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Abstract
Climate change issues are calling for the design of renewable sources of energy. In particular, biomass energy from algae is 
encouraging because production of algae at the commercial scale can be done successfully with various techniques. Here, 
we review the conversion of algal biomass into energy by fast, slow, microwave and catalytic pyrolysis. The article details 
algae classification; cultivation of macroalgae and microalgae; pyrolysis parameters; production of biochar, bio-oil and 
biogas; and types of pyrolysis.
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Introduction

The twenty-first century has seen a rise in energy consump-
tion worldwide. Most of the energy production in the cur-
rent century is driven by the usage of conventional energy 
sources. The need for energy is particularly high in the 
developing nations, led by India and China (Hubacek et al. 
2007). As of 2017, energy demands increased, with the 
world consumption of coal rising up by 25 million tonnes 
of oil equivalent (mtoe) (British Petroleum Co. 2018). The 
global oil price also increased from $43.73 to $54.19 per 
barrel, the first annual increase seen from 2012. Natural 
gas consumption rose by 96 billion cubic metres (bcm), the 
fastest since 2010. With growing economies, the worldwide 
requirement for energy is bound to increase. There has been 
an estimated amount of 1.1 trillion tonnes of coal resources 
found, enough to last for 150 years at current consumption 
rates (World Coal Association 2019). The preference of coal 
as a source of energy production is widely attributed to the 
cheapness of coal and to the ease in production of energy. 
However, the usage of coal generally brings about a lot of 

disadvantages, namely the increased release of sulphur and 
nitrogen oxides, particulate matter and carbon dioxide (Fin-
kelman and Tian 2018). The reserves of coal in the world 
are mostly made up of high-ash-content coals, which release 
particulate matter. These particulate matters are adverse to 
human health, with a lot of instances being reported in the 
developing countries such as China (Finkelman et al. 2002) 
and India (Swer and Singh 2004).

Alternative sources of energy are wind, solar, hydro-
electricity and biofuels. Theoretically, solar energy by 
itself has the potential to fulfil the energy needs of the 
entire world, with a maximum capacity of nearly 4 mil-
lion exajoule (1 exajoule = 10^18 J) (Kabir et al. 2018). 
Solar energy appears to be promising, but suffers from 
some flaws such as high installation costs (Pillai 2015), 
which will be difficult for developing countries to afford. 
The usage of rare metals, such as tellurium, silver and 
indium, raises the cost of manufacturing a panel. Constant 
maintenance of solar panels is also required. The distribu-
tion of solar energy also is not uniform with some areas 
of the earth not getting consistently high amounts of solar 
radiation required for electricity production. A promising 
alternative appears to be harnessing the energy obtained 
by wind. Wind energy is being harnessed with wind 
power capacity reaching 539 GW (World Wind Energy 
Association 2018). Chief producers of wind energy are 
China, USA, Germany, Brazil, India and Canada. How-
ever, wind energy cannot be taken as a reliable source of 
energy, because of the uneven and seasonal distribution 
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of winds. For an area to be chosen, it must be experienc-
ing sufficient wind speeds required for electricity produc-
tion. Also, wind farms face a similar problem faced by 
solar plants: cost and maintenance upkeep (Davy et al. 
2018). Hydroelectricity involves harnessing the energy 
obtainable by running water. Currently, it is a popular 
source of renewable energy. Most of the countries in the 
world are blessed with rivers, which can be effectively 
harnessed. According to the International Energy Agency 
(IEA), in 2018, hydropower capacity was estimated to be 
at 630 GW, with a potential increase in production and 
usage (IEA 2018). Yet, hydroelectricity by itself suffers 
a lot of drawbacks. It generally disturbs the local ecologi-
cal balance when dams are being created. It has adverse 
effects such as erosion of soil, flooding of valleys and 
mass displacement of local people in the area leading to 
societal problems. Also, hydroelectricity production does 
release greenhouse gases in some ways or the other from 
construction to operation (Sovacool and Walter 2019). 
Emissions are present in the construction stage by large-
scale manufacturing of steel, cement and fuels. The oper-
ation part, which involves large-scale flooding, inundated 
trees. These rotting trees release CO2, which also causes 
more greenhouse gas emissions. Figure 1 shows the cat-
egories of energy distribution. The energy classification 
used here is on the basis of renewable and non-renewable 
energy. Further classification is based on the availability 
in organic and inorganic sources. Renewable inorganic 
energy is comprised of solar, wind, hydrothermal and 
oceanic energy, while non-renewable inorganic energy is 
comprised of nuclear energy. Renewable organic energy 
is present as bioenergy, while non-renewable energy from 
organic sources is coal and petroleum.

Bioenergy

 Although people have  used biomaterial, specifically wood 
and dead plants to give heat by combustion in the past, the 
use of bioenergy as an alternative fuel has  begun recently. In 
simple terms, bioenergy refers to the energy obtainable from 
living organisms. Biomass, an organic feedstock, is derived 
from plant material, directly or indirectly, as a result of pho-
tosynthesis. Commonly used biomass for energy production 
includes agricultural waste, organic wastes, energy crops, 
sewage sludges and municipal green wastes. Proper combus-
tion techniques can ensure that these raw materials can give 
heat, power and fuel. If produced on a large-level basis, these 
fuels can also be a notable agent in carbon dioxide emission 
reduction (Schuck 2006). Biomass is conceptualized as a 
renewable energy resource due to two major reasons, being 
the renewable nature of biomass, which is present in the 
earth and the capability of plants to capture solar energy and 
carbon from available CO2, which can be utilized into other 
forms of energy by combustion (Demirbas 2001).

There is a general consensus that utilization of bioenergy 
is very less than its actual potential. If the traditional use of 
biomass is included, then bioenergy contributes to an esti-
mated 12.8% to the total finite energy consumption (REN21 
2018). Bioenergy can be useful in many sectors, such as 
transport (short and long haul) and heating (domestic and 
industrial). While there may be debates on usage of certain 
feedstocks and also concerns regarding sustainability and 
profitability, the overall consensus is that biofuels can pro-
vide to the reduction in greenhouse gas emissions and can 
provide a wide range of socioeconomic benefits.

Bioenergy industry can be divided into solid biomass 
industry, liquid biofuel industry and gaseous biomass indus-
try. The use of solid biomass to produce heat and electric-
ity has been commonly used, since ancient times, but the 

Fig. 1   Classification of energy 
sources
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specialized use of other feedstock, such as bagasse, corn, 
maize and sorghum, is gaining traction. Brazil uses agricul-
tural residue to produce heat and electricity. Different areas 
of the world have begun experimenting with the production 
of energy by biofuels: examples include Sierra Leone, where 
Sunbird Energy Africa has successfully commissioned the 
country’s first bioenergy plant (32 MW), Mexico, where a 
50 MW bagasse plant was completed in February 2018, to 
provide energy to sugarcane mills, Myanmar, which experi-
mented generating bioenergy, by using rice husks as fuels 
(Renewable Global Statistics Report 2018a, b). Liquid biofu-
els are used widely in transportation, with biodiesel, ethanol 
and biogas, commonly called as ‘first-generation fuels’. Bio-
ethanol is a petrol substitute and can be used in some ‘flex-
fuel vehicles’. Biodiesel is a diesel substitute produced from 
transesterification of vegetable oils and residues. With some 
modifications, biodiesel can be used as a viable alternative 
to diesel. Biogas (biomethane) with some modifications can 
be used as a supplement in petrol vehicles (Fotiadis and Pol-
emis 2018). ‘Second-generation fuels’ are those, which are 
produced with efficient techniques, and contribute to carbon 
neutral or even carbon negative emissions to the overall CO2 
emission.

The physical and chemical composition of various bio-
mass residues varies a lot. Thus, the suitable selection of 
biomass is often required in order to create a desired biofuel 
(Hoogwijk et al. 2003). Biomass, produced from residue, can 
be classified into three categories, primary, secondary and 
tertiary (Demirbas 2001). Primary residues are those which 
can be directly collected from nature. Secondary residues 
often are accounted for by agricultural waste. Tertiary resi-
dues are those which are derived from used biomass-derived 
commodities (Capodaglio and Callegari 2018). Crops which 
are used for both food and energy purposes include corn, 
maize, sorghum, rapeseed and wheat. Sometimes, perennial 
crops are planted and harvested regularly such as willows, 
poplars and eucalyptus. Figure 2 is a tabular explanation of 
the above-mentioned classification.

There is a growing interest in using algal biomass as a 
suitable biofuel agent. Algae are simple aquatic microscopic 
organisms, which convert sunlight, water and carbon diox-
ide into starch, and eventually algal biomass by photosyn-
thesis (Demirbas 2010). While the concept of using algae 
for energy production has been around for quite some time 
(Vandna et al. 2015) using lipids in the algae as a source to 
produce liquid fuels is begun to be seriously considered. 
Given that algal growth has been seen everywhere, right 
from open ponds, to oceans, the possibility of harnessing 
algae as a biofuel feedstock appears to be viable.

