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SUMMARY

This paper reviews some of the most important aspects of microalgae as a potential source for biodiesel production.
Microalgae are photosynthetic microorganisms that can grow rapidly in a variety of environments because of their unicel-
lular or multicellular structure depending on the species. They have the advantage of self-reproduction using solar
energy and converting it into chemical energy via photosynthesis. This process concludes a full cycle in a few days,
obtaining higher lipid yields than terrestrial crops. This review shows several techniques and some methodologies used
in the biodiesel production process from microalgae as well as the challenges that must be overcome for large-scale process
and in bio-refineries. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The International Energy Agency (2014) reported that
63.7% of the oil produced is consumed by the transporta-
tion sector, which means around 22% of the world CO2

emissions are by this sector [1]. In Mexico, around 50%
of the energy produced is consumed by the transportation
sector, causing around half of the total CO2 emissions by
the energy sector in the country [2]. Biodiesel is one of
the main alternatives to fossil fuels. The production of
biodiesel has received much attention worldwide and was
one of the first alternative fuels known to the public [3–6].

Microalgae, the third-generation biodiesel feedstock,
has been developed as one of the most promising alterna-
tive sources of lipid for use in biodiesel production because
of their high light to biomass conversion efficiency and
higher growth rates and productivity compared with
conventional energy crops like corn, hemp, soybean,
camelina, canola, sunflower, castor, and palm oil [7–9].

Microalgae are autotrophic microorganisms with a high
photosynthetic efficiency; they are important source of
lipids, hydrocarbons, and other complex oils for biodiesel

[10–12]; besides, they can produce other valuable fuels
like bioethanol, biomethane, and biohydrogen [13–15].

Microalgae with high oil content has the oil yield poten-
tial up to 25 times higher than that of traditional biodiesel
oilseeds, such as palm oil. Microalgae, with an oil produc-
tion of at least 70% of oil by weight of dry biomass, require
only 0.1m2 of land to produce 121,104 kg of biodiesel per
year [16].

Success of microalgae biodiesel production depends on
low-cost cultivation systems, efficient biomass harvesting,
and separation methods as well as suitable oil extraction
techniques [17]. In addition to these aspects, efficiency of
microalgal biomass production is highly influenced by
environmental conditions such as light, temperature, CO2

concentration, nutrient composition, salinities, and mixing
conditions [18].

Harvesting biomass is essential for mass production of
biodiesel from microalgae. The major harvesting
techniques applied include centrifugation, flocculation,
chemical coagulation, filtration and screening, gravity
sedimentation, flotation, and electrophoresis techniques
[19–23].

INTERNATIONAL JOURNAL OF ENERGY RESEARCH
Int. J. Energy Res. (2016)

Published online in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/er.3663

Copyright © 2016 John Wiley & Sons, Ltd.



Pure oil used in making biodiesel consists of triglycer-
ides in which three fatty acid molecules are esterified with
a molecule of glycerol. In biodiesel process, triglycerides
are reacted with methanol in a reaction known as
transesterification or alcoholysis. Transestrification
produces methyl esters of fatty acids or biodiesel and glyc-
erol. The reaction occurs stepwise: triglycerides are first
converted to diglycerides, then to monoglycerides, and
finally to glycerol [24].

The aim of this review is to show the overall picture of
microalgae production in the world. In a first analysis, this
work exposes and compares methods and techniques that
are currently being used related to strain selection, cultiva-
tion, and microalgae harvesting. Another analysis of this
work focuses on the lipid extraction methods for biodiesel
production and their challenges, especially scale-up to pilot
plant or industrial level. Finally, it analyses a perspective
of bio-refinery based on microalgae.

2. GENERAL ASPECTS OF
BIODIESEL FROM MICROALGAE

2.1. Microalgae

Microalgae are one of the oldest organisms on earth. They
are prokaryotic or eukaryotic photosynthetic microorgan-
isms that can grow rapidly and live in harsh conditions
because of their unicellular or simple multicellular struc-
ture and are usually found in colonies. They can adapt to
a variety of environments. The number of algae species
are estimated between 1 and 10 million; about 200,000 to
800,000 are microalgae species, and just around 35,000
have been studied [25]. Around 15,000 have been used to
obtain new compounds originating from algae biomass
[26] like carotenoids, antioxidants, fatty acids, enzymes,
polymers, peptides, toxins, and sterols [27]. Despite living
in all latitudes, they are more populous in the northern
hemisphere, having an annual production of around 1.5
million tons, which contributes to fix about 50% of global
organic carbon [25,28,29].

They are classified into 11 divisions, 2 prokaryotes
(Cyanophyta/cyanobacteria and Prochlorophyta), and 9
eukaryotes (Glaucophyta, Rhodophyta, Heterokontophyta,
Haptophyta, Cryptophyta, Dinoflagellates, Euglenids,
Chlorarachniophyta, and Chlorophyta) [30]. The US
Aquatic Species Program [31] selects five groups of
eukaryotic microalgae as high priority for biofuel
production. They are diatoms (Bacillariophyceae),
green algae (Chlorophyceae), golden brown algae
(Chrysophyseae), prymnesiophytes, or haptophytes
(including Prymnesiophyceae) and eustigmatophytes
(Eustigmatophyceae). Many strains and genera of
eukaryotic microalga are potential high-oil producers for
large-scale culture [31–33]. The eukaryotic microalgae
are categorized into different classes defined by their pig-
mentation, life cycle, and cell structure [34]. Microalgae
composition has a varied concentration of proteins,

carbohydrates, and lipids [35]; they have a high growth
rate and can duplicate their cells several times in 1 day.
During the exponential growth phase, it can be doubled
at about 3.5 h [8,27], producing more biomass per unit area
compared with terrestrial corps. Their size ranges from 2 to
200 μm depending on the species. Microalgae are called
thallophytes that mean plant body lacking roots, embryos,
vascular system, stems, and leaves. They use chlorophyll as
primary pigment for photosynthesis [36] and can be cul-
tured either autotrophic, heterotrophic, or mixotrophic [37].

