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Abstract
The worldwide growing demand for energy permanently increases the pressure on industrial and scientific community to
introduce new alternative biofuels on the global energy market. Besides the leading role of biodiesel and biogas, bioethanol
receives more and more attention as first- and second-generation biofuel in the sustainable energy industry. Lately, microalgae
(green algae and cyanobacteria) biomass has also remarkable potential as a feedstock for the third-generation biofuel production
due to their high lipid and carbohydrate content. The third-generation bioethanol production technology can be divided into three
major processing ways: (i) fermentation of pre-treated microalgae biomass, (ii) dark fermentation of reserved carbohydrates and
(iii) direct “photo-fermentation” from carbon dioxide to bioethanol using light energy. All three technologies provide possible
solutions, but from a practical point of view, traditional fermentation technology from microalgae biomass receives currently the
most attention. This study mainly focusses on the latest advances in traditional fermentation processes including the steps of
enhanced carbohydrate accumulation, biomass pre-treatment, starch and glycogen downstream processing and various fermen-
tation approaches.

Abbreviations
Acetyl-CoA Acetyl coenzyme A
ADHI, ADHII Alcohol dehydrogenase I and II
ATP Adenosine triphosphate
CBP Consolidated bioprocess
CCM Carbon dioxide concentrating mechanism
DW Dry mass
GRAS Generally recognized as safe
PBRs Photobioreactors
PDC Pyruvate decarboxylase
PHB Poly(3-hydroxybutyrate)
PSI, II Photosystem I, II
RuBisCO Ribulose-1,5-bisphosphate

SHF Separate hydrolysis and fermentation
SSF Simultaneous saccharification

and fermentation
NaHCO3 Sodium bicarbonate

Introduction

Microalgae1 are economically important due to their biologi-
cal role in ecosystems and as a source of commercially signif-
icant high-value compounds (Matsubara 2004). They have a
broad application in the food and feed industry, aquaculture,
cosmetics and pharmacy.Moreover, microalgae have attracted
attention as a renewable resource of energetic compounds,
particularly as an alternative carbon source for subsequent
processing in chemical industry.

The global demand for renewable energy sources like
biofuels has been continuously growing. It is promoted by
the contrast between the intensifying of energy utilization,
decreasing amounts of traditional energy sources and the
threat of global warming. Biofuels are generally referred to
solid, liquid or gaseous fuels derived from organic matter

1 According to applied phycology, these represent microscopic, unicellular,
filamentous or colonial prokaryotic cyanobacteria and eukaryotic algae that
are capable of converting inorganic nutrients, water, carbon dioxide and light
energy (sunlight) into biomass via photosynthesis.
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(Brennan and Owende 2010b; Dragone et al. 2010; Scott et al.
2010). The first- generation biofuels (e.g. biodiesel, bio-oil or
bioethanol produced from crops like rape, sugar beet, maize or
wheat) possess notable economic, environmental and political
concern as the mass production of biofuel requires more ara-
ble lands resulting in reduced human food production.
Moreover, production process of the first-generation biofuels
has also been causing environmental damage. As this genera-
tion of biofuels is not viable, research and development
(R&D) have been focused on the second-generation biofuels
whose feedstock are generally not food crops. As of the pro-
duction of the second-generation biofuels requires expensive
and sophisticated technologies, the production has not yet
been profitable. Therefore, the researchers focused on the
third-generation biofuels which are derived from microalgae.
These are currently being promoted as a suitable biofuel feed-
stock because of their rapid growth rate, CO2 sequestration
ability (zero emission balance), waste nutrient use and high
production capacity of storage compounds (lipids, polysac-
charides) (Bellou et al. 2014). They also do not compete with
food or feed crops, as they can grow in vast and not used areas
on non-arable land.

The third-generation biofuels produced from microalgae
biomass have potential to overcome these challenges
(Behera et al. 2015; Chew et al. 2017; Lakatos et al. 2014,
2017). The vast majority of the alternative biofuel research has
been focused on the biogas and biodiesel production (Brennan
and Owende 2010a; Wirth et al. 2015). Beside these two,
bioethanol has received more and more attention because of
the recent advances in its production technologies (de Farias
Silva and Bertucco 2016; John et al. 2011). Bioethanol as the
first- and second-generation biofuel is currently the most
widely used worldwide. However, from the economical as-
pect, it still faces with challenges (Zhu et al. 2014). The pro-
duction costs of the upstream and downstream processes are
still significantly above the production prices of the fossil
fuels (Jones and Mayfield 2012; Kumar and Murthy 2011;
Norsker et al. 2011). The basic principles of the various pro-
duction ways has been well described; further research is
needed for increasing production efficiency and reducing pro-
duction costs.

Bioethanol of the third generation produced from
microalgae biomass may represent an environmentally friend-
ly fuel. It has many advantages in view of first- and second-
generation biofuels produced from higher plants (Singh et al.
2011; Zabed et al. 2017), mostly due to the rapid generation
rate. Microalgae cells have short doubling time; thus, they can
reach high productivity and short harvesting cycle (1–10 days)
compared to other crop feedstock (once or twice per year).
Industrial-scale microalgae cultivation does not need arable
lands. The most common production systems employed for
microalgae cultivation are outdoor open ponds and closed
photobioreactors (PBRs) (Benavides et al . 2017;

Bharathiraja et al. 2015; Gupta et al. 2015), as these are arti-
ficial systems for extensive production which can be to a cer-
tain degree optimized as concerns growth conditions of select-
ed production strains. Utilization of various nutrient sources,
the cultivating in fresh and marine water is possible as well as
in municipal wastewater which contributes to water remedia-
tion and nutrient use and makes microalgae an easy-to-grow
feedstock (Dourou et al. 2018; Malibari et al. 2018; Nigam
and Singh 2011). In particular, these organisms have been
proven effective in removing nutrients/pollutants, especially
nitrogen (N) and phosphate (P), from agro-industrial waste-
waters (Tsolcha et al. 2018), such as raisin and winery waste-
waters (Tsolcha et al. 2017), brewery wastewater (Boboescu
et al. 2016) and second cheese whey effluents (Tsolcha et al.
2016), as well as from urban wastewaters (Caporgno et al.
2015). Microalgae can reach higher photosynthetic efficiency
of 4–5% under natural conditions as compared to higher
plants (1–2%) (Richmond and Hu 2013; Tredici 2010). The
microalgae biomass primarily contain proteins (30–50%), car-
bohydrates (20–40%) and lipids (8–15%) (Hu 2004; Singh
et al. 2011; Wang et al. 2013; Zhu et al. 2014). Besides their
advantageous features, these photosynthetic organisms are
mostly not suitable for bioethanol production due to low poly-
saccharide content under normal cultivation conditions. The
efforts to increase bioethanol production yields are underway,
like increasing biomass growth rate, manipulation of cultiva-
tion conditions to induce higher carbohydrate content or im-
proving carbohydrate to ethanol conversion efficiency
(Bharathiraja et al. 2015; Kumar and Murthy 2011; Zhu
et al. 2014). Some studies have documented that the content
of carbohydrates can be increased under stress conditions
resulting for example in higher starch or glycogen content
under nitrogen depletion (Cheng and He 2014; Juneja et al.
2013). Microalgae also do not contain lignin and have low
hemicellulose levels which facilitate hydrolysis efficiency
and fermentation yields. Milder technics for hydrolysis and
fermentation can also reduce the overall cost of bioethanol
production (Choi et al. 2012; Eshaq et al. 2011).

Three possible ways of microalgae biomass processing for
bioethanol production are well described in the literature
(Fig. 1). Firstly, it is the traditional process in which the
carbohydrate-rich biomass undergoes pre-treatment steps, en-
zymatic hydrolysis and yeast fermentation (Hernández et al.

Fig. 1 Various types of third generation ethanol production techniques
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2015). The secondway uses themetabolic pathways under dark
conditions. During dark fermentation, photosynthesis is
redirected to produce hydrogen, acids and alcohols (such as
ethanol) (Magneschi et al. 2012). The third way is “photo-fer-
mentation” (Dexter et al. 2015). It requires the use of genetic
engineering to redirect the regular biochemical pathways in
microalgae, preferably cyanobacteria, for a more subjective
and efficient production of bioethanol. Genetically modified
strains use light as energy source to generate bioethanol from
carbon dioxide and water in a single step (Dexter and Fu 2009).

