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4.1 INTRODUCTION

The algae are varied aquatic organisms that can be found as unicellular and multi-
cellular organisms that form large, extensive, and showy colonies. The algae make 
one of the most significant contributions of oxygen to the planet. It is estimated that 
they participate with close to 50 % of global photosynthesis; 30,000 species are 
described, but it is believed there are more than 50,000 species. Microalgae rep-
resent an important source of valuable compounds, including lipids, proteins, car-
bohydrates, and a variety of pigments. Therefore, these microorganisms denote a 
potential ecological and economical option for applications in various industries. 
Microalgal cultivation requires strict control of growth conditions (nutrients, pH, 
temperature, gas exchanged, and light regimen). Optimal culture conditions will 
allow high yields of biomass or the desired metabolite of interest. The cultivation of 
microalgae is commonly done in two varieties of systems, open and closed. Closed 
systems are also known as photobioreactors, which although more expensive, offer 
higher productivities than open systems. In recent years, microalgae have been used 
in different industries such as food, feed, or biofuel production and as a source of 
ingredients for cosmetic and pharmaceutical products. In this chapter, the main char-
acteristics of microalgae, their classification, the factors that influence their growth, 
the types of cultivation, the different cultivation systems, and the potential applica-
tions of these photosynthetic microorganisms will be described.

4.2 GENERAL ASPECTS OF MICROALGAE

Microalgae are photosynthetic microorganisms with rapid cell growth and few 
requirements for development (light and carbon dioxide). In this section, the cellular 
structure of microalgae, their classification, and the most critical factors affecting 
their growth are described.

4.2.1 MICROALGAE CELL

Microalgae are among the oldest organisms and can be found almost anywhere 
on Earth in different environments such as fresh-water, marine, and hypersaline 
(Williams and Laurens, 2010). Villarruel-López et al. (2017) classified microal-
gae into two main groups according to cell type: prokaryotes and eukaryotes. The 
eukaryotic microalgae correspond to Chlorophyta or green algae, Rhodophyta or red 
algae, Euglenophyta (flagellated unicells), and Cryptophyta (motile unicells) among 
others. The prokaryotes correspond to the cyanobacteria (also known as blue-green 
algae). After the prokaryotic (cyanobacteria) and eukaryotic algae appear, the oxy-
genic photosynthesis develops. Light is harvested by all photosynthetic organisms 
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by three main pigments—chlorophylls and carotenoids, which are lipophilic pig-
ments, and phycobilins, which are hydrophilic pigments. Chlorophylls are the major 
antenna systems in eukaryotic algae, while the phycobilisomes are the major systems 
for cyanobacteria.

Photosynthesis takes place in specialized organelles (Figure 4.1). In eukaryotic 
microalgae, photosynthesis is carried out inside the chloroplasts, specifically in the 
thylakoids, which are lipoprotein membranes where photosynthetic reactions are 
located. The photosynthetic system of cyanobacteria is similar to that of eukaryotic 
microalgae, with the difference being the localization of thylakoids in the peripheral 
part of the cytoplasm. During the photosynthesis process in microalgae, solar energy 
is used to metabolize carbon dioxide (CO2) to methanal (CH2O) by releasing molecu-
lar oxygen (O2). The molecules of CH2O constitute the blocks responsible for the 
formation of glucose molecules in microalgae. Equation 4.1 describes the universal 
process of photosynthesis.

 + + →2 2 2 2CO H O fotón CH O + O  (4.1)

In this process, CO2 is metabolized into organic compounds (sugars) using solar 
energy. Equation 4.2 represents this process in a general way.

 + → +CO6 6 62 2 6 12 6 2H O C H O O  (4.2)

The first step is when the light is absorbed by pigments in photosystems (PS) I and 
II and the energy captured is moved to P680 in PS II and P700 in PS I for reac-
tion in the chlorophyll center. The absorption of a photon of light causes a positive 

FIGURE 4.1 Photosynthesis in microalgal cells.
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charge and eliminates an electron of the P680, which is sufficiently electronega-
tive to eliminate an electron of a molecule of water. The previous step is repeated 
four times, consuming two molecules of water and one of oxygen and releasing 
four protons (H+). The energy to carry out the chemosynthesis is obtained from the 
electrons transferred to the plastoquinone and then to the cytochrome b6/f complex  
(Pq and Cit b6/f in Figure 4.1). The P700 stimulation in PS I lets electrons be col-
lected from the cytochrome b6/f complex (PC in Figure 4.1) by increasing the high 
redox potential in ferredoxin (fd in Figure 4.1), which is able to reduce NADP+ 
to NADPH through energy production. In addition, this creates an energy gradi-
ent across the chloroplast membrane, which is used by ATP synthase (ATP-asa in 
Figure 4.1) in the synthesis of ATP. (Martin, 2010).

4.2.2 PRINCIPAL FACTORS IN MICROALGAE GROWTH

Cultivation of microalgae seeks to obtain important quantities of a valuable 
product such as biomass or metabolites; therefore, the productivity of the system 
must be at its maximum. The critical factors that determine an optimal growth of 
microalgae are light regime, culture medium, gas exchange and mixing, pH, and 
temperature.

