
Academic Editors: Jaehoon Kim and

Leonidas Matsakas

Received: 6 March 2025

Revised: 19 April 2025

Accepted: 1 May 2025

Published: 5 May 2025

Citation: Amalapridman, V.; Ofori,

P.A.; Abbey, L. Valorization of Algal

Biomass to Biofuel: A Review. Biomass

2025, 5, 26. https://doi.org/

10.3390/biomass5020026

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Valorization of Algal Biomass to Biofuel: A Review
Vijitha Amalapridman 1,2,*, Peter A. Ofori 1,3 and Lord Abbey 1

1 Department of Plant, Food, and Environmental Sciences, Faculty of Agriculture, Dalhousie University,
Truro, NS B2N 5E3, Canada; pt269228@dal.ca (P.A.O.); labbey@dal.ca (L.A.)

2 Department of Biosystems Technology, Faculty of Technology, University of Jaffna,
Kilinochchi 42400, Sri Lanka

3 Biotechnology Centre, College of Basic and Applied Sciences, University of Ghana, Legon,
Accra GA078, Ghana

* Correspondence: vj834155@dal.ca

Abstract: Concerns about sustainable energy sources arise due to the non-renewable
nature of petroleum. Escalating demand for fossil fuels and price inflation negatively
impact the energy security and economy of a country. The generation and usage of
biofuel could be suggested as a sustainable alternative to fossil fuels. Several studies
have investigated the potential of using edible crops for biofuel production. However,
the usage of algae as suitable feedstock is currently being promoted due to its ability
to withstand adverse environmental conditions, capacity to generate more oil per area,
and potential to mitigate energy crises and climate change with no detrimental impact
on the environment and food supply. Furthermore, the biorefinery approach in algae-
based biofuel production controls the economy of algal cultivation. Hence, this article
critically reviews different cultivation systems of algae with critical parameters including
harvesting methods, intended algae-based biofuels with relevant processing techniques,
other applications of valorized algal biomass, merits and demerits, and limitations and
challenges in algae-based biofuel production.
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1. Introduction
Biofuels are referred to as liquid, gaseous, and solid fuels generated from bio-

logical feedstock through mechanical, biochemical, and thermochemical conversion
techniques [1,2]. These biofuels are identified as environmentally friendly low-carbon
alternatives to fossil fuels, and they reduce greenhouse gas (GHG) emissions [3–5]. Fossil
fuel contribution to the world’s energy requirement is approximately 86% [6]. However,
the usage of such non-renewable energy sources leads to many detrimental effects on the
environment [7]. It is predicted that CO2 emissions from motor vehicles will be tripled by
2030 which will increase the global warming effect significantly [8]. Therefore, biofuels are
suggested as one of the sustainable energy sources to replace fossil fuels and as a solution
for the transport sector with the reduction of CO2 emissions [9].

Valorizing algae for biofuel has several significant impacts on alleviating food pressure,
energy crisis, and climate change [10,11]. Algae-based fuels are renewable sources of energy,
which are produced from algae, an oil-rich feedstock. Different types of biofuels can be
extracted from microalgae such as bioethanol, biodiesel, bio-oil, biomethane, bio-hydrogen,
biobutanol, biomethanol, bioaceton, syngas, bioelectricity, and biochar [7,12]. Among the
different renewable alternatives for fossil fuels, bio-based fuels from algae have raised
great attention because of their potential capacity to meet the global fuel demand in the
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long term [4]. The recent discovery of Candidatus Methanoliparum, a bacterium that
can directly digest crude oil to produce methane gas [13], has led to an advancement in
genetic engineering to modify potential genes to improve desired traits in algae [14] and
the development of synthetic biology for the exploitation of genetic manipulation tools,
modification of metabolic pathways, and development of high value-added product [15]
which can further improve the production of algae-based biofuels.

To critically assess these potentials, the review was conducted through a system-
atic analysis of the peer-reviewed literature on algal biofuel technologies, identified via
comprehensive searches in Scopus, Web of Science, and Google Scholar using targeted
keywords. Relevant studies were selected based on their technical merit, publication
quality, and relevance to biomass valorization processes. The synthesized findings were
critically evaluated to present current advancements, challenges, and future directions in
algal biofuel production.

Evolution of Biofuels

Based on the origin of the feedstock, biofuels are broadly categorized into first, second,
third, and fourth biofuel generations. The first biofuel generation (G1) is referred to as the
production of biofuels from edible feedstock. Both liquid and gaseous stage biofuels are
generated via different techniques such as transesterification, anaerobic decomposition,
fermentation, and pyrolysis [8]. Zeamays, Helianthus annuus, Cocos Nucifera L., Sesamum
indicum L., Arachis hypogea L., Brassica napus, Glycine max, Carthamus tinctorius L., Elaeis
guineensis, Corylus avellana, Juglans regia, and Pistacia vera (Figure 1) are some of the feed-
stocks used in G1 [16–21]. The production of ethanol through the fermentation of sugars
and biodiesel through the transesterification of triglycerides are some of the G1 biofu-
els [22,23]. The need for second-generation biofuel sources was raised due to the negative
impacts of G1 on global food security [24,25].
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The second-generation biofuels (G2) are produced from lignocellulosic and nonedible
triglyceride feedstocks, which have no competition with food and feed supplies [22,23].
Comparatively, higher yield with lower corresponding land area is a noticeable benefit from
the G2 feedstock compared to G1 [26]. Different types of waste, wood and plant residues,
and nonedible oil crops like Ricinus communis L., Jatropha curcas L., Simmondisa chincnsis,
and Azadirachta indica are used as feedstocks in G2 (Figure 1) [1,27–35]. Fermentation, gasifi-
cation, and hydrothermal liquefaction can be indicated as the major technologies practiced
in G2. Though G2 fuels are eco-friendly and non-corrosive, the lack of proper technique
for commercial applications [25] and the rich content of saturated FA are encountered as
demerits [8,36].

