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Abstract  
The rising energy consumption is affecting the environment with increasing levels of carbon dioxide 

emissions and competition over fresh water resources and also over land for food as a result. These issues 

are making it even harder to meet energy demands in a sustainable manner from the narrow perspective 

of fuels. The systematic literature review made in a preliminary stage of the project apprehended that 

microalgae bio-fuels offers a theoretical solution to meet the world demand of fuel.    

This study tackles the vicious requirements of; sustainability efficiency and feasibility for an ultimate bio-

fuel production from microalgae. By implementing a thorough systematic literature review followed by a 

more focused research, covering different complex processes and challenges; cultivation, harvest, bio-

fuel extraction, the production cost, market and political variables.  

The work resolved with a recommended methodology of an innovative sustainable model, using bottled 

carbon dioxide and waste water as the main sources of nutrition for two delegated strains of microalgae; 

Chlorella Ellipsoidea and Nannochloropsis Oculata. The recommended model presented scaled up 

calculations of sizing and production rates, the analysis of the calculations deducted that the production 

rate are satisfactory for oil production with a rate of 158.84 g/d and 292.41 g/d for Chlorella Ellipsoidea 

and Nannochloropsis Oculata correspondingly. On the other hand the production rates for biomass 677.16 

g/d 733.59 g/d respectively are insufficient for methane production, which prospered the idea of adding 

the waste water sludge removed in a pre-cultivation process to compensate for the low biomass 

production.  

An economical extrapolation was not available due to shortage of data in this specific research area, 

however considering the type of technology used in relation to the production rate, an educated 

assumption would suggest financial gains would not meet the standard boundaries of feasibility at this 

stage of the field research. But then, the aim of exploring the possibilities of initiating this kind of 

production from an environmental perspective has an added value that is unmeasurable in economical 

profit.  
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Introduction 
Microalgae is defined as “a simple organisms that are mainly aquatic and microscopic. Microalgae are 

unicellular photosynthetic microorganisms, living in saline or fresh water environment and can convert 

sunlight, water and carbon dioxide to algae biomass” (Demitrbas, 2010). Based on Benemann et al. (1996) 

microscopic algae could vary from unicellular to colonies to filaments of a number of cells approaching 

several hundreds. Microalgae are categorized by the authors into prokaryotes; that includes 

cyanobacteria and blue-green algae or into eukaryotes; that holds a variety of diatom, green and red algae 

among others. Growth is affected by the climatic changes and requires controlling the water’s 

temperature. Algae temperature in most cases should range within 19-29.85 ℃ (Demitrbas, 2011). 

Challenges such as elevating rates of climate change due to increasing levels of carbon dioxide emissions, 

growing demand of energy and the competition for fresh water resources and land for food, are evident 

today. All of which can be remedied to some extend by using algae bio-products as a source of energy in 

the form of extracted bio-fuels or by optimizing their extractions to produce multiple, viable yet profitable 

products.  

Algae might offer the perfect theoretical solution. Nonetheless, in reality the production/cultivation, 

harvest, bio-fuel extraction, the production cost, market and political variables are all rather complex 

processes and challenging, especially for a young scientific field in need for further studies and 

development. However, a study showed that in the period subsequent to the year 2000 the field moved 

from applied sciences of microalgae more into the production of bio-energy (Konur, 2011). 

As a result of performing a systematic literature review assessing the current status of algae bioenergy 

literature, some mutations and trends in the research direction has been noticed. Demirbas (2001) 

apprehended a broad view of all resources with potential to produce biomass. Algae has been categorized 

as a biomass energy source along with water weed, weed hyacinth and reed and rushes.  The paper by 

Veziroglu (2001) discussed the production process to extract biological hydrogen, by using algae and 

cyanobacteria in water bio-photolysis and their production potential. Liu, Wang and Zhou (2008), 

published a study focusing on a specific type of algae known as Chlorella vulgaris in an attempt to assess 

the effect of iron on algae’s growth aiming to produce an economically feasible algae mass culture 

sustainable and suitable for biodiesel production and easy to harvest efficiently.  

Thoumas-hall et al. (2008) stressed that the track of renewable energy sources are mainly concerned with 

meeting the electrical power demand. The global energy demand share of fuel is dominating with a 66% 

share. Pittman, Dean and Osundeko’s (2010) report highlight that studies and researches on the use of 

algae to treat wastewater, can be merged with studies on the production of sustainable bio-fuels, which 

is the new trend in research. Pienkos and Darzins (2009) assessed the situation of algae research in USA 

with an attention directed towards technical and economic barriers to be overcome before large-scale 

production of microalgal derived diesel can become an actuality. On the other hand John, Anisha, 

Nampoothiri and Pandey (2010) had the same approach to produce bioethanol rather than diesel. 

Production cost is a key driver in every industry and algae bio-fuel like any-other industrial processes holds 

some aspects to be considered when it comes to the production cost. Considerations on the selection of 

harvesting method based on the type of algae, cell density and culture conditions, are important as it is 
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held accountable for up to 30% of the production cost. Terrestrial crops oil are generally cheaper than 

micro algae oil besides the fact that the cost of growth media is fairly high. Algae contains 30-50% oil and 

its oil yield is 7-31 times the yield of an average optimum terrestrial crop, this illustrate the profitable 

potential the field holds, and further point out the need for further studies (Demitrbas, 2010). 

New market players interested in the algae bio-fuel are faced with the fact that it takes time and a fairly 

high starting cost to reach a sustainable production of bio-fuel out of algae, turning them to other more 

affordable and quicker outcomes of algae such as non-fuel products. Earning profit and ensuring their 

place on the market during their efforts to establish a sustainable fuel production, the Swedish company 

of Simris ALG (ref) is the perfect example of this case and it is one out of many (Gullfot, 2014). 