4.2.2.1 Light Regime
Since microalgae are photosynthetic organisms, light is indispensable for the 
development of autotrophic growth and photosynthetic activity. The light is cap-
tured by the absorption of radiation by the pigment antenna of PS I and PS II 
during photosynthesis. This antenna of pigments is mainly constituted by chloro-
phylls a and b, which are the most important light-harvesting pigments in micro-
algae and are sensitive at a certain wavelength (blue and red light). Microalgae 
culture systems can be illuminated by sunlight, artificial light such as fluorescent 
white light, or light-emitting diodes of only one wavelength, or any combination 
thereof. Light availability is the most important determining factor for the opti-
mal growth and should be considered as another factor since it will become bio-
mass. The average irradiance received by each cell is conditioned by the incident 
irradiance, the geometry of the reactor, and the mixing system, which ensures 
the continuous movement of the cells from dark to illuminated areas for opti-
mum exposure, avoiding photoinhibition and damage by photo-oxidative stress 
that would have an impact on cell growth (García-Cubuero, 2018). Light regime 
is indicative of light intensity and photoperiod (light and dark cycles) and is a 
significant factor in microalgal growth rate and metabolite accumulation. Light 
intensity and photoperiod depend on the characteristic of each species, culture 
conditions, and on the microalgal culture density. Light regime is the critical fac-
tor for growth under photoautotrophic conditions. Microalgae use light as their 
source of energy with a light saturation limit around 400 μmol m−2s−1, whereas if 
more radiation is exposed, the microalga is unable to use the light it receives in 
excess (Singh and Singh, 2015). However, under cultures with higher depth or cell 
density, the light intensity must be increased in order to ensure the penetration of 
light (Parmar et al., 2011; Yin et al., 2015).
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4.2.2.2 Culture Medium
The culture medium is the aqueous matrix where the growth of the microalgae will 
develop; this must supply all the salts required for the growth of the microalgae. 
The composition of the medium depends on each species and the nature of the spe-
cies, whether it is fresh water or seawater. In general, all media have a carbon source 
either in the form of an inorganic salt (sodium bicarbonate), an organic compound 
(glucose, acetate), or a gas (CO2). Nitrogen is supplied as a nitrate salt, ammonium, 
or urea. However, these last two sources are rarely used. Some of the essential 
nutrients for the growth of microalgae are sodium, phosphorus, sulfur, calcium, 
magnesium and potassium citric acid, and trace metals such as iron, manganese, 
copper, zinc and silicon in the case of diatoms. Additionally, some species require a 
supply of vitamins such as cobalamin, thiamine, and biotin (Hamed, 2016; García-
Cubuero, 2018).

4.2.2.3 Gas Exchange and Mixing
The exchange of gases must ensure the input of CO2 and the withdrawal of 
photosynthetic O2. The exchange across the surface of the culture is an insuf-
ficient way to achieve an adequate uptake of atmospheric CO2 and the release 
of O2 produced during the processes of photosynthesis. Thus, it is necessary to 
adopt a stirring or a mixing system in the microalgae culture. Adequate mix-
ing is crucial to maintain the homogeneity, to prevent cellular precipitation 
and cell adhesion on the walls, and to ensure the access to nutrients, CO2, and 
light (Contreras et al., 1998; Miron et al., 1999; Hodaifa et al., 2010). In open 
systems, such as open ponds, the agitation is produced by propellers, which 
provide movement to the cells, and by bubbling aeration, which allows gaseous 
exchange in the system. In contrast, in most closed systems, aeration is respon-
sible for mixing and gas exchange in the culture.

4.2.2.4 pH
The pH has a significant influence on microalgae metabolism because it determines 
the solubility and availability of CO2 and nutrients (Qiu et al., 2017). Microalgae 
have different pH requirements for their growth, ranging between 7 and 9 with an 
optimal range of 8.2 to 8.7. However, the availability of CO2 is affected by alka-
line pH levels, which may limit the photosynthesis and growth in the microalgae. 
An optimum pH in the culture can be controlled by the aeration with air enriched 
with CO2. For high cell density cultures, the addition of carbon dioxide adjusts an 
increase in pH, which can reach a limit value of 9 for the growth of the microalgae. 
Some authors agree that the growth of microalgae is optimal at a neutral pH of 7.5 
(Sialve et al., 2009; Martin, 2010; Park et al., 2011). In general, buffer solutions are 
supplemented to the culture media for controlling the pH of the medium (Andersen, 
2005). The pH increases as the culture ages; this is due to the nutrients’ oxidation, 
minerals, and inorganic carbon accumulation. Hence, it is recommended that the ini-
tial pH of the culture is adjusted to a low pH value, such as 6.5, before the inoculation 
of the bioreactor (Martin, 2010). Alternatively, high pH values can be used to prevent 
or suppress biological contaminants such as bacterial, fungal, and algal competitors 
(Bartley et al., 2013).
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4.2.2.5 Temperature
Temperature affects the growth and development of living organisms. The growth 
of microalgae also depends on the temperature, which has an optimal range between 
20°C and 30°C; however, it can vary depending on the culture medium, the spe-
cies, and the strain used (Tredici, 2004). The inefficiency of photosynthesis when it 
is converting light energy into chemical energy generates heat because only 31% of 
the light is transformed and the remaining 69% is lost as heat (Bhosale, 2004). The 
cooling systems for microalgae cultures depend on the intensity of the light and 
the cell density; however, these are only used in closed systems. Temperature influ-
ences the carbon molecules’ dissociation, which is necessary for photosynthesis 
(Pulz, 2001). Generally, the cultures of microalgae are developed at temperatures 
from 16°C to 35°C. Temperatures lower than 16°C decrease growth, whereas a 
temperature higher than 35°C inhibits growth for most microalgae (Mehlitz, 2009; 
Singh and Singh, 2015).

