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Abstract 

Despite years of concerted research efforts, an industrial-scale technology has yet to emerge for production and con-
version of algal biomass into biofuels and bioproducts. The objective of this review is to explore the ways of possible 
integration of biology, ecology and engineering for sustainable large algal cultivation and biofuel production systems. 
Beside the costs of nutrients, such as nitrogen and phosphorous, and fresh water, upstream technologies which are 
not ready for commercialization both impede economic feasibility and conflict with the ecological benefits in the 
sector. Focusing mainly on the engineering side of chemical conversion of algae to biodiesel has also become obsta-
cle. However, to reduce the costs, one potential strategy has been progressing steadily to synergistically link algal 
aquaculture to the governmentally mandated reduction of nitrogen and phosphorous concentrations in municipal 
wastewater. Recent research also supports the suppositions of scalability and cost reduction. Noticeably, less is known 
of the economic impact of conversion of the whole algae-based biorefinery sector with additional biochemical and 
thermochemical processes and integration with ecological constraints. This review finds that a biorefinery approach 
with integrated biology, ecology, and engineering could lead to a feasible algal-based technology for variety of biofu-
els and bioproducts. 
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Introduction
The United States Energy Independence and Security Act 
of 2007 set targets for alternative biofuel production in the 
United States to be achieved by 2022; five billion gallons/
year are marked to be made by advanced biofuels-based 
diesel and other biofuels (Davis et  al. 2016; Fortier and 
Sturm 2012; Kheshgi and Jain 2003; Nrel 1998; Rodolfi 
et al. 2009; US Congress 2007). Algae-based biofuels can 
contribute to meet these goals of improving energy secu-
rity and reducing GHG emissions from the transporta-
tion sector (Muylaert et al. 2015). It is widely recognized 
that algal biomass has the potential to supersede ter-
restrial bioenergy crops as a platform for biofuels and 

bioproducts production. Algae can be grown using non-
arable areas such as lakes, oceans or deserts, thus avoiding 
the current problem of land use competition with food 
supply chain. Some microalgae can grow under saline 
conditions, which support their use in desert zones near 
the ocean when freshwater supply is not feasible (Muss-
gnug et al. 2010a, b; Stephens et al. 2010). Microalgae can 
fix CO2 10–50 times more efficient than other energy 
plants (Brennan and Owende 2010; Demirel 2018a; Wang 
and Chen 2009). High photosynthetic carbon sequestra-
tion efficiencies and carbon capture percentages of 90% 
paired with the ability to harvest and use the totality of 
the biomass make algae very well suited as a source for 
biofuels and bioproducts (Demirel 2018b). In general, the 
use of photosynthetic organisms as a feedstock mitigates 
ever-increasing anthropogenic CO2 emissions.

The 2012 National Research Council’s report on sus-
tainable development of algal biofuels concluded the 
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need for (i) research, development, and demonstration 
of algal strain selection, (ii) Energy Return on Investment 
(EROI) that is comparable to other transportation fuels, 
and (iii) the use of wastewater and recycling nutrients for 
cultivating algae for biofuels (National Research Coun-
cil 2012a). The report concluded that the algal biofuel 
production sufficient to meet at least 5% of US demand 
for transportation fuels would have a positive impact on 
energy and environment as a whole. However, despite 
their excellent potential and the well-studied cultiva-
tion options, microalgae are not yet commercially viable 
feedstock for biofuels and bioproducts, owing mainly to 
the cost of harvesting and extracting of lipids (Mchenry 
2015). Additional innovations are needed to realize the 
full potential of algal biotechnology (National Research 
Council 2012b; Ranjith Kumar et  al. 2015). A national 
assessment of land requirements for algae cultivation that 
takes into account climatic conditions, fresh water, inland 
and coastal saline water, wastewater resources, and CO2 
sources would help to estimate the potential of algal bio-
fuels that could be produced economically. This study 
reviews the impacts of integrating biology, engineering, 
and ecology for a sustainable algal-based biofuels and 
bioproducts operation, including current information on 
industrial microalgae strain and cultivation, conversion 
processes beside transesterification, and cultivation using 
the nutrients recovered from wastewater treatment. The 
feasibility of algal-based biofuels and bioproducts within 
ecological constraints, and the future role microalgae can 
play in food–energy–water nexus are also discussed.

Integration of disciplines
Improving the fundamental understanding of algae-based 
biofuels and bioproducts operation requires to identify 
potential paradigm shifts by integration of biology, ecology 
and engineering (Scott et al. 2010). The aspect of biology 
will mostly involve understanding the capabilities of strain 
and/or communities of strain, cultivation with optimized 
growth and stability, lipid metabolic pathways, mainte-
nance, and carbon capture, as well as the protection of 
algae culture from contamination by bacteria, predators, 
and competing algae/cyanobacteria. Engineering will play 
its role in supplying resources, CO2, light, and energy, inte-
gration of energy, extraction and conversion of lipid into 
fuels and bioproducts, waste and co-product processing 
with possible recycling, mass and energy balances, cost 
analysis, and sustainability assessments. Applications of 
aquatic ecology can play an important role (Smith and 
Mcbride 2015) in optimizing nutrients supplied to algal 
cultivation systems, designing and constructing biotic 
communities that will help to maximize algal biomass 
yields and minimize losses from grazing and infectious 
disease, helping to guide the magnitude and frequency 

of algal crop harvests, and creating biologically adaptive 
algal biomass production systems that are both resistant 
and resilient to future climate changes (Bartley et al. 2016; 
Shurin et al. 2013). The ecological constraints may be the 
least understood that causes the obstacles to successfully 
integrate the biology, engineering, and ecology in a large 
and sustainable algal cultivation system.

Biology
The type and quantity of lipids accumulated (saturated, 
polyunsaturated fatty acids, glycolipids, and triacylglycerol) 
depends on the microalgae species and the growth condi-
tions. Fatty acids can be saturated (contain no double bonds 
in the acyl chain—see Table 1), or unsaturated (with either 
one monounsaturated or multiple polyunsaturated double 
bond(s)—Table  2). Nutrient (N or P) deficiency and high 
radiation can cause considerable increase in saturated and 
monosaturated fatty acids, which are mainly associated with 
storage of triglyceride acids (TGA) in microalgae. When 
light irradiance is low, mainly phospholipids and glycolipids, 
which are polar lipids and associated with cell membranes, 
are synthesized (Hu et al. 2008; Rodolfi et al. 2009).

Microalgae strains
Many strains of microalgae can grow and produce oil 
using organic carbon sources in dark (heterotrophy) or 
light (mixotrophy) conditions. Growth of microalgae 
needs resources including carbon (C), nitrogen (N), and 
phosphorous (P). Lipid productivities, and in some cases 
oil content, are normally higher in heterotrophic condi-
tions due to higher growth rates and final cell concentra-
tions (Rodolfi et al. 2009). The quality of oil produced is 
often less unsaturated and, therefore, more suitable for 
biodiesel oil production than those produced under pho-
toautotrophic conditions. Heterotrophy can be used to 
reduce the cost of biodiesel oil production, but the effec-
tiveness of the various organic carbons in supporting cell 
growth and oil accumulation depends on the strain and 

Table 1  Names and  structures of  the  most common fatty 
acids (Hu et al. 2008; Rodolfi et al. 2009)

Mp. melting point temperature

Symbol Common 
name

Systematic 
name

Structure Mp. (°C)

12:0 Lauric acid Dodecanoic acid CH3(CH2)10COOH 44.2

14:0 Myristic acid Tetradecanoic 
acid

CH3 (CH2)12COOH 52.0

16:0 Palmitic acid Hexadecanoic 
acid

CH3 (CH2)14COOH 63.1

18:0 Stearic acid Octadecanoic 
acid

CH3 (CH2)16COOH 69.6

20:0 Arachidic 
acid

Eicosanoic acid CH3 (CH2)18COOH 75.4
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other culture conditions (Eroglu et al. 2015; Rodolfi et al. 
2009).

Aside from culture management, temperature, and 
light radiation can play important role for algae-based 
biotechnology. High lipid yield and growth rate improve 
the extractable lipid and, hence, the production costs; 
however, there is commonly a tradeoff between lipid 
quantities and reproductive growth. Changing this 
behavior may be difficult since the specific calorific value 
of fuel of lipids (38.9  kJ/g) is higher than that of carbo-
hydrates (15.6–17.5 kJ/g). Besides genetic and metabolic 
engineering, strain-based solutions may help to maintain 
high lipid levels in the absence of N. The strain selected 
must be productive in the changing culture environment 
(i.e., temperature, mixing, light radiation) either having a 
constitutively high lipid yield or being able to accumulate 
lipid under nutrient deficiency. Genetic and metabolic 
engineering could help to increase lipid yield and elimi-
nate photosaturation, and photoinhibition to decrease 
the cost of biofuel production (Rodolfi et al. 2009). There 
are several candidate species for full-scale algae produc-
tion based on algal structure, physiology and ecology, and 
methods for extraction of algal oils for production of bio-
fuel and bioproducts. For example, Rodolfi et  al. (2009) 
screened 30 microalgal strains and found that three 
members of the marine genus Nannochloropsis demon-
strated the best combination of both biomass productiv-
ity (~ 0.2 g/L day) and lipid content (~ 30 wt %).

Table  3 shows a summary of reported lipid contents 
with some of their effective temperatures and salini-
ties. Also shown are lipid contents in nutrient deficient 
media, notably N and Silicon (S), which have been shown 
to affect lipid content (Nrel 1998). The dominant strains 
of algae that are commonly found in wastewater ponds 
include Euglenia, Scenedesmus, Selenastrum, Chlorella, 
and Actinastrum. They are able to strip nutrients and 
organic matter from wastewater, grow rapidly, and pro-
duce a significant level of oil (Lyon et al. 2015).

Strains of Nannochloropsis, Phaeodactylum, and Chlo-
rella show some of the highest biomass productivities 

and, therefore, promise as the strain of choice for indus-
trial-scale productions (Griffiths and Harrison 2009). 
Nannochloropsis has available technical data for entire 
production line (Davis et  al. 2011; Ehimen et  al. 2011). 
Choice of strain dictates some process parameters includ-
ing growth (saline water), auto-flocculation for concen-
trating, and high-value products. In terms of high growth 
rate and lipid contents, some of the best biofuel micro-
algae strains are Nannochloropis spp., Chlorella. vulgaris, 
Chlorella minutissima, Chlorella protothecoides, Botryo-
coccus braunii, Chlorella emersonii, Spirulina platensis, 
Spirulina maxima, Dunaliella tertiolecta, Phaeodactylum 
tricornutum, Scenedesmus obliquus, Chlorococcum spp., 
Crypthecodinium cohnii, Chlamydomonas reinhardtii, 
Dunaliella salina, Schizochytrium spp., and Microcystis 
aeruginosa (Bahadar and Bilal Khan 2013).

Various microalgae can bio-remediate atmospheric 
CO2. Raeesossadati and Ahmadzadeh (2015) reported 
biomass concentration, biomass productivity, and CO2 
fixation rates of several microalgae and cyanobacteria 
species under different CO2 concentrations and culture 
conditions; microalgal species of Scenedesmuss obliquss, 
Dunaliella tertiolecta, Chlorella vulgaris, Phormidium 
spp., Amicroscopica negeli, and Chlorococcum littorale 
are able to bio-remediate CO2 effectively. Furthermore, 
coccolithophorid microalgae such as Chrysotila cart-
erae are also found to effectively bioremediate CO2 into 
organic biomass and generate inorganic CaCO3 as addi-
tional means of removing atmospheric CO2. However, 
the results of net energy analysis for H. pluvialis and a 
species of Nannochloropsis show a large energy deficit for 
both systems, due mainly to the energy required to cul-
ture and harvest. A better and cost efficient lipid extrac-
tion and transesterification technology is necessary for 
microalgal biodiesel systems to become viable from an 
energy standpoint (Razon and Tan 2011). This may be 
achievable if biodiesel production takes place within a 
biorefinery system coupled with wastewater treatment, 
carbon capture, and storage systems (Razon and Tan 
2011; Roberts et al. 2013).

Table 2  Names and structures of the most common unsaturated fatty acids (Hu et al. 2008; Rodolfi et al. 2009)

Mp. melting point temperature

Symbol Common name Systematic name Structure Mp. (°C)

16:1D9 Palmitoleic acid Hexadecenoic acid CH3(CH2)5CH=CH–(CH2)7COOH − 0.5

18:1D9 Oleic acid 9-Octadecenoic acid CH3(CH2)7CH=CH–(CH2)7COOH 13.4

18:2D9,12 Linoleic acid 9,12-Octadecadienoic acid CH3(CH2)4(CH=CHCH2)2(CH2)6COOH − 9.0

18:3D9,12,15 α-Linolenic acid 9,12,15-Octadecatrienoic acid CH3CH2(CH=CHCH2)3(CH2)6COOH − 17.0

20:4D5,8,11,14 Arachidonic acid 5,8,11,14-Eicosatetraenoic acid CH3(CH2)4(CH=CHCH2)4(CH2)2COOH − 49.0

20:5D5,8,11,14,17 EPA 5,8,11,14,17-Eicosapentaenoic-acid CH3CH2(CH=CHCH2)5(CH2)2COOH − 54.0

22:6 D4,7,10,13,16,19 DHA Docosahexaenoic acid 22:6(n-3)
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Table 3  Some properties and lipid contents of microalgae strains

Species SERI 
designation

Lipid %dw 
(nutrient 
deplete)

Lipid 
%dw (N 
deficient)

Lipid % 
dw (Si 
deficient)

Doubling 
(1/day)

Temp. (°C) Salinity 
(mS/cm)

Ref.