The search analysis generated some questions about the role of policymakers and stakeholders. 

Showcasing the gaps, when it comes to national and regional level action plans and road maps, 

encouraging small scale pilot project could attract stakeholders and investors’ attention. Laws and 

regulations could help shape the evolution and direction as emphasized by some authors (ref), as well as 

Konur (2011) when explaining the elevation and demotion in number of publications noticed from one 

year to the other throughout the number of years included in his study, when a correlation with the 

political situation was conspicuous.  Another breach in research is the lack of efforts to study the 

potentials and implacability of generating multiple bio-energy product profitably within a sustainable life 

cycle. 

Fuel sources analysis: 
In order to fully comprehend the objective of the adaptation of a certain technology or research mutation 

towards a new technology, a simple analytic review of the fuel sources could be enlightening. The fuel 

sources in this case were categorized into three main sections; fossil fuels and renewables, which were 

divided into electrical energy sources such as wind, solar etc… and bio-fuel energy source exemplifying 

algae bio-fuel (Brand, 2015). 

Fossil fuels are defined as “hydrocarbon-base fuel in a form of petroleum, coal or natural gas, derived 

from living matter of a previous geologic time.” (dictionary, 2014). They are characterized by being energy-

dense, easily transportable and storable. Nonetheless, one of the cheapest sources of fuel. On the 

downside of the equation fossil fuel are not renewable. The amount of petroleum reserve is constantly 

diminishing it is also a net emitter of both carbon dioxide and noxious gases. Then again, using electricity 

from wind and sun for fuel is generally renewable with no carbon dioxide nor noxious emissions, yet 

challenged by their production cost, transportability and storability capabilities.  

Bio-fuels, which provides the advantages of being energy rich renewable sources that produce 

transportable and storable products and at the same time does not emit carbon dioxide. The main 

challenge jeopardizing its spreading and development despite the solid proof of the technology existence 

and possibility to obtain energy dense products, is the high cost that could in the case of using algae as 

the fuel source reached 35 times the cost of fossil fuels (Wegeberg & Felby, 2010). 

Why algae? 
In a brief comparison between algae and regular energy rich plants, similarities in light and carbon dioxide 

consumption are noticed. Although they follow different evolutionary sequence algae also holds unique 

physical, physiological, chemical and morphological compositions (Wegeberg & Felby, 2010). 

Nonetheless, algae is more diverse in nutrient requirements which enable it to grow in different sorts of 
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waste water. Algae could also grow in salt or fresh water depending on the strain of algae. The output 

biomass grow more rapidly and the harvest time is more frequent than plant’s, in addition their bio-

products are more diverse than do plants. Furthermore, some are easily modified genetically. 

Several advantages of algal biomass to terrestrial crops have been identified by Rodolfi (2009) as the 

following: 

 Theoretically algae are capable of providing multiple biofuels and non-biofuel products from oil, 

ethanol and methane to feed and fertilizers. Microalgae are potential sources of bio-oils.  

 Microalga can grow in extreme conditions that terrestrial crops cannot endure such as salt and 

waste water. It does not require land to grow facilitating its growth in compact vertical tubes or 

on the surface of the sea avoiding competition with food and water resources  

 The oil yield  of microalgae per unit area exceeds the yield from the best terrestrial crop under 

optimum conditions 

 Land crops have a higher water consumption despite the fact that microalgae are mostly aquatic 

 Waste water provides algae with flourishing nurturance required for its growth 

 Bottled carbon dioxide could be utilized  for microalgae photosynthetic fixation in biomass 

production   

 Algae holds a room for genetic modifications   

Algae bioenergy products:  

Oil extraction from microalgae cells depends mainly on the cell’s membrane. Their walls are caricaturized 

of having thin walls without an inclusive genetic structure restricting their shape as in land crops. They 

also contain high levels of protein as well as carbohydrate in single component form. Algae presents to 

have all combinations of carbohydrate conceivableand every species would have its own unique mixture. 

Exploited biomass also relay on storage composites in the form of starch and oil. As a survival instinct 

algae tend to save energy within the triglycerides storage compounds in a higher rate when it is subjected 

to lack of nutrients. This indicates that low growth rates correspond in higher lipid production. The high 

oil content of algae consists of a combination of unsaturated fatty acids such as Archionic, 

Eoscospentaenoic, Docasahexaenoic, Gamma-Linolenic and Linoleic acids (Wegeberg & Felby, 2010). 

Bioenergy products from microalgae are as follows: 

 Methane out of fermentation 

 A heat source as a result of burning the biomass 

 Oil production/extraction  

Bioenergy products based on phases: 

In this section the main four phases algae goes through are cultivation, harvest, extraction and ending 

with further treatment. As a result of the extraction, those products could be obtained; which are biomass, 

gasoline, jet fuel, etc… Eventually reaching the fourth phase of treating and refining ending with the 

product of biodiesel (Brand, 2015). 

Bioenergy products based on processes:  

Algae biomass is used for two main biofuel conversion processes; biochemical or thermochemical 

conversion depending on the desired product as Illustrated in figure 1. As for the biochemical conversion 

the hydrocarbons are converted to biodiesel and other valuable products. Fermentation is the second 

biochemical conversion method concluding with ethanol, acetone and butanol from the residue. Thirdly 
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anaerobic digestion for methane production. Hydro-processing represents the fourth and last biochemical 

conversion producing all of gasoline and aviation fuels (Murphy, et al., 2013). 

The second biofuel conversion processes; thermochemical conversion withholds three processes. Starting 

with thermos chemical liquefaction resulting in bio-oil. Followed by pyrolysis aiming for oil and charcoal 

production. The third process with gasification forming fuel gas (Murphy, et al., 2013). 

