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Preface 

 

The present report is the Med-Algae Work Package 1 State of the Art – International Report. 

It is based on a literature review of the 3 main themes of the Med-Algae project: algae, 

biodiesel, and co-product production and research related to these themes.  The report was 

prepared by the WPL, reviewed by the TSA, and was made available to the project partners, 

through the Med-Algae Information Management System, before its finalization.  

 

The WP 1 International report has been produced as a part of the Med-Algae Work Package 

1 State of the Art, and should be read in that context. It is an important milestone for the 

partners and the project itself, since it provides insights to the current science, technology 

and market, concerning the above 3 main project themes, along with their potential future 

perspectives. It will be used as a guide for the relevant project activities, which will be 

carried out within the framework of WP2 and WP3.  

 

The Med-Algae Work Package 1 State of the Art reporting consists of the following outputs: 

 

 D1.8: State of the Art – International Report (the current report) 

 D1.9: Summary report of partner experience  

 D1.9- Annex: Annex Report to the summary report of partner experience (presenting 

the formats applied for the questionnaires, narrative reports)  

 D1.1 to D1.7: Partner Country Reports consisting of the following:  

 Narrative reports received from all research partners: algae (A), biodiesel (B), co-

products (C)  

 Questionnaires received from all research partners: algae (A), biodiesel (B), co-

products (C) 

Furthermore, the reports mentioned above have provided input to the following: 

 

 Joint Publications (and a plan) 

 Networking activities (identification of partners within and without Med-Algae 

project) 

 Innovative methodologies and approaches covering the value chain from algae to 

biodiesel. 
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1 Introduction  

The current report has been carried out within the framework of ENPI Project MED-ALGAE. 

It aims at gathering the relevant and most recent international, EU and non-EU, literature 

and market data concerning the microalgae cultivation for biodiesel production and making 

it available to the Med-Algae project and its partners..  

 

Given that there is already an FP7 project, AquaFUELs, which was carried out during the 

period 2010-2011 and which focused on establishing the state of the art on research, 

technological development and demonstration activities regarding the exploitation of 

various algal and other suitable non-food aquatic biomasses for 2nd generation biofuels 

production, the current report should avoid the unnecessary duplication of this work. 

 

In this frame, the methodological approach of this report will have three dimensions: 

 Critically reviewing and making easily accessible the knowledge produced in 

Aquafuels project 

 Reviewing the literature produced after the end of Aquafuels project, and 

incorporating the most recent knowledge in the present report, 

 Developing an ongoing and prospective project database, not only at Lab but also at 

demonstration and commercialization scale. 

 

The ultimate scope of the report is to contribute both to the experimental procedure which 

will be followed within the frame of WP2 of MED-ALGAE project, as well as, to the 

methodology of sustainability and feasibility assessment and scenario building which will 

take place in WP3. 

 

2 From Micro-algae to biodiesel  

2.1 Algae   

According to the US microalgal species program ASP five groups of microalgae are 

considered having high priority for biofuel production [1]:  

 diatoms (Class Bacillariophyceae),  

 green algae (Class Chlorophyceae),  

 golden‐brown algae (Class Chrysophyceae),  

 prymnesiophytes or haptophytes (Class Prymnesiophyceae), and  

 eustigmatophytes (Class Eustigmatophyceae).  

 

However, less studied microalgal groups are not excluded from being equally promising for 

future biomass production from algae. [2] 

 



 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 5 5 

Although potential oil productivities of over 100 tons/ha per year were initially predicted, 

none of the large scale long term experiments ever exceeded 40 – 60 tons of algal biomass 

production per ha and year. [2] 

 

Recent annual (2007) algal biomass production, which is mainly used in food and feed 

market, is about 8-10 kt. [3] 

 

Microalgae biomass is either harvested from natural habitats or obtained through more or 

less controlled cultivation processes carried out mainly in large open ponds or lagoons. 

Commercial production in photo-bioreactors (PBR) is limited to a few hundreds of tons. 

 

According to the response to a recent EU FP7 call for research proposal, algae farms in 11 

EU and non-EU countries are identified (see Figure 1). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Algae cultivation according to the proposals submitted to EU FP7 Call, 2010 [3] 
 

The commercial scale production of microalgae currently takes place in US, Israel, Germany, 

Australia, France and several Asian countries. Cosmetics, dietary supplements, feed 

additives and aquaculture feeds being the main application fields.  

 
The larger current production (see Table 1) is for Arthrospira (3000 dry tons/year), Chlorella 

(2000 dry tons/year) and Dunaliella 1200 dry tons/year), which due to their high growth rate 

or a selective growth medium that limits contamination, can be grown in large open ponds. 

[2]. 
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Table 1: Present state of worldwide microalgae production [4] 

 

2.1.1 Species 

Taxonomy. Two major databases where detailed information about microalgae taxonomy 

can be found are the Tree of Life Project [5] and Algae Base [6]. Both are continuously 

updated and revised, incorporating the most recent results obtained by using advanced 

techniques, i.e. molecular genetic approaches like DNA sequence comparison. 

 

The worldwide major institutes having microalgae collections are presented in Table 2. 

 

More detailed data concerning the availability of specific species and strains, in each 

institute is also available in the literature. [8] 

 

Many microalgae species can be induced to accumulate lipids in a very wide range. The lipid 

contents of selected marine and freshwater microalgae are presented in Fig 2; significant 

differences among the various species and within the same genus are apparent, as well as 

the greater lipid productivities of marine microalgae. The underlying high salinity also 

prevents extensive contamination of culture media, while allowing seawater to be directly 

used instead of depleting fresh-water resources. 
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Table 2: Institutes  
 

 
Source: Aquafuels project [7][8] 
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Figure 2: Lipid content of various microalgae [9] 
 

Similar variations are observed also in the case of carbohydrate and protein content as 

shown in Table 3 [10]. 
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Table 3: Chemical composition of selected microalgae 

 

2.1.2 Cultivation 

A multi-criteria strategy has to be considered in the cultivation process (for microalgae and 

production units), and important factors should be attained such as 

 growing rate, normally measured by total amount of biomass accumulated per unit 

time and unit volume 

 nutrients availability, in particular of carbon dioxide sources when the goal of carbon 

sequestration is also deemed relevant; 

 robustness and resistance to environmental conditions changes, such as nutrients, 

light, temperature and contamination from other microorganisms 

 biomass harvesting and downstream processing [11] 

 

Cultivation conditions. The cultivation conditions can be grouped under four categories 

according to the use of energy and carbon sources (see Figure 3).   
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Figure 3: Cultivation conditions  
 
Further to the strain dependency of the oil production, the cultivation conditions of the 

microalgae strains strongly affect both biomass productivity and lipid content. The 

comparative performance of each cultivation condition according to a recent review paper 

is given in Table 4 [12]. 

 

Table 4: Comparison of the different cultivation conditions [12] 
 

The wide range of biomass (0.03 up to 7.40 g/L/d) and lipid productivity (0.2 up to 1840.0 

mg/L/d) identified by the review of these authors indicate the impact of the microalgae 

species and cultivation conditions on their sustainable production on the one hand and the 

relevant difficulty to make assessments based on literature data, on the other. 

 

Despite the wide range of available artificial light source options, the use of sunlight remains 

the most feasible and sustainable option, since in addition to the obvious advantages (lower 

energy cost, improved environmental efficiency). It can also provide a suitable absorption 



 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 11 11 

wavelength through the use of specific filters, not only for the microalgae cell growth but 

also for targeted product generation. However, day and night cycles and diurnal and 

seasonal variations, remain as additional difficulties to be considered while designing the 

sunlight based cultivation systems. It should be noted that in the absence of light energy, 

both the productivity and the biochemical composition will not be at their optimum for any 

microalgae specie. The use of supplementary artificial light sources, which will be based on 

other renewable energy options (i.e. photo-voltaics or wind turbines) and which will be 

activated whenever the light intensity is reduced under a predefined, optimum, level can 

deal with this problem. [12]. 

 

Culture systems. The selection of suitable culture system is also crucial for the feasibility and 

sustainability of the algae production. Open ponds and photo-bioreactors are the two main 

options. Open pond systems are easier to operate, less expensive, and more durable than 

large closed reactors. However, the majority of microalgae does not require a specific 

growth environment or a selective medium and cannot be cultivated for prolonged periods 

in outdoor open systems because of contamination. Photo-bioreactors provide a closed 

environment for the culture (limiting direct fall‐out and invasion by unwanted species) and a 

better control of culture parameters (pH, temperature, pO2, etc.) which ensure the 

dominance of the desired species [2]. 

 

The comparison of the operational specifications of the currently available options is 

presented in Table 5. 
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Table 5: Comparison of algae production systems [13] 

Operation mode. Batch cultivation relates to inoculation of the bioreactor, provided with 

fresh cultivation medium, with sufficient biomass to induce immediate, rapid and vigorous 

growth until some component required for growth becomes limiting. The amount of 

incoming light energy is usually the limiting factor for photoautotrophically growing algae. 

This effect seems to be caused by the cellular respiration of very dense cultures during the 

night, equalling the photosynthetic carbon fixation rate and thus loss of net biomass 

accumulation. [2] 

 

Batch cultivation systems relying on the addition of limited amounts of nutrients such as 

nitrogen, in order to provoke a stress phase, which will lead in the accumulation of high 

concentrations of oil is also possible. [2] 

 

Semi‐continuous cultivation relates to harvesting of a certain proportion of biomass every 

few days while resupplying the reactor with water and essential nutrients for inducing a 

new growth cycle. This avoids complete restarting of the reactor with fresh algae and 

medium, which can be a work intensive and expensive process. [2] 

 

Continuous cultivation is widely used for cultivation of heterotrophic organisms whereby all 

reactor parameters as well as cell density are tightly supervised and controlled and growing 
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biomass is continuously harvested to maintain optimal growth conditions for extended 

periods of time. While this mode can yield the best possible biomass yields, production of 

high concentrations of oil or carotenoids requiring stress conditions is not possible. [2] 

2.1.3 Harvesting - dewatering 

According to Chen et al 2011 [12], the harvesting process can generally be divided into a 

two-step process: 

 

 Bulk harvesting: Separation of microalgal biomass from the bulk suspension. Total 

solid mater up to 2–7% using flocculation, flotation, or gravity sedimentation. 

 Thickening: Concentration of the slurry, with filtration and centrifugation usually 

applied in this process. More energy needs for this step. [12] 

 

The major harvesting techniques, their characteristics and some of their limitations are 

presented in Table 6 

 
Table 6: Overview of harvesting techniques [14] 
 

 
According to Chen et al. 2011, an optimal harvest method when the biofuel production from 

microalgae is considered, should: 
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 Be species independent 

 Use minimal chemicals 

 Use minimal energy 

 Release intracellular material for collection (preferably) [12] 

 

Bulk harvesting technologies can play a crucial role in reducing the energy consumption 

during the microalgae slurry thickening process. There are studies showing that filter press 

and centrifugation can contribute to the LCA based overall energy input up to 88.6% (122 

GJ/ton biodiesel) and 92.7% (239 GJ/ton biodiesel) respectively. Therefore, the impact of 

harvesting on the overall energy balance should not be ignored and the optimisation of the 

harvesting techniques is a very crucial issue for the sustainability of the whole chain. 

 

The commercial scale use of centrifugation and filtration are not considered as energy wise 

feasible harvesting methods, yet. Despite its several drawbacks (i.e. contamination of 

biomass and adverse effects on the final product.) flocculation offers a relatively low cost 

harvesting option. Flocculants based on natural products like starch, cellulose or other 

polysaccharides attract increasing interest, since they can potentially deal with these 

adverse effects. 

 

Bioflocculation, where the extracellular polymer substances produced by living cells are 

used as flocculants, is also considered as a promising option. Polysaccharides, functional 

proteins, and glycolproteins produced by bacteria, fungi and actinomyces are identified as 

such flocculants. Although the need for continuous mixing of the system for sufficient 

contact of microalgae and bioflocculants seems to be a drawback, a recently carried out 

study shows that the energy needs are only 9.8MJ/ton biodiesel (assuming 33% microalgae 

lipid content). The easiness in the reuse of the cultivation medium after the flocculation is 

also an important additional advantage. 

 

The immobilization biotechnology, in which microalgae are embedded in an entrapment 

matrix and continuously grow within the matrix, is another alternative. Through this 

technology following the growth of microalgae, the water separation utilising simple 

filtration method (e.g. sieve) with low energy needs, takes place. Alginate (natural 

polysaccharide polymer) gel entrapment method seems to be the more promising option to 

immobilize microalgae. The polymer-microalgae mixture is consequently stabilized with 

divalent ions such, as Ca2+ to form immobilized microalgae beads through a nozzle. 

Requirement of only mild condition during immobilization process, negligible toxicity and 

high transparency favour the use of alginate for the immobilisation. Although it is 

considered as a very promising future technology, a few issues need to be addressed in 

immobilization of microalgae before the process can be upgraded to commercialization 

stage:  
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 Stability: High concentration of antigelling cations (e.g. sodium and magnesium) in 

sea water and serious microbial attack in wastewater will cause dissolution of beads 

leading to loss of microalgae cells   

 Cell leakage: Due to insufficient divalent ions during hardening process. The 

continuous growth of microalgae inside the beads may cause the beads to rupture. 

 Mass transfer limitation. After immobilization, a biofilm will be formed to act as a 

protection layer and to restrict movement of microalgae cells. Consequently, 

nutrients and carbon source (mainly CO2) need to diffuse through the biofilm before 

reaching the microalgae cells, decreasing the growth rate of immobilized microalgae. 

The co-immobilization with plant-growth promoting bacteria is a potential solution 

to this problem. [15] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Microalgae immobilization systems [15] 

 

Although, sometimes, no pre-treatment is performed and the concentrate is directly 

processed for lipid extraction, enhancing the efficiency of subsequent lipid extraction, 

usually, requires further pre-treatment of the harvested and dewatered algae.  

 

The process can be performed either in single or multiple steps. Cell disruption which will 

release the intracellular lipids to the surrounding medium is one option. Drying and 

consequent milling into fine powder is another option, which leads in the removal of 

residual water, which can potentially create difficulties in the lipid extraction.  
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Figure 5: Processing microalgae biomass [16] 

 

When commercial scale processes are considered solar drying of the microalgae paste 

received by harvesting process seems to be the best method. However, when limited 

sunlight is available at certain time of the year, heat generated from fossil fuels is necessary.  