2.2. Historical aspects

The use of microalgae is not new; the first report comes
from China, where it was used as edible Nostoc
flagelliforme as food for 2000 years [38]. In Mexico, the
Aztecs used Spirulina (Arthrospira platensis) from Lake
Texcoco as a food source according to the annals of the
Spanish conquest early in the 16th century [39]. Since
1940, it has been used in aquaculture. After World War
II, Germany began studies to obtain protein and fat from
microalgae [40] likewise extended to countries like USA,
Japan, Israel, and Italy. Since then, the idea of using it in
wastewater treatment appeared. In 1960, Taiwan and
Japan introduced to market an innovative and healthy food
item using Chlorella species [41,42]. In this decade, inter-
est began to develop support systems for space missions.
In the decade of 1970, the main attention was given on
the use of biomass for fuel and fertilizer. By 1980, the
use of microalgae allowed the development of major
chemicals for pharmaceutical and agrochemical industries
[43,44]. The field of study of microalgae has been growing
because of problems such as global warming, water scar-
city, food security, and the constant increase in fuel prices
[45]. Because of this, the current status of research is aimed
at the fields of water treatment and pollution, atmospheric
regeneration, natural health products, biofuels, and power
generation [46–48].

2.3. Microalgae as a biofuel source

The use of microalgae as a source of biofuel has become
relevant, particularly for biodiesel production [49–52],
which is obtained from different raw materials, mainly an-
imal fats and vegetable oils. Nowadays, biodiesel is pro-
duced from soybean, animal fats, palm oil, waste cooking
oil, and jatropha oil. Although biodiesel from mircoalgae
is not intensively produced yet, it has proven advantages
over terrestrial crops [53]. Appropriate selection of the
species is the first step for successful microalgae to
biodiesel conversion because it depends on the amount of
lipids within the cell, in particular, TAG content
(triacylglyceride) (Figure 1). Researchers aim to increase
both biomass productivity and lipid content, usually under
stress conditions such as nitrogen starvation, phosphate
limitation, and high Fe3+ concentrations. Another way is
using wastewater as culture medium, finding specific spe-
cies and growing them under local conditions [54–57].
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Some species have a lipid content between 1% and 70%;
others can reach up to 90%, although 20–50% is a common
value [58]. Assuming 30% as lipid content without opti-
mizing the culture medium, production is estimated
between 4.5 and 7.5 tons ha�1 year�1, which is higher
compared with terrestrial crops such as soybeans
(0.4 tons ha�1 year�1), rapeseed (0.68 tons ha�1 year�1),
palm oil (3.62 tons ha�1 year�1), and jatropha
(4.14 tons ha�1 year�1) [59,60]. Biodiesel from microalgae
contains no sulfur, thus allowing significant reduction of
CO, SOx, and hydrocarbons, however, increases the
amount of NOx in some engine types [61].

2.3.1. Microalgae biodiesel advantages
The advantages of microalgae-based biodiesel are fast

growth rate (up to 100 times more than terrestrial crops)
and high lipid content [62]; use of wasteland unsuitable
for agriculture; no conflicts with use of food and its produc-
tion [24]; efficient photosynthetic mechanism [7]; removal
of large amounts of CO2 emitted, contributing to GHG
(Greenhouse Gases) mitigation [63]; removal of high con-
centrations of nitrogen, phosphorus, and heavy metals from
wastewater [64,65]; production all over the year; can be
grown in freshwater, saline water, and wastewater [66];
can produce 10 times more biodiesel per unit area of land
compared with a typical terrestrial oleaginous; and others
[24,31,67,68].

2.3.2. Problems facing microalgae biodiesel
production

Problems related to microalgae-based biodiesel produc-
tion are adapting cost-efficient technologies for production
[69]; developing large-scale protocols and methodologies
[70], although there are some proposed by Alfaro et al.
[71]; analysis of the effects of several parameters that mod-
ify the amount of lipid productivities using microorgan-
isms; and improving several modifications to both
upstream (microalgae culture, harvesting, and drying
biomass) and downstream processes (lipid extraction,

biodiesel, and bioethanol conversion techniques) [72].
From the thermodynamic perspective, energy balance
study is not clearly addressed [72]. But one of the main
challenges is to make the correct selection of microalgae
use for biodiesel production.

In the past, when large concentrations of carbon dioxide
existed, microalgae were an important factor to give the at-
mosphere the proper conditions as we know them. Cur-
rently, they play an important biological role in the
balance of oxygen and CO2. On top of that, much of the
currently extracted fossil fuel is also from microalgae.
Therefore, because of advances in research and biotechnol-
ogy, these organisms can be the key not only to continue
fighting the climate issues but also to address energy prob-
lems that we are facing currently.

3. CULTURE SYSTEMS

Selection of microalgal cultivation system plays an impor-
tant role in the biofuel production process. Such systems
can be divided mainly into two groups mainly, open sys-
tems and closed systems (Figure 2), both with advantages
and disadvantages depending on the desired final product.
Despite of this, success for both systems at small scale to
large scale depends on certain requirements in order to op-
timize the photosynthetic process and improve their own
design, such as (i) effective light source intensity, (ii) opti-
mal gas–liquid transfer (e.g., CO2 and air), (iii) easy to op-
erate, (iv) low contamination level, (v) low production
costs, (vi) minimal land area, (vii) maximizing nutrients,
and (viii) temperature control; all of these should be opti-
mized for as many species as possible [73–78].

3.1. Open systems

Many large-scale systems used today are open systems,
which have been used since 1950; some reasons for their
preference are algae properties to adapt to the local envi-
ronment, like climatic conditions, also the costs of land

Figure 1. Algae selection based on its composition and some final products.
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and use of water. Some designs for this type can be catego-
rized into natural waters (lakes, lagoons, and ponds) as
well as artificial ponds; the latter could be shallow ponds,
tanks, circular ponds, inclined type systems, and raceway
ponds. Raceway ponds are currently used more commonly
[79–81]. This type of system is generally shallow (20–
50 cm) because the algae need to be exposed to sunlight
and its depth is limited [82]. It has an oval shape, forming
a closed circuit, mixed by a paddle wheel that prevents set-
tling; nutrients are added in front of it and harvested from
the other side; the flow is guided along a series of baffles
[83,84]. In order to enhance CO2 transfer, it is added by
submerged aerators [85]; although to optimize such mass
transfer, carbonation columns could be attached to improve
the gas transfer to the liquid phase to at least 90% [86].
Nutrient source may come through runoff water from
wastewater treatment plant [25], which allows reducing
water use as well as decreasing nutrient consumption from
fertilizers.

