were seriously considered as an alternative food source, particularly the 

strain Chlorella, since it contained a large amount of important nutrients when dried. However, de-

spite seeming very cost-efficient, it turned out that Chlorella was difficult to produce reliably with 

the available technology, since small changes to its environment could cause it to stop growing. The 

process of harvesting and processing Chlorella also turned out to be damaging to the biomass, and 

as a result, the attempt to turn Chlorella into a new food source failed [12]. In 1980, the American 

Department of Energy created the Aquatic Species Program [13], which attempted to find a way to 

produce oil from microalgae. In the 16 years the program existed, they tested and analyzed thou-

sands of different species of algae, and helped build a greater understanding of mass-production of 

algae. The program was shut down in 1996 however, due to financial concerns and the high availa-

bility of relatively cheap fossil fuels [14]. 

Since the days of the Aquatic Species Program there have been a great number of scientific break-

throughs that influence the potential to produce algae to be used for biofuels. Biotechnological ad-

vancements allow for genetic engineering of algae species in order to increase efficiency. This in-

cludes creating algae with higher concentrations of oil, better conversion of solar energy, more ef-

fective or controllable growth systems [15][16]. Algae are appealing as a source of biofuel because 

they are environmentally friendly, fast-growing, and non-competitive with agriculture [17]. 

Based on the historical perspective and the general knowledge of production methods, we have cho-

sen to focus on a few select strains of algae that seem to have the best potential for the purposes and 

parameters that we are considering when the goal is to produce biofuel. 
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A great benefit to algae is that they can grow anywhere (provided that there is sufficient sunlight 

and feedstock). Along with some strains of algaeôs naturally high lipid content of 50 % and upward, 

these strains can also complete an entire growth cycle every few days. It is the combination of lipid 

content and growth cycles that forms the basis for evaluating any micro algae used in industrial 

production. We will therefore primarily focus on lipid content and biomass production in our evalu-

ation of algae strains. Other important considerations that we will only briefly explore are the opti-

mal medium, photosynthetic efficiency and nutritional requirements.  

2.3.1 Species of Algae 

Marine ecosystems form the largest habitats on Earth, which are primarily dominated by microal-

gae. Algae exist in numerous forms throughout this ecosystem and have a wide array of properties, 

such as being capable of photosynthesis. Their ability to produce oil is a topic of interest for chemi-

cal engineers, since algae are a renewable energy source as well as CO2 neutral. Algal organisms 

can be divided into two distinct groups: macroalgae and microalgae, growing in aquatic environ-

ments.  

Macroalgae, commonly referred to as ñseaweedò, are multicellular plants growing in salt or fresh 

water. Macroalgae can be classified into three groups identified by their pigmentation: brown sea-

weed (Phaeophyceae), red seaweed (Rhodophyceae) and green seaweed (Chlorophyceae). [18]  

 

Microalgae are unicellular microorganisms that exist in saline or fresh water environments and lives 

and reproduces by converting sunlight, water and carbon dioxide to algal biomass through aquatic 

photosynthesis. Aquatic photosynthesis functions by the following chemical equation: φ#/

φ(/ ÌÉÇÈÔᴼ#( / . Sunlight acts as the initiator of the reaction since it provides the energy 

necessary for the reaction to occur. The algae absorb light through chlorophyll molecules and con-

duct photosynthesis. [19] 

Microalgae are among the largest producers of biomass. An interesting species is the phytoplankton 

community, which includes 5000 marine species of microalgae with a broad diversity in cell size, 

morphology, physiological, and biochemical composition. All phytoplankton are capable of photo-

synthesis and many have an astounding cell division and growth rate, doubling up to four times per 

day. Some phytoplankton species also act as bio-indicators reflecting changes in the environment 

such as pH, temperature, salinity, alkalinity, nutrient composition, solar radiation etc. [18] Explor-

ing new microalgae and synthesizing new algae strains on a larger scale could yield not only ad-

vances in algae biodiesel, but also breakthroughs in the medical, cosmetic, and food industry as 

algae continues to contribute in all these areas. 

Only fifteen of the known microalgae species are currently mass cultivated. This is a tiny fraction of 

the known species of algae and orders of magnitude smaller than the estimated number of unknown 

species. The classification and exploration of algae remain a relatively unexplored topic in modern 

science due to ineffective methods of classification. Using primers, which is a strand of nucleic acid 

sequencing designed to replicate and identify DNA for classification, has proved troublesome due 

to theoretical construction of strains based on incomplete datasets from cultured organisms [18]. 
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New methods of identification and further studies are warranted, if potentially higher oil yielding 

algae are to be found. 

2.3.1.1 Highest-yielding algae 

Microalgae are uniquely rich in lipid content. They consist of proteins, carbohydrates, lipids and 

nucleic acids in varying amounts. In oil production lipid content is the most important aspect of 

these characteristics. Among the different micro algae strains we have chosen to focus on the family 

Chlorophyceae. [20] 

2.3.1.2 Chlorella 

Chlorella is single celled green algae in the class Chlorophyceae [21]. Chlorella uses synthesis to 

grow. It captures light through special pigments which are called chlorophyll-a and -b. Chlorophyll-

a captures the wavelengths associated with photosynthesis, while chlorophyll-b is correlated with 

the photosynthetic output [22]. Chlorella consists of 50 % protein and amino acids, such as trypto-

phan, 30 % fiber, 10 % mineral salts and 10 % lipids [21]. Various strains of Chlorella possess a 

higher lipid content. Chlorella vulgaris, which is an alga that we will be using in our experiments 

later in this project, consists of 51-58 % proteins and 14-22 % lipids [23]. Chlorella grows rapidly 

in almost any pond or lake worldwide. To grow, it only requires a source of nutrients such as nitro-

gen, CO2, sunlight and a stirred medium to ensure that all algae are in a homogenous state [24]. 

2.3.1.3 Dunaliella 

In the family of Chlorophyceae another interesting algae exists. Dunaliella is also a primary alga 

with an oval shape and is about 9 to 11 ɛm long in diameter. The benefit of this alga is that it is 

simple to cultivate and does not form chains or clump. This strain can have an oil yield of 37 %, 

while being fast growing and therefore allowing for a high carbon dioxide rate [25]. 

2.3.1.4 Super Strains 

Chlorella and Dunaliella are both highly efficient regarding growth-to-lipid ratio, but there are al-

gae that have the ability to outclass them both under the right conditions. One of these strains is the 

rare algae Botryococcus braunii. In 2015 Dr. Jin Qin, from the Flinders University in Australia re-

leased an interesting study. In this study, Dr. Qin managed to grow the lipid-rich algae Botryococ-

cus braunii in a very short time. Botryococcus braunii contains upwards of 75 % lipid content of its 

dry weight. In the experiment dr. Qin cycled through a light and dark environment every 12 hours, 

with a steady temperature of 23 °C in a medium of 8,775 % salinity. Traditionally Botryococcus 

braunii goes through a full growth cycle in 14 days, but in this optimal environment the algaeôs 

growth cycle was completed in a mere two days [26]. 