Algae: classification and morphology

Algae can be classified very broadly into two categories: 
filamentous and phytoplankton. The smallest unit which 
cannot be seen by the naked eye are known as microalgae 
and those which can be seen by the eye are known as mac-
roalgae (Sudhakar et al. 2018). On the basis of the pigment 
colour, macro- and microalgae are separated into three gen-
eral groups, Rhodophyceae, Chlorophyceae and Phaeophy-
ceae, with their pigment colours being red, green and brown, 
respectively. By their habitats, algae are classified as marine 
water and freshwater algae. The habitats of algae range from 
freshwater ponds and rivers to saline environments. Some 
algal species can also be found deep under the oceans of the 
earth. Chlorophytes are a wide clade, exhibiting great mor-
phological differences (Domozych et al. 2012). The coloni-
zation of land by the green algae eventually led to the plant 
life seen today; as a result, it is very important for studies 
related to evolution.

Figure 3 shows the photographs associated with green 
algae and products. The photographs show macroalgal 
strands like Ulva and microalgal strands like Spirulina. The 
open ponds and methods used to harvest algae are shown, 
along with the major products of biochar and bio-oil. Algal 
blooms are also seen.

Fig. 2   Biomass classification



832	 Environmental Chemistry Letters (2020) 18:829–849

1 3

Chlorophytes can be further subdivided into three infor-
mal classes, Ulva, Trebouxio and Chlorophyceae (Korn-
probst 2014). Each of them varies significantly, with pro-
nounced morphological changes. While the Chloro and 
Trebouxio grew in freshwater and terrestrial habitats, Ulva-
ceae dominated in marine water. Chlorophyceae is of a 
wide variety, 100 families consisting of 700 genera in total. 
Some examples of Chlorophyceae include Chlamydomonas. 
Some land-based examples of Chlorophyceae also include 
with their growth conditions being reported in acidic soil 
(Darienko et al. 2015). Streptophyta is a clade comprising 
of Embryophyta and Charophyta. Chlorophyta and sister 
clade Streptophyta were the ancestors of modern-day plants. 
Chlorophyceae, eventually split up, and each of them devel-
oped differently, with the first split occurring in 470–450 
MYA (Wichard et al. 2015). This leads to the overall split of 
deciding whether there is the algal habitat of freshwater and 
saltwater. Trebouxiophyceae usually are found as biofilms on 
soil and are also associated with mosses. Some of the species 
are also found in association with basidiomycetes. Repre-
sentatives are characterized with small sizes with (3–6 µm) 
(Becker and Marin 2009). Ulvophyceae is predominantly 
marine algae, with multicellular structures, examples being 
Ulva.

Macroalgal and microalgal classification is of great 
importance. Macroalgae species may be unicellular or 
multicellular, with cell sizes sometimes being more than 
a millimetre. They can exist coenocytically, meaning that 
multiple nuclei can exist within single protoplasmic media. 
Taxonomically, they can be found in Ulvophyceae, Chloro-
phyceae and Charophyceae along with Rhodophyceae and 
Xanthophyceae. Some examples for Macroalgae would be 
Caulerpa, Vaucheria, Acetabularia, Emodesmis, Griffithsia 

and Chara (Darienko et al. 2015). Externally, they are very 
diverse, with the only common feature being macroscopic 
in size. Habitats vary from freshwater to marine saltwater 
(Starks et al. 1981). Microalgae, in contrast, are small, usu-
ally appearing in clusters, with habitats and morphology 
varying. They are similarly to macroalgae and are classi-
fied under the following phylums Chlorophyta, Rhodo-
phyta, Haptophyta, Stramenopiles and Dinophyta (Mine 
et al. 2008). Some examples would be Chlamydomonas and 
Chlorella. Both macroalgae and microalgae play a crucial 
role in regulating the ecosystem of aquatic habitats, help in 
carbon fixation, produce oxygen to sustain life, are also used 
as food in many indigenous communities, and are also seen 
as a potential biofuel feedstock.

Conversion of algae into energy

The idea of using natural materials obtained from liv-
ing organisms as feedstock existed well before antiquity, 
wood being the primary feedstock. The idea of using 
algae as a source of food, feed and energy is not a new 
one, going back to the late 1950s. The energy crisis of 
1970s forced the governments to look for alternative 
fuel sources, such as methane and hydrogen. Methane 
from algae was seen to be promising, and algae as a bio-
feedstock were begun to be seriously considered. From 
1980 to 1996, the US Department of Energy supported 
the aquatic species programme (ASP), a relatively small 
effort (about $25 million over almost 20 years) with the 
specific goal of producing oil from microalgae. Research 
has been done on using microalgae and macroalgae to 
check whether they can produce biofuel at commercial 

Fig. 3   Algae and their associated products
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levels. Various thermochemical conversion techniques 
have been used, such as pyrolysis, gasification, torrefac-
tion, liquefaction and combustion (Heimann and Huerli-
mann 2015). These techniques have been researched upon 
exclusively for different species of microalgae and mac-
roalgae, each giving their own sets of products depending 
on feedstock characteristics. In this review, we see the 
production of macroalgae and microalgae to be used as 
feedstock and the usage of pyrolysis as an effective ther-
mochemical method for producing biofuel.

The consideration of choosing algal strains for biofuel 
is to look for strains which are fast growing, capable of 
surviving in hardy climes, rich in lipid contents. Genetic 
engineering may be considered for enhancing capacity of 
the wild strains for greater lipid production (Peng et al. 
2019).

Macroalgae cultivation

Macroalgae are seen as an upcoming bio-feedstock, when 
compared with the well-established microalgal field of 
study (Min et al. 2011). Classification of macroalgae culti-
vation can be divided into two subtopics, wild seaweed and 
aqua-cultured seaweed method. Primary natural sources of 
wild seaweed cultivation are from drift seaweeds. Aqua-
cultured seaweed involves the use of ponds or tanks (land-
based cultivation) or seas (ocean-based cultivation). Simi-
lar to microalgae, pond-based cultivation is seen to be an 
effective method of growth. Species which grow are Ulva 
rotundata (Petrusevski et al. 1995), Monostroma and Lam-
inaria digitata (Taher et al. 2011). Seaweed cultivation 
in sea is done for Eucheuma, Undaria and Kappaphycus 
(Min et al. 2011). The cultivation of macroalgae is per-
formed as follows. It involves setting up a pilot plant (Chen 
et al. 2015), consisting of a hatchery and an on growing 
site, either on land or on water. The hatchery has require-
ments such as filtering of sea water and air supply, proper 
lighting, chiller units, tanks and storage. The on-growth 
site has similar characteristics, having ropes, anchors and 
buoys. The cultivation is strongly dependent on the budget 
and the location of the site. The type of algae cultivated 
must be native to the land. Other factors influencing cul-
tivation are water depth, nutrients, turbidity of water and 
temperature of water. The seeding is done with a view not 
to disturb the environmental considerations. The sampling 
of the growing biomass is crucial, to gauge the growth. A 
stable environment is necessary for the growth, with cul-
ture cabinet temperature of 10 °C with a thermostat alarm, 
and maintaining a steady air supply, with cleaning filters 
and water, which are some of the prerequisites. It is good 
practice to draw up a list of daily, weekly and monthly 
activities to ensure good growth.

Macroalgae harvesting

Macroalgae, due to their large size, are separated mainly 
by physical methods. Manual harvesting is preferred and 
has been used before the industrial age. At low tides, ter-
restrial vehicles are used across shore and used to collect the 
algae. Trawlers, boats and dredges are used as the vehicles 
for macroalgae harvesting (Brennan and Owende 2010a, b). 
Harvesting is usually performed when there is enough sun-
light to ensure a sustained growth of epiphytic communities, 
and generally a very good spring and summer is crucial for 
the growth (Mooney-McAuley et al. 2016). The harvesting 
technique usually involves taking the thallus by hand, though 
this may vary for different species. Pre-treatment techniques 
of macroalgae are easier due to the relative size of the algae. 
Some algae are attached to rocks by holdfasts. In general, 
species cultivation differs for macroalgae due to morphol-
ogy. Harvesting instruments used are drag rake, winchers, 
cutter blades and suction harvesters. In general, one can 
conclude that the harvesting of macroalgae is easier and 
economical than that of microalgae. However, it is labour 
intensive. Also, harvesting cannot be done on a regular basis. 
Care should be taken that regeneration of harvested popula-
tion occurs regularly. A big advantage for harvesting mac-
roalgae is that it can be easily grown in wastewater.