A. hyalina ENTOM3 22 30 37 2 20 to 35 10 to 60 Akhtar and Amin (2011)

A. coffeiformis AMPHO1 4.1a 13.6a 1.7 20 to > 35 < 10 to 70b Adekunle et al. (2016)

A. coffeiformis AMPHO2 2.48 30 to 35 Allnutt and Kessler (2015)

A. cylindrica 4 to 7/4.9 4.7 Bahadar and Bilal Khan (2013)

A. falcatus ANKIS1 24.5a 40.3a 2.89 18 to 31 1 to 10b Adekunle et al. (2016)

Boekelovia sp. BOEKE1 23 to 29a 30.6a 3.43 Adekunle et al. (2016)

B. braunii BOTRY1 44.5a 54.2a 46.3 1.8 Adekunle et al. (2016)

C. calcitrans 40 Bahadar and Bilal Khan (2013)

C. gracilis CHAET1 20.5 4.3 15 to 35b Adekunle et al. (2016)

C. muelleri CHAET14 19 38 39 The 35 Allnutt and Kessler (2015)

C. muelleri CHAET58 2.8 10 to 35 10 to 70 Akhtar and Amin (2011)

C. muelleri CHAET61 3.3 10 to 35 10 to 70 Akhtar and Amin (2011)

C. muelleri CHAET63 3.1 10 to 35 10 to 70 Akhtar and Amin (2011)

C. muelleri CHAET9 17.8 28 25 4 10 to 35 10 to 115 Akhtar and Amin (2011)

Chaetoceros sp. CHAET2 23 32.7 4.3 20 to 40 10 to 40b Adekunle et al. (2016)

C. applanata 18 33 Bahadar and Bilal Khan (2013)

C. reinhardtii 21 Bahadar and Bilal Khan (2013)

C. ellipsoidea CHLOR2 15.9 20.9 5.3 20 to 35 10 to 40b Adekunle et al. (2016)

C. emersonii 29 63 Bahadar and Bilal Khan (2013)

C. minutissima 31 57 Bahadar and Bilal Khan (2013)

C. protothecoides 13 23 Bahadar and Bilal Khan (2013)

C. pyrenoidosa 16 64 Bahadar and Bilal Khan (2013)

C. sorokiniana 18 18 Bahadar and Bilal Khan (2013)

Chlorella sp. CHLOR1 10 34 to 48 1.33 15 to 39 0 to 18b Adekunle et al. (2016)

Chlorella sp. CHLOR3 1.88 20 to > 40 1 to 25b Adekunle et al. (2016)

C. vulgaris 25 42 Bahadar and Bilal Khan (2013)

C. cohnii 25 Bahadar and Bilal Khan (2013)

C.a cryptica CYCLO4 12.1 11.3 13.2 1.6 10 to 35 10 to 70 Akhtar and Amin (2011)

Cyclotella sp. CYCLO1 13.2a 42.1a 42a 5.1 25 to > 35 6 to > 45b Adekunle et al. (2016)

Cylindrotheca 27 27 Bahadar and Bilal Khan (2013)

D. primolecta 23 14 Bahadar and Bilal Khan (2013)

D. salina 19 10 Bahadar and Bilal Khan (2013)

D. tertiolecta 15 18 Bahadar and Bilal Khan (2013)

E. oleoabundans 36 42 Bahadar and Bilal Khan (2013)

E. gracilis 20 35 Bahadar and Bilal Khan (2013)

H. carterae 20 14 Bahadar and Bilal Khan (2013)

I. galbana ISOCH1 7.1 26 2.83 16 to 34 5 to 60b Adekunle et al. (2016)

M. subterranea 25 13 Bahadar and Bilal Khan (2013)

M. minutum 22 52 2.84 25 to 30 Bahadar and Bilal Khan (2013)

Monoraphidium sp. MONOR1 23.4 29.4 3.1 Adekunle et al. (2016)

Monoraphidium sp. MONOR2 5.8 Akhtar and Amin (2011)

Nannochloris 28 30 Bahadar and Bilal Khan (2013)

Nannochloropsis 31 41 Bahadar and Bilal Khan (2013)

N. salina NANNO1 28.6a 59.8a 1.05 17 to 32 6 to 60b Adekunle et al. (2016)

Nannochloropsis sp. NANNO2 31.4a 64a 1.04 11 to 35 35 to 350b Adekunle et al. (2016)

N. acceptata NAVIC6 21.8 32.4 48.5 3.8 20 to 35 10 to 60 Akhtar and Amin (2011)

N. acceptata NAVIC8 19.2 38.2 42.5 3.8 20 to 35 10 to 60 Akhtar and Amin (2011)

N. pelliculosa 27 45 34 Bahadar and Bilal Khan (2013)
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Few concerted attempts have been made to test many 
strains of algae under similar conditions. Even the larg-
est effort to categorize and record the lipid production of 
many algal strains, the US Department of Energy Aquatic 
Species Program (ASP), often operated under varying 
reactor conditions with tests in many different labs and 
varying results reported for similar strains of algae (Nrel 
1998). Since then, several attempts have been made to 
continue categorizing and sorting strains based on lipid 
production rate and growth rate factors (Griffiths and 
Harrison 2009; Rodolfi et  al. 2009) though much of the 
data come from the ASP or reactors of varying and unre-
ported conditions. Along with these issues, the ASP did 
show that even algae of the same species can produce 

varying amounts of lipids depending on where the cul-
ture was taken and how it was preserved (Griffiths and 
Harrison 2009). Not only the reactor conditions and 
sample preservation methods, but also reporting meth-
ods in terms what are reported are extremely varied. For 
instance, lipid content is sometimes reported as a per-
centage of total weight and elsewhere as an ash-free dry 
weight.

Wastewater as a source of nutrients and water for algal 
growth
Wastewater in rural and other farming applications as 
well as municipal wastewater (MW) has potential as a 
source of the nutrients N and P needed for algal growth 

a  afdw instead of dw
b  TDS/L instead of mS/cm

Table 3  (continued)

Species SERI 
designation

Lipid %dw 
(nutrient 
deplete)

Lipid 
%dw (N 
deficient)

Lipid % 
dw (Si 
deficient)

Doubling 
(1/day)

Temp. (°C) Salinity 
(mS/cm)

Ref.

N. saprophila NAVIC24 24 51 49 3.1 10 to 30 10 to 70 Akhtar and Amin (2011)

N. communis NITZS28 2.7 10 to 30 10 to 70 Akhtar and Amin (2011)

N. dissipata NITZS13 27.6 45.9 47.2 2.6 15 to 30 10 to 60 Akhtar and Amin (2011)

N. frustulum 26 Bahadar and Bilal Khan (2013)

N. palea 47 40 Bahadar and Bilal Khan (2013)

N. dissipata NITZS2 26.3a 66a 1.32 20 to 30 6 to 45b Adekunle et al. (2016)

Nitzschia sp. NITZS1 27 10 to 44 30 to 90b Adekunle et al. (2016)

O. pusilla OOCYS1 10.5a 15 to 33 10 to 25b Adekunle et al. (2016)

Oscillatoria sp. 7 13 Bahadar and Bilal Khan (2013)

Ourococcus sp. 27 50 Bahadar and Bilal Khan (2013)

P. lutheri 36 Bahadar and Bilal Khan (2013)

P. salina 31 Bahadar and Bilal Khan (2013)

P. tricornutum PHAEO1 38.2 56.8 1.96 < 15 to 27 < 20 to 70b Adekunle et al. (2016)

P. tricornutum PHAEO2 19.7a 23.2 1.64 < 8.5 to 
70b

Adekunle et al. (2016)

P. tricornutum 21 26 Bahadar and Bilal Khan (2013)

P. purpureum 11 Bahadar and Bilal Khan (2013)

P. parvum 30 Bahadar and Bilal Khan (2013)

S. dimorphus 26 Bahadar and Bilal Khan (2013)

S. obliquus 21 42 Bahadar and Bilal Khan (2013)

S. quadricauda 18 Bahadar and Bilal Khan (2013)

S. gracile 21 28 Bahadar and Bilal Khan (2013)

S. costatum 16 25 Bahadar and Bilal Khan (2013)

S. maxima 7 Bahadar and Bilal Khan (2013)

S. platensis 13 10 Bahadar and Bilal Khan (2013)

Synechococcus sp. 11 Bahadar and Bilal Khan (2013)

Tetraselmis sp. PLATY1 18a 15a 15a 2.1 15 to > 35b Adekunle et al. (2016)

T. suecica 17 26 Bahadar and Bilal Khan (2013)

T. pseudonana 16 26 Bahadar and Bilal Khan (2013)

T. weissflogii 22 24 Bahadar and Bilal Khan (2013)

Tribonema sp. 12 16 Bahadar and Bilal Khan (2013)
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(Pienkos and Darzins 2009). Total N and P concentra-
tions may vary between 10 and 100 mg/L (Table 4). The 
idea is attractive as a means to remove overabundant 
nutrients before their addition to rivers and lakes, thus 
preempting harmful microbial blooms. It also has the 
potential to supply algal farms with a large source of non-
potable water, which does not compete with municipal 
or conventional agricultural needs. Linking algal growth 
with water remediation also makes biofuel production 
more tenable by offsetting the high costs of wastewater 
treatment. The US has wastewater infrastructure invest-
ment requirements of $13 billion to $21 billion annually 
with an additional $21.4 billion to $25.2 billion required 
for annual operation and maintenance.

MW treatment goes through (i) primary treatment for 
the sedimentation of solid materials, (ii) secondary treat-
ment for removing suspended and dissolved organic 
materials, and (iii) tertiary treatment for final treatment 
of water prior to discharge into the environment. The 
non-aqueous content of municipal wastewater (MW) 
mainly consists of organic carbon (carbohydrates, fats, 
proteins, amino acids, and volatile acids), inorganics 
(Na, Ca, K, Mg, Cl, S, phosphate, bicarbonate, ammo-
nium salts, and heavy metals), coliform bacteria and 
toxic materials. The principal forms of nutrients are 
NH4

+ (ammonium) NO2
− (nitrite), NO3

− (nitrate) and 
PO4

3− (orthophosphate). MW treatment mainly involves 
removing the settable solids, which contain 40% of the 
biochemical oxygen demand (BOD) as well as various 
ions, heavy metals, organic compounds, toxicants, and 
soluble minerals. A significant portion of MW treat-
ment is already done by naturally occurring, uncon-
trolled algae, e.g., Cholerella and Scenedesmus species 

(Bhatnagar et al. 2010; Lau et al. 1995). Unicellular chlo-
rophytes have been shown to be particularly tolerant to 
many wastewater conditions and very efficient at accu-
mulating nutrients from wastewater (Aslan and Kapdan 
2006).

Tertiary wastewater treatments currently exist but 
have variable nutrient removal efficiency, cleanup costs 
of secondary pollutants from chemical processes, and 
failure to effectively utilize available natural resources 
(Martínez 2000; Woertz et al. 2009). Microalgae are very 
effective at removing N and P from wastewater either in 
a free-swimming suspension or in an immobilized form. 
Various algal species provide very high (> 80%) removal 
of ammonia, nitrate, and total P from secondary treated 
wastewater (Martínez 2000; Pienkos and Darzins 2009; 
Woertz et al. 2009). C. vulgaris can remove over 90% of 
N and 80% of P content from settled sewage wastewater 
(Lau et  al. 1995). The amounts of N and P required for 
algal growth can be estimated by mirroring the normal 
intracellular C:N:P ratio, known as the Redfield ratio 
(Kesaano and Sims 2014). Generally, many factors such 
as N and/or P limitation, silicon limitation, control of pH, 
and low temperature can be used to increase oil accumu-
lation, although their effectiveness depend on the strain 
and other culture conditions (Hena et  al. 2015). Most 
municipal wastewater is known to have C:N:P ratios 
that differ substantially from Redfield values, resulting 
in N limitation and concomitantly leading to increased 
lipid production at the expense of growth (Griffiths and 
Harrison 2009; Kesaano and Sims 2014). Algae supple-
mented with CO2 have been shown to remove > 96% of 
orthophosphate and ammonia from dairy farm wastewa-
ter with a holding time of 12 days, while maintaining lipid 
content between 14 and 29%. A volumetric productivity 
of 11,000 L/ha/year is postulated based on the maximum 
lipid yield (Woertz et  al. 2009). Hena et  al. (2015) also 
demonstrated nutrient removal of 98% from treated dairy 
farm wastewater using a consortium of native strains 
while achieving a final lipid content of 17%.