However, it should be considered that under specific conditions, the fossil energy input can 

lead the whole microalgae-to-biofuel chain to negative energy balance and consequently 

unsustainable operation mode. [15] 

2.2 Biodiesel 

The effect of raw material on produced biodiesel is shown in Table 7. [17] 
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Table 7: Comparison of types of sources for the oil production  

Indicative properties of algal biodiesel, along with diesel and EN 14214 biodiesel standard 

are presented in Table 8. [4] 

 

Table  8: Comparison of algal biodiesel with diesel and EN 14214  biodiesel standard 

 

2.2.1 Oil extraction 

Lipid content. Micro-algal lipid content varies and it can range, in terms of dry biomass, 

from 5 to 77 wt.%. Micro-algal lipid composition also varies considerably from one species 

to another. Some micro-algal species are richer in neutral lipids than other species. Further 

parameters affecting the profile of lipids extracted from particular species are the following: 

 Micro-algal life cycle  

 Cultivation conditions (i.e. medium composition, temperature, illumination intensity, 

ratio of light/dark cycle, aeration) 

 

The evaluation of user acceptability of microalgal-based biodiesel has revealed algal fatty 

acid composition as a critical characteristic since the Fatty Acid Methyl Esters (FAME) 

composition of biodiesel candidates must comply with existing standards such as the 

American Society for Testing and Materials (ASTM) Biodiesel Standard D6751 and European 

Union EN standards. 

 

Some microalgae contain a higher proportion of unsaturated fatty acids with a large number 

of double bonds than plant oils suitable for biodiesel. Microalgal polyunsaturated fatty acids 
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(PUFAs) such as linolenic acid (C18:3), eicosapentaenoic acid (EPA, C20:5) and 

docosahexaenoic acid (DHA, C22:6) may be highly valuable materials not only for nutritional 

or medical purposes but also for various oleochemical applications. Thus, a quantitative and 

accurate assessment of microalgal fatty acid composition is important to make sound and 

profitable decisions concerning micro-algal fatty acid bio-refinery options. It should be also 

noted that the current European Union EN biodiesel standards require that the content of 

FAMEs with 4 or more double bonds be less than 1% and the content of C18:3 FAME be 

lower than 15%. The removal of unsaturated fatty acids is technically feasible, however this 

will result in both less cost effective and less sustainable production chains due to the cost 

and environmental impact of the additional process steps. [18] 

 

Some more specific observations considering the lipid yield and profile of the micro-algaes 

based on experimental results are presented below: 

 

 Cells harvested during stationary phase have lower polar lipid contents than the 

same species obtained during the exponential phase, 

 During oxygen deprivation the lipid contents increase from ~10 wt.% to almost 20 

wt.% for some micro-algal species, 

  The nutrient starvation intensifies the metabolic pathway which synthesizes neutral 

lipids. However, under these conditions growth is sacrifised.  

 

Industrial-scale alkaline-catalyzed transesterification is designed to process triacylglycerols, 

diacylglycerols, monoacylglycerols and it has limited efficacies (efficiencies?) on other lipid 

fractions, such as polar lipids and free fatty acids. Furthermore, given that acylglycerols 

generally have a lower degree of unsaturation than other lipid fractions (i.e. polar lipids), 

they produce FAME with higher oxidation stability. On the other hand, microalgal lipids 

usually comprise high levels of polar lipids and non-acylglycerol neutral lipids (hydrocarbons, 

sterols, ketones, free fatty acids). Consequently, their purification before their 

transesterification is necessary. They often need to be purified before they can be 

transesterified. 

 

Stationary-phased lipids, despite having an abundance of polar lipids at 51–57 wt.%, contain 

higher levels of triacylglycerols (20–41 wt.% of total lipid) and appear more attractive for 

biodiesel processing than exponential-phase lipids. 

 

Microalgal fatty acids range from 12 to 22 carbons in length and can be either saturated or 

unsaturated. The number of double bonds in the fatty acid chains, however, never exceeds 

6 and almost all of the unsaturated fatty acids are cis isomers. [16] 
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Lipid extraction. During lipid extraction, the microalgal biomass is exposed to an eluting 

extraction solvent which extracts the lipids out of the cellular matrices. Ideally, a lipid 

extraction technology for microalgal biodiesel production needs to have:  

 a high level of specificity towards lipids minimizing the co-extraction of non-lipid 

contaminants, i.e. protein and carbohydrates.  

 selectivity towards acylglycerols than other lipid fractions that are not as readily 

convertible to biodiesel, i.e. polar lipids and non-acylglycerol neutral lipids (free fatty 

acids, hydrocarbons, sterols, ketones, carotenes, and chlorophylls) 

 efficiency (both in terms of time and energy),  

 non-reactivity with the lipids,  

 low cost (both in terms of capital cost and operating cost), 

 necessary level of safety  

 

It will be economically and energetically beneficial if the selected lipid extraction technology 

is effective, when directly applied to wet feedstock, i.e. concentrate/disrupted concentrate 

with concentrations in the range of 10-200 g dried microalgal biomass/L culture. [16]  

2.2.2 Transesterification 

Homogeneous base catalysed transesterification, where KOH and NaOH are used to 
accelerate the reaction. The presence of relatively high yield of free fatty acids (more than 
0.5% w/w) prevents the use of this option, due to the acid-base reaction of these free fatty 
acids with the catalyst, which generates soap leading to the decrease of biodiesel yield and 
separation difficulties. 
 
Homogeneous acid catalysed transesterification, i.e. sulfuric acid, seems to be a better 
option, since it avoids the undesired side reactions of base catalysts.   
 
Two step acid-base catalysed transesterification, can increase the overall process feasibility. 
First, the acid application reduces the free acid content, and then the application of base 
catalyses the transesterification reaction. The drawback of this option, which increases the 
overall cost, is the additional base which should be used to neutralize the acid catalyst. 
However it is efficiently applied at commercial scale, for other crop based oils. 
 
Optimization works on microalgae biodiesel conversion process using homogeneous base or 
acid catalyst is still very limited in the literature, since in most of the cases up-stream 
processes draw  the researchers attention, given that the biodiesel conversion is considered 
as a commercial scale process. Consequently, the reaction temperature, the amount of 
catalyst used, alcohol to lipid molar ratio and the reaction time are not studied extensively, 
resulting to a void in the customized solutions for microalgae biodiesel conversion. 
 
Nevertheless, the incorporation of microalgae lipids to existing biodiesel plants seems to be 
possible without major process modifications. 
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Figure 6: Lipid extraction options  
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Heterogeneous acid or base catalysed transesterification. The recycle, regeneration and 
reuse of this type of catalysts enhance the cost effectiveness of the process. In the 
meantime, the downstream processes are simplified, i.e. catalyst/product separation, 
minimum product contamination and consequent less washing cycles. The longer reaction 
time, which is controlled by the mass transfer process, is a drawback of the specific 
technology, along with the limited relevant experience. CaO supported by Al2O3 and Mg-Zr 
are catalysts already tested under specific conditions, whereas only the first catalyst system 
presented promising outcomes. The development of more efficient and specialized catalysts 
is an open research topic.[15] 
 
Enzymatic catalysed or biocatalysed esterification is a viable method for parent oils 
containing high levels of free fatty acids as they can also be converted to alkyl esters. 
Furthermore benefits of this option include the following: 
 moderate reaction conditions, thus less energy,  
 lower alcohol to oil ratio required for production and 
 easier product recovery. 

 
However, the high enzyme production costs and not running the reaction to completeness 
reduces the applicability of the technology in large scale. [19] 
 
Direct transesterification or in-situ transesterification. It combines lipid extraction and 
transesterification in a single step, simplifying the downstream pathway required for 
biodiesel production from microalgal biomass. Compared to the conventional lipid-
extraction-followed-by-transesterification approach, it has been shown to improve biodiesel 
yields of various animal and plant tissues; however, its applicability on micro-algal biomass 
has not been sufficiently investigated.  
 
 

 

 

 

 

 

 

 
 
 
Figure 7: Flow chart of direct transesterification method  
 
The performance of direct transesterification is affected by: 
 the ratio of methanol to dried micro-algal biomass (ml methanol/g dried microalgal 

biomass),  
 the reaction temperature (°C), 
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 the residual water content within the microalgal biomass,  
 
The latter was found to progressively decrease FAME yield, i.e. for biomass with residual 
water content equal to 50% of the microalgal paste weight, FAME yield was half that 
obtained from the direct transesterification of dried powder. [9], [16] 
 
Further comparison for 3 major transesterification pathways is presented in Table 9 [17] 
 
Table 9: Comparison of transesterification technologies  
 

 

3    Biorefinery approach – Potential co-products 

Algae can be considered as a resource for the production of a wide range of products which 

have a high market value, as shown in Figure 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Value pyramid of multiple products from algal biomass [20] 

 

Consequently, the feasibility of any microalgae-to-biodiesel chain will highly depend on the 

exploitation of the biorefinery approach. In a biorefinery, the crude lipids are to be 

fractionated into high-value functional ingredients and lipids for biodiesel (acylglycerols). 
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Functional ingredients have been linked with multiple positive activities in the human body 

(i.e. anti-oxidant, anti-inflammatory, anti-carcinogenic, etc.) when they are used as food 

supplements. The proteins from the residual biomass can be used as livestock feeds. If the 

species has high carbohydrate contents, the residual biomass can be fermented to produce 

bioethanol.  

 

 
Figure 9: Algal biorefinery overview [20] 

 

The multi-product strategy should apply milder cell disruption/lipid extraction process to 

ensure that the functionalities of different cell components are retained. [16] 
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Figure 10: Biorefinery combining dual purpose microalgae-bacteria based systems of 

wastewater and Arthrospira cultivation using anaerobic effluents for the production of 

biofuels and high-value added products [21] 

 

In an integrated biorefinery the solid by-product represents an opportunity because it is a 

potentially cheap source of added value chemicals such as platform chemicals or speciality 

compounds. For 1 ton of fresh material obtained after drying there is usually about 5–10% 

residual moisture, 30–40% lipids, 10–20% carbohydrates, 10–15% ash and the rest is 

protein. As a result, for every ton of dried material, there might be roughly 500–700 kg of 

extracted by-product. A commercial scale design would normally have a pond capacity of 

several thousand cubic meters, which means a daily output of several tons of dried material 

to be handled per day depending on the algae concentration in the pond. 

 

A simple method, consisting of holding algae at 55o C for about 20 h, can be used to extract 

glucose from diatoms. In situ enzymes hydrolyze storage carbohydrates yielding a maximum 

of 110 mg glucose/g dry algae with up to 75% conversion. The glucose produced can be 

used to grow an oleaginous microorganism, i.e. R. toruloides, that will produce additional 

lipids. This concept can be applied by adding just a few units to a typical large scale process 

and could increase the overall lipid yield by 5–15% depending on the carbohydrate content 

of the algae. 
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Figure 11: Large scale algae production process including the additional process steps for 

the exploitation of the carbohydrates according to the specific approach [22] 

 

The effect of the biorefining strategy on the overall project feasibility can be clearly 

identified within a scenario-based analysis framework. Under this point of view Subhadra et 

al [23] examined two alternative algal biorefinery scenarios. The system configurations of 

the examined scenarios are presented in Figure 12. 
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Figure 12: Two alternative co-product scenarios 
 
An indicative market analysis for the products of both alternative biorefinery options for US 

market is presented in Table 10. 
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Table 10: Prospective markets for biodiesel, algal meal, omega-3 fatty acids and glycerin in 

USA 

 
 

The prospective markets and substitute products and the current trends for the 3 

considered co-products are presented in Table 11. [23] 

 

Table 11: Markets and substitute products for algal biorefineries 

 
 

On a volumetric basis, Algal meal (AM) is the major co-product (~1.3 105 tons) from both 

algal biorefinery operations. AM is a rich source of protein, vitamins, micronutrients and 

carotenoids which can be used directly in animal feeds. Total global animal feed production 

is estimated to be 635 million tons in 2006, and needs to increase substantially to meet the 

growth in animal-production systems.  There is increasing pressure to find alternatives to 

Fish Meal (FM) and fish oil because global fisheries are approaching optimal sustainable 

yield. The demand for marine-based proteins and oils is increasing causing the price of FM 

to rise in the recent years. The production trend foretells FM cannot be considered as a 

sustainable source of protein to meet the growing animal feed industry demand.  

 

The need for alternative sources with high nutrient content to meet the existing demand for 

replacing the fish meal and also to meet the growing feed production demand is pressing. 

Algal meal can provide an ideal replacement for FM in animal feeds because algae offers 

twice the protein of soy or canola per pound together with higher micronutrient content. 

Algal meals offer an organic ingredient with fewer pollutants such as mercury, compared to 
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marine-originated FM. Economic and productive use of AM brings direct as well as indirect 

business and social benefits. 

 

For example, substituting AM for fish meal in animal feed is substantial with respect to 

indirect energetic offsets and GHG reduction because fish meal production is one of most 

energy and GHG-intensive process (e.g., fishing, transportation, fish meal production, and 

distribution). 

 

An immediate market of 5–10 million tons can be easily foreseen in the coming years. In a 

situation where AM cannot be used for animal feed market either due to excessive 

production or restriction of use due to inferior quality the AM as a biomass may be used for 

biogas production or recycled to recover the residual nutrients.  

 

As far as Omega 3 fatty acids (O3FA) are concerned the global market for O3FA dietary 

supplement is estimated to be $1 billion in 2008. Another report estimates that food with 

added O3FA will show a 24.3% annual growth. Traditionally, there are two major markets 

for fish oil; one is pure fish oil concentrate used by nutraceuticals industry for human 

consumption and other as an ingredient in animal feed production. There is increasing 

pressure for sustainable harvest of marine resources for fish oil production by regulatory 

bodies. Because much of the world’s supply of O3FA comes from small fish, fishing bans 

regulations have served to decrease the availability of omega-3 oils. Concern over pollutants 

such as dioxin in fish oils is also fueling efforts to reduce marine-based O3FA.This growing 

concern is another driving force for the marketing of non-marine based O3FA. Along with an 

increase in demand, the price of fish oil has also risen considerably in recent years. The 

market price for fish oil increased from USD $0.20 kg-1 to USD $0.80 kg-1 over the past 

decade. This gives algal biofuel based industries ample opportunity to meet the demand for 

omega-3 oils by utilizing algae instead of fish sources. A market survey of global algal 

producers indicated that more companies are planning to grow algae and extract the O3FA 

to market to consumers. An immediate market of 0.2–0.4 million ton can be foreseen for 

algal based O3FA. A small portion of the O3FA can be further refined for marketing as 

human nutraceuticals. A significant portion of O3FA can be used for fortifying the AM 

produced as a co-product by algal biofuel refineries increasing the nutritional quality and 

market of AM as a feed ingredient. 

