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Abstract 

 

Microalgae are considered as one of the most suitable feedstocks for the 

production of bioenergy and other valuable bio-products for realising the 

dream of bio-economy. For any significant displacement of fossil-based 

products currently in use, cultivation of microalgae at industrial scale will 

be required. Industrial scale cultivation of microalgae besides being costly 

would also compete with terrestrial crops for nutrients and moisture. 

However, several recent studies have shown the potential of culturing 

microalgae in municipal/industrial wastewaters. Vast quantum of 

agricultural nutrient ends up in the sewer which can be utilised efficiently as 

culturing media for algae and as a cheap and environmentally benign source 

of nutrients. Coupling wastewater treatment and microalgae cultivation 

combine the prospects of nutrient remediation and biomass production.  

Uncompetitive economics remain the single most significant hurdle for 

large-scale production and commercialisation of algal products. Coupling 

wastewater treatment and biomass production leads to economic savings 

regarding avoidance of costly wastewater treatment approaches and 

produces high-value algal biomass. Considering the current and projected 

demand for algae-based products, careful and strategic valorisation of algal 

biomass depending on the composition of biomass and processing strategies 

is critical. In this work, we have analysed the economic dimensions of 

coupling wastewater treatment and production of algal biomass and their 

subsequent valorisation to value-added products.  
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1.  Introduction 

 

Wastewater includes all the discharges from commercial establishments, 

household and institutions, industries, hospitals, etc. It also envisages urban 

runoff and storm-water, as well as horticulture, aquaculture and agricultural 

effluents. Effluent implies liquid or sewage waste that is discharged into 

water streams either from treatment plant or direct sources. Using macro- or 

microalgae for biotransformation or removal of pollutants, including toxic 

chemicals and nutrients from wastewater is known as Phycoremediation 

(Mulbry et al. 2008). Algae have developed broad tolerance to 

environmental conditions including high nutrient levels. This advantage has 

led to wide use of the algae in bioremediation of wastes, resulting in treated 

waters as well as the production of useful biomass which can serve as 

feedstock for several valuable products, including food, feed, fertiliser, 

pharmaceutical and of late, biofuel.  

 

Microalgae can remove environmental toxicants such as heavy metals, 

hydrocarbons and pesticides through various mechanisms, ranging from 

bio-sorption, bio-concentration, bio-transformation to volatilisation.  

Nutrient removal by algae is economical, sustainable, simple and is 

beneficial for the environment because it can be used as feedstock for 

production of biofuel and also as fertiliser or animal feed (Filippino et al. 



2015). An advantage of using algae is that it does not require supplementary 

organic carbon additions. Another benefit of algal remediation processes is 

in removal Phosphorus during their growth. Both aerobic and anaerobic 

medium is conducive for microalgae for the treatment of industrial 

effluents, municipal wastewater and solid waste (Oswald et al. 1985).  

Using algae for sewage treatment is cost-effective. Coupling wastewater 

treatment and biomass production leads to economic savings regarding 

avoidance of costly wastewater treatment approaches and produces high-

value algal biomass. Microalgae have been found to be promising in the 

removal of nutrients primarily nitrogen and phosphorus (Aslan and Kapdan 

2006; Lebeau and Robert 2003). Wastewater is an available source of water 

as well as nutrients that are important for algae cultivation. Microalgae 

provide a sustainable as well as economical means for the treatment of 

wastewater along with the production of substances that are commercially 

valuable. Microalgae exhibit higher efficiency in nutrient removal as 

compared to another microorganism because nutrients like nitrate, 

ammonia, phosphate and other trace elements are found in wastewater that 

is essential for the growth of microalgae. Significant progress in the field of 

cultivation of microalgae coupled with treatment of wastewater has resulted 

in the improvement in production of algal biomass (Salama et al. 2017).  