Utilization of microalgae for the biological tertiary 
treatment of municipal wastewater is limited by the 
recovery of biomass from the treated effluent and the 
land-space requirements. Compareing wastewater treat-
ment plants with land available for the growth of algae 
would be valuable to check the efficacy of a paired waste-
water–algae system. Analysis of the wastewater systems 
in Kansas has shown that a pairing of wastewater treat-
ment and algae in rural areas would be limited by the 
wastewater availability, while MW treatment pairings 
would most likely be limited by land availability. Overall, 
a pairing like this in Kansas could provide 29% of liquid 
fuel demand (Kesaano and Sims 2014). Also valuable is 
CO2 sequestration with algal growth (Demirel 2016). One 

Table 4  Nitrogen and  phosphorus contents of  various 
wastewater. Sources (Cai et al. 2013; Christenson and Sims 
2011; Muylaert et al. 2015)

Wastewater source N (mg/L) P (mg/L) N:P ratio (molar)

Domestic 20 to 85 5 to 20 11 to 13

Pigs 800 to 2300 50 to 320 12 to 17

Beef cattle 63 14 10

Dairy cattle 185 30 4

Poultry 800 50 32

Coke production 757 0.5 3000

Tannery 273 21 29

Paper mill 11 0.6 41

Textile 90 18 11

Winery 110 52 5

Anaerobic digestion food 
waste

1600 to 1900 300 –

Olive mill 530 182 2.9
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of the limitations of algal growth is the availability of CO2 
at atmospheric concentrations. This can be overcome by 
pumping CO2 into the reactor from a power plant or eth-
anol plant (Sturm and Lamer 2011).

A synergistic model for an algae-based biofuel produc-
tion coupled with the bioremediation of municipal and 
agricultural wastewaters addresses several economic 
bottlenecks to earlier algal systems and promotes value-
added products, including a high-quality effluent in 
addition to biodiesel to improve the economic feasibility 
of algal biofuels (Lyon et al. 2015; Muylaert et al. 2015). 
Large wastewater treatment plants are located adjacent 
to dense urban landscapes and process around 200,000–
1,000,000  L/day. Small plants processing around 2000–
40,000  L/day are located away from populated areas, 
which may accommodate algae culturing and growing 
ponds. Use of wastewaters for cultivation of microalgae 
can also substantially reduce the cost of production and 
reduce the requirement for freshwater. Figure  1 shows 
a block flow diagram for algal lipid production systems 
with nutrients recovered from wastewater and solvent 
technology for lipid extraction (Harun et al. 2013).

Cultivation using wastewater resources
Woertz et  al. (2009) investigated the lipid productivity 
and nutrient removal by green algae grown during treat-
ment of dairy farm and MW supplemented with CO2. 
Peak lipid content ranges from 14 to 29%, depending on 
dairy wastewater concentration with a volumetric pro-
ductivity of 17 mg/L day of reactor and a real productivity 
of 2.8 g/m2 day, which would be equivalent to 11,000 L/
ha year (1200 gallons/acre year) if sustained year-round. 
After 12  days, ammonium and orthophosphate remov-
als are measured 96% and > 99%, respectively. With MW 
treated in semi-continuous indoor cultures, maximum 
lipid productivity is around 24  mg/L day, observed in 
the 3-day hydraulic residence time cultures. A greater 
than 99% removal of ammonium and orthophosphate 
is achieved. CO2-supplemented algae cultures can 

simultaneously remove dissolved N and P to low levels, 
while generating a biomass useful for production of bio-
fuels and bioproducts (Woertz et  al. 2009). Supplying 
nutrients from wastewater could help to offset the costs 
of an algae-based biofuel plant as well as wastewater 
treatment and lead to a reduced environmental footprint 
(Rawat et al. 2011). However, this restricts production of 
algae to areas near wastewater treatment plants (Kesaano 
and Sims 2014).

Sturm and Lamer (2011) have used four pilot-scale 
reactors (2500 gallons each) fed with wastewater efflu-
ent from a conventional activated sludge process for 
6  months, and the data have been used to estimate an 
energy balance for treating the total average 12 million 
gallons/day processed by the wastewater treatment plant. 
Since one of the most energy-intensive steps is the har-
vesting of algal cultures, several thickening and dewa-
tering processes have been compared. This analysis also 
includes the energy offset from removing nutrients with 
algal reactors rather than the biological nutrient removal 
processes typically utilized in MW treatment. The results 
show that biofuel production is energetically favorable 
for open-pond reactors utilizing wastewater as a nutrient 
source. In another study, Fortier and Sturm (2012) have 
used four algal bioreactors fed continuously with MW 
effluent over a 6-month period. Algal biomass produc-
tion ranged from 0.78 to 15.9 g dry weight/m2 day over 
the experimental period. Algal reactors removed 19% 
of dissolved N and 43% of dissolved P from wastewater 
effluent. A stoichiometric analysis of particulates reveals 
that algal biomass has far lower C:P ratios (67:1) and N:P 
ratios (6:1), but higher C:N ratios (17:1) than the Redfield 
values. A sustainable biofuel production require cultiva-
tion of microalgae with high lipid yield using nutrients 
recovered from wastewater and waste CO2 from such as 
flue gas of a coal or natural gas-fired power plant (Rodolfi 
et al. 2009).

Microorganisms selected for their oil-producing capa-
bilities could increase biodiesel production to the 10 

Algae Pond Harvesting Phase 
Separation

WATER

124.5 mt
Residue

FERTILIZER/ANIMAL FEED

CO2 Evaporation

Lipid 
Extraction

Recycle of 
Nutrients/Water

500 kg/m3

Solvent: 758 m3

Wastewater
Nutrients

Algae
Culture

151.5 mt
BIOMASS

27 mt
Crude Lipid
BIODIESEL

 
Fig. 1  An approximate mass balance for biomass to biodiesel and fertilizer/animal feed supply chain (Harun et al. 2013)
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billion gallon mark, which is more than three times the 
current biodiesel production capacity in the US Cur-
rently, the estimated cost of production is around $3.11/
gallon of biodiesel. To be competitive, this cost should be 
reduced to levels that are at or below the current petro 
diesel costs of $3.00/gallon; biodiesel production from 
wastewater sludge could be one way of achieving this tar-
get in the long run (Kargbo 2010).

Although the majority of algal production reactors 
use suspended cultures, the use of attached cultures 
may offer several advantages (Kesaano and Sims 2014). 
Hyperconcentrated cultures can have > 1.5 g biomass/L, 
accelerate removal of nutrients compared to normal cul-
tures, and require smaller pond areas or permit a reduced 
residence time. Immobilized and hyperconcentrated cul-
tures on a suitable support may simplify the harvesting of 
biomass because of the entrapment of cells and increased 
retention time in the reactor. The feasibility of using 
immobilized and hyperconcentrated microalgae and 
cynobacteria for removing nutrients from high volume 
effluent discharges needs to be confirmed. Biofilm or 
attached systems, where microalgae grow on a substrate, 
reduce energy consumption, water volume, and, hence, 
ease of harvesting; however, they have higher capital cost 
than open ponds. For example, Phormidum laminosum 
immobilized on polymer foam can remove nitrate, in a 
continuous flow system with uptake efficiency above 90% 
(Travieso et  al. 1992). More research is needed in mass 
transport, algal growth rate, and other important infor-
mation to understand the efficacy of biofilm/substrate 
algae growth systems (Kesaano and Sims 2014).

Concentrated inoculum can have 1 × 107 cells/L, while 
low density inoculum 5 × 105  cells/mL. Effective waste-
water growth and nutrient removal are not significantly 
dependent on starting cell density. In the wastewater 
generated from the sludge centrifuge with total N of 
131.5 mg/L and total P of 2015 mg/L, the cells are able to 
grow. Chlorella minutissima can grow well in high con-
centration of raw sewage and dominate the subsequent 
pond stages in the oxidation pond system. This strain is 
heterotrophic in the dark and mixotrophic in the light. It 
can utilize either ammonia or nitrate as N source with a 
growth rate of 379  mg/L after 10  days (Bhatnagar et  al. 
2010).

Some challenges in algal cultivation using wastewater 
resources
The integration of microalgal cultivation and wastewa-
ter treatment processes has major challenges (Pienkos 
and Darzins 2009) mainly because of natural interactions 
among biology, ecology, and technology.

Microalgae species: There is a need to cultivate an 
appropriate single or multi-species community of strains 

to increase the oil yield. The ability of different algal spe-
cies to tolerate a particular wastewater conditions varies 
(Griffiths and Harrison 2009; Hu et al. 2008).

Spatial and temporal mismatches between algae growth 
and wastewater resources: Microalgae farms should be 
close to the wastewater and waste CO2 sources and avail-
ability of wastewater based nutrients and microalgae 
growth should match without excessive fluctuations in 
growth. The consumption of N and P by microalgae is 
known to occur in relative proportionality defined by the 
Redfield ratio that is a molar ratio of N:P of 16:1. Higher 
ratios indicate that availability of P is limiting the growth 
of microalgae (Geider and La Roche 2002). No nutrient 
limitation leads to high content of protein, while nutri-
ent limitation does lead to high carbohydrate or lipids, 
depending on the species of microalgae and degree of 
limitations. If N or P is limiting, lipid or carbohydrate is 
accumulated. In cold temperatures microalgae produc-
tivity is low, and it may be necessary to close microal-
gae farms for months. High temperature may also limit 
growth.

Space for microalgae cultivation: The minimum eco-
nomically productive size of a microalgae farm would be 
around 10 ha, theoretically producing 300 ton dry micro-
algae biomass/ha  year and consuming 27 ton N/year 
serving a population of 9000 (Muylaert et  al. 2015). An 
open raceway pond with biomass containing 7% N and 
1% P, at 0.5  g/L requires a minimal nutrient concentra-
tion of 5 mg P/L and 35 mg N/L. In an optimized large-
scale operation, the culture medium should be repeatedly 
recycled until all nutrients were fully consumed.

Bioavailability of nutrients to microalgae in different 
types of wastewater: The bioavailability of P may vary 
between 4 and 81% depending on the wastewater source 
(Muylaert et  al. 2015). Limited information is available 
about the bioavailability of organic N forms. Bioavailabil-
ity of free amino acids and nucleotides to microalgae is 
high. Peptides or proteins have slightly lower bio-avail-
ability (Muylaert et  al. 2015). Bio-availability of organic 
nitrogen also differs by algae strain, emphasizing the 
value of matching strains with available wastewater 
resources (Davis et  al. 2012). Part of the organic N in 
wastewater is slowly made available by bacteria that live 
in symbiosis with microalgae (Muylaert et al. 2015).

Losses of nutrients from wastewater: Wastewater pH 
can be high due to photosynthetic depletion of CO2 from 
the microalgae culture medium, which may lead to vola-
tilization of ammonia converted from ammonium or pre-
cipitation of P. The resulting displacement of N can cause 
eutrophication in the surrounding landscape through N 
deposition. Maintaining the pH of the culture medium 
at 8 by addition of CO2 may prevent ammonia volatili-
zation. At high pH, phosphatases precipitate as calcium 
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phosphate when Ca concentrations are high or stru-
vite when ammonium and magnesium concentrations 
are high (Beuckels et  al. 2013). Phosphate loss from the 
wastewater causes additional turbidity in medium and 
reduces the growth of microalgae biomass (Belay 1997.)

Biomass growth inhibition: Contaminants, such as 
heavy metals, persistent organic pollutants, and sur-
factant can inhibit microalgae growth. Biotic factors that 
may impact negatively on growth include pathogenic 
bacteria or predatory zooplankton. Starting density of 
microalgae in the wastewater is also likely to be critical 
factor (Lau et  al. 1995). Free ammonia, for instance, is 
commonly toxic to algae at both high and low pH levels 
(Peccia et  al. 2013). The cell wall of microalgae is often 
rich in carboxyl, amine hydroxyl, or sulfate groups, which 
are anionic and can bind metals through ion exchange. 
Metals used for flocculating microalgae are also known 
to remain in the protein rich residue after extraction 
of lipids. Wastewater can also contain microbial con-
taminants such as parasite cysts, infectious bacteria, 
or viruses that interfere with the use of biomass as ani-
mal feed. Wastewater can be pre-treated with oxidizing 
agents such as sodium hypochlorite, ozone, hydrogen 
peroxide, or by coagulant, flocculants, or adsorbents (All-
nutt and Kessler 2015; Markou et  al. 2015). Separating 
nutrients from wastewater by dialysis membrane (Blais 
et al. 1984) or by sorbing onto zeolites and releasing them 
into fresh medium may be helpful (Markou et al. 2015).

Biological contamination of microalgae cultures: Waste-
water contains spores, dispersal stages of herbivores 
of microalgae such as microcrustaceans (e.g., Daphnia 
spp.), rotifiers, or ciliates. If Daphnia invades the system, 
it can quickly reduce microalgae growth (Cauchie et  al. 
2000; Kazamia et al. 2012; Wang et al. 2013). Daphnia can 
easily be removed due to its large size using a mesh; how-
ever, the smaller herbivores cannot be easily controlled 
by simple screening. The risk of contamination can be 
limited by sterilizing the wastewater, or by chemical 
disinfection. The cost of disinfection could be too high 
when microalgae are converted into low-value commod-
ity production, such as fuel or animal feed. Consortia of 
microalgae may be more resistant to the impact of small 
herbivores as well as be more efficient converting nutri-
ents into biomass than that of monospecific cultures. If 
consortia contain toxic species such as cyanobacteria, the 
biomass cannot be used for human or animal food. How-
ever, it is more difficult to control the biochemical com-
position of the biomass in mixed consortia than in pure 
cultures as some species may produce carbohydrates, 
while others produce lipids.