 

There is clear market for AM and O3FA up to certain level, however diversification for other 

co-products is desirable to overcome the market saturation which will come soon for these 

two when massive production of algal biofuels will take place. Challenges include, vigorously 

finding new market and sectors to integrate the products and co-products. Hence, 

comprehensive assessment of co-product market and co-product diversification among the 

biorefinery to meet the local needs and to avoid market glut by excessive production of 
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single co-product is needed. The policies for biofuel co-product production incentive and 

research should be a focus area. [23] 

 

4  Environmental impacts – Sustainability 

 4.1 Review of overall sustainability assessment  

Most of the current life cycle based environmental impact assessment studies for 

microalgae-to-biofuel chains, are based on the data from small scale production units. 

Vasudevan et al., [24]based their analysis framework on a small-scale open pond facility 

(400 ha total pond area) using brackish or saline water as the culture medium. Three distinct 

oil recovery options were examined: dry extraction, wet extraction, and secretion.  

 

Water and carbon flows corresponding to these three options are presented in Figure 10. 
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Figure 13: Water (m3/day) and carbon (t/day) flows in algal oil production. Water 

production in individual processes is not included. All flows correspond to the 400 ha 

saline open-pond system. 

 

The key assumptions for the LCA calculations were:  

 use of degraded land for the algae facility  

 pond system collocated with a coal power plant  

 paddlewheel-mixed open raceway ponds 

 inoculum required to seed the ponds produced in closed photobioreactors (energy 

and GHG implications of inoculums sufficiently small to be ignored). 

 Saline growth ponds, brackish makeup water to compensate for evaporation, fresh 

makeup water also assessed 

 Energy and GHG burdens associated with nutrients, water, consumables (e.g., 

flocculants in harvesting), and energy (e.g., natural gas, electricity) are within the 

system boundary. 
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Figure 14: Scenario based GHG estimates 

 

As a baseline indication GHG for the nominal dry extraction technology set is significantly 

higher than the fossil baseline. This is a consequence of the large amount of primary fossil 

energy required to produce algal oil in this technology set. However, if stretch productivity 

targets are met and more effective and efficient dewatering technologies are used (or if a 

large fraction of the thermal energy input in drying is ‘renewable’ or ‘ waste’ heat), this 

technology set can have a favorable energy balance and provide GHG mitigation benefits 

relative to petroleum-derived fuels. 

 

If R&D hurdles for wet extraction are overcome, a large reduction in GHG emissions (>50%) 

can be achieved. The energy balance can also be favorable, with more energy available in 

the algal oil than the primary fossil energy required to produce the oil. GHG mitigation 

benefits could potentially be realized at lower oil productivity levels than in dry extraction. 

Similar GHG reductions can be enabled with secretion; though this technology option is less 

mature. Algal biofuels produced in saline systems that use brackish makeup water to 

compensate for losses from the ponds can have freshwater consumption comparable to 

that of petroleum-derived fuels. [24] 

 

Chowdhury et al [25], assessed the life cycle impacts for an integrated microalgal biodiesel 

production system that facilitates energy- and nutrient- recovery through anaerobic 

digestion, and utilizes glycerol generated within the facility for additional heterotrophic 

biodiesel production. Results indicated that lowering the external fossil energy inputs 

through process integration, decreases the GHG emissions and process water demand as 

well, and the system becomes less sensitive to algal lipid content. 
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When substitution allocation is used to assign additional credit for avoidance of fossil energy 

use (through utilization of recycled nutrients and biogas), increasing the lipid content can 

increase GHG emissions and water demand. Relative to stand-alone algal biofuel facilities, 

energy demand can be lowered by 3–14 GJ per ton of biodiesel through process integration. 

GHG emissions of biodiesel from the integrated system can be lowered by up to 71% 

compared to petroleum fuel. Evaporative water loss was the primary water demand driver. 

 

 
 
Figure 15: System boundaries of the examined algae-to-biodiesel system [25] 
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Figure 16: Variation of energy demand with lipid content (a) for the base case (no process 

integration) as well as for the integrated process with- and without-allocation. (b) for the 

integrated process at varying dewatering and drying energy levels. The numbers in the 

legend indicate the numerical value of the dewatering and drying energy assumed in 

GJton-1 of dried algae. The letters in parentheses represent – (n): without-allocation 

scenario and (w): with-allocation scenario. [25] 
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Figure 17: Variation of GHG with lipid content (a) for the base case (no process 

integration) as well for the integrated process with- and without-allocation. [25] 

 

According to Delrue et al., 3 environment related indicators, i.e. net energy ratio (NER), GHG 

emission rate and water footprint, along with the biodiesel production cost can provide 

insight and a valuable decision-making tool [26]. 

 

The system which can be described by this 4 dimensional model, includes all the 5 process 

steps from cultivation to biodiesel. 
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Figure 18: System boundaries and alternative options for each process step [26] 

 

The application of the model considers specific conditions, including the culture side, which 

is located in France. Two different pathways have been identified through the model 

application process. The comparison of these pathways takes place in Table 12 [26] 

 

Table 12: Comparison of two promising pathways  

 

 Reference pathway: raceway, 
centrifugation, thermal drying, n-
hexane lipid extraction, 
transesterification, anaerobic 
digestion 

Innovative pathway: photo Bio Reactors 
and raceway, bed drying, wet lipid 
extraction, hydrotreating, anaerobic 
digestion 

Net energy ratio  ↑↑ 

Cost  ↑ 

GHG emission rate  ↓↓ 

Water footprint  ↓↓ 

 
At present, most of the life cycle assessment of biofuel production focuses entirely on 

biofuel pathway for the analysis without including the co-product in the analysis. The need 

for co-product inclusion in biofuel life cycle analysis (LCA) is critical and clear guidelines 

about co-product production incentives are needed. Co-product inclusion dramatically 

changes LCA. Marketing AM as an alternative for fish meal and utilization of glycerin as non-

fossil based chemical feedstock have clear cut positive environmental externalities in the 
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form of indirect energetic offsets and GHG reduction. Similarly, glycerin can be used for the 

microbial bio-production of chemicals which can be used as renewable non-fossil feedstock 

for industrial bulk chemicals. [23] 

 

While algal biomass production may never achieve the low production costs of other 

agricultural commodities, full accounting of above and additional environmental services 

may result in a balance favoring the algal fuels. This point requires intensive investigation 

progressing far beyond currently used LCA models, starting with defining those production 

parameters and system boundaries that will actually deliver the above mentioned 

environmental advantages.  

 

In fact, algae have been shown to be able to treat successfully any kind, even the most 

problematic, forms of wastewater. Pesticide use in algal cultivation is expected to be 

minimal. Even a small proportion of the algal biomass required for energy purposes would 

provide sufficient protein to replace all the soybean cultivation capacity installed for feed 

production, resulting in reduced deforestation or 'negative indirect land use changes'. [2] 

 

Table 13: Comparison of land use impact of alternative crop production systems  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A stochastic life cycle model based comparison of algae cultivation processes compared to 

other biofuel feedstocks, namely, switchgrass, corn and canola, indicated that algae 

cultivation using freshwater and fertilizer addition have higher environmental impacts than 

the other feedstocks in terms of: 

 energy use,  

 greenhouse gas emissions and  

 water consumption.  
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However, flue gas and, more importantly, wastewater could be used to offset most of the 

environmental burdens associated with algae.  

 

Typical concentrations of ammonia nitrogen and phosphates in secondary-treated 

wastewater fall into the ranges of 20–40 mg L−1and 1–10 mg L−1, respectively, which are 

adequate to support high productivities from most fresh water microalgae strains. However, 

the inorganic N/P ratio varies with the different fractions of wastewater within a municipal 

wastewater treatment plant. Those fractions collected before and after the primary settling 

showed N/P ratios of 5.9 and 4.7, respectively, while a range of approximately 6.8–10 is 

considered optimal.  

 

Supplementation with CO2 in the municipal wastewater is expected to increase the algal 

biomass productivity. Studies showed that algal biomass, estimated as the Volatile 

Suspended Solids (VSS), can increase more than 2.5 times, and the lipid productivity be 

almost tripled in cultures operated at a Hydraulic Retention Time (HRT) of 3 days. On a large 

scale, the external source of CO2 should be inexpensive (i.e. CO2 from thermo electrical 

plants). When this strategy is not feasible, considering the costs of and from biogas, are two 

promising options. 

 

It should be noted that the use of treated wastewater requires additional nutrients to 

support algae growth. Supplementing wastewater with 5 mM NaNO3 has been 

recommended for maximal biomass productivity of Chlorella spp. cultivated in post-

chlorinated wastewater, while supplementation with 25 mM of NaNO3 was required to 

achieve a high increase in the lipid yield.  

 

The two more important nutrients required for microalgae growth are N and P. Their ratio 

should be close to the optimum nitrogen-to-phosphorus stoichiometry encountered in 

phytoplankton, which has been described to fall in the range 8–45. The chemical 

composition of various high organic strength and nutrient content wastewaters indicates 

that their N/P ratio is adequate for promoting microalgae growth. 

 

When using wastewater in microalgae cultivation the system can remove 86% of COD, 97% 

of N-NH4 and 96% of TP, respectively. 

 

A comparative study performed on two green microalgae (Scenedesmus obliquus and 

Chlorella sorokiniana), one cyanobacterium (Arthrospira platensis), one euglenophyte 

(Euglena viridis) and two microalgae consortia exploring the biodegradation of diluted 

piggery wastewater in batch tests indicated that sorokiniana and E. viridis tolerated high 

ammonia concentrations, while the other microalgae were inhibited. C. sorokiniana showed 
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the highest tolerance and was able to dominate in a continuous algal–bacterial 

photobioreactor initially inoculated with C. sorokiniana, S. obliquus and S. platensis. 

 

Another study used a microalgae–bacteria-based system (dominated by Oocystis sp. and 

Scenedesmus sp.) to treat anaerobic effluents from piggery waste. By comparing two 

different configuration bioreactors, nitrogen recovery by biomass assimilation was higher in 

the open configuration reactors, ranging from 38 to 47%, than in the closed type reactors 

(31%). 

 

The oleaginous green algae Neochloris oleoabundans cultivated using anaerobically 

digested dairy manure in batch cultures, assimilated 90–95% of the initial nitrate and 

ammonium and contained 10–30% fatty acid methyl esters (by dry weight) after 6 days of 

cultivation.  

 

Anaerobic effluents, containing acetates can be used to cultivate green microalgae, similar 

to previous research on mixotrophic cultures of cyanobacteria of the genus Arthrospira. [21] 

Figure 19: Common wastewater treatment processes 
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Table 14: Microalgae which can contribute to the degradation of environmental pollutants 
[19] 
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Table 15: Comparison of biomass and lipid productivities grown in various wastewater 

[19] 

 

 

 4.2 System component and configuration optimization options  

Mixing system. Preliminary assessments for a microalgae demonstration plant with the size 

of 10 hectares and high productivities of 100 tons ha-1year‐1 are indicating that with present 

technologies the energetic inputs of microalgae production could exceed the energetic 

output. In closed simple‐build reactors, electrical energy used for operating the cultivation is 

almost equal to the energy which can be recovered by the cultivated biomass. However, the 

energy-wise optimization of the current commercial algae cultivation has not been targeted 

up to now due to the high value of the non-fuel end-product. 

 

Several LCA analyses agree in one major conclusion that even under optimistic yield 

assumptions tubular photo-bioreactors require far more energy to run than the algal 

biomass being produced. 

 

Simpler panel reactors fare somewhat better, but still are unable to return the amount of 

energy required to construct and run them. On the other hand open raceway ponds 

assuming yields of 20 g m‐2
 or more can return significantly more energy in the form of 

biomass than has to be invested for building, running and maintaining the ponds. 
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This difference becomes even more pronounced when taking into account that above 

analyses have not incorporated energy expenses for cooling or heating which can be very 

significant in photobioreactors, but are not required in open ponds. [2]

 
Figure 20: 20 m2 raceway pond built and operated at F&M experimental area (Florence, 

Italy) 

 

The design and operation of conventional raceway ponds must maximize productivity by 

avoiding photo inhibition and photo limitation of cultivated microorganisms: this is partially 

achieved by moving the culture and hence a large volume of water (200–300 l m-2 at 20–30 

cm head), at a considerable speed (typically 15–30 cm s-1). The usual approach is to use flow 

with high Reynolds number.  

 

Promoting the vertical movement of the algae so to favor a proper light exposure (dark-light 

cycle) of each single cell is a novel approach. This is a fundamental step if a reduction in 

energy consumption for water movement has to be achieved. 

 

Considering that the available literature on energy consumption in raceway ponds indicated 

that a proper evaluation of head losses is crucial in the overall assessment of energy 

consumption, especially if small scale ponds are considered. 

 

The reduction of water head, the increase of microalgae concentration, the substitution of 

paddle wheel with more energy efficient propeller are identified as crucial re-design criteria 

and objectives.  
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The reduction of pond depth is beneficial not only with respect to reduced energy demand, 

but also as regards operation (the more concentrated the culture, the more resistant to 

contamination) and downstream processes, such as the separation stage. 

 

The substitution of paddle wheel with propeller corresponds to 65% saving of energy in the 

mixing system. Reducing the head of the pond and installing more efficient mixing devices 

can achieve significant energy saving in raceway ponds. According to the experimental, 

small scale, results the algal productivity remained unaffected by these changes. Scaling-up 

the results to larger systems, it can be concluded that is possible to obtain an oil production 

of about 10 t ha–1y–1 in a 500 m2 pond with a specific consumption of 0.47 Wm-2, which 

corresponds to an energy saving of 60.5% compared to a standard raceway pond. 

 

Although the impact of energy costs on the overall microalgae production cost seems not 

such a large component however, since the effect on GHG emissions of energy consumption 

is considerable, it appears advisable to proceed in further energy-wise system optimization 

to increase the sustainability of the whole algal biofuel chain. [27] 

 

5 Cost Assessment – Feasibility 

Given that the cost relevant constraints restrict significantly the applicability of the 

microalgae-to-biofuel technology, increasing the cost efficiency is of major importance. 