 

 

Aim 
The aim of this study was to provide the reader with a comprehensive perspective of microalgae in general 

with special focus to microalgae bio-energy product’s potentials and their production methods. 

Furthermore, to suggest based on the research and the research gaps identified an efficient ultimate yet 

feasible method for a sustainable life cycle of production, with recommendations for further research 

grounded on the fields need.  

Research questions: 

 What is the ultimate way to grow, cultivate and harvest algae? 

 What are the challenges identified facing algae bio-fuel production? 

 What are the recommendations for a sustainable algae bio-fuel production method?  

Methodology 
The essence behind the systematic literature review method is to assess the research’s impact and 

evaluate the status and the direction it is moving towards. Therefore, the literature review made it easier 

to view, note changes, trends and answering the questions behind this report on a small scale. The 

selection of data bases used and the search terms were the benchmark of this research. (Konur, 2011). 

Processes 

Conversions 

Raw material Algae biomass

Biochemical

Extraction of 
hydrocarbons

Biodiesel 
etc

Fermentation

Ethanol

Anaerobic 
digestion 

Methane 
and 

hydrogen 

Hydro-
processing 

Gasoline 
and aviation 

fuels

Thermochemical

Thermos 
chemical 

liquefaction 

Bio-oil

Pyrolysis

Oil and 
charcoal 

Gasification

Fuel gas

Figure 1potential algae biofuel conversion process, adapted from (Murphy, et al., 2013)s 
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Scientometric literature review was carried out based on the Web of science data base. A range of search 

terms has been chosen such as algae, algae oil and algae bio-fuel. Afterwards, the terms has been ran 

through the system. Search terms were kept broad for a wider view in the beginning that resulted in a 

rather wide range of results of around five thousand. Hence, it had to be narrowed focusing on the core 

of this paper’s concentrating on the status of research, direction of the field, technologies and challenges 

faced. Algae, algae bio-fuel, algae bio-diesel, algae harvest, algae production and sustainable algae were 

the key words of the refined search and using the Not tool through the web of science search engine two 

search terms such as applied science and chemistry were disregarded from the search. 

The limitations of the report covered different aspects such as time span, core collection citation 

indexes, document types, language and research area as well as data base categories. Limitations are 

summarized in Table 1 

 

Table 1demonstrates the limits and boundaries of the search rang covered 

Research limitations  

Limit Boundaries 

Time span From 2000 until 2014 

Web of science core collection citation 

indexes 

The science citation index expanded 

(SCI-EXPANDED)-1986 until present 

and the social science citation index 

(SSCI) – 1986 until present 

Document types Only articles 

Languages Limited to English languages 

Research area Engineering, science technology other 

topics and energy fuels 

web of science categories Energy fuels 

 

After limiting the report boundaries to a humble result of 1152 publications, and with the help of the 

analyze result and create citation report tools provided by the web of science, the following analysis tools 

were carried out:  

 Analyze results: there were three main fields chosen to rank the records, by the 

author the conference titles and Publication year. With a display limited to top 10 

results and sorted by the record count 

 Citation report: this report reflects citations to source items indexed within web of 

science core collection  

Equipped with the knowledge gained from the systematic literature review, a more narrow research 

focusing on microalgae bio-diesel and methane bio-energy production was performed  with a wider time 

span limitation; going back to 1980s. A proposed production methodology based on the literature review 

has been studied and analyzed as the research contribution, considering the research gaps limitations and 

assumptions further discussed in the report.  
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Findings Results? 
In this section a breakdown of the cultivation, harvest and extraction methods will be illustrated, along 

with the demonstration of the various strains recommended for certain locations based on production 

rate. All of which to be considered in the recommended road map.  

Cultivation of microalgae: 
Ugwu (2007) expressed a range of photo-bioreactors categorized by the illumination and temperature 

statues. Naturally lit microalgae cultivation unites includes open ponds, flat-plate, horizontal tubular airlift 

and inclined tubular photo-bioreactors. Artificial illumination is the main way of lighting implemented in 

small scale indoor production and in laboratory trials. Synthetic lightning in that case could be either 

within the bioreactor or on the exterior. Synthetic illumination include stirred-tank, helical tubular, 

conical, bubble and airlift column. Algae temperature in most cases should be kept in the range within 

293-303 K to obtain maximum growth rate (Chisti, 2007). This could be easily achieved when placing the 

bio-reactor in a controlled temperature room. Nonetheless, this would restrict the use to compact 

reactors with high cost due to its special technical requirements and high energy demands. ALGADISK 

(2014) showcased a new novel algae-based solution for CO2 capture and biomass production, a new 

addition to the methods of micro algae cultivation.  

Photo-bioreactor: 

Open Ponds: 

The technique has been investigated and used since the 1950s (Demitrbas, 2010). Open culture systems 

are described to maintain optimum levels of pH and salinity, narrowing their usage to only microalgae 

strains that can withstand extreme conditions or with Mixotrophic organisms with self-cleaning ability 

(Wegeberg & Felby, 2010). Open ponds are generally either natural or artificial ponds.  

Natural ponds: 

Natural open ponds consist of natural water sources such as lakes, lagoons and ponds (Ugwu, et al., 2007). 