Microalgae cultivation

Microalgae cultivation techniques can be classified into two 
methods, open and closed cultivation systems (Burton et al. 
2009). Open cultivation systems involve the algae being 
exposed to nature. Open pond cultivation is an example 
(Duran et al. 2018). Here, a pond is constructed with suf-
ficient depth and is exposed to solar radiation. Nutrients are 
provided by channelling the water containing nitrogen and 
phosphorous. The pond is designed to meet local conditions 
of temperature, land and algal strains. Closed cultivation 
systems, on the other hand, deal with controlled conditions 
which optimize algal growth. Photobioreactors are very 
efficient, producing high biomass content with respect to 
smaller areas and lesser operating costs (Borowitzka 1999).

Microalgae harvesting

Harvesting techniques of microalgae can be broadly divided 
into two types of techniques, physical and chemical. Physi-
cal techniques involve solid–liquid separation of algae from 
water. Some techniques are sedimentation, filtration, cen-
trifugation and floatation, while chemical techniques involve 
flocculation and electrophoresis.

In sedimentation, the solids and liquids are separated by 
using gravitational force and allowing them to settle down. 
Sedimentation of algal biomass depends on the density 
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difference, particle size, cell age, temperature and light 
(Haarhoff and Maritz Rykaart 1995; Shelef et al. 1965; Dan-
quah et al. 2009). Lamella separator and sedimentation tank 
are some of the common examples of sedimentation tanks. 
Filtration uses a medium that is permeable to the growth 
medium to separate algal biomass and media. Membrane 
plays an important role in separation and is classified on 
pore size. Microfiltration (0.1 to 10 µm), ultra-filtration 
(0.02–0.2 µm) and nano-filtration (less than 0.001 µm) are 
some of filtration techniques used which depend on pore 
size of membrane (Knuckey et al. 2006). Different types of 
filtration involve apparatus designed on pressure difference, 
types of filtrate and filter media. Vacuum filtration is a popu-
lar choice for separating microalgae due to their small size, 
via microfiltration. Energy consumption is usually about 
0.1–5.9 kW/hm3 depending on filter type used (Al Hattab 
2015). Other types of filtration include pressure filtration 
(use of plate and frame filter), cross-flow filtration. The third 
technique to be talked about is centrifugation. This process 
involves the use of a centrifugal force to separate the parti-
cles in media by causing separation in the disc stack, forc-
ing the heavier particles (heavy phase and sludge) towards 
the periphery of the bowl, and is discharged automatically 
through ports, while the light phase flows towards the centre 
of the bowl. The efficiency of the process depends mainly 
on the centrifugal force involved. The two types of centri-
fuges used for microalgae harvesting are disc stack centri-
fuge and decanter centrifuge. The energy consumption for 
disc stack centrifuge varied from 0.53 to 5.5 kWh/m3, with 
(Mohn 1988) noting 12% suspended solid concentration of 
microalgae species Scenedesmus using a disc stack centri-
fuge with energy consumption of 1 kWh/m3. The decanter 
centrifuge energy consumption varied from 1.3 to 8 kWh/
m3 (REN21 2018). The last physical harvesting method is 
flotation where low density of microalgae property is used. 
Gas bubbles are passed through a solid–liquid suspension, 
causing microalgae to float to the surface by adhering to the 
gas bubbles. Aeration is also useful to remove any residual 
compounds (Sim et al. 1988). Types of flotation techniques 
are dispersed air floatation, dissolved air floatation and flu-
idic oscillation. Factors influencing air floatation are pH, air 
flow rate, medium time and loading rate (Singh et al. 2011; 
Haarhoff and Maritz Rykaart 1995).

In chemical harvesting methods, flocculation and electro-
phoresis are the two major methods for microalgae harvest. 
Flocculation means the aggregation of fine particles in a 
colloidal solution by the use of a chemical agent. Generally, 
microalgae are seen as particles dispersed in water, the dis-
persion phase, so flocculation is a viable method. In this, the 
algal culture is allowed to flocculate, and then, the clumps 
of algae are removed by dewatering.

There are three types of flocculation, chemical, autofloc-
culation and bioflocculation (Bruhn et al. 2011). Chemical 

flocculation is commonly seen and is achieved with the use 
of a flocculating agent (Brennan and Owende 2010a, b). The 
nature of flocculent is important. It can be briefly divided 
into organic and inorganic flocculants, with some examples 
being chitosan and praestol for organic and aluminium and 
iron sulphate salts for inorganic. Generally, algal harvesting 
is preferred due to its non-toxic nature (Smith and Miettinen 
2006). Autoflocculation is seen in some microalgal species 
which can spontaneously flocculate due to environmental 
stress (Vandamme et  al. 2011). Environmental stresses 
include dissolved oxygen content, ionic content of calcium 
and magnesium, pH and nitrogen concentration. Bio-floccu-
lation refers to the use of microorganisms to induce floccula-
tion in microalgal culture (Horiuchi et al. 2003). This works 
by making sure that the microorganisms adhere to the cell 
wall of the microalgae, causing weight to increase and sedi-
mentation to occur. In general, flocculation depends on size 
of particle, ion charge, pH and concentration of dissolved 
oxygen. Electrophoresis is used to eliminate toxic and costly 
chemicals from microalgal solution, by the use of an applied 
electric field (Shelef et al. 1965). Coagulation, flocculation 
and flotation are three methods used in electrophoresis. The 
process involves the use of iron or aluminium electrode, and 
current is passed through the solution. The algal solution 
behaves like a negatively charged species and is attracted to 
the cathode. A combination of methods is performed usu-
ally where sedimentation or flotation with filtration is per-
formed with flocculation (Molina Grima et al. 2003). The 
overall advantages and disadvantages of each method are 
given in Table 1 (Mooney-McAuley et al. 2016). A brief 
overview of various thermochemical and biochemical con-
versions of biomass is required to know the different meth-
ods of extracting bioenergy from algal sources. The thermal 
methods which are usually employed to convert biomass into 
biofuel are gasification, combustion, pyrolysis, liquefaction 
and torrefaction. The biochemical methods used to convert 
are anaerobic digestion and transesterification (Pourkarimi 
et al. 2019a, b; Kirubakaran et al. 2009).

Figure 4  shows an overall view of conversion of energy 
techniques. Cultivation techniques are covered in open and 
closed. Harvest is seen by physical and chemical techniques. 
The algae are to be pre-treated with techniques mentioned 
above. The various thermochemical methods are further 
explained.

Thermochemical conversion techniques

Gasification refers to the conversion of biomass feedstock 
into hydrogen (H2), carbon dioxide (CO2) and methane 
(CH4) with a wide range of hydrocarbon products formed. 
Catalysts are used to enhance hydrocarbon production. The 
process involves heating the biomass to high temperature 
(> 700 °C) without combustion or with a controlled amount 
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Table 1   Advantages and disadvantages of microalgae harvesting processes

S. no. Methods Advantages/disadvantages References

(1) Sedimentation Effective in concentrating suspensions to lower % of total sus-
pended solids

Min et al. (2011)

It is time-consuming due to the higher settling time. The composi-
tion of the cells can change

Shelef et al. (1965)

2(a) Filtration
Vaccum filtration

Preservation of cells after recovery. It is more efficient than sedi-
mentation.

Taher et al. (2011)

Larger energy requirements. The phenomenon of pore clogging Petrusevski et al. (1995)
(b) Pressure filtration Cakes have low moisture content Gonzalez-Fernandez and Ballesteros (2013)

High degree of clarity
Difficulty in washing filter medium for sticky solids Rushton (1996)
Difficulty in viewing filter conditions

(c) Cross-flow filtration Large volume filtration Spellman (2008)
Complete debris removal
Frequent membrane replacement Rossignol et al. (1999)

3(a) Centrifugation
Disc stack centrifuge

High removal efficiency Sharma et al. (2013)

Used for batch, continuous and semi continuous processes
Costly and mechanically complex. Tarleton and Wakeman (2006)
Harder to clean plates

(b) Decanter centrifuge Suited for suspensions with higher solid concentration Milledge and Heaven (2013)
Suited for separating materials with particle size > 15 Âµm
Not suitable for microalgae Reay and Ratcliff (1973)
Energy intensive
High costs and poor flow rates

4(a) Flotation
Dispersed air flotation

Faster than sedimentation Edzwald (1995)

Preferential collection of larger particles
Less agglomeration
Only suitable for bench scale. High operational costs Edzwald (1995)

(b) Dissolved air flotation
Less time for better performance, hence more efficient Mohn (1988)
Pre-treatment of sample is required Mohn (1988)

(5) Flocculation i) Lower cost of flocculant Shammas (2005)
(a) Chemical flocculation
 (i) Inorganic (i) Higher dosage of flocculant needed Shammas (2005)

(ii) Not environmentally friendly
 (ii) Organic (ii) Lower dosage of flocculant needed Schlesinger et al. (2012)