The third-generation biofuels (G3) are derived from algae, a sustainable green feed-
stock with high yield [10,14,37]. Some of the potential algal species [11,38] used for biofuel
production are shown in Figure 1. Competition with food production and consumption of
large land areas in both G1 and G2 feedstocks have caused a gradual shift toward G3 with
the appropriate sources that have no detrimental effects on food production [39]. Though
microalgae have been accepted as a promising renewable energy source to replace fossil
fuels [1], the requirement of a high amount of nutrients and the presence of a high quantity
of unsaturated FA are the major limiting factors for the use of G3 [40].

The fourth-generation biofuels (G4) comprise microscopic organisms (Figure 1) that
play a major role in enhancing biofuel production. Additionally, G4 aimed to generate
biodiesel in an efficient way to overcome the demerits of all the other three mentioned
generations (G1–G3) and reduce fossil fuel usage [26]. Therefore, through genetic engi-
neering, organisms like cyanobacteria, yeast, macroalgae, and microalgae are modified to
convert CO2 into fuel directly [14,41]. In addition, modification of the oil-bearing capac-
ity of such organisms is also found to be a special feature of the G4 [42]. In this manner,
Rhodococcus, Bacillus subtilis, Cutaneotrichosporon oleaginosus, Yarrowia lipolytica, Chlorella, and
Micractinium reisseri are some of the promising oleaginous microbes that can produce high
amounts of intracellular lipids through genetic engineering and strain development [43–48].
Microalgae are also modified in terms of lipid and carbohydrate metabolism, efficient
nutrient use and photosynthesis, hydrogen production, stress tolerance, cell disintegration,
and flocculation [49]. More extensive studies on the potential usage of G4 biofuels are
needed soon.

2. Algae in Biofuel Production
Algae are simple photosynthetic organisms with rapid reproduction capacity that can

grow in both saline and freshwater [2,49]. While nearly one million microalgae species are
estimated to exist, only about 44,000 species have been identified so far, and the search for
new species continues [10]. Algae can be broadly classified as microalgae and macroalgae
based on their morphological appearance [24,50]. Meanwhile, it is also categorized into
five main classes such as green, blue-green, red, brown, and golden algae based on their
photosynthetic pigments [51]. Algae are considered to be a potential species to withstand
extreme environmental conditions [52,53]. The cultivation of microalgae can be carried
out with the application of an adequate quantity of CO2, water, light, temperature, and
nutrients [54]. They can convert the three major inputs such as water, sunlight, and CO2

into biomass, which consists of nearly 50% of carbon on a dry weight basis [55].
Compared to other feedstock in biofuel production, microalgae are the potential

species that can produce more oil per unit area. However, different strains of microalgae
differ in their oil productivity, oil content, and co-product generation [56]. Generally,
microalgae have 7–65% lipid [54], whereas the cultivation conditions and the growth phase
influence the oil content of the algal species [57]. Some of the suitable microalgae species for
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biofuel production are Chlamydomonas reinhardtii, Chlorella sp., Spirogyra sp., Porphyridium
cruentum, Spirulina platensis, Dunaliella salina, Bellerochea sp., Chaetoceros sp., Rhodomonas sp.,
and Scenedesmus sp. [58]. The production of algae-based biofuels, including the cultivation,
harvesting, and processing techniques, are critically reviewed in Section 3 below.

3. Algae-Based Biofuel Production
3.1. Cultivation of Algae
3.1.1. Cultivation Parameters

To optimize the productivity of microalgae, it is necessary to provide the required
nutrients and other essential environmental conditions in the cultivation systems. Inorganic
nutrients like carbon, nitrogen, and phosphorus are required for the growth of microalgae.
Carbon is obtained from CO2, dissolved carbonates, glucose, and acetate for photosyn-
thesis and respiration [59]. Nitrogen content has a greater influence on lipid productivity.
According to the literature, a lower concentration of nitrogen reduces the growth rate of
microalgae, which decreases lipid productivity consequently [60]. Phosphorus is needed
for photosynthesis and some other metabolic activities [61].