It would be interesting if we could replicate the remarkable results that Dr. Qin managed to produce 

with Botryococcus braunii. This alga could be a boon in commercial production due to its high lipid 

content and growth rate. We suspect that optimal growth levels cannot be reached in an open pond 

system because of the specificity of the requirements for growing the algae. A PBR would be opti-

mal since you can more easily regulate the growth parameters, which we will explore further in  

section 2.4 regarding growth methods. Due to the temperature requirement of 23 °C it will be ex-

tremely difficult to grow this alga outdoor in Denmark with our colder climate. It would instead be 
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necessary to create an artificial environment, which could make it less attractive from a financial 

standpoint. 

2.3.2 Algae Growth Stages 

The growth rate greatly influences the biomass yield of algae. When determining the growth rate of 

algae it is important to be cognizant of the growth phases they go through. The phases are summa-

rized in the following sections. 

2.3.2.1 The Lag Phase 

In this phase the sample algae is removed from its medium and placed in a new medium, which 

may cause the algae to not exhibit any growth for a period. It depends in large measure of the health 

of the algae sample and the medium in which it is placed. To reduce the lag period, growth condi-

tions from the pre-existing algae and the sample should be equal. [27] 

2.3.2.2 Exponential Phase 

In this phase the algae increases its biomass over time, which is called ñgrowth rateò. The growth 

rate determines the ecological success of the species or strain when it comes to adapting to the me-

dium, temperature, salinity, light cycles, and intensity. [27] 

2.3.2.3 Decline Phase 

During this phase the algae biomass production is declining. This usually happens in cultures when 

the requirements for production of biomass are limited or something else is limiting cell division.  

Often biomass will be at a peak in this phase and have exhausted the nutrients in the salt, its CO2 

provision or the culture can be so thick that it restricts incoming light. [27] 

2.3.2.4 Stationary Phase 

The culture is at a net zero change in growth rate. The culture undergoes extreme changes during 

this phase. The specifics of the changes depend on the growth limiting factor. If nitrogen is lacking 

the culture experiences a reduction in protein content and may experience a decrease in lipid con-

tent. Light limitation causes pigmentation changes and a change in fatty acid content. Light intensi-

ty that was suitable for the first 3 phases may become stressful for the culture and can push it to-

wards the death phase, a condition known as photoinhibition. [27] 

2.3.2.5 Death phase 

In this phase the vegetative metabolism can no longer be maintained in the culture and it begins to 

rapidly decay. As the cell membrane integrity of the algae begins to deteriorate, bacteria of various 

kinds starts to form on the carbon rich algae. The growth rate declines rapidly in this stage until the 

culture is completely decayed. [27] 

 

In regards to algae production it is critical to identify the exponential growth phase and make cer-

tain that the algae do not exit this phase into the stationary phase, or worse yet the death phase. Pro-

longing the exponential growth phase is usually done by thinning out the culture, so sunlight and 

nutrients are readily available for the remaining culture. Insight into the growth phases is helpful 
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when it comes to growing microalgae since they play a part in optimizing the production process. 

This is one of many factors involved in developing a financially responsible approach to algae pro-

duction. 

 

2.4 Growth Methods 

Several tons of algae are farmed commercially every year. The biomass from these algae is used for 

human nutritional supplements, specialty animal feeds and pharmaceutical products [28], but in 

recent years, there has been significant development with new designs of closed circuit systems 

specifically made for farming microalgae to process into biofuel. 

Most microalgae are cultured as photoautotrophic and thereby produce their own food from sub-

stances available in their surroundings using photosynthesis. This is one of the primary advantages 

of farming microalgae as a feedstock for biofuel production. It also creates some limitations to the 

designs for developing new microalgae production systems able to produce biomass on a commer-

cial level [28]. Commercial plants as of today use one of the following four technologies: 

1. Extensive ponds. 

2. Circular and raceway ponds. 

3. Tubular photobioreactors. 

4. Fermenters (where algae are grown on organic substrates in the dark). 

[28 (p116)] 

2.4.1 Open ponds 

Today, the most large-scale microalgae biomass production system 

for commercial purpose is the shallow raceway pond [28]. The 

reason for this is that they are cheaper to build, clean, and operate 

than PBR and require a lower energy input [28]. The pond is about 

20 to 40 centimeters deep and is designed to copy the conditions of 

the algaeôs natural environment (Figure 1). It has a paddlewheel 

that maintains circulation in the system to mix the algal cells and 

nutrients, and baffles designed to maintain the flow in the system. 

These nutrients can be supplied by using wastewater rather than 

clean water [29]. There are multiple benefits in using this method; 

it is a low-cost process and a good source of nitrogen and phospho-

rous, which the algae obtains as nutrients and in the same process 

cleans the water. The algae are harvested behind the paddlewheel 

after it has completed a circulation [30]. These open pond systems 

are the simplest systems for mass cultivation of microalgae, but 

they also have great disadvantages. Due to being open-air sys-

tems they are exposed to contamination [28] and in contrast to farming, where methods have been 

developed over hundreds of years to prevent the unwanted impact of external influences, the meth-

           Figure 1 - Open raceway pond [31] 
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ods within mass algal culture are not even nearly as developed and are still in the very early stages. 

Another problem is that there is a lot of water loss due to evaporation, which results in the system 

having an enormous demand for daily water supply in order to compensate for this loss [30]. The 

climate also presents another major environmental factor for farming microalgae in open ponds, 

since the strains of algae that are currently used require an optimal temperature of over 20 °C. 

When the temperature falls below 20 °C, the productivity declines drastically. The optimal climatic 

conditions for growing algae in open ponds are an annual average temperature above 15 °C [32]. 

Even in desert regions it can be difficult to maintain a high productivity of algae due to low night-

time temperatures. This impacts the photosynthesis rate because the pond has to warm up again 

[33]. Different methods have been tried in attempting to circumvent this problem, such as covering 

the ponds with an isolating top at night or increasing the depth of the pond, but none of these solu-

tions have been sufficiently inexpensive for biofuel production [33]. 