3.1.1. Advantages
Construction materials are usually concrete with white

plastic membrane. The main reason by which these sys-
tems are used is because of their low cost for large-scale
deployment; large areas of land not necessary; energy
usage is minimal in comparison with closed systems; and
maintenance, cleaning, construction, and setup are easy
[24,87,88]. There are some aspects that can be optimized,
such as algal strain resistance to severe culture environ-
ment, (for example, Dunaliella, Spirulina, and Chlorella
sp.) which are cultivated in high salinity, alkalinity, and
nutrition, which results in high production rates [89–91];
prevention of the spreading of invasive species; and im-
proving the control of culture medium, temperature, and
contamination and, therefore, increases production rates;
this is usually achieved using a transparent cover over the
pond [25].

3.1.2. Limitations
Open systems still have some technological challenges

to be solved, among the major problems they face are only
a small number of algal species can be grown successfully,
low productivity values are reported with respect to theo-
retical ones, difficult culture control, low depths produce
high evaporation losses, and mixing is not efficient hence
nutrients and light performance are not consumed. Besides,
this faces threat of contamination from other algae, bacte-
ria, and protozoa species; temperature fluctuates seasonally
and produces low biomass concentrations rates in relation
to large volumes that require large areas of land
[36,68,83,92,93].

3.2. Closed systems

Control complexity of limiting parameters in open ponds
can be achieved by the design and development of closed
systems, commonly called photobioreactors [94], defined
as reactors in which phototroph systems grow and perform
photobiological reactions such as photosynthesis. The
main feature is that light not only reaches the surface but
also has to pass through the transparent walls to reach the
greatest number of cells in the culture; therefore, it is es-
sential to apply designs that reduce the light path, hence in-
creasing the amount of light available to each cell [93].

While there are different types of photobioreactors, the
main objective of all of them is to achieve high volumetric
productivities and high light conversion efficiency. Special
emphasis must be addressed on features such as surface-to-
volume ratio; orientation; in some types slope angle,
mixing, and degassing system; cleaning systems; tempera-
ture control; transparency and durability of materials; easy
scale-up; and low installation and operating costs [95].

Tsoglin et al. [96] suggested some design parameters
for closed systems. Those are

Figure 2. Mass culture system classification and the most common types.
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• The reactor should allow the cultivation of different
microalgal species.

• Must have uniform illumination and rapid mass transfer
(CO2 generated and O2 consumed).

• Design must prevent or minimize biofouling of the
reactor.

• Reduce cell damage due to fluid dynamics.
• Photobioreactors must work under intense foam condi-
tions, mainly on high rates of mass transfer reactors.

• Should have minimum non-illuminated part.

3.2.1. Advantages
Contamination control is higher than open systems; this

leads to a better cell growth, improving the quality of
biomass especially if high-value products are preferred
[88,89,93,97,98]. Furthermore, it allows the use of a wide
range of species. They need less space; they are able to
achieve high production per volume reducing harvesting
costs [92]. Photobioreactors lose less water by evaporation
and enhance CO2 fixation levels [99–101]. They are able to
operate at high biomass concentrations because of their
high surface area-to-volume ratio [102,103].

3.2.2. Limitations
Photobioreactors scale-up faces a great challenge,

mainly because of their high construction costs, operation,
and maintenance [92,104,105]. Use of glass may have
advantages such as durability, higher light path efficiency,
and easy to clean. However, high costs, weight addition,
and safety risks are the limitations. Plastics are more eco-
nomical; however, lifetime is shorter and may become
opaque. Selection of materials is quite important, espe-
cially for large-scale purposes. Operation also faces chal-
lenges such as usage of artificial lighting, mixing
systems, cooling systems, gas exchange system consump-
tion (CO2) versus dissolved (O2), and batch or continuous
production mode [32,83,94,105–110]. These parameters
produce a negative impact on the energy balance because
of energy consumption. A proposal is to integrate clean
technologies such as solar and wind energy looking for
sustainable biofuel production from microalgae [72].

Before designing the cultivation system, one should
think of the type of microalgae that one wants to cultivate,

because each species has special requirements of space,
ventilation, lighting, and temperature and do not have the
same metabolic behaviors. Although there are advantages
and disadvantages in both types of systems, it is the
combination of both of them that takes us to a constant
and intensive production of microalgae. Normally, in their
first stages of growth, closed systems are required to opti-
mize the quality of the production and safety of the inocu-
lum and subsequently stress them in open systems with
large volume to produce the metabolites that we interested.

Culture systems are very important, because they carry
out microalgal biomass aspects like productivity and qual-
ity. Therefore, it is important to design and implement
methodologies to improve intensive production. Unfortu-
nately, these standardizations are not well defined yet,
because not all species are easily adapted to most geo-
graphical regions or simply there are differences in their
metabolic behavior. Thus, design parameters have only
been reported for specific regions and species. Table I
shows the most relevant aspects for both systems, open
ponds, and photobioreactors.

4. PHOTOBIOREACTOR TYPES

4.1. Tubular

Tubular photobioreactors consist of an array of glass or
plastic transparent tubes, also called solar collectors, which
capture energy from the sun and is attached to a reservoir,
where nutrients are usually added, that is where the gas
exchange takes place; algae culture circulates through the
solar array and back to the reservoir [24]. The solar collector
is normally cooled by spraying water, which generates con-
siderable extra energy consumption. These arrangements
can be horizontal, vertical, inclined, helical, conical, or to-
rus [111–114]. Tubular designs have limitations on the
length of the tubes, which is dependent on potential CO2 de-
pletion and O2 accumulation; the latter must be removed to
avoid the cell growth inhibition [107,115]. Tubular
photobioreactors are considered suitable for outdoor cul-
tures because of their large illuminated surface area and
good biomass productivities [88,108,116,117] and others.

Table I. The major pros and cons of microalgae culture systems.

Open systems Closed systems

(+) (�) (+) (�)

Cheaper to build Low productivity Higher control Operational cost
Easy to operate Less control Higher biomass productivities Scale up
Maintenance and cleaning Evaporative losses Light efficiency Energy input
Less energy input CO2 transfer rate Cell mixing/Gas transfer Maintenance and cleaning

Light limitation Avoid contamination
Contamination
Weather dependence
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4.2. Flat

Flat photobioreactors [118–122] have cuboidal shapes usu-
ally constructed of glass, plexiglass, and polycarbonate;
mixing system is provided by bubbling or mechanical rota-
tion [123]. One peculiarity is that its geometry permits a
high surface area-to-volume ratio with minimal light path,
which produces high cell concentrations and hence high
yields of biomass production [41]. Advantages over tubu-
lar design are the low accumulation of dissolved oxygen,
high photosynthetic efficiency [124], low energy consump-
tion, no dark volumes, and high CO2 consumption rates
[101,110,125,126], hence considered to be relatively easy
to scale up [127]. The mixing and installation costs are still
high [36,128].