The purposes of this article is to review the published re-
sults concerning environmental physico-chemical conditions
which enhance polysaccharide accumulation in microalgae
cells and technological procedures of subsequent downstream
processing for bioethanol production including pre-treat-
ments, carbohydrate hydrolysis and various fermentation
methodologies.

Bioethanol production by dark fermentation

In phototrophic microorganisms, polysaccharides and lipids
are accumulated in cells during daylight hours when photo-
synthetic oxygen production and carbon dioxide fixation are
the dominant metabolic process. Dark fermentation proceeds
in the absence of light (Heyer and Krumbein 1991; Hirano
et al. 1997) when most of the starch reserves can be hydro-
lysed to sugars by amylase activity and then via glycolysis
to pyruvate (Catalanotti et al. 2013). The main benefit of the
fermentation from the aspect of the photosynthetic organism
is to generate ATP necessary to drive metabolic and energy
requiring processes (Ueno et al. 1998). Eukaryotic algae
such as Chlamydomonas reinhardt i i ( fur ther as
C. reinhardtii), Chlamydomonas moewusii, Chlorogonium
elongatum and Chlorella fusca can ferment intracellular
starch. Carbohydrate polymers (starch in eukaryotic
microalgae) can be converted to pyruvate as a major inter-
mediate compound and then to a variety of end products
including acetate, ethanol, formate, glycerol, lactate, H2

and CO2 via various fermentative pathways (Ben-Amotz
1975; Gaffron and Rubin 1942; Grossman et al. 2007;
Klein and Betz 1978; Mus et al. 2007). The final products
vary among eukaryotic algae species and can also signifi-
cantly vary with changes in environmental conditions.
Pyruvate fuels fermentation processes, serving as substrate
for acetyl coenzyme A (acetyl-CoA) which can be metabo-
lized to generate ATP by conversion to acetate or to help
maintain redox balance by conversion to ethanol in
Chlamydomonas (Hemschemeier and Happe 2005; Mus
et al. 2007). During this final stage, the putative dual-
function alcohol/acetaldehyde dehydrogenase (ADHI) con-
verts the acetyl-CoA into acetaldehyde or into ethanol
(Magneschi et al. 2012).

Photofermentative bioethanol production

Cyanobacteria are able to produce ethanol directly in photo-
synthetic process. It is called the “photofermentative’” or
“photanol” routes (Deng and Coleman 1999; Dexter et al.
2015). Recently, genetically modified cyanobacterial strains
(Synechocystis sp. PCC 6803, Synechococcus sp. PCC 7942,
Synechococcus sp. PCC 7002; Pasteur Culture Collection,
Pa r i s ) have been cons t r uc t ed to ca r ry ou t the
“photofermentative” way of bioethanol production (Dexter
and Fu 2009; Dienst et al. 2014; Gao et al. 2012). Firstly,
pyruvate decarboxylase (PDC) and alcohol dehydrogenase II
(ADHII) genes from Zymomonas mobilis (further as
Z. mobilis) were introduced into the cyanobacterium
Synechococcus sp. PCC 7942 (Deng and Coleman 1999).
The same PDC/ADHII cassette was used in this model system
like previously in Escherichia coli for demonstrating heterol-
ogous expression of these genes (Ingram et al. 1987). In the
newly established metabolic pathway, the carbon dioxide is
fixed in the Calvin-Benson cycle using the reducing power of
photosynthesis to generate pyruvate which is converted to
acetaldehyde and ethanol via the inserted PDC and ADHII.
The initial results of genetic modifications were promising,
but the ethanol production rate and volume were inefficient.
Further investigations attempted to understand its limitations.
The concentration of ethanol about 2.5 and 4.5 g/L inhibited
the growth of Synechococcus sp. PCC 7942 and Synechocystis
sp. PCC 6803, respectively (Kämäräinen et al. 2012). The
phototrophic metabolism during ethanol production in
Synechocystis sp. PCC 6803 was extensively examined by
proteomic analysis to elaborately understand the operation of
this artificially inserted pathway (Pade et al. 2017; Song et al.
2014). Besides, systems analysis was performed in
Synechocystis sp. PCC 6803 and Synechococcus sp. PCC
7002 cultures (Dienst et al. 2014). The study revealed that
the progressive intracellular organic carbon limitation is
caused by its excessive drain from central metabolism via
ethanol loss (Kopka et al. 2017). Other studies combined ge-
netic modifications with stress conditions showing that nitro-
gen starvation together with the combinatorial deletions of
some parts of the glycogen synthesis pathway and the
poly(3-hydroxybutyrate) (PHB) synthesis pathway enhanced
the ethanol production rate in Synechocystis sp. PCC 6803
(Namakoshi et al. 2016). To test theoretical metabolic modi-
fications, in silico simulations were developed for
Synechocystis sp. PCC 6803 strain (Yoshikawa et al. 2017).
It was predicted that the knockout of NAD(P) H dehydroge-
nase (ndhF1) can enhance ethanol production under photoau-
totrophic conditions using ammonium as nitrogen source.
Ethanol titre was significantly increased in the ΔndhF1 mu-
tant compared to the wild type. The mutant cultivation was
conducted indoor at laboratory scale, but the main purpose of
the “photofermentation” concept has been the large-scale one-
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step bioethanol production. Despite the initial success, serious
practical problems have arisen already at pilot scale. The con-
struct Synechocystis Syn-HZ24 was successfully prepared and
cultivated in the laboratory, but ethanol production was
aborted by Pannonibacter phragmitetus during outdoor culti-
vation (Zhu et al. 2017) as the construct was overgrown by the
bacterium and accumulated ethanol was consumed. pH-rising
strategy (NaHCO3) was applied to reduce P. phragmitetus
population and accumulate produced ethanol. Final ethanol
concentration was about 0.9 g/L after 10-day cultivation
resulting in about 80% recovery.

Fermentative bioethanol production

Polysaccharide composition of microalgae

In the fermentative method, the carbohydrate content of
microalgae biomass serves as the feedstock for the bioethanol
production. Among green microalgae, Chlorella ,
Scenedesmus, Chlorococcum and Tetraselmis have mostly
been studied (Figueroa-Torres et al. 2017). Cyanobacterial
strains like Synechococcus and Arthrospira have also been
investigated as a polysaccharide feedstock for bioethanol pro-
duction (Aikawa et al. 2018; Arias et al. 2018; Markou et al.
2013; Möllers et al. 2014). Microalgae capture solar energy
and convert it into chemical energy through a number of com-
plex photosynthetic reactions. There are two main types of
reactions, the light and the dark reactions. In the light reac-
tions, the solar energy is used to split water into protons,
electrons and oxygen. The electrons and protons are then used
to generate energy carriers (NADPH and ATP) which support
the metabolic needs of the organism. In the dark reactions,
carbon dioxide is reduced to carbohydrates by the Calvin-
Benson cycle, using NADPH and ATP (Richmond and Hu
2013).

Polyglucans comprise the major carbohydrate content and
serve two main purposes for microalgae. They are either ac-
cumulated in the plastids as reserve components (starch, gly-
cogen) or become the main structural component of the cell
wall (cellulose, sulphated polysaccharides). Carbohydrates, as
storage compounds, provide the energy needed for metabolic
processes and allow temporary survival in dark conditions
(Raven and Beardall 2003). The reserve carbohydrates are
species dependent (Kadouche et al. 2016). Cyanobacteria syn-
thesize glycogen which is a water-soluble α-polyglucan; the
size of particles is less than 0.04 μm in diameter and contains
α-1,4-glucosidic and α-1,6-glucosidic bonds between the
monomers (De Porcellinis et al. 2017; Melendez-Hevia et al.
1993). Green microalgae synthesize starch molecules whose
size is between 2 and 100 μm and is composed of 72–82% of
amylopectin (containing α-1,4-glucosidic and α-1,6-gluco-
sidic bonds) and 18–28% of amylose (containing α-1,4-

glucosidic bonds) (Buléon et al. 1998; Busi et al. 2014;
Nakamura et al. 2005). Starch has α-1,6-glucosidic bonds
between the amylose chains, creating the branched amylopec-
tin. Glycogen and amylopectin have similar structure, but the
former has about one branch point per ten 1,4-alpha bonds,
compared to about one branch point per 30 1,4-alpha bonds in
the latter.