Rather than using commercially available nutrient media, it is possible to utilize
wastewater (WW) to satisfy the nutrient demand, which reduces the cost of production [62].
On the other hand, the incorporation of WW as nutrient media reduces the quantity of
freshwater addition into the system [63]. Domestic WW, municipal WW, and WW from
textile industries, meat processing, sugarcane industries, and piggery farms can be used as
nutrient sources for algal production [64–72]. In contrast, culture instability due to higher
organic matter content, inconsistent growth rate with the single source WW, and inhibition
of algal growth because of higher ammonia concentration are some of the potential demerits
that can result in using WW as a nutrient source for algal cultivation [73,74]. Moreover, the
pretreatment or dilution of wastewater is reported as a beneficial practice to improve algae
growth [71,72].

pH is an essential factor for algal growth as the solubility and availability of CO2

depend on it. The optimum growth of microalgae occurs at nearly neutral pH [75]. The
consumption of carbonic acid, phosphoric acid, and nitric acid makes the system basic,
whereas ammonium consumption reduces pH levels [76]. It is important to closely monitor
the pH as unfavorable pH level collapses algal cell walls [8]. Algae use sunlight for
photosynthesis, and light intensity affects the growth rates of algae [8]. Self-shading is one
of the potential problems in high-density cultures, which demand high light intensity [77].
On the contrary, such high intensity of light may lead to photoinhibition and growth
inhibition consequently after reaching a saturation point [78]. Depending on the strain,
the temperature requirement of microalgae ranges from 15 to 40 ◦C [79]. It can also differ
according to the temperature zones. Algaculture in temperate zones is best at 10–25 ◦C,
whereas in the tropics, it is below 20 ◦C. Algal growth will be destructive beyond 35 ◦C [8]
since high temperature inhibits the metabolic rate and reduces the CO2 solubility [80].

3.1.2. Cultivation Systems

There are three major methods of algae cultivation, namely open pond systems (OPSs),
photobioreactors (PBRs), and hybrid systems [8]. In addition to these three types, a novel
technique has been introduced as an offshore membrane enclosure for growing algae
(OMEGA) system [81]. The open pond system (OPS) is the most used large-scale algal
cultivation method in natural water bodies such as shallow ponds, circular ponds, and
raceway ponds [52]. Among these cultivation methods, the raceway ponds (Figure 2) are
identified as dominant due to their energy efficiency with less requirement for cost and
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maintenance [10,56]. However, the operation of the raceway pond can be affected by wind
currents, leakage, and animal interference [42].
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Photobioreactors (PBRs) are a closed type of algae cultivation in which the environment
is kept controlled to ensure optimum productivity [83]. PBRs are designed in different
shapes like inclined tubular, flat plate, and horizontal/continuous as shown in Figure 3 [82].
This method can be adapted to overcome limitations such as contamination and evaporation
loss encountered with OPS. In addition, a controlled supply of nutrients and the application
of artificial light sources for continuous biomass production are also possible with PBRs [37].
However, it requires higher capital investment compared to OPSs [42]. At present, practices
of PBRs are confined to laboratories and pilot-scale plants for research purposes [51].
Meanwhile, the commercial success of PBR can be achieved with the understanding of
energy consumption in the system [18].
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The hybrid system is a combination of OPS and PBR for their synergistic benefits. This
system consists of two stages. In the initial stage, algae are cultured in PBR ensuring a
higher growth rate with minimal contamination. The culture is then transferred to OPS
in the later stage to achieve optimum economic compatibility by reducing the operational
cost [8,56]. Offshore membrane enclosures for growing algae (OMEGA) system is a new
technique in microalgae cultivation. Floating photobioreactors are used in this system. As
they float on the ocean water, uniform temperature is effectively maintained. In addition,
the tidal waves from the ocean accomplish the need for mixing. Furthermore, the supply
of nutrient-enriched WW from offshore WW outfalls reduces the cost spent on fertilizer
inputs [81].
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3.2. Harvesting

High biomass concentration at moderate costs of operation, maintenance, and energy
is the basic consideration for the harvesting process of microalgae [84]. It is essential to con-
sider the efficiency of the harvesting techniques during the selection process as it accounts
for 20–30% of the total costs of production [24]. Mechanical, chemical, biological, and electri-
cal methods are practiced presently in microalgae harvesting while adapting combinations
of these methods is advisable to achieve a greater rate of separation in a cost-effective
manner [85,86]. Various microalgae harvesting techniques such as flotation, centrifugation,
filtration, flocculation, and gravity sedimentation are reviewed briefly below.

Flotation is the process in which air is bubbled through the feed suspension to carry
microalgae to the shallow depth of the culture and accumulate as float to be collected
easily [10]. Flotation is influenced by the size of both the air bubbles and microalgae [87].
Alternatively, the surface charge and hydrophobic nature of the algal cell also have an
impact on the efficiency of this technique [88]. Flotation can be indicated as a less expensive
technique compared to centrifugation by excluding the usage of flocculants for the purpose
of forming aggregation [56].

Centrifugation is the fastest harvesting method during which centripetal force is used
for the sedimentation of heterogeneous mixtures. Thus, the incorporation of homogenizers
facilitates the separation of biolipids and other beneficial products from algae [89,90].
Even though the centrifugation technique is recognized as the most efficient method of
harvesting, its application is limited as it requires more energy input, time, and high capital
and operational costs in large-scale applications [91].

Filtration is practiced forharvesting long-length microalgae during which algae
biomass accumulates on filters [92]. According to the pore size of the filters, this method
is categorized as macrofiltration, microfiltration, ultrafiltration, and reverse osmosis [18].
Fouling of the filter is the most common demerit of the filtration technique which can
be mitigated by adapting tangential flow with respect to the membrane [88]. However,
more time consumption, high running costs, and preconcentration requirements remain
the demerits of this technique [93].

