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Abstract: Algal biomass is a prospective feedstock for the eco-sustainable production of many dif-
ferent products with added value, such as meals, feeds, and fuels. The remaining biomass from the
algae can be used as raw material and can be transformed into useful secondary products after the
important macromolecules have been removed. By optimizing algal biomass hydrolysate utilizing
microbial fermentation, several studies demonstrated the generation of bioenergy (bioalcohol, biogas,
and biohydrogen) and biochemicals (organic acids and biopolymers). Since the harvest and mainte-
nance of sustainable algal cultivation incur considerable energy and economical prowess, developing
products from algae remains a challenge to be countered in commercial applications. This is a typical
bottleneck issue when processing algae for fuels or chemicals at the pilot scale. Implementation of
integrated algae biorefinery methods can substantially reduce the cost of production and energy con-
sumption. An algae-based green economy can be financially more viable and utilizable, especially for
countries with weaker economies. This review’s goal is to examine the implementation of integrated
biorefineries for the recovery of bioproducts generated from algae and potential applications. In this
context, the life cycle analysis and business elements of a unified algal biorefinery are also addressed.

Keywords: bioenergy; algal biomass; biochemical conversion; thermochemical treatment; value-
added products

1. Introduction

Microalgae are adaptable unicellular/multicellular organisms that are common and
widely distributed, having considerable significance in biotechnological and environmental
research. Algae are photosynthetic organisms, capable of converting solar energy into
biomass and oxygen [1].

Algal biomass typically consists of the three main macromolecules—carbohydrates,
lipids, and proteins with a trace amount of minerals [2]. The remaining biomass can be
utilized for the production of secondary products like biogas, butanol, ethanol, etc., by
fermentation, once the important macromolecules have been removed from the algae [3].
By valorization of algal biomass hydrolysate employing microbial fermentation, several
studies demonstrated the generation of bioenergy (biogas, biohydrogen, and bioalcohol)
and biochemicals (biopolymers and organic acids) [4,5].

The two main issues that civilization is currently experiencing on a global scale are
environmental sustainability and the energy crisis brought on by an excessive reliance on
fossil fuels. Global warming is happening due to the enormous quantities of greenhouse
gases (GHGs) emitted into the atmosphere because of fossil fuel usage. As a result, many
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scientists are working to identify additional renewable energy sources. The conflict between
using food and fuel has been sparked by the application of first-generation lignocellulosic
biomass feedstocks (LBF) for biofuel production. Food prices may continue to rise as a result
of the growth of biofuels [6]. Therefore, second-generation biofuels have been made using
LBF obtained from forestry and agronomic residues. Due to this complex structure, the
viability of lignocellulosic biomass for the production of biofuels is constrained by the time-
consuming and expensive pretreatment required [7]. To process third-generation biofuels,
which could be a solution to these issues, algae can be considered as a potential feedstock.

Biorefineries aim to switch from petroleum to locally available renewable raw materials
in order to create a robust and sustainable bio-based industry. There are two categories
for the development of biorefineries [8]: the first is the energy goal, and the second one
is the economic goal in this regard [9]. Basic criteria for a successful biorefinery include,
among other things, providing food and feedstock, maintaining biomass regeneration and
diversity, limiting ecological effect, responding to market swings, and converting various
feeds and multi-product conversion processes [10].

The demand for electricity has increased tenfold globally because of the growth of
human resources and economic expansion. One resource that might help the energy
sector balance supply and demand is bioenergy [11]. Unconventional energy sources, like
bioenergy, perform better than fossil fuels in practically every consumption metric [12].
The efficiency and effectiveness of the entire process could be increased by implementing
nanotechnologies in bioenergy refineries. An appropriate nanotechnology-based method
could reduce feedstock availability limitations and could increase the collection of biomass
after harvesting by several notches. Additionally, it suggests generating extra bioenergy
from different sources to supplement the bioenergy produced by certain algae species
thriving on underutilized water resources [13]. Special focus is given on microbial biomass
for the production of bioenergy due to some of its beneficial properties [14]. Microalgae
provide a number of benefits, including quick development and a brief harvesting cycle.
This renders them an interesting source of biomass for biofuel production [15]. It is the
need of the hour to find a solution to address the issue of commercial-scale feedstocks
availability for the production of bioenergy [13].