Red algae synthesize floridean starch which is practically
identical with that of potato and maize starch, indicating that it
is a glucose polymer linked by α-1,4- and α-1,6-glucosidic
bonds (hybrid of starch and glycogen) (Nyvall et al. 1999). In
addition, the Euglenophyta and Chlorarachniophyta genera
accumulate as storage substances, β-polyglucans, where the
glucose residues are linked only at the β-1,3 glucosidic bonds
(Suzuki and Suzuki 2013). The cellulose present in the
microalgae cell wall is also suitable as a feedstock for
bioethanol production (Wang et al. 2014), and the microor-
ganisms have different cell wall structures from lignocellulose
of terrestrial plants. Especially the lack of lignin in microalgae
results in less harsh pre-treatments for releasing the biodegrad-
able organic matter. Major carbon storage compounds like
starch or glycogen need hydrolytic degradation to glucose
(Bibi et al. 2017). Then, the glucose from the treated biomass
can be fermented with yeast or bacteria to obtain bioethanol.
But before that, the cells must be firstly disintegrated (physi-
cally, chemically or enzymatically) to access the storage com-
pounds (Table 1). The most commonmicroorganisms used for
alcoholic fermentation are yeasts of the genus Saccharomyces
or bacteria of the genus Zymomonas.

Culturing conditions affecting polysaccharide
accumulation

Irradiance

Light is the main energy source for the photosynthetic organ-
isms and therefore it is essential for the phototrophic growth of
microalgae. The quality and quantity of light affects the
growth rate and also the biomass composition. The efficiency
of light energy supply thus becomes one of the major limiting
factors for large-scale microalgae cultivation. The growth
rates increase as the irradiance increases up to a level in which
the light-saturation occurs. The majority of the microalgae are
saturated under cell irradiance of 200–400-μmol photons
m−2 s−1. If the irradiance increases above a certain level, then
it becomes harmful for the photosynthetic apparatus and such
excessive irradiance can cause photoinhibition (Richmond
et al. 2003).

Dihydroxyacetone phosphate, sucrose and starch syn-
thesis precursor is stimulated by light (Champigny
1985) and therefore the light intensity affects positively
the carbohydrate accumulation in microalgae. It was
demonstrated that the light intensity in the range of
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300–400-μmol photons m−2 s−1 could slightly increase
the accumulation of carbohydrates (Carvalho et al.
2009). A significant increase in starch content from
8.5 to 40% (dry mass basis) was observed when the
mean light intensity was increased from 215- to
330-μmol photons m−2 s−1 (Fernandes et al. 2010).
However, the accumulation of microalgae carbohydrates
depends not only on light intensity, but also on other
environmental parameters, mainly temperature and nutri-
ent content (e.g. nitrogen or sulphur limitation).

During light periods, photosynthesis produces carbohy-
drates that are consumed by respiration in the dark when
starch consumption required to maintain metabolic functions
can reduce the biomass by about 35% (Ogbonna and Tanaka
1996). In order to avoid these losses, alternative energy
sources (such as acetate) are fed to the culture over dark pe-
riods (heterotrophic growth). On the other hand, the
phototrophic mode takes place during illumination periods
when photosynthesis is active. Under this mode, microalgae
consume CO2 and allocate it mainly in carbohydrates (John
et al. 2011).

High light intensities result in an increase in the carbohy-
drate content (Hu 2004). In cultures of Porphyridium species,
a 3-fold increase in carbohydrate content was observed, while
in the cultures of Spirulina (Arthrospira) maxima an increase
from 7–10% up to 34% in carbohydrates was obtained, when
light increased (De Philippis et al. 1992; Friedman et al.
1991). High light intensity (700-μmol photons m−2 s−1) in
combination with nitrate limitation to produce glycogen
(about 1 g/L) from the cyanobacterium Arthrospira platensis
(further as A. platensis) were used (Aikawa et al. 2012).

Overall, irradiance periods are crucial for carbohydrate ac-
cumulation and content. Once again, light exposure effects are
variable among microalgae strains. Carbohydrate accumula-
tionmay take place upon particular irradiance regimes. Hence,
biomass harvest should be planned strategically in order to
avoid biomass loss or changes in macromolecular
composition.

Temperature

Rising culture temperature can increase microalgae growth,
until favourable range is reached. Changes of this variable also
play an important role in carbohydrate accumulation. Sugar
content can be enhanced by 25% by shifting cultivation tem-
perature at a particular growth stage of microalgae culture. For
example, allowing exponential growth at 20 °C until nitrate
depletion, followed by a drastic decrease of temperature to
14 °C, leads to sugar accumulation. When Chlorella vulgaris
(further as C. vulgaris) is cultivated at 20 °C, amylopectin
synthesis is preferred over amylase synthesis which normally
predominates at 38 °C. Moderate temperatures (25 °C) favour
carbohydrate synthesis in Spirulina (Torzillo et al. 1991). In
the case of Anabaena, extracellular polysaccharides are pref-
erentially released at low temperature (20 °C) (Sangar and
Dugan 1972). Likewise, increasing temperature to 35 °C dur-
ing culturing of Synechocystis sp. shifts the natural accumula-
tion of glucosyl-glycerol toward sucrose production (Warr
et al. 1985).

In addition, there exists an interplay between temperature
and light intensity as their effects on the biomass composition
seem to be synergistic (Carvalho et al. 2009; Jensen and
Knutsen 1993). The temperature affects the level where the
light inhibition occurs as low temperatures enhance
photostress (Jensen and Knutsen 1993). Additionally, temper-
ature affects the uptake of nutrients and the structure of cell
membranes and it also influences the oxygen evolving activity
of the PSII complex (Vonshak 1997). The habitat where a
strain was isolated is related to optimal temperature regime
that results in remarkable differences among the species. In
Arthrospira cultures, the temperature rise from 25 to 40 °C
resulted in a slight increase of the biomass carbohydrates from
about 14 to 21% (Ogbonda et al. 2007), while in the diatom
Chaetoceros the carbohydrate content was higher at the lowest

Table 1 List of pre-treatment procedures

Pre-treatment References

Physical

Bead milling Taleb et al. 2016

High-pressure homogenisation Mulchandani et al. 2015

Agitation Aikawa et al. 2013

Freezing Möllers et al. 2014
Skorupskaite et al. 2017

Air-drying and grinding Bennamoun et al. 2015
Hossain et al. 2015
Poblete et al. 2018
Show et al. 2015

Autoclaving Hossain et al. 2015
Kim et al. 2015

Ultrasonication Zhao et al. 2013

Microwaving Tsubaki et al. 2016

Chemical

Acidic hydrolysis Zhou et al. 2011
Ho et al. 2013, 2017
Hossain et al. 2015
Markou et al. 2013
Nguyen et al. 2009
Shokrkar et al. 2017

Alkaline hydrolysis Harun et al. 2011
Hernández et al. 2015
Shokrkar et al. 2017

Enzymatic

Aikawa et al. 2013, 2018
Möllers et al. 2014
Shokrkar et al. 2017
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temperatures tested (de Castro and Garcia 2005). The same
effect was observed in Chlorella where growth rate dropped
with decreasing temperatures and the sugar content increased
(Hosono et al. 1994).

The significant differences in biochemical composition
have not always been observed under temperature variations
in some microalgae species (Renaud et al. 2002). Thus, the
effect of temperature on carbohydrate accumulation in
microalgae seems to be highly species-specific and has to be
better clarified (De Oliveira et al. 1999).

pH

The pH value is an important environmental variable for the
metabolism of microorganisms including microalgae as it af-
fects not only cell growth but also biochemical composition.
In general, the suitable pH for carbohydrate accumulation dif-
fers based on the group of microalgae species used. The pH
value could significantly affect the accumulation of total car-
bohydrates in both Dunaliella bardawil and Chlorella
ellipsoidea as their maximum carbohydrate accumulation
was reached at pH 7.5 and 9.0, respectively (Khalil et al.
2010). For example, in the culture of marine diatom
Skeletonema costatum, extracellular carbohydrate production
was dramatically increased from 2.1 to 17.7% when it was
grown at pH 9.4 (Taraldsvik and Myklestad 2000).