2.4.2 Photobioreactors 

Due to the interest in significantly reducing the risk of contamination and the rate of water evapora-

tion within the open pond systems there has been a lot of research and development going into de-

signing closed circuit systems [28]. These can make it possible to control growth parameters within 

the system in order to promote biological growth, such as by facilitating better control of CO2 and 

water supply, temperature, pH levels, culture density and maximizing the photosynthetic efficiency 

by creating a sufficient exposure to light [34]. These requirements are collected in the following 

principles: 

1. Adequate mixing to provide a suitable light-dark cycle to the cells and avoid biofouling. 

2. High mass transfer capacity to efficiently supply CO2 and prevent /  build-up. 

3. High surface-to-volume ratio to increase cell concentration and volumetric productivity. 

4. Control of temperature at or near the optimum for the cultivated organism. 

5. Accurate control of pH and CO2 and nutrient concentrations. 

6. Adequate harvesting regime to maintain the optimal population density.  

[28 (p117)] 

Photobioreactors for cultivation of algae have been developed in different designs and variations, 

but the core process of the system, as seen on figure 2 below, remains the same. 

 

Figure 2 - The process within a photobioreactor. [35] 

The most commonly used design for commercial use is the tubular photobioreactors [28], also fol-

lowing the process in figure 2. These are suitable for outdoor bulk cultivation because of their large 
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surface area for maximizing sunlight capture [36], with tubes made of glass or acrylic, allowing 

daylight to enter the system for photosynthesis to occur. Nutrients and water are injected to the 

feeding vessel and are circulated into the system by a pump. When the algae have circulated 

through the system they flows into the feeding vessel again, monitored by sensors detecting if the 

algae are ready for harvesting as well as the oxygen level (a product of the photosynthetic process). 

At this point, the algae are separated and the algae that are ready for harvest will pass through a 

filter, while the remaining algae flow back into the feeding vessel [34]. 

 

Most photobioreactors for algae production 

built today are small scale and used for re-

search. The reason for this is their high operat-

ing cost and reduced scalability [28]. One of 

the major limitations in larger scale photobio-

reactors is the build-up of photosynthetically 

generated oxygen. High levels of dissolved 

oxygen can be toxic to the algae cultivation 

and may lead to culture death [37], which pos-

es a major threat when previous studies have 

showed that very high levels of dissolved oxy-

gen are easily reached in tubular photobioreac-

tors [36]. An example of the drawback of the 

production cost compared to the yield when 

upscaling photobioreactors is the reactor developed by The Department of Chemical Engineering of 

the University of Almeria, Spain, with, ñé two-layer, 4.000 L horizontal tubular photobioreactor, 

made of 10 cm diameter Plexiglass® tubes connected by U-joints to form a single 400 m long loop 

é used for production of lutein-rich biomass of Scenedesmus almeriensis.ò [28 (p122)]. This sys-

tem had the potential to yield 16 t ha-1 year-1 [28] but has since been redesigned to a fully automated 

system, which ñé is now composed of ten 2,8 m3 vertical serpentine units. Each unit occupies a 

surface area of about 50 m2 and consists of 20 m long, 9 cm diameter Plexiglass® tubes running in 

a fence-like structure é The culture suspension is circulated by a centrifugal pump ... Adopting a 

dilution rate of about 35 % a mean volumetric productivity of 0,4 g L-1 day-1 (corresponding to an 

area productivity of about 20 g m-2 day-1) was attained in winter with Nannochloropsis.ò [28 

(p122)]. However, the production cost of algae biomass was estimated to be around ú25 kg-1, much 

higher than the ú0,5 kg-1 limit goal. This means that currently the cost of producing algae for the 

purpose of biofuel is too high, but this is a problem that is being worked on in many ways, which 

will  be explored in the following chapter. 

  

Figure 3 - Tubular photobioreactor. [38] 
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2.4.3 Economical Limitations 

One of the main issues in large-scale algae production is the cost involved in cultivation, harvest 

and extraction. Many start-up companies around the world are working on solution to these issues 

by experimenting with different approaches that may help find the most cost-effective approach to 

producing algae. 

As discussed earlier, there are various approaches to growing algae, such as open ponds or photobi-

oreactors. There are also options for how to feed the algae, since some depend more on sunlight, 

while others can be fed sugars instead [39]. There is the photoautotrophic production which is the 

only method that is technically and economically feasible for large-scale production of algae bio-

mass for non-energy production. The practicability of each system (open pounds and photobioreac-

tors) is influenced by the properties of the selected algae strain, as well as climatic conditions and 

the costs of land and water. Raceway ponds are the most common systems. Compared to photobio-

reactors, open pond systems are the cheaper method of large-scale algal biomass production. They 

also have a lower energy input requirement, and it is easier to perform their maintenance and clean-

ing routines. Though already in 2008 the cost of producing Dunaliella salina in an open pound was 

too high to justify production for biofuels [40]. Closed photobioreactor systems are designed to 

overcome some of the major problems with the open pond systems, but come at a much higher cost. 

Since tubular photobioreactors have a design limit on length of the tubes, they cannot be scaled up 

indefinitely. Hybrid production systems combine distinct growth stages in photobioreactors and in 

open ponds, which can reduce the cost of microalgae biomass production. Heterotrophic production 

has a lower harvesting cost than closed photobioreactor, raceway ponds and hybrid production. The 

set up cost are also minimal, but the system uses more energy than the production of photosynthetic 

microalgae. This is because the algae needs a carbon source, which is produced initially by photo-

synthesis [40]. 

Since production costs for biofuel from algae are not yet competitive with fossil fuels or with con-

ventional biofuels, efforts are being made to find ways to reduce these costs. According to a 2010 

research study by the Lawrence Berkeley National Laboratory, producing fuel from algae grown in 

ponds at a large scale would cost between $240 and $332 per barrel. The current price of a barrel of 

crude oil is only about $407, which means that the biofuel simply cannot compete. [39] The re-

searchers at the University of Berkeley think that the biggest potential for reducing the costs is to do 

some biological improvements, e.g. doubling the algaeôs productivity through strain selection and 

genetic modification. There is also room for improvement in regards to cheaper harvesting, reliable 

cultivation in outdoor ponds, engineering improvements in system components such as in reactor 

construction, harvesting, dewatering, and oil recovery [41]. To reach those aims the EU has estab-

lished a ñEUROPEAN NETWORK FOR ALGAL-BIOPRODUCTSò named European Cooperation 

in the field of Scientific and Technical Research or just called short ñCOSTò. Their goal is to find 

an economically feasible model for the commercialization of algae-based bio products. They found 

out that the production of biofuel requires a coupling between microalgae production and wastes 

removal in order to be economically and environmentally sustainable. Besides, it demands the de-

                                                 
7 Barrel price: http://www.oil-price.net/index.php?lang=en 

http://www.oil-price.net/index.php?lang=en
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velopment of a cost-efficient and sustainable microalgae-based bio-economy. This requires though 

an overcoming of several technological and microbiological limitations plus the complement of 

several knowledge gaps. 