4.3 CULTURE CONDITIONS

In general, microalgal growth characteristics and composition depend on a carbon 
feed and on a light source to carry out photosynthesis. However, in response to 
changes in environmental conditions, many microalgal species are able to modify 
their metabolism to different environments, which are also known as cultivation 
conditions: photoautotrophic, heterotrophic, mixotrophic, and photoheterotro-
phic (Table 4.1). This section describes the main characteristics of each culture 
condition.

4.3.1 PHOTOAUTOTROPHIC

Under photoautotrophic cultivation, microalgae produce chemical energy 
through photosynthesis using light as the sole energy source. This light can be 
from different sources, such as sunlight, artificial light, or a combination of both, 
with an inorganic carbon source (for example, a CO2 source) as the sole car-
bon source (Huang et al., 2010). Photoautotrophic culture is used for microalgae 
growth in different systems such as open ponds and photobioreactors due to eco-
nomic aspects, few requirements, and low contamination (Gouveia and Oliveira, 
2008; Gouveia et al., 2009; Feng et al., 2011). This type of cultivation is the most 

TABLE 4.1
Characteristics of the Different Culture Conditions (Chen and Chen, 2006)

Culture Energy Source Carbon Source
Photoautotrophy Light Inorganic carbon
Heterotrophy Organic carbon Organic carbon
Photoheterotrophy Light Organic carbon
Mixotrophy Light and organic carbon Inorganic and organic carbon



63Microbial Technology: Microalgae

common in microalga production and has the advantages of low cost with high 
pigment and metabolite production; however, growth and biomass yields are low.

4.3.2 HETEROTROPHIC

Heterotrophic cultivation occurs when microalgae grows without carrying out pho-
tosynthesis and in the total absence of light. Under this condition, microalgae pro-
duce the energy from organic carbon compounds such as sugars and organic acids 
(Chen and Walker, 2011; Benavente-Valdes, 2017). Due to the characteristics of this 
type of cultivation, such as the absence of light, the cultivation of microalgae can 
be done in conventional microbial bioreactors. However, heterotrophic cultivation 
is inappropriate for most microalgae, and a higher number of species are merely 
autotrophs rather than facultative heterotrophs (Pérez-García et al., 2011). Chen 
and Chen (2006) describe the required characteristics to grow microalgae under 
heterotrophic conditions. Some of those characteristics are: active metabolism 
without light, ability for cell division in absence of photosynthesis, culture media 
enriched with easy-to-sterilize organic substrates to avoid the oxidation of part of 
the organic substrate, and ability to endure environmental changes and resist shear 
stress caused by the agitation in the reactors. However, heterotrophic cultures have 
several disadvantages such as a growth decrease for high concentrations of sub-
strate; increasing energy comsuption by the use of mechanical agitation in reactors; 
higher cost of culture medium due to the use of organic sources; greater possibility 
of contamination by opportunistic microorganisms; use of closed photobioreactors 
to prevent contamination; and incapacity to accumulated light-induced metabolites 
(Pérez-García et al., 2011).

4.3.3 MIXOTROPHIC

Under mixotrophic cultivation, CO2 and organic carbons are assimilated at the 
same time and both respiratory and photosynthetic metabolisms operate in parallel 
(Cheirsilp and Torpee, 2012). Chen et al. (2018) describe the mixotrophic culture 
mode as a “two-stage” mode that summarizes heterotrophic and photoautotrophic 
cultures. In the first stage of mixotrophic cultivation, the microalgal growth per-
forms as heterotrophy due to the presence of a high concentration of organic carbon 
sources. The second stage starts when the organic carbon is consumed until the con-
centration is less than the initial conditions. Then, photosynthesis is activated in the 
microalga and CO2 is consumed. The mixotrophic cultivation has many advantages 
in comparison to the inferior biomass production of autotrophic conditions and the 
higher cost of heterotrophic cultivation, which makes it a good option for microalgae 
industrial production. In addition, algal mixotrophy may result in accumulation or 
overproduction of certain specific biomolecules like lipids where required.

4.3.4 PHOTOHETEROTROPHIC

Photoheterotrophic cultivation uses organic compounds as the carbon source and 
light as the energy source for microalgae growth. This type of culture differs from 
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mixotrophy in that it cannot metabolize carbon dioxide or use organic carbon as an 
energy source. The advantages of this mode of cultivation are high biomass yields 
with accumulation of light-dependent metabolites such as pigments (Benavente-
Valdés, 2017; Zhan et al., 2017).

4.4 CULTURE SYSTEMS

In the production of photoautotrophic organisms, there are two basic designs: 
open systems, where biomass is exposed to environmental conditions, and 
closed systems called photobioreactors (PBR), with little or no contact with 
the external environment. The desirable characteristics in these devices are 
(Tredici, 2004):

• Suitable for the cultivation of several species of microalgae.
• To provide as much light as possible.
• To provide a good gas exchange of CO2 and O2.
• To minimize the sedimentation of microalgae and their adhesion to the 

reactor surface.
• High mass and heat transfer rate without cellular damage or growth 

inhibition.
• Economical to build.
• Low operating cost.
• Easy to scale up.