Carbon dioxide (and bicarbonate) supply

Despite the ability of some microalgae to utilize carbon in
both inorganic (CO2) and organic form (glucose, acetate
etc.), their basic disposition is phototrophic growth and there-
fore the supply of CO2 is required for growth of microalgae in
dense mass cultures. A sufficient supply of CO2 is considered
to be positively related to the efficiency of photosynthesis,
resulting in the synthesis of carbohydrates as the end product;
CO2 is thus one of the key factors influencing the accumula-
tion of carbohydrate in microalgae. Some studies found that
carbohydrate accumulation in microalgae is improved by in-
creasing the percentage of CO2 in the inlet gas (Giordano
2001; Xia and Gao 2005). For example, increasing dissolved
CO2 concentration from 3 up to 186 μmol/L in cultures of
Chlorella pyrenoidosa and Chlamydomonas reinhardtii could
elevate the carbohydrate content from 9 to 21% and 3 to 7.4%
(w/w), respectively. Due to carbon concentrating mechanisms
(CCM), some microalgae extract inorganic carbon from the
extracellular environment. This mechanism is induced under
low carbon dioxide concentrations. In addition, intracellular
starch location is also ruled by CO2 concentration. At high
CO2 (3% v/v) levels, starch accumulates in the chloroplast
stroma. However, when CO2 supply decreases, the storage
location shifts to the pyrenoid (Izumo et al. 2007). Thus,
CO2 can be used to enhance starch content and to control

starch deposition. The morphological differences of the com-
partments mediate this increase. In the case of Dunaliella
salina, high concentration of CO2 and ammonium N-source
resulted in decreased pigment content and slight increase of
carbohydrates and proteins (Giordano and Bowes 1997). On
the other hand, high concentration (5% v/v) of CO2 and nitrate
N-source diminished soluble sugars, and increased starch
slightly, while protein increased markedly. Therefore, it can
be concluded that there is a clear relation among N-source,
CO2 supply concentration and carbohydrate profile. In some
microalgae species, increases in the CO2 concentration result
in an increase in the protein content, but a decrease or no
obvious change in the carbohydrate content (Brown et al.
1997). However, under nitrogen starvation conditions and
with an adequate supply of CO2 and light energy, the protein
content in microalgae can be consumed as a nitrogen source,
and the carbohydrate content may increase significantly dur-
ing this process. Therefore, suitable addition of CO2 is a key
step to improve the phototrophic growth of microalgae cells
(biomass productivity and protein content), although it may
not directly enhance carbohydrate accumulation in
microalgae, unless appropriate stress conditions are
employed.

Apart from the phototrophic growth, some microalgae are
also capable to grow on organic substances, such as glucose,
glycerol and acetate. The transport of such organic substances
is achieved by several mechanisms, like phosphorylation (in
the case of sugars), simple diffusion into the cells (in the case
of glycerol) or by membrane transporter proteins (in the case
of organic acids) (Perez-Garcia et al. 2011). The carbon met-
abolic mode in general affects the growth rates which are
increased under mixotrophic or heterotrophic mode compared
to phototrophic (Chojnacka and Marquez-Rocha 2004).
Additionally, the carbon metabolic mode seems to affect the
microalgae biomass composition. For instance, Chlorella ac-
cumulates more carbohydrates under mixotrophic (Abreu
et al. 2012) or heterotrophic growth regime (Choix et al.
2012) than under phototrophic growth. However, the majority
of the studies dealing with mixotrophic or heterotrophic
modes of microalgae metabolism focus on lipid production
and therefore not as much is known about the effect of these
modes on carbohydrate accumulation.

Macronutrients

Microalgae often respond to unfavourable conditions (low or
extremely high irradiance intensity, nutrient limitation, tem-
perature extremes, salinity) by modifying key biochemical
pathways toward the production of various storage com-
pounds. Manipulation of culture conditions that directly affect
biomass composition can promote polysaccharide productiv-
ity (Bracken et al. 2015). In many microalgae, the accumula-
tion of storage compounds can be commonly enhanced
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through macronutrient (N, P, S) limitation (insufficient sup-
ply) or starvation (no supply) but at the expense of biomass
productivity (Chen et al. 2013; Dragone et al. 2011; Jerez et al.
2016; Ji et al. 2018; Markou et al. 2012a). Nutrient limitation
like nitrogen, sulphur or phosphorus deprivation has been
commonly used and until now the most efficient way to en-
hance starch and glycogen accumulation (de Farias Silva et al.
2018).

Nitrogen Nitrogen is an essential nutrient for microalgae
growth. It is crucial for the synthesis of proteins, amino acids,
DNA, pigments, enzymes, coenzymes and many other com-
pounds (Turpin 1991). Nitrogen starvation affects firstly the
photosynthetic systems, mainly the PSII complex, having
negative impact on the synthesis of proteins participating in
both photosystems (PSI and PSII) (Berges et al. 1996). Under
nitrogen starvation, the flow of the photosynthetically fixed
carbon is turned from the protein synthesis pathway to the
reserve components (lipids or carbohydrates), resulting in ei-
ther polysaccharide or lipid accumulation (Bellou and Aggelis
2013; Hu 2004; Huo et al. 2011). There are many examples in
the literature showing that nitrogen limitation is the most ef-
fective way to trigger carbohydrate accumulation in
microalgae (Huo et al. 2011; Shang et al. 2017). As an exam-
ple, a 55% carbohydrate content was achieved when cultivat-
ingC. vulgaris in a low-nitrogenmedium. Also the cultivation
of Tetraselmis suecica under nitrogen starvation could dramat-
ically enhance the cellular carbohydrate content from 10 to
57% (D'Souza and Kelly 2000). When subjected to nitrogen
limitation, C. reinhardtii can mixotrophically accumulate
starch from 35 to 58% of dry mass (Li et al. 2010). The main
problem connected with the use of nitrogen-deficient medium
to accumulate carbohydrates in microalgae is serious stress
leading to a gradual inhibition of growth and cell lysis in a
relatively short time (Eriksen et al. 2007). Some authors tried
to solve the problem by limiting the concentration of nitrogen
in growth medium instead of the total deficiency (Yao et al.
2012). By this approach, they succeeded in increasing the
maximum biomass and starch content.

However, some studies indicated that there was a correla-
tion between lipid and carbohydrate synthesis under nitrogen
limitation because the metabolic pathways associated with
biosynthesis and degradation of energy-rich compounds
(lipids and carbohydrates) are closely linked (Bellou et al.
2014; Ho et al. 2013; Siaut et al. 2011). Starch biosynthesis
can directly come from lipid synthesis on one side and vice
versa degradation of starch provides the metabolites for pro-
ducing acetyl-CoAwhich is the precursor in fatty acid biosyn-
thesis (Li et al. 2010). CO2 is converted to glycerate-3-
phosphate through photosynthesis, then acetyl-CoA is gener-
ated via pyruvate by the pyruvate dehydrogenase complex.
This initiates the lipid biosynthetic pathway which occurs in
the plastid. Acetyl-CoA can also be generated via a

biochemical pathway that permits the conversion of polysac-
charides into lipids. This is commonly utilized by oleaginous
heterotrophs during sugar assimilation (Bellou and Aggelis
2013). As an alternative way, glycerate-3-phosphate can be
converted into polysaccharides, molecules used for structural
purposes and storage material. Energy from sugars is generat-
ed during their catabolism, commonly via glycolysis in the
cytosol followed by citric acid cycle in the mitochondrion.
However, under specific growth conditions (i.e. under nitro-
gen or phosphate limitation), citric acid cycle could be dis-
turbed, due i.e. to the inhibition of isocitrate dehydrogenase
enzyme that catalyses the conversion of isocitrate to α-
ketoglutarate. In this case, citrate is accumulated in the mito-
chondrion and then excreted in the cytosol where, in the pres-
ence of ATP-dependent citrate lyase, it is ceased into acetyl-
CoA and oxaloacetate. Cytosolic acetyl-CoA carboxylase
converts acetyl-CoA into malonyl-CoA and becomes avail-
able for fatty acid elongation in the membranes of the endo-
plasmic reticulum (Mühlroth et al. 2013). These pathways
lead to the conclusion that the effect of nitrogen starvation is
probably more complex and also depends on additional fac-
tors, although this mechanism has only been shown in
Nannochloropsis salina and Chlorella sp. cultivated in a lab-
scale open pond-simulating PBR (Bellou and Aggelis 2013).

In cyanobacteria, the majority of the studies dealing with
nitrogen limitation reported predominantly carbohydrate
(glycogen) accumulation, i.e. A. maxima accumulated 60–
70% (De Philippis et al. 1992) and A. platensis 55–65% of
carbohydrates (Sassano et al. 2010).