4.3. Vertical column

This type of reactors typically consists of a transparent cy-
lindrical container with a sparger at the bottom, which can
be divided into bubble column reactors [77,129–133] and
airlift column reactors [134–138]. Gas diffusion takes
place from the bottom covering the entire volume of the
bubble column reactor to the airlift column reactor which
is divided by two interconnecting zones, ‘raiser’ where
gas mixture is sparged and ‘down comer’ which is gas free.
Mixing in both cases is carried out by bubbling the gas
through the sparger without mechanical agitation [123].
They can be artificially illuminated either internally or
externally [107,139]. The vertical column reactor offers
many advantages so it has become very popular, due to
its low cost, compact size, feasible scale-up, easy
operation, efficient mixing with homogeneous distribution,
very high mass transfer rate, absence of wall growth, and
can be used for both outdoor and indoor cultures
[106,107,139–142].

4.4. Stirred tank

It is the most conventional way for microalgae culture;
agitation is provided mechanically by impellers of differ-
ent sizes and shapes for mixing; CO2 (from air) is
bubbled at the bottom of the tank as carbon source;
illumination can be by external or using optical fiber;
the primary drawback consists in the low surface area-
to-volume ratio, which decreases the light harvesting
efficiency [143].

The microalgae culture systems can be combined in or-
der to optimize the production process; hence, the majority
of microalgal bio-factories work with the so-called hybrid
systems. Hybrid systems mainly combine different kinds
of culture systems, improving the overall product perfor-
mance, also combine two growth stages. In the first stage,
the growth conditions and contamination are controlled
(use of closed systems), promoting cell division; the second
stage is aimed to create cell stress conditions, causing the
lipid synthesis (use of open systems) [144,145].

Photobioreactor development and new designs are a
constant practice. They still have many technological
challenges to solve, like energy consumption, growth–
light dependency (for photoautotrophs crops), mixed gas
and optimal cellular uptake, dissolved oxygen accumula-
tion, equipment maintenance, and cleaning issue. As it
scales up, the challenges increase for closed systems,
mainly in manufacturing costs, because of instrumenta-
tion and control systems as well as material selection.
Closed systems or photobioreactors are being adapted to
demonstration plants with open systems to evaluate their
efficiency and biomass production rates. Recently, out-
door operating photobioreactors have received more
attention for large-scale applications as illustrated in
Table II. Culture volume and biomass productivity are
still very much varied, from 0.4 to 400 L and 0.03 to
0.5 g L�1 day�1, respectively. As many reports confirm,

Table II. The biomass productivities, work volume, and scale of various reactor types and strains.

Strain Reactor type
Biomass productivity

(g L�1 day�1) DW Volume (L) Scale Year Reference

Consortium (Chlorella
sp., Scenedesmus sp.,
and pennate diatom)

Helical tubular
closed PBR
(Biocoil)

0.025 AFDW Outdoor 2016 [113]

Chlorella vulgaris FSP-E Vertical tubular 0.2681 40 Outdoor 2016 [112]
Scenedesmus bijugatus Vertical tubular 0.26 50 Outdoor 2015 [259]
Tetraselmis suecica Tubular 0.52 250 Outdoor 2014 [260]
Nannochloropsis gaditana Vertical flat panel 0.038 400 Outdoor 2016 [118]
Thermosynechococcus

elongatus BP-1
Flat-panel airlift 2.9 40 Indoor 2016 [261]

Chlorella pyrenoidosa Bubble column 0.34 0.4 Indoor 2016 [129]
Neochloris oleoabundans Bubble column 0.4188 14.5 Indoor 2016 [130]
Chlorella sp. Open raceway 0.0727 1000 Outdoor 2016 [262]
Chlorella luteoviridis Open pond 1.78 150 Outdoor 2014 [263]
Parachlorella hussii Open pond 1.83 150 Outdoor 2014 [263]
C. pyrenoidosa Open raceway 0.114 8000 Outdoor 2016 [264]

AFDW, Ash-Free Dry Weight; PBR, Photobioreactor.
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indoor systems have higher productivities compared with
open systems, from 0.3 to nearly 3 g L�1 day�1 and 0.07
to 1.8 g L�1 day�1, respectively.

5. HARVESTING

In the process of microalgae biofuel production, harvest-
ing plays an important role because of its scale-up capa-
bility into industrial production. Harvesting pretends to
remove all the algal biomass from the aqueous medium;
this process is significant because it represents 20–30%
of the total production costs [146] mainly because of
electrical energy consumption and separation equipment
maintenance [142]. Removal of biomass also faces diffi-
culties because nowadays, there is no universal methodol-
ogy to allow a wide range of species; furthermore, the
actual technology is still in the developmental stage
[147]. Common biomass removal troubles are due to cell
size, ranging from 2 to 200 μm for eukaryotic cells and
0.2 to 2 μm for cyanobacteria and the biomass to liquid
ratio (0.3–5 kgm�3) resulting in low biomass concentra-
tions with a very high volume management that impacts
on energy consumption [95,148,149]. Biomass recovery
depends on factors such as type and species selection,
mainly size and density (1020 kgm�3 average)
[150,151], the culture method (open or closed reactors),
culture conditions, and final products [109,152,153].
The most common strategies currently employed are cen-
trifugation, filtration, sedimentation, chemical coagula-
tion, electrophoresis, and screening. Techniques such as
ultrasound and organoclays are still in development;
some of these are preceded by a flocculation process
[36,142,154,155] (Figure 3). While these technologies
have demonstrated advantages for harvesting microalgal

biomass, it is true that they are required to minimize their
drawbacks such as high costs and low recovery efficien-
cies of solid–liquid separation, based on a
cost/effectiveness for both the whole production and the
product quality in the downstream process [156].

5.1. Centrifugation

This method is based on the generation of centrifugal
force that allows separation of algae biomass by density
difference; it is probably the fastest and most reliable
method for the recovery of microalgae; the equipment
is easy to be cleaned and also permits a variety of
species [157]. This method applies only for high-value
products but not for large-scale operations [158,159].
Despite having high concentration efficiencies >95%
[160], the scale-up process is restricted because of
energy costs. However, Dassey et al. [19] observed that for
high flow rates and thus large volumes, the energy decreases
significantly, compensating it with low efficiencies making it
applicable to large-scale production [19].