In aquatic environments, green algae can survive and grow into the main facilitator.
The lowest amount of nutrients is used by algal biomass relative to its production. Ac-
cording to [16], nitrogen consumption is approximately 40, 45, and 0.003 mg/hectare for
sunflower, rapeseed, and algae cultivation, respectively, to produce 1 kg. biomass/hectare,
which is remarkably low for algae cultivation. The phosphorus requirement for rapeseed,
sunflower, and algae is approximately 25, 56, and 0.002 mg/hectare, respectively. Due to
its diverse biochemical composition (carbohydrates, lipids, and proteins), algal biomass
can be used to produce a variety of economically significant bioproducts. In recent years,
downstream biorefineries have been integrated to simultaneously produce algae-derived
biofuels and biochemicals. Due to the limited supply of agricultural land, cultivating algae
in marine ecosystems could potentially help to meet the world’s rising energy demand [17].

Microalgae biofuel production has blossomed and become more economically viable
because of recent advancements in technologies in photobioreactor design via integrated
algae farming and biorefinery strategies [18]. Algal biomass can be utilized for the produc-
tion of different macromolecules, such as lipids, fatty acids, and essential amines, before
being transformed to biofuel. High-value products produced by an algae biorefinery sys-
tem include biomaterials, biofertilizers, and pharmaceuticals, among others [19]. Algae
biorefineries have grown closer to becoming a commercial reality by incorporating biofuels
and natural processing. Micro algae can be utilized to make goods with a high economic
value that are used in a variety of sectors, such as food, nutraceuticals, cosmetics, and
pharmaceuticals. An integrated bio refinery, which generates most of the products from
a single biological feedstock, can be used to achieve this. The idea of a biorefinery was
initially developed by petroleum refineries. Fuels, oils, and other goods produced by
biorefineries are useful for the chemical industries [20]. To make the most of all the raw
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resources and increase the output of the finished products, a number of techniques can be
used. It is a huge problem to find a method to produce these products in an algae-based
biorefinery that is both ecologically sound and sustainable.

This review focuses on existing methods for effective and profitable utilization of
microalgae using a biorefinery concept on the basis of this issue and its constraints. A mi-
croalgal biorefinery approach that is sufficiently executed to produce biofuels and multiple
product recovery has also been described, concentrating on technical and financial issues.
In addition to this debate on life cycle evaluation and techno-economic analysis of inte-
grated algal biorefinery, this review provides an exhaustive note on current methodologies
of algae pretreatments, biofuel generation, and value-added product recovery as a part of
an integrated concept.