Phosphorus Phosphorus (P) is an essential macronutrient nec-
essary for growth and it is essential for compounds like DNA,
RNA, ATP, proteins and phospholipids (Geider and La Roche
2002). This element also affects carbon uptake and hence
carbon allocation in the microalgae cells. In general, the P-
deficient microalgae cultivation results in increased content of
intracellular reserve compounds (storage carbohydrates or
lipids) similar to limitations of other macroelements. This en-
hancement is strain specific; for example Chlamydomonas
showed a stronger response to P deficiency when compared
to Scenedesmus (Dean et al. 2008b), and depended on the
length of the starvation period.

Carbohydrates are synthesized in the chloroplasts and/or in
the cytosol. In the case of eukaryotes, when the cytosolic P
concentration is low, ATP is kept within the chloroplast and
carbohydrates are synthesized (Taiz and Zeiger 2010).
Moreover, it is known that the carbohydrate synthesis is not
a process consuming inorganic P, and that the ADP-glucose
pyrophosphorylase, the enzyme which controls the carbohy-
drates synthesis, is activated by the 3-phosphoglycerate and is
inhibited by inorganic P. Therefore, the level of accumulated
carbohydra tes i s de te rmined by the ra t io of 3-
phosphoglycerate to inorganic P. The effect of P starvation
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on the microalgae biomass composition is the simultaneous
carbohydrate and lipid accumulation against the decrease of
protein synthesis (Dean et al. 2008b; Lynn et al. 2000).
Carbohydrates are more significantly affected by the P starva-
tion and their accumulation is more notable than that of lipids
(Dean et al. 2008a; Guerrini et al. 2000). Furthermore, it was
found that the accumulation of energy-rich storage com-
pounds is controlled by a critical intracellular P concentration
(P quota) rather than its extracellular one (Sigee et al. 2007). In
P-starved Chlorella, the carbohydrates amounted 55% of bio-
mass (Brányiková et al. 2011), while in cultures ofA. platensis
the carbohydrates amounted about 63% (Markou et al. 2012a)
when the P starvation was used for the production of
carbohydrate-rich microalgae for energy purposes. The extra-
cellular P deprivation caused significant starch accumulation
also in marine green microalga Tetraselmis subcordioformis
(Yao et al. 2013). It is known that carbohydrates start to accu-
mulate when the intracellular P drops below a threshold lim-
itation level (Cade-Menun and Paytan 2010).

Sulphur Sulphur (S) is another essential macronutrient re-
quired for key cellular processes and normal development
and growth of microalgae. This element participates in the
synthesis of S-containing amino acids (cysteine, methionine)
and thus proteins, sulpholipids, thiol compounds (glutathi-
one), cell wall components, vitamins (thiamine, biotin),
thioether and thioester compounds (coenzyme A), polysac-
charides and electron transport carriers.

The S starvation results in the inhibition of cell division
(Roopnarain et al. 2014; Yao et al. 2013). This may be a
response to the S deficiency for synthesis of amino acids
and proteins or other cell components required for growth,
resulting further in accumulation of energy storage com-
pounds, such as carbohydrates. Microalgae have low-storage
capability for S, their growth and development is dependent
upon a continuous supply of this element from the environ-
ment and thus its starvation affects the microalgae very fast
(Zhang et al. 2004). On the other hand, cell recovery from S
deficiency is also very quick (Arad et al. 1992; Ariño et al.
1995). During the first days of S starvation, carbohydrate ac-
cumulation occurs. This perhaps is because the carbohydrate
formation acts as the only sink of PSII electrons and on the
other hand the S starvation may induce the activity of the
carboxylic acid cycle. Through the carboxylic acid cycle, the
degraded products of ribulose-1,5-bisphosphate (RuBisCO)
are recycled and thus leading to the accumulation of carbohy-
drates (Fouchard et al. 2005; Melis 2007). In cultures of
C. reinhardtii, a 10-fold carbohydrate content increase was
reported (Melis 2007). The starch overproduction under S
limitation was extensively studied in freshwater species, e.g.
C. vulgaris (Brányiková et al. 2011; Dragone et al. 2011), and
also in marine species, e.g. Tetraselmis (Yao et al. 2012). Both
species showed similar starch productivities under S

deprivation. A detailed description of the responsemechanism
to S limitation is described by Takahashi et al. (2011)).

S starvation is, therefore, technologically the most feasible
nutrient limitation strategy for producing biomass rich in car-
bohydrates because the interval between maximum produc-
tion and cell death is the longest in comparison to other nutri-
ents (nitrogen and phosphorus) and also because the S-limited
cells reach the highest starch content, best viability and stable
starch content. Consequently, the interval is sufficient for
comfortable biomass harvesting, while in the case of N and
P limitation, cell death occurred rapidly (Brányiková et al.
2011).

Specific inhibitors Among environmental polysaccharide-
enhancing factors, it can also be considered the application
of specific inhibitors of DNA replication or proteosynthesis.
The basic principle is the inhibition of some cell cycle pro-
cesses which normally consume polysaccharides and thus
cause their accumulation in cells. Chemical treatment allows
direct control over the organism’s cellular machinery, but it is
technologically demanding and leads to a number of difficul-
ties (e.g. legislative). Examples of such inhibitors include spe-
cific inhibitors of DNA replication or proteosynthesis. Among
the specific inhibitors of nuclear DNA synthesis, the
fluorodeoxyuridine is the most frequently used. It inhibits
the enzyme thymidylate synthase which catalyses the reduc-
t ive me thy la t i on o f 2 ′ -deoxyur idy l a t e to fo rm
deoxythymidylate (Bachmann et al. 1983; Cisneros et al.
1993). The inhibition of nuclear DNA synthesis prevents nu-
clear division and cytokinesis (Zachleder et al. 1996) and in
synchronized culture, daughter cells remained mononuclear
with their initial nuclear DNA content and they did not divide
but continued to grow to giant size and continuously accumu-
lated starch.

The antibiotic cycloheximide is a specific inhibitor of cy-
toplasmic proteosynthesis. The inhibition of proteosynthesis
prevents microalgae from undergoing nuclear and cell divi-
sion but starch is intensively synthesized implying that its
synthesis in the chloroplast is independent of cytoplasmic
protein synthesis and nuclear DNA replication (Brányiková
et al. 2011). The application of specific inhibitors is advanta-
geous for basic research because the mechanisms by which
they affect cellular processes can be studied, but is unaccept-
able for large-scale cultivation because of costs and toxicity of
the inhibitors as well as the use of biomass.

Biomass treatments

The carbohydrates in microalgae are mainly represented by
glycogen, starch and cellulose. Starch and glycogen are im-
portant feedstock for the production of bioethanol from
microalgae. The cellulose present in cell wall is also suitable
as a source for bioethanol production (Wang et al. 2014) as
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these have different structure from lignocellulose of terrestrial
plants. Especially the lack of lignin in microalgae results in
less harsh pre-treatments for releasing the biodegradable or-
ganic matter. Lignin is not readily fermentable for ethanol
production; thus, they need hydrolytic degradation to glucose
(Bibi et al. 2017). The glucose from the treated biomass can be
then fermented by yeast or bacteria to obtain bioethanol.
Before the fermentation, the cells must be first disintegrated
(physical, chemical or enzymatic treatment) to access the stor-
age compounds (Table 1).

Physical treatment

Physical pre-treatments are commonly used to enhance cell
disintegration and carbohydrate hydrolysis (Lee et al. 2017)
(Table 1). Many different energy-demanding methods, includ-
ing agitation, vigorous mixing, bead milling, high-pressure
homogenisation, steam autoclaving, ultrasonication and mi-
crowave treatment supported with freezing, air-drying and
grinding, have been tested with different microalgae for cell
disintegration (Mulchandani et al. 2015). The efficiency is
influenced by operational conditions such as intensity, pro-
cessing time and biomass status (dried/wet and concentration)
as well as volume. The final decision on appropriate cell dis-
integration methods depends mainly on the selected
microalgae’s physiology, mainly, and cell wall characteristics.

Cell disruption can be achieved by shear stress created by a
tangential force applied to the cell wall using for example
vigorous mixing (vortexing). Bead milling is used to disrupt
cells through abrasion caused by solid beads moving at high
speed; although a generally effective method, it has relatively
high energy requirement and a significant amount of heat is
generated. This technique is well applicable for microalgae
like Chlorella and other Chlorophyta with tough cellulosic
cell wall.