There is a possibility of assimilating nitrogen and phosphorus into algal 

biomass that ultimately can be used as fertiliser thereby putting a check on 

the discharge of oxygenated effluent into the water stream and removing 

sludge handling problems. Moreover, the process does not require carbon 

for phosphorus and nitrogen removal which is a sustainable way of sewage 



treatment (Olguı´n 2003). Algae can grow luxuriously in wastewater due to 

the availability of all necessary nutrients. Wastewater treated by algae can 

be used for irrigation, or they may be released into water bodies. In 

developing countries, algae-based bioremediation of wastewater can be 

useful because chemical and physical remediation is costly. Moreover, 

remediation of toxic substances is essential before discharging of 

wastewater as they may pollute natural water bodies. It must be noted that 

all species of microalgae cannot tolerate the wastewater environment, so, 

proper screening is required for algae-based wastewater phycoremediation. 

Strain selection is most likely to be contingent upon the biological and 

chemical composition of wastewater (Singh et al. 2017).  

Phycoremediation is not a new concept, but the hurdle lies in searching for a 

suitable species of algae which can yield higher biomass and its subsequent 

application like the production of biodiesel. Studies conducted in the past 

have revealed that both marine and freshwater algae are suitable for 

phycoremediation of several types of wastewater like industrial, municipal 

and agricultural wastewater (Van Den Hende et al. 2014).  

The bitter truth is that the market for the algal product is still in the naïve 

stage, so, uncompetitive economics remains the single most significant 

hurdle for large-scale production and commercialisation of algal products.  

A solution in this regard is Integrated Multi-Trophic Aquaculture (IMTA). 

In IMTA process, microalgae are used as feed for other aquatic organisms, 

in this way biomass that is obtained from microalgae can be valorised, this 

is one of the principal advantage associated with the use of microalgae. 

Microalgae that have been cultured can be used to feed herbivorous fish, 



low trophic level fish and molluscs, these can then be sold to market at a 

reasonable price. Both macroalgae and microalgae can be employed in 

IMTA systems because they have fundamental properties which make them 

beneficial vis-à-vis bacterial processes because they together remove excess 

nutrients from the effluents. Microalgae are considered to be the best 

because they have promising potential to remove excess nutrients as 

compared to macroalgae and bacteria and also because the biomass obtained 

from microalgae can be utilised for various other purposes (Milhazes-Cunha 

and Otero 2017). Figure 1 provides a schematic representation of 

wastewater treatment simulations with microalgal biomass cultivation. 

 

Figure 1: Schematic representation of wastewater treatment simulations 

with microalgal biomass cultivation (Reproduced by permission of Elsevier; 



Salama et al. (2017)).  

Culturing the microalgae at a commercial scale using wastewater would be 

an environment-friendly approach to check cultural eutrophication 

(Mehrabadi et al. 2016). Various studies that have been done in the past in 

this regard unequivocally state that, without the treatment of wastewater as 

the primary goal, the near term result for scale-up microalgal fuel 

generation is not promising. Pittman et al. (2011) in their study found the 

potential of the production of microalgal biofuel production and also 

established that by using current knowledge, culturing the microalgae 

without using wastewater will be a costly affair. Lundquist et al. (2010) 

looked into various approaches to coupling biofuel production with 

wastewater treatment using microalgae and found that coupling can fetch 

cost-competitive microalgal biofuel. 

2. Phycoremediation  

Industrialisation, population rise, urbanisation and irresponsible usage of 

natural resources are among the prominent factors which have severely 

degraded our environment particularly regarding the colossal amount of 

waste generation. In the quest of attaining more and more luxury we have 

polluted our streams and groundwater resources, and consequently, the per 

capita availability of potable and safe water is declining at an unprecedented 

rate (Shafik 1994). To maintain the sanctity and also to ensure the adequate 

availability of freshwater resources efficient, economical and environment-

friendly approaches to wastewater treatment are urgently required. Several 

advanced physical and chemical treatment techniques are available, but the 



requirement of excess energy and chemical input makes these processes 

economically unattractive (Libralato et al. 2012).  