There are some current research niches, where they try to fulfill these requirements: 

- Increased microalgae biomass plus high-added value product productivity at decreasing op-

erating cost 

- To make microalgae biodiesel economically viable in low cost open photobioreactors. 

- Development of cost-effective microalgae harvesting  

- Biomass recycling and membrane separation also deserve further investigation.  

[42] 

2.5 Extraction Methods 

Once a sufficient amount of algae has been produced, the next stage in con-

verting them to biofuel is separating the biomass from the liquid and drying 

it. This can be executed by centrifuging the algae cultivation to end up with 

biomass containing minimal amounts of water. When the algae is dry it is 

ready for extraction of lipids. These lipids mainly consists of mainly triacyl-

glycerols (TAG) [43]. The efficiency of this part of the process plays a large 

role in the final result, both in regards to cost and the amount of fuel pro-

duced by a given amount of biomass. Different extraction methods have dif-

ferent drawbacks and benefits, and these are important when considering 

which extraction method to use. In our experiment, we chose to use solvent 

extraction by hexane, which is practical to do in the laboratory without spe-

cial (and possibly expensive) equipment. However, on a larger scale, differ-

ent methods may be more beneficial. 

2.5.1 Solvent Extraction 

A traditional way of extracting lipids from biomass is solvent extraction. The 

process involves dissolving the TAGs in a solvent. A commonly used solvent 

for this purpose is hexane, but other molecules have been proposed and tested 

[44][45]. The extraction can be conducted using a soxhlet extractor as seen in 

figure 4. In a soxhlet extractor, the sample is placed in the container in the 

middle of the extractor, while the solvent is in the round-bottomed flask be-

low. When the flask is heated, the solvent evaporates until it hits the conden-

ser at the top. The solvent liquefies and drops into the container with the 

sample. The lipids are dissolved in the solvent and are filtered through the 

sides of the container, falling back into the bottom flask. From here, the sol-

vent continues to evaporate while the lipids remain. In time, almost all of the lipids will have been 

moved into the bottom flask and can then be separated from the solvent through distillation [46]. 

Figure 4 - Overview showing 

how a soxhlet extractor 

works. [47] 
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2.5.2 Supercritical Fluid 

An alternative approach to extracting one component from another is by using supercritical fluid 

(SCF) as the extracting solvent. This is also a form of solvent extraction, and is typically more effi-

cient than for instance solvent extraction by using hexane, but this was unfortunately not a possibil-

ity during our current experiment. However, this is still of interest because it could help increase the 

overall output of biodiesel production from algae, and is also valid for larger-scale industrial pro-

duction. 

When a substance, for instance water or CO2, is pushed to a certain temperature and pressure, it 

enters a state where it is no longer possible to distinguish between the liquid and the gas phase be-

cause the liquidôs density will be equal to the density of the gas. At this point it enters a SCF phase 

where the substanceôs density and viscosity levels change when adjusting the temperature or pres-

sure [48]. Some substances even acquire different properties when entering their supercritical phase, 

which means that it is possible to use a solvent without some of the environmental pollutants like 

acetone or benzene that are used in chemical processes today for making synthetic materials such as 

plastic, medicine or fabric [49]. For water, the supercritical phase is induced at the critical tempera-

ture of 647 K and the critical pressure of 218 atm8 [50] (as seen on figure 5 below). This is due to 

its high polarity. Water is polar in its liquid state because of its ability to make hydrogen bonds, but 

when water is supercritical the hydrogen bonds break [49], which means that it becomes non-polar 

as well as turning acidic [48]. These new properties make it possible to dissolve chemicals or com-

pounds that are insoluble in liquid water. CO2, however, enters its supercritical state at a much low-

er critical temperature of 304 K and a critical pressure of 73 atm (as seen on figure 6 below). 

 

 

 

 

 

 

 

 

Both supercritical water and CO2 are considered environmentally safe [53]. Because extraction with 

supercritical carbon dioxide (SC-CO2) is efficient at temperatures lower than 323 K it ensures max-

imum product quality and stability, making it the most commonly used SCF [54][55]. For example, 

SC-CO2 is used commercially to decaffeinate green coffee beans by extracting and crystallizing 

pure caffeine [54] by still maintaining the original quality of the green coffee beans after the process 

without the use of any toxic substances [55]. Because of the SC-CO2ôs chemical properties to break 

                                                 
8 1 atm = 101,325 kPa 

Figure 5 - The phase diagram of supercritical water. [51] Figure 6 - The phase diagram of supercritical 

carbon dioxide. [52] 
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Figure 7 ï Summary of published works on SC-CO2 extraction of lipids from microalgae. [58] 

down triglycerides to glycerin and fatty acids by supercritical transesterification, it is a very effec-

tive method for extracting the lipids from microalgae [49]. Studies have shown that supercritical 

fluid extraction is one of the most efficient methods for extracting components from algae [34]. Not 

only does it yield a high purity and product concentration but it is also extra efficient because the 

use of supercritical fluid makes it possible to process the wet algae biomass without dewatering the 

algae first, saving a great amount of energy when cutting out the drying process, compared to tradi-

tional solvent separation methods [34]. 

2.5.2.1 Supercritical Fluid Extraction Process 

In the process of supercritical fluid extraction (SFE), it is sometimes necessary to use a co-solvent 

in order to compensate for traits that the SCF may be lacking. In the case of SC-CO2 it is common 

to use ethanol as a co-solvent to compensate for the fact that SC-CO2 has a low polarity, making it 

difficult to dissolve polar lipids. There are many possible co-solvents, but ethanol is typically cho-

sen due to being non-toxic, and because it has strong cell wall penetration. Algae tend to have rigid 

cell walls, which can make it difficult for the SC-CO2 to reach the lipids, and the ethanol co-solvent 

helps reduce or eliminate this problem, which can increase the lipid extraction yield by 20-90 % 

[56][57]. Figure 7 shows the lipid yields from using SFE on various types of microalgae, and in 

some cases it also displays the impact from using ethanol as a co-solvent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The amount of lipids gained from supercritical fluid extraction using SC-CO2 can vary depending 

on the level of pressure as well as the temperature. In figures 10 and 11, the yield of the microalgae 

Botryococcus braunii has been observed in regards to these [59]. 
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As can be seen on figures 8 and 9, the lipid yield can be significantly increased by applying the 

right amount of pressure and temperature in regards to the SC-CO2. Experiments are made to find 

these values, which can then be applied on a larger scale to increase efficiency in mass production. 