2. Technologies for Algal Biomass Conversion

Proteins, lipids, and carbohydrates are important biochemical components of algal
biomass and can be utilized to produce biofuel. Algal biomass has received much atten-
tion recently as a potential source for biorefineries. Algal biorefineries use algae biomass
as a feedstock to make biofuels and chemicals with higher value [21]. Carbohydrates,
lipids, and proteins are among the biochemical elements of algal biomass that are con-
verted into biofuels. Algae can be used to make biofuels and bioproducts, as shown in
Table 1 [22]. In terms of commercialization, pigments from microalgae have a high revenue
generation > USD 1 billion (selling price—USD 400/kg) and the global carotenoid market
is expected to be USD 1.5 billion in 2019 to USD 2.0 billion by 2022 [23]. Over the past
20 years, the commercial manufacture of omega-3 polyunsaturated fatty acids (PUFAs)
using biotechnology has replaced fish oil in many applications. Due to its excellent product
safety and prospective sustainability, as well as growing awareness in the developing vegan
market, the microorganism production of PUFAs has increased in comparison to that of
fatty fishes. The majority of the microbial production of omega-3 is now conducted under
heterotrophic conditions utilizing standard fermentation technologies, despite the fact
that autotrophic production by microalgae appears to be more long-term sustainable [24].
Several researchers have reported the production of essential omega fatty acids from strains
D. tertiolecta and N. oculata. Palmitic, linoleic, oleic, palmitoleic, and eicosanoic acids are
among the fatty acids produced from Nannocholoropsis sp. as well as Dunaliella sp. [25].
However, a diverse microalgal germplasm still exists and should be fully explored for
carotenoid productions. The diatom Phaeodactylum tricornutum, a promising source of
polyunsaturated eicosapentaenoic acid (EPA), and the carotenoid fucoxanthin were grown
using three food wastes in a study reported by Russo et al. (2023). According to the experi-
mental findings presented in this work, some food by-products could be effectively used in
biorefineries to produce fucoxanthin and other high-value chemicals like eicosapentaenoic
acid (EPA) [26]. To obtain a sustainable omega-3 supply that can compete with fish oil, it is
imperative to lower the cost of DHA algal oil manufacturing. For the purpose of producing
a DHA-rich thraustochytrid from food industry waste and byproducts, a techno-economic
analysis was conducted by Russo et al., 2022 [27]; the wastes were cheese whey, beetroot
molasses, and corn steep liquor. Algal biomass is processed upstream, in bioreactions, and
downstream to develop the final products. The goals of biomass-based biorefineries are to
maximize profitability, minimize waste, and optimize resource utilization. Algal biomass
can be recovered using three different processing methods, and algae can be grown using
recycled wastewater streams and waste carbon dioxide. According to extensive research,
the type of algae grown upstream, which tends to favor accumulating biomass quickly
and at high density, determines the efficiency of biochemical reactions and downstream
processes. An appropriate process-oriented algae strain should be chosen in addition to
taking the mechanical and physicochemical properties of algae cells into account. As a
result of the algae’s resistance to shear stress and contamination brought on by the cultiva-
tion system, they can be kept in the medium for repeated cycles without being significantly
affected by the environmental conditions [28,29]. The various useful bioproducts that
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might be generated at the algal biorefinery are expanded by biomass productivity volume.
Additionally, it is crucial to choose algae that can separate well and that do not necessitate
a significant amount of energy to destroy cells [30].

Table 1. Bioproducts and biofuels from algae.

Algae (Type) Genus Bioenergy Bioproducts Reference

Green algae

Scenedesmus
Chlorella

Nannochloropsis
Haematococcus

Biodiesel, bioethanol,
biochar, and bio-oil

Biopharmaceuticals,
animal feeds, biomaterials,

bio-nutrients
[31]

Diatom
Phaeodactylu
Cylindrotheca

Dunaliella

Biodiesel, bioethanol,
biochar, and bio-oil Biochemicals, bio-nutrients [32]

Brown algae
Ochromonas
Saccharina

Ascophyllum

Bioethanol and
biodiesel - [33]

Blue-green algae Spirulina Bioethanol and biochar
Biopharmaceuticals,

animal feeds, biomaterials,
bio-nutrients

[34]

Seaweed

Padina
Gelidium
Laminaria
Euglena

Ulva

- Biochemicals and
bionutrients [31]

In addition, the selection of appropriate algal strains can be influenced by the agron-
omy types. Algae are grown using photobioreactors (PBRs) and open raceway ponds
(ORPs). There are specific targeted parameters for each system. Competition in the ORP
cultivation conditions and other micro-orgasmic contaminants can have an impact on the
persistence rate of algal cells [35]; the use of an algae strain that is resistant to bacteria
and predators is therefore advised. Algal adhesion to PBR walls is the primary challenge
in PBR cultivation [36]. Choosing algae species with highly suspended characteristics is
one approach in this regard. It has been clear from the beginning that the bioprocesses
upstream in the cultivation of algae play a crucial role in determining the downstream
outcomes. Depending on the cultivation conditions, the biochemical characteristics of an
algal biomass define it. By adjusting the parameters of algae cultivation, it is possible
to manage the allocation of biochemical properties and meet consumer demands. Based
on all the aforementioned factors, pre-screening is currently being conducted to choose
appropriate algae strains. The aimed biorefinery pathways will then be used to genetically
modify these algae strains. Using an algal biorefinery as fully as possible, as shown in
Figure 1, could lead to the development of value-added products by the methods of fermen-
tative valorization, biochemical conversion, thermochemical conversion, thermochemical
treatment, etc.
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Figure 1. Potential route map of algae biorefinery.