Algae have shown tremendous potential as an alternative source of 

bioenergy (biofuels, heat and electricity), protein-rich food/feed, 

nutraceuticals, and industrially relevant materials. Aquatic species of algae 

capable of growth in freshwater, brackish water and saline water are well 

known. Additionally, several native algal species have exhibited growth 

with high accumulation of biomass in wastewater, and the process has 

shown the capability to reduce the pollution load of the effluent. Compared 

to the physical and chemical operations utilisation of algae to remediate 

pollution load of domestic effluents is economically and ecologically 

appealing as they also offer the potential of resource recovery, recycling and 

biomass production (Oswald 2003).  

The quantum of water used in industries and households globally between 

1987 and 2003 was ≈990 billion m
3,

 and 90% of it emerged as polluted 

effluent. Assuming realisable biomass productivity of 0.5 g 
L-1

 and oil 

content of only 20%, if 50% of these effluents are used to support algal 

culture around 50 million tonnes of oil could be produced which can 

displace a substantial quantum of fossil fuels currently in use (Bhatnagar et 

al. 2011). The quality of municipal wastewater and the Indian standard for 

discharge of treated effluents into inland waters is listed in table 1. 

Table 1 Quality of municipal wastewater and the Indian standard for 

discharge of treated effluents (
a 

Kumar and Chopra 2012, 
b 

CETP 

Standards 1986) 

S.No Pollutant Reported Value
 a

 Indian standards for 

discharge of treated 

effluent into inland 

surface waters 
b
 



1 pH 8.39 5.5-9.0 

2 Dissolved Oxygen  

(mg L
-1

) 

2.42 Na 

3 Biochemical Oxygen 

Demand (mg L
-1

) 

620.27 30 

4 Chemical Oxygen Demand 

(mg L
-1

) 

1420.54 250 

5 Total Kjeldhal Nitrogen  

(mg L
-1

) 

84.99 100 

6 Total Suspended Solid  

(mg L
-1

) 

1824 Na 

7 Phosphate  

(mg L
-1

) 

124.42 Na 

8 Electrical Conductivity  

(dS m
-1

) 

2.84 100 

Na: Not Available 

Phycoremediation is defined as the application of algal cultures for the 

removal and transformation pollutants present in soil, water and air. 

Phycoremediation can be thought of as an algae mediated process to (a) 

remove the organic load of polluted wastewater (b) uptake xenobiotics, and 

pollutants using algae-derived biosorbants (c) treat acidic and metal laded 

waste media (d) sequester CO2 from gaseous waste streams (e) degrade and 

transform xenobiotic compounds and (f) detect pollution using algae-based 

biological sensors (Olguı´n 2003).  

High photosynthetic efficiency, high areal productivity, less nutrient 

demand, ability to utilise waste CO2 rich streams and biomass readily 

amenable to processing are some of the prominent advantages which give 

phycoremediation an edge over phytoremediation. Algae have been 

identified as one of the most promising feedstocks for the mass scale 

production of low value but high volume products (e.g., biofuels) and low 

volume but high-value products (e.g., nutraceuticals). Currently, there is 

extensive research attention towards mass scale production of algal 



biomass. Although the potential of algae as a feedstock for biofuel 

production is enormous, algal biomass production in a cost-competitive and 

environmentally sustainable manner is currently a matter of extensive 

investigation. Since freshwater is a scarce resource, algal species capable of 

sustenance and growth in wastewater are more suited for the purpose. Using 

wastewater as culture medium can lower the water footprint of algal 

biomass production by 90% (Yang et al. 2011).  