Another potential application for SFE in regards to microalgae is the ability to extract materials 

other than lipids from the same algae, resulting in a higher level of use of the microalgae. These 

additional materials can be pigments, such as carotenoids, astaxanthin or lutein, which can be used 

for medical purposes. For instance, astaxanthin reduces the risk of cardiovascular diseases while 

lutein can prevent age-related macular degeneration. Supercritical fluid extraction of microalgae is 

thereby not only useful in regards to biofuels, but also for the potential medical applications of the 

algae [56]. 

The process of SFE has a certain number of necessary constituents in order to function properly. 

First of all, creating the supercritical fluid within the system requires a pressure pump and a source 

of heat in order to reach the supercritical state of the solvent. After this the supercritical solvent is 

introduced to the initial material, also known as the matrix, in order to extract the desired chemicals, 

such as the lipids found in microalgae. The final stage involves a separator at a lower pressure, 

where it is possible to separate the materials from the solvent. In the case of SC-CO2 it is possible to 

recycle the CO2 within the system, which makes the process more efficient and environmentally 

friendly [62].  However, when the time comes for extraction, for example with lipids, a potential 

downside to SFE becomes apparent. SFE processes typically operates on batch mode, which means 

that the material needs to be loaded and unloaded in extractors at atmospheric pressure. This causes 

increased costs, both in regards to investments, since it requires certain types of opening and closing 

systems, and in regards to operating expenses, as it requires more manpower and may result in fluid 

losses and other issues. This can be compensated for by having a series of several extractors, which 

can then be used in a continuous process so that the SFE system is continuously running, but this is 

not necessarily a perfect solution. Research is being made to try to find a better solution, but in in-

dustrial setups this does work at the current time [57]. Supercritical fluid extraction is a promising 

approach to extracting the lipids from microalgae for the purposes of creating biofuel. Although 

there are some obstacles that need to be handled in order to make it sufficiently effective at an in-

dustrial scale, it seems like there are options for approaching this and finding a way to utilize the 

  Figure 8 - Botryococcus braunii yields at 50ºC. [60]    Figure 9 - Botryococcus braunii yields at 80ºC. [61 
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innate flexibility and efficiency that exists within SFE. This form of extraction also has the added 

benefit of being able to extract other materials than the lipids, making it appealing for a wider range 

of potential uses instead of being focused only on lipids. For the purpose of our project, however, 

lipids are the primary focus and by using the right pressure, temperature and co-solvents, SFE 

shows a lot of potential for providing the type of efficiency that might be necessary to turn microal-

gae into a stronger alternative for fossil fuels. 

2.5.3 Alternative Extraction Methods 

In the search for new extraction methods in order to get as much profit from the algae biofuel pro-

duction as possible, alternative methods could be of need. Some approaches have already been 

proven to be more efficient than others, but new methods are still being engineered. Some methods 

still only exist on a hypothetical level, while others are in the laboratory-testing phase.  In order to 

keep gaining more information on the subject, it is important to consider all of these methods as 

potentially viable possibilities. 

One of the oldest methods of extraction is the Folch Method. This method has laid ground for many 

of the improved methods. When extracting the oil by the Folch Method you use chloroform-

methanol in a 2:1 volume. The cells and the chemical are then thoroughly mixed together. The ho-

mogenate9 is then filtrated or centrifuged to recover its liquid stage [63]. The liquid is then washed 

with a 0,9 % sodium chloride solution. The solution is then centrifuged at a low speed in order to 

separate the two phases, with one phase containing the lipids which can now easily be separated 

from the rest of the mixture [44]. Many methods have been developed as improvements of the 

Folch Method that are very sufficient in extracting the oil, but these methods all use chloroform, 

which is an environmental and health risk in large-scale productions. Reducing the toxicity of the 

extraction method has unfortunately resulted in newer methods being less effective, but this is still 

preferable compared to the risks from toxic solvents [44]. Deciding on a less toxic solvent is a chal-

lenge, mainly because the effectiveness of the solvent depends on the class of lipids. Many solvents 

have been tested, such as hexane, ethanol or butanol. A report in 2012 showed that 2-ethoxyethanol 

was even more superior and less toxic in extraction than other common extraction solvents such as 

chloroform-methanol. This means that in the future this solvent would be preferable when extract-

ing lipids by the use of chemicals [44]. The solvents made with 2-etoxyethanol have proved to be 

efficient at separating both natural lipids, fatty acids, and polar lipids [64]. 

Mechanical extraction methods are also a possibility as an approach to reducing the use of chemi-

cals. The mechanical methods are less dependent on the type of algae, and less likely to get a con-

taminated product in the end. The downside of the mechanical extraction methods are their cost for 

the heat they produce and higher energy consumption. One of the simplest and oldest mechanical 

extraction methods is Expeller Press. This is a simple yet effective method. Using this method, you 

apply high mechanical pressure to the dried algal biomass, which then disrupts the cells and squish-

es the oil out. There are ways to improve this method, such as applying pressure in a particular 

range, but this technique requires some finesse since too much pressure can actually result in de-

                                                 
9ñA tissue that is or has been made homogenous, as by grinding cells into a creamy consistency for laboratory studies. A homogenate usual-

ly lacks cell structure.ò [8] 
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creased oil recovery. When using this method, about 70-75 % oil is recovered from the algae, but 

the structure of the algae do provide an obstacle for the efficacy of it. The algae have a rigid cell 

wall structure that hinders the oil release, and the presence of pigments, which are pressed out with 

the oil and must be removed chemically before the oil can be used in biodiesel production [44]. This 

method is not rendered as highly efficient and has therefore, just like the chemical methods, under-

gone some development and improvements [44].  

Another method called Bead Beating disrupts the cells. Damage to the cells is caused by high speed 

spinning. All kinds of cells can be disrupted by this method and it could therefore also be used on 

algae. When using bead mills on algae it is not necessary to provide dry biomass as it was in the 

Expeller Press method and this makes the bead beating less expensive due to saving energy by leav-

ing out the drying process, but nonetheless it is still an expensive method when considering the en-

ergy consumption [44]. 