Heavy metals: Microalgae can efficiently absorb heavy 
metals (Al, Au, Co, Cd, Cr (II, III, IV), Cu, Fe, Hg, Ni, Pb, 
Zn, and U) from wastewaters even in low concentrations 

(Wijffels et  al. 2010). Metal sorption involves binding 
on the cell surface and to intracellular ligands. Carboxyl 
group is most important for metal binding. Concentra-
tion of metal and biomass in solution, pH, temperature, 
cations, anions, and metabolic stage of the organism 
affect metal sorption. Algae can effectively remove metals 
from multi-metal solutions (Mehta and Gaur 2005).

Ecology
Optimum resources for algal cultivation
Open ponds are cost-effective system and there is an 
important role for aquatic ecologists to help improve the 
operation and performance of the engineered biosys-
tems for algal biomass cultivation (Smith and Mcbride 
2015). The availability of nutrients can be limiting for the 
productivity and should be optimized if algae-derived 
biofuels are to be sustainable. Algal biomass at a given 
concentration of total phosphorus increases with an 
increase in the total N:P ratio (Smith and Mcbride 2015). 
The core principles of nutrient physiology and ecological 
stoichiometry can help to determine the effects of nutri-
ent supply ratios on biomass yields, species composition 
and quality of biomass produced. The specific growth 
rate of a cultivated algae is a function of the intracellu-
lar nutrient quota and the inverse of this cell quota is the 
nutrient use efficiency (NUE) (1 mg of algal biomass pro-
duced per 1 mg of cellular nutrients). The value of NUE 
provides a direct, quantitative measure of the resource 
demands of algal production and thus the resource-asso-
ciated economic costs of biomass cultivation. The magni-
tude of NUE and the Redfield Ratio C:N:P stoichiometry 
for the elemental content of algae of 106:16:1 are highly 
sensitive to variations in local environmental conditions, 
such as light and temperature (Smith and McBride 2015; 
Bartley et al. 2016).

Contamination
Because of potential invasions by other species from the 
local and regional environment, contamination of open-
pond systems will be certain during long-term continu-
ous operation. It will be essential to regulate top–down 
interactions in large-scale biomass cultivation systems 
to avoid losses to herbivores, and to maximize algal bio-
mass yields (Nalley et  al. 2014). Nutrient enrichment 
has strong effects on the incidence and the severity of 
aquatic diseases and the use of chemical agents may be 
one potential solution to this dilemma. However, their 
intensive use will add to operating expenses, and many 
chemical control strategies have not been successful at 
scale for extended periods of time in open ponds used 
for biofuel production. Aquatic ecologists would evaluate 
the effects of both species diversity and genetic diversity 
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on disease resistance and on the potential value of crop 
rotation. This helps in reducing disease risk and disease 
intensity in large-scale algal biomass cultivation systems 
(Mooij et al. 2015).

Community of species
Carefully screened mixed species communities, for 
example, the presence of heterotrophic flagellates (micro-
grazers) may enhance nutrient availability and, thus, 
may increase microalgal yield. Polycultures can exhibit 
significant temporal variations in crop species composi-
tion, yield and quality, resource limitation, the hydrau-
lic retention time of the system and local variations in 
temperature and salinity. Researching the relative costs 
and benefits of monoculture versus polyculture helps to 
understand if temporal variability in aquatic community 
structure can be predicted and controlled and if crop 
rotation in space and in time helps to reduce or stabilize 
this temporal variability (Smith and Mcbride 2015).

Frequency of algal crop harvesting
The cost of resource per unit volume of algal production 
increases with dilution rate as each algal cell contains a 
cell quota of essential chemical elements such as carbon, 
nitrogen and phosphorus. At the same time, the continu-
ous application of fertilizers for food and energy produc-
tion has the potential to result in the nutrient pollution of 
global terrestrial, aquatic and atmospheric environments. 
The integration of direct experimentation with mathe-
matical modeling efforts designed to understand different 
harvesting strategies under a wide variety of environmen-
tal conditions would be beneficial for algal-based biofuels 
and bioproducts. In particular, the principles of ecology 
can control and predict the internal biological dynamics 
and biomaterial outputs in a reliable operation of large 
algal cultivation systems. Optimum harvesting theory 
may be helpful to the sustainable future production of 
algal biofuels and bioproducts (Bartley et al. 2016; Smith 
and Crews 2014).

Engineering
Algal‑based biofuel and bioproduct processes
Allnutt and Kessler (2015) reviewed some of the most 
promising microalgae biomass growth technologies for 
sustainable microalgae production. Figure 2 shows vari-
ety of biofuel and bioproduct productions from photo-
autotrophic algae cultivation by considering the possible 
conversion processes other than transesterification. Fol-
lowing growth, the algae undergo harvesting, extraction, 
and various conversion processes of esterification, anaer-
obic fermentation, gasification, pyrolysis, and hydro-
thermal liquefaction. The number and intensity of post 

harvesting processes depend on the desired product and 
will have positive impact on the feasibility of algal-based 
productions (Ferrell and Sarisky-Reed 2010; Halim et al. 
2013).

Algae growth, the lipid content, and overall cost are 
defined by the method of cultivation. Algae strain, the 
source of nutrients for the algae, and the type of reactor 
that the algae are grown in are three of the most influen-
tial factors. Open-pond and photobioreactors are the two 
major types of reactor seen as the dominant possibili-
ties for algae growth with targeted productivity of 25 g/
m2 day or higher based on the nutrient requirements. 
For lower cost and GHG emissions, nutrients fixed in 
the biomass should be recycled back to growth medium 
(Davis et al. 2016).

The 2012 National Research Council’s report on sus-
tainable development of algal biofuels concluded the 
need for research, development, and demonstration of 
algal strain selection, an EROI that is comparable to other 
transportation fuels, and the use of wastewater for culti-
vating algae for fuels (National Research Council 2012a). 
EROI estimates the quality of the biofuel as the ratio of 
the energy delivered by the biofuel to society and the 
energy consumed in the production and delivery of the 
biofuel. Energy payback period would be estimated as the 
time required for a biofuel to generate the same amount 
of energy that went into the creation, maintenance, and 
disposal of that fuel (Hall et al. 2014).

Reactors
Open tanks with natural circulation are mostly replaced 
by the more efficient raceway system, which are closed 
shallow pools to maximize light penetration with water 
circulated and mixed by a paddle wheel. Raceways are 
simple systems and require low construction cost (Rich-
ardson et al. 2012). One drawback is the risk of contami-
nation that may require the need to keep the raceways in 
relatively extreme conditions, usually alkaline or salinity 
that may limit the type of strains (Bahadar and Bilal Khan 
2013). Another drawback is the decreased lipid content 
(10%) compared to closed reactors (50–60%). Sturm and 
Lamer (2011) used four pilot-scale reactors of 2500 gal-
lons each fed using wastewater effluent from an activated 
sludge process for 6  months and used the data to esti-
mate an energy balance limited to direct combustion of 
algal biomass.

Closed photobioreactor (PBR) systems come with a 
wide range of possible shapes and supply a high-qual-
ity starter culture into an open-pond system. Flat plate 
reactors have the advantage of good temperature con-
trol and low fouling possibilities, but due to their shape 
and volumetric limitations are harder to scale up than 
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tubular reactors. Tubular reactors are cylindrical pipes 
made out of transparent material in which pumping the 
growth medium cause constant mixing and a well-con-
trolled environment. Tubular systems have good circula-
tion, excellent surface area–volume ratios, and are easy 
to scale up (Molina Grima et al. 2003).

Hundreds of hectares of PBRs would not be economi-
cally feasible nor sustainable due to their high starting 
cost and energy needs. The open high-rate ponds offer 
the lowest total cost and energy consumption for large-
scale biomass production with low energy and low-
cost methodologies for water removal. PBRs provide 
the microalgae culture with a controlled environment 
to maximize the productivity (Bahadar and Bilal Khan 
2013) by preventing the invasion of local flora and fauna, 
a risk for open raceway (Cauchie et al. 2000). Along with 
the protection from competing organisms, the evapora-
tive water loss from PBRs is much lower than raceway 
ponds. Perhaps the greatest, often neglected, advantage 
of PBR technology is the decreased land use compared to 

the very high surface areas required by raceway ponds, 
which is a limiting factor.

Table  5 summarizes some of the differences between 
closed and open bioreactor. While there are many advan-
tages for the PBRs, the major drawback is the high cost, 
which ranges from nearly threefold to an order of magni-
tude higher than raceway pond systems (Richardson et al. 
2012) to differences of an order of magnitude (Lyon et al. 
2015). This increased cost is mainly due to the additional 
expense of the materials needed for construction, as well 
due to cooling and pumping needs. However, it is worth 
noting that improved reactor design could help to miti-
gate some of these costs and greatly improve the outlook 
of PBR use in industry (Dillschneider and Posten 2013).

Harvesting
Centrifugation and sedimentation may be costly for the 
production of biofuel and bioproducts. Table  6 shows 
the total primary energy input of harvesting and down-
stream steps to determine the energy efficiency of the 
process (Ketzer et  al. 2018). Allnutt and Kessler (2015) 

Fig. 2  Some possible algal-based processes for biofuel and bioproduct productions. OP open pond, PBR photo bioreactor
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discussed the historical approaches and recent advances 
while comparing and contrasting the different methods 
with an engineering estimate of comparative costs. First, 
the algae must be concentrated by means of filtration, 
centrifugation, and flocculation (Mercer and Armenta 
2011). Following this step, the algae may need to be 
dried, milled or pretreated in some other way such as 
microwaving, chemical treatment or milling to improve 
lipid extraction (Harun et  al. 2013). After harvesting a 
20 wt% solids biomass is generally considered ready for 
most downstream processing steps (Davis et  al. 2014). 
Flocculation may be a cost-effective method (Vandamme 
et al. 2013).

Primary dewatering is typically achieved through 
flocculation followed by separation via settling or 

flotation. Flocculants can limit the reuse of de-oiled floc-
culated microalgae. Natural flocculation of microalgae 
in response to changes in pH and water hardness, if con-
trolled, might lead to less-expensive “flocculants-free” 
dewatering. Auto-flocculation is driven by a coordination 
between microalgae, Ca2+ and Mg2+, and/or mineral sur-
face precipitates of calcite, Mg(OH)2, and hydroxyapatite 
that form primarily at pH > 8. Combining surface compl-
exation models that describe the interface of microalgae 
allows optimal auto flocculation conditions—for exam-
ple, pH, Mg, Ca, and P levels that must be identified for 
a given culture medium. This may have a large impact on 
cost of algal biomass production.

Table 5  Comparison of  raceways and  photobioreactors (Bahadar and  Bilal Khan 2013; Dillschneider and  Posten 2013; 
Lyon et al. 2015; Richardson et al. 2012)

Reactor type Advantages Disadvantages

Raceway Lower capital cost
Lower annual cost

Risk of contamination
Lower productivity

Photobioreactors: tubular, helical, tubularverti-
cal, flat panel, cuboidal, stirred tank, air lift, 
bubble column tubular

Effective light use
Little risk of contamination
More controlled environment
Higher productivity and cell densities
High gas transfer coefficients
Easy CO2 supply
Lower land use
Lower water loss

Estimated 2.6 times the capital cost of Raceway ponds
Estimated 1.5 times the annual operating cost
Risk of oxygen oversaturation
Difficult to scale up
Increased shear stress by pumps

Table 6  Total energy input of Harvesting and Downstream processes

According to Ketzer et al. (2018). The total energy input varies with an approximate average of 28 MJ/kg dry algae

References Total energy input (MJ/kg 
dry algae)

Comments

Campbell et al. (2011) 2.625 Diesel tractor used in harvesting algae

Clarens et al. (2009) 14.79 Harvested via flocculation and centrifugation

Collet et al. (2011) 5.5 Harvested in two steps. Natural settling and centrifugation

Jorquera et al. (2010) 5.17 According to Clarens et al. (2009)

Khoo et al. (2011) 2.73 Air sparging-assisted coagulation flocculation (ASACF) process is used in harvesting

Lardon et al. (2009) 24.08 Low N culture. Harvested via flocculation

Lardon et al. (2009) 23.89 Normal N culture. Harvested via flocculation

Liu and Ma (2009) 3.75 Concentration

Razon and Tan (2011) 35.56 Harvesting process via thickener, microfiltration and bead mill

Yanfen et al. (2012) 41.13 Harvested by sedimentation and centrifugation

Resurreccion et al. (2012) 44.73 OP-FW configuration. Primary dewatering

Resurreccion et al. (2012) 32.44 OP-BSW configuration. Primary dewatering

Frank et al. (2013) 0.23 Harvested by bio-flocculation, dissolved-air flotation, and centrifugation.

Bennion et al. (2015) 12.3 Dewatered via membrane filtration system and centrifugation.

Jorquera et al. (2010) 9.02 According to Clarens et al. (2009)

Resurreccion et al. (2012) 32.04 PBR-FW configuration. Primary dewatering

Resurreccion et al. (2012) 18.26 PBR-BSW configuration. Primary dewatering
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Lipid extraction
Some of the chemical solvents for lipid extraction are 
1-butanol, isopropanol/hexane, hexane, ethanol, chloro-
form/methanol, hexane/ether (Bahadar and Bilal Khan 
2013). A number of nonpolar organic solvents such as 
hexane, or chloroform can diffuse through the cell walls 
and separate lipids into an organic phase, leaving other 
solutes in an aqueous phase (Halim et al. 2013; Suali and 
Sarbatly 2012). Valdez et  al. (2011) used both nonpolar 
solvents (hexadecane, decane, hexane, and cyclohexane) 
and polar solvents (methoxycyclopentane, dichlorometh-
ane, and chloroform). Hexadecane and decane provide 
the highest gravimetric yields of bio-oil; but these crude 
bio-oils had a lower carbon content (69 wt % for decane) 
than did those recovered with polar solvents such as 
chloroform (74 wt %) and dichloromethane (76 wt%).