The current production of agricultural fertilisers cannot sustain the demand 

for large-scale algae cultivation (Chisti 2013) and if the required nutrients 

are to be supplied from an external source the cost of biomass production 

can be prohibitively high (US DOE 2010). The ultimate aim of wastewater 

treatment is to make the water fit for disposal in surface water resources/soil 

or to facilitate its recycling/reuse. Municipal wastewaters often contain an 

excessive amount of nitrogen and phosphorous and when these nutrient-

laden wastes find their way lakes they promote algal bloom which can 

eventually kill a lake. Mass scale production of algal biomass is dependent 

on the availability of moisture, nutrients, space and sunlight. Production of 

synthetic nitrogenous fertilisers such as urea, mono-ammonium phosphate 

(MAP), di-ammonium phosphate (DAP), etc. is not only expensive but is 

also known as a source of greenhouse gases (GHGs). Municipal wastewater 

can supplement the nutrient demand for algae by reducing the external input 

of synthetic fertilisers. In addition to the macronutrients such as nitrogen 

and phosphorous algae also require several other micronutrients such as 

silica, magnesium, potassium, calcium, iron, manganese, zinc, copper, 



sulphur and cobalt. These micronutrients are rarely limiting the growth of 

algae in wastewaters (Christenson and Sims 2011).   

Algae can utilise nitrogen in various forms, but algae prefer NH4
+
 over 

other forms of available nitrogen and have shown excellent potential to 

remediate NH4
+
 load of wastewater. Nitrogen is an integral component of 

amino acids, structural and signalling proteins, nucleic acids and its 

starvation can affect the overall growth of algae.  

However, several studies have enunciated the role of limiting few of the 

nutrients (mainly nitrogen) on the algal biomass composition. Such 

manipulations of the culture media are aimed at over-expressing some of 

the genes involved in bio-molecules synthesis and are ultimately dependent 

on the desired concentration of individual biomolecules in the produced 

biomass. Although, nitrogen starvation in culture media is known to 

promote lipid accumulation the overall growth, development and biomass 

productivity are often hampered in the process.  

One of the earliest studies on using algae to effect wastewater treatment 

came in the 1960s in which Oswald (2003) evaluated the potential of algae 

to bring about the tertiary treatment of municipal wastewater. Since then, 

numerous studies assessing the potential of algae to remediate municipal 

wastewater (Wang et al. 2010), animal wastewater (Park et al. 2009), 

industrial wastewater (Azarian et al. 2007), biotransformation of 

xenobiotics (Thies et al. 1996), heavy metal pollution (Yu et al. 1999), flue 

gas (de Godos et al. 2010), and other emerging contaminants (Matamoros et 

al. 2016) have been reported.  



Activated sludge process is the most commonly employed secondary 

treatment process for reducing the organic load of wastewater. In an 

interesting study (Su et al. 2012) assessed the effectiveness of synergistic 

co-operation between photosynthetic algae and native aerobic bacteria 

present in activated sludge for the treatment of domestic wastewater. The 

highest nitrogen removal efficiency of 91±7 % and phosphorous removal 

efficiency of 93.5±2.5 % were reported within 10 days at an algae sludge 

ratio of 5:1. The maximum settleability of biomass was found to be at an 

alga to sludge ratio of 1:5. Algal culture improved the content of dissolved 

oxygen (DO) in wastewater which was utilised by aerobic bacterial 

consortia in the decomposition of organic load. The bacterial respiratory 

release of CO2, in turn, can be used by algae during photosynthesis. Further, 

increase in temperature, pH and DO associated with algal photosynthesis 

are known to check the growth of pathogenic bacteria and viruses.  

The removal of Phosphorous from wastewater is comparatively tricky, and 

it is either removed as precipitate using chemicals or through the activated 

sludge process. These approaches somewhat hamper the complete 

recyclability of P and the precipitate is either disposed of in landfills or are 

converted to sludge-based fertilisers. The algae-based operations match the 

performance of chemical treatments regarding removal efficiency 

particularly during the tertiary treatment operation (Ahluwalia and Goyal 

2007; Hoffmann 1998).  

Algae are more efficient in converting photosynthetically active radiation 

than C3 plants and can sequester up to 1.83 kg of CO2 in a kg of biomass 

(Brennan and Owende 2010). However, the very low concentration of CO2 



in the atmosphere (≈ 0.04 vol. %) is at times a limiting factor for the 

unhampered growth of algae which is primarily attributed to the low 

solubility and mass transfer limitations (Kumar et al. 2010). Under low CO2 

levels competitive inhibition of photosynthesis by photorespiration can take 

place, and in the process, 20-30% reduction in carbon fixation is likely (Zhu 

et al. 2008). Although algae have carbon concentrating mechanism in place, 

the current levels of CO2 in the atmosphere hamper the high rate of growth. 