Some potential actions in this direction, suggested by multiple research groups and projects, 

follow: 

a) combining the algae production with wastewater treatment, through the recovery 

of the nutrients found in wastewater reducing the cultivation cost and increasing the 

positive environmental impact; 

b) use a biorefinery-based production strategies through the production of chemicals 

and value added products;  

c) integration of microalgae cultivation with fish-farms, food processing facilities and 

wastewater treatment plants; 

d) improving the microalgae strains, and their productivity through genetic 

engineering and advances in engineering of photobioreactors; 

e) manipulating algal lipid metabolism;  

f) multidisciplinary approach in which systems biology, metabolic modeling, strain 

development, photobioreactor design/operation, scale-up, biorefining, integrated 

production chain, and the overall system design (including logistics) are considered ; 

k) to improve the efficiency, cost structure and ability to scale up algal biomass 

production, lipid extraction, and biofuel production. 

 

The algal biomass could be competitive in the world market if the cost of a petroleum barrel 
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is equal to or greater than US$63.97, adding an additional credit for the wastewater 

treatment. According to recent studies 1443 m3 of wastewater can be treated during the 

production of 1 ton of algal biomass. Thus, if the credit for wastewater treatment at US$ 

0.4/m3 is counted, the cost of producing 1 ton of biomass can be reduced from US$800 to 

US$230. [21] 

 

The harvesting cost is constantly mentioned as one of the major limitations to the economic 

viability of wastewater treatment with microalgae and/or in the production of biodiesel 

from microalgae. There are at least three major bottlenecks: 

 

a) very small cell size, ranging between 3 and 30 μm;  

b) low cell density, especially in the raceways (0.5 kgm−3 of dry biomass) and 

consequent  large volumes of water being harvested; and  

c) the contribution of the harvesting cost to the total cost is in the range of 20–40%.  

 

In the case of some high added value products, such as metabolites or nutraceuticals such 

as Eicosapentanoic acid (EPA), the recovery cost could even represent 60% of the total cost. 

 

One limitation of the reported alternative harvesting technologies is that very few economic 

assessments have been performed. Using different harvesting technologies i.e. chemical 

flocculation vs. tangential flow filtration can make a huge difference on the consumed 

energy and biomass concentration levels. 

 

An economic evaluation showed that tangential flow filtration required a higher initial 

capital investment over polymer flocculation. However, the payback period for TFF at the 

upper extreme of microalgae revenue was approximately 1.5 years while that for 

flocculation was approximately 3 years. Yet, building a more reliable decision making basis 

require further investigation of the economic dimension of the alternative harvesting 

systems. [21] 

 

Microalgal biodiesel has not yet reached a clear-cut economic feasibility. The cost of 

production of microalgal biomass with an oil content of 30% is 1.40 $/kg using an open 

pond, and 1.80 $/kg using a photobioreactor and assuming that CO2 is available for free; oil 

extraction, to an approximate yield of 1.14 L/ kg, costs more than 3-fold. This compares 

unfavorably with crude palm oil that costs a mere 0.52 $/L, whereas petrodiesel sells at 

retail for 0.66-0.97 $/L. An overall economic analysis indicates that microalgal biofuel 

feasibility hinges at present on the possibility of obtaining co-products with a high market 

value. [9] 
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According to Delrue et al., and their specific assumptions, including that the production 

venue is in France, the biodiesel production cost for 3 alternative cultivation scenarios, 

range between 2.11 and 3.53 Euro/L. The allocation of this cost between the process steps 

is presented in Figure 21. [26] 

 

 
 
Figure 21:  Cost allocation for algae-to-biodiesel production system [26] 

 
It should be noted that although all the cost estimation attempts found in the literature are 

based on the general formula of: 

 
 

the wide range of assumptions and especially as far as the cultivation system, algae lipid 

productivity and co-product credits are concerned, leads in large deviations in the estimated 

costs. This deviation can be up to two order of magnitudes in the production cost of 

triacylglyceride. 
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Figure 22: Triacylglyceride cost from different available estimations, adjusted to 2008 cost 

basis 

 

The major assumptions which lead to the cost calculations presented in Figure 22 are 

presented in Table 16. 

 

Table 16: Summary of the scenarios examined for the cost estimations 
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The commercial production cost data from Israel, Seambiotic (operation for lipid 

production) and NBT Ltd. (operation for beta-carotene production), which are the only ones 

publicly available for commercial production, indicates a large diversity (see Table 11), 

which can be attributed to: 

 Seambiotic’s co-location with a power plant, where CO2 from flue gas is used as 

carbon source 

 Seawater for cultivation 

 

It should be also underlined that the results in the case of Seambiotic are derived from 

extrapolation of 1000m2 pilot plant cultivation unit. 

 

Table 17: Cost calculation for two commercial scale plants 

 

 
 

In all analyses, the costs, on a Triacylglyceride basis, are still prohibitively high relative to the 

cost of fossil-fuel production, thus leading to the conclusion that there would be serious 

challenges to achieving economic feasibility for algal biofuels, even in cases of extremely 

optimistic productivity assumptions. Comparing cost information more effectively, requires 
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a more consistent set of assumptions and definitions. Through this comparison, the analysis 

can be improved in areas of units of measure and cost categorization. 

 

A detailed list with the overall cost categories which should be considered in a techno-

economic feasibility study is presented in Table 18. [28] 

 

Table 18: Cost categories /28/ 

 

 
 

6 Stakeholders 

The major stakeholders can be grouped under the following: 

 Policy: Energy, agricultural and environmental policy makers,  

 Research: Universities, research institutes 

 Market players: industries and financial institutions 

 Society: NGOs, local communities 

 

Taking into account the long term multi trillion Euro per year energy and by‐product market, 

first the identification of the role of major stakeholders on the development of the sector 

and then designing long term strategies for the exploitaiton of the undoubtedly huge 
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potential should be targeted while building the microalgae-to-biofuel supply and value 

chain. 

 

A recently carried out study indicated that there are two co-existing and competing visions 

(a basic biology view and process engineering vision) that emphasize on different aspects of 

the technology where efforts have to be applied. The maturity of the technology level for 

starting the scaling-up efforts and the algae production system which will dominate in the 

market are further major debate issues. [29] 

6.1 Major EU academic and industrial stakeholders 

The major EU academic and industrial stakeholders can be found under EABA - European 

Algae Biomass Association. The general objective of the European Algae Biomass 

Association (EABA) is to promote mutual interchange and cooperation in the field of algae 

biomass production and use, including biofuels uses and all other utilisations. Its main target 

will be to act as a catalyst for fostering synergies among scientists, industrialists and 

decision makers in order to promote the development of research, technology and 

industrial capacities in the field of commercialization of algae production. 

In this perspective EABA intends to create a basis for: 

1.  Establishing a permanent liaison with EU and EU Member States’ Institutions 

2. Defining and expressing a common position on EU issues (legislation, product 

specifications, trade and sustainability standards, etc.), acting as a technology neutral 

platform 

3. Representing the European algae biomass industry and scientific community at 

international level 

4. Spreading scientific information and knowledge about algae biomass and biofuels 

production 

5. Making algae research and industry alive in public debate 

6. Promoting investment and financial support in the field of algae 

7. Helping the structuring and planning of research and industrial development on algae 

8. Fostering scientific freedom as well as responsibility 

9. Studying all economic and technical problems which may impact the algae sector in 

the European Union and related countries and studying all the direct and indirect 

environmental, social and economic effects of algae production and use 

10. Breaking scientific boundaries on algae 

11. Promoting the exchange of scientific information and the publication of sound 

articles 

12. Taking all reasonable measures to defend the interests of its Members 
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Table 19: Industrial members [30] 
 

INDUSTRIAL MEMBERS     

AER Sustainable Energy   Ireland 

AlgEn d.o.o   Slovenia 
Algaenergy    ? 

A4F Algafuel sa   Portugal 

AlgaeLink N.V.   The Netherlands 

Archimede Ricerche   Italy 

BDI-Bioenergy Internatianal AG   Austria 

Bioalgostral (Industrial)     
BIOBAS - Biocarburantes Bahia de Santander   Spain 

Bio-Oils Energy   Spain 

Ecoduna   Austria 

ECO - Solution    France 
Elin Biofuels   Greece 

ENEL    Italy 

European Biodiesel Board (EBB)   Belgium 

Evodos (Industrial)    The Netherlands 

Fermentalg sa   France 

Fotosintetica & Microbiologica   Italy 

Greensea SAS   France 

Heliogreen    Luxemburg 

Microlife Srl   Italy 
Microphyt   France 

Necton   Portugal 

Neste Oil Corporation   Finland 

Oceana   Ireland  

Oxem SPA   Italy 

Phytolutions   Germany 

Proviron Holding NV   Belgium 

Repsol    Spain 

Roquette Frères   France 

 
 
 
 
 
 

http://www.algen.si/
http://www.algaenergy.es/
http://www.algaelink.com/
http://www.biodiesel-intl.com/
http://www.bioalgostral.com/
http://www.bio-oils.com/
http://www.ecoduna.com/
http://www.eco-solution.com/
http://www.elin.gr/page/
http://www.enel.it/
http://www.ebb-eu.org/
http://www.evodos.eu/
http://www.fermentalg.fr/
http://www.heliogreen.net/index.php
http://www.micro-life.it/
http://www.phytobloom.com/
http://www.nesteoil.com/
http://www.oxem.it/
http://www.phytolutions.com/
http://www.proviron.com/
http://www.repsol.com/
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Table 20. Scientific members [30] 
 

SCIENTIFIC MEMBERS   

A&F B.V. (Wageningen UR) The Netherlands 
Ben - Gurion University Israel 

Birmingham City University UK 
Catholic University of Louvain Belgium 

CREAR - University Of Florence Italy 

CEA/CNRS France 

Centre for Marine Biotechnology - University of Las Palmas Spain 

CIRAD  France 

Cranfield University UK 

Danish Technological Institute Denmark 

DIBA - University Of Florence Italy 

ECN - Energy Center Netherlands The Netherlands 

Fraunhofer IGB Germany 

Fundacion GAIKER  Spain 

Fundacion Leia C.D.T.  Spain 

HTWds Germany 

IFREMER France 

Incrops Enterprise Hub UK 

INRIA France 

Institute of Microbiology - Academy of Science   Czech Republic 

Tecnalia Spain 

Instituto de Bioquímica Vegetal y Fotosíntesis (University of Sevilla and CSIC)  Spain 

IRI UL  Slovenia 

IFP Energies Nouvelles (Scientific) France 

ISE - CNR Italy 

Jacobs University Bremen  Germany 

Katholieke Universiteit Leuven (Scientific) Belgium 

Marche Polytechnic University Italy 

Norwegian University of Life Sciences – Department of Plant and Evironmental Sciences Norway 

Plymouth Marine Laboratory UK 

Scottish Association For Marine Science UK 

Swansea University - Centre for Sustainable Aquaculture Research UK 

The Irish Seaweed Centre Group - Ryan Institute - National University of Ireland Ireland 

University Of Almeria Spain 

University of Basilicata Italy 

University Of Ghent Belgium 

University Of Greenwich UK 

University of Naples Federico II - CRIAcq Italy 

University Of Padova Italy 

University of Twente The Netherlands 

VITO Belgium 

Wageningen UR The Netherlands 

http://www.afsg.wur.nl/UK/
http://web.bgu.ac.il/Eng/Home/
http://www.bcu.ac.uk/
http://www.crear.unifi.it/
http://www-dsv.cea.fr/lb3m
http://www.cbm.ulpgc.es/
http://www.cirad.fr/
http://www.cranfield.ac.uk/
http://www.diba.unifi.it/
http://www.ecn.nl/en
http://www.gaiker.net/castellano/index.asp
http://www.leia.es/
http://www.ifremer.fr/
http://www.incropsproject.co.uk/
http://www.alga.cz/en
http://www.inasmet.es/
http://www.ibvf.csic.es/
http://www.iri.uni-lj.si/
http://www.ifp.fr/
http://www.ise.cnr.it/
http://www.jacobs-university.de/
http://www.kuleuven.be/
http://www.univpm.it/
http://eaba-association.eu/Norwegian%20University%20of%20Life%20Sciences%20%E2%80%93%20Department%20of%20Plant%20and%20Evironmental%20Sciences%20%28Scientific%29
http://www.pml.ac.uk/
http://www.sams.ac.uk/
http://www.aquaculturewales.com/
http://www.ual.es/
http://www2.unibas.it/dipbiol/index.php?option=com_content&view=article&id=2&Itemid=42
http://www.ugent.be/en
http://www.gre.ac.uk/
http://www.aquacoltura.unina.it/
http://www.unipd.it/
http://www.vito.be/
http://www.wur.nl/
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6.2 Major non EU academic and industrial stakeholders 

An international organization related with the promotion and networking of the algae sector 

is the Algae Biomass Organization (ABO). It is a non-profit organization whose mission is to 

promote the development of viable commercial markets for renewable and sustainable 

commodities derived from algae. Its membership is comprised of people, companies and 

organizations across the value chain. 

 

The primary goals of the Algae Biomass Organization are to: 

 Facilitate commercialization and market development of microalgae biomass 

specifically for biofuels production and greenhouse gas abatement. 

 Deliver information to the public on initiatives, funding opportunities, and industry 

development. 

 Provide networking and collaboration opportunities. 

 Establish cutting edge research and commercialization summits and other meeting 

opportunities. 

 Develop a high quality interactive repository of information on algae biomass 

technology, science, products, processes, patents, and economics. 

 Develop quality and measurement best practices for algal biomass, products, 

systems technology, and econometrics. 

 Present career advancement and consultant opportunities. 

 

Its current member list follows [31]: 
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Some further industrial stakeholders are listed below [32]: 
 Aquaflow Nelson, New Zealand, www.aquaflowgroup.com 

 Bioalgene Seattle, WA, USA, www.bioalgene.com 

 Bionavitas, Inc. Redmond, WA, USA, www.bionavitas.com 

 Bodega Algae, LLC Boston, MA, USA, www.bodegaalgae.com 

 LiveFuels, Inc. San Carlos, CA, USA, www.livefuels.com 

 PetroAlgae Inc. Melbourne, FL, USA, www.petroalgae.com 

 Phyco Biosciences Chandler, AZ, USA, www.phyco.net 

 Seambiotic Ltd. Tel Aviv, Israel, www.seambiotic.com 

 Solix Biofuels, Inc. Fort Collins, CO, USA, www.solixbiofuels.com 

 Synthetic Genomics Inc. La Jolla, CA, USA, www.syntheticgenomics.com 

 

 7  Projects  

7.1 EU R&D, demonstration and Industrial scale projects 

There are 20 EU funded R&D Projects identified as relevant to algae-to-biofuels related 

research activities, which were initialized after 2008. Four of these projects were already 

finalized.  