One of the newer ideas for extraction is Ultrasonic-assisted Extraction. This method is supposed to 

have avoided all the larger problems from disruption method (Bead Beating). The process is simple 

and gives a higher purity of the final product. This method is also more economical and environ-

mentally friendly than many of the other methods that can be used. It is a relatively quick method, 

has a low energy requirement and can be done at lower temperatures than many other conventional 

methods. It also does not require any chemicals that would later need to be removed and thereby 

add to the cost or environmental impact. However, a downside for the method is that too much ul-

trasonication leads to free radicals and can have a negative effect on the quality of the oil. There are 

two methods of extracting oil ultrasonically. The first method is by cavitation. Cavitation is made 

by micro bubbles produced by the appliance of ultrasound, creating a pressure that results in the 

cells breaking. The other method is acoustic, which utilizes the streaming facilities that mix the al-

gae culture. The ultrasonic waves in these facilities create cavitations due to the compres-

sion/decompression cycle that occurs. Unsteady waves can result in transient cavitations and will 

end with implosion. These implosions create heat shock waves that disrupt the microalgae cells.[44]  

Another incredibly useful idea is the use of microwaves. Microwaves are a quick, safe and an eco-

nomical method of extracting the oil and do not require drying the algal biomass before extraction. 

Microwaves generate heat and this intercellular heating makes the water evaporate and disrupts the 

cells from within. Electroporation10 then opens the cells further and makes room for an efficient 

extraction. The rapid generation of heat and pressure forces out the content of the cellôs matrix. This 

makes for a very good extraction and better compound recovery. This method has been one of the 

top picks when extracting oils because it has low cost, very fast recovery (approximately 15-20 

minutes) and high efficiency, extracting high quality oil. But on a commercial scale there is some 

extra maintenance cost, which is a downside to this otherwise promising extraction method. [44] 

All of these methods were thought of years ago, some earlier than others, and all of them are still 

being improved upon. However, a new method has surfaced, although the details surrounding it are 

                                                 
10 Electroporation: òElectric pulses of intensity in kilovolts per centimeter and of duration in microseconds to milliseconds cause a 

temporary loss of the semi-permeability of cell membranes, thus leading to ion leakage, escape of metabolites, and increased uptake 

by cells of drugs, molecular probes, and DNAò [65] 
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still not shared entirely. The company, OriginOil, has developed a new method that should not re-

quire any chemicals or heavy machinery [44]. According to the company they have managed to 

separate oil, water and biomass by use of gravity alone, while promising a typical efficiency of 94-

97 %. Usually recovering the oils from the algae requires more than one step, but OriginOil promis-

es a single step solution. The company has developed a method of feeding the algae with CO2 while 

they are growing, which they call Quantum Fracturing. Quantum Fracturing is a fairly simple ap-

proach where CO2 is blown into their algae growth tank creating micro bubbles and letting the algae 

feed on this CO2. This technique, combined with electromagnetic pulses and pH modifications, dis-

rupts the cell walls and releases the oil. The oil then rises to the top while the rest of the biomass 

falls to the bottom [66]. 

Extraction is a topic that is constantly evolving and new approaches are being developed and tested. 

By striving to improve the efficiency of extraction methods in regards to cost and yield, the overall 

cost of biodiesel can be reduced. Extraction methods are an important step in making algae-based 

biodiesel more competitive with petroleum diesel, though they still need to be combined with cost-

effective approaches to algae-growth and conversion of extracted lipids to useable biofuels. 

 

2.6 Transesterification 

Once the oil has been extracted from algae, it becomes necessary to look into transesterification, 

which is a process that can convert the oil into the biodiesel that can now serve a purpose as fuel. 

This is because it finalizes the process of turning the selected strains of microalgae into biodiesel. 

Transesterification is nowadays a well-known process to make biodiesel. Scientists E. Duy and J. 

Patrick conducted it as early as 1853 [67]. There are plenty of ways to produce biodiesel from 

transesterification and they all have their benefits. To get high levels of conversion of triglycerides 

in a short reaction time the alkali-catalysis is used.  In order to simplify the purification of fatty acid 

methyl esters (FAMEs) and to recover the glycerol easily, enzymatic transesterification has been 

used. Then there is the acid-catalyzed transesterification where the reaction is much slower but in-

stead this reaction is more suitable for glycerides that have relatively high free fatty acid contents 

and more water. Because the alkali-catalysis is the quickest reaction and you get high levels of con-

version of triglycerides in a short reaction time it is the most common transesterification method 

and will be described in further detail in the next section [68]. 

Transesterification is a nucleophilic substitution reaction that consists of three reversible reactions. 

First, the triglycerides are converted into diglycerides, which are further converted into monoglycer-

ides. Lastly, the monoglycerides are converted into glycerol. Figure 10 shows the overall reaction 

and figure 11 shows the three steps involved. 
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Figure 10 - Overall reaction of transesterification. [69] 

 

 

 

 

 

Figure 11 - The separate steps of transesterification reactions. [70] 

This is normally done with ethanol and sodium ethanolate. Sodium ethanolate can be produced by 

reacting ethanol with sodium. It is used as a catalyst. The reaction is between an ester of one alcohol 

and a second alcohol. The result will be an ester of the second alcohol and an alcohol from the orig-

inal ester. Chemically, this means taking a triglyceride molecule (or a fatty acid molecule), neutral-

ize the free fatty acids and remove the glycerin to create an alcohol ester. This is done by simply 

mixing methanol with sodium- or potassium hydroxide to make sodium- or potassium methoxide. 

This liquid is then mixed with the triglycerides. The mixture settles after some time with the glycer-

in on the bottom while the methyl esters (or just biodiesel) are left on top. With sodium ethanolate 

as a catalyst, ethanol reacts with the triglyceride giving the final products of biodiesel, sodium etha-

nolate, and glycerol. Ether and saltwater are added to the mixture in order to separate it into two 

phases. After some time the mixture will separate into two layers, the bottom layer containing a 

mixture of ether and biodiesel. This layer is then separated from the ether via vaporizing under high 

vacuum [67]. 

 

2.7 Fossil Fuel 

Fossil fuels are forms of oil, coal and gas resources formed millions of years ago from living organ-

isms like the slow growing micro algae Botryococcus braunii, which scientists have linked to be a 

direct contributor to our natural resources of oil and coal [71]. Fossil fuel is created by fossilized 

bio-matter in the Earthôs crust exposed to pressure and heat over a period of 250-500 million years. 

Small pockets of gas and unrefined oil are formed through this process, which seeps through the 

rock and earth to collect in reservoirs. [72] 
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Oil consists of various hydrocarbons. The groups found in oil are: 

¶ Paraffins- (CnH2n+2) which could be methane, ethane or propane. 

¶ Aromatics- (C6H5 ï Y) where Y is a molecule that is connected to one benzene ring. 

¶ Cycloalkanes- (CnH2n) where n is a whole number.  

[72] 

 

2.7.1 Petroleum Diesel 

Petrodiesel has been utilized since 1897 where Rudolf Diesel invented the first successfully operat-

ed diesel engine [73]. Petrodiesel possesses a number of unique benefits compared to gasoline, 

which is currently the most utilized fuel for engines worldwide. Diesel is less volatile than gasoline 

and it is more energy dense, providing more energy per unit volume than gasoline [74]. 