(ii) Higher cost of flocculant Schlesinger et al. (2012)
Not useful for marine algae in saline conditions

(b) Auto flocculation Simplicity low cost Schlenk et al. (2007)
Not reliable for all species Schlenk et al. (2007)

Bio-flocculation Biodegradable non-toxic Schlesinger et al. (2012)
Species-specific microorganisms Schlenk et al. (2007)

(6) Electrophoresis Low cost and versatility
Selectivity
Environmental

Salehizadeh and Shojaosadati (2001)

Salehizadeh and Shojaosadati (2001)
Composition changes
High current density
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of oxygen and steam. The resulting gas mixture is known 
as syngas (Kirubakaran et al. 2009; Ebadi and Ebadi 2017). 
This process has seen increased use in algal biomass con-
version, but potential disadvantages that occur are due to 
the gaseous nature of the product formed, which prevents 
easier storage and transport. The next method discussed is 
combustion. Combustion refers to the oxidation occurring 
when a substance is reacted with sufficient amounts of oxy-
gen, producing amounts of heat and light rapidly. The prod-
ucts of combustion are similar to that of gasification, with 
a notable difference being the production of solid residues. 
Algal biomass is considered to be a potential candidate for 
combustion due to the fact that it has a higher heating value 
and more efficiency, however, due to its large amounts of 
nitrogen (Lane et al. 2013), which results in the formation 
of nitrous oxides. The higher moisture content of algae also 
prevents it from being used successfully with regards to 
large-scale industrial usage (Vassilev and Vassileva 2016). 
Pyrolysis refers to the thermochemical degradation of a sub-
stance in the absence of oxygen at elevated temperatures. 
The by-products of pyrolysis include a viscous liquid known 
as bio-oil, a dark black charry substance known as biochar 
and a gaseous mixture known as pyrogas (Chiaramonti et al. 
2017). The bio-oil formed can be used as an intermediate 
for downstream processing in biofuel production. There has 
been a lot of research regarding algal pyrolysis. However, 
one disadvantage for algal pyrolysis is that it requires the 
feedstock to be dry, and this results in spending energy for 
pre-processing the feedstock. Torrefaction is a special case 
of mild pyrolysis which is used for augmenting the biomass 
characteristic. It is performed at temperatures lesser than 

pyrolysis range (Luque et al. 2012). Hydrothermal lique-
faction is one of the procedures where wet biomass can be 
used. It provides a direct pathway for liquid biocrude pro-
duction. This liquid product is a complex mixture of oxy-
genated hydrocarbons, and in the case of algae biomass, it 
contains substantial nitrogen as well (Mwangi et al. 2015). 
This method gains popularity from the fact that drying of 
biomass is not a prerequisite and it is energy efficient. The 
oil gained from the liquefaction process is used as a biofuel 
intermediate. However, the economics of the process needs 
to be looked into in detail (Elliott et al. 2013).

Biochemical techniques

Some of the biochemical processes that will be discussed 
about in brief are anaerobic digestion and transesterification.

Anaerobic digestion refers to the process where bio-
mass is broken down into simpler molecules that eventually 
yields bio-products in the absence of oxygen. The potential 
of algae to be used as a biomass is vast with many algal 
species releasing methane upon digestion. Some advantages 
of the process include reduction in electrical and thermal 
losses usually associated with other methods of conversions, 
the solid residue being used as a fertilizer for farms and 
a viable methane source, along with liquid bio-oil. Disad-
vantages with this process with respect to algal feedstock 
arise from technical restraints including low concentration 
of digestible biodegradable substrate, recalcitrant substrate 
constituents and low-carbon-to-nitrogen ratio (Ward et al. 
2014). Transesterification refers to the process where a glyc-
eride combines with an alkyl alcohol of low molecular mass 

Fig. 4   Conversion of algae to bioenergy
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to produce fatty acid methyl esters (FAME) and glycerol. 
Algal transesterification has been an upcoming field to pro-
duce biodiesel from algal bio-oil produced from pyrolysis 
or liquefaction (Amin 2009). Disadvantages of the transes-
terification process by itself are that the production costs of 
biodiesel make the process economically unfeasible for large 
scale. Table 2 shows how microalgae and macroalgae have 
their element composition distributed.

Green algae pyrolysis

The reason why algae are considered as a potential biomass 
agent for pyrolysis is due to greater bio-oil production seen, 
especially in microalgae. Macroalgae have been looked as 
potential fuel, and research has been done on that field. 
There exists a significant amount of literature on algal pyrol-
ysis, of varying algae, of those belonging to red, brown and 
green algae. While studies have been performed on red algae 
with prominent example species such as Gracilaria and Por-
phyria (Francavilla et al. 2015; Bae et al. 2011) and brown 
algae species such as Sargassum and Saccharina (Kim et al. 
2012, 2013), a thorough literature study and a review of 
green algal pyrolysis techniques have not been compiled.

Green algae, especially microalgae, have been seen to 
produce high amounts of bio-oil, making them a field of 
potential interest. Studies on Spirulina and Chlorella have 
been done extensively with about 5000 research papers on 
pyrolysis, but a systematic review of green algal pyrolysis 
for various micro- and macroalgae has not been done yet. 
Green microalgae have already been tested upon for bio-oil 
yield, and the results have been encouraging. Reasons for 

using green macroalgae and microalgae as a potential fuel 
source are more. Although it is widely present, it is under-
used, with less than 1% being used, with macroalgae being 
found to be having chemical rich bio-oils. These bio-oils are 
rich in aromatics, sugars and other high-value chemicals. 
These can be used to produce biodiesel, by various chemi-
cal conversion techniques (Budarin et al. 2011). Algae have 
been seen as third-generation biofuels, meaning that they 
are used to enhance the performance of biofuels processed 
from existing feedstock. Integration of macroalgae into bio-
refineries has been prioritized, with studies being performed 
on it (Golberg et al. 2018). Green microalgae have consist-
ently been seen as sources to produce bio-oil.

The need to exclusively focus on green algae lies on two 
major counts. Green algae are seen as the direct ancestors to 
modern-day green plants, due to the presence of chlorophyll 
A and chlorophyll B. The yield of bio-oil from terrestrial 
plant-based life forms has been generally inadequate, and 
green algae, being the precursors, are checked to see whether 
they have any potential in bio-oil formation. Also, green 
algae are ubiquitous, being part of many ocean niches. The 
growth and the role of green algae that plays in the marine 
ecosystem are beneficial. This is the fact that their rapid 
regeneration in climes and also their relative usefulness for 
other produces has made green algae a tempting research 
field.

Maximum bio-oil yields have been reported from Spir-
ulina and Chlorella (Lin et al. 2014; Chaiwong et al. 2013; 
Jena et al. 2011). Pyrolysis on green algae species has been 
performed extensively, and a review on the various pyroly-
sis techniques and the methods used in pyrolysis of green 
algae thus becomes necessary. This review covers the topics 

Table 2   Elemental composition of some green micro- and macroalgal species

Algae (microalgae) C% H% N% O% S% References

Chlorella vulgaris 75.9 9.0 5.3 9.3 0.4 Biller et al. (2012)
Chlorella vulgaris spp. 70.7 8.6 5.9 14.8 0 Biller and Ross (2011)
Dunaliella tertiolecta 74.4 9.4 6.8 9.4 – Minowa et al. (1995)
Scenedesmus dimorphous 73 8.2 5.7 12.6 0.5 Biller et al. (2012)
Desmodesmus sp. 74.5 8.6 6.3 10.5 – Garcia Alba et al. (2011)
C.protothecoides (Autotrophic cells) 76.22 11.61 0.93 11.24 – Miao and Wu (2004a, b)
C.protothecoides (Heterotrophic cells) 62.07 8.76 9.83 19.43 –

Algae (Macroalgae) C% H% O% N% S% References

Chaetomorpha linum 48.1 5.3 25.5 0.8 – Neveux et al. (2014)
Cladophora sp 51.1 0.6 0.7 2.0 1.9 Chaiwong et al. (2012)
Cladophora coelothrix 34.6 1.5 – 3.3 8.7 Bird et al. (2011)
Caulerpa taxifolia 24.8 1.2 – 2.4 – Bird et al. (2011)
Ulva ohnoi 9.6 2.3 16.3 0.9 35.1 Neveux et al. (2014)
Ulva cf. flexuosa 34.39 6.54 56.22 1.21 1.45 Roslee and Munajat (2018)
Ulva prolifera 37.44 7.01 50.8 1.87 2.88 Ceylan and Goldfarb (2015)
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of different pyrolysis techniques, viz. slow, fast, microwave 
and catalytic pyrolysis, and various parameters that affect 
pyrolysis, viz. temperature, particle size, reaction time and 
nature of algae. Table 3 shows how the biochemical fractions 
are placed in green algal species.