Nannochloropsis cells were efficiently broken using high-
pressure disintegrator as 98% cell disruption was achieved at a
pressure of 1750 bar in wet environment (Taleb et al. 2016).
High-pressure homogenisation is a simple technique to rup-
ture microalgae cells containing tough cell walls which de-
pends on the pressure and the cell-suspension properties.
Agitation is a simple and low-energy-demand technique for
disruption of filamentous species (Table 4). The cells of
Arthrospira are susceptible to disruption by physical agitation
because of their rather weak, non-cellulosic cell wall, likely to
release glycogen into the medium upon stirring. Glucose was
released into the medium after 24 h of α-amylase of
glucoamylase treatment (Aikawa et al. 2013).

The incubation of Synechococcus sp. PCC 7002 with lyso-
zyme at 37 °C had little effect on the cells. Freezing is an easy-
to-use method for cell disruption; at − 20 °C for 1 h combined
with subsequent lysozyme treatment, it resulted in proper cell
disintegration, but it had no effect as a single treatment

(Möllers et al. 2014; Skorupskaite et al. 2017) (Table 4).
Besides freezing, air-drying and grinding can also facilitate
the cell disruption (Bennamoun et al. 2015; Hossain et al.
2015; Poblete et al. 2018; Show et al. 2015) (Table 2). The
wet biomass becomes more fermentable; thus, final ethanol
content can be increased. Autoclaving is a harsher and more
effective method for cell disruption compared to the previous
mild techniques (Tables 2 and 3) as it generates high-pressure
steam at 110–160 °C for about 15–60 min. It is suitable for
both cell degradation and enhancing hydrolysis process
(Hossain et al. 2015) as makes it possible to produce ferment-
able sugars without acid treatment. After autoclaving for 20–
80 min of the red microalga Gelidium amansii, the recovery
from biomass was 40–55% for solids, 16–33% for galactose
and 82% for glucose compared to untreated biomass. Unlike
acid treatment, glucose content was constant despite the in-
crease in treatment time (Kim et al. 2015). The relative content
of glucose also increased, while the galactose content de-
creased with the elongation of treatment time. Acid pre-
treatment can inhibit the growth of microorganisms and cause
environmental pollution (Lee et al. 2013). Ultrasonication rep-
resents high-frequency technique which is based on twomajor
mechanisms that disrupt the cell (cavitation and shock-wave
propagation). Shock-wave propagation forms jet streams in
the surrounding medium, thereby causing cell disruption by
high shear forces. Ultrasonic treatment was used in Chlorella
cultures under various power (600–1,000 W) and various
treatment time (30–90 min). Maximum glucose yield (about
37 g of 100 g DW) was obtained using 1,000 W for 80 min;
then it started to decrease rapidly (Zhao et al. 2013).
Microwave treatment (based on electromagnetic field with
frequencies between 300 and 300 GHz) is a non-contact meth-
od that causes vibration and heating of biomass. This tech-
nique has short processing time, high disruption efficiency but
relatively high energy consumption.Microwave treatment can
produce unstable bonds in the carbon-chain structures thereby
altering the quality of the products. Microwave-assisted hy-
drothermal extraction was applied for production of sulphated
polysaccharides from Ulva spp. and Monostroma latissimum
(Tsubaki et al. 2016).

Chemical treatment

By chemical (acid and alkaline) pre-treatments, cell wall dis-
integration and carbohydrate hydrolysis can be achieved in
one step (Table 1). The great advantage of acid hydrolysis is
its rapidness, easiness and lower costs compared to other hy-
drolysis technics. On the other hand, the acidic environment
may lead to decomposition of sugars into unwanted com-
pounds that inhibit the fermentation process. Besides, high
acid concentrations can inhibit the fermentation step because
of salt formation after neutralization of the mixture. Table 2
shows the overview of procedures of acidic/thermal
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hydrolysis which were used for treatment of microalgae bio-
mass before fermentation to bioethanol. For the hydrolysis of
the carbohydrate-enriched Arthrospira biomass, various acids
(H2SO4, HNO3, HCl and H3PO4) were used at concentrations
from 0.083 to 2.5 mol/L carried out in the temperature range
from 40 to 100 °C (Markou et al. 2013). The highest
bioethanol yields of 16% (g ethanol per g DW) were obtained
in hydrolysates produced by treatment with 0.5 mol/L HNO3

and 0.25 mol/L H2SO4 at 100 °C, respectively. The hydroly-
sates were fermented by Saccharomyces cerevisiae (further as
S. cerevisiae) adapted to salt stress. In another series of exper-
iments, process standardization of bioethanol production from
Arthrospira sp. was performed. Various biomass-drying inter-
vals, acid concentrations, time for hydrolysis and fermentation
period were tested (Hossain et al. 2015). The ethanol concen-
tration of 1 g/L was achieved from air-dried Arthrospira

Table 2 Various procedures of acidic/thermal hydrolysis of microalgae biomass before fermentation to bioethanol

Microorganism Biomass
concentration
(g/L)

Ethanol daily/total
production (g/L)

Types and conditions of cell pre-treatment, hydrolysis
and fermentation

Yield of
fermentation
(%)

Reference

Arthrospira sp. – 0.14/(0.99) Pre-treatment: air-drying for 3 day, grinding by mortar
Hydrolysis: 2% H2SO4 addition, steam autoclaving at

125 °C for 25 min
Fermentation: S. cerevisiae for 7 days

– (Hossain et al.
2015)

A. platensis
SAG 21.99

12–13 16.32% g EtOH/g
DW

Pre-treatment and hydrolysis: 0.5 mol/L HNO3 at
100 °C for 3 h

Fermentation: pH adjusted to 4.5, S. cerevisiae MV
92081 at 30 °C for 24 h

53 (Markou et al.
2013)

C. reinhardtii
UTEX 90

50 14.6/(14.6) Pre-treatment and hydrolysis: 3%H2SO4 at 110 °C for
30 min

Fermentation: S. cerevisiae S288C at 30 °C for 24 h

100 (Nguyen et al.
2009)

Chlorella sp.
TIB-A01

– 11.3/(22.6) Pre-treatment and hydrolysis: 2% HCl and 2.5%
MgCl2 at 180 °C for 10 min

Fermentation: S. cerevisiae Y01

91 (Zhou et al.
2011)

C. vulgaris
FSP-E

50 23.4/(11.7) Pre-treatment and hydrolysis: 1%H2SO4 at 121 °C for
20 min

Fermentation: Z. mobilis ATCC 29191, 30 °C

87.59 (Ho et al. 2013)

S. obliquus
CNW-N

40 49.1/(8.18) Pre-treatment and hydrolysis: 2%H2SO4 at 121 °C for
20 min

Fermentation: Z. mobilis ATCC 29191 at 30 °C

94.1 (Ho et al. 2017)

Mixed
microalgae
culture

50 4.96/(4.96) Pre-treatment and hydrolysis: H2SO4 0.5 mol/L and
2.5% MgSO4 at 121 °C for 40 min

Fermentation: S. cerevisiae ATCC 7921 at 30 °C for
24 h

76 (Shokrkar et al.
2017)

Table 3 Various procedures of alkaline pre-treatment and hydrolysis of microalgae

Microorganism Biomass
concentration
(g/L)

Ethanol daily/total
production (g/L)

Types and conditions of cell pre-treatment, hydrolysis
and fermentation

Yield of
fermentation
(%)

Reference

C. infusionum 5 26.1% g EtOH/g DW Pre-treatment and hydrolysis: 0.75% (w/v) NaOH at
120 °C for 30 min

Fermentation: S. cerevisiae at 30 °C for 72 h

– (Harun et al.
2011)

C. sorokiniana 30 – Pre-treatment and hydrolysis: 5 mol/L NaOH at 90 °C
for 30 min

– (Hernández et al.
2015)

S. almeriensis 30 – Pre-treatment and hydrolysis: 5 mol/L NaOH at 90 °C
for 30 min

– (Hernández et al.
2015)

N. gaditana 30 – Pre-treatment and hydrolysis: 5 mol/L NaOH at 90 °C
for 30 min

– (Hernández et al.
2015)