CO2 is a well know GHG, and tremendous efforts are underway to limit its 

concentration beyond certain levels to prevent the catastrophic effects of 

climate change. Increasing levels of CO2 in the atmosphere may promote 

the growth of algae but at the expense of irreversible ecological damage. 

The flue gases emanating from coal-fired thermal power plants (15-20% 

CO2 by volume) and cement industry (15% CO2 by volume) is one of the 

attractive alternative sources of CO2 and consequently have been examined 

as a source of CO2 for biomass production, for the decarbonisation of flue 

gas and also for earning carbon credits. The reduction in the concentration 

of CO2 present in flue gases from concentrated sources can be around 80-

90% if flue gas is diverted towards algal biomass production facility. 

Unavailability of concentrated point sources of CO2, the high temperature 

of the exhaust gas, the presence of noxious and toxic pollutants, and 

difficulties and cost relating to pumping and mixing of CO2 are some of the 

impediments capable of restricting this synergy (Van Den Hende et al. 

2012). Doucha et al. (2005) investigate the utilisation of flue gas from 

natural gas combustion containing 6-8 vol. % CO2 for the cultivation of 

Chlorella sp. in a photobioreactor. They maintained pCO2> 0.1 kPa and 



decarbonisation to the tune of 50% was achieved. The presence of NOx (≈ 

45 mg m
3-

) and CO (3 mg m
3-

) did not have any adverse effect on the 

growth.  

In addition to atmospheric CO2 and flue gas, a number of species have also 

shown the ability to uptake Na2CO3 and NaHCO3 dissolved in water. High 

activity of extracellular carboanhydrase which converts Na2CO3 and 

NaHCO3 to free CO2 facilitate these processes (Huertas et al. 2000). 

Further, direct uptake mechanism for Na2CO3 and NaHCO3 has also been 

found in some species (Merrett et al. 1996).  

The techno-economic viability of heterotrophic mode of algal growth has 

been shown, and hence several types of organic wastes can be efficiently 

transformed into algal biomass with a high content of lipids. Algae during 

the heterotrophic mode of growth have been identified to uptake pentose 

and hexose sugars, glycerol, acetate and several other types of organic 

substrate (Bhatnagar et al. 2011). Thus, it can drastically reduce the BOD 

and COD of wastewater (Wang et al. 2010). Heterotrophic cultivation 

systems are capable of attaining high levels of lipids, higher cell densities, 

easy harvesting and have better scale up opportunities (Mohan et al. 2015). 

Compared to only autotrophic mode, combining photoautotrophic growth 

with heterotrophic growth (mixotrophy) can result in 3-10× more biomass 

production (Bhatnagar et al. 2011). The mixotrophic growth forms 

performed better in wastewater than the commonly used BG11 media. 

During mixotrophy, S. bijuga depicted flocculation tendency which is an 

encouraging sign as it would facilitate easy harvesting of biomass. Further, 

mixotrophy also reduces the respiratory loss of biomass during dark 



conditions (Sforza et al. 2012). Some of the potential opportunities involved 

in algae cultivation are shown in figure 2.  