Chemistry of pyrolysis

Pyrolysis mechanism

As mentioned above, pyrolysis refers to the process where a 
solid or a liquid undergoes thermal degradation into smaller 
molecules at elevated temperatures in the presence of inert 
atmosphere of nitrogen or very less stoichiometric quantities 
of oxygen. Pyrolysis can produce many different thermal 
degradation products. A point to be noted is that pyrolysis is 
a chemical process, but is not a phase change. The thermal 
decomposition of algae can be divided into three main steps:

(1)	 Dehydration of algae at temperatures below than about 
200 °C,

(2)	 Devolatilization that is the main pyrolysis process and 
occurs at 200–550 °C

(3)	 Solid decomposition at temperatures above 550 °C.

During algae pyrolysis, decomposition of proteins and 
carbohydrates takes place at the temperature below than 
400 °C, while the lipids mainly decompose by raising the 
temperature to about 550 °C. However, further heating the 
biomass to higher temperatures (600 °C) increases second-
ary cracking reactions wherein larger molecular weight 

hydrocarbons are broken down to smaller ones and therefore 
the bio-oil products decrease.

(1)	 Removal of bound water moieties from algae at 150 °C
(2)	 Removal of volatiles from the organic matter starting 

at 200, going up to 550 °C
(3)	 Temperatures greater than 600 °C see solid decomposi-

tion

Pyrolysis of biomolecules in algae present begins with the 
decomposition of carbohydrates and proteins which is seen 
at the temperature below than 400 °C. Lipid decomposition 
is seen at 550 °C, significantly higher than proteins or carbo-
hydrates. Higher temperatures above 600 °C show less bio-
oil production and greater gas release, as the hydrocarbon 
chain gets fragmented into simpler linear chains (Pourkarimi 
et al. 2019a, b).

The mechanism of pyrolysis involves the breakdown of 
matter by three methods, random scission and side-group 
scission and monomer reversion. Generally for biomass 
pyrolysis, we see monomer reversion and random scission. 
In random scission, the carbon chain is broken randomly 
by the action of heat, and this occurs in biomass where we 
have uniform composition like cellulose. Side-group scis-
sion is seen where the carbon-side element bond is broken, 
rather than the main chain. Some examples are seen in plas-
tic waste pyrolysis, such as polyethene. Monomer reversion 
sees the complete breakdown of polymer into constituent 
monomers (Stauffer et al. 2008).

The general reaction of biomass pyrolysis can be said as 
follows: (Angin 2013).

(1)	 Biomass → Vapours + Residue, which is unreacted

Table 3   Biochemical composition of various green algae

Species of sample Proteins Carbohydrates Lipids Nucleic acid References

Scenedesmus obliquus 50–56 10–17% 12–14% 03–06% Demirbas (2008)
Scenedesmus quadricauda 47 – 1.9 – Demirbas (2008)
Scenedesmus dimorphus August 18 21–52 16–40 – Demirbas (2008)
Chlamydomonas rheinhardii 48 17 21 – Demirbas (2008)
Chlorella vulgaris 51–58 12–17% 14–22 4–5% Yu et al. (2017)
Chlorella pyrenoidosa 57 26 2 – Yu et al. (2017)
Dunaliella bioculata 49 4 8 – Yu et al. (2017)
Dunaliella salina 57 32 6 – Pourkarimi et al. (2019a, b)
Tetraselmis maculata 52 12 3 – Pourkarimi et al. (2019a, b)
Dunalieila tertiolecta 20 12.2 15 – Brown (1991)
Nannochloris atomus 30 23 21 –
Ulva lactuca 15.23 58.4 1.22 – de Pádua et al. (2004)
Ulva lactuca 18.35 57.67 1.79 –
Chlorella sp. 34 15.5 7 – Babich et al. (2011)
Scenedesmus 56 13 25 – Vardon et al. (2012)
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(2)	 Unreacted residue → Char + Volatiles + Gases
(3)	 (Char) 1 → (Volatile + Gases) 2 + (Char) 2.

Composition of any biomass including algal biomass con-
sists of following major compounds, cellulose, hemicellu-
lose and lignin. The concentrations of these compounds vary 
with the type of the biomass used, such as wood, rice husk 
or algae. For cellulose, which is the major constituent of 
green algal biomass, the mechanisms of pyrolysis are based 
on hypothetical assumptions rather than unambiguous proof. 
Nevertheless, it can be agreed that there are two competing 
mechanisms for cellulose breakdown, fragmentation reaction 
to produce char and light volatile products such as gases, 
aldehydes and ketones. The second mechanism involves the 
formation of levoglucosan and other anhydromonosaccha-
rides. The first mechanism is usually seen in slow pyrolysis, 
while the second one is seen at high temperatures and heat-
ing rates. Volatiles are generally thought to form by free rad-
ical mechanisms, primarily by scission. It is theorized that 
the formation of various products happens as parallel and not 
competing reactions, and the reactions are of first order in 
nature (Jakab 2015; White et al. 2011). The overall mecha-
nism of algal pyrolysis is based on the relative protein, lipid 
and hydrocarbons. The general method to derive the mecha-
nism of reaction is thermogravimetric analysis. Generally, 
mass loss for macroalgae represents the decomposition of 
carbohydrates. Subsequent heating involves the pyrolysis 
of proteins, with depolymerization being the main factor. 
The release of nitrogen in algal pyrolysis is mainly seen as 
a result of protein depolymerization; however, significant 
amounts of ammonia and nitrous oxides are released. Lipid 
breakdown is usually seen by hemicellulose mechanism 
formation (Debiagi et al. 2017). The reaction conditions of 
producing exclusively biochar, bio-oil and pyrogas vary. To 
make sure that more yield is obtained, sometimes materials 
are subjected to a slow form of mild pyrolysis called tor-
refaction, where the biomass is subjected to 200–250 °C at 
inert atmosphere to remove volatiles. This refined biomass 
is then taken for pyrolysis.

Temperature dependence of pyrolysis

Temperature plays a major role in pyrolysis. The nature of 
the product depends mainly on the heating rate. Slow heating 
rates tend to avoid cracking rates and increase biochar yield. 
Rapid heating rate increases the possibility of the biomass 
decomposition into gaseous and avoids the repolymeriza-
tion of the algae lipids vapours even at low temperatures 
which increase the bio-oil yield (Pourkarimi et al. 2019a, 
b). When compared to red or brown algae, green algae tend 
to have more water content (Fathy 2007); however, pre-
treatment studies have shown that green algae lose a lot 
of water while drying. Green algae tend to pyrolyse at the 

optimum temperature of 500–550 °C. Temperatures above 
550 °C significantly promote secondary cracking reactions 
wherein larger molecular weight hydrocarbons are bro-
ken down to smaller ones resulting in decreasing bio-oil 
(Norouzi et al. 2016). Further increasing the temperature 
leads to an increase in the carbon content of the yields and 
formation poly aromatic hydrocarbons. Norouzi et al. (2016) 
shows that the heating value of Cladophora glomerata, a 
macroalgae commonly seen, is 14.97 MJ/kg, comparable to 
agricultural wastes. For scaling up of pyrolysis for macroal-
gae, the heating rate, particle size and temperature are fac-
tors to be noted. Microalgal pyrolysis has shown the fact of 
greater ash production when compared to terrestrial biomass 
pyrolysis. Kebelmann et al. (2013) show that the heating 
value of Chlamydomonas reinhardtii and Chlorella vulgaris 
is 23 and 18 MJ/kg, higher than some macroalgae species. 
This is seen due to higher ash content seen in microalgae 
when compared to macroalgae.

Effect of particle size

It is generally seen that pyrolysis is seen to be most effec-
tive when particle size is seen to be small, for producing 
bio-oil. As seen from general biomasses, reported by Kaur 
et al. (2015), various biomasses such as hazelnut, rapeseed 
and sunflower had best pyrolysis conditions at particle sizes 
ranging from 0.1 to 0.5 mm. The particle size also varies 
with different reaction conditions such as type of pyrolysis 
and the reactor. The reason for small particle size being used 
is that larger particles require more heat, and the activation 
energy too subsequently increases. For smaller particles, 
the energy required is less, but requires various commuta-
tion techniques which increases costs and processing time. 
Optimum particle size is required to increase bio-oil yield. 
For slow pyrolysis, which is the main pathway to char, large 
particle size (> 2 mm) and slow heating rates (< 10 °C) are 
common parameters (Kocer et al. 2018).