The choice of the type of culture system is complex, so it is essential to determine 
the nature and value of the developed final product from the biomass and the avail-
ability of water resources. The different types of existing culture systems, along with 
their primary uses and characteristics, are described in Table 4.2, which shows the 
main characteristics of open and closed systems.

TABLE 4.2
Comparison of Open and Closed Microalgae Culture Systems  
(Del Campo et al., 2007)

Closed Systems Open Systems
Contamination control Easy Difficult
Operation regime Continuous Batch or semicontinuous
Area/volume ratio High (20–200 m−1) Low (5–10 m−1)
Population density High Low
Process control Easy Difficult
Investment High Low
Operation costs High Low
Scale-up Difficult Easy
Light utilization efficiency Excellent Poor
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4.4.1 OPEN SYSTEMS

Open ponds were the first outdoor cultivation systems developed on an industrial 
scale for the cultivation of microalgae. The open pond systems are durable, sustain-
able, easier to handle, easier to clean, and cheaper to build and control compared 
to closed systems. The first cultivated species were Chlorella, Scenedesmus, and 
Spirulina. The mass cultivation of microalgae in open ponds combines character-
istics typical of agricultural crops (extensive use of land, water, and nutrients, as 
well as dependence on climate and solar radiation) with others that resemble aqua-
culture and, above all, with those of industrial microorganism cultivation, such as 
continuous operation, dosed supply of nutrients, and control of the production pro-
cess (García-Gonzalez et al., 2003). The characteristics of open systems make it 
difficult to maintain monoalgal cultures and remain free of predators, so their use on 
a large scale has been limited to strains that develop properly under conditions that 
restrict pH (Arthrospira) or salinity (Dunaliella) or that grow very fast (Chlorella) 
(Borowitzka, 1999). The exploitation of these cultivation systems can be extensive 
or intensive.

4.4.1.1 Extensive Systems
The extensive type of open system uses large surfaces (between 5 and 50 ha) without 
mechanical agitation, with an orientation such that the turbulence caused by prevail-
ing winds in the area allow a certain homogenization and movement of the liquid 
mass. The extensive exploitation corresponds to the mode of operation of the natural 
lakes in which biomass production exceeds 20 t ha−1 year −1.

4.4.1.2 Intensive Systems
Intensive systems are raceway ponds, raceways, or “high-rate algal ponds.” These 
culture systems were used for treating wastewater in the middle of the 20th century 
soon after they were used for commercial production of microalgae and cyanobac-
teria. A raceway pond is a closed-loop flow channel with a distinctive culture depth 
between 0.25 and 0.30 m (Figure 4.2). The mixing and circulation of the microalgae 

FIGURE 4.2 Raceway pond configuration for microalgal biomass production (Chisti, 2016).
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culture are done using a paddle wheel (Chisti, 2013). Figure 4.2 shows the overall 
configuration of raceway ponds. Generally, this kind of device is formed of vertical 
walls with a flat bottom. The industrial culture system consists of many ponds—each 
pond with an approximate area of 0.5 ha, a surface-to-volume ratio of 1/h (lower 
depth improves light penetration), and a p/q ratio of 10 or larger (Chisti, 2016). The 
inorganic carbon is supplied according to the needs of the culture and generally con-
trolled by pH, so that CO2 is insufflated when the pH exceeds a critical value until the 
optimal pH for growth is restored. These systems are frequently applied for waste-
water treatment (Jebali et al., 2018), lipid production for biodiesel (San Pedro et al., 
2015; Van den Broek et al., 2018), and carotenoids (Del Campo et al., 2007).

4.4.2 CLOSED SYSTEMS (PHOTOBIOREACTORS)

As mentioned previously, there are several factors that significantly influence the 
cultivation of microalgae and determine the reactor design to be used. A low cell 
density causes several drawbacks, including low productivity, easy contamination, 
high costs related to product recovery from diluted media, and difficulty in con-
trolling the temperature in open culture systems. These drawbacks stimulated the 
development of closed systems, or photobioreactors, constructed with transparent 
materials such as glass and polycarbonate, among others, to allow the pathway of 
light. Closed reactors are suitable for the cultivation of microalgae at controlled cul-
ture conditions that would enable an easy harvest of biomass and maintenance of 
culture without contamination (Table 4.3). The main uses of these photobioreactors 
are for generating products of high added value and biomass for human nutrition. 
There are several designs of closed reactors—the tubular and flat-panel photobiore-
actors are the most representative (Figure 4.3a and b).