 

 

Figure 2 Potential opportunities in cultivation of algae 

 

3. Valorisation of Algal Biomass  

Different biomass processing strategies are available, and the selection of a 

given route over others should be judiciously determined. The prospects of 

algal biomass valorisation are tremendous. The potential avenues from algal 

biomass can be broadly divided into bioenergy (biofuels, heat and 

electricity), food/feed, chemicals, nutraceuticals, and pigments (Demirbas 

2007). Direct combustion, gasification, pyrolysis, hydrothermal 

liquefaction, transesterification, hydrotreatment, fermentation, and 

anaerobic digestion are among the typical processing strategies for the 

production of bioenergy/biofuels (Demirbas 2010). Algal biomass mainly 

consists of lipids, carbohydrates, and proteins. The relative proportions of 

these biomolecules vary depending mainly on the strain, culture conditions, 



growth mode and availability of nutrients. The typical compositional range 

of these biomolecules is listed in table 2. Triacylglycerol (TAG) dominates 

the lipid fraction of algal biomass, and it is the most suitable feedstock for 

lipid-based biofuels. Biodiesel also known as fatty acid alkyl esters, can be 

used in existing compression ignition engines. Biodiesel is produced via the 

transesterification of TAG in the presence of methanol as a methoxy group 

donor and an alkaline/basic or an acidic catalyst. Green diesel which is also 

known as renewable diesel is usually produced by hydrotreating vegetable 

oils in a pressure vessel in the presence of a catalyst. Unlike biodiesel, green 

diesel is a drop-in fuel, and hence it is compatible with the existing 

transportation, refining, storage and distribution infrastructure. Green diesel 

is chemically more stable than biodiesel and has better cold flow properties. 

A comparison of diesel, biodiesel and green diesel in terms of fuel 

properties is listed in table 3.  

Table 2 Chemical Composition of Dried Algal Biomass (dry wt. %) 

(Demirbas 2010) 

S.No Alga Protein Carbohydrate Lipid 

1. Scenedesmus 

obliquus 

50-56 10-17 12-14 

2. Scenedesmus 

quadricauda 

39-41 11-14 19-31 

3. Scenedesmus 

dimorphus 

8-18 21-52 16-40 

4. Chlorella 

vulgaris 

51-58 12-17 14-22 

5. Chlorella 

pyrenoidosa 

57 26 2 

6. Dunaliella 

salina 

57 32 6 

7. Spirogyra sp. 6-20 33-64 11-21 

8. Dunaliella 

bioculata 

49 4 8 

9. Euglena gracilis 39-61 14-18 14-20 

10. Prymnesium 

parvum 

28-45 25-33 22-38 

11. Tetraselmis 52 15 3 

https://en.wikipedia.org/wiki/Scenedesmus_obliquus
https://en.wikipedia.org/wiki/Scenedesmus_obliquus
https://www.google.co.in/search?q=scenedesmus+quadricauda&sa=X&rlz=1C1CHZL_enIN728IN728&biw=1366&bih=588&tbm=isch&tbo=u&source=univ&ved=0ahUKEwjFu_Lw3qzZAhVENo8KHbBTBKYQsAQIJQ
https://www.google.co.in/search?q=scenedesmus+quadricauda&sa=X&rlz=1C1CHZL_enIN728IN728&biw=1366&bih=588&tbm=isch&tbo=u&source=univ&ved=0ahUKEwjFu_Lw3qzZAhVENo8KHbBTBKYQsAQIJQ
http://www.algaebase.org/search/species/detail/?species_id=58629
http://www.algaebase.org/search/species/detail/?species_id=58629
https://en.wikipedia.org/wiki/Chlorella_vulgaris
https://en.wikipedia.org/wiki/Chlorella_vulgaris
https://en.wikipedia.org/wiki/Chlorella_pyrenoidosa
https://en.wikipedia.org/wiki/Chlorella_pyrenoidosa
https://en.wikipedia.org/wiki/Dunaliella_salina
https://en.wikipedia.org/wiki/Dunaliella_salina
https://algaefungiblog.wordpress.com/2017/08/31/spirogyra/
http://www.algaebase.org/search/species/detail/?species_id=51612
http://www.algaebase.org/search/species/detail/?species_id=51612
https://en.wikipedia.org/wiki/Euglena_gracilis
https://en.wikipedia.org/wiki/Prymnesium_parvum
https://en.wikipedia.org/wiki/Prymnesium_parvum
http://www.algaebase.org/search/species/detail/?species_id=59563


maculata 

12. Porphyridium 

cruentum 

28-39 40-57 9-14 

13. Spirulina 

platensis 

46-63 8-14 4-9 

14. Anabaena 

cylindrica 

43-56 25-30 4-7 

15. Chlamydomonas 

reinhardtii 

48 17 12-14 

 

 

 

Table 3 Comparison of Biodiesel, Green Diesel and Mineral Diesel Fuel 

Properties 
a
 (Prathima and Karthikeyan 2017) 

b 
(Aatola et al. 2008) 

c
 

(Transport Policy 2017) 

S

.