Hu et al. (2013) found that the maximum bio-oil yield 
of blue green algae blooms can be achieved by smaller par-
ticle size without considering the cost of grinding. When 
the algal particle size was increased, the bio-oil yield was 
significantly reduced from 54.97% to 42.86%, and the gas 
yield was decreased slightly from 20.47% to 18.98%, while 
the biochar yield was increased considerably from 24.56% 
to 38.16% which were mainly associated with the heating 
rate of the particles. With increasing the particle size, the 
heat resistance distance from the algae particle surface to 
its centre is increased which hinders the rapid heat trans-
fer from the hot material to cold biomass and therefore the 
incomplete pyrolysis reaction occurred.

Bio-oil yield of blue green algal blooms was shown to be 
achieved by Hu et al. (2012). This was tested with the param-
eter of particle size. The smaller the particle size, the greater 
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the yield. Hu et al. (2013) observed in their experiments with 
algal pyrolysis that a greater particle size involved lesser oil 
yield from 54.97 to 42.86%. The gas yield too decreases 
slightly, from 20.47 to 18.98%. The char production was 
seen to increase dramatically from 24.6 to 38.2%. An expla-
nation could be suggested that particle size increase results 
in an increase in heat resistance, as the distance from surface 
to centre of algal particle increases. Larger distance travelled 
would decrease the heat transfer capability. This would thus 
result in an incomplete heat transfer, and subsequently, com-
plete pyrolysis does not occur. A complete pyrolysis process 
is characterized by the production of gas and liquid seen by 
solid decomposition, but this might not be the case here. 
With respect to algal pyrolysis, research is needed to con-
clusively prove that particle size does matter.

Effect of feedstock on pyrolysis

Green macroalgae and microalgae vary considerably in their 
feedstock composition. As seen from microalgae (Scenedes-
mus sp.) taken, they have considerable amounts of carbohy-
drate and protein amounts of 29.3% and 36.4%, indicating 
the amounts of high nitrogen content at 7.25%, which may 
not be beneficial for fuel-based purpose. The percentage of 
ash content in microalgae is generally less, though higher 
than macroalgae, usually found in the range of 7 to 10% 
(Chaiwong et al. 2013). The prospect of higher oil produc-
tion is seen from microalgal pyrolysis. General trends of 
bio-oil produced from microalgae and macroalgae are put 
as a table here.

When we analyse the tables of microalgae and macroal-
gae oil production, the higher oil content is found in microal-
gae because of greater lipid content. This makes microalgae 
to be a potential candidate for oil production, but as men-
tioned, the cultivation and harvesting process takes a longer 
time than macroalgae. The feedstock is ultimately selected 
based on various considerations such as the oil productivity, 
ease of availability and processing techniques, financial con-
straints and the viability to scale up the reactions occurring 
during the testing phase.

Effect of time on the pyrolysis process

The nature of pyrolysis is decided by the time the feedstock 
spends in the reactor. The criterion for slow and fast pyrol-
ysis depends on the residence time of the feedstock. The 
vapour residence time refers to the time which the primary 
vapours and char of pyrolysis interact. Higher vapour time 
leads to greater char production because greater time allows 
for the complete repolymerization of the biomass compo-
nents, while shorter time leads to lesser yield (Pourkarimi 
et al. 2019a, b). The heating rate also plays a crucial role 
where low heating rates for long periods give greater char 

and higher heating rates and shorter periods give more oil 
(Tripathi et al. 2016). (Wang et al. 2013) show that the resi-
dence time of vapour has significant impact on seaweed. 
Longer vapour residence time also has the possibility of sec-
ondary reaction of volatiles occurring more frequently, and 
number of alcohols, ketones and hydrocarbons are enhanced.

Dependence on reactor type

Type of reactors

There are two types of reactors that are generally used for 
algal pyrolysis: fixed bed and fluidized bed reactors (Zhao 
et al. 2013).

A fixed bed reactor is usually long and cylindrical in 
shape and has a gas cooling and cleansing system. The 
materials used are firebricks, steel or concrete. The catalyst 
is usually arranged as a bed. The reaction is controlled and 
the heat supply is derived from an external furnace. A gas 
cylinder is attached externally so that the inert atmospheric 
conditions can be maintained. Nitrogen is the preferred inert 
carrier gas. A cooling system is attached to the reactor to 
condense the vapours to pyrolysis oil. They are suitable for 
a low-scale production. Fixed bed reactors are designed for a 
given pressure drop, and the catalyst mass filling the reactor 
should not exceed that specification (Worstell 2014). The 
various levels in which they are modelled are laboratory, 
pilot and commercial scale.

Fluidized bed reactors function on the principle of a sta-
tionary bed being made into a liquid-like continuum (called 
fluidization) when a fluid of high velocity is used to make 
the bed of particles into individual entities in the fluid. This 
allows for the better heat and mass transfer. The reasons to 
a fluidized bed being preferred are that it has ease of opera-
tion, good temperature control and scale-up capability. 
The fluidized bed reactor consists of a fluid–solid mixture 
wherein a stable bed of biomass particles is retained using 
an inert fluidizing gas such as nitrogen. The pyrolysis reactor 
sand particles warm up by gas before loading of the reactor 
with biomass. The reactor is equipped with a cyclone to sep-
arate the solid particles (char) from vapour. The condensable 
liquid–vapours leaving the cyclone are quickly cooled and 
collected in condenser, while the non-condensable gasses 
are vented out. The design of fluidized bed reactors enables 
decreasing catalytic cracking of pyrolysis vapour by char due 
to rapid separation of char by cyclone separator.

Fixed bed reactors

Industrial-grade fixed bed reactor systems are tubular in 
nature. They are equipped with gas cooling systems to 
regulate heat transfer rates, and a cleansing system present 
to remove impurities. The catalyst is usually arranged as a 
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bed. Construction of these reactors is made with materials 
that can withstand high temperatures, viz. firebricks, steel or 
concrete. The gas cylinder, containing inert elements such 
as nitrogen or helium, is attached to system to maintain non-
reactive atmosphere. Heat supply is provided externally. Gas 
cooling systems are used to get pyrolysis oil. These systems 
are designed in general for a given pressure drop. The cata-
lyst mass drop should not exceed the specification (Worstell 
2014). Bench-scale studies are also performed.

Fluidized bed reactors

Fluidized bed reactors work with the principle that a high-
velocity fluid is able to make a stationary bed into a liquid-
like continuum. The phenomena are called fluidization. 
The subsequent intermixing of the bed particles and fluid is 
desired as they allow good heat and mass transfer. Commer-
cial preference of using fluidized bed reactors is given due to 
reasons such as ease of operation, good temperature control 
and scale-up mobility. The composition of the reactor is a 
stable bed of biomass particles and catalyst if needed, along 
with an inert fluidizing gas. The inert gas is mixed with 
sand and is then heated. This gas mix is let into the pyroly-
sis chamber, to react with the biomass. A cyclone separator 
is used to separate solid particles (char) from the gas. A 
condenser is used to gather the liquid vapours which are 
condensable, while the non-condensable ones are let out at 
exhaust. The design of the reactor enables a very important 
feature. It lessens catalytic cracking occurring in pyrolysis 
by rapid separation of char and vapour.

Pyrolysis products

Biochar

Biochar refers to the solid residue obtained from pyrolysis 
process, which is brown and charry in nature. It has a high 
amount of coke content in it. Algal biochar contains carbon, 
hydrogen and nitrogen, along with inorganic elements such 
as potassium, sodium, calcium and magnesium. As men-
tioned, due to the higher amounts of ash and fixed content, 
the production of biochar seen is higher than that of terres-
trial plants. Studies of using algal biochar as an adsorbent 
have been performed on both macroalgae and microalgae. 
Bird et al. (2011), in his experiment with green macroal-
gal species, observe that biochar produced from species of 
Cladophora, Chaetomorpha, Ulva and Caulerpa shows that 
the char has comparably less carbon content than microal-
gal char and also has low surface area and cation exchange 
capability. However, they have high pH and higher nutrient 
contents, thus making them apt for soil nutrition purposes 
(Torri et al. 2011). Yu et al. (2018) show that the biochar 

production from microalgal species of Chlorella vulgaris 
shows an alkaline pH value of 8.1, making it suitable for 
agricultural soil as a supplement. The decrease in volatile 
matter fraction makes algal biochar useful for coal fuelled 
boilers without any conversion process (Gong et al. 2014a, 
b). When comparing the higher heating values of microal-
gae and macroalgae biochars, the microalgae biochar has 
values similar to that of coal (25 MJ/kg), thus suggesting its 
potential use as an alternative energy source. Higher surface 
area in microalgal biochar is seen as a reason for microalgal 
biochar to be considered as an adsorbent, with the scanning 
electron microscope (SEM) observation attesting to the fact 
that the surface is highly porous and fragmented, and may 
contain active binding sites. Fourier transform infrared spec-
troscopy (FTIR) of biochars, formed at high temperatures 
exceeding 600 °C, shows the presence of polycyclic aromatic 
rings, with the complete breakdown of hemicellulose and 
cellulose structures. Biochars impregnated with the catalyst 
also show the presence of hetero-atoms such as sulphur and 
bromine present. Since biochars are not comprised of only 
one single compound, various bonds such as C–H stretch, 
C = C alkene bonds and aromatic linkages are also observed 
(Balaji and Niju 2019).