TABLE 4.3
Advantages and Disadvantages of Different Photobioreactors 
for Algae Production (Ugwu et al. 2008)

Closed Culture System Advantages Disadvantages
Tubular 
photobioreactors

Large illumination surface area, 
suitable for outdoor cultures, good 
for immobilization of algae, good 
light path, good biomass 
productivity, relatively inexpensive, 
easy to clean up, readily tempered, 
low oxygen buildup

Gradients of pH, dissolved oxygen, 
and CO2 along the tubes; fouling; 
some degree of wall growth; requires 
large land space

Flat-panel 
photobioreactors

Large illumination surface area, 
suitable for outdoor cultures, fairly 
good biomass productivity, 
relatively inexpensive

Scale-up requires many compartments 
and support materials, difficulty in 
controlling culture temperature, some 
degree of wall growth, possibility of 
hydrodynamic stress to some algal 
strains
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4.4.2.1 Tubular Photobioreactor
Tubular photobioreactors (PBRs) are mainly built with transparent tubes of glass 
or plastic material, connected in a series or in parallel to form the solar collec-
tor, through which the cell suspension is recirculated. The tubes can be arranged 
horizontally (Molina et al., 2001), vertically (Converti et al., 2006), forming a 
spiral (Acién et al., 2017), or inclined (Vunjak-Novakovic et al., 2005). Tubular 

FIGURE 4.3 (a) Tubular PBR and (b) flat-panel PBR.
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PBRs generally consist of two sections: a solar collector and an airlift column 
(Figure 4.3a); some use a system of mechanical pumps for the pumping of the 
culture through the tubes. However, this facilitates the contamination of the 
microalgae. 

The solar collector consists of the set of tubes through which the culture passes in 
order to absorb the highest amount of light energy. The diameter of the tube should be 
between 0.02 and 0.15 m, with the optimum value being approximately 0.10 m. Larger 
diameters will prevent good light penetration. The length of the tubes is commonly 
between 50 and 100 m, with a liquid flow velocity in the range of 0.2 to 0.5 m s−1. 
The unit size of this type of reactor is around 500 to 5,000 L. The airlift part in the 
culture system has the function of eliminating the oxygen produced by photosynthesis 
and mixing the culture broth. It is important that the volume in the airlift be less than 
the solar loop so that the cells are always sufficient light (Molina et al., 2001). This 
kind of reactor is commonly used for obtaining high added value compounds such 
as 9-cis-β-carotene and lutein by Dunaliella salina (García-González et al., 2005), 
lutein production by Muriellopsis sp. (Del Campo et al., 2001), Rhodopseudomonas 
palustris biomass (Carlozzi and Sacchi, 2001), and Porphyridium cruentum biomass 
rich in tocopherol, vitamin K, and carotenes (Fuentes et al., 1999).

4.4.2.2 Flat-Panel Photobioreactor
The flat-panel PBR was explicitly designed for optimal use of light and gener-
ally consists of thin panel structures with little distance between them to obtain 
the largest possible relationship between the illuminated area and the volume of 
work (Chen-Wu et al., 2001; Zhang et al., 2002; Carvalho et al., 2006; Ugwu 
et al., 2008). Figure 4.3b shows a typical flat-panel photobioreactor configura-
tion. The separation of the panel should be between 0.005 and 0.10 m. This per-
mits an adequate penetration of light and therefore an increase in photosynthetic 
efficiency. These PBRs can be positioned at specific angles in order to receive 
determined light intensity from sunlight or artificial light; for this reason, they 
can be used as outdoor and indoor cultures. The mixing is generated by sparged 
air generally localized in the bottom of the device to enhance the flashing light 
effect and gas exchange (Chew et al., 2018). On a laboratory scale, some PBRs 
were reported relatively successful, considering the productivity of the culture 
(Klinthong et al., 2015). However, the short space between panels limits the 
mass transfer and affects the growth due to the lack of adequate elimination of 
the oxygen produced by the photosynthesis. The design and components have 
varied since their origin up to the current PVC bag contained and supported 
by a rigid structure, which results in a substantial reduction in the cost of these 
reactors (Sierra et al., 2008). In addition, the temperature and pH of the sys-
tem can be regulated by a heat exchanger placed inside it and via acid-base 
injection, respectively. As a closed system, like tubular reactors, these PBRs 
have been used for high-value molecules such as vitamins C and E, lutein, and 
β‐carotene by Dunaliella tertiolecta (Barbosa et al., 2005), astaxanthin with 
Haematococcus pluvialis (Issarapayup et al., 2009), Chlorella vulgaris biomass 
for food (Benavente-Valdés, 2017), and hydrogen production using Rhodobacter 
sphaeroide (Gilbert et al., 2011).
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4.5 MICROALGAE APPLICATIONS

Microalgae represent a natural source for a great variety of high-value compounds 
with important applications in different industries such as human nutrition, aquacul-
ture, and animal feed, as well as in the production of biofuels, cosmetic development, 
and pharmaceuticals.

4.5.1 MICROALGAE IN HIGH-VALUE MOLECULES

Microalgae, as one of the most important links in aquatic ecosystems, have been 
widely used for human consumption in medicines and food. Microalgae are capable 
of synthesizing a great diversity of primary and secondary metabolites. Primary 
metabolites are necessary for energy use and tissue construction, while secondary 
metabolites may play a vital role but are not involved in the development and main-
tenance of the microorganism (Barsanti and Gualtieri, 2018). Thanks to their vast 
diversity of synthesized compounds, microalgae provide promising sources of high-
value metabolites such as lipids, proteins, pigments, and carbohydrates (Sathasivam 
et al., 2017). For this reason, they are considered a promising supply for basic prod-
uct manufacturing in food and nonfood industries.