 

17 of them were already reported, as ongoing projects by AQUAFUELS project and more 

detailed data can be found in relevant project reports [33] whereas three more projects 

were initialized within the frame of FP7 (2010 Call). The country distribution of these 

projects according to the coordinating partner can be seen in Figure 23. 

 
 

 
 

Figure 23: Distribution of EU funded R&D Projects (2008-2012) according to the country of 

coordinating partner 
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http://www.livefuels.com/
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It should be noted that 14 proposals were received for the Topic “Biofuels from Algae” 2010 

call of FP7. The Call was aimed at large scale demonstration of biofuels production from 

algae with the following targets: 

 Minimum plantation area of 10 hectares (24.7 acres), and 

 Minimum productivity of 90 dry solid tons per hectare per year. 

 

Furthermore, the consortia needed to be led by industrial organizations and the projects 

had to demonstrate the complete sustainable value chain from algae species selection to 

biofuel production and use in the market. The country distribution of these proposals 

according to the coordinating partners is presented in Figure 24  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 

Figure 24: Coordinator based country distribution of Project proposals for FP7 2010 Call 
 
The call was restricted to only projects in which the carbon dioxide (CO2) supply for the 

algae cultivation was provided by renewable applications, excluding CO2 generated from 

fossil fuel installations. This large number of proposals, along with the relevant budgetary 

numbers and the necessary self-contribution of the partners, indicates that the EU Industry 

is ready to invest 76 M€ for the implementation of relevant technological applications. [3] 

 

Three proposals were finally accepted for financial support and started their activities. A 

detailed description of each of these projects is given in the Tables 21, 22, 23. [34] 
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Title BIOfuel From Algae Technologies 

Acronym BIOFAT

Coordinating partner and country

Project specifics

Partners

Fotosintetica & Microbiologica

Evodos

Abengoa Bioenergía Nuevas Tecnologías (ES)

* Project targeted at both biodiesel and ethanol production, 

* Integration of whole value chain from algae optimized growth to downstream biofuel

production processes. 

* CO2 from industrial fermentation as a renewable carbon source.

* First, strain selection and process optimization in a one hectare demo scale facility, and

second, economical modelling, including scale up to a 10 hectare demo facility. 

Scientific and technology objectives:

• Strain selection according to biofuel production targets (starch and oil accumulation),

environmental conditions and sustainability criteria.

• Biological optimization culture media, culture conditions, contaminations and abiotic stress

factors, allowing high oil/starch productivity compatible with fast growth.

• Monitored algae cultivation adjusted to guarantee optimal productivity and oil/starch

production.

• Technology integration and optimization, combining photo-bioreactors and raceways, as

well as automated harvesting.

• Minimizing investment and operational costs for successfully up-scaling (1-10 hectare

strategy) the technology process from algae cultivation to biomass processing and biofuel

production, for competitive and sustainable algal biomass production.

• Algo-refinery concept to be developed, including different co-products from the algae

biomass fractions.

• Sustainability is the key factor for the biofuel from algae production, considering issues

such as marine strains selection and low energy consumption.

Abengoa Bioenergia Nuevas Tecnologias (ABNT)

The Department of Agrarian Biotechnology at the University of Florence
Algal Fuel (A4F)

Ben Gurion University

 
Table 21. BIOFAT 
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Title 

Acronym ALLGAS

Coordinating partner and country

Project specifics

Partners

The University of Southampton

Hygear

The Fraunhofer Umsicht Institute

ALLGAS

Aqualia (ES)

Demonstration of the sustainable production of low-cost biofuels from algae, based on the

reuse of wastewater and other residues. The project is based on the recycle of nutrients,

energy harvesting and CO2 generation from wastewater and its residues. After anaerobic pre-

treatment to maximize biogas production and gain CO2, the wastewater is then further purified

by the growth of algal biomass. The harvested algae will be processed for the extraction of oils

and other valuable byproducts, while the remaining algal biomass is subsequently transformed

into biomethane, CO2 and minerals, together with other residual biomass from wastewater

and/or agricultural residues.

A fundamental challenge to biofuel generation is the productivity of low cost bioreactors, in the 

form of raceway ponds. Introduction of a newly patented device, the Light Enhancement Factor

(LEF), to significantly increase the biomass yield of raceway ponds, while maintaining their

positive energy balance.

If the target productivity of the algae cultures – 3,000 kg of dry solids per day (DS/d) – is

reached, with algal oil content of 20%, enough biodiesel to run about 200 cars could be

generated. The bio-methane production from the anaerobic digestion of raw wastewater and

biomass residues should yield an equivalent amount of bio-methane for another 200 cars. In

addition, wastewater flow of around 5,000 m3 per day would be treated to a level allowing for

reuse, minimizing emissions, energy consumption and wastewater process residues.

The project will be implemented in two stages at a wastewater treatment plant in Southern

Spain, starting with a prototype facility to gather the main design parameters for the full-scale

plant during the first two years.

Once the viability and sustainability of the concept has been verified in full-scale ponds of 1,500 

m2 each, 10 hectares will be developed and operated during the following three years.

Aqualia

The Feyecon Group

MTD Turkbiodiesel

BDI – BioEnergy International

 
Table 22. ALLGAS 
 

Title  
Demonstration of integrated and sustainable 
microalgae cultivation with biodiesel validation 
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Table 23. InteSusAl 
 

 
 

In addition to the EU funded research activities in the European area, there are also ongoing 

(or recently finalized) national and international projects carried out by individual or group 

of EU countries. The distribution of these activities in the European countries is presented in 

Figure 22, whereas more specific project related data can be found in Aquafuels Project 

reports.  [33] 

 

 
 
 
 
 

Title 

Acronym InteSusAl

Coordinating partner and country

Project specifics

Partners

Narec (UK)

DLO-FBR (NL)

Centre for Process Innovation (UK)

Demonstration of an integrated approach to generate biofuels from algae in a sustainable

manner, on an industrial scale. Optimization of the production of algae by both

heterotrophic and phototrophic routes and will demonstrate integration of these production

technologies (Raceway, Photo-BioReactor and Fermentation) to achieve the algae cultivation

targets of 90-120 dry tons/(ha*a). 

Algae species selection and cultivation technologies to attain algal oil with a suitable lipid

profile for biodiesel production and will validate this selection through conversion of the

extracted oil into biodiesel to meet standard specifications.

The sustainability of this demonstration, in terms of both economic and environmental

(closed carbon loop) implications will be considered across the whole process; including

optimum use of algal biomass resources to enable commercialisation.

Demonstration of integrated and sustainable

microalgae cultivation with biodiesel validation

CPI (UK)

Necton (PT)

NIOZ (NL)



 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 58 58 

 
Figure 25: Projects in individual EU country or in groups of EU countries 
 
Some specific data concerning the National projects in EU countries follow: 
 
Country: Spain 
Region: Cadiz, Almeria 
Co-ordinator: ALGAENERGY Company  
Project specifics: A 1,000,000 litre capacity Production Plant in Arcos de la Frontera (Cadiz), 
covering an area of 10,000 m2 and with an estimated production of 100 t of microalgal 
biomass per year, a construction project that will be developed in phases and completed in 
2013. Alongside these expansion plans, ALGAENERGY also produces microalgal biomass at 
the Las Palmerillas Plant, which is located in Almeria. [35] 

 
Country: France 
“GREEN STARS” Project 
Co-ordinator: INRA  
Project specifics: INRA has launched a 160 million Euro collaborative platform (2012) aimed 
at developing efficient biofuels and high added value substances by utilising micro-algae 
feeding on nutrients contained in waste and industrial emissions of carbon dioxide. 
Led by INRA in collaboration with 45 partners (public research, SMEs, multinationals, local 
authorities, competitiveness clusters), the 'GreenStars' project aims at becoming, within five 
to ten years, one of the top Institutes of Excellence worldwide in the field of micro-algae 
bio-refinery. 
 
According to the INRA experts, we will see major breakthroughs in the production and use 
of microalgae over the next decade, which is why more than $2 billions have been invested 
in microalgae research and development. 
GreenStars is the latest such project and will be supported by a budget of 160 million Euros 
over 10 years - 20% of which will come from public grants. 
The primary goal of the programme over the next decade is to develop compounds of 
interest, such as efficient biofuels and high added value substances with micro-algae feeding 
on industrial emissions of carbon dioxide and nutrients contained in waste. 
GreenStars will also train a new generation of engineers to create a strong and sustainable 

NL, 15

BE, 5IE, 4

ES, 3

DE, 3

FR, 2

UK, 2

CZ, 2

IT, 1
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http://www.waste-management-world.com/index/biological-treatment.html
http://www.waste-management-world.com/index/markets-policy-and-finance.html
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algae-based industry. 
GreenStars will have industrial prototypes based on state-of-the-art technologies that will 
allow the construction of a viable economic and environmental model by as early as 2016. 
[36] 

 
Country: Spain 
 
Co-ordinator: ENDESA 
Project specifics: Expansion of the Almería plant to demonstrate the technical and economic 
viability of the algae-CO2 capturing technology. The success of the first stage of the project 
has led Endesa to carry out trials with two new types of photo-bioreactors and develop and 
test new genetically-modified algae to increase the rate of CO2 fixation. These initiatives 
have a budget of Euro 3.5 million. The plant uses Spanish technology and is the largest of its 
kind in Europe. 
Endesa has completed the construction of the second phase of its pilot plant to capture CO2 
using microalgae on the site of its Litoral de Almería thermal plant. This second phase will 
come into operation early 2013. 
The main objective is to test new types of photo-bioreactors and microalgae and develop 
recovery processes for the biomass obtained as a first step towards demonstrating the 
technical and economic viability of the plant.  
In phase II, which will cover an area of approximately 1,000m², two new photo-bioreactor 
technologies that are functionally different to those used in the existing plant will be tested. 
These are raceways (or open reactors) and semi-closed horizontal tubular photo-
bioreactors. 
Additionally, research will be carried out on genetically-modified microalgae, which will then 
be tested in phases I and II of the pilot plant. The aim is to demonstrate that results 
obtained in the laboratory can equally be obtained through pilot or semi-industrial tests, 
using one or two of the most promising genetically-modified microalgae in the plant for a 
period of six months, with real combustion gases and seawater.  
The genetic modification of microalgae has two objectives: to increase the production of 
algal biomass, i.e. raise the concentration of microalgae in the culture and hence its capacity 
to capture CO2, and to increase the production of lipids (raw material for producing high-
energy compounds). 
To develop these activities, financed by the Ministry of Science and Innovation’s INNPACTO 
programme, Endesa has sought the collaboration of several partners: AITEMIN, Universidad 
de Almería, TECNALIA and BIOMASS BOOSTER. 
The project also involves carrying out market studies on products obtained from algal 
biomass and using the protein and carbohydrate fraction in widely consumed products and 
for other uses.  
Initial phase of the pilot plant 
Endesa started to research CO2 fixation technologies using microalgae in 2006 as part of the 
CENIT CO2 project. As a result of this project, phase I of the current pilot plant (the largest 
of its kind in Europe) was designed and built using Spanish technology. 

http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/Paginas/CapturadeCO2.aspx
http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/Paginas/CapturadeCO2.aspx
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Today, this plant, located on the site of the Litoral de Almería termal facility, owned by 
Endesa, is operational and has 12 lanes of photo-bioreactors (bag-type open vertical panels 
angled at 60º north-south). This plant allows investigators to learn about, develop and 
optimise CO2 fixation using microalgae and its production yield, so demonstrating the 
technical and economic viability of this technology as a first step towards using it on a semi-
industrial scale. [37], [38] 
 

Country: Germany 
Green MiSSiON 
Co-ordinator: Vattenfall (Sweden) 
Project specifics: A major pilot project using algae to absorb greenhouse gas emissions from 
a coal-fired power plant in eastern Germany, was launched in July 2010. Vattenfall is the 
third biggest electricity provider in Germany. 

Half the funding for the project called green MiSSiON (Microalgae Supported CO2 
Sequestration in Organic Chemicals and New Energy) comes from Vattenfall, the other half 
from state and European Union subsidies. 

The gas emitted at the Senftenberg brown-coal-fired plant is being pumped through a kind 
of broth using algae cultivated in 12 plastic tanks. 

The aim is to find out what kinds of algae work with brown coal dust and then, how 
economical this kind of CO2 reduction is. [39] 
 

 

Country: Italy 
 
Co-ordinator: Enave 
Project specifics: There is a micro-algae project located on the island of Pellestrina 
neighbouring Venice. Enave, a public-private partnership runs the project funded by the EU.  

The aim of the project is to power the city's entire port by harnessing the bio-energy 
potential of algal life. It aims at identifying which of the lagoon's native species of unicellular 
micro-algae can be bred in new bioreactors to provide efficient biomass for electricity and 
motor fuel production. 

Set to be operational by the end of the year 2011, the experimental tanks generate 500KW 
of peak capacity with oil derived from algal pulp. If successful, the project can be rapidly 
scaled up to 50MW. The entire port currently consumes 7MW.  [40] 
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7.2 Non EU R&D, demonstration and industrial scale projects 

Before presenting the specific and detailed recent algae based projects, an overview of the 

current situation in multiple non-EU countries will be presented below as it is reported in 

[41]. 

 

India: They have a long history of working with algae, but mostly as a nutritional source or 

for wastewater treatment. They are trying to develop those areas into a biofuels industry to 

some extent cooperating mostly with the United States. They are trying to determine out 

how best to enter into the biofuels industry. Reliance Industries Limited, which is one of the 

largest petrochemical companies in the world and is located in India, is in the process of 

developing a strategy for biofuels and algae biofuels in particular.  

 

Japan: They have also history in developing algae for commercial purposes, mostly 

macroalgae, for nutritional and food sources. They are very active in prospecting for new 

species of algae.  

  

Much of this research is concentrated at the University of Tsukuba. There, they have 

actually identified a new species of algae that grows very, very fast and has fairly good oil 

productivity. It’s very consistent and very fast growing in large numbers, so its overall 

productivity looks promising for the biofuels industry. 