Mixtures of multiple organic solvents have shown to 
be more effective than a single solvent. Possible solvent 
mixtures are chloroform/methanol (2:1 v/v with highest 
lipid extraction), hexane/isopropanol (3:2 v/v), dichloro-
ethane/methanol (1:1 v/v), and acetone/dichloromethane 
(1:1 v/v). Valdez et al. (2011) quantified the amount of 19 
different individual molecular components in the crude 
bio-oil; fatty acids are the most abundant components 
beside some aromatic and sulfur- and nitrogen-contain-
ing compounds. The amount of free fatty acids in the 
crude bio-oil significantly depends on the solvent used, 
with polar solvents recovering more fatty acids than non-
polar solvents. The bio-oil recovered with chloroform, 
for example, had a fatty acid content equal to 9.0 wt % 
of the initial dry algal biomass. Overall, solvent extrac-
tion shows that: (i) nonpolar solvents extract bio-oils 
with lower carbon content and thus lower energy density, 
(ii) polar solvents extract lower yields but a much higher 
fatty acid content, (iii) solvent choice affects the carbon 
content of the dissolved aqueous solids, (iv) the polar sol-
vents produced solids are lower in both carbon and nitro-
gen relative to those recovered with nonpolar solvents.

Weakening or breaking algal cell walls by physical, 
chemical, mechanical, and biological pre-treatments 
can enhance the efficiency of lipid extraction (Ghasemi 
Naghdi et al. 2016; Harun et al. 2013). Mixtures of polar 
and non-polar solvents (i.e., hexane ethanol) are espe-
cially beneficial for wet biomass as the polar aspects acts 
to bridge the water layer surrounding the cells thus ena-
bling penetration by the non-polar aspects. Cost, safety, 
and environmental concerns are the main limitations for 
organic-based solvents.

20–30 min of microwave treatment has been shown to 
increase solvent extraction from a 52 wt% oil yield to a 77 
wt% oil (Balasubramanian et  al. 2011). Using ultrasonic 
waves, the time taken for a similar solvent removal can 
be reduced by as much as 80% (Ghasemi Naghdi et  al. 

2016; Suarsini and Subandi 2011). Microwave-assisted 
extraction may reduce the cost of dewatering and 
extracting of dry algae. As heat is produced, water vapor 
formed within the cell ruptures the cell wall increasing 
the extraction yield (Bahadar and Bilal Khan 2013; Bal-
asubramanian et  al. 2011; Lee et  al. 2010). However, at 
scale-up, the cost may be limiting factor for this applica-
tion. Rarefaction and compression waves induced by the 
ultrasound (above audible frequency, e.g., 19  kHz) lead 
to the formation of cavities leading to growth and implo-
sive collapse of bubbles in a liquid causing intense local 
heating (~ 5000 K), high pressures (~ 1000 atm), and high 
shear forces (Bendicho et  al. 2012). Ultrasound-assisted 
extraction can be cost effective and reduce the extrac-
tion time compared with conventional mechanical dis-
ruption, since the cavitation by the ultrasonic wave can 
rupture the cell wall and help improve the solvent extrac-
tion (Mercer and Armenta 2011; Metherel et  al. 2009). 
A sudden drop in osmotic pressure can similarly burst 
wet algae cells and can increase lipid recovery up to two 
times with polar and non-polar solvent, depending on 
the cell wall properties (Mercer and Armenta 2011; Yoo 
et al. 2012). Enzymatic treatment to disrupt cell walls of 
wet algae is also a promising alternative. This method 
causes minimal damage to lipid and hydrocarbons, but 
requires long cycle time and dependent on the strains 
being disrupted (Ghasemi Naghdi et al. 2016; Mercer and 
Armenta 2011). In contrast, the application-free nitrous 
acid (HNO2–N, renewable chemical) is another example 
of a pretreatment method that can lead to oxidative dam-
age of cellular molecules prior to extraction, thus reduc-
ing the final quality of the fuel (Bai et al. 2014). Aqueous 
pores in the cell walls can be created by applying a pulsed 
electric field in the cells. This increases mass transfer 
and hence improves the lipid extraction (Sommerfeld 
et  al. 2008). Table  7 compares some of the assisted sol-
vent extraction techniques. Supercritical CO2 extraction 
can also be used as an alternative and green solvent to 
extract triglyceride acid (TGA) and other lipids faster. 
However, the cost of technique is very high (Bahadar and 
Bilal Khan 2013). Santana et  al. (2012) studied the per-
formance of Supercritical CO2 extraction and hexane 
extraction based on the yield and fatty acid compositions 
of the lipids extracted from microalgae Botryococcus 
braunii concluding that the conventional extraction pro-
cess is slightly faster. Sahena et al. (2009) compared tradi-
tional solvent extraction method with supercritical fluid 
extraction as shown in Table 8.

The quality of the biodiesel product can be improved 
through degumming for an accepted level of gums and 
metals removal. The most cost-effective method is sim-
ple water degumming, which can reduce the P from 1148 
to 19  ppm and Ca from 92 to 11  ppm. Post extraction 
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oil can be treated through a dilute citric acid to remove 
gums, phospholipids, and proteins that become insoluble 
in oil when hydrated (Kanakraj and Dixit 2016). This pro-
cess typically utilizes water at 60 °C and 1 wt% of oil, sep-
arating hydrated phosphatides and other contaminants 
either by decantation or continuously by centrifugation. 
The separated aqueous phase and cellular debris can be 
fed to anaerobic digestion to produce biogas. The process 
decreases salt formation in the oil by greatly reducing the 
Ca, Cu, Mg, and Fe content, ions, which can accelerate its 
oxidative degradation and phospholipids such as lecithin 

that finds widespread food and technical industrial appli-
cations (Adekunle et al. 2016).

Chemical processes—transesterification
The most used direct chemical process in biofuel produc-
tion is the transesterification of triglycerides of fatty acids 
into biodiesel (Demire 2018b; Kargbo 2010). The transes-
terification process has yields of up to 98% (Umdu et al. 
2009). and can be further improved toward cost-effective 
separation processes of biodiesel from methanol and 

Table 7  Comparison of  different lipid extractions methods (Ghasemi Naghdi et  al. 2016; Mercer and  Armenta 2011; 
Mubarak et al. 2015; Sahena et al. 2009)

Extraction method Advantages Limitations

Ultrasound-assisted Reduced extraction time
Great penetration of solvent into the cellular materials, 

low set-up costs
Environmentally friendly and safe
Reduced solvent consumption

High power consumption

Microwave-assisted High extraction efficiency
Environmentally friendly and safe
More economical, fast operational time
Efficient on wet biomass
Improved extraction yield

Poor efficiency may occur when target 
compounds or the solvents are non-polar, 
or volatile

At commercial scale the cost maybe limiting

Enzymatic disruption Minimal damage to the lipid and hydrocarbons, promis-
ing on wet biomass

Safe and environmentally friendly
Easily scalable

Long cycle time
Species dependent

Supercritical carbon dioxide Promising green technology
Lipid extraction rate is fast
Can be used for large-scale
Production of solvent-free extract
Environmentally friendly and safe
Low toxicity solvents

High capital cost

Solvent extraction High efficiency
Simple and economical

Lipid extraction rate is slow
Expensive organic solvent is needed
solvent recovery is energy intensive
Solvents are flammable and/or toxic

Table 8  Comparison of supercritical-CO2 extraction with solvent extraction. Reproduced from Halim et al. (2012, Sahena 
et al. (2009)

Solvent extraction Supercritical CO2 extraction References

Procedure uses expensive/toxic organic solvents. Therefore, 
energy-intensive solvent removal operations are needed

Procedure use non-toxic/inexpensive CO2 as a solvent. Extra 
unit operations are not needed

Sahena et al. (2009)

Polar substances get dissolved along with the lipophilic 
substances from the raw material due to poor selectivity of 
the solvent. During solvent removal operations, these polar 
substances form polymers, which lead to discoloration of the 
extract

No such possibility exists since CO2 is highly selective and no 
chance of polar substances forming polymers exists

Sahena et al. (2009)

When non-polar organic solvents is used, only limited amount 
of neutral lipids can be extracted. When non-polar/polar 
organic solvent mixture is used, both neutral lipids and polar 
lipids are extracted

The polarity of SC-CO2 can be varied by employing polar co-
solvents

Halim et al. (2012)

Requires little energy as ambient conditions are carried out Energy intensive due to heating (T > Tc) and compression 
(P > Pc) requirement for CO2 supercritical state

Halim et al. (2012)
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converting glycerol into value-added glycerol carbonate 
(Nguyen and Demirel 2011a, b; Umdu et al. 2009).

Fischer–Tropsch synthesis is another well-known 
indirect chemical process for producing biofuel from 
biosyngas containing mainly CO and H2 and produced 
from gasification of a biomass. A representative Fischer–
Tropsch (F–T) reaction is

In the production of diesel fuel, “n” can be in the range 
of 12–25; therefore, an H2 to CO molar ratio of close to 2 
is required. An iron-based catalyst and an operating tem-
perature of 350 °C will produce mostly gasoline, while a 
cobalt base and an operating temperature of 200 °C will 
produce mostly diesel fuel. The crude bio-oil produced 
in the F–T synthesis is distilled to naphtha, distillate, and 
wax, which are processed through a series of refining 
and reforming steps with hydro-treatment and catalytic 
processes to produce gasoline and diesel at the required 
configurations.

A hydro-deoxygenation reduces the biodiesel to satu-
rated alkanes and propene at 350 °C and 35 bar produc-
ing green diesel. Alkanes mixture of C15–C17 go through 
a hydrocracking and hydro-isomerization, in which chain 
lengths are reduced and branching is introduced. Pos-
sible products are jet fuel (54%), diesel (10%), naphtha 
(27%), which are separated in an atmospheric distillation 
column. A propane rich light gas stream also is recov-
ered in the refining. Unused H2 is recycled after cleaning 
through an amine scrubber (Chen and Xu 2016; Knothe 
2010; Nguyen and Demirel 2013).

Biochemical processes
Algae are advantageous feedstock as they contain carbo-
hydrate, lipids, protein, and other compounds (Demirel 
2018a) and can be feedstock for biochemical, and ther-
mochemical processes as seen in Fig.  2. In biochemical 
conversion of biomass feedstock, various enzymes and 
microorganisms breakdown and convert organic com-
pounds into alcohols, biogas, biofuel, food/feed, and other 
chemicals (Demirel 2016). The chemical reactions in bio-
chemical processes undergo at lower temperatures as well 
as at lower conversion rates compared with the reactions 
in chemical and thermochemical conversion processes. As 
a result, biochemical processes are nonpolluting natural 
processes requiring low energy and materials. However, 
suitable process control systems are required to maxi-
mize the required product and reduce the side reactions. 
The biochemical processes are well matured and operated 
at industrial scales: (1) fermentation of sugars in biomass 
crops to alcohols, primarily to bioethanol and (2) anaero-
bic digestion of biomass and its wastes to methane known 

(1)
(2n+ 1)H2 + nCO → CnH2n+2 + nH2O

− 170 kJ/mole (at 250 ◦C and 15 atm)

as biogas and residue that can be used as fertilizers. Beside 
these mainstream processes, there are darkfermentation, 
photo-fermentation, and others under development.

Thermochemical processes
Thermochemical conversion processes of combustion, 
gasification, and pyrolysis take place at high temperatures 
(450–1200 °C) and are very common for converting vari-
ous biomass feedstock and wastes into useful fuels and 
chemicals. In the indirect biomass gasification, heat for 
the gasification comes from an external source, while a 
part of biomass is combusted in the direct gasification. 
In a conventional gasification process, biomass (or other 
carbon-containing feedstock) reacts with limited oxygen 
(or air), CO2, and high temperature steam (750–1100 °C) 
to produce synthesis gas (biosyngas). For dry basis, H2 
and CO contents of biosyngas are around 32 vol% and 
29 vol%, respectively. After removing impurities (includ-
ing nitrogen, methane, carbon dioxide) and enriched to 
desired ratio of H2–CO, biosyngas can then be chemi-
cally converted into methanol, ethanol and other liquid 
fuels using the F-T synthesis. The water–gas shift reac-
tion can increase the hydrogen content from 6–6.5% in 
the initial biosynthesis gas to 30–50 vol%. Purification 
of the syngas accounts 60–70% of the total capital cost. 
In chemical looping steam gasification, an oxygen car-
rier, mainly a metal oxide, transfers oxygen to a biomass, 
preventing direct contact between the biomass and air to 
produce the product gas containing mainly CO and H2. 
Thus, the oxygen carrier circulates between the fuel reac-
tor and the air reactor (Demirel 2018b).