N

o 

Property Algal 

Biodiesel 
a
 

Green 

Diesel 
b
 

HSD Diesel 

(Bharat 

Stage IV 

standard) 
c
 

1

. 

Cetane Number min. 52 80-90 51 

2

. 

Calorific Value  

(MJ kg
-1

) 

41 44 Na 

3

. 

Flash Point min.  

(°C) 

115 120-138 35 

4

. 

Kinematic Viscosity 

(at 40°C; mm
2
 s

-1
) 

3.6-5.4 2.5-3.5 2.0-4.5 

5

. 

Density  

(at 40°C; kg m
-3

) 

850 780 820-845 

6

. 

Sulphur Content 

max. (mg kg
-1

) 

50 negligible 50 

Na: Not available 

 

Some of the strains of algae are known to have high levels of 

docosahexaenoic acid (DHA) and other omega-3 fatty acids. These fatty 

acids command very high value in the commercial market as a dietary 

supplement and are known to improve the conditions of schizophrenia, 

arthritis, dementia, asthma, depression headaches and migraine (Ruxton et 

al. 2004). Unlike fish, DHAs in algae are stable and are usually devoid of 

https://en.wikipedia.org/wiki/Porphyridium_cruentum
https://en.wikipedia.org/wiki/Porphyridium_cruentum
https://www.sciencedirect.com/science/article/pii/S2090123213000404
https://www.sciencedirect.com/science/article/pii/S2090123213000404
http://eol.org/pages/919287/overview
http://eol.org/pages/919287/overview
https://en.wikipedia.org/wiki/Chlamydomonas_reinhardtii
https://en.wikipedia.org/wiki/Chlamydomonas_reinhardtii
https://www.transportpolicy.net/standard/india-fuels-diesel-and-gasoline/


toxic metals. The carbohydrate-rich fraction can be accessed for the 

production of sugar-based biofuels, e.g., bioethanol, biobutanol etc. 

Fermentation is a decade’s old and well research technique. Bioethanol is 

the most commonly produced sugar-based biofuel, and it can be used in 

existing spark ignition combustion engines (petrol engine) as a 

substitute/supplement to petrol. In addition to carbohydrates and lipids, 

algal biomass also contains a significant proportion of proteins. Algal 

proteins can be used as a valuable dietary supplement for human and 

livestock. Under nitrogen-starved conditions, algae divert their metabolic 

machinery and energy towards the production of lipids at the expense of 

other biomolecules. Some of the potential routes of biomass processing are 

shown in figure 3.  

 

Figure 3 Potential avenue routes from algal biomass 

 

4. Economic Perspective 



Although algae as a bioenergy feedstock offer several environmental 

advantages over fossil fuels, cost-competitive production of algal biomass is 

critical for its commercialisation and acceptability. There is substantial cost 

involved in management and treatment of wastewater as the operations 

involved are energy and material intensive. Culturing algae in wastewater 

reduce the water footprint of algal biomass production, and in the process, 

the capital associated with the treatment of wastewater using traditional 

approaches is saved. Further, the utilisation of wastewater could eliminate 

or minimise the input requirements of synthetic fertilisers, and with a high 

degree of nutrient recycling, the system can be self-sustained in terms of 

nutrient demand. The current global production of synthetic fertilisers 

cannot absorb the demand for large-scale algal biomass production. The 

synthetic nutrients (particularly nitrogenous fertilisers) are the expensive 

and excessive amount of pollutants having high global warming potential 

are released during their synthesis.  