Such a system is relatively cheap but it is subjected to environmental threats due to temperature changes 

with season’s rotation. Growth of nutrient competitors such as bacteria and other unwanted 

heterotrophic organisms that live on the microalgae biomass, results in low production rates (Wegeberg 

& Felby, 2010). When such a system is not treated properlly in a controlled enviroment, that could lead 

to  over-growth of algae bloom leading to eutrophication and possibly ecosystem damage (Christenson & 

Sims, 2011). Efforts have been made to develop a closed system that would solve the technical drawback 

from such a method. Nonetheless, emphasizing a new challenge of feasibility to be tackled (Wegeberg & 

Felby, 2010) 

 

Artificial ponds (Raceway): 

Artificial ponds are widely known as raceway ponds due to the design formation, normally in a custom of 

built-in channels, lined using cement and isolated with plastic. In most cases kept 15-35 cm shallow, to 

maintain high levels of light exposure (Demitrbas, 2011). Such a cultivation system is also referred to as 

high rate algae ponds (HRAPs), based on the theoretical production capabilities of 25g/m2day depending 

on the environmental parameters (Wegeberg & Felby, 2010). Nonetheless, practice shows lower growth 

rate as a result of contamination, uneven mixture and dark zones (Christenson & Sims, 2011). Water is 

circulated using paddle wheels and the necessary feed of nutrients, water and CO2 is supplied subsequent 
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to the wheel. Consequently, microalgae harvest is prior to the wheel to insure good mixture and exposure 

to all required growth factors as shown in figure 2 (Demitrbas, 2010). Waste water treatment plant and 

raceway ponds have the same features structure wise (Li, et al., 2008) 

 

Flat-plate Vertical photo-bioreactor: 

The first description of a flat-plate vertical bioreactor was in the 1980s, after which they have been 

developed and investigated thoroughly throughout the 1990s (Cheng-Wu, et al., 2000).  Flat plate or the 

green wall panel (GWP) as referred to in Wegeberg and Felby (2010); are vertical thin reactors made of 

two transparent plates, with a standard height and length of one and two and a half meters respectively. 

GWPs light pathway thickness is approximated to have a value varying from 4.5 to 10 cm. Meanwhile the 

transparent façades have a range of thickness available in the market stretching between 10-30 mm. 

The procedure is initiated with fresh microalgae feed compressed into the panel. Oxygen buildup disposal 

and ventilation is not as vital as in tubular photo-reactors; since the length and width are radically reduced. 

Nonetheless, pumps and suction unites are attached for nutrient feeding and excess oxygen removal, 

Plates could be tilted with the aim of maximize sunlight capturing. Temporarily, the rear will remain lit 

with diffused and reflected light (Cheng-Wu, et al., 2000). 

Tubular horizontal or vertical photo-bioreactor: 

According to Chisti, (2007) tubular photo-bioreactors entail a number of horizontal or vertical solar 

collector’s arrays. The collectors are commonly translucent tubes made from plastic or glass, their 

thickness is approximated to be 0.05mm. This allows light penetration to the apparent layer of cells. Christi 

(2007) also emphasized the influence of different behaviors of microalgae during the light and dark cycle 

on the production rate. The cells maintain growth during the dark phase through consuming up to 25% of 

the biomass produced during the light phase. 

The tubular photo-bioreactor processes shown in figure 3 start with the fresh feed supply mixed with 

sufficient CO2 in the degassing column. Afterwards the mixture is pumped into the solar arrays for sunlight 

 

 

Harvest  Feed input  

Mixture flow 

Flow path 

Mixing wheel 

Figure 2modified illustration of artificial pond design (Li, et al., 2008) 
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captivation. As photosynthetic organisms microalgae produces high rates of oxygen. Photo-oxidative 

destruction to microalgae cells as a consequence of placement in closed bioreactor. It is prevented by 

maintaining rapid circulation of the mixture with regular aeration of the degassing column to exhaust 

oxygen rich gas from the unit. Ending the processes in the degassing column, before the cycle start again 

with a new microalgae broth. The CO2 mixture would be adjusted with respect to the detected pH levels 

(Wegeberg & Felby, 2010). 

 
 

Artificially lit photo-bioreactor: 

The concept of what is known as internally-illuminated photo-bioreactors has been under development 

since the 1990s.  The aim for this is to be used in conditions where the lightning status is below the 

recommended for sufficient production per strain of microalgae, and/or to optimize lightning hours for 

enhanced production; by relaying on solar lighting during daytime and artificial illumination throughout 

nighttime. 

Photo-bioreactors contains pumps, feeding unit, degassing unit and a blend appliance, likewise the 

artificial photo-bioreactor also contains them all. The bioreactor unit is described as a vertical tubular 

tank, the cylinder is ideally made from transparent material to optimize sun light absorption. The system 

(Felix, 2010) enclose vertical lamps descending from the internal roof of the tube, centered by a rotating 

impeller to insure good mixing of nutrition and exposure to light (Ugwu, et al., 2007).  

Disk bioreactor: 

Disk bioreactor is the invention of Dimanshtryn Felix (ref). The conceived photo-bioreactor contains: a 

tank for containing a liquid microscopic culture; the second component is a rotating mixing system 

Figure 3 demonstrative plot to the tubular photo-bioreactor from Li, et al, (2008) 
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enclosed within the tank. The rotating mixing system containing more than one motor in most cases, with 

shafts connected to the motors, and a multitude of mixing blades attached to the shafts. The microalgae 

culture is stirred throughout the volume of the tank; thirdly a lighting system, encompassing an 

illuminating source placed outside the tank along with a light emitting device. Adjustment depending on 

the targets, budget and further specification can be made to the device (Felix, 2010) (ALGADISK, 2013). 

Harvest of microalgae: 

Harvesting method should be selected wisely based on the type of microalgae, cell density and culture 

conditions, as it is held accountable for approximately 20-30% of the production cost. The wider range of 

microalgae harvesting processes to choose from include concentration through centrifugation, foam 

fraction, flocculation, membrane filtration and ultrasonic separation (Demitrbas, 2010). In addition also 

other harvesting methods based on Benemann and Oswald (1996) like polyelectrolytes, micro-straining, 

auto and bio flocculation as well as auto-concentration techniques are possible to use.  