Pyrolysis uses fast heating to high temperature under 
anaerobic conditions to break down biomass into a vola-
tile mixture of hydrocarbons. This mixture of hot gases is 
condensed into a bio-oil with a rich mixture of hydrocar-
bons, some of which can be converted into biofuels. The 
raw bio-oil is an emulsion, rendering it incompatible with 
conventional petroleum oils and requiring additional 
upgrading to fuels in the gasoline and diesel range by 
hydrodeoxygenation if it were to be used as transporta-
tion fuel because of poor volatility, high viscosity, coking, 
corrosiveness, and poor cold-flow properties. Catalytic 
upgrading reduces the oxygen level of the bio-oil and 
increases the H2 proportion, leading to the saturated 
C–C bonds that are fully compatible with petroleum 
infrastructure and use (Demire 2018b).

Hydrothermal liquefaction
Hydrothermal liquefaction (HTL) shows much prom-
ise as a method of converting whole biomass (water 
content of 80–95%) into bio crude, from which clean 
biodiesel can be produced (Chen and Xu 2016). Hot 
compressed water becomes a highly reactive medium as 
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water approaches its critical point (374 °C, 22.1 MPa), the 
water viscosity decreases, solubility of organic substances 
increases (changing from hydrophilic to hydrophobic), 
and dielectric constant decreases from 78 F/m at 25 °C to 
14.07 F/m. The ionic product of water Kw increases > 100-
folds; this makes water an excellent medium for solving 
organic compound as well as for fast and efficient reac-
tions. High levels of free H+ and OH- radicals catalyze 
many acid and base reactions, such as depolymerization, 
decarboxylation, and repolymerization of lignins, cel-
luloses, lipids, proteins and carbohydrates, transforming 
them into bio crude (bio-oil), gas, and char.

In reactor temperature of 220–320  °C with a Na2CO3 
catalyst and a reaction time of 30-min, biofuel yields of 
23 wt% can be achieved with the bio-oil being a mix-
ture of ketones, aldehydes, phenols, alkenes, fatty acids, 
esters, aromatics, and nitrogen-containing heterocyclic 
compounds. Acetic acid is the most common component 
in the aqueous phase. Several algal species have been 
studied under HTL to assess the influence of biomass 
composition on biofuel yield with bio-crude yields of 
26.2% and 19.7% for Oedogonium and Derbesia, respec-
tively (Akhtar and Amin 2011). ]. Nannochloropsis has 
also been used in HTL systems at 350 °C for 60 min with 
most of the carbon and hydrogen in the biofuel product 
and hexane and decane showing the highest bio-oil yields 
(close to 39 wt%), though the carbon recovery is found 
to be better in polar solvent systems such as chloroform; 
most of the nitrogen appears as ammonia in the aqueous 
phase (Suali and Sarbatly 2012). Bio-crude yields of 32% 
are achievable with Spirulina (Neveux et al. 2014; Vardon 
et al. 2011).

HTL can produce bio-crude with high energy recov-
ery (80%) from biomass to fuel (Broch et al. 2014; López 
Barreiro et  al. 2013). Toor et  al. (2013) reported a bio-
crude yield around 34–38% for Spirulina platensis after 
HTL at 310 °C and 115 bar and 34–46% for Nannochlo-
ropsis salina at 350 °C and 175 bar. Biller and Ross (2011) 
reported a bio-crude yield of 27% and 47% from HTL 
of Scenedesmus (350  °C) and Chlorella (300  °C), respec-
tively. Roberts et  al. (2013) liquefied harvested algae 
by hydrothermal process at 350  °C (autogenous pres-
sure ~ 2000 psig) using 60  g/L with a yield of aqueous 
co-products 18.4% of dry weight and of bio-char (solid) 
45% of dry weight. Vardon et  al. (2011) converted Spir-
ulina algae, swine manure, and digested sludge under 
HTL conditions (300  °C, 10–12  MPa, and 30-min reac-
tion time). Bio-crude yields ranged from 9.4% (digested 
sludge) to 32.6% (Spirulina) with higher heating values 
(32.0–34.7 MJ/kg). Feedstock composition influenced the 
individual compounds identified as well as the bio-crude 
functional group chemistry.

Li et  al. (2014) used HTL of a low-lipid high-protein 
microalgae (Nannochloropsis spp.) and a high-lipid low-
protein microalgae (Chlorella sp.) to investigate the 
effects of reaction temperature (220–300 °C) with reten-
tion time of 30–90 min and total solid of 15–25% wt of 
the feedstock. The highest bio-crude yield for Nannochlo-
ropsis spp. was 55% at 260 °C, 60 min and 25% wt, and for 
Chlorella sp. was 82.9% at 220 °C, 90 min and 25% wt. In 
particular, the highest hydrocarbons content is 29.8% and 
17.9% for Nannochloropsis and Chlorella spp., respec-
tively, suggesting that algae composition greatly influ-
ences oil yield and quality. Carbon conversion efficiency 
is 98.3% under 350 °C temperature, 60-min holding time, 
and 20% solids for liquefaction of S. platensis. The bio-
crude obtained under different conditions had 50–63% 
light bio-crude fraction (Biller et al. 2012). Marine micro-
algae Nannochloropsis spp. is converted into a bio-crude 
and a gaseous product via HTL with a batch holding time 
of 60 min at 350 °C and led to the highest bio-oil yield of 
43 wt%. The heating value of the bio-oil is about 39 MJ/ 
kg. Nearly 80% of the carbon and up to 90% of the chemi-
cal energy of the microalga can be recovered as either 
bio-oil or gas products (Li et al. 2014). HTL of microal-
gae Dunaliella tertiolecta cake under various tempera-
tures, holding times, and catalyst dosages are performed 
by (Shuping et  al. 2010). A maximum bio-oil yield of 
25.8% is obtained at 360 °C and a holding time of 50 min 
using 5% Na2CO3 as a catalyst. The bio-oil is composed 
of fatty acids, fatty acid methyl esters, ketones, and alde-
hydes with an empirical formula of CH1,44O0.29N0.05 and 
heating value of 30.74  MJ/kg, which can be used as an 
eco-friendly green biofuel and chemicals (Shuping et al. 
2010).

Roberts et al. (2013) use open ponds which were self-
inoculated from the wastewater source, resulting in a 
mixed-culture microalgal community with 29.0% dw 
ash, 48.9% ash-free dry weight (afdw) carbon, 37.5% 
afdw oxygen, and 14.0% afdw lipid. The harvested algae 
were processed using HTL at 350  °C (autogenous pres-
sures up to 2000 psig) for 1  h using 3  g of freeze-dried 
algae and 50 mL of water. The yield of biocrude was 44.5 
± 4.7-wt% afdw, with an elemental weight percent com-
positions of 78.7% C, 10.1% H, 4.4% N, and 5.5% O, and 
with an energy content of 39 MJ/kg. HTL also resulted in 
the formation of 18.4 ± 4.6% afdw aqueous co-products 
and 45.0 ± 5.9% dw solid biochar. The co-products could 
greatly enhance sustainability and the value chain for 
algal biofuels, adding markets in carbon sequestration, 
soil amendments, absorbents, and fertilizers. This dem-
onstration requires further work upon optimizing the 
energy balance of the conversion method in conjunction 
with the cultivation strategy and determining the efficacy 
of the identified co-product markets (Roberts et al. 2013). 
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Significant O2 generation from photosynthetic micro-
algae may reduce the need for high operational cost for 
mechanical aeration system and to allow bioremediation 
of organic and inorganic compounds by heterotrophic 
anaerobic bacteria. Recovered N- and P-rich algal bio-
mass can be used as low-cost fertilizer or as animal feed 
(Pulz and Gross 2004; Rosenberg et al. 2008).

Conditions should be optimized for producing high-
quality, low-molecular weight bio-crude from microalgae 
and cyanobacteria containing low lipid contents, such as 
Chlorella vulgaris and Spirulina. At 300 to 350  °C with 
catalysts of potassium hydroxide, sodium carbonate, ace-
tic acid, and formic acid the yields of bio-crude are higher 
using an organic acid catalyst and contain 70–75-wt% C, 
10–16-wt% O, and 4–6-wt%  N. The higher heating val-
ues (HHV) range from 33.4 to 39.9  MJ/kg. Bio-crude 
contains aromatic hydrocarbons, nitrogen heterocycles, 
long chain fatty acids, and alcohols; a large proportion 
of nitrogen (up to 50-wt%) is transferred to the aqueous 
phase in the form of ammonium (Brown et al. 2010).

Algal‑based biorefinery
Besides the production of biofuels, microalgae can be 
useful for co-production of proteins, carbohydrates, 
long-chain fatty acids, pigments, all of which become a 
feedstock for refined products of plastic polymers, phar-
maceuticals, cosmetics, food additives, etc. (see Fig. S1 
in Additional file  1). Therefore, algae-based biorefin-
ery technology offers the various co-products derived 
from microalgae in an industrial application, which can 
be categorized into two groups; energy and non-energy 
products (Trivedi et al. 2015). Under the combined algal 
processing concept (Davis et al. 2011), the NREL identi-
fied the biorefinery-like opportunity for producing fuel 
and higher value products from the lipids and the residue 
biomass using the biochemical and thermochemical con-
version processes.

The algal carbohydrates exist in the form of starch, glu-
cose, cellulose and various kinds of polysaccharides that 
can be converted into various co-products by biologi-
cal fermentation, or chemical upgrading pathways (see 
Table S1 in Additional file 1).

Microalgae contain various types of photosynthetic 
pigments including chlorophylls, carotenoids and phy-
cobiliproteins. Microalgal pigments have pharmaceuti-
cal and nutraceutical applications in industry. Some of 
the applications of pigments derived from microalgae are 
in Table S2 in Additional file 1. Astaxanthin that can be 
derived from Haematococus pluvalis has important ben-
efits in the treatment of free radical-associated diseases 
such as eye disease, cardiovascular diseases, and can-
cers (Han et  al. 2013). Many pigments from microalgae 

can be used as natural colorants in food, drugs and cos-
metic industry. Avoiding toxic effects of artificial color-
ants enlighten the importance of microalgae pigments as 
a source of natural colors.

Feedstock for bioproducts
Third-generation biofuels can be viable alternative energy 
resource with a successful integration of biofuels sector 
with the production of high-value bioproducts (Table 9) 
(Rodolfi et  al. 2009) and microalgae propagation tech-
niques with CO2 sequestration and bioremediation of 
wastewater treatment potential (Bahadar and Bilal Khan 
2013; Davis et  al. 2016; Muylaert et  al. 2015; National 
Research Council 2012b; Raeesossadati and Ahmadzadeh 
2015; Roberts et al. 2013).

Drying and selling of high-protein meal as feed have a 
potential to increase revenues and decrease the fuel MSP. 
However, feed markets are local and aspects of nutri-
tional value, toxicity, and customer adoption are some of 
the central issues (Davis et al. 2011).

Feedstock for anaerobic digestion
Both, macro- and microalgae are suitable renewable sub-
strates for the anaerobic digestion process to produce 
CH4 rich biogas as well as fertilizer. The nutrient can be 
recycled after digestion. Biogas can be used for produc-
ing electricity or thermal energy, or may be enriched by 
capturing CO2 toward drop-in renewable natural gas 
production. Combustion of biogas allows a reduction in 
the external power demand up to ~ 40% (Shuping et  al. 
2010). The incorporation and integration of anaerobic 
digestion with microalgae-based biofuels production 
can attain higher efficiency and improve sustainability 
in the production of biofuels from microalgae. There are 
several technical issues associated with anaerobic diges-
tion of microalgae biomass including the low concentra-
tion of biodegradable (digestible) microalgae substrates, 
cell wall disruption, high lipid concentrations, ammonia 
inhibition, low C/N ratio and co-digestion (Shuping et al. 
2010). The resulting digestate is a functional nutrient 
source for the continued growth of additional microalgal 
biomass, and helps to close the nutrient loop associated 
with large-scale microalgae biomass production. With a 
greater understanding of the different microalgae spe-
cies and their characteristics, the anaerobic digestion of 
microalgae and their residues must be optimized to play 
an essential role in the sustainable future of clean energy 
derived from microalgae (Shuping et al. 2010).

The process of biogas production from algal biomass 
is an alternative technology that may have larger poten-
tial energy output compared to green diesel, biodiesel, 
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bioethanol, and hydrogen production processes (Ehi-
men et  al. 2011). Several techno-economic constraints 
need to be improved before the production of biogas 
from algal biomass becomes economically feasible. These 
constraints include a high cost of biomass production, 
limited biodegradability of algal cells, a slow rate of bio-
logical conversion, and high sensitivity of methanogenic 
microorganisms. The research opportunities include: 
(i) design of systems for algae cultivation and anaerobic 
digestion, (ii) optimization of algae cultivation in waste-
water, nutrients recycling, and algal concentration, (iii) 
enhancement of algal biomass digestibility and conver-
sion rate by pretreatment, (iv) integration with other 
technological processes (e.g., wastewater treatment, co-
digestion with other substrates, and CO2 sequestration), 
(v) development and adaptation of molecular biology 
tools for the improvement of algae and anaerobic micro-
organisms, and (vi) estimation of the environmental 
impact, energy and economical balance by performing a 
life cycle analysis (Muñoz and Guieysse 2006). In addi-
tion to revenues from the biodiesel, anaerobic digestion 
of the leftover biomass can produce biomethane; assum-
ing a methane yield of 0.3 g/L for biomass after oil extrac-
tion, a methane heating value of 55,500  kJ/kg, and an 
electricity generation efficiency of 30%, 70.6 GWh/day 
of cost offsetting electricity can be produced from algae 
grown in US wastewater treatment plants (Harun et  al. 
2013).