5.2. Gravity sedimentation

Sedimentation is a simple process of solid–liquid separa-
tion under gravity, in this case the biomass from the me-
dium. This process reduces operating costs because of its
low electrical energy consumption, manpower, and strict
control process requirements. This process can be en-
hanced by adding flocculants or lamella separators [149].
On the other hand, because of low final concentrations
(0.5–3%), long settling times (0, 1–2, and 6 cmh�1) and
cell damage, this process has low reliability and efficiency
(recovery 10–90%) [161]. It is highly influenced by the
type of species, density, radius, size, cell mobility, and
flow type (laminar or turbulent); thus, it is limited to strains

Figure 3. The different harvesting strategies used to recover microalgae biomass from culture media.
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with high sedimentation rates. It can be used as a primary
harvesting process, furthermore, requires large land areas
for open ponds and sedimentation tanks. Gained biomass
has high moisture content, which decreases efficiency on
downstream processes. Despite its drawbacks and based
on energy balance evaluation, sedimentation has positive
techno-economic aspects that are sensitive for large-scale
harvesting process [149,162].

5.3. Flocculation

Flocculation aims to increase biomass particle density,
which has apparent negative charge; these aggregates also
increase the particle size that makes the settlement easier
[69,163]. Flocculants disturb the stability of the particles
in suspension and allow them to aggregate, causing separa-
tion of the solid–liquid phases efficiently, improving the
following processes such as centrifugation, sedimentation,
and filtration. Usually, flocculants are inorganic multiva-
lent metal salts, organic polymers, and microbes
[20,23,164–167].

5.4. Filtration

Filtration process for harvesting microalgae needs mainly
membranes, which allows only algal cells to pass through.
The process is often abrasive for many microalgae causing
its rupture as well as reduction in the quality of the cell
content, so membrane design and structure must be based
on species size used. This process requires backwashing
to maintain the efficiency of the membranes; if fouling
stores in the membrane, this process will require added
time and cost [168]. For species with sizes larger than
70 μm, vacuum filtration is used. The French Press has
been used for larger species like Coelastrum proboscideum
and Spirulina platensis; direct filtration is used for species
larger than 30 μm and microfiltration or ultrafiltration for
smaller sizes [36]. The latter is efficient for fragile cells
but is not appropriate for large-scale harvesting because
of their low biomass recovery as well as the problem of
membrane fouling [53,158,169]. Filtration processes are
suited for small-scale systems. Large-scale systems require
high maintenance and operating costs especially for mem-
brane replacement or cleaning, also the energy used by the
pumping system [21,170–172].

5.5. Flotation

Flotation is a separation process based on the attachment of
air or gas bubbles to solid particles; the key of this process
is the bubble size. The smaller the bubble size the higher
the efficiency because of larger surface area per unit vol-
ume and lower buoyancy [173]. Bubble sizes can range
from diameters smaller than 10 to 3000 μm according to
the process [63,174–177]. The most common method is
dissolved air flotation, a method used for the removal of
sludge in the wastewater treatment, which consists of
adding a flocculant to increase the particle size and then

generate small bubbles that raise microalgal biomass. The
advantage lies in the low cost and large-scale application;
the drawback is the flocculent contamination [22,178–182].

Dissolved air flotation removes about 90–99% of algae
and is more efficient than sedimentation [183]. Some
parameters to be monitored in order to improve the process
are tank pressure, recycle rate, hydraulic retention time,
and floating rate of particles [155]. Bio-flotation uses
oxygen, a product of photosynthesis, as flotation agent.
Despite having good efficiencies in raceway ponds, day–
night photosynthetic cycles produce discontinuous dis-
solved oxygen, making it not a feasible option [161].

5.6. Electrolytic methods

The negative charge of cells allows the use of the electric
field in order to manipulate the movement of these charges
out from the solution, at the same time this reaction gener-
ates hydrogen because of electrolysis of water causing
solid molecules to be attached to gas bubbles and floated
to the surface [184–186]. This method besides being effec-
tive, is of low costs, reduces operation time, and has low
risk of contamination, because no chemical agents are
added. One still has to develop equipment and strategies
on a large scale in order to control the system temperature,
energy consumption, and maintenance of cathode fouling.

5.7. Chemical coagulation

The chemical compound added to the culture to induce
flocculation is a common practice in several countries
and is very efficient for solid–liquid separation. This pro-
cess is applicable to harvest cultures of several species of
microalgae. The compounds may be inorganic or organic
[187], one of the most used one is chitin, derived from exo-
skeletons of crustaceans.

5.8. Other developments

There are other methods recently studied in the process of
microalgal biomass harvesting, including exposure of the
microalgae culture to ultrasonic waves as cell aggregation
method. This technique requires further study before it
can be applied on a large scale. This technique coagulates
not only microalgae biomass but also other sediments like
heavy metals [188]. The use of nanoclays with Mg2+ or
Fe3+, capable to aggregate cells for settling, achieved a
great interest because of their high efficiency and applica-
tion to a variety of species and culture media, furthermore,
its ability to be a recyclable agent. These techniques still
need more research and technological development for
their implementation [189,190].

Harvesting is a stage that requires further studies, mainly
in scale-up, because harvesting generates higher cost by
either current technology adaptation or energy consump-
tion. Currently, different methodologies have been imple-
mented in order to increase efficiencies of biomass
concentration. In Table III, the efficiencies of different
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harvesting techniques can be observed and some reports
range from 80% to 100%. Microfiltration is a promising
tool for larger scale systems but has the disadvantage of
maintenance such as changing membranes periodically.
The quality of biomass is an important point to be taken into
account to obtain high value metabolites, so techniques
such as flocculation or coagulation tend to contaminate
the final biomass, which requires an additional process.
Another recent option is to add other species to serve as a
flocculant for better separation (bio-flocculation); filamen-
tous species can be an alternative but still require further
investigation.

Some works mention the immobilization of the bio-
mass algal on supports. This can be a way less expen-
sive for harvesting the algal biomass. Immobilization
of cells within a matrix prevents the diffusion of the
cells in the medium, but it allows the passage of metab-
olites and nutrients. It is one of the most widely used
processes and can occur in synthetic polymers (resins,
acrillamidas, and polyurethanes), proteins (collagen,
gelatin, and egg albumin), natural polysaccharides
(agars, alginates, or carragrenanos), or in the case of
co-immobilization that occurs when working with
alga–bacteria [191,192].