The most commonly adopted methods are described as follows:  

Centrifugation harvest: 

The centrifugation harvest method separates macromolecules from solutions based on their 

characteristics; size, shape and density, by exposing them to artificially induced gravitation. In the case of 

separating microalgae from the cultivation liquid in which they are dispersed, centrifugation is conceivable 

since the density of microalgae is greater than the medium. The device rotate with several thousand turns 

per minute and will accumulate and concentrate microalgae mass on the filter in a form of microalgae 

past (Ugwu, et al., 2007). 

Chemical flocculation:  

Chemicals used as microalgae culture flocculants are divided to inorganic agents and polymeric organic 

flocculants. Inorganic agents such as polyvalent metal ions and lime which usage depends on the pH levels 

in the cultivation liquid; inorganic agents form Poly-hydroxyl when used with suitable pH levels. On the 

other hand, when pH levels are elevated in the waste water treatment facility due to the usage of lime it 

forms Mg (OH)2 that behaves like the ultimate flocculants. Polymeric organic flocculants however vary 

from cationic, anionic to non-ionic (Shelef, et al., 1984). Chemicals solutions added with the purpose of 

microalgae harvest such as alum, lime, chitosan among others proved their high efficiency.  The theory 

behind their work is based on the negative and positive charge that causes microalgae that are widely 

spread in the water to be attached to the microscopic particles’ surfaces. This causes them to change their 

charge which make them stick together like to a magnet and therefore increasing their weight and leading 

them to settle at the bottom of the pound. In some case causing the particles to float differing from one 

chemical function to the other. , Nevertheless the high cost allied with the quantities required is 

problematic (Ugwu, et al., 2007). 

Extraction of algae bioenergy products: 

The most common extraction technique is by pressing, like a regular olive press, which has an efficiency 

of oil content extraction equivalent to 75%. The hexane solvent method applies the pressing technique 

first and then adds the hexane solvent to the residue with an output of 95% of the oil. The least used and 

recommended is the supercritical fluid method with a potential extraction of 100%. “Although it can yield 

100 percent of available oil, the plentiful supply of algae as well as the additional equipment and work 

required, make this one of the least popular options” (Demitrbas, 2010). 
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The most desirable bioenergy products from algae including biodiesel, ethanol, biogas and H2 have been 

discussed by Wegeberg and Felby (2010). Biodiesel in general refered to as triglycerides vegetable oil with 

various chain lengths connected to glycerol molecule by ester bonds. Theoretically   vegetable oil is fit to 

be used as biodiesel fuel directly, but in practice triglycerides elevated melting point, increases its density 

in low temperature. To attain fuel suitable for the diesel engine, subjecting the vegetable oil to 

transesterification is required to separate the fatty acids from the glycerol. In spite of the high biodiesel 

potential of algae, from wholesale perspective there is no feasible process for mass scale production that 

have been found to assess its commercial use until present time. 

 

Strains: 

Different types of algae could produce various forms of fuel more efficiently, acknowledging the fact that 

algae organism’s exists in a range of 33,270 species (Guiry, 2012). Demirbas (2010) divided the microalgae 

population into filamentous algae and phytoplankton algae. But from a pigmentation categorization the 

microalgae was separated into diatoms, green algae, blue-green algae as well as golden algae.   

Microalgae culture can be a culture of solitary or several defined strains and in some cases undefined 

mixture of strains made up out of random combinations (Demitrbas, 2010). However, optimum growth 

and production rates requires usage of defined strains, generating high productivity and survival 

probability with respect to environmental variables such as illumination and temperature. Nominations 

of the best lipid producer strains enabled to survive the surrounding environmental factors of a site, has 

been suggested since the 1980s (Shelef, et al., 1984) but not until late 1990s early 2000s, researches and 

pilot studies developed devoted trials for European conditions. Consequentially a list of nine species were 

the result of a test of the best lipid producing species for Danish setting, as showcased in Table 2 

(Wegeberg & Felby, 2010). Rodolfi et al. (2009) made thorough examinations of thirty species and elected 

the top five producing high rates of lipid (Table 3), ending up  with the recommendation of the marine 

genus Nannochloropsis strain. Despite its ranking second to Botryococcus braunii, due to Botryococcus 

braunii’s nature as a freshwater species that produces higher rate of lipid content yet with a rather low 

rate of growth.  
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Table 2 Top nine species suitable for cultivation in Danish conditions (Wegeberg & Felby, 2010) 

Species  Phylum/Class Lipid yield 

(% DW)  

F/M 

Botryococcus braunii Chlorophyta 44‐54 F 

Chlorella spp Chlorophyta 22‐63 F 

Dunaliella primolecta Bacillariophyceae 9‐25 M 

Isochrysis sp Prymnesiophyta 7‐33 M 

Nannochloris sp Chlorophyta 20‐36 M 

Nannochloropsis sp Eustigmatophyta 31‐60 (68*) M 

Nitzschia sp Bacillariophyceae  22‐47 M 

Phaeodactylum  tricornutum  Bacillariophyceae 20‐30 M 

Tetraselmis suecica  Prasinophyta 9‐15 (23*) M 

 

 

Table 3 Rodolfi et al. (2009) summarized top five species from the highest productivity to the lowest 

Species Biomass 

productivity (g/Ld) 

Lipid content (%DW) Lipid productivity 

(mg/Ld) 

Botryococcus braunii 0.21*  30.5 65 

Nannochloropsis sp.  0.18 28.5 51.5 

Phaeodactylum 

tricornutum 

0.24 18.5  45 

Isochrysis sp 0.17  25  42.5 

Chlorella spp 0.22 19 42 

Description of the recommended plant:  
This section provides an introduction to the recommended measures, in order to reach the aim of a 

sustainable production cycle; that is effective with an attempt to reduce operation cost maintaining 

optimum yield as illustrated in appendix 2.  The recommended plant description segment will answer to 

which cultivation techniques to use? How to harvest? Where to locate the plant? What are the bases of 

microalgae specie or mixture selection? What and how to extract? Concluding with ways to process the 

remains? 