Flocculation is the process in which the addition of flocculants leads to the formation of
algal flocs that settle rapidly [94]. There are two different methods of flocculation: chemical
flocculation and physical flocculation [95]. Coagulants used in chemical flocculation can be
inorganic metal salts such as aluminum, ferric, and zinc salts [96] or organic biopolymers
like chitosan and starch, where the latter is found to be an acceptable practice as organic
coagulants reduce the potential contamination that can be caused by chemical salts [95].
However, the flocculation technique is not suitable for small-scale applications [90].

In gravity sedimentation, the feed suspension is separated into two different com-
ponents, namely slurry and liquid. At natural gravity, the harvesting is performed with
sedimentation tanks and lamella separators [97]. The orientation of the plates in lamella
separators provides a bigger settling area. This process is accomplished with the con-
tinuous pumping of microalgal suspension with an intermittent removal of slurry. Al-
though microalgal separation using sedimentation tanks is cost-effective, the addition of
flocculants is necessary to ensure process reliability [90]. Figure 4 summarizes the key
parameters required for microalgae cultivation, different cultivation systems, and different
harvesting techniques.
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3.3. Processing Techniques
3.3.1. Lipid Extraction

Algae are capable of accumulating large amounts of lipids [98–100]. However, lipid
productivity and fatty acid composition are markedly influenced by light, temperature, pH,
CO2, and nutrient availability in the cultivation medium [101]. Moreover, the extraction of
algal oil is not simple compared to other crop seeds due to their rigid cell wall structure [102].
There are various physical, chemical, mechanical, and enzymatic methods used for the
extraction of FA and lipids from microalgal cell walls [101,103].

As lipid extraction through physical methods generates excess heat and reduces prod-
uct quality, it is neither eco-friendly nor economical at a commercial level [104]. Expeller
press and bead beating physical methods were reported to be less efficient techniques for
lipid extraction [105]. Despite providing high lipid recovery, solvent extraction methods
may lead to fire hazards and health and environment-related issues. The combination of
mechanical extraction methods like pulsed electric fields with green solvents like ethyl
acetate not only replaces the usage of toxic organic solvents but also significantly enhances
the rate of lipid recovery [106].

Microwave-assisted extraction (Figure 5) is an alternative green method to obtain
lipids through efficient cell disruption. With less energy dispersion and rapid heating,
the microwave technique can be considered to be a feasible technique to extract better
quality products at high quantities in less extraction time [103,104]. Moreover, algal biomass
remaining after lipid extraction can be utilized for combustion and to produce electricity,
biomethane, and animal feed [107].
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3.3.2. Transesterification of Lipids

Transesterification is a chemical reaction between triglycerides and alcohol in the
presence of a catalyst to produce biodiesel (Figure 6) [109]. After the lipid extraction
processes reviewed above, the resulting algal oil can be converted into biodiesel through
transesterification [8,57]. The transesterification of oils and lipids extracted from potential
algae like Scenedesmus dimorphus, Nannochloropsis sp., and Chlorella vulgaris [52] requires
chemical or biological catalysts along with alcohol to produce biodiesel and glycerol as
end-products [2,110,111]. The periodic removal of glycerol is important for continuous
transesterification while the elimination of methanolic, catalytic, and soap components is
crucial to ensure high-quality diesel [112].
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According to the number of steps involved, the transesterification process can be
categorized as in situ and extractive transesterification [113], among which the former is
considered feasible, as lipid extraction and transesterification are completed in one step
that extends for less processing time with lower utilization of solvent [1]. Regarding the
catalyst, less processing time with faster reactions can be obtained with base catalysts [110].
However, to reduce the cost of the downstream separation associated with soap production,
it is not recommended to use base catalysts for feedstock with high free fatty acid contents
and water [114]. Acid catalysis also has some demerits like susceptibility to high water
content, corrosiveness of the catalyst, longer reaction time, and extended downstream
separation [113].
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3.3.3. Anaerobic Digestion

Anaerobic digestion is the conversion of algal biomass into biogas, a mixture of
different gases, majorly CO2 and CH4, through four steps such as hydrolysis, acidogenesis,
acetogenesis, and methanogenesis (Figure 7) [115,116], which can be used for domestic
cooking and power generation [111]. In addition to biogas production, the mitigation of
GHG emissions and organic manure production are some other benefits of this process [117].
As the chemical composition of the algal cell wall influences the yield of anaerobic digestion,
it is recommended to cultivate microalgae under adequate nitrogen which makes the cell
wall easily digestible [118]. Meanwhile, cell wall degradation can be achieved by adopting
thermal, mechanical, and biological pretreatments to enhance biogas yield [119].
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Similarly, the C/N ratio also affects the feasibility of this process, and the acceptable
C/N ratio to obtain an improved CH4 yield is 20 to 30 [120]. However, a lower C/N ratio
in algal residual biomass requires the incorporation of higher carbonaceous feedstocks
to improve the CH4 yield [2,121]. Moreover, the CH4 yield differs according to the algal
species and variation in the yield is recorded among the same species [116]. The proportion
of CH4 in biogas is influenced by some other factors including temperature, volume and
loading rate of the biomass, duration of the digestion process, and bacterial strains [122].