Table III. The concentration efficiencies of various harvesting methods.

Strain
Harvesting
method Conditions

Concentration
efficiency % Year Reference

Scenedesmus sp. Flocculation 1.5 g L�1 of Al2(SO4)3, pH 8.5 97.9 2016 [265]
Centrifugation 2200 g 96

Chlorella sp. Flocculation Magnetic iron oxide (Fe3O4)
nanoparticles (MNPs) coating
with amino-riched polyami-
doamine (PAMAM) dendrime
(80mg L�1), pH 8.0

95 2016 [266]

Chlorella sp. Bio-flocculation Ankistrodesmus sp., 50% (v/v),
pH 7.1

82 2016 [267]

Aurantiochytrium
sp. KRS101

Coagulation FeCl3 1.00 g L�1, 120min 98.8 2015 [268]

Electro-flotation Anode: DSA, Cathode: A,
5.7 mA cm�2, 40min

59

Electro-coagulation–
flotation

Anode: Al, Cathode: DSA,
11.4 mA cm�2, 40min

89.9

Centrifugation 1000 g, 30min 87.2
Membrane filtration Polyvinylidene fluoride (PVDF)

150 kDa, 240min
99.9

Prorocentrum lima Double sedimentation–
centrifugation

4 and 3 h, 12,000 g for 10min 89 2015 [269]

Mixed algal
cultures

Coagulation–flocculation/
Sedimentation

Tanfloc SG 20mg L�1, 4 days,
pH 8.3

93.5 2016 [270]

Nannochloropsis
salina

Flocculation–sedimentation Al2(SO4)3 229mg L�1,148min 86.1 2016 [271]

Monoraphidium
sp. FXY-10

Sedimentation 200 μM Fe3+, 12 h 90.74 2015 [272]

Phaeodactylum
tricornutum

Submerged microfiltration PVDF membranes 85–98 2013 [273]

Chlorella vulgaris Submerged microfiltration PVDF membranes 98–100
Polyculture Suspended air flotation SAF Offshore PBR,depth 20 cm,

7 days
80–95 2016 [73]

C. vulgaris Bioflocculation–flotation Cobetia marina L03 20mg L�1,
5 mM CaCl2

92.70 2015 [17]

Mixed algal
cultures

Vacuum gas lift Salinity of 40%, airflow rate of
10 Lmin�1 in microbubble air
diffusion

49.5 2013 [274]

Phormidium sp. Batch dissolved air
flotation (BDAF)

Positively charged bubble
flotation at a 30%, bubble
rate at >16mV, bubble
formed at 6 bar

85 2015 [275]

Nannochloropsis sp. Electro-coagulation–
flocculation

Nickel electrodes, 4 V, 120min 90 2014 [276]
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6. LIPID EXTRACTION

After reaching high biomass concentration using different
types of culture systems, the next step is lipid extraction.
The lipids are produced at the final stage of microalgal
growth, commonly enhancing limiting nutrients like ni-
trogen [193]. The oil extraction process requires high
amount of energy in the overall biodiesel production pro-
cess, mainly because of the microalgal membrane, which
has great chemical and mechanical resistance. Factors
such as temperature and pressure have been used to
achieve disruption of the cell membrane and then the ex-
traction of high amounts of lipids as possible. There are
various methods used for this purpose; some of them fol-
low the same methodology adopted with terrestrial corps
such as mechanical pressing, solvent extraction (hexane),
or supercritical fluid extraction [95,194–199]. The choice
of methodology is mainly based on the extraction effi-
ciency, cost, and reproducibility (Figure 4). The preci-
sion cell disruption is the first step into the oil
extraction process and may be carried out by mechanical,
chemical, and biological processes.

6.1. Mechanical methods

Press/expeller method is the most common technique, ini-
tially applied for oil extraction from various oil seeds. By
this method, oil from microalgal biomass can be removed
nearly 70–75% of the dried biomass [200,201]. The
remaining oil is attached to cell membrane so that it
requires a second stage using solvents to increase the
extraction efficiency [202]. High-frequency waves
(microwave system) allow breaking weak hydrogen bonds
of the cell wall. From another point of view, moisture of
biomass causes the pressure increase, which promotes
breakdown of the membrane [203–206] easier and faster
access to its content; the final product quality is useful,

but difficult to scale up. Ultrasound uses the cavitation
effect; in consequence, bubbles collapse near cell walls
allowing oil content release [207–209]. This method sig-
nificantly improves oil extraction with high efficiency,
short times, high yields, and low costs; the difficulty lies
in scale-up [210]. Another common cell disruption
method is bead milling, which consists of agitating very
small beads at high speeds resulting in cell damage
[103,211]. This method minimizes contamination from
external sources and keeps chemical integrity of the cell
content [212–214]; scale-up is complicated. The electro-
poration increases the cell wall permeability (pore size)
and releases their contents by applying an external elec-
tromagnetic field [215]. Because of its simplicity, this
method has acquired attention for industrial scale-up
[216]. Other mechanical techniques are lyophilization,
followed by grinding using liquid nitrogen [200],
multipass homogenizers [217,218], and solvation by high
salt solutions [219].

6.2. Chemical methods

The use of chemical reagents for lipid extraction reduces
energy consumption compared with mechanical extractions,
being this its main advantage. The use of solvents has the
purpose to dissolve the lipids into the solvent and form a
solution [220]. The most common solvents include benzene,
cyclohexane, hexane, acetone, chloroform, diethyl ether,
ethanol, and methanol [221,222] and combinations like
hexane/methanol [223] and hexane/isopropanol [224]. The
use of hexane and alcohol results less toxic and readily sep-
arating the phases in contact with water that improves the
process [225]. The use of non-polar lipid solvents helps to
break the hydrophobic interactions between neutral and
non-polar lipids, while the polar solvents are involved in
the disruption of hydrogen bonding between polar lipids
[149].

Figure 4. Biomass oil extraction methods. **Cell milking is not a cell disruption method.
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This combination allows specific lipid extraction and
separation from other products such as beta-carotenes and
astaxanthin [158]. The advantage of these solvents is low
cost and high efficiency therefore its use in oil extraction
processes. The method used for extraction via solvent is
the Bligh and Dyer method [205,226], which is nothing
more than the methanol–chloroform–water combination
[227]. It has efficiencies higher than 95% of total lipids, ap-
plicable to any cellular tissue and used in both dry and wet
biomass [228]. The disadvantages are the large evaporation
losses and toxicity; hence, it can be a limiting factor in
industrial applications [229].