Life cycle assessment (LCA) of algae‑to‑energy 
systems
The energy return on investment (EROI) is an important 
measure to determine the energy efficiency of the algae 
biofuels. Energy ratio greater than unity refers to a posi-
tive energy balance and should be achieved. In particular, 
an EROI is greater than 7 is desired to produce an algal 
energy product (Chisti 2013). EROI values for algal bio-
fuels are generally lower than unity. Ketzer et  al. (2018) 
summarizes numerous existing studies of EROI for bio-
energy production. Figure  3 demonstrates the energy 
inputs according to production steps. The wide variation 
of EROI results from 0.14 to 3.35 is found.

Several useful life cycle assessment (LCA) studies are 
available that assess the energy balance and environ-
mental impacts of large-scale algae-to-energy systems. 
However, these studies are theoretical because there 
is no full-scale commercial algae cultivation system in 
operation and comparing different life cycle analysis 
with one another is difficult. Table  10 demonstrates the 
selected different modeling assumptions of microalgae-
to-energy LCA that have been published to date. Most 
of the reviewed LCA studies focus on the energy balance 
and greenhouse gas (GHG) emissions to determine the 
sustainability of algae-to-energy production. Quantified 
aspects of LCA include the following sustainability met-
rics: (i) material intensity (nonrenewable resources of 
raw materials, solvents/unit mass of products), (ii) energy 
intensity (nonrenewable energy/unit mass of products), 

Table 9  Some possible co-products of algal biofuel production (Hejazi and Wijffels 2004; Lorenz and Cysewski 2000; Pulz 
and Gross 2004; Rosenberg et al. 2008; Spoalore et al. 2006)

Market Product Species Potential application

Hydrogen Bio-hydrogen C. reinhardtii Hydrogenation

Chemicals Biohydrocarbons Nannochloropsis Biochemical

Fuel/chemicals Bio-oil Nannochloropsis Biofuel, chemicals, biochar

Biofuel/product Alcohols: biomethanol, bioethanol Spirulina Biofuel

Polyunsaturated fatty acids Docasahexanoic acid Crypthecodinium, Schizochytrium Nutritional food

Eicosapentanoic acid Nannochloropsis, Phaeodactylum, Nitzschia, Pavlova

γ-Linolenic acid Spirulina

Arachidonic acid Porphyridium

Antioxidants Astaxanthin H. pluvialis

β-Carotene Dunaliella salina Nutritional food, cosmetics

Fluorescent label Phycoerythrin, phycocyanin Spirulina Biomedical Research

Recombinant proteins Cytokines-interleukin-6 interferon 
gamma and beta

Pharmaceuticals

Nutrition Aquaculture feed Isochrysis, Nannochloropsis, Tetraselmis Aquaculture

Animal feed Various Agriculture

Polysaccharides Agar Various Food products

Alginates

Carrageenans



Page 19 of 28Allen et al. Bioresour. Bioprocess.            (2018) 5:47 

(iii) potential environmental impact (pollutants and emis-
sions/unit mass of products), and (iv) potential chemical 
risk (toxic emissions/unit mass of products). Data for 
allocation-related questions would be valuable for LCA 
for systems with complex interdependencies and with 
multi inputs and outputs, and recycle streams. Stochas-
tic tools such as Monte Carlo analysis can be used for 
estimating a range of output values from a series of input 
variables. Minimizing the possible subjective system 

boundary interpretation of data can similarly be achieved 
through performing sensitivity analyses to quantify the 
interdependency between inputs and outputs of individ-
ual and combined processes. Beside the economics anal-
ysis, sustainability metrics should also be an integral part 
of the feasibility analysis in a multi-criteria Pugh decision 
matrix (Matzen et al. 2015).
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Fig. 3  Energy inputs according to production steps (Ketzer et al. 2018)

Table 10  Selected life cycle modeling assumptions for several studies

Process Growth System boundaries Functional unit References

Flocculation, oil extraction, biodiesel 
production

Open raceway ponds
Nutrient-sufficient/nitrogen deprived 

cultivation

Cradle-to-grave 1 MJ fuel Bernard (2009)

Flocculation, homogenization and sol-
vent extraction, biodiesel production

Open raceway ponds Cradle-to-grave
Cradle-to-grave

1 ton biodiesel Stephenson et al. (2010)

Flocculation and centrifugation, 
homogenization and solvent extrac-
tion, biodiesel production

Tubular-photo bioreactors 1 ton biodiesel

Filter press/centrifuge and drying, oil 
extraction, biodiesel production

Photo bioreactors + open ponds Cradle-to-grave 1000 MJ fuel Sander and Murthy (2010)

Centrifuge, drying, oil extraction, bio-
diesel production

Bubble column Photobioreactor 
(bcPBR)

Cradle-to-grave 1 kg dry biomass Sevigné Itoiz et al. (2012)

Wet extraction: cultivation, extraction, 
solvent recovery, oil separation, belt 
filter press, feed dryer, and biodiesel 
production

Open raceway ponds Cradle-to-grave 1 MJ fuel Passell et al. (2013)

Chemical flocculation, mechanical 
drying/spray drying, oil extraction, 
biodiesel production

Open raceway ponds Cradle-to-grave 1 kg biodiesel Togarcheti et al. (2017)
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Techno‑economic analysis (TEA)
There is a large gap when it comes to utilizing the tech-
nology developed in a lab environment and in a full-scale 
industrial setting. No plants have yet been built at an 
industrial scale leading to information on the actual costs 
associated with the large-scale production of algal bio-
fuel. Through the American Recovery and Reinvestment 
Act of 2009, research, development, and demonstration 
projects funded by the US DOE and others are target-
ing to commercialization of algal biofuels. The ability to 
quickly test and implement new and innovative technolo-
gies in an integrated process will be a key component to 
accelerating progress toward commercialization (Cauchie 
et al. 2000). TEA requires estimated mass and energy bal-
ances from an optimized process based on a capacity 
and a pathway (see Fig. S2 in Additional file 1) in order 
to estimate capital and production costs aiding in net 
present value (NPV) analysis from discounted cash flow 
diagrams. This procedure is similar to NREL’s approach 
for TEA (Davis et al. 2016). A simulation package can be 
used to prepare an optimized process based on the mini-
mum selling price (MSP) of a primary product (Nguyen 
and Demirel 2011a, b).

Estimated cost of lipid production to achieve a 10% 
return is around to be $8.52/gallon for open ponds and 
$18.10/gallon for PBRs in 2011 US dollars (Davis et  al. 
2011). The near-term research should focus on maximiz-
ing lipid content as it offers more substantial cost reduc-
tion potential relative to an improved algae growth rate. 
These results reiterate that the economics of microalgal 
biofuel production would not be currently feasible. How-
ever, there is room for significant cost reduction poten-
tial through both biological, chemical, and technological 
improvement opportunities; near-term research should 
focus on maximizing lipid content with algal growth 
rates, sustainable nutrient and water supply, and capital 
cost reductions through low-cost equipment and opti-
mizing the supply of nutrient and CO2. Economics are 
influenced strongly by feedstock costs and seasonality 
(Davis et al. 2011). From a sustainability standpoint, it is 
important to consider carbon, nutrient, and water bal-
ances, recycle opportunities, and delivery sources. Algal 
biofuel economics could be further improved in the near 
term through utilizing the spent algal biomass for more 
valuable co-products beyond biogas for power thermal 
energy generations (Davis et al. 2011).

Annual operating costs for algal-based biofuel produc-
tion are dominated by biomass and facility costs, which 
include depreciation, maintenance, insurance, and facility 
overhead. Biomass cost is mostly associated with water 
cost if it is assumed that 90% of the nutrients can be recy-
cled after anaerobic digestion and CO2 is assumed to be 
freely available (Davis et al. 2011). Energy analysis of the 

overall process has shown that energy requirements for 
cultivation and drying of biomass are two of the most 
energy-intensive parts, with some estimates putting the 
whole process in an energy deficit (Davis et al. 2011). This 
shows the need for wet extraction and transesterifica-
tion processes to reduce costs, energy usage, and improve 
environmental impact (Pienkos and Darzins 2009; Rob-
erts et  al. 2013; Valdez et  al. 2011). NREL (Davis et  al. 
2016) NREL performed a feasibility-level analysis for a 
conversion pathway with a cost target of below $5/gal-
lon gasoline equivalent (gge) in 2011 US$ (ultimate tar-
get: $3/gge). An average of 1339 afdw ton biomass/day in 
a facility and an overall fuel selling price of $4.35/gge in 
2011 US$-dollars is associated with a net fuel yield of 141 
gge/dry ton. These values are attributed to a high (41%) 
lipid, with high cultivation productivity rates during bio-
mass growth. Based on lower (27%) lipid, a higher costs 
at $5.04/gge is associated with a lower overall fuel yield 
of 116 gge/dry ton. A realistic possible operation case 
may fall between these two points for algal growth rate 
and lipid content. Another simulation of algal growth 
for the production of biofuel, using raceway cultivation, 
CO2 sequestered from another source, and added urea as 
nutrients is performed by (Silva et al. 2014) with the goal 
of achieving a baseline minimum cost per gallon of algal 
biodiesel. They have used glycerolysis to reduce the free 
fatty acid concentration and maximize the biodiesel pro-
duction and estimated a cost of $4.34/gallon.

Sensitivity analysis
Especially, the accumulated effects of the parameters for 
cultivation, harvesting, extraction may be useful for cost 
assessment (Davis et al. 2011). As the cost of harvesting 
decreases, the cost of cultivation becomes significant; 
if harvesting cost is zero, the cost of cultivation repre-
sents ~ 70% of the capital cost and the MSP would be 
around $500/bbl. The effect of algae productivity (g/m2 
day) impacts the area needed to grow the biomass and 
in turn affects the cost of cultivation (Davis et  al. 2011; 
Klein-Marcuschamer et  al. 2013; Silva et  al. 2014). The 
range of the accumulated effects of the low- and high-
cost scenarios may be wide because of large uncertain-
ties in many parameters (Davis et al. 2011). The curve for 
MSP versus productivity saturates above 30–35 g/m2 day, 
which points the need to improve this parameter simul-
taneously with other parameters. Sensitivity to nutrient 
cycle and CO2 cost show that their effects are not as sig-
nificant as for harvesting and biomass growth. Any effi-
cient lipid recovery process at industrial scale would have 
a positive impact on economics (Olkiewicz et  al. 2015; 
Silva et al. 2014). The use of fossil fuels in biofuel produc-
tion process, construction of algal growth facilities, sup-
ply of nutrients for algal growth, harvesting of algae, and 
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biomass production may lead to a net negative energy 
output; however, freely available nutrients from the use 
of wastewater resources may enhance the economy and 
sustainability of algal biofuel production (Hoffmann 
1998; Roberts et al. 2013).

BioBreak model
One method for estimating the economic viability of 
biofuels is the biofuel breakeven model or bioBreak. 
BioBreak model separates the cost of biofuel produc-
tion into two parts: (1) the willingness to accept (WTA) 
that is the price that a producer is willing to accept for a 
dry ton of biomass delivered to a biorefinery, and (2) the 
willingness to pay (WTP) that is the price a biorefinery 
would be willing to pay for a dry ton of biomass delivered 
to the refinery gate. While conceived for the purpose 
of estimating the economic viability of ethanol produc-
tion using cellulosic biomaterial, the model can also be 
used for third-generation biofuels (National Research 
Council 2012a). The WTA model is based on the cost of 
establishment and seeding (CES), the land and biomass 
opportunity cost (COpp), the cost of harvesting and main-
tenance (CHM), any stumpage fees (SF), the cost of nutri-
ent replacement (CNR), the cost of biomass storage (CS), 
transport costs (DFC, DVC and D), the biomass yield per 
acre (YB), and any government incentives received (G), 
yielding the final equation

The WTP model is based on the price of gasoline (Pgas), 
the energy equivalent factor (Ev), octane benefits (VO), 
coproduct value (VCP), conversion ratio (YE), nonfeed-
stock investment costs (CI), operating costs (CO), and any 
incentives and tax credits (T) yielding the equation

The difference between WTA and WTP is the price gap 
(WTA − WTP), which should be zero or negative for the 
production of a biofuel process to be economically feasi-
ble (Energy Department 2010; National Research Council 
2012b).

The equation for cellulosic material is based on land 
use, resulting in the (CES + COpp)/YB term. Altering this 
section into a single variable that encompasses the costs 
of establishing a cultivation process provides a more 
effective look at what plays into the production of algal 
biomass (Crea). The WTA equation can also be modified 
by dropping the SF as it only applies to tree-based feed-
stocks and is zero for algal biomass. Transportation costs 
are also assumed to be minimized in an optimal setting, 

(2)
WTA =

{(

CES + COpp

)

/YB + CHM + SF

+CNR + CS + DFC + DVC× D} − G

(3)
WTP =

{

Pgas × EV + T + VCP + VO − CI − CO

}

YE

since cultivation and processing could be collocated 
resulting in the simplified equation below

In the WTP, incentives and tax credits are removed 
dropping the tax credit T from Eq.  (3). Algal biomass is 
converted into biodiesel, which is not a gasoline additive, 
so the Pgas should be replaced with the price of diesel Pd. 
Subsequently, there is no need to compare the products 
of algal biofuel production as biodiesel has nearly the 
same energy density and octane rating when compared to 
petroleum-based diesel fuel. This means the EV value can 
be taken as one and dropped from Eq. (3), and the VO is 
zero, yielding the following simplified equation

Table S3 in Additional file 1 shows the parameters used 
in estimation of the WTA​algae based on averages of sev-
eral ten acre cases assuming a 10  year payoff. All mon-
etary values are for 2011 US$.