The profitability of biogas production through anaerobic digestion depends on circular
economy-related processes like WW treatment, reduction in eutrophication, and the reuse
of biomass to generate value-added products. In that sense, methane recovery through
the anaerobic digestion of microalgae grown in sewage is a feasible approach for economy
and energy balance at WW treatment plants [116,120]. Also, anaerobic digestion is found
as a solution to eutrophication caused by algae in waterbodies while generating energy
resources [115]. The possibility of using the remaining biomass after lipid extraction as
feedstock for biogas production makes this technique more beneficial [123]. Moreover, the
residues left after biogas generation can be utilized as fertilizer considering the enrichment
of nitrogen and phosphorus in the residue [124].

3.3.4. Microbial Fermentation

Algal biomass is fermented by microbes like yeast, bacteria, and fungi to produce
bioethanol [23]. Separate hydrolysis and fermentation, and simultaneous saccharifica-
tion with fermentation are the two widely performed fermentation methods to produce
bioethanol [125]. Bioethanol yield is limited in the former method, as it requires the separa-
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tion of wet biomass after hydrolysis. In the latter, hydrolyzed biomass is simultaneously
converted into bioethanol with a lower enzyme dosage to yield more bioethanol [126].

Microbial fermentation requires pretreatment to remove lignin and the application of
suitable microbial strains to produce amylase enzyme which induces saccharification. This
step improves the release of polysaccharides and their conversion to monosaccharides [127].
Pretreatment techniques required for the extraction of various compounds are shown in
Table 1. The solid residues remaining after microbial fermentation can be used as cattle feed
or as substrates for gasification techniques to reduce the total production cost of biofuel
production [128]. However, time consumption, the production of photochemical smog,
and the high cost of the distillation and production of enzymes are the major challenges
encountered in this process [8].

Table 1. Pretreatment techniques for the extraction of different compounds.

Compound Pretreatments Algal Source Reference

Carbohydrates

Alkaline peroxide Scenedesmus obliquus,
Scenedesmus quadricauda [129]

Acid hydrolysis Clostridium
saccharoperbutylacetonicum [130]

Enzymatic
hydrolysis Scenedesmus obliquus [119]

Bead milling
Chlorella vulgaris,

Neochloris oleoabundans,
Tetraselmis suecica

[131]

Protein

Enzyme Tisochrysis lutea,
Nannochloropsis gaditana [132]

Freezing–thawing Arthrospira sp. [133]
Bead milling Chlorella vulgaris [131,134]

Pulsed electric field Nannochloropsis salina [135,136]

Lipids

Pulsed electric field Ankistrodesmus falcatus [106]
Ionic liquid and

solvent Chlorella vulgaris [137]

Enzymatic
hydrolysis Chlorella vulgaris [138]

Pigments Microwave Dunaliella tertiolecta [139]

3.3.5. Hydrothermal Liquefaction

Hydrothermal liquefaction (HTL) involves the conversion of wet algal biomass into
bio-oil through direct liquefaction at temperatures between 250 ◦C and 550 ◦C, and pres-
sures of 5–25 MPa [9] with or without the use of a catalyst. However, the addition of a
catalyst improves the conversion rate of algal biomass into bio-oil [140,141]. During the
HTL process, the biomass chemical components like proteins, lipids, and carbohydrates
are broken down into their respective monomers [8,142]. As the process continues, the
lower-molecular weight hydrocarbon will result in the further removal of oxygen, sulfur,
phosphorous, and nitrogen [143].

HTL leads to high biocrude production; however, the yield is significantly influenced
by the composition of the feedstock [144]. The bio-oil yield further depends on factors like
reaction temperature, heating rate, type of reaction and catalyst [145,146], residence time,
pressure, and reaction medium [147]. The minimum selling price of biofuel derived from
Chlorella through HTL was estimated from USD 6 to USD 22 per gasoline-gallon-equivalent,
which can be indicated as the most favorable economic performance [148]. Even though
the cost of drying is eliminated in this technique, the higher operating cost associated
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with the requirement of high temperature and pressure remains a significant drawback [9].
Similarly, lower engine performance with emission of NOX and SOX from the exhaust is
also reported as a disadvantage of the application of biocrude from HTL [8].

3.3.6. Pyrolysis

Pyrolysis of algal biomass is a thermochemical process (Figure 8) during which the
algal biomass is subjected to moderate temperatures in the absence of oxygen to produce
valuable end-products such as bio-oil, biochar, and bio-syngas [149–151]. The genus
Chlorella is well known to produce bio-oil via pyrolysis [144,152]. The bio-oils produced
from algal biomass have higher oxidation stability [153], heating value [154], and aromatics,
and lower acidity [155] and calorific value [153] than lignocellulosic biomass-based bio-oil.
However, the quantity and quality of end-products in pyrolysis are highly influenced by the
residence time, temperature [156,157], reactor type, and characteristics of feedstock [140].
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The composition of end-products varies according to the type of pyrolysis [35]. Slow
pyrolysis generates carbon-rich solid residue called biochar as the major output at a low
heating rate for longer residence time, whereas a fast heating rate with short residence
time mainly promotes the formation of bio-oil in fast pyrolysis [2,149]. To avoid the
secondary cracking of the primary products, feedstocks are pyrolyzed at a combination
of higher heating rates and very short residence time using fluidized beds or entrained-
flow reactors [28]. In addition to these conventional methods, several advanced pyrolysis
techniques such as microwave-assisted, catalytic, and co-pyrolysis were extensively studied
by numerous researchers [158–163]. Modes of different pyrolysis techniques reviewed
above are shown in Table 2.
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Table 2. Modes of pyrolysis.