4.5.1.1 Pigments
Natural pigments found in microalgae play an essential role in their photosynthetic 
metabolism, growth, and coloration. But they also have profoundly beneficial activities 
biologically speaking, as antioxidants, anticancer, anti-inflammatories, among others. 
Besides, these natural pigments help to improve how light energy is used by the algae, 
while giving them solar protection against radiation and related effects. Their widely 
recognized antioxidant activity has shown to be very interesting when it comes to being 
used in human nutrition. Therefore, microalgae pigments are known as a promising 
source of ecological colorants, nutraceuticals, and antioxidants. The pigment fraction of 
microalgae is widely used as a nutritional supply due to their high contents of vitamins 
A and B but can also be used for medical, veterinary, pharmaceutical, cosmetic, and 
food purposes. Carotenoids, phycobilins, and chlorophylls are the principal pigments 
found in microalgal cells. The main microalgae carotenoid producers are Chlorella 
sorokiniana, Chlorella vulgaris, Haematococcus pluvialis, and Dunaliella salina 
(Koller et al., 2014; D’Alessandro and Antoniosi Filho, 2016; Sathasivam et al., 2017).

4.5.1.2 Proteins
Microalgae biomass is highly abundant in protein, competing in quality and quantity 
terms against conventional food proteins; in addition, when it comes to amino acid 
content and profile, microalgae have been shown to have a high nutritional value 
of proteins, comparing favorably to eggs, soybeans, and fish. Without any doubt, 
substitution of meat, milk, and egg proteins with microalgae proteins is a promis-
ing and sustainable option. For example, Spirulina sp. has shown to contain about 
50 to 70 % protein content in its biomass, depending on the strain that is being 
used. Dunaliella salina is capable of producing more protein than traditional plants 
and animals currently used for food. The protein content in microalgae could rate 
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between 28 %, with Porphyridium cruentum, to 70 % with Spirulina maxima. 
Most of these microalgae proteins are commonly used in food, feed, and also as 
health supplements. Microalgae are being widely projected as a key to the increas-
ing demand for nutritional and high-quality food for the rising population world-
wide (Draaisma et al., 2013; Ejike et al., 2017; Koutra et al., 2018).

4.5.1.3 Carbohydrates
Microalgae seem to have a high carbohydrate content, which is about 50 % higher 
than its dry weight. Microalgae can store carbohydrates as starch; in addition, the cell 
wall acts as a reservoir. Carbohydrates perform a large number of activities in living 
organisms; polysaccharides, for example, serve as energy storage and as structural 
components like cellulose in plants and algae. Carbohydrates, mainly composed 
of glucose and starch, could also be used in biofuel production. Carbohydrates are 
basic products that are becoming more expensive as time passes. The main reason 
using microalgae as a sustainable source of carbohydrates is turning into a promis-
ing option is because of the high amount of these compounds in microalgae biomass. 
Microalgae polysaccharides are capable of controlling the immune system response. 
In terms of therapeutic applications, the interest in special polysaccharides obtained 
from microalgae is increasing. For example, a sulfated polysaccharide obtained from 
Spirulina platensis has shown antiviral activity because it inhibits the viral repli-
cation of some viruses in vitro. Also B-1,3 glucan, which is a natural and soluble 
fiber, acts as an immune system stimulator, antioxidant, and as a reducer of blood 
cholesterol, and it can be obtained from Chlorella strains’ cultivation. The main 
microalgae carbohydrate producers are Isochrysis galbana, Porphyridium cruen-
tum, Spirulina sp., Chlorella vulgaris, and Spirogyra sp. (Draaisma et al., 2013; 
Matos, 2017; Chew et al., 2018; Koutra et al., 2018).

4.5.1.4 Lipids
Lipids have three functions in microalgae: as an energy store, for signaling activity, 
and as a structural part of the cell membrane. The amount of lipids in microalgae 
may vary, going from 1 % to 40 % most of the time, but some species show levels 
higher than 85 % in dry weight. B. braunii, which is one of the most analyzed micro-
algae lipid producers, could present 75 % lipids in dry weight. With optimal growth 
conditions, several microalgae—such as Botryococcus, Chlorella, Nannochloropsis, 
Neochloris, Dunaliella, and Schizochytrium—can accumulate a large amount of lip-
ids in their biomass. Microalgae represent an economical source of polyunsaturated 
fatty acids (PUFAs), which are recognized as essential nutritional metabolites for 
human health and food nutrition that could prevent cardiac disorders. PUFAs are 
essential in cellular structure and metabolism including activities like membrane 
regulation, electron transport, and thermic adaptation. Some microalgae could 
synthesize PUFAs of special interest, which can only be produced by these micro-
organisms, such as linoleic acid (Arthrospira), arachidonic acid (Porphyridium), 
eicosapentaenoic acid (Phaeodactylum, Isochrysis), and docosahexaenoic acid 
(Crypthecodinium). In addition, most of the applications for microalgae lipids are as 
food and feed additives and for biofuel production (Koller et al., 2014; D’Alessandro 
and Antoniosi Filho, 2016; Sathasivam et al., 2017; Chew et al., 2018).
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4.5.2 MICROALGAE IN FOOD AND FEED

Algae have been used by humanity for food since very remote times. Biomass from 
microalgae can be used directly as food, to increase the nutrient content of pre-
pared foods, and as a probiotic and supplement agent with a positive effect on human 
and animal health. According to Enzing et al. (2014), only four species of micro-
algae are classified as GRAS (generally recognized as safe). These are Spirulina 
or Arthrospira sp., Chlorella sp., Porphyridium cruentum, and Crypthecodinium 
cohnii. However, some microalgae are classified as NT (not toxin known). These are 
Synechococcus sp., Tetraselmis sp., Phaeodactylum tricornutum, Chlamydomonas 
reinhardtii, Thalassiosira pseudonana, Haematococcus pluvialis, Odontella aurita, 
Dunaliella sp., Parietochloris incisa, Skeletonema sp., Chlorococcum sp., Monodus 
subterraneus, Scenedesmus, Navicula sp., Synechococcus sp., Nitzschia dissipata, 
Nannochloropsis sp., Desmodesmus sp., and Isochrysis sp.