Soxhlet extraction is a technique of solid–liquid extrac-
tion; hexane is commonly used as the solvent, which is
evaporated and re-condensed into the sample until
reaching the complete removal. It has high efficiency even
with long periods of energy extraction and evaporation, as
well as their complexity of scale up [230,231].

The use of supercritical fluids is based on the solving
skills promoted by fluids when they are above the critical
point [232], which has proven its efficiency for oil extrac-
tion [194]. Currently, as a green solution advantage besides
its properties, it is used as carbon dioxide solvent because
of its critical properties (31,1 °C y 72,9 atm), in addition
to its low toxicity and the fact that it is an inert gas
[233]. The process begins with gas heating and compres-
sion to reach its critical point; it is then added to the har-
vested microalgae and acts as a solvent. After the
extraction reaction has been completed, the solvent and
product can be easily separated, once the temperature and
pressure are lowed to atmospheric conditions. The CO2

returns to its original state, achieving yields of up to
100% of oil. This technique is limited to energy consump-
tion and scale-up. Among the advantages of the use of su-
percritical fluids are high efficiency, better fatty acid profile
obtained compared with other methods, solvent-free ex-
traction, separation is quick, the CO2 can be obtained from
industrial waste, and can be safely recycled, which posi-
tively impacts on the environment [234].

The use of water under its critical temperature and pres-
sure high enough to keep the liquid state is another method
used for oil extraction. At this temperature, water becomes
less polar allowing it to dissolve the cellular content; when
water is cooled back, it is no longer miscible with the ex-
tracted lipids and therefore separates easily [232]. Among
its main advantages are reduced extraction time, high-
quality products, low costs as a solvent, environmental
compatibility, eliminating dewatering step, and drying
[235]. The design is limited to large-scale units because
of the rapid cooling systems. A very different approach
to those already mentioned is called ‘cell milking’ in which
a long-chain solvent like dodecane is used, which prevents
cell damage and allows direct extraction of living cells,
avoiding harvesting process and allowing culture to be
reused for renewal of their lipid content [236,237]. It is
limited to the type of algae because of the porosity of the
cell wall and its low extraction efficiency, which demands
further studies.

6.3. Biological methods

The use of enzymes to degrade the cell is a useful method
for the extraction of oils contained within the cell. There
are different types of enzymes; all of them can degrade
specific bonds. Despite achieving good efficiencies, the
cost of the enzymes as well as its reuse and reaction time
are still limiting factors [238]. Genetic modification is
intended to improve some species of algae to increase their
lipid production, as well as their cell wall modification,
achieving a weaker membrane, which may break at lower
temperature and pressure. Some experiments have pro-
duced bacteria and yeast fatty acid excretions; however,
yields are low and are not yet economically feasible
[160,239].

The extraction with solvents is the most used method
because of its high efficiency, selectivity between polar,
non-polar lipids or both, and its easy application. However,
at large scale, it still faces some challenges that have to do
with the management, security, and the regulations that
require the use of solvents. In Table IV, one can observe
the yields of lipids by various techniques as well as species
studied. As one could see, some mechanical techniques are
complemented by chemical methods in order to increase
the extraction yields; such is the case of the use of solvents
with a system of microwave or ultrasound, hydraulic press-
ing, the latter with a great performance of extraction of
more than 50%.

7. BIODIESEL PRODUCTION

Transesterification is the most commonly used method for
biodiesel production; its purpose is to reduce the molecular
weight of the oils to transform them into fatty acid alkyl
esters when an alcohol is present (commonly ethanol or
methanol) and a catalyst, the by-product is glycerin
[149,240]. Some process parameters that modify the effi-
ciency of the reaction are temperature, stirring,
alcohol/oil molar ratio, moisture content, amount of free
fatty acids, and the catalyst.

The catalysts include alkaline catalysts (sodium hydrox-
ide, potassium hydroxide, and sodium methoxide); acid
catalysts (hydrochloric acid, sulfuric acid, sulfonic acid,
and phosphoric acid); enzymatic catalysts such as lipases;
and inorganic heterogeneous catalysts (solid-phase cata-
lysts) [241–246].

In order to improve the reaction process [247], an
extraction–conversion process has been developed in
one single step in which the solvent used in the
extraction of oil also acts as reagent in the conversion
into biodiesel fatty acids. The advantage is the reduction
of stages in the process, costs, and time, having as
limiting factors the moisture content and the product
purification [248].

FAME’s productivity is in fact little reported in the
literature. Usually, it reports productivity of lipids and the
profile of methyl esters. However, these data allow you
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to understand and compare the performance of the different
species studied for the production of biodiesel as the end
product of the process. In Table V, it is presented some
of the species reported recently and their productivity. It
is still necessary the information with regard to demonstra-
tion plants at large scale showing the technical benefits of
the process.

8. MICROALGAE AND THE
BIO-REFINERY CONCEPT

The strategy by which microalgae will become a reality on
a large scale is under the concept of bio-refinery. It means
the integration of various conversion processes and equip-
ment to produce energy, power, and high value-added

Table V. The FAME productivity of some algae strains.

Species FAME productivity (mg L�1 day�1) Year Reference

Chlorella vulgaris 66.1 2016 [285]
C. vulgaris 22.42 2014 [286]
Hindakia PKU AC 169 26 2013 [287]
Scenedesmus obliquus NIES-2280 55.9 2015 [288]
Chlorella sorokiniana 1.32 2012 [289]
Chlorella minutissima UTEX2341 180.68 2011 [290]
Scenedesmus rubescens-like 107.8 2012 [291]
Nannochloropsis salina 44.12 2015 [292]
Chlorella zofingiensis 11.85–30.14 2013 [293]
C. vulgaris NIES-227 57–212 2015 [294]
S. obliquus 24.2 2014 [295]

Table IV. The lipid yield and efficiencies of different extraction methods.