Mode Temperature Time Major Output Reference

Slow pyrolysis 300 ◦C 60 min Biochar (60%) [164]

Fast pyrolysis 500 ◦C 1.5 s Bio-oil (47%) [165]

Flash pyrolysis 800 ◦C 5–6 s Bio-oil (60.22%) [28]

Catalytic pyrolysis 500 ◦C 30 min

Bio-oil (37.3%)
(Catalyst used: ZH-10, ZH-20)

[158]Biochar (37.5–39.6%)
(Catalyst used: ZH-30, ZH-40)

Co-pyrolysis 600 ◦C 30 min

Bio-oil (65.17%)
(Co-material used: Polyethylene) [162]

Bio-oil (67–68%)
(Co-material used:

Bamboo waste)
[159]

Microwave-
assisted pyrolysis 350 ◦C 40 min Bio-oil (46%) [161]

3.3.7. Gasification

Gasification is the process of converting biomass into syngas, a mixture of various
gases like CO2, CO, H2, N2, CH4, water vapor, and tar [166,167], through partial oxidation
at 800–1200 ◦C [168]. The addition of a catalyst improves H2 production and tar degradation
during the gasification process [169–172]. Syngas can be either burnt directly or used as fuel
for gas engines or gas turbines [173,174]. There are possibilities to transform the additional
syngas into H2 or lower-range liquid hydrocarbon through water gas shift reaction and
Fisher–Tropsch synthesis, respectively [170].

3.3.8. Direct Combustion

Direct combustion is the process of converting algae biomass into hot gasses at 1000 ◦C
with the help of O2 to produce electricity [2]. Direct combustion requires some pretreat-
ments such as drying of algal biomass below 50% moisture content and grinding. As high
ash and alkali residue reduce the overall efficiency of this process, the fluidized bed method
is reported as an efficient technique to overcome this problem [175]. Furthermore, the
additional cost associated with a pretreatment plant can be reduced by utilizing the heat
produced during the whole conversion process immediately [52].

4. Other Applications of Algal Biomass
In addition to the production of algae-based biofuels mentioned above, a range of

valorized products such as biofertilizers, biosorbents, pigments, and pharmaceuticals can
be produced from algal biomass [2,4]. The availability of macro- and micro-nutrients, and
plant hormones makes algae an efficient plant growth enhancer [176]. Biochar produced
from algal biomass is high in pH and can be utilized to reclaim acidic soil for agriculture
purposes. Furthermore, soil health can also be maintained with the application of algal
biochar considering its higher nitrogen content and variety of inorganic elements [177].

Algal biomass is a good biosorbent to remove pollutants from water. It has been
proven that the cell wall of algae enriched with multifunctional groups that have the
potential to remove heavy metals like cobalt, nickel, mercury, chromium, copper, and
cadmium [178–181]; industrial dyes [179,182]; and inorganic nutrients like nitrates, phos-
phates, and organic compounds [183]. Furthermore, algal biochar can also be used in WW
treatment to remove both organic and inorganic contaminants [184].
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Algae is a natural producer of bioactive commercial pigments like chlorophylls, phy-
cocyanin, and carotenoids [185]. Generally, these pigments are widely used in biomedical
fields for their antioxidant, anti-inflammatory, anticancer, anti-cardiovascular, neuropro-
tective, and anti-diabetic activity [186]. The application of various pigments derived from
algal biomass is shown in Table 3.

Table 3. Application of pigments in various industries.

Algal Source Pigments Application Reference

Tetraselmis suecica
Tetraselmis chui

Dunaniella salina
α-carotene Nutraceutical and pharmaceutical industries [56,187]

Dunaliella salina
Dunaliella bardawil β-Carotene Anticancer drugs, vitamin supplements, antioxidants,

andpoultry feed [56,188]

Tisochrysis lutea Fucoxanthin Pharmaceutical application [189]

Spirulina
Arthrospira Phycocyanin Anti-inflammatory agent [190]

Haematococcus pluvialis Astaxanthin Pharmaceutical application and food additive [191,192]

Chlorella sorokiniana,
C.salina

Scenedesmus obliqus
Lutein Ameliorating the effects of some chronic diseases and

age-related muscular degeneration [193]

Synechococcus sp. Zeaxanthin Pharmaceutical application, vitamins, and antioxidants [194]

Marine polysaccharides present in marine algae have a range of valorization potential
for biomedical applications due to their biocompatibility and biodegradability. Other than
the pharmaceutical application of pigments shown in Table 3 above, the utilization of
a range of biopolymers derived from algal biomass in the biomedical field is shown in
Table 4.

Table 4. Biomedical application of algae-based biopolymers.