In recent years, microalgae biomass has been applied to increase the nutritional 
properties and to enhance the organoleptic properties of foods (color, flavor, and tex-
ture) such as pasta (Fradique et al., 2010; Fradique et al., 2013), bread (Figueira et al., 
2011), mayonnaise (Sousa et al., 2008), gelled desserts (Gouveia et al., 2008; Batista 
et al., 2011), dairy products, and snack foods (Pulz and Gross 2004). Spirulina pla-
tensis and Spirulina maxima are mainly used for their high protein and iron con-
tent, in addition to being the richest sources of vitamin B12. Microalgae biomass has 
also been linked to renal protection, heart disease benefits, and prebiotic activity 
(Lactobacillus) (Doshi and Kothari, 2010). The addition of Chlorella sp. to food has 
shown beneficial effects to health as an immunostimulator, free radical scavenger, 
and for anticholesterol and gastric disease protection by the action of polysaccha-
ride β-1,3-glucan (Lordan et al., 2011). In contrast, the consumption of species like 
Dunaliella sp., Haematococcus sp., and Muriellopsis sp. allows the accumulation of 
high levels of carotenoids (β-carotene, astaxanthin, and lutein)—pigments used for 
the treatment of degenerative diseases (Tran et al., 2014).

Use in animal feed industries makes up nearly 30 % of the global microalgal pro-
duction. Spriulina is the species of greater utilization in animal feeding (farm ani-
mals, pets, aquarium fish, and birds), with 50 % of the world’s production (Hamed 
et al., 2016). In fact, Arthrospira is used mainly with different types of animals such 
as broiler chickens, laying hens and goats. Some studies have shown that the addi-
tion of microalgal biomass to animal feed functions as supplements of vitamins, 
minerals, proteins, and fatty acids (Spolaore et al., 2006). Microalgae also improve 
digestibility, contribute to weight control, increase fertility, and improve the char-
acteristics of the final products, as is the case with eggs, where microalgae improve 
the profile of fatty acids and the coloring of the yolks (Das et al., 2012).

4.5.3 MICROALGAE IN BIOFUEL

Biofuel is a renewable energy source produced from biomass as a substitute for 
petroleum fuels that has a reduced environmental impact and a lot of benefits over 
traditional fuels. Three generations of biofuels are recognized (Dragone et al., 
2010). First-generation or conventional biofuels are made from food crops grown on 
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farmland and are cultivated explicitly for the production of fuel. The principal crops 
used are maize, sugarcane, rapeseed, and sugar beet (Chisti, 2007). In contrast, the 
biofuel obtained from lignocellulosic materials corresponds to the second genera-
tion. The biofuel derived from microalgae is known as third generation, and it offers 
many more advantages when compared to the first and second generations. The main 
advantages are high growth rate, not requiring a large area of land for cultivation, 
and not depending on seasonal and environmental conditions as crops do. In addi-
tion, this technology does not represent a competition with traditional agriculture, 
which allows the possibility of using wastewater, brackish water, or marine waters.

In recent years, a new field has been opened for industrial use of microalgae, consist-
ing of the manufacture of biocrude by liquefaction. The interest aroused by liquefac-
tion compared to other techniques for obtaining biofuels is because microalgae with low 
lipid content can be used as Chlorella vulgaris with 32 % against Botryococcus braunii 
with 75 %. Its growth rate is much higher than as B. braunii. For the manufacture of 
biopetroleum, the presence of lipids is hardly noticeable because the role that these play 
during the transformation is replaced by a higher protein content. Another advantage of 
liquefaction is the savings in processes compared to the manufacture of biodiesel, which 
requires drying and oil extraction. In liquefaction, after harvesting with a flocculant, it 
can be used almost immediately (Jegathese and Farid, 2014; García-Cubero et al., 2018).

On other hand, the production of bioethanol from microalgae usually contains 
the following steps: (i) pretreatment of feedstock, (ii) hydrolysis, and (iii) fermenta-
tion of bioethanol (Harun et al., 2014). Therefore, it is important to take into account 
aspects such as culture conditions that allow the highest content of different com-
pounds of interest, like carbohydrates. The main microalgae used to obtain carbo-
hydrates and their conversion to bioethanol are Chlorella, Dunaliella, Scenedesmus, 
and Nannochloropsis (John et al., 2011).