2.1. Fermentative Valorization

In order to maximize the recovery of algal resources as a variety of biofuels (like bioethanol)
and value-added compounds, fermentation—a productive valorization method—uses algae as
a promising renewable feedstock. The appropriate biomass pre-treatment and valorization
techniques are essential for maximizing the hydrolysis of sugar, carbohydrates, and biofuels.
To expedite the high-throughput fermentation process, pre-treatment and hydrolysis of the
biomass must be coupled. The fourth generation of biofuels, known as next-generation
biofuels, are produced through biorefining and rely on cutting-edge technological processes
like photofermentation or combined algal biomass processes using genetically modified
microalgae [37]. Due to its zero-waste approach, high-throughput fermentation is a novel
bioethanol production technique. Chlamydomonas mexicana was subjected to successive
fermentation processes by El-Dalatony et al. (2019), and the leftover biomass was trans-
esterified, leading to the simultaneous extraction of carbohydrate, protein, and lipid [38].
In addition to producing bioethanol, high-throughput fermentation can also be utilized to
manufacture various types of biofuels while minimizing expenses and waste generation.
The fermentative byproducts of serialized valorization exhibited a profile resembling that
of methods for isolating whole cells [1]. The different types of high-throughput fermenta-
tion, such as dark fermentation combined with photo-fermentation, anaerobic digestion to
produce biomethane, and the production of hydrogen from algal biomass, were reviewed
by Xia et al. (2015). After dark fermentation, the organic waste (acetates, proteins, and
acetate) can be further processed through a photofermentation to produce usable fatty
acids [39].
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2.2. Biochemical Conversion Technologies

Important steps in the biochemical conversion process include selecting algae species
with anaerobic digestion of organic feedstock and fermentation of bioethanol, biohydrogen,
and bioplastics using bacteria and other microorganisms. Due to the complexity of algae
cell walls, enzymes find it challenging to hydrolyze or produce anaerobic substrates, which
results in very low yields. Numerous pretreatments and disintegration techniques have
been employed to address this issue [40]. Algal biomass has been converted using a variety
of biochemical processes to produce biofuels. According to Bhatia et al., 2020, microalgae
cultivated on a mixed substrate produced approximately 17 mL/g COD during a process of
anaerobic digestion (municipal wastewater) [12]. The biohydrogen was produced by Kumar
et al. at laboratory scale using diverse microalgal species with concentration of 2.50 g/L of
algal biomass [41]. Some scientists have used pilot-scale reactors to boost productivity and
yield. For instance, in high-rate algal ponds, Passos et al. (2015) observed that microalgal
biomass produced about 0.3 L of methane/gm. of VS of biomethane [42]. Depending on
the substrate, the cultivation conditions, and concentration of biomass, different microalgal
species will produce biofuel to varying degrees. According to Ho et al., the laboratory-
scale reactor of 1 L was used to grow the microalga Chlorella vulgaris in synthetic growth
media, which produced approximately 1.35 g/L of biomass and 3.50 g/L of bioethanol [43].
Scenedesmus dimorphus produced 0.26 g/g bioethanol in a 2 L laboratory scale bioreactor
when cultivated on the same cultivation medium. Algae biorefineries incorporate both
upstream and downstream bioreactions, as depicted in Figure 2. They integrate upstream
and downstream processing. With the development of algae cultivation, it is possible to
revive waste CO2 and wastewater streams through three different processing routes [44].