Algal Source Biopolymer Application Reference

Green algae Ulvans Antibacterial, antiviral, anticoagulant, antioxidant, and
antihyperlipidemic activities [195]

Red algae
Agar Growth media in microbiology [196,197]

Carrageenan Tableting excipients and inhibitors of herpes and HPV viruses [198]
Porphyran Immunoregulatory and anticancer activities [199]

Brown algae

Alginate Drug delivery system and wound healing [200,201]

Fucoidans
Antibacterial, antiviral, anti-inflammatory, antiangiogenic,
anticoagulant, antithrombotic, antioxidant, antitumor, and

anti-peptic ulcer activities
[202]

Laminarin Anticancer, anti-apoptotic, anti-inflammatory, anticoagulant,
and antioxidant activity [203]

Algal biomass is edible and rich in nutrients which make it potentially raw material in
the food and feed industries. Carrageenan extracted from certain red seaweeds is used in
the dairy and meat-processing industries as thickening agents, binders, and stabilizers to
improve the texture and flavor of different products [197,204]. Considering the hydrophilic
colloidal properties, biopolymers like alginates and agar are also used for similar purposes
in food and feed industries [205].
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Cellulose-based aerogels produced from algal biomass are used as absorbent pads
for fresh products in food packaging [176]. In addition, cellulose composite films pro-
duced from algal biomass are used as a packaging material and edible coating in the food
industry [196]. As the usage of plastics for packaging purposes negatively impacts the
environment, it is beneficial to adopt these biodegradable packing materials produced from
biopolymers derived from algal biomass.

For several decades, algal biomass has been used as feed in both animal and aquatic
farming [206]. Brown algae are widely used because of their larger size and simple har-
vesting technique [207]. Algae are considered to be low-cost and easily available protein
sources for free-range ruminants grazing in the coastal areas [208]. However, it is neces-
sary to confirm the quality of the algal feed to prevent the accumulation of pollutants in
animal bodies.

5. Merits of Algae-Based Biofuels
Algae grow fast with greater adaptability to a wider range of climatic conditions [3,209],

and they can produce more oil per acre compared to other feedstock [97]. Biologically
produced algal fuel is a potential alternative energy source to overcome the issues with
variations in oil prices and to cope with climate change [210]. Biofuels act as sustainable
energy resources to satisfy the fuel demand of the world for several purposes [209]. The
utilization of microalgae to produce biofuel creates ecological benefits, especially in the
mitigation of eutrophication through pollutant absorption [2,10,211]. Further, the physical
removal of nutrients is ensured by harvesting the algae for biofuel production. The residual
nutrient concentration in the filtrate that is obtained from algal biomass dewatering is less
than that of the original WW [212,213].

In addition, high-rate algal ponds are being utilized as nutrient removal systems for
nitrogen and phosphorus-rich WW [214]. For instance, biogas slurry treatment using a co-
cultured Chlorella vulgaris and Ganoderma lucidum showed remarkable removal efficiencies:
92% for chemical oxygen demand, 90% for total nitrogen, 90% for total phosphorus, and
74% for CO2 [215]. Likewise, water pollution control with the removal of heavy metals and
other organic impurities is also possible with microalgae [216]. Lands that are unsuited
for agriculture can be used for the cultivation of microalgae as the growth of microalgae
does not require fertile soil and they can withstand water with different salinity levels
and inferior chemical quality as well [12,217]. Further, the extent of land required for
cultivation is also less than for other crops used for biofuel production in previous biofuel
generations [50]. In addition, microalgae reduce the greenhouse effects through carbon
sequestration by biologically fixing the carbon and removing carbon dioxide from industrial
emissions while releasing enormous oxygen to the environment during their growing
period [3,4,12,50,209]. The merits of algae-based biofuel production and application are
illustrated in Figure 9.

In addition to biofuel extraction, the remaining biomass can be used for the production
of methane and organic fertilizers that can be used for agricultural purposes [218]. More-
over, algae are used as cheap resources to generate economic benefits in various sectors
such as pharmaceuticals, aquaculture, cosmetics, and construction [219]. As microalgae do
not influence the food chains, biofuel production from algal biomass does not violate the
ethical concerns regarding the utilization of food sources for fuel production [56,209]. The
mitigation of fossil fuel usage, employment opportunities, and reduction in imports of oils
from other countries are some other benefits of biofuel production from algae [4,220].



Biomass 2025, 5, 26 15 of 27Biomass 2025, 5, x FOR PEER REVIEW 15 of 27 
 

 

Figure 9. Merits of algae-based biofuel production and application. 

In addition to biofuel extraction, the remaining biomass can be used for the produc-
tion of methane and organic fertilizers that can be used for agricultural purposes [218]. 
Moreover, algae are used as cheap resources to generate economic benefits in various sec-
tors such as pharmaceuticals, aquaculture, cosmetics, and construction [219]. As microal-
gae do not influence the food chains, biofuel production from algal biomass does not vio-
late the ethical concerns regarding the utilization of food sources for fuel production 
[56,209]. The mitigation of fossil fuel usage, employment opportunities, and reduction in 
imports of oils from other countries are some other benefits of biofuel production from 
algae [4,220]. 

6. Limitations and Challenges in Algae-Based Biofuel Production 
Complexity in the conversion methods and the higher production cost for such pro-

cess are the major negative aspects associated with algae biofuel production [3,52,209]. 
High capital and operating costs of algae-based biofuels hinder its commercial scale es-
tablishment [172,221,222]. Cultivation methods are not always easy, and they require high 
capital investment [24]. Further, biofuel production is highly dependent on sophisticated 
infrastructures and management practices [220]. The production of neurotoxins can cause 
health problems for humans and may affect aquatic life [220]. The excessive growth of 
algae due to anthropogenic eutrophication reduces the quantity of dissolved oxygen. The 
subsequent decomposing of such algal material further reduces the available oxygen and 
leads to the creation of anoxic conditions, which are not suited for the survival of aquatic 
species [223]. 