Mixed microalgae
culture

50 – Pre-treatment and hydrolysis: 2 mol/L NaOH at
121 °C for 40 min

– (Shokrkar et al.
2017)
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biomass treated with 2% sulphuric acid at 125 °C. As an
example, C. reinhardtii biomass was used for ethanol produc-
tion by low-cost treatment using hydrothermal acid pre-
treatment with high efficiency (Nguyen et al. 2009).
Biomass (5% w/v) were pre-treated with sulphuric acid (1–
5%) under temperatures of 100–120 °C for 15–120 min. As a
result, the glucose yield from the biomass was 58% (w/w)
after pre-treatment with 3% sulphuric acid at 110 °C for
30 min. The method of separate hydrolysis and fermentation
(SHF) by S. cerevisiae was used resulting in bioethanol yield
of 14.6 g/L in 24 h. In another study, biomass of Chlorella sp.
was hydrolysed to sugars in the presence of HCl (0.5–6%),
H2SO2 (2%) and MgCl2 (1.25, 1.75, 2.5 and 3.75%) in two
hydrolysis regimes (180 °C/10 min and 120 °C/60 min) (Zhou
et al. 2011). The mixture of MgCl2 (2.5%) and HCl (2%)
enhanced the effectiveness of hydrolysis (180 °C/10 min) up
to 83% sugar yield resulting in 23 g/L ethanol after 48-h fer-
mentation which was about 90% of the theoretical yield.
Acidic treatments with sulphuric acid at various concentra-
tions (0.1–5%) followed by enzymatic treatments with
Pseudomonas sp. CL3 extracts (enzyme mixture consisted
of endoglucanase, β-glucosidase and amylases) were tested
to optimize hydrolysis process. Fermentation of acid-
hydrolysed microalgae biomass (1% sulphuric acid at
121 °C for 20 min) by Z. mobilis resulted in the maximum
ethanol concentration of about 12 g/L with about 88% effi-
ciency in 12 h. In another trial, Scenedesmus obliquus was
cultivated for carbohydrates in outdoor tubular PBRs all year
round (August 2012–July 2013) to demonstrate the feasibility
of outdoor cultivation for bioethanol production in Taiwan
(Ho et al. 2017). Seasonal changes of the carbohydrate content
under nitrogen-deficient conditions were also monitored to
follow cell growth, CO2 fixation and carbohydrate production.
The Scenedesmus culture could accumulate nearly 45–50% of
carbohydrates, mainly composed of glucose (70–80% of total
carbohydrate content) which makes it appropriate for use as a
feedstock for bioethanol fermentation. Fresh biomass (40 g/L)
was hydrolysed with 2% sulphuric acid leading to an initial
glucose concentration of about 15–18 g/L. Maximum
bioethanol concentration of about 8 g/L was achieved within
4 h by using Z. mobilis for separated hydrolysis and fermen-
tation process. Mixed microalgae culture was also chosen for
bioethanol production (Shokrkar et al. 2017). Dried biomass
was mixed separately with H2SO4, HCl and H3PO3 (0.5, 1 and
2 mol/L, respectively) and the resulting slurries were finally
autoclaved. The highest ethanol concentration, about 5 g/L
ethanol concentration, was obtained using 0.5 mol/L H2SO4

and 2.5%MgSO4 at 121 °C for 40 min as pre-treatment meth-
od and fermentation with S. cerevisiae for 24 h.

Based on experimental results mentioned above, chemical
treatment is a well-applicable method in practice. Best results
were obtained using H2SO4, HNO3 and HCl acids in 1–3%
concentration, at 100–180 °C for 10 min to 3 h. Treatment

time and temperature as well as acid concentration are strong-
ly related to each other. The main costs of the method are acid
treatment together with neutralization and heating.
Considering these aspects, application of longer treatment
time and lower acid concentration at lower temperature can
be the most feasible technical setup for acid treatment if time is
not a crucial point.

For alkaline-based pre-treatment, mostly sodium hydrox-
ide is used (Table 1). This process forms “pores” in the cell
wall, thus releasing carbohydrate compounds from the cell.
Besides, it decreases the size of the starch polymers.
Alkaline hydrolysis cleaves intermolecular linkages between
complex polysaccharides, and liberates carbohydrate fibres
and other polymeric components to the medium, but does
not break down complex carbohydrates into simple sugars.
Alkaline (NaOH) pre-treatment method was used to cleave
biomass of Chlorococcum infusionum (further as
C. infusionum) for bioethanol production (Harun et al. 2011)
(Table 3). Three variables were examined: the concentration
of NaOH (0.5–3%), pre-treatment temperature (60–140 °C)
and time period (15–60 min). The highest bioethanol yield
obtained was 26% (w/w; g ethanol per g biomass) resulting
from biomass pre-treatment with 0.75% NaOH at 120 °C for
30 min. Hernández et al. (2015)) tested Chlorella sorokiniana
(further as C. sorokiniana), Scenedesmus almeriensis (further
as S. almeriensis) and Nannochloropsis gaditana (further as
N. gaditana) to produce bioethanol due to their ability to grow
in wastewater containing high organic matter as well as in
high-salt media. Sodium hydroxide (1 and 5 mol/L) was used
for chemical treatment and biomass was incubated at 90 °C for
30 min. When treated with 1 mol/L NaOH, the sugar release
was lower than 4 mg/g DW in all microalgae samples, while it
raised 2–5 times when 5 mol/L NaOH was applied. Mixed
cultures of microalgae were also chosen for bioethanol pro-
duction via alkaline pre-treatment (Shokrkar et al. 2017).
Microalgae biomass (50 g/L) was treated by NaOH and
autoclaved at 121 °C for 10–40 min. The maximum yield of
reducing sugar and glucose reached 76–80% of the theoretical
amounts when 2 mol/L NaOH was used for treatment.

As the final conclusion, the hydrolysis by diluted acid is
even more efficient compared to strong alkaline addition.
Alkaline hydrolysis cleaves only intermolecular linkages be-
tween polysaccharide units and results in polymeric compo-
nents while acid hydrolysis can degrade all complex polysac-
charides (starch, glycogen, long cellulose and hemicellulose
chains) into short oligomers or monomers (glucose and other
monomers) thus increasing sugar yield and ethanol
production.

Enzymatic treatment

Enzymatic hydrolysis is an environmentally less harmful, but
costly process (compared to chemical treatment) that gives
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remarkably high glucose yields without producing inhibitory
side products (Tables 1 and 4). On the other hand, efficiency is
influenced by several factors like temperature, pH and enzyme
concentration that has to be optimized. For example, marine
cyanobacterium Synechococcus sp. PCC 7002 was used as a
carbohydrate-rich feedstock for bioethanol production when
enhanced accumulation was induced by nitrate limitation
(Möllers et al. 2014). The highest carbohydrate content per
dry mass was about 60% (w/w). An efficient release of carbo-
hydrates from cells was facilitated by lysozyme (an antimicro-
bial enzyme, a glycoside hydrolase catalysing the hydrolysis
of 1,4-beta-linkages) that cleaves cell wall containing pepti-
doglycan. Cell wall disruption process was promoted when
freshly harvested biomass was frozen at − 20 °C for 1 h before
lysozyme treatment at 37 °C. Freezing itself without lysozyme
addition did not change either the cell morphology or cause
lysis of cells; it just increased the susceptibility to lysozyme.
Intracellular carbohydrates were cleaved using the combined
treatment of lysozyme and two α-glucanases and then the
hydrolysed mixture was fermented using S. cerevisiae.
About 90% of the glucose in the biomass was converted to
ethanol when the highest ethanol yield was 0.27 g/g DW.

Application of strains producing fermentative enzymes in-
stead of adding isolated and costly enzymes can reduce
bioethanol production costs. Direct ethanol production from
A. platensis culture was examined without pre-treatment or
enzymatic hydrolytic processes when it was grown under N
limitation (Aikawa et al. 2013). The cultivation resulted in
60% glycogen per dry cell mass, about 3-fold more than in
the nitrate replete culture. Then, direct conversion of biomass
produced 6.5 g/L ethanol after agitation at 30 °C in the pres-
ence of lysozyme and α-amylase. The yeast S. cerevisiae was
used in which α-amylase from Streptococcus bovis and
glucoamylase from Rhizopus oryzae was expressed. Direct
ethanol production was further enhanced by the addition of
CaCl2 to the cyanobacterial biomass which increased the per-
meability of the polysaccharide layer surrounding the cells
and efficiency of glycogen extraction (Aikawa et al. 2018).
The combined application of CaCl2 and lysozyme with the α-
amylase on Arthrospira biomass resulted in 48 g/L ethanol
(1 g/L per h) reaching the 93% of the theoretical yield.

Mixed culture of microalgae was enzymatically treated by
β-glucosidase/cellulase from Talaromyces emersonii (further
as T. emersonii), thermostable α-amylase from Bacillus
l i chen i formis ( fur the r as B. l ichen i formis ) and
amyloglucosidase from Aspergillus niger (further as
A. niger), respectively (Shokrkar et al. 2017). Enzymatic treat-
ment by these three enzymes resulted in 97% of reducing
sugar yield which was finally converted to 6.4 g/L bioethanol
by S. cerevisiae.