Strain Extraction method Conditions
Lipid

yield % Efficiency % Year Reference

Botryococcus braunii Solvent mixtures Chloroform–methanol mixture
(75% v/v of methanol)

19.2 2016 [277]

Solvent mixtures Petroleum ether–methanol
(75% v/v of methanol)

18.90

Chlorella sp.
KR-1

Chemical Potassium persulfate 2mM,
90 °C

95 2016 [278]

Chemical Hydrogen peroxide 0.5%,
90 °C

80

Chlorella pyrenoidosa Solvent—mechanical Ethanol, hydraulic press, 30 °C,
600 kPa

11.3 72 2016 [279]

Chlorella sp. KR-1 Solvent—UV light UV–Fenton-like reaction,
0.5% H2O2,
16W of UV light

87 2015 [280]

Tetraselmis sp. Solvent—microwave Hara and Radin method +MW,
65 °C at 5min

8.19 2014 [205]

Nannochloropsis sp. Solvent—microwave Folch et al. method +MW,
65 °C at 5min

8.47

Chlorella vulgaris Solvent—microwave Soxhlet, chloroform: methanol
(2:1), 8 (h). MW 15min
at 100 °C

22.68 2016 [203]

C. vulgaris Enzymatic hydrolysis
-solvent

2% (v/v) Celluclast 1.5 L and 1%
(v/v) Novozyme 188, 72 (h).
chloroform : methanol = 2:1 (v/v)

~10 2013 [281]

Scenedesmus sp. Supercritical carbon
dioxide (SC-CO2)

53 °C, 500 bar, and 1.9 gmin�1 7.41 2014 [282]

C. vulgaris Solvent—ultrasound Bligh and Dyer method, ultrasonic
bath 40 kHz, intensity of 29.7W L�1

52.5 2013 [283]

C. vulgaris Electroporation 21 × 100 μs pulses, 4 kV, 10 Hz 22 2014 [284]
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chemicals from the microalgal biomass produced. The aim
of the bio-refinery is to obtain a wide variety of products
and at the same time generate little or ‘zero’ waste. These
facilities contribute to the preservation of the environment
and sustainable development because biofuels are renew-
able, carbon neutral and are also available in all regions
[249].

Some studies have reported that microalgal biomass can
produce various kinds of products such as bioethanol,
bio-hydrogen, bio-oils, bio-methane, aviation fuel, pig-
ments, bio-fertilizers, plastics, nutrients, animal food, anti-
oxidants, cosmetics, pharmaceuticals, vaccines, EPA, and
DHA, developing methodologies that lead to the imple-
mentation of bio-refineries in terms of their cost-
effectiveness, size facilities, and environmental sustain-
ability [14,15,250–258].

In Figure 5. it is presented a bio-refinery concept for
microalgae. In a first stage, it is necessary to have in
mind the supplies of input to the process, the energy,
the materials, and the selection of the species. In the sec-
ond stage, it is important the cultivation of microalgae
and configuration of both open systems and
photobioreactor systems. The third stage has to do with
the selection of the harvest methods divided mainly
between those who consume mostly energy (active) and

those who dispense energy or not use it (passive). Later
stage involves biomass harvesting and water reuse com-
ing from the microalgae culture systems, either to exter-
nal uses or the same process. The last stages of
products and by-products mainly are aimed at bioenergy,
food or food industry, and high value added products or
fine chemicals, because of the last the profitability of a
bio-refinery may be more promising in a near future.

However, there are still a variety of technological bar-
riers, markets, and policies that obstruct economic viabil-
ity and competitiveness of such fuels. Among some
technical considerations suggested by researchers are (i)
perform scaling from laboratory to pilot plant avoiding
extrapolation of these results, (ii) conduct further research
for the use of wastewater as a culture medium for
microalgae, and the use of CO2 from the air and/or indus-
trial exhaust gases as a carbon source for microalgae
culture, (iii) use of polluted water bodies such as lakes
or rivers that serve as a source of nutrients while
phytoremediation techniques are used, (iv) demonstrate
the feasibility of harvesting technologies at large scale
and propose development of new ones at industrial levels,
(v) study the algal biology and the feasibility of genetic
engineering for specific purposes like high value-added
products, and (vi) renewable energies must be used as

Figure 5. The important stages of the microalgal bio-refinery concept.
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complements, for mixing the culture, illumination,
dewatering, processing, and drying.

9. STRENGTH, WEAKNESSES,
OPPORTUNITIES, AND THREATS
ANALYSIS

There are different routes for the implementation of a pro-
duction plant for biodiesel and more for a bio-refinery. The
methods and techniques to be followed at each stage of the
process will be the challenge to overcome in the near fu-
ture. It is for this reason that in Table VI it is presented a
strength, weaknesses, opportunities, and threats analysis
to condense and better understand the main stages in the
process of production and extraction of lipids from algae
as well as some key ideas for the development of a bio-
refinery. The objective is to have a clearer idea about the
planning and design that allow the development and
deployment of this technology on a large scale.

10. CONCLUDING REMARKS

It is a reality that currently the use of microalgae as source
not only of bioenergy but also of other metabolites of high
value is developing in an intensive way in several countries
of the world such as the USA, China, Germany, and Spain,
only to mention a few. The energy transition can be a
mechanism that also impulses the development of algae-
based third-generation biofuels and bio-refineries. Among
the points that require further development to make this
happen are (i) the selection of species is recommended to
be obtained locally because geographical conditions may
favor their handling and production. The genetical modifi-
cation still has problems to be resolved on productivity and
environmental safety because of their proliferation; (ii) the
use of combined systems (open system and
photobioreactors) is a measure that improves both the qual-
ity and the productivity of the species; the geographical lo-
cation and their environmental conditions are determinants
for efficient production; (iii) the non-invasive harvest
methods (supercritical CO2, sonication, and filtration) have
the advantage of acquiring the best quality biomass, how-
ever face large-scale technological barriers as well as high
energy consumption; (iv) making the method of extraction
and conversion to biodiesel actually renewable and there-
fore environmentally friendly, they have to look for cata-
lysts as well as solvents that also come from sustainable
and renewable systems, for example, bio-ethanol or bio-
methanol for the transeterfication process. In the future,
these solvents also may come from microalgae; (v) to en-
sure the implementation of bio-refineries favorable, it re-
quires an in-depth life cycle analysis, evaluating mainly
the inputs, processes, and products as well as the possibil-
ity to recirculate or reuse wastes like biomass, heat, gas,
and water. It is important to achieve the synergy among
concepts of zero waste, industrial symbiosis, and the

combination of renewable energies. It is fundamental to
achieve a new sustainable industrial concept that is respon-
sible with the environment and the society.
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