Petrodiesel is produced through distillation of crude oil. Its chemical structure is a combination of 

hydrocarbons with varying carbon chain lengths and with a boiling point in the range of 163 °C to 

357 °C, depending on the structure of the carbons [73]. The biggest determinant for boiling point is 

the length of the carbon chains. The average chemical structure of petrodiesel is C12, but varies be-

tween C10 to C15 carbons of length [75] while gasoline ranges between C7  to C11 making diesels 

have higher melting and boiling points along with a thicker consistency [74]. The reason for this 

variation in boiling point has to do with the properties of various isomers of carbon molecules. A 

branched isomer of carbons will for instance create a lower boiling point than a straight-line carbon 

molecule since straight-lined carbons can line up beside each other more easily and therefore have 

higher intermolecular forces of attraction. The effect of aromatic compounds in the diesel molecule 

is also an increase in the boiling point, since the molecule will be able to pack tightly into a crystal 

lattice [76]. 

Petrodiesel does not have a uniform chemical structure, but does possess similar chemical proper-

ties. It varies in purity, molecular structure and carbon chain length. Petrodiesel consists of 75 % 

saturated hydrocarbons in the form of paraffins and cycloparaffins, and 25 % aromatic compounds 

such as naphthalenes and alkylbenzenes [75]. The higher the amount of paraffins and paraffin side 

chains, the lower the ignition temperature has to be in the engine and the higher the cetane number, 

where the cetane number measures the amount of cetane, a hydrocarbon, in the specific diesel. Ce-

tane number reflects how quickly the diesel ignites after the fuel enters the combustion chamber. As 

with the octane number for gasoline, the cetane number indicates the performance of the diesel by 

defining the fuelôs ignition quality, cold starting property and the level of idle noise during combus-

tion [77]. 
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2.8 Biodiesel 

As mentioned previously, biodiesel is made by transesterification of dry biomass. The product is a 

FAME as seen on figure 12 below. A mixture of FAMEs is commonly referred to as biodiesel. The 

carboxylic acids are all straight chain molecules with different carbon lengths, most commonly syn-

thesized to range from 16 to 18 carbons [78]. 

 

Figure 12 - A C17 FAME molecule. [79] 

The physical properties of FAMEs are very similar to conventional diesel, but are non-toxic and, as 

mentioned earlier, biodegradable. It also has higher lubricating properties than petrodiesel, which 

could extend the lifetime of diesel engines [78]. We will further explore some of the properties of 

the biodiesel converted from the lipids of the microalgae species Chlorella vulgaris and Dunaliella 

tertiolecta in our laboratory experiment. 

Biodiesel is meant for use in standard diesel engines without modifications. However, research has 

shown complications when using B10011 in standard diesel engines, which we will explore in the 

next section when we compare the physical and chemical properties of biodiesel and petrodiesel as 

well as looking into limitations and possibilities of various blends. 

 

3 Interim Conclusion 
Biodiesel produced from algae has a lot of potential, although our research so far has shown that 

there are a large number of considerations and obstacles to take into consideration before it can be 

competitive with petrodiesel. It has become apparent that choosing the right strain of algae can have 

a large impact on both lipid yield and overall biomass production. The production method also 

plays a large role in how much algae can be produced and at what cost. Photobioreactors have an 

advantage in that they create an isolated system, but the high cost prevents them from being a realis-

tic investment choice at this time, as it is not feasible to create them on a large enough scale to be 

competitive. Instead, it is more viable to pursue open pond systems or hybrids between the two, 

since these enable a large algae yield while being relatively more affordable. Open pond systems 

also have other advantages outside of algae production, since they can recycle wastewater as nutri-

ents for the algae, and can reduce CO2 emitted from nearby power plants. This helps make algae an 

environmentally friendly approach to fuel production. The laws and regulations made in regards to 

the production of biofuels are not heavily restrictive, as there is a general consensus that the envi-

ronmental benefits are worth pursuing. There are requirements for sustainability and quality, how-

ever, as these try to of ensuring that the biofuels are actually effective at what they are designed for, 

                                                 
11 B100 consists of 100 % biodiesel. 
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namely reducing environmental impact. However, the cost still remains too high, compared to the 

current low cost of fossil fuels.  

A way to remedy the high cost of algae production alternative uses for its biomass can be exploited. 

Algae can be used in a variety of heath supplements, medicine and cosmetics. In the algae innova-

tion center in Lolland their primary product is not biodiesel but the previously mentioned products. 

The supercritical fluid extraction can be useful if pursuing this strategy since it will not damage the 

algae significantly and allow the further extraction with the same biomass.  

All these factors play a part in why algae-based biodiesel is interesting to pursue, even if it may not 

presently be a strong competitor to petrodiesel. In the following we will be performing a more in-

depth comparison of the two, in order to display the inherent strengths and weaknesses of each.  

 

4 Problem Statement 
How does the biodiesel made from algae compare to petroleum diesel, in terms of fuel efficiency, 

cost and environmental impact? 

We will answer our problem statement through an analysis of our own unique data gathered through 

experiments and from the work of other researchers and scholars who we deem to have a proficient 

understanding of algae and diesel. The goal of this report is to provide the reader with an under-

standing of what goes into and what comes out of the process of creating biodiesel from algae, as 

well as a comprehension of the challenges biodiesel faces in competing with other fuels in the areas 

of fuel efficiency, cost and environmental impact. Through these considerations the reader should 

gather the necessary information which will allow them to gauge whether biodiesel from algae can 

play a crucial role in the future energy market. 

4.1 Definition of Terms 

Fuel efficiency can be defined as a subset of thermal efficiency. More precisely we have defined it 

as the kinetic energy produced by a fixed amount of chemically stored energy, and the chemically 

stored energyôs readiness to release its energy. To evaluate this property of a fuel we have chosen to 

test the calorific values of both petrodiesel and biodiesel from algae. The calorific value measures 

the complete combustion of a fuel and therefor falls within the parameters of our fuel efficiency 

definition. We have also chosen to evaluate the cetane number, viscosity and gel point as these 

qualities relate specifically to the readiness or ability of the fuel to release energy.  

Environmental impact is a broad term. We have narrowed our scope to an analysis of the emissions 

produced by the two fuel types as well as their biodegradability. We think emissions are important 

to mention since future policy restricting or subsidizing in the energy sector will in all likelihood be 

influenced by a fuels perceived harm through emissions. We say this because emissions are a pri-

mary concern related to the environment for governmental agencies such as the court of justice of 

the European Union. Biodegradability is included because it is a unique difference between the two 
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fuel types that helps to clarify the difference when it comes to unintended environmental disasters 

such as spills.  