Figure 2. Algae biorefineries.
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2.3. Anaerobic Digestion (AD)

Anaerobic digestion techniques use the microalgae’s rich organic load to produce
biofuels (Figure 2). Algae’s biochemical makeup makes them a valuable anaerobic diges-
tate for use with bioenergy technologies and waste management [45]. Algal digestate is
a highly helpful source of nutrients for large-scale algal farming to assist the growth of
the microalgae Chlorella vulgaris (nitrogen, phosphorus, and potassium) [46]. Since AD
uses renewable substrates for production of bioenergy, biodiesel, green diesel, bioethanol,
and hydrogen, the AD of microalgae has recently been looked at as a prospective sub-
stitute. To develop biogas production systems competently and affordably, numerous
techno-economic constraints must be overcome. These bottlenecks include higher expenses
for biomass production, a slower conversion of biomass to biogas, limited microalgal
biodegradability, and increased sensitivity of the methanogens used [47]. Nevertheless, the
biogas generation yield can be improved by applying metabolic and genetic modification
methods. The hydrogen yield during the acidogenesis step can be increased by using the
proper pretreatment procedures to remove H2 overpowering homoacetogens from the
inoculum and fermentation media.

Co-digestion of microalgal biomass with energy-dense waste resources, such as forest
litter and agricultural waste, could increase methane yield and combat ammonia inhibition
by achieving a balance in the C/N ratio [48]. Reviews that focus on microalgae’s AD
using the biorefinery technique have become scarce in recent years. The AD of prokary-
otic and eukaryotic microalgae, as well as strategies for boosting biogas and bioenergy
output, are thoroughly covered in this paper. The co-digestion of microalgal biomass by
microorganisms and the AD of microalgae’s removal of nutrients and microcystins have
also been investigated.

In anaerobic co-digestion, two or more feedstocks are broken down. Financial viability,
increased bioenergy output, and fewer bottlenecks in the mono-digestion process have all
been demonstrated by technology. Anaerobic co-digestion, for example, enhances conven-
tional AD technology by addressing the related issues, such as nutrient overload, retention
of dangerous compounds, or resistant molecules in the feedstock. Microalgal biomass
could be digested along with other agricultural wastes to boost the production of biogas.
Microalgae can be co-digested with wheat straw in the ratio of 1:1, boosting the methane
generation by 77% as compared to single digestion of microalgae biomass. Moreover,
methane production was increased by 15% as a result of pretreating the biomass [49].

AD is used for anaerobic degradation of algal biomass [50]. Algal biomass can also be
digested during anaerobic digestion in addition to biogas (e.g., biomethane and biohydro-
gen) [51]. Various microbial species engage in interactions with substrates (like lipid-rich
algae biomass) during AD [52,53]. Yang et al. (2011) used the lipid-extracted Scenedesmus
biomass to produce biohydrogen and biomethane in two steps [54]. A thermally treated
algal sludge was utilized for biohydrogen production, and the process’s effluent was used
in biomethane production. In order to produce biofuels and treat wastewater, Deng et al.
(2017) also evidenced an algae biorefinery using Chlorella vulgaris grown under thermophilic
conditions in pretreated AD swine manure. Algae produced 1.0 g/L of biomass while
removing nitrogen and carbohydrates with 99% and 54% efficiency, respectively [55]. There
are, however, always inhibitors that prevent AD from working effectively. Lakaniemi et al.
investigated the ability of fish algae in anaerobic biohydrogen production and biomethane
in freshwater and marine environments [56]. According to a group of researchers, long-
chain fatty acids (LCFAs) are the primary inhibitors of the AD process [57]. In the biomass
of Nannochloropsis salina, there was a negative association between lipid concentration
and microbiological activity. LCFAs limit the production of biomethane by bacteria and
methanogens by accumulating volatile fatty acids (VFAs).