Different components of biomass supply chain exert different demands for 

resources and the processes downstream of algae cultivation account for 

roughly 50-60% of the total cost. Several studies have highlighted the 

importance of wet biomass processing techniques for the cost-competitive 

production of algae-derived products (Demirbas 2011). Harvesting and 

biomass drying are highly energy intensive operations and therefore self-

flocculating strains and in situ processing of biomass are attractive. 

Hydrothermal liquefaction, anaerobic digestion, gasification and pyrolysis 

are suitable for processing of wet biomass and have higher energy return 

and improved cost competitiveness. Further, standalone production of 



biofuels is unlikely to achieve substantial cost reductions, and processing of 

biomass into a spectrum of products using advanced techniques and 

equipment are required for better economic gains. It is essential to take into 

consideration the current and projected demands of bio-products during the 

conception and designing of a biorefinery. There is a growing awareness 

among the public about the adverse effects of fossil resources and the 

advantages of organic and environmentally benign products. 

Slade and Bauen (2013) suggested that a substantial cost reduction (>50%) 

is attainable if cheap sources of nutrients, CO2 and water are available. An 

economic analysis of algal biomass production was performed for a base 

and a projected scenario in open raceway and photobioreactors (Figure 4-

5). Only the cultivation and harvesting stages of biomass supply chain were 

assessed, and the co-products remained unallocated. The projected scenario 

assumed that the freely available wastewater caters all the demand for water 

and nutrients and industrial flue gas free of cost meets CO2 demand. 

Further, no credits were included for the treatment of wastewater. The base 

case mainly differed from the projected scenario in terms of CO2 which in 

the case of the later incurred expenditure. Appropriate assumptions 

regarding the requirements and the performance of photobioreactors were 

made. The projected scenario consistently performed better than base case 

while the raceway pond cases were comparatively very cheap. Moving from 

the base case towards the projected case almost 50% reduced the cost of 

biomass production in open raceway.  The cost of biomass production in 

open raceway was estimated to be 1.6-1.8 € for the base case while in the 

projected case the cost was only 0.3-0.4 € kg
-1

. Incorporation of co-product 



allocation and wastewater treatment credit in calculations could have further 

reduced the cost of biomass production. Compared to raceway pond the 

biomass production cost for the photobioreactor was 5× higher for the base 

case and 9-12× higher for the projected case (Slade and Bauen, 2013a).  

From the preceding discussion, it is clear that the raceway ponds are more 

appealing than the photobioreactors and for the cost competitive production 

of biomass free/cheap sources of nutrients and water are valuable. The cost 

of algal biomass production in the absence of cheap and abundant sources 

of water, nutrients and CO2 will be prohibitively high. Utilisation of 

wastewater and flue gas CO2 for the mass production of algal biomass has 

economic and environmental desirability. Considering the current and 

projected demand for algae-based products, careful and strategic 

valorisation of algal biomass depending on the composition of biomass and 

processing strategies is critical. 

 

 

Figure 4 Cost of algal biomass production in raceway pond 

(Reproduced by permission of Elsevier; (Slade and Bauen 2013b)) 

 



 

 

Figure 5 Cost of algal biomass production in photobioreactor 

(Reproduced by permission of Elsevier; (Slade and Bauen 2013b)) 

 

5. Conclusions 

 

The attractiveness of algal biofuels is constrained due to the prohibitive cost 

of biomass production. Low concentration of CO2 in the atmosphere, low 

availability and the high cost of synthetic fertilisers and high water footprint 

are among the significant hurdles in the cost-competitive production of algal 

biomass. Several studies have highlighted the utility of wastewater as a 

source of nutrients and moisture for the mass scale cultivation of algae. 

Coupling phycoremediation with biomass production offers immense 

potential for the remediation of wastewater and economical biomass 

production. Utilisation of concentrated sources of CO2 is equally attractive 

for the enhanced rate of biomass production and decarbonisation of the flue 

gases.  
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