Bio‑oil

Bio-oil produced during pyrolysis refers to a viscous liquid, 
rich in organic compounds. The nature of bio-oil produced 
varies with respect to the feedstock with coal showing it as 
a darkish black liquid, wood showing as a dark brown liquid 
and algae showing a greenish tinge due to the presence of 
nitrogen. The oil contains two phases, aqueous and tar phase, 
with them containing oxygenated hydrocarbons and various 
compounds such as aldehydes, ketones, esters and phenols.

The characteristics of bio-oils vary among different spe-
cies of macro- and microalgae, and the composition varies 
depending on the conditions during pyrolysis. For exam-
ple, (Adamakis et al. 2018) report the bio-oil composition 
for the thermal pyrolysis of two sets of Chlorella vulgaris 
grown in nitrogen-rich and nitrogen-starved condition. He 
finds that while a nitrogen-rich medium promotes rela-
tively high productivity (1.5 g of dry biomass per litre of 
media), the highest lipid condition (36% of dry biomass) 
was achieved for nitrogen-depleted medium conditions. The 
bio-oil contains a complex mixture of fatty acids, pheno-
lics, pyrroles and amides, present at different concentrations. 
Studies by Babich et al. (2011), Francavilla et al. (2015) and 
Thangalazhy-Gopakumar et al. (2012) for different species 
of green microalgae show the presence of the compounds 
in different proportions. Oxygenated content present in 
bio-oil arises usually from catalytic pyrolysis, which will 
be explained. In general, pathways to bio-oil production 
are manipulated in such a way that we either get feedstock 
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suitable to be converted to biodiesel or to be used as it is. 
Table 4 shows a proper distribution of how bio-oil, char and 
gas are formed at different conditions of pyrolysis. Macroal-
gal species too have oils varying in compositional percent-
ages. However, the commonly seen compounds include tol-
uene, ethylbenzene, styrene, phenols, indole, pentadecane, 
neophytadiene, pyridine and some other nitrogen-containing 
compounds. It should be noted that although gas chroma-
tography–mass spectrometry (GC–MS) analysis is the most 
used method in the literature for analysing oil, only 25–40% 
of oil compounds can be identified by gas chromatography 
methods because some components of oils such as long-
chain lignin and carbohydrates are not volatile enough to be 
detected by gas chromatography.

The commercial viability of bio-oil is being currently 
investigated. Although they have heating values compara-
ble to terrestrial bio-feedstock, the higher amount of oxy-
gen indicates a lesser stability and higher reactivity. More 
amounts of saturated and unsaturated fatty acids lead to cor-
rosiveness which makes storage difficult. Greater nitrogen 
compounds seen during pyrolysis are also to be considered, 
as they release NOx emissions. Table 5 shows how bio-
char, oil and gas are formed from known samples of green 
macroalgae.

Biogas

Biogas refers to the volatile fraction recovered from pyrol-
ysis and is composed primarily of low molecular weight 
compounds such as CH4, CO, CO2 and H2 which can be 
used as potential feed. The algal pyrolysis gives the same 
gaseous products such as other feedstock. Temperature, time 

and reaction conditions all play an important role in algal 
pyrolysis. Secondary volatiles are further released during 
pyrolysed conditions. Figure 4 is a culmination of how the 
yields are distributed in green algal species. We see that 
bio-oil is higher in quantity in microalgae than macroalgae.

Types of pyrolysis

Fast pyrolysis

Fast pyrolysis is the process of rapidly heating biomass to 
high temperatures in the absence of air. The temperature 
range of operation is around 500 °C and has very short reac-
tion times of between 1 and 5 s. The process prior to fast 
pyrolysis requires that the biomass be dried and grinded to 
a particle size of less than 1 mm, to account for larger-sur-
face-to-volume ratio which allows better heat transfer. The 
yield is considerably lower than that of slow and catalytic 
pyrolysis. The average yield of bio-oil by pyrolysis has been 
estimated to be 60–75 wt%, and it has a significant increase 
in energy density from the starting material. The rest of the 
yield consists of 15–25 wt% of solid and 10–20 wt% non-
condensable gases. The heating rate generally used is 100 s 
in the absence of an oxidizing agent (Balat et al. 2009). The 
desired yield is bio-oil, and the oils obtained here are higher 
than that obtained in slow pyrolysis. Green microalgae have 
shown higher oil content production by fast pyrolysis, when 
compared to macroalgae.

Maximization of oil yield can be done by the following 
steps

Table 4   Green macroalgae yield of bio-oil and biochar

S. no. Algae Biochar 
yield (%)

Bio-oil 
yield (%)

Heating value 
(HHV) (MJ/kg)

Temperature, time and conditions (°C) Reference

1 Cladophora sp. 31 39 16.7 550 °C, 60 min, slow pyrolysis Chaiwong et al. (2012)
2 Cladophora vagabunda 67 21.1 n.d 250–400 °C, slow pyrolysis Bird et al. (2011)
3 Enteromorpha Prolifera – – 25.33 100–700*C, fast pyrolysis, free-fall reactor Zhao et al. (2013)

Table 5   Green microalgae yield of bio-oil and biochar

S. no. Algae species Biochar yield % Bio-oil yield % HHV MJ/kg Temperature, time, conditions Reference

1 Arthrospira platensis 31 45.0 15.8 550 °C, 60 min, slow pyrolysis Chaiwong et al. (2013)
2 Chlamydomonas reinhardtii 44 38.6 13 350 °C, 20 min, fast pyrolysis Torri et al. (2011)
3 Dunaliella salina – 55.4 21.2 500 °C, 60 min, slow pyrolysis Gong et al. (2014a, b)
4 Nannochloropsis sp. 24.8-33.5 21.76 15.17 500 °C, 60 min, catalytic 

pyrolysis
Aysu and Sanna (2015)

5 Tetraselmis sp. 20 25.0 12.07 550 °C, 60 min, catalytic 
pyrolysis

Aysu et al. (2016)
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(1)	 High heating and heat transfer rates,
(2)	 Optimal heating and vapour-phase temperature 

(500*C),
(3)	 Short residence and reaction time (< 2 h is preferable),
(4)	 Greater surface area of biomass,
(5)	 Rapid cooling of pyrolysis vapours,
(6)	 Usage of fluidized bed reactor (Pattiya 2017).

In the fast pyrolysis of C. protothecoides (Miao and Wu 
2004a, b), they showed the dependence of pyrolysis on 
temperature and saw that the bio-oil yield changed with an 
increase in temperature from 400 to 500 and there was a 
decrease in the yield as it was increased to near 600 °C. 
The heterotrophic cells of the algae considered gave a yield 
3.4 times better than that from autotrophic cells. The bio-
oil from HC had lower oxygen content, lower viscosity and 
lower density than that from AC. This has also been con-
firmed by Elliott who has confirmed that there is a correla-
tion between chemical composition and operating tempera-
tures (Pattiya 2017; Elliott 1988). (Harman-Ware et al. 2013) 
confirmed that bio-oil from microalgae was stable. From the 
table above, it is clear that the average yield from pyrolysis 
is between 18 and 70% and the higher heating value (HHV) 
ranges.

Slow pyrolysis

The term slow pyrolysis refers to the conditions of a slow 
heating rate, longer holding time and lower temperatures. 
This leads to the formation of biochar over bio-oil. The 
decomposition temperature is seen to be around 400–500 °C, 
significantly lesser than that seen in fast and flash pyrolysis. 
Due to the lesser temperature involved and longer heating 
rates, char production is preferred. The stages seen in slow 
pyrolysis generally include water removal, organic fraction 
breaking down, to release primary volatiles, leaving behind 
carbon-rich residues. Gaseous components produced are 
CO2, CH4 and H2 (Luo et al. 2004; Belotti et al. 2014).

Microwave pyrolysis

Pyrolysis with microwave-assisted heating is known as 
microwave pyrolysis. Microwave radiation has been replac-
ing conventional methods of heating due to carbon materi-
als being very good absorbents of microwaves, which can 
be repurposed to indirectly heat other materials (Menéndez 
et al. 2010; Zhang et al. 2016).