 

NEDO (New Energy and Industrial Technology Development Organization), which manages 

government, industry, and academic based energy research in Japan, is helping fund a few 

algae projects. With the University of Tsukuba and several other companies, they have 

formed a small consortium of industry leaders to push forward with the research and 

development of algae for biofuels 

 

China: They have a few projects in algae, in cooperation with US. Qingdao Institute for 

Bioenergy and Biotechnology and ENN are two entities working in the algae industry. ENN 

have been developing some interests in photobioreactor-based systems for carbon 

sequestration and the development of algae for biofuels and bioproducts. This project looks 

like it is starting to take off, and they are well on their way with some test pilot units already 

developed. 

 

Taiwan: There is a very large steel plant in southern Taiwan, the Chinese Steel Corporation 

in Tungkang. It is one of the largest steel plants in the world with sizable CO2 emissions. This 

plant is collaborating with the National Cheng Kung University to develop a photobioreactor 

sequestration system for CO2. 
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The Industrial Technology Research Institute (ITRI) itself is actually working very closely with 

Taiwanese universities in transformation of algae, photobioreactor systems, belt screen 

based harvesting technologies and supercritical extraction systems. NAABB, through Pacific 

Northwest National Laboratory, has recently entered into a research collaboration with ITRI 

in new membrane technologies for harvesting systems. 

 

Australia: They have been developing an industrial interest in algae. Muradel, a small 

company forming in Adelaide and in Karratha is developing a small 10 acre facility and 

currently has about two acres under development. Additionally, Aurora Algae has started 

developing some facilities in Karratha, and MBD Energy is active in Queensland. 

 

The University of Sydney is developing a number of technologies for the conversion of 

biomass into oils, in particular their hydrothermal liquefaction capabilities look very 

promising for algae. 

 

The Australian government recently announced a $23/ton carbon tax, which will be 

reinvested in renewable energy development. This will make about $23 B available for new 

developments. Much of the effort will be managed through the Clean Energy Finance 

Corporation and the Australian Biofuels Research Institute. An interest from airlines such as 

Qantas and Virgin Air, and airplane manufacturer Boeing, in the Australian bioenergy 

initiatives has been reported. 

 

Israel: They have history in developing nutraceuticals and now they are using their 

photobioreactor systems mostly for biofuels. This development has come primarily out of 

Ben-Gurion University. In fact, Ami Ben-Amotz and his company Seambiotic are just starting 

to develop a new facility in China for algal biofuels, from technology they developed in 

Israel. 

 

Korea: They recently started the Advanced Biomass R&D Center (ABC) a consortium of 

universities, institutes and industry funded the Korea Ministry of Education, Science and 

Technology with an investment of more than $200 M over nine years. This consortium will 

work to develop a number of new algae and cellulosic based biofuels technologies in 

cooperation with US based universities and research institutes. 

 

7.2.1 US based projects 

U.S. Department of Energy announced in Dec. 4 2009 the selection of three algae-based 

integrated bio-refinery projects to receive nearly $100 million from the American Recovery 

and Reinvestment Act to accelerate the construction and operation of pilot, demonstration, 

and commercial scale facilities.  
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The list of the selected algae-based projects follows:  

Solazyme, Inc.: Riverside, Pennsylvania, U.S. DOE grant: $21,765,738 Non-fed 

funding: $3,857,111 This project will validate the projected economics of a 

commercial scale bio-refinery producing multiple advanced biofuels and will produce 

algae oil that can be converted to oil-based fuels. 

Sapphire Energy, Inc.; Columbus, New Mexico, U.S. DOE grant: $50,000,000 Non-

fed funding: $85,064,206 This project will cultivate algae in ponds that will ultimately 

be converted into green fuels, such as jet fuel and diesel, using the Dynamic Fuels 

refining process.[42]  

Algenol Biofuels, Inc., Freeport, Texas, U.S. DOE grant: $25,000,000 Non-fed 

funding: $33,915,478 This project will make ethanol directly from carbon dioxide and 

seawater using algae. The facility will have the capacity to produce 100,000 gallons 

of fuel grade ethanol per year. 

 
Solazyme Integrated Bio-refinery- Diesel Fuels from Heterotrophic Algae:  

Solazyme, Inc. will build, operate and optimize a pilot-scale “Solazyme Integrated Bio-

refinery.” SzIBR will demonstrate integrated scale-up of Solazyme’s novel heterotrophic 

algal oil bio-manufacturing process, validate the projected commercial-scale economics of 

producing multiple advanced biofuels, and enable Solazyme to collect the data necessary 

to complete design of the first commercial-scale facility.  

 
Solazyme’s innovative process harnesses the capacity of some algae to produce as much as 

75% of the dry weight of the cells as oil. In Solazyme’s process, algae grow efficiently in the 

dark in industrial fermentation vessels to very high cell densities. They ingest and 

metabolize carbon substrates provided in the growth media and convert them to 

triglycerides – nearly identical in composition to common vegetable oils. The quantity of oil 

produced per day per liter of fermenter volume is extremely high. This high productivity 

makes the process extremely capital efficient and economically far more attractive than 

biofuel concepts that rely on photo-synthetically grown algae 

 

Solazyme has also pioneered methods to recover and purify the algal oil inexpensively with 

high yield. Existing oil refineries can either trans-esterify the purified algal oil to yield 

biodiesel, or hydrotreat it to yield renewable diesel or jet fuels. Solazyme has already 

produced thousands of gallons of algal oil and has refined algal oil into fuels that comply 

with applicable ASTM standards without any blending with other fuels or fuel feed stocks. 

Solazyme will demonstrate production at SzIBR of algal oil derived entirely from lingo-

cellulosic feed stocks (switch grass, corn stover, wheat straw and/or municipal green waste), 

as well as other feed stocks, as part of the project. Solazyme’s biofuels derived from these 

feed stocks will reduce lifecycle greenhouse gas emissions by over 90%.  
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The proposed project will create or preserve 88 jobs per year directly and 256 jobs per year 

indirectly.  

Other Participants; Abengoa Bioenergy Corp. BlueFire Ethanol, Inc. Renewable Energy 

Group, Inc. UOP LLC [43] 

 

 

 

 

 

 

 

 

 

Solazyme, Inc., a renewable oil production company and the leader in algal biotechnology, 

announced that it has completed delivery of over 20,000 gallons of algal-derived shipboard 

fuel to the U.S. Navy, constituting the world's largest delivery of 100% microbial-derived, 

non-alcohol, advanced biofuel (South San Francisco, Calif. – September 15, 2010). This 

delivery was in satisfaction of a contract announced in 2009. 

Solazyme also announced the signing of a new contract with the U.S. Department of 

Defense (DoD) for a research and development project that will produce 150,000 additional 

gallons in 2010-2011. [44] 

Sapphire Energy Integrated Algal Bio-refinery (IABR)- Green crude farm 

 

Sapphire Energy Inc. will construct an IABR that will beneficially reuse carbon dioxide (CO2) 

to produce green crude oil from algae. The oil will be refined to produce jet fuel and diesel. 

The IABR will be built in Luna Country, near Columbus, New Mexico. The algae will fix 

approximately 56 metric tons of CO2 per day and produce, on average, 100 barrels of green 

crude oil per day, or approximately 1 million gallons per year of finished fuel product. When 

operating, the IABR will employ 30 workers to develop and run the facility and by 2030 more 

than 16,000 new ‘green collar’ jobs will be created. The successful project will demonstrate 

the technical and economic feasibility of the algae to green fuels process that will form the 

basis for a series of commercial-scale bio-refineries. [45] 

 

On January 7, 2009 Sapphire was part of Boeing led consortium that completed the first 2 -

engine 737-800 2-hour test flight using synthetic jet fuel made from algae.  
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Sapphire’s core technology involves a process where CO2, brackish water, and nutrients are 

used to cultivate and harvest oil-rich algae. The green crude oil will be refined by partner 

Dynamic Fuels LLC and the residual solid biomass will be anaerobically digested to produce 

methane for the biorefinery energy requirements and to recycle nutrients back into the 

production ponds.  

 

As technology is proven at the IABR and economies of scale are achieved, the design and 

construction of the first commercial biorefinery will commence in 2015 and produce 150 

million gallons of algal oil per year. 

 

Other Participants: Sapphire has collaborative agreements with Dynamic Fuels, the Harris 

Group, AMEC/Geomatrix, Praxair, Brown and Caldwell, Sandia National Lab, and New 

Mexico State University. [46] 

 

 

 

 

 

 

 

 

 

 

 

The first-phase of operations in the world’s first commercial demonstration algae-to-energy 

facility is now underway in New Mexico Sapphire Energy, Inc has seeded and harvested the 

first ponds in the Green Crude Farm, garnering 21 million gallons of algae biomass totaling 

81 tons. By 2018, Sapphire aims to produce 10,000 barrels a day of algae biofuel or around 1 

million gallons per year at the farm. 

 

The Green Crude Farm intends to be a fully sustainable project. The algae will consume 

approximately 56 metric tons of carbon dioxide a day and the biomass not used in the 

productions of fuel will be recycled as nutrients to support the algae ponds. Construction of 

the first phase of this facility began in June 1, 2011 and was completed on time and on 

budget. The first ponds were seeded with algae this March and harvested in June. The 

Green Crude Farm is currently preparing to transition its operations to a winter variety of 

algae while continuing cultivation, harvest and extraction activities. 

 

In April 2012, Sapphire Energy secured $144 million in investment funding from a series C 

investment round from the facility. In addition to the $50 million grant from the Department 
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of Energy and a $55.4 million loan guarantee from the Department of Agriculture’s bio 

refinery assistance program. 

 

All in all, Sapphire Energy has received a total of around $300 million in funding from both 

private and public sectors for the Green Crude Farm. [45] 

 

A Bio-design Institute at Arizona State University (ASU) research team, funded by Bio-design 

Institute seed funding and the U.S. Department of Energy Advanced Research Projects 

Agency (a $5 million grant),  has developed a process that removes a key obstacle to 

producing low-cost, renewable biofuels from bacteria.   

 

The team has reprogrammed photosynthetic microbes to secrete high-energy fats, making 

byproduct recovery and conversion to biofuels easier and potentially more commercially 

viable. 

 

The project aimed at the green and low cost recovery of materials, without energy 

dependent physical or chemical processes. Cyanobacteria, where considered as the source 

of renewable biofuels, given the easiness of their genetic manipulation and their high 

biomass and lipid yield. The project aimed at developing new techniques for harvesting the 

fats from the microbes, reducing the costly additional processing steps, which up to now 

contribute up to 70 to 80 percent of the total cost of their renewable biofuel production, 

making them uncompetitive. 

 

To get cyanobacteria to release their lipid (and other) content, a suite of genes were placed 

into photosynthetic bacteria that produced enzymes to degrade membrane lipids, poking 

holes in the membranes to release free fatty acids into the water. In a clever feat of genetic 

reprogramming of the cells, the enzymes are only produced when carbon dioxide is 

removed from their environment.  

 

Other means for triggering the “self-destruction of the bacteria” were also tested i.e. nickel 

addition, however their adverse environmental impacts, lead to their rejection.  

 

Furthermore, the strategy of adding nothing for recovering fuels from biomass drastically 

reduces processing costs. Fat-degrading enzymes, lipases, from bacterial, fungal and guinea 

pig sources were tested. These lipases, clip off the fatty acids from the photosynthetic 

membranes. The growth conditions of the green recovery method, were also optimized, 

through the testing of variables such as the cell culture density, light intensity and agitation 

of the cultures.  
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The project was developed and finalised on a multi-disciplinary basis 

combining the expertise of bacteriologists, molecular biologists and engineers.  

 

As a further potential research results will be tested in large-scale photo-bioreactors, which 

are being designed by engineers in the institute’s Swette Center for Environmental 

Biotechnology to optimally capture the free fatty acids.  

 

The project has been part of the state of Arizona’s strategic research investments to spur 

new innovation that may help foster future green and local industries. The results were 

published in the early online edition of the Proceedings of the National Academy of Sciences 

[47]. The print version was published on April 28th. Proc. Natl. Acad. Sci. USA. 108:6905-

6908. [48] 

 

Algix company has partnered with the University of Georgia and Kimberly-Clark to 

commercialize the cultivation of aquatic biomass, such as algae, as a feedstock for bio-

plastic conversion. A variety of raw aquatic feed-stocks, such as spirulina,  periphyton, 

duckweed and diatoms. The company is targeting agricultural and  industrial operations, 

such as livestock farms and wastewater treatment facilities, as  a source of low-cost 

nutrients for high productivity aquatic biomass cultivation.  Additionally, Algix is 

developing customized bio-plastic formulations for industrial,  commercial and retail 

applications. The project aims at the cooperatin with industries (textile, agriculture, 

aquaculture, municipal, etc.) for exploitation of their waste product.  

Algix company is located in Georgia, where over 150 carpet plants that produce millions of 

gallons of nutrient-rich waste water are co-located. Research conducted at the University of 

Georgia, has demonstrated high growth rates from various strains of algae and isolated top 

performing microalgae strains for further development. Algix is currently developing 

partnerships and collaborations for developing resins for use in extrusion compounding, 

injection molding, cast films, spun fibers and thermoforming applications.  [42] 

The US thermoplastic market, where algae based thermoplastics can be applied, is over 375 

billion lbs per year- and the total bio-plastic market reached $3 billion in 2009, and is 

growing at a 22% rate. [49] 

ALGENOL 

Integrated Bio-refinery in Lee County, Florida, by ALGENOL Company. 4-acre process 

development unit is currently producing ethanol in modular photo-bioreactors. The next 

step is completing the pilot-scale Integrated Bio-refinery (IBR) to demonstrate the 

commercial scalability of DIRECT TO ETHANOL® technology, which is scheduled to begin 

operations in the first quarter of 2013. The 36-acre IBR will provide a small-scale example of 
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a fully integrated commercial facility and provide the operational knowledge necessary to 

demonstrate commercial viability and pursue commercial projects. The completion of the 

state-of-the-art research and development complex has spurred the growth of company’s 

workforce from 12 in early 2010 to over 100 full-time positions today. Continued 

construction and work on the 36-acre Integrated Bio-refinery will generate several hundred 

additional construction jobs for contractors and vendors. By the end of 2013, Algenol is 

projected to have a staff of 174 full-time employees. The construction and operation of a 

large-scale biofuels project, such as a DIRECT TO ETHANOL plant, could add as many 4,000 

full-time jobs to the local economy. [50] 

 

Woods Hole Oceanographic Institution (WHOI) and the J. Craig Venter Institute have 

discovered a previously unknown protein in algae that grabs an essential but scarce nutrient 

out of seawater, vitamin B12. They describe the protein as “the B12 claw.” 