The technique of cultivation recommended is a combination between two technologies the open pond 

known as raceway pond and tubular photo-bioreactor unites with mobile external LED artificial lighting. 

The recommended combination referred to as a hybrid system; offers a remedy to the contamination 
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threatening the usage of open ponds cultivation, reduce the elevated cost of the closed photo-bioreactor 

and to by-pass the phase of dark cycle of photosynthetic’s known as Calvin cycle.  Introducing it as one of 

the most rational method that is predicted to have high production rates yet cost efficient (Demitrbas, 

2010).   

Settling ponds followed by a flocculation pond start the harvesting process ending with centrifugal unites. 

The settling ponds reduces the amount of chemicals required in the flocculation stage. Meanwhile, the 

flocculation phase outcome cuts both energy and work required for centrifuge by feeding the device with 

high rates of solid content algae paste. This procedure reduces running cost of the process. Nonetheless, 

initial cost remains relatively high due to the high initial cost of the centrifugal technology assuring the 

high solid content and quality. On the other hand both settling and flocculation ponds constructions are 

rather low cost basic facilities (Wegeberg & Felby, 2010). 

A sustainable microalgae factory will require feedstock of carbon dioxide, nutrients as well as water. 

Which brings us to the strategic planning of the plant’s location, since the high cost of raw materials are 

a result of transporting them from the source to the plant. In the case of carbon dioxide the process of 

capturing and transporting the carbon dioxide increases the price of the production. In the recommended 

model the plant is suggested to be enclosed by power plants, cement factory or any heavy carbon dioxide 

producing industrial unit. As for the sewage water treatment plant offers nutrients rich aquatic cultivation 

medium. Therefore, placing the microalgae plant within close range to both heavy carbon dioxide 

producing industrial unit or a biogas upgrading facility is recommended. Meanwhile, a sewage water 

treatment facility would be the optimum working site cutting transportation cost significantly 

(Christenson & Sims, 2011) (Rodolfi, et al., 2009). 

Throughout the report microalgae strains have been categorized and analyzed on different grounds. The 

favored method leans towards avoiding freshwater species; that tend to have high lipid content as they 

contain low production rates and complex water and nutrients demand. In addition, it is also favorable to 

have a wider range of temperature and light intensity variation tolerance (Wegeberg & Felby, 2010). 

Extraction technology depends on the targeted product, in this case the targeted product from the 

microalgae are bio-energy products of bio-diesel and methane. Extraction of both products falls into the 

biochemical conversions. As discussed in the section of extraction of algae bio-energy products; biodiesel 

is a result of hydrocarbon extraction processes. Meanwhile, methane abstraction through anaerobic 

digestion can be produced from the mixture of microalgae biomass residue after biodiesel extraction and 

the processed sewage water sludge. (Murphy, et al., 2013) (Chisti, 2007). 

The recommended method targets bio-energy products. Nonetheless, using the nutrient rich biomass 

remains (digestate) after the anaerobic digestion could be sold on the market as fertilizer. The digestate 

could also be used for production of fertilizer in microalgae cultivation in order to level the nutrient 

content of sewage water. Hence, this works for evening out the costs and achieving profitability. From a 

sustainable perspective after separation the water can be reused for irrigation, the generated carbon 

dioxide from upgrading the biogas in the anaerobic digestion can be reused in the microalgae cultivation 

process (Christenson & Sims, 2011). Also closing the cycles of carbon and nutrients could be attractive 

from an environmental point of view. 
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Facts and figures  

This segment illustrates the knowhow of the recommended model, going about the plant scaling and units 

sizing the following phases has been considered: 

 The production rate required to balance the operation cost  

 Microalgae strains for cultivation  

 Definition of the nutrients amount required for a unit of cultivated algae biomass  

 The average share of nutrients content in every unit of sewage water estimation 

 The required cultivation time approximated 

 Consideration of the suitable size for cultivation technologies recommended  

 Area required for the project implementation 

 Electrical energy consumption, the cost of land, chemicals and nutrients estimations 

The maximum theoretical production rate has been expressed as an energy efficiency percentage of the 

mean daily solar intensity by the algae biomass productivity (Ben‐Amotz A, 2009), the actual production 

rate depends on the climatic conditions, energy production efficiency, strain biomass productivity among 

other variables. However, only a modest number of projects determined the actual production rate for a 

small number of strains in specific conditions, the rest is based on theoretical estimations with limitations 

(Wegeberg & Felby, 2010). 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛max 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑚𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑠𝑜𝑙𝑎𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦×𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝑎𝑙𝑔𝑎𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 
  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛max 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 ≡ 𝑔 𝑚2. 𝑑𝑎𝑦⁄  

𝑚𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑠𝑜𝑙𝑎𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ≡ 𝑘𝑐𝑎𝑙 𝑚2⁄ . 𝑑𝑎𝑦 

𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ≡ % 

𝑎𝑙𝑔𝑎𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≡ 𝑘𝑐𝑎𝑙 𝑔⁄  

Recommended strains of microalgae that has been successfully mass cultivated, also categorized to be 

suitable for Danish conditions are Chlorella Ellipsoidea and Nannochloropsis Oculata, making them 

applicable in Swedish grounds as well. Chlorella species have the ability to endure high nutrients content 

in water with a production of 22-63% lipid yield of dry weight (DW). Meanwhile, Nannochloropsis has a 

lipid yield of 31-60 % of DW. To solve the issue of contamination in the raceway pond unit, mixing 

mixotrophic organisms into the cultivation unit will have a self-cleaning effect (Wegeberg & Felby, 2010). 