WTPalgae parameters shown in Table  S4 in Additional 
file 1 are obtained through analysis of the WTI Crude Oil 
Index cross referenced with the US EIA’s historic diesel 
prices. Capital and operating costs are obtained from 
economic assessments of biodiesel production.

Substitution of the values of parameters from Table S4 
in Additional file  1 in Eq.  (4) for the WTA​algae results a 
value of $491/ton of biomass in 2011 US$. Estimated 
WTPalgae, even at peak crude oil prices of $150/Bbl is 
$332/ton of biomass in 2011 US$ after using the values 
of parameters in Table S4 in Additional file 1 in Eq.  (5). 
Combining these values of WTA and WTP yields a price 
gap (WTA − WTP) of $159/ton emphasizing the dif-
ference between the cost of biomass and value of mak-
ing biodiesel from algae at current and even historically 
high crude values. The price gap should be much lower 
for an algal-based technology. The price gap indicates the 
need for increased public sector role to reduce the risk 
and encourage private investment in algal based fuels and 
chemicals (Belson Neil 2016). Still, the world-wide efforts 
toward commercialization of algal fuels are strong and 
the US leads the commercialization with around 65% of 
the startup companies (Bahadar and Bilal Khan 2013).

Direct combustion of algal biomass may be a more 
viable energy source than biofuel production, especially 
when the lipid content of dry biomass (10% in this field 
experiment) is lower than the high values reported in lab-
scale reactors (50–60%) (Sturm and Lamer 2011).

Minimum selling price for algal biomass
The value of WTPalgae may also be given by (Chisti 2007)

(4)WTAalgae = {CRea + CHM + CNR + CS}

(5)WTPalgae = {Pd + VCP − CI − CO} × YE
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where Cpetroleum is the cost of petroleum, MAB is the 
quantity of algae which is energy equivalent to a barrel 
of crude petroleum, Epetroleum is the energy of a barrel of 
petroleum, Q is the biogas volume produced by anaero-
bic digestion, Ebiogas is the energy of the biomass, Y is the 
biodiesel yield, Ebiodiesel represents the energy content 
of biodiesel, and w is the algal biomass oil content. By 
plugging known values in for all terms, except the cost 
of petroleum and graphing the Cost of Biomass over the 
cost of petroleum, the acceptable cost of biomass can be 
calculated. Figure  4 shows the acceptable algal biomass 
cost versus cost of petroleum at 30, 40 and 50% oil con-
tents of algal biomass. The values for WTPalgae increase 
with the higher oil content of algal biomass delivered and 
decrease for lower petroleum costs. At $150/barrel of 
petroleum, the value of WTPalgae changes between $380/
ton and $490/ton as the oil content increases from 30 to 
50%. These are in line with the costs obtained from the 
biobreak model and show that at higher oil yields of algal 
biomass, the price gap becomes narrow.

A predicted petroleum cost of over $150/barrel would 
be required to narrow the price gap (Chisti 2008, 2013).

No economic assessment of algal biofuels has shown 
a positive return on investment within a reasonable 
timeframe (Bahadar and Bilal Khan 2013). EROI values 
calculated from several different LCA studies accord-
ing to the production systems are shown in Figs. S3 and 
S4 in Additional file 1 (Ketzer et al. 2018). An average 
EROI of 0.3 for closed PBRs increases to an average of 
0.99 for open-pond systems.

While not currently feasible, there are notable areas 
where improvements in technology could be made, 

(6)

WTPAlgae =
Cpetroleum

Epetroleum

(

Q(1− w)Ebiogas + YwEbiodiesel

)

,

such as increasing lipid contents and growth rates by 
selecting the best strains for the nutrients available and 
maximizing growth conditions. Both biological and 
engineering opportunities exist to reduce costs and 
increase production. Better cultivation, by maximiz-
ing lipid contents, and decreased extraction costs are 
areas with the most potential for profit improvements 
(Raeesossadati and Ahmadzadeh 2015; Silva et  al. 
2014). The research opportunities include: (1) optimum 
design of systems for algae cultivation and anaero-
bic digestion, (2) optimization of algae cultivation in 
wastewater, nutrients recycling and algal concentra-
tion, (3) enhancement of algal biomass digestibility and 
conversion rate by pretreatment, (4) deep integration 
with other technological processes (e.g., wastewater 
treatment, co-digestion with other substrates, carbon 
dioxide sequestration), (5) development and adapta-
tion of molecular biology tools for the improvement 
of algae and anaerobic microorganisms, (6) application 
of information technologies, and (7) estimation of the 
environmental impact, energy and economical balance 
by performing a life cycle analysis (Bohutskyi and Bou-
wer 2013).

Optimum capacity
Besides, land use and water use must be considered in 
algae cultivation (Matzen and Demirel 2016). Davis et al. 
(2011) used TEA to model for the production of algal 
biomass in open ponds to understand the impact of scale 
on the economics. This study determined that produc-
tion costs would be significantly lower when a cultivation 
facility uses around 5000 acres of open ponds producing 
around $1000/dry ton biomass. This shows that econo-
mies of scale would not play a significant role in reducing 
the production cost at larger plant scales.

Food energy and water nexus
By 2050, the demand for energy will nearly double glob-
ally, with water and food demand estimated to increase 
by over 50%. The ability of existing food–energy–water 
(FEW) systems to meet this growing demand is con-
strained by the competing needs for limited resources 
and by climate change impacts. The interlinkage (see Fig. 
S5 in Additional file 1) between the FEW supply systems 
is a major consideration in countries with sustainable 
development strategies (Ferroukhi et  al. 2015) and forc-
ing the exploration of the feasibility of MW recycling and 
resource recovery, such as the nutrients of N and P as well 
as water. The complex interconnections show that: (i) 
water supply is influenced by demands from energy and 
food sectors, (ii) food production depends both on water 
and energy, and (iii) energy production and operations 
require water (see Fig. S5 in Additional file 1) (Ferroukhi 
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et al. 2015). Climate change, particularly drought, affects 
the FEW system balance. Understanding the connections 
fully can change day-to-day practices of farmers, engi-
neers, resource managers, and policy-makers, and create 
cutting edge research and strategies for resilience against 
climate variability and global warming for a more sus-
tainable future. Biology and ecology of large-scale algal 
cultures and engineering of algal biomass down process-
ing are essential for a sustainable FEW system.

Discussions and conclusions
More than half (52%) of the total lignocellulosic biomass-
based advanced biofuels projects failed by 2015. Policies 
behind the biofuel drive are: Clean Air Act 1970, Energy 
Policy Act of 2005, Advanced Energy Initiative 2006, RFS, 
California Low Carbon Fuel Standard 2016, and Food, 
Conservation, and Energy Act 2008.

A long list of 23 external and internal barriers causing 
this are easily identified. Industry stakeholders include 
the advisory board (AB) industry members, govern-
ment representatives, and others (publishers, journal-
ists, suppliers, etc.). Main internal barriers are product 
development, byproduct and coproduct distribution and 
marketing, continuous project growth, management, 
strategy, technology for conversion rate and yield. Main 
external barriers are competition, funding, supplies, DOE 
and EPA pathway processes, USDA pathway processes 
Tax credits, RFS, Waiver credits, renewable volume obli-
gation, Renewable identification numbers, energy costs, 
and third part relationships. Technology issues are the 
most important internal barrier and funding (debt man-
agement) and renewable fuel standards (RFS) are the 
most important internal barriers.

RFS requires that transportation fuels contain at least 
10% biofuel. However, shortage of biofuel and abundant 
supply of fossil fuels lead to subsidies for these objectives: 
(1) Sequester carbon reduce GHG emissions, (2) Achieve 
greater energy efficiency, (3) Integrate rural programs 
into increasing energy security, (4) Stimulate economic 
growth and development, (5) Obtain feasible conversion 
technologies. Despite the subsidies and demand for bio-
fuel, AB technology did not become feasible (Withers 
et al. 2017).

Prospective schemes for the scale-up of algal produc-
tion need to be elaborated by careful process modeling, 
simulation, and optimization with LCA from the design 
stage. Without careful assessment of the mass and energy 
balances, and ecological impacts, there is a danger that 
many proposed schemes may end up as unsustainable. 
The data from real-life demonstration or pilot plant at 
a realistic scale under prevailing weather conditions 
help to assess possible productivities in practice. Select-
ing high-lipid-producing strains optimized to regional 

climate conditions and to the large-scale production of 
algae biomass, and preferably also amenable to metabolic 
engineering, will be crucially important.

Integration of engineering and biology is essential, 
since neither of alone is likely to yield an appropriate 
solution. For example, a change in algal lipid composi-
tion under stress conditions is often observed, which 
means that the oil cannot be used directly for biodiesel 
production. However, it has been reported that the fresh-
water green microalga Parietochloris incisa enhances 
not only its TAG production under N starvation but also 
the proportion of arachidonic acid, a valuable nutra-
ceutical, in TAGs. In this case, the valuable by-product 
could make biodiesel production from this species viable. 
Thus, establishing the feasibility of algal biofuel produc-
tion regardless of energy input will be an important step 
in providing the platform for optimization, and also for 
establishing promising lines for future research. This is 
essentially what has happened with first-generation bio-
fuel where, despite the concerns over food prices, land 
use and so on, it has led to the development of infrastruc-
ture, policies, and know-how (Scott et al. 2010).

Microalgae can contribute a significant portion of the 
renewable fuels that will be required by the Renewable 
Fuels Standard described in the 2007 Energy Independ-
ence and Security Act of the United States (National 
Research Council 2012a). Many different paths are pos-
sible to produce biofuel out of algal biomass. Continued 
research into strain or community of strain selection to 
maximize lipid content should continue, with emphasis 
on strains already noted for their high lipid content and 
growth rates, such as Nannochloropsis, Phaeodactylum, 
and Chlorella. Cultivation of algal biomass in both race-
way ponds and PBRs comes with advantages and disad-
vantages, which are often not compatible with the next 
down process of harvesting. PBRs show promise for min-
imizing resource waste and maximizing lipid content, but 
their increased cost makes them even more prohibitive 
than raceway ponds. On the other hand, raceway ponds 
end up with dilute biomass, which makes the harvesting 
very expensive. This clearly indicates that the individual 
and the whole processes have their own dynamics, con-
straints, and optimums hence, it is crucial to synchronize 
the down processing successfully for a sustainable algal-
based biofuel/bioproduct sector.

While several methods for extraction and process-
ing are available, some are more promising than others 
are. The economics and sustainability of a viable algal-
based fuel and chemical platform will depend upon a 
close integration of cultivation and conversion. Hydro-
thermal liquefaction has shown to be a very promising 
possibility for such integration. With a low energy and 
chemical requirements as well as few processing steps, 



Page 24 of 28Allen et al. Bioresour. Bioprocess.            (2018) 5:47 

hydrothermal liquefaction could lead the way in biodiesel 
extraction methods. This form of extraction and process-
ing could also allow coproducts to boost the potential 
profits from algal biomass.

Algae could prove to be the biomass feedstock of the 
future beside the sugar. A spike in petroleum costs could 
cause algae to become economically feasible sooner 
rather than later. Continuing research and development 
are valuable due to the potential gains that can be made 
from both an energy production and an environmen-
tal protection standpoint. The ability of algae to build a 
sustainable food–energy–water nexus, by treating waste-
water, while simultaneously producing renewable energy 
and high-value chemicals, without interfering with the 
food supply chain is a promising aspect that could play 
into decision to commercialize algal-based biorefinery in 
the near future. An attempt to get a working industrial 
scale plant, even with the notable economic infeasibility 
could also prove extremely valuable, as more information 
could be gained by such a venture, than is currently avail-
able and would not be obtained through research path-
ways. The research opportunities include: (1) optimum 
design of systems for algae cultivation and anaerobic 
digestion, (2) optimization of algae cultivation in waste-
water, nutrients recycling and algal concentration, (3) 
enhancement of algal biomass digestibility and conver-
sion rate by pretreatment, (4) deep integration with other 
technological processes (e.g., wastewater treatment, co-
digestion with other substrates, carbon dioxide seques-
tration), (5) development and adaptation of molecular 
biology tools for the improvement of algae and anaero-
bic microorganisms, (6) application of information tech-
nologies, and (7) estimation of the environmental impact, 
energy and economical balance by performing a life cycle 
analysis (Bohutskyi and Bouwer 2013).

A large scale of sustainable algal-based biofuels and 
bioproducts system needs careful integration of biology, 
ecology, and engineering. This will ensure that careful 
assessment of the energy balances and ecological con-
straints are exercised despite the lack of real-economic 
data from a large-scale operation under prevailing eco-
logical constraints. Also requisite is the development 
of high-lipid-producing strains optimized with meta-
bolic engineering under regional ecological conditions. 
However, integration of biology, ecology and engineer-
ing requires an effective collective effort of real-field 
experimentation that creates considerable challenges. 
For example, with metabolic engineering and nutrient 
starvation, quality and yield of lipid as well as high-value 
chemicals may be adjusted to have a positive impact of 
feasibility, regardless of energy input.
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