We have defined cost as purely economic costs. This can include a multitude of factors, however, 

we will try to identify though our analysis some of the pivotal factors that forms the price of bio-

diesel and compare it with the price of petrodiesel. This section will only briefly refer to our labora-

tory data, while heavily relying on studies and market data.  

 

5 Problem Delimitation 
Our problem statement branches into three areas of investigation: Environmental, Efficiency and 

Cost.  

In the environmental branch we have chosen not to investigate the production of fossil fuel and its 

environmental impact. We chose not to do this because the main focus on this report is biodiesel 

with petroleum diesel as a backdrop only used for comparison.  

In our efficiency section we chose not to pontificate on efficiency concerning external factors from 

biodiesel in the engine. Such areas include mileage and direct fuel injection. Where a higher mile-

age can result from an efficient fuel but also an efficient engine, which is why we have chosen not 

to include this efficiency measure in our report. Direct fuel injection is also not exclusive to bio-

diesel or diesel in general. It is method of increasing the efficiency of the combustion process and 

thus is not exclusively related to diesel. The measures for efficiency that we have chosen to include 

all primarily relate to the performance of diesel and not the engine itself.  

In our cost section, we have not analyzed all the major components that contribute to the cost like 

distribution systems, land prices, and economic boom and bust cycles. We did not choose to include 

these important aspects because it lay outside our jurisdiction as engineers and moves into the ven-

ue of other professional occupations such as financial analysts, land inspectors, lawyers and manag-

ers. Even though our report has a broad array of topics that we disseminate they all have a link to 

the considerations that we deem lie closest to the considerations of a chemical engineer. 
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6 Production of Biodiesel 
We chose to grow algae ourselves in order to perform the experiments outlined later in the report. 

We grew Chlorella vulgaris, Dunaliella tertiolecta and later Botryococcus braunii in simple open 

pond systems and extracted the lipid with hexane. 

We did this because we wanted a deeper understanding of the growth potential of these algae as 

well as getting a sense of the expected biomass yield after a full growth cycle. 

6.1 Methods 

We decided on using a simple open pond system that functioned, fundamentally, the same way as 

described in 3.4.1. For extracting the lipids from the microalgae, the solvent extraction method per-

formed with hexane as the solvent. This is described in detail in 2.5.1. Lastly, the transesterification 

process was conducted as described in section 2.6 using sodium hydroxide and methanol to yield 

methyl esters. Guidelines used for extraction and transesterification are found in Appendix B. 

6.1.1 Algae Growth 

The experiment was developed by the knowledge gained through the problem analysis. Our focus 

was on producing biodiesel from the microalgae for later tests. The first step was to grow the algae. 

We started with two types of algae that were not in a state of pure cultivation: Chlorella vulgaris 

and Dunaliella tertiolecta. We made a batch (Batch-1) in an open pond system. Batch-1 contained 

10 mL fertilizer12, 20 mL algae and 1 L water in a 2 L conical flask. We installed a light source and 

a CO2 source by bubbling atmospheric air into the cultivation, as well as creating a flow with a 

magnet stirrer. The algae was checked every third day. Figures 13-16 below show the growth pro-

gression of the algae for Batch-1 in a period of ten days. 

                                                 
12 A plant fertilizer named ñSubstralò was used. 

Figure 13 - Batch-1 the first day. Chlorella vulgaris on 

the left and Dunaliella tertiolecta on the right. 
Figure 14 - Batch-1 on day 3. Chlorella vulgaris on the left 

and Dunaliella tertiolecta on the right. 
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After six days, the algae had turned a dark green, which meant they came close to reaching their 

stationary stage. We let them grow another four days to make sure they had completed their growth 

period. 

 

 

 

 

 

 

 

 

After the ten days, a new batch (Batch-2) was made. Because the cultivation seemed very willing to 

grow, and due to time restrictions, we decided to upscale the batch in order to create a larger batch 

of algae so that the final yield of biomass would be higher. The volume of water, fertilizer and algae 

was doubled to 20 mL algae, 2 L water, and 40 mL fertilizer in a 3 L conical flask. Again we 

checked the algae cultivation every third day. The algae seemed to grow quickly, so on the seventh 

day, we made three new batches (Batch-3, Batch-4 and Batch-5: shown in the figures below), each 

the same size as Batch-2. 

In these batches, we used two types of algae, Chlorella vulgaris and Botryococcus braunii, in a 

state of pure cultivation. We set them to grow in two different media, the normal fertilizer for 

Batch-3 and Batch-4 (see figure 17 and 18) and a special medium13 for Batch-5 (see figure 19). 

 

 

 

 

 

  

 

 

                                                 
13 For Clorella vulgaris MWC+SE and for Botryococcus braunii AF-6 

 

Figure 15 - Batch-1 on day 6. Chlorella vulgaris 

on the left and Dunaliella tertiolecta on the right. 
Figure 16 - Here you see Batch-1 on day 10. 

Chlorella vulgaris on the left and Dunaliella 

tertiolecta on the right. 

Figure 17 - Batch-3 the first day. Chlorella vulgaris on the 

right and on the left. (Both from earlier and with the ferti-

lizer ñSubstralò) 

Figure 18 - Batch-4 the first day. Chlorella vulgaris 

on the left and Botryococcus braunii on the right. 

(Both from a state of pure cultivation and with the 

fertilizer ñSubstralò) 
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Batch 3, 4 and 5 was left for three days. Figure 20 and 21 below shows the different algae. 

          

 

 

 

 

 

 

 

We collected Batch-1 and Batch-2 in order to centrifuge it (as seen on figure 22 and 23 below). 

  

Figure 19 - Batch-5 the first day. Chlorella vulgaris 

on the right and Botryococcus braunii on the left.                                     

(Both from a state of pure cultivation and with a 

special medium). 

Figure 22 - Batch 1 and batch 2. 

Dunaliella tertiolecta on the left 

and Chlorella vulgaris on the 

right. Almost three liter.  

Figure 23 - Batch-5 the third day. Chlorella vul-

garis on the right and Botryococcus braunii on 

the left. (Both from a state of pure cultivation 

and with a special medium). 

Figure 20 - Batch-3 the third day. Chlorella vul-

garis on the right and Dunaliella tertiolecta on the 

left.  (Both from a state of pure cultivation and 

with a special medium). 

Figure 21 - Batch-4 the first day. Chlorella vulgaris on 

the right and Botryococcus braunii on the left.                                     

(Both from a state of pure cultivation and with a special 

medium). 
















































