Nominated strains essential characteristics such as the temperature, light as well as salinity necessary for 

growth, were deliberated by Creswell (2010) to be  10-28 ℃, 2,500-5,000 Lux and 26-30% ppt for Chlorella 

Ellipsoidea. As for Nannochloropsis Oculata temperature, light and salinity necessity were 20-30℃, 2,500-

5,000 Lux and 0-36% ppt respectively. The value of the daily productivity rate estimations, with relation 

to the volume cultivated for both Chlorella Ellipsoidea and Nannochloropsis Oculata provided; were based 

on reported cultivation of the microalgae strains through different technologies. Nannochloropsis 

cultivated in flat plate photo-bioreactor with a volume of 440 L had a productivity rate of 0.27𝑔 𝐿 𝑎𝑛𝑑𝑎𝑦⁄  

Meanwhile, a volume of 6 L of Chlorella Ellipsoidea cultivated in an inclined tubular photo-bioreactor 

produces 1.47𝑔 𝐿 𝑎𝑛𝑑𝑑𝑎𝑦⁄  Consider the fact that for the same strain of microalgae, using different kind 

of technology for cultivation in different conditions does not have the same production rate. Hence, 

making a comparison of the data for the two strains was in this case impossible    (Ugwu, et al., 2007) 



 

16| P a g e  
 

Nutrients are needed for optimum microalgae growth and productivity. Carbon dioxide, nitrogen and 

phosphorus make the top three indispensable among a long list of other macro- and micronutrients such 

as; iron, calcium, magnesium etc. However, the lack of sufficient micronutrients existence in wastewater 

hardly limits their growth. In the recommended model wastewater has been selected as the main 

nutrients rich cultivation medium. Furthermore, it presents a possible chance for competitive biofuel 

production out of microalgae in comparison with usage of other sources of water in need for substantial 

external nutrients feed. Recommended wastewater type for this model would be domestic wastewater 

as illustrated in Table 4, due to the substantial amount of extreme values of chemicals residue in different 

types of industrial wastewater, which requires special modifications for both photo-bioreactor and 

anaerobic digestion units which would increase the production cost. Notwithstanding, the lipid’s oil 

content negative correlation with the theoretical microalgae productivity, that is in fact substantially 

higher in industrial wastewater (Christenson & Sims, 2011).  

 

Table 4 summarized table demonstrating the relation between nutrients content in recommended waste water and the theoretical 

productivity (Christenson & Sims, 2011) 

Waste water type N:P  
(molar ratio) 

Theoretical algae biomass 
production 

Weak domestic 11 0.3𝑔 𝐿. 𝑑⁄  

Medium domestic 11 0.6𝑔 𝐿. 𝑑⁄  

Strong domestic 13 1.4𝑔 𝐿. 𝑑⁄  

 

Microalgae culture naturally experiences four main phases with respect to the relation between the cell 

density and the cultivated culture’s age in days as showcased in figure 4. Starting with the lag phase that 

depends on the inoculated cell density adaption to the cultivation medium. The phase lasts for about 2-3 

days for a cell density of 30-100𝑐𝑒𝑙𝑙𝑠 𝜇𝐿⁄ . Leading to a rapid cell division rate acceleration phase known 

as the exponential phase, with a minimum of four days before the microalgae enters the third phase of 

stationary phase, making the exponential phase the best harvesting time. At last, ending with the 

senescent phase when the culture crashes (Creswell, 2010).   

 

0.03 0.03

1 1

0.1

STARTUP 
CULTURE

LAG PHASE EXPONENTIAL 
PHASE

STATIONARY 
PHASE

SENESCENT 
PHASE 

C
e

ll 
d

e
n

si
ty

Time

Microalgae growth phases

Figure 4 a modified illustration of the different phases the microalgae undergoes with relation to the cell density (Creswell, 2010) 
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Scaling up 
The demonstrative model illustration of the function of the different units included in the project is shown 

in figure 5. Meanwhile, the productivity based on the recommended method for mass cultivation 

illustrated in table 5. Productivity calculations is carried out with respect to the type of strain nominated 

and the technology of cultivation used, contains some assumptions and approximations to give a 

generalized view of the expected production. Many figures were grounded on data collected from an 

actual operative model in Israel by NBT Ltd and Seambiotic in Eilat (Wegeberg & Felby, 2010). 

Starting the cultivation process with an in-door flask culture of 80 cells⁄ μL (Creswell, 2010). Introducing 

the culture to a small then a medium scale out-door culture. Production and sizing of the flat plate 

depends on the type of strain.  

As for Nannochloropsis oculata microalgae; producing 256.5 g/d of lipid and a biomass residue of 643.5 

g/d. Followed by a flat plate cultivation resulting in a 292.41g/d and 733.59 of lipid content as well as 

biomass residue respectively. The estimated production requires 18 units of open pond and 47 units of 

flat plate cultivation. Cultivation technology description beginning  with an open pond of 12m width, 82m 

length and a depth of 0.3m per unit. Meanwhile, the flat plate specification of 80m length 0.06m diameter 

of 132 parallel tubes. Chlorella ellipsoidea starts up with the same culture density as Nannochloropsis 

oculata microalgae, as well as the exact open pond cultivation unit’s size, with lipid production of 209 g/d 

and a biomass residue of 891 g/d. requiring a 32 units of flat plate with 158.84 g/d lipid production and a 

677.16 biomass residue in g/d. 
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Table 5  the recommended model productivity and scaling-up calculations illustration based on key data provided by Wegeberg & Fleby (2010) and 

Creswell (2010) 
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The calculations emphasized the lipid production and biomass residue, due to the important indication of 

bio-diesel production extracted from the lipids produced. Meanwhile, methane production can be 

identified from the biomass residue. Nonetheless, the remains from bio-digestion can be evaluated and 

used as profitable source of income in the form of fertilizer. Losses should be consider between cultivation 

and harvest ending the extraction processes. 