The chemical composition and properties of algae compared to the terrestrial bio-
mass itself limit the production and application of algae-based biofuels. In detail, the high 
moisture content (70–90%), ash content (27%), bulk density (954 kg/m3), major elements, 

Figure 9. Merits of algae-based biofuel production and application.

6. Limitations and Challenges in Algae-Based Biofuel Production
Complexity in the conversion methods and the higher production cost for such pro-

cess are the major negative aspects associated with algae biofuel production [3,52,209].
High capital and operating costs of algae-based biofuels hinder its commercial scale es-
tablishment [172,221,222]. Cultivation methods are not always easy, and they require high
capital investment [24]. Further, biofuel production is highly dependent on sophisticated
infrastructures and management practices [220]. The production of neurotoxins can cause
health problems for humans and may affect aquatic life [220]. The excessive growth of
algae due to anthropogenic eutrophication reduces the quantity of dissolved oxygen. The
subsequent decomposing of such algal material further reduces the available oxygen and
leads to the creation of anoxic conditions, which are not suited for the survival of aquatic
species [223].

The chemical composition and properties of algae compared to the terrestrial biomass
itself limit the production and application of algae-based biofuels. In detail, the high
moisture content (70–90%), ash content (27%), bulk density (954 kg/m3), major elements,
alkaline and halogen, and a range of trace elements; water-soluble fraction (15%); electrical
conductivity of leachates (19.8 mS/cm); and combustion temperature (200–800 ◦C) nega-
tively impact on algal biofuel production. Similarly, lower values of cellulose crystallinity
index, heating value, organic matter, reactivity, ash-fusion temperature, carbohydrates
(30%), cellulose (14%), initial ignition temperature (200 ◦C), volatile matter (52%), and
hydrogen (7%) affect the efficiency of production [4].

The high energy requirements for algal biofuel production make it energetically
unviable [224]. Also, the demand for huge quantities of nutrient sources and water for algal
cultivation affects the sustainability of this technology [225,226]. Moreover, harvesting and
downstream processes add extra costs, which makes the process further challenging [227].
Large-scale algae cultivation affects the coastal biodiversity through invasion by algal
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species of coastal shallow ecosystems [228]. The lack of both government policies and
technological infrastructures on algae-based fuel production can also be indicated as
considerable limitations [220,229]. Therefore, it is recommended to adopt new strategies
including genetic engineering and the utilization of waste materials (Figure 10) to maximize
production along with suitable biorefinery approaches [230,231].
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7. Recent Advancements and Future Research Directions
Recent years have witnessed significant advancements in algal biofuel technology, par-

ticularly in genetic modification, cultivation systems, nutrient supply, harvesting methods,
conversion techniques, and safe biofuel applications. Notably, the targeted knockout of
phospholipase A2 using genome editing has enhanced lipid productivity in Chlamydomonas
reinhardtii [232], demonstrating the potential of genetic engineering for strain improvement.
Concurrently, studies have revealed that controlled nutrient deficiencies can stimulate lipid
accumulation by altering the cellular biochemical pathways [233–237]. In algae cultivation
practices, WW from various industrial sources (such as meat processing) has proven an
alternative nutrient medium [68].

Conversion technologies have also progressed, with plasma gasification and super-
critical water gasification emerging as efficient methods for syngas production while
minimizing tar formation [238,239]. Modeling studies have further validated the feasibil-
ity of electrical power generation from marine algae through gasification processes [36].
Regarding fuel performance, comprehensive analyses confirm that algal biofuels exhibit
superior combustion characteristics, emitting significantly lower levels of carbon monoxide,
hydrocarbons, particulate matter, and smoke compared to conventional fuels [228–233],
solidifying their status as sustainable alternatives for internal combustion engines.

Despite these advances, critical knowledge gaps remain. The environmental implica-
tions of genetically modified algal strains require urgent investigation, particularly regard-
ing potential lateral gene transfer during energy extraction and wastewater treatment [39].
Future research should prioritize (1) the identification of robust algae strains capable of
thriving in wastewater with high toxicant loads without compromising productivity [54],
and (2) the development of scalable solutions to overcome persistent technological bottle-
necks in commercial-scale operations.
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8. Conclusions
Algal biofuel production represents a viable renewable energy solution that addresses

both environmental concerns and growing energy demands. The integration of wastewater
treatment with algal cultivation offers the dual benefits of nutrient recycling and biomass
production, while biorefinery approaches enable the simultaneous generation of biofuels
and high-value co-products such as biofertilizers, pharmaceuticals, and pigments. How-
ever, commercialization faces three major hurdles: high production costs associated with
cultivation and harvesting, technical limitations in conversion processes, and unresolved
environmental concerns regarding genetically modified strains. For successful implementa-
tion, future work must focus on developing cost-effective cultivation systems, optimizing
conversion technologies, and conducting rigorous environmental risk assessments. Govern-
ment support through policy incentives and research funding will be crucial to overcome
these barriers. When these challenges are addressed, algal biofuel systems can evolve from
laboratory-scale promise to large-scale, sustainable energy solutions that contribute mean-
ingfully to global decarbonization efforts while supporting circular economy principles
through wastewater remediation and co-product development.
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