An addition of enzymes (lysozyme, cellulase, β-glucosi-
dase, α-amylase and amyloglucosidase) to microalgae bio-
mass can increase the cost of the process, although production

price can be lowered by the application of enzyme-producing
mutants. Besides, bioethanol yield after enzymatic hydrolysis
of microalgae is higher than that of acid hydrolysis (Shokrkar
et al. 2017). As a conclusion, enzymatic hydrolysis would be
promising, due to higher sugar and bioethanol yields, less
corrosion problems, lower utility consumption and more en-
vironmentally friendly treatment compared to acid hydrolysis.

Fermentation

Monosaccharides like glucose, xylose, mannose, galactose
and arabinose are present in the hydrolysed microalgae bio-
mass used for further fermentation (Hernández et al. 2015).
The most abundant sugars are glucose which is derived from
the hydrolysis of glycogen, starch or cellulose (Ho et al. 2017;
Möllers et al. 2014). The most frequently used microorgan-
isms for bioethanol production from hexoses are the yeast
S. cerevisiae and the bacterium Z. mobilis. S. cerevisiae is
one of the microorganisms used since ancient times in bio-
technology for production of alcoholic beverages with re-
markable efficiency in the conversion of sugars (mainly glu-
cose) into ethanol and high tolerance to it. Besides,
Saccharomyces is a generally recognized safe (GRAS) micro-
organism. When growing, it produces flocs in the fermenta-
tion media which makes it easy to settle down and separate.
Another GRAS microorganism Zymomonas, a gram-negative
bacterium used for bioethanol production from starch and gly-
cogen, was also studied in detail (Ajit et al. 2017). Compared
to S. cerevisiae, it has higher tolerance to alcohol, higher glu-
cose uptake and higher bioethanol yield (Yang et al. 2013).
Various strategies of chemical or enzymatic hydrolysis follow-
ed by fermentation are used: separate hydrolysis and fermen-
tation (SHF), simultaneous saccharification and fermentation
(SSF) or consolidated bioprocess (CBP) (Rastogi and
Shrivastava 2017). In SHF procedure, pre-treated microalgae
biomass is hydrolysed to glucose and subsequently fermented
to bioethanol in separate units. SSF is a single-step process
that combines the saccharification and fermentation processes.
Starch or glycogen are hydrolysed to monosaccharides which
are further fermented to bioethanol by S. cerevisiae or
Z. mobilis. Hydrolysing enzymes as α-amylase and
amyloglucosidase are added to the same processing unit
(fermenter) with the fermenting microorganisms. The major
benefits of SHF are the low cost of chemicals, short residence
time and simple technology which allows its large-scale ap-
plication. The SSF process is a more efficient technique com-
pared to SHF because it reduces the number of necessary
operations and higher bioethanol yields can be obtained. The
CBP procedure combines enzyme production, saccharifica-
tion and fermentation in a single step, but it is still in its early
stage of establishment (Aikawa et al. 2018, 2013; Hasunuma
and Kondo 2012). Costs of capital investment, substances and
other raw materials associated with enzyme production can be
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avoided (Salehi Jouzani and Taherzadeh 2015; Yamada et al.
2010).

Bioethanol in a fermentation broth is usually separated by
distillation followed by dehydration through a molecular
sieve. From an industrial point of view, high ethanol concen-
tration is also crucial as it lowers energy consumption during
distillation and thereby costs of the whole process. Logically,
separation costs can be decreased if ethanol concentration is
increased. When its concentration is lower than 4% (w/w),
regular distillation is not economical (Huang and Zhang
2011). In the bioethanol industry, final ethanol concentrations
exceeding 100 g/L are common (Manochio et al. 2017).When
bioethanol concentration is 12% (about 95 g/L), distillation
energy equals only about 13% of its combustion energy.

Conclusions

Bioethanol production from the third-generation biomass
feedstock—microalgae—has not yet been fully developed.
Many attempts have been tested to create an economically
feasible bioethanol production in which operating costs would
be close to that from the first- and second-generation feed-
stock. Yet, dark fermentation and “photo-fermentation” tech-
niques cannot reach the necessary requirements for industrial
bioethanol production, even at laboratory or pilot scale.
Nevertheless, significant advancement has been achieved in
the field of microalgae biomass fermentation in terms of

increasing production efficiency and lowered processing costs
at laboratory scale. Carbohydrate content of 50–60% was
achieved in various microalgae applying stress conditions
which can provide sufficient amount of raw material for fer-
mentation after the hydrolysis step (Aikawa et al. 2013).
Production costs were decreased by the cultivation of filamen-
tous strains like Arthrospira sp. that requires less energy-
demanding screen filtration for the step of biomass concentra-
tion (Markou et al. 2012b). Besides, the fragile structure of
filamentous cyanobacteria also allows to apply mild physical
disintegration of the fragile cell wall thus further decreasing
the processing costs (Märkl et al. 1991). Hydrolysis efficiency
can be further improved by applying enzymes (although at
higher costs) instead of chemicals. Unique hydrolysis step,
like enzymatic hydrolysis without the need for drying and
chemical pre-treatment, is eligible and thus pre-treatment
costs can be declined. In general, the fermentation of glucose
after enzymatic hydrolysis exhibits higher bioethanol yield
than that of acid hydrolysis of microalgae (Shokrkar et al.
2017). Economic feasibility of enzyme application can be
further improved by the utilization of genetically modified
microorganisms which can evolve hydrolysing enzymes dur-
ing fermentation (Aikawa et al. 2018).

The cost of enzymes is still a significant technological bar-
rier. Further improvement of the direct bioethanol conversion
process from cyanobacterial biomass could be obtained by the
construction of a recombinant yeast that also expresses lyso-
zyme. The other major bottleneck for an industrial

Table 4 Enzymatic pre-treatment and hydrolysis of microalgae

Microorganism Biomass
concentration
(g/L)

Ethanol daily/total
production (g/L)

Types and conditions of cell pre-treatment, hydrolysis and
fermentation

Yield of
fermentation
(%)

Reference

A. platensis
NIES-39

20 1.08/(6.5) Pre-treatment: agitation with 500 rpm at 30 °C, lysozyme
addition

Fermentation: S. cerevisiaeMT8-1dGS (expressing--
amylases)

86 (Aikawa et al.
2013)

A. platensis
NIES-39

150 16/(48) Pre-treatment: agitation with 30 rpm at 38 °C, 1 g/L lyso-
zyme and 100 mmol/L CaCl2 addition

Fermentation: S. cerevisiaeMT8-1dGS (expressing
α-amylases)

93 (Aikawa et al.
2018)

Synechococcus sp.
PCC 7002

108 20/(30) Pre-treatment: freezing at − 20 °C; 0.1 g/L lysozyme
addition for 3 h at 37 °C

Hydrolysis:
Liquozyme® SC DS (α-amylase): 0.21% w/w for 1.5 h at

85 °C; 0.14% w/w for 0.5 h at 60 °C
Spirizyme® Fuel (amyloglucosidase): 0.08% w/w
Fermentation: S. cerevisiae strain Thermosacc® Dry

90 (Möllers et al.
2014)

Mixed microalgae
culture

50 6.41/(6.41) Pre-treatment: thermostable β-glucosidase/cellulase from
T. emersonii (1000 U/g) at 65 °C for 3 h

Thermostable α-amylase of B. licheniformis (EC 3.2.1.1)
(145,000 TSAU/mL) at 95 °C for 3 h

Amyloglucosidase from A. niger (600 U/ml) at 55 °C for
3 h, additional citrate buffer with a pH value of 5.5

Fermentation: S. cerevisiae ATCC 7921 at 30 °C for 24 h

92 (Shokrkar et al.
2017)
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implementation is the cost of microalgae biomass. Culturing
of selected fast-growing microalgae producing polysaccha-
rides on wastewaters can further reduce costs as well as cul-
turing at large scale (Hena et al. 2018). Procedures using
microalgae remediation are not just cost-effective but also
environmentally sustainable because they do not generate ad-
ditional waste such as sludge, but do provide opportunities for
efficient nutrient recycling and the sustainable production of
microalgae biofuels (Tsolcha et al. 2017, 2018). In biorefinery
approach, the residual organic matter and minerals could be
used as biofertilizer after bioethanol stripping (Wuang et al.
2016).
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