Area requirements per unit of race way pond and flat plate photo bio-reactor in the recommended model 

is estimated to be 978.5 m2 and 946 m2 correspondingly (Wegeberg & Felby, 2010). Murphy, et al (2013) 

put emphasis on the area requirements to meet the global oil demand as shown in Table 6. Highlighting 

microalgae with 10 g/m2day at 30% Tricylgycerols TAG as the most reasonable  source of bio-diesel which 

is able to meet the global demand with the lowest arable land requirement of 20.5% of the total arable 

land worldwide.  

Table 6 a modified table showcasing the variance in area required to meet the global oil demand (Murphy, et al., 2013) 

Plant source Bio-diesel production 
[L/ha.yr] 

Area requirement for 
worldwide demand 

attainment  
[ha. e6] 

Arable land necessity  
[%]  

Cotton 325 15,002 756.9 

Sunflower 952 5,121 258.4 

oil palm 5,950 819 41.3 

Microalgae 
[10 g/m2.d at 30% TAG] 

12,000 406 20.5 

 

Discussion 
Realizing the environmental impact and growing energy demands, a need for sustainable means of 

meeting the demand is needed. Theoretical mass cultivation of microalgae to meeting the global energy 

demands as illustrated in table 5, producing 12000 L bio-diesel/ha.yr needing only 20% of arable land was 

a positive indicator to a promising method of fuel production. 

At the beginning of the report meanwhile working on researching the background and fundamental facts, 

a logical consideration of influencing design factors for the recommended model been drawn-out. As 

expressed in the fact and figures section in a form of exemplary guideline, the list followed a sequenced 

list of information to look for on a research bases. Ideally starting with the production rate required to 

balance the operation cost, finding microalgae strains suitable for cultivation, followed by definition of 

the nutrients amount required for a unit of cultivated algae culture. After settling with the usage of 

wastewater; the average share of nutrients content in every unit of sewage water estimation, as well as, 

approximated required cultivation time. Consideration of the suitable size for cultivation technologies was 

made, furthermore the area required for project implementation to be reflected on. Nonetheless, 

electrical energy consumption, the cost of land, chemicals and nutrients estimations were also 

considered. 

In reality the guideline of design was extremely challenging to keep, mainly due to a great deal of data 

absence; specified data about microalgae bio-energy products was outstandingly hard to get. An approach 

of seeking pilot projects case studies working within the same field was followed. Three main papers were 
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found which presented models from Denmark, Ireland and Iran (Wegeberg & Felby, 2010) (Murphy, et al., 

2013) (Najafi, et al., 2011) respectively.  

The Danish model was the one providing the best insight into the production process with actual facts and 

figures instead of the more theoretical bigger picture the other two showcased. This was due to the fact 

that it was based on an actual ongoing project in Israel where they used it as a solid ground to extrapolate 

upon. Meanwhile algae as a sustainable energy source for biofuel production in Iran was a case study 

paper by Najafi, et al., (2011) which focused on the wider perspective of the possibility of using algae 

without any solid figures regarding production nor a certain strain of microalgae recommended for that 

region.  The biofuel production in Ireland was an approach to 2020 targets with a focus on algal biomass 

prepared by Murphy, et al. (2013) and explained all the options possible during production phases, 

theoretical facts with no recommendations nor figures to draw conclusion from.  

Study cases gave a good perspective of the situation and showed the intention from different regions of 

the world to work on developing this particular field but also demonstrated the lack of information 

resource that need to move from theory to actual studies based on trials and pilot projects to draw useful 

conclusions and economical business plans for production.  

Contradiction both within and between the references were found. For instance Ben-Amotz, A (2009) 

explained the maximum theoretical productivity of microalgae depending on the environmental factors, 

also expressed that only 12% of that value had been produced in reality. Even though Wegeberg & Felby 

(2010) referred to Ben-Amotz, A (2009) in their paper, calculations however had been made based on the 

maximum theoretical calculation which are unattainable in practice. In other parts duplication of work 

has been spotted, in some cases it was due to sharing the same preliminary data. 

The recommended methodology bears in mind the previous experiences; of individual successful projects 

manifested as well as theoretical approaches. But the main characteristic is that it measures more than 

method of cultivation, harvest and resources intake. In an attempt to optimize the sustainable yield 

production. The method focused on models applicable in the environmental setting within the 

environmental characteristics of Sweden. Results based on the scaling up calculations showed satisfactory 

production rates for fuel output, but a rather low feed-in biomass in the anaerobic digestion. 

Consequently indicated that a mixed feed of microalgae in addition to slug from the same sewage water 

treatment unit would be advantageous providing cultivation water and nutrition as a countermeasure to 

increase biogas output.    

As a conclusion the recommended model is highly inapplicable, due to the economical factor being 

missing from the equation. The aim for it has been to contribute from one aspect or another to the field 

of research. Research showed theoretical ability, pilot projects proved it, this project highlighted the 

possibility behind sustainable production, yet high cost overpowered the field’s progress. Nonetheless, 

the availability of sustainable production methods, along with the need to meet energy demand; will be 

an incentive for future researchers to come up with a complementary feasible solution to the production. 
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