It is estimated that microalgae lipids represent a possible substitute for diesel fuel, 
using only around 6 million hectares for the cultivation of these microorganisms, 
which is less than 0.4 % of the world’s arable land (Gressel, 2008). The production of 
algal biodiesel involves three stages. The first consists of growth and biomass produc-
tion; in the second, the harvesting, concentration, and drying of biomass are carried 
out; and in the third, the oil is extracted and transesterification is carried out for the 
formation of biodiesel. The species with the highest lipid content (more than 50 % w/w) 
are Chlorella zofingiensis, Chlorella protothecoids, Chorella emersonni, Chlorella 
salina, Schizochytrium limacinum, Nannochloropsis oculate, Phaeodactylum tricor-
nutum, and Scenedesmus dimorphus (Islam et al., 2013; Talebi et al., 2014; Sharma 
and Singh, 2017). The cost of biodiesel depends on the microalgae culture system 
used. In open ponds, the biodiesel cost is between 2.52 and 13.66 US$/gal, while for 
production in a photobioreactor, the cost is from 5.18 to 85.36 US$/gal. However, the 
commercial price of biodiesel is 3.03 US$/gal and petro-diesel is 2.46 US$/gal, which 
are cheaper than the estimated price for microalgae biodiesel (Chen et al., 2018).

4.5.4 MICROALGAE IN COSMETICS AND PHARMACEUTICALS

Microalgae are sources of vitamins, pigments, antioxidants, and other substances 
providing benefits in cosmetic and pharmacological areas (Berthon et al., 2017). 
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The multiple pharmacological uses are attributed to the ability of microalgae to 
regenerate and protect the cell from diverse environmental conditions (Mourelle 
et al., 2015). Cosmetic uses of microalgae are focused on skin problems and pigment 
disorders, with promising applications for skin whitening and pigmentation reduc-
tion (Wang et al., 2015). For this reason, the best-known products on the market 
obtained from microalgae are focused on sun protection and hair care. According 
to a company based in France, the cosmetic industry is estimated at US$170 bil-
lion, with sustained growth predicted in the near future (Arora et al., 2012), thereby 
representing an opportunity area for the research and development of new appli-
cations for the compounds and biochemicals produced by microalgae. A protein-
rich extract from Arthrospira that repairs the signs of skin aging exerts a tightening 
effect and prevents stretch mark formation (Protulines, Exsymol S.A.M., Monaco). 
Comparably, an extract of Chlorella vulgaris stimulates the collagen synthesis 
promoting tissue regeneration and wrinkle reduction (Dermochlorella, Codif, St. 
Malo, France) (Berthon et al., 2017). Two other products are Pepha-Tight, a prod-
uct designed for skin tightening from Nannochloropsis oculata, and a microalgal 
extract named Pepha-Ctive, from Dunaliella salina, with the capability of pro-
moting cell growth and enhancing the energy metabolism of skin (Berthon et al., 
2017). Until now, the main species of microalgae used in the production of cosmetic 
products have included Ascophyllumnodosum, Chlorella vulgaris, Alaria esculenta, 
Chondrus crispus, Mastocarpus stellatus, Spirulina platensis, Dunaliella salina, 
and Nannochloropsis oculata. The microalgal components usually applied in cos-
metics products are antioxidants, pigments, lipids, and water-binding agents, with all 
of them coming from the metabolism or components of microalgal biomass (Kim 
et al., 2008; Rizwan et al., 2018). Some studies are summarized in Table 4.4.

TABLE 4.4
Cosmetic and Pharmaceutical Applications of Bioactive Compounds 
of Microalgae

Bioactive 
Compounds Microalgae/Cyanobacteria Use Reference
Canthaxanthin Nannochloropsis oculata, Tanning pills Tanning, 

cosmetics, and 
cosmeceutics

Koller et al., 2014
Nannochloropsis salina,
Nannochloropsis gladitana

β-1,3 glucan Chlorella Free-radical collector 
inmunostimulator 
Anti-inflamatory

Spolaore et al., 2006 
Koller et al., 2014 
Shao et al., 2013

Skeletonema
Porphyridium
Nostoc flegelliorme

Astaxanthin Haematococcus pluvialis Antioxidant Sunscreen 
protection

Hamed, 2016
Koller et al., 2014

Phycocyanobilin 
phycoerythrobilin

Spirulina Porphyridium Antioxidant Pigment 
for eye-liner and 
lipsticks

Hamed, 2016

Chlorella vulgaris 
extracts

Chlorella vulgaris Collagen repair Bumbak et al., 2011
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4.6 CONCLUSIONS

Microalgae are photosynthetic microorganisms with minimum requirements for 
growth that accumulate bioactive compounds with high added value (proteins, lip-
ids, pigments, carbohydrates, and vitamins), which would be available at a minimum 
cost. These are versatile microorganisms that can be grown under different culture 
conditions, such as photoautotrophic, heterotrophic, mixotrophic, and photohetero-
trophic, using inorganic or organic carbon sources and solar or artificial sources of 
light, and giving different yields and metabolites. In recent years, microalgae appli-
cations have increased in various industries. In the alimentary industry, microalgae 
have been used to enhance the nutritional and organoleptic properties of foods, while 
in animal feed, they are mainly utilized as supplements of protein. In addition, some 
microalgal metabolites have demonstrated antimicrobial and antiviral properties, in 
addition to serving as ingredients for cosmetic products. With regard to biofuels, 
the cost and production of microalgae biodiesel is not competitive with vegetable 
biodiesel and petro-diesel. Despite the many advantages of microalgae, commercial 
exploitation is still limited due to low yields and high processing costs.
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