 

Only certain single-celled bacteria and archaea have the ability to synthesize B12, which is 

also known as cobalamin. Stationed at the algae’s cell walls, the protein appears to operate 

by binding B12 in the ocean and helping to bring it into the cell. When B12 supplies are 

scarce, algae compensate by producing more of the protein, officially known as cobalamin 

acquisition protein 1, or CBA1. It operates by binding vitamin B12 in the ocean and bringing 

it into algal cells, where the vitamin is needed to create another enzyme essential for 

growth, methionine synthase (MetH). However, when B12 supplies are scarce, algae 

produce more CBA1 to try to obtain more B12, and, as a back-up, some algae must resort to 

creating another enzyme, MetE, which can replace MetH but is far less efficient.  

 

Among thousands of other proteins present in the algae, the novel CBA1 protein was 

identified when it increased in abundance when the algae were starved of vitamin B12.  The 

discovery opens the door for industrial or therapeutic applications. 

 

Since CBA1 is essential for marine algae growth, it could provide clues to how to promote 

growth of algae used to manufacture biofuels. Learning to manipulate the B12 biochemical 

pathways of beneficial or detrimental microbes could eventually lead to antibiotic or 

antifungal medicines. 

 

The team reported their findings May 31 in Proceedings of the National Academy of 

Sciences. The research was funded by the National Science Foundation and the Gordon and 

Betty Moore Foundation’s Marine Microbial Initiative program. [51] 
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7.2.2  Japan based projects 

 Algae for renewable fuels and radioactive waste cleanup in Japan: government-

backed algae production project in Japan seeks to look into algae as a source of 

renewable fuels as well as a way to eliminate radioactive materials. 

 Research Institute of Tsukuba Bio-tech (R.I.T.B), received grant approval from the 

 Ministry of Agriculture, Forestry and Fisheries to build one-acre sites to prove that 

 biofuels production and toxic remediation using algae is possible for Japan. 

 

 Initial funding has been approved for two initial sites, one near Narita International 

 Airport and the other in Fukushima itself. After proving is complete, the program 

 could potentially expand to over 100 sites throughout Japan. 

 

 In 2009, R.I.T.B. signed a memorandum of Understanding with OriginOil to develop 

 and distribute algae systems for sustainable jet fuel in Japan. 

 

This new project will be using OriginOil algae harvesting technologies. OriginOil has 

developed a low energy, chemical-free, continuous flow “wet harvest” system they 

call Algae Appliances. Algae culture is fed directly into the Algae Appliance without 

any pretreatment or concentration. The raw algae are then subjected to tuned 

electromagnetic pulses that rupture the cell wall to release the oils and remove the 

water. [52], [53] 

7.2.3 India based projects 

 Sea6 Energy, which is found in Chennai on the east coast of India, and Novozymes in 

Denmark concluded a partnership agreement regarding the production and 

development of bioethanol from seaweed in January 2012. Novozymes will develop 

an enzyme that will convert the carbohydrates found in seaweed into sugar, and 

Sea6 Energy will develop a low cost cultivation method through seaweed cultivation 

techniques. 

 A fuel trial using B20 was carried out with biodiesel fuel from salt-water micro algae 

cultivated by the Central Salt Marine and Chemical Research Institute (CSMCRI) in 

Bhavnagar on the west coast of India, which achieved a fuel efficiency of 12.4 

km/liter (July 2012). 

 The National Environmental Engineering Research Institute (NEERI) announced in 

February 2012 that it would join forces with Purti Power and Sugar Ltd. to construct 

a plant for producing industrial-grade biodiesel fuel from fresh-water micro algae at 

Purti’s industrial district in Bela. [54] 
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7.2.4 Australia based projects 

 Algae Biodiesel Fuel Production through the Use of the CO2 Discharged from 

Thermal Power Plants: The Australian government is promoting the Gen 2 Grant 

Program; Second Generation Biofuels Research and Development Program, in which 

it is investing AUD15 million with a view toward reducing emissions of CO2.  

MBD Energy Limited of Australia, which is developing algae biofuel production, is 

working on the “CO2 to Energy” project. This will use CO2 emitted from the three 

locations of the Tarong Energy, Loy Yang A, and Eraring Energy coal-fired thermal 

power stations within the country in order to cultivate algae, and will then 

manufacture oil and animal feed from the algae grown this way. In 2011 MBD Energy 

Limited ordered Origin Oil Inc. from the United States a large-scale system unit for 

concentrating algae in order to extract oil from it (with a processing capacity of 1,100 

liters/minute). This unit will be installed at the Tarong Power Station. 

 

MBD Energy Limited’s technology for producing algae biofuel will also be applied at 

the coal-fired Ratchaburi Power Plant in Thailand. Loxley PLC of Thailand will invest 

60 million baht into the construction of a plant for producing biodiesel fuel from 

algae (announced in June 2012).  

  

 

 

 

 

 

Figure 26:  Algae fuel production using CO2 from coal-fired thermal power stations 

(Photo source: “Capture Technologies Algae” MBD Energy Limited) [55] 

 Shoalhaven One: Australia’s first advanced engineered algae to biofuels facility, 

Shoalhaven One, was officially opened August 2, 2012. 

Algae.Tec, an advanced algae to biofuels company, is based around a high-yield, 

enclosed and scalable algae growth and harvesting system, called the McConchie-

Stroud System. The Shoalhaven One facility is connected into the Manildra Group 

waste carbon dioxide, which is used in the algae growth process. [56] 
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The facility is located next to the Manildra Group’s industrial facility, south of Sydney 

in Australia. Manildra Group is the nation’s largest ethanol producers. 

  

 The Algae.Tec enclosed modular technology captures carbon dioxide waste from 

 power stations and manufacturing facilities, which feeds into the algae growth 

 system. 

  

 The photo-bio reactor modules were assembled at the company’s USA headquarters, 

 the Algae Development & Manufacturing Centre in Atlanta, Georgia. [57] 

 

7.3 Worldwide Algae Based Carbon Capturing Projects  

Given that the awareness has spread regarding the potential benefits associated with algae 

CCS, companies are investing considerable money to set up algae CCS system as part of their 

business. The past few years has seen several industries and companies investing on 

capturing carbon using algae. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Global distribution of Algae CCS Companies [58] 
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8  Discussion - Conclusions  

The outcomes of the international literature and market review, concerning the micro algae-

to-biodiesel and co-product generation, which took place within the framework of Med-

Algae project, Work package 1 State of the Art, “International Experience” Deliverable 1.8 

can be summarized as follows: 

 

General issues and approach 

 

 The current worldwide production of microalgae is rather limited, despite the 

recently increased interest for microalgae cultivation, the encouraging lab-scale 

results, as well as the promising theoretical yield estimations. 

 The focus of the current production of algae biomass is on the food and feed market, 

and it is practically limited to few species, only with high growth rate and selective 

growth conditions. 

 The multiple technologically non-mature unit processes throughout the whole value 

chain, with their consequent high cost, are the main limiting factors for the scaling 

up and commercialization of the production, especially when micro-algae production 

only for biofuel generation is considered. A holistic approach is required, where the 

integration of the whole production process through the application of mass and 

energy balances takes place. This approach is a research area in itself (industrial 

processing). 

 The bio-refinery approach, where the fractionation of the cultivated micro-algae 

biomass will take place, for the generation of a wide range of products (combining 

high value-low volume, and low value-high volume ones) seems to be the only 

sustainable and cost efficient option for the future of the microalgae based biofuel 

production. 

 The additional services which can be incorporated in the system, i.e. CO2 capture 

from large energy intensive industries and waste water treatment, will increase its 

potential feasibility and sustainability. 

 The complexity of the whole system, starting from the algae species selection, up to 

the end use, requires a strategic decision making approach which will lead to the 

system optimization. Strategic decision making could include the following 

assessment tools: a) Cost efficiency, b) GHG reduction, c) socio-economic impact and 

d) market value 

  The integration of algae-to-biodiesel applications within the existing primary and 

secondary sector activities, where the potential synergies with already existing 

production units will be exploited, should be considered as a further system 

optimization parameter. 
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 There are three large ongoing FP7 projects at European level, whereas multiple 

national projects (in the Netherlands, Spain, France, Germany, Ireland, etc.), are in 

progress as well, indicating the importance of the topic.   

 The current focus on the algae based market and research area, has increased 

largely the number of the involved relevant research groups and industrial 

stakeholders, in EU.  

 

Technical issues and research areas 

 

 Only open pond systems are considered having reasonable cost for bulk production 

of microalgae, which is the necessary approach for biofuel generation.  

 Photo-bioreactors may be feasible and therefore potentially applicable option for 

the optimization of targeted co-product generation. 

 When the harvesting process is considered, although there is a large variety of 

available options, which can operate finely when low volumes are considered, their 

energy needs, i.e. centrifuge; operational difficulties, i.e. filtration and screening; 

cost and contamination issues, i.e. flocculation; leave room for further R&D 

activities. Especially, parameters as energy usage, water pollution, and efficiency in 

relation to biomass yield should be considered as research parameters. The 

complexity of the subject requires a holistic approach where the selection of algae 

species, harvesting, drying process and storing should be included as relevant 

research parameters.  

 The laboratory experiments on algae growth indicate that in most cases the growth 

conditions of the micro-algae seems more important than selection of algae species. 

This means that research in growth factors and stress induced product enhancement 

(fatty acids and co-products) is an important research area in order to increase 

product yield (algae biomass). The development of cost efficient separation 

strategies and chemical analyses (screening parameters) is necessary to optimize 

product yield, and this work is a research area in itself. 

 In the case of the current biodiesel producing feedstocks, i.e. crop seeds or cooking 

oil, there is no other high value ingredient which could be isolated. When microalgal 

biomass is considered a quantitative and accurate assessment of its composition 

including the fatty acid profile is important to make sound and profitable decisions 

concerning the use of micro-algal fatty acids and other co-products (bio-refinery 

options). The configuration of the pretreatment/downstream processes, including 

the design of extraction process and isolation of the product (and co-product) 

should consider this parameter. 

 The solvent extraction is the mostly used current process, whereas, supercritical fluid 

extraction, where the need for chemicals is considerably limited, can improve the 

environmental impact of the whole chain. Therefore, it is considered as a promising 
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option which has much room for techno-economic improvement, especially as far as 

the handling of its rather high energy demands is concerned e.g. by applying 

renewable energy in the extraction process. An alternative system optimization 

option is the organic solvent extraction using solvents like ethanol, propanol and 

butanol which can be produced as co-products of the main plant in an integrated 

bio-refinery approach (by fermentation of the carbohydrate content of the 

processed algae). A further possibility could be the in-situ extraction of the lipids and 

subsequently the fatty acids. The transesterification process can be considered as 

the most mature step of the whole chain, taking into consideration that only slight 

adaptations to the specific feedstock type will be necessary in an already existing 

biodiesel production plant. 

 

Market value 

 A very large spectrum of co-products with high current market value, i.e. omega 3 

fatty acids, peptides, antibiotics, antibodies, cytokines, can be produced along with 

biodiesel. However, any techno-economic assessment and investment planning 

should consider the potential impact of future massive production on the current 

high prices. Diversification of the product portfolio and targeting different markets 

following the bio-refinery approach will improve the commercialization of the algae 

biomass production. 

 Even the most optimistic yield assessment for the microalgae-to-biodiesel 

productivity is far from providing the end product at competitive price, considering 

the current oil prices. A system integration approach along with co-product 

exploitation is the only potential way to counterbalance, in short term, the cost 

difference. 

 

Environment 

 The currently available LCA based environmental sustainability assessments do not 

provide very reliable outcomes, considering that they are based on data obtained 

through the extrapolation of lab-scale experimental results, for the most part of the 

production chain. The high yield –corresponding to limited land needs-, and CO2 

capturing potential seems to be the main strength of the system on an LCA based 

analysis, whereas the increased water needs and the energy intensiveness of specific 

process steps, i.e. harvesting and separation, are its main drawbacks.  

 The current tools applied for estimation of GHG reduction are related to a large 

extent to the bio-fuel product, only, while the co-products GHG reduction value is 

not included. It is estimated that e.g. the GHG reduction value related to e.g. fish 

feed is rather large given that most fish feed is based on fish protein captured from 

the sea. In a similar manner the GHG reduction potential for other co-products 

should be included compared to similar products produced applying fossil fuels.  
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 A more coherent system for assessing the GHG reduction, along with other potential 

environmental impacts is required. The insight which will be provided by such a 

system will guide the whole chain optimization strategy.  

 

 9 Useful links 

Algae cultivation 
http://tolweb.org/tree/ 

http://www.algaebase.org/ 

http://giavap.eu/ 

http://www.algaelink.com/ 

Algae based CO2 sequestration 
http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/CapturadeC

O2 

http://www.powerplantccs.com/ccs/cap/fut/alg/all_alg_ra.html 

Recently finished and ongoing algae related EU projects 
http://www.biofatproject.eu/ 

http://intesusal-algae.eu/home/ 

http://www.all-gas.eu/Pages/default.aspx 

http://www.enalgae.eu/ 

http://www.wageningenur.nl/en/show/AlgaePARC-research-programme.htm 

http://www.aquafuels.eu/ 

http://www.biotecmar.eu 

http://www.adore‐it.eu 
http://bioalgaesorb.com/ 

EU: Biomass based biofuel production (technology, economics, polic, sustainability) 
http://www.biofuelstp.eu/algae.html 
http://www.BioGrace.net 

Commercialized algae based products 
http://www.algenol.com/ 

http://www.proviron.com/algae 

http://www.zeeuwsetong.nl/en/ 

Macroalgae-to-biogas 

http://www.biowalk4biofuels.eu/ 

European Algae Biomass Association  
http://www.eaba-association.eu/ 

http://tolweb.org/tree/
http://www.algaebase.org/
http://giavap.eu/
http://www.algaelink.com/
http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/CapturadeCO2
http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/CapturadeCO2
http://www.powerplantccs.com/ccs/cap/fut/alg/all_alg_ra.html
http://www.biofatproject.eu/
http://intesusal-algae.eu/home/
http://www.all-gas.eu/Pages/default.aspx
http://www.enalgae.eu/
http://www.wageningenur.nl/en/show/AlgaePARC-research-programme.htm
http://www.aquafuels.eu/
http://www.biotecmar.eu/
http://www.adore‐it.eu/
http://bioalgaesorb.com/
http://www.biofuelstp.eu/algae.html
http://www.biograce.net/
http://www.algenol.com/
http://www.proviron.com/algae
http://www.zeeuwsetong.nl/en/
http://www.biowalk4biofuels.eu/
http://www.eaba-association.eu/


 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 76 76 

 

10 References 

[1] J. Sheehan, “A Look Back at the U . S . Department of Energy ’ s Aquatic Species 
Program: Biodiesel from Algae.” 