One of the main advantages of microwave-assisted pyrol-
ysis is the ease of control with the on/off system. The operat-
ing temperature is between the ranges of 500 and 800 °C at 
a power supply range of 500–2250 W. The yield of bio-oil 
from microwave-assisted pyrolysis is between the ranges of 
18 and 57% as per the table. The yield value is lower than 

that obtained from fast pyrolysis. The heating values ranges 
from 27,900 to 32,000 kJ/kg. From the work done by Du 
et al. (2011) and Borges et al. (2014), we infer that micro-
wave-assisted pyrolysis has the following advantages over 
conventional pyrolysis i) instantaneous response for rapid 
start up and shutdown, ii) no need for agitation by fluidiza-
tion which decreases the amount of particles in the obtained 
bio-oil yield and iii) uniform internal heating of the feed-
stock (Du et al. 2011; Borges et al. 2014). They also showed 
that in the presence of a catalyst like H-ZSM-5, there is an 
increase in the presence of moisture in liquid phase due to 
the production of water, but this reduced the higher heating 
level of the bio-oil obtained, but the overall quality of the 
bio-oil was improved due to a reduction in the amount of the 
number of species in the bio-oil. They concluded that the use 
of microwave absorbents in fat microwave-assisted pyroly-
sis is beneficial and improves the practical and consumer 
application of microwave pyrolysis (Borges et al. 2014). The 
same has also been confirmed by Hu et al. (2012).

Studies conducted by Du et al. (2011) show that 28.65 
wt. % of bio-oil was obtained by the microwave pyrolysis 
of Chlorella sp. using char as a microwave absorber. The 
microwave power was set to a maximum of 750 W. The 
bio-oil obtained was characterized with low-oxygen content 
with aliphatic and aromatic hydrocarbons. Similar studies 
conducted on Chlorella sp. by Borges et al. (2014) and Fer-
nandez et al. (2011) show that a bio-oil yield in the range 
of 41-57 wt % can be obtained at temperatures between 450 
and 550 °C. Hu et al. (2012) conducted studies on the effect 
of microwave pyrolysis on Chlorella vulgaris which showed 
that bio-oil accounted for 21 to 39% of the total yield. For 
microwave powers of 1500 and 2250 W, respectively, the 
process was done at a temperature range of 650–800 °C. 
Table 6 shows the microwave-assisted pyrolysis.

Catalytic pyrolysis

Simply put, the pyrolysis of biomass in the presence of a cat-
alyst is known as catalytic pyrolysis. Products formed under 
fast pyrolysis require further upgradation in order to improve 
the quality of products such as bio-oils. The currently most 
researched methods involve using supercritical water (Duan 
and Savage 2011) and catalytic hydro-deoxygenation (Guo 
et al. 2015). These methods are necessary for application of 
bio-oils in biofuel technology as the obtained oil is usually 
highly viscous with low-oxygen content and correspondingly 
low hydrogen.

Catalysts can help control the behaviour of the given feed 
during the pyrolysis reaction to give the products of required 
composition in the case of catalyst-assisted pyrolysis. For 
example, catalytic fast pyrolysis of maple wood using 
ZSM-5 zeolite catalysts yields lesser liquid product yield, 
while optimizing yield of deoxygenated aromatic pyrolysis 
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products (Foster et al. 2012). Catalytic pyrolysis of macroal-
gae is conducted within a temperature range of 400–800 °C. 
Fixed bed setups are most commonly used for these experi-
ments for algae feedstocks (Ma et al. 2019). However, stud-
ies have been conducted on use of fluidized bed reactors as 
well for catalytic or catalyst-assisted fast pyrolysis of bio-
mass (Zhang et al. 2009; Aho et al. 2007).

(Ma et al. 2019) have shown that bio-oil obtained by 
catalytic pyrolysis contains a lesser number of compounds 
compared to bio-oil produced by non-catalytic pyrolysis. 
Another observation is the higher heating value (HHV) 
of bio-oil obtained from catalytic pyrolysis relative to that 
obtained from non-catalytic operation. This also corresponds 
with a reduction in oxygen percentage from elemental analy-
sis of both the bio-oil samples. The comparative HHV values 

of bio-oil obtained from pyrolysis of different alga in the 
presence and absence of suitable catalysts are given in the 
following table. Table 7 shows a comparison of algal pyroly-
sis in catalyst-free and catalytic pyrolysis.

Perspectives

Algae, as a third-generation biofuel feedstock, are already 
seen as a viable raw material from which many products can 
be synthesized. Common by-product production includes 
biogas, ethanol, bio-hydrogen, syngas, bio-oil and biodiesel. 
Pyrolysis as a technology has seen lots of improvement to 
maximize the yield of bio-oil. Algae in its raw form are 
used extensively in wastewater purification of heavy metal-, 

Table 6   Microwave pyrolysis of 
some green algal species. HHV: 
higher heating value

Algae Bio-oil yield 
(wt %)

Heating value 
(HHV) (MJ/kg)

Temperature (*C) References

C. lanceolata 53.9 22 600 °C Hu et al. (2012)
Chlorella vulgaris 58–72 27.9 400–700 °C Borges et al. (2014)
C. protothecoides 18–58 30 to 40 500 °C Fernandez et al. (2011)
Scenedesmus sp. 55 29.6 480 °C Chen et al. (2015)
Chlorella sp. 18–27 32 433–644 °C Du et al. (2011)
Chlorella sp. 28.6 32 650–800 °C Hu et al. (2012)
Chlorella vulgaris 41–57 27.9 450–550 °C Borges et al. (2014)

Table 7   Comparative study of algal species undergoing catalytic pyrolysis. HHV: higher heating value

S. no. Algae Catalyst-free pyrolysis Catalytic pyrolysis Reference

Temperature (°C) HHV (MJ/kg) Catalyst Temperature (°C) HHV (MJ/kg)

1 Ulva prolifera 400 22 Y-Zeolite 400 27.9 Ma et al. (2019)
2 Chlorella 300 26.3 Na2CO3 300 27.7 Babich et al. (2011)

350 27.1 350 31.1
400 27.1 400 32.8
450 27.4 450 32.9

3 Chlorella 500 27.5 H-ZSM-5 500 29.1 Campanella and 
Harold (2012)

Fe-ZSM-5 26.8
Cu-ZSM-5 27.5
Ni-ZSM-5 28.22

4 Chlorella pyrenoi-
dosa

310 (6Mpa, H2, 
20 min)

35.9 Pt/C 310 (6Mpa, H2, 
20 min)

36.7 Chang et al. (2015)

Pd/C 36.8
Pt/C-S 37.9
Ru/C 37.5
Rh/C 37.6
Co–Mo/Al2O3 37.8
MoS2 37.8
Mo2C 36.8
Activated carbon 33.9
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dye-, phenolic- and textile-based effluents (Slaveykova and 
Wilkinson 2003; Zhang et al. 2019). There has been a con-
siderable interest in using algal-based biochar as a potential 
adsorbent, due to its high surface area and pore distribution.

Future studies of algal pyrolysis deal with the upgradation 
of bio-oil quality. Factors that inhibit bio-oil usage such as 
phase separation from wet feedstock, high viscosity, high 
water content, thermal instability along with highly acidic 
natures are being combated by upgrading the bio-oil with 
catalysts. Hot vapour filtration, solvent addition and all 
enhance the quality of bio-oil, leading to further possibili-
ties (Campanella and Harold 2012). Bio-oil is a substitute 
for light and heavy fuel oil. An example seen is in Finland, 
where the light oil market is attractive for burner develop-
ment. Ease of handling, storage and combustion all make 
bio-oil preferred. Further research needs to be put in with 
good promotion and publicity plans. For long-term testing, 
fundamental research is required for optimization and devel-
opment of commercial processes with strong collaboration 
with research and industry. Pro-active promotion of tech-
niques will help in a long way in removing a negative image 
from the minds of industries.

Conclusion

Green macroalgae generate more biochar irrespective of 
method of pyrolysis when compared to green microalgae, 
which generate more bio-oil. The bio-oil obtained from 
microalgae has more potential to be used, due to lesser 
nitrogen content, and has a high calorific value when com-
pared to the oil generated from macroalgae. Green algae are 
considered to be a better option than red or brown algae due 
to lesser water content, easier to harvest in a larger scale 
and being given better output per kilogram of raw feed used 
for conversion. Potential benefits of using algae as a third-
generation biofuel are high and can be harnessed effectively.

The potential of using green algal biomass for energy pro-
duction is immense. Macroalgae and microalgae both can be 
used to get energy, in different forms, with macroalgae being 
used to produce biodiesel and then energy, while oil con-
tent in microalgae can be harnessed through thermochemical 
methods. A review of the methods of cultivation and harvest 
of the different types of green marine and freshwater algae 
shows the need to appropriately select the algal strain and 
conditions in order to maximize yield and hence ensure a 
proper supply is met. Different thermochemical methods 
have their own advantages and disadvantages. Pyrolysis is 
seen to be most enterprising, and advancements in the field 
of pyrolysis are seen with different bio-feedstocks of algae. 
The chemical distribution of compounds in algal species 
makes it ultimately a widely useful feed for various chemi-
cal operations.
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