[2] “079_D 1.4 Biology Biotechnology.pdf” [Online]. Available: 
http://www.aquafuels.eu/attachments/079_D 1.4 Biology Biotechnology.pdf. 
[Accessed: 09-Jan-2013]. 

[3] K. Maniatis, “Biofuels from algae: Results of the 2010 FP7 Call,” 2010. 
[4] L. Brennan and P. Owende, “Biofuels from microalgae—A review of technologies for 

production, processing, and extractions of biofuels and co-products,” Renewable and 
Sustainable Energy Reviews, vol. 14, no. 2, pp. 557–577, Feb. 2010. 

[5] “http://tolweb.org/tree/.” *Online+. [Accessed: 08-Jan-2013]. 
[6] “Algaebase: Listing the World’s Algae.” *Online+. Available: 

http://www.algaebase.org/. [Accessed: 08-Jan-2013]. 
[7] "079_D 3.2 Technological assessment including downstream added value 

products.pdf" [Online]. Available: 
 http://www.aquafuels.eu/attachments/079_D3.2 Technological assessment including 

downstream added value products.pdf. [Accessed: 09-Jan-2013] 
[8] 079_D 1.2 Taxonomy.pdf” [Online]. Available: 

http://www.aquafuels.eu/attachments/079_D 1.2 Taxonomy.pdf. [Accessed: 09-Jan-
2013]. 

 [9] H. M. Amaro, Â. C. Macedo, and F. X. Malcata, “Microalgae: An alternative as 
sustainable source of biofuels?,” Energy, vol. 44, no. 1, pp. 158–166, Aug. 2012. 

[10] A. Singh, P. S. Nigam, and J. D. Murphy, “Mechanism and challenges in 
commercialisation of algal biofuels.,” Bioresource technology, vol. 102, no. 1, pp. 26–
34, Jan. 2011. 

[11] L. Gouveia;  Microalga as a feedstock for biofuels; SpringerBriefs in Microbiology; 
Springer, 2011. 

[12] C.-Y. Chen, K.-L. Yeh, R. Aisyah, D.-J. Lee, and J.-S. Chang, “Cultivation, 
photobioreactor design and harvesting of microalgae for biodiesel production: a 
critical review.,” Bioresource technology, vol. 102, no. 1, pp. 71–81, Jan. 2011. 

[13] M. R. Tredici, N. Biondi, E. Ponis, L. Rodolfi, G. C. Zittelli, G. Burnell, and G. Allan, 
“Advances in microalgal culture for aquaculture feed and other uses.,” pp. 610–676, 
2009. 

[14] “079_D 1.5 Report on biofuel production.pdf” *Online+. Available: 
http://www.aquafuels.eu/attachments/079_D 1.5 Report on biofuel production.pdf. 
[Accessed: 08-Jan-2013]. 

[15] M. K. Lam and K. T. Lee, “Microalgae biofuels: A critical review of issues, problems 
and the way forward.,” Biotechnology advances, vol. 30, no. 3, pp. 673–90, May 2012. 

[16] R. Halim, M. K. Danquah, and P. a Webley, “Extraction of oil from microalgae for 
biodiesel production: A review.,” Biotechnology advances, vol. 30, no. 3, pp. 709–32, 
2012. 



 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 77 77 

[17] G. Huang, F. Chen, D. Wei, X. Zhang, and G. Chen, “Biodiesel production by microalgal 
biotechnology,” Applied Energy, vol. 87, no. 1, pp. 38–46, Jan. 2010. 

[18] S.-G. Woo, K. Yoo, J. Lee, S. Bang, M. Lee, K. On, and J. Park, “Comparison of fatty acid 
analysis methods for assessing biorefinery applicability of wastewater cultivated 
microalgae.,” Talanta, vol. 97, pp. 103–10, Aug. 2012. 

[19] I. Rawat, R. Ranjith Kumar, T. Mutanda, and F. Bux, “Dual role of microalgae: 
Phycoremediation of domestic wastewater and biomass production for sustainable 
biofuels production,” Applied Energy, vol. 88, no. 10, pp. 3411–3424, Oct. 2011. 

[20] B. G. Subhadra, “Sustainability of algal biofuel production using integrated renewable 
energy park (IREP) and algal biorefinery approach,” Energy Policy, vol. 38, no. 10, pp. 
5892–5901, Oct. 2010. 

[21] E. J. Olguín, “Dual purpose microalgae-bacteria-based systems that treat wastewater 
and produce biodiesel and chemical products within a Biorefinery.,” Biotechnology 
advances, vol. 30, no. 5, pp. 1031–46, 2012. 

[22] A. P. Trzcinski, E. Hernandez, and C. Webb, “A novel process for enhancing oil 
production in algae biorefineries through bioconversion of solid by-products.,” 
Bioresource technology, vol. 116, pp. 295–301, Jul. 2012. 

[23] B. G. Subhadra and M. Edwards, “Coproduct market analysis and water footprint of 
simulated commercial algal biorefineries,” Applied Energy, vol. 88, no. 10, pp. 3515–
3523, Oct. 2011. 

[24] V. Vasudevan, R. W. Stratton, M. N. Pearlson, G. R. Jersey, A. G. Beyene, J. C. 
Weissman, M. Rubino, and J. I. Hileman, “Environmental performance of algal biofuel 
technology options.,” Environmental science & technology, vol. 46, no. 4, pp. 2451–9, 
Feb. 2012. 

[25] R. Chowdhury, S. Viamajala, and R. Gerlach, “Reduction of environmental and energy 
footprint of microalgal biodiesel production through material and energy 
integration.,” Bioresource technology, vol. 108, pp. 102–11, Mar. 2012. 

[26] F. Delrue, P. Setier, C. Sahut, L. Cournac, a Roubaud, G. Peltier, and a-K. Froment, “An 
economic, sustainability, and energetic model of biodiesel production from 
microalgae.,” Bioresource technology, vol. 111, pp. 191–200, May 2012. 

[27] D. Chiaramonti, M. Prussi, D. Casini, M. R. Tredici, L. Rodolfi, N. Bassi, G. C. Zittelli, and 
P. Bondioli, “Review of energy balance in raceway ponds for microalgae cultivation: 
Re-thinking a traditional system is possible,” Applied Energy, Sep. 2012. 

[28] A. Sun, R. Davis, M. Starbuck, A. Ben-Amotz, R. Pate, and P. T. Pienkos, “Comparative 
cost analysis of algal oil production for biofuels,” Energy, vol. 36, no. 8, pp. 5169–
5179, Aug. 2011. 

[29] C. Oltra, “Stakeholder perceptions of biofuels from microalgae,” Energy Policy, vol. 
39, no. 3, pp. 1774–1781, Mar. 2011. 

[30] “EABA.” *Online+. Available: http://eaba-association.eu/members.php. [Accessed: 08-
Jan-2013]. 

[31] “Algae Biomass Organization, Renewable, Sustainable Commodities from Algae.” 
[Online]. Available: http://www.algaebiomass.org/. [Accessed: 08-Jan-2013]. 

[32] Y. Chisti and J. Yan, “Energy from algae: Current status and future trends,” Applied 
Energy, vol. 88, no. 10, pp. 3277–3279, Oct. 2011. 



 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 78 78 

[33] “079_D 4.3 Report on ongoing RD Projects FINAL.pdf.” *Online+. Available: 
http://www.aquafuels.eu/attachments/079_D 4.3 Report on ongoing RD Projects 
FINAL.pdf. [Accessed: 08-Jan-2013]. 

[34] “ALGAECLUSTER - Algae Cluster From Algae Technologies.” *Online+. Available: 
http://www.algaecluster.eu/. [Accessed: 08-Jan-2013]. 

[35] http://www.algaenergy.es/index.php/en. [Accessed: 08-Jan-2013]. 
[36] “160 Million Euro French Algal Biofuel Project Targets Wastes - Waste Management 

World.” *Online+. Available: http://www.waste-management-
world.com/articles/2012/04/160-million-euro-french-algal-biofuel-project-targets-
wastes.html. [Accessed: 09-Jan-2013]. 

[37] “Endesa to perform industrial test of CO2 capture using microalgae Endesa.com.” 
[Online]. Available: http://www.endesa.com/en/saladeprensa/noticias/microalgae. 
[Accessed: 09-Jan-2013]. 

[38] “Capture and storage of CO2 Endesa.com.” *Online+. Available: 
http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/Captu
radeCO2. [Accessed: 09-Jan-2013]. 

[39] “German power plant testing CO2-scrubbing algae.” *Online+. Available: 
http://www.spacedaily.com/reports/German_power_plant_testing_CO2-
scrubbing_algae_999.html. [Accessed: 09-Jan-2013]. 

[40] “Algal energy: Venice turns green | The Economist.” *Online+. Available: 
http://www.economist.com/blogs/babbage/2011/09/algal-energy. [Accessed: 09-
Jan-2013]. 

[41] “Who’s in the lead? Algae around the world: Biofuels Digest.” *Online+. Available: 
http://www.biofuelsdigest.com/bdigest/2012/01/12/whos-in-the-lead-algae-around-
the-world/. [Accessed: 09-Jan-2013]. 

[42] “U.S. DOE :Algae Industry Magazine.” *Online+. Available: 
http://www.algaeindustrymagazine.com/u-s-d-o-e/. [Accessed: 09-Jan-2013]. 

[43] “Solazyme.” *Online+. Available: 
  http://www1.eere.energy.gov/biomass/pdfs/ibr_arra_solazyme.pdf. [Accessed: 09-

Jan-2013]. 
[44] “Solazyme | Solazyme Completes World’s Largest Microbial Advanced Biofuel 

Delivery to U.S. Military.” *Online+. Available: http://solazyme.com/media/2010-09-
15. [Accessed: 09-Jan-2013]. 

[45] “Sapphire Energy harvests 81 tons of algae biomass in New Mexico.” *Online+. 
Available: http://www.ecoseed.org/renewables/bioenergy/ethanol/15496-sapphire-
energy-harvests-81-tons-of-algae-biomass-in-new-mexico. [Accessed: 09-Jan-2013]. 

[46] “Sapphire.” *Online+. Available: 
www1.eere.energy.gov/biomass/pdfs/ibr_arra_sapphire.pdf. [Accessed: 09-Jan-
2013]. 

[47] X. Liu, S. Fallon, J. Sheng, and R. Curtiss, “CO2-limitation-inducible Green Recovery of 
fatty acids from cyanobacterial biomass.,” Proceedings of the National Academy of 
Sciences of the United States of America, vol. 108, no. 17, pp. 6905–8, Apr. 2011. 



 

 

 
Project reference number: I‐B/2.2/099 

MED ALGAE: State of the Art – International Experience 79 79 

[48] “The Biodesign Institute at Arizona State University | News.” *Online+. Available: 
http://www.biodesign.asu.edu/news/secreting-bacteria-eliminate-cost-barriers-for-
renewable-biofuel-production. [Accessed: 09-Jan-2013]. 

[49] “The Biobased A-List, Algix, making everyday products using extraordinary 
technologies: BioBased Digest.” *Online+. Available: 
http://www.biofuelsdigest.com/biobased/2012/08/30/the-biobased-a-list-algix-
making-everyday-products-using-extraordinary-technologies/. [Accessed: 09-Jan-
2013]. 

[50] “About Algenol Algenol Biofuels.” *Online+. Available: 
http://www.algenolbiofuels.com/. [Accessed: 09-Jan-2013]. 

[51] “Algal Protein Linked to Vitamin B12 :Algae Industry Magazine.” *Online+. Available: 
http://www.algaeindustrymagazine.com/algal-protein-linked-to-vitamin-b12/. 
[Accessed: 09-Jan-2013]. 

[52] “Japan taps algae for renewable fuels and radioactive waste cleanup.” *Online+. 
Available: http://www.ecoseed.org/renewables/bioenergy/ethanol/15513-japan-
taps-algae-for-renewable-fuels-and-radioactive-waste-cleanup. [Accessed: 09-Jan-
2013]. 

[53] “Japanese research institute receives funding for algae harvesting biofuel project - 
Renewable Energy Focus.” *Online]. Available: 
http://www.renewableenergyfocus.com/view/27990/japanese-research-institute-
receives-funding-for-algae-harvesting-biofuel-project/. [Accessed: 09-Jan-2013]. 

[54] “The Production of Algae Biofuel is Making Progress in India / Asia Biomass Energy 
Cooperation Promotion Office - Asia Biomass Office.” *Online+. Available: 
http://www.asiabiomass.jp/english/topics/1208_01.html. [Accessed: 09-Jan-2013]. 

[55] “Algae Biodiesel Fuel Production through the Use of the CO2 Discharged from 
Thermal Power Plants (Australia) / Asia Biomass Energy Cooperation Promotion Office 
- Asia Biomass Office.” *Online+. Available: 
http://www.asiabiomass.jp/english/topics/1208_02.html. [Accessed: 09-Jan-2013]. 

[56] “Algae.Tec Commissions Shoalhaven One:Algae Industry Magazine.” *Online+. 
Available: http://www.algaeindustrymagazine.com/algae-tec-commissions-
shoalhaven-one/. [Accessed: 09-Jan-2013]. 

[57] “Low cost, high grade sustainable fuel oil from algae. Biodiesel and green jet fuel. | 
The Algae.Tec Technology.” *Online+. Available: http://algaetec.com.au/technology/. 
[Accessed: 09-Jan-2013]. 

[58] “Algae based CO2 Capture - Live Projects - Power Plant CCS.” *Online+. Available: 
http://www.powerplantccs.com/ccs/cap/fut/alg/alg_ccs_liveprojects.html. 
[Accessed: 09-Jan-2013].  

 
 

 