2.4. Thermochemical Conversion Methods

Instead of using biological or chemical processes, biorefinery processing with ther-
mochemical upgrading converted bioenergy from whole biomass. Examples of thermo-
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chemical technologies include pyrolysis, gasification, and hydrothermal treatment [58].
In addition to achieving good energy efficiency, hydrothermal processing of wet biomass
performs remarkably well in a number of processes, including enhanced decarboxyla-
tion, hydrodeoxygenation, and fast hydrolysis [59]. To enhance the energy efficiency of
hydrothermal processing by up to 85%, the warm effluents from the reactor can also be
utilized to heat the feed stream [60]. This contrasts with the traditional conversion method
that uses dry biomass and conducts the reaction using steam at a lower temperature. As
a result, the procedure and the evaluation of thermal performance are impacted by the
limited possibilities for thermal energy recovery.

2.5. Hydrothermal Treatment

Hydrothermal processing is a feasible option for treating wet organic waste, where
elimination of the energy-intensive pre-drying stage (required for conventional treatments)
is possible and can yield a variety of goods. Other advantages noted in the literature
include low activation energy requirements and flexibility in producing high-quality char,
oil, and gas [61,62]. This is due to the fact that water can function in this process as
a reactant medium and aid in the reaction’s hydrolysis [63]. Scenedesmus and Spirulina
algal biomass were subjected to slow pyrolysis and hydrothermal liquefaction, and the
results revealed that the bio-oils produced by these two procedures have similar elemental
compositions [64].

However, in the case of wet biomass with 80% moisture, it was found that hydrother-
mal treatment was more advantageous energetically [65]. Hydrotreatment required less
energy than pyrolysis for wet biomass since pre-drying was required to eliminate the
water in the latter process. Moreover, hydrothermal treatment eliminates all biological
issues—including pathogens—from the waste, due to natural autoclaving at temperatures
above 121 ◦C [66]. The hydrothermal treatment of biomass wastes has been the subject
of several review publications [67,68]. In the most recent comprehensive reviews on the
hydrothermal processing of waste biomass, it is discussed how biomass constituents react
in hydrothermal media and how process conditions affect it [69].

2.6. Gasification and Pyrolysis

Gasification is a process that turns carbon-rich feedstocks into syngas by partially
oxidizing them at temperatures between 100 and 1000 ◦C in the presence of a finite amount
of oxygen or air or steam. The main gases that make up syngas are CO2, CO, H2, and
CH4 [70]. Additional syngas produced in this way can be converted to hydrogen through
the water–gas shift reaction or lower-range liquid hydrocarbons through Fisher–Tropsch
synthesis [71,72]. After the algal species were completely gasified, the syngas was created
at 700 ◦C. Hydrogen content in Chlorella vulgaris was found to be high when Ru/TiO2 was
used as a catalyst [73]. After gasifying the biomass of N. occulata, [74] obtained syngas
with the following composition: 40–53% H2, 30–40% CO2, 10% CH4, and 6% CO. The
catalyst is crucial for biomass-to-syngas conversion because it speeds up tar degradation
and makes hydrogen production easier. According to [75], the complete gasification of
the algal species Spirulina platensis in the presence of Ru as catalyst resulted in syngas that
was primarily made up of CO2, CH4, and H2. According to [76]’s comparative studies of
Saccharina latissimi, C. vulgaris, and S. platensis for the production of hydrogen, Saccharina
latissimi produced a higher yield of hydrogen during the gasification process.

Pyrolysis is a process where the biomass is heated without air in a specific temperature
range (400 to 600 ◦C) in order to produce energy [77]. Algal biomass pyrolysis has received
much attention in recent times because of its high efficacy and environmental advantages.
In a manner similar to the hydrothermal processes, the end-products of pyrolysis are
divided into three categories in addition to the breakdown of large molecules into smaller
molecules through the pyrolysis reaction [58]. These include biochar made at slower heating
rates (5–10 ◦C per minute) and longer reaction times (10–30 s), as well as bio-crude oil with
tars and related products made at a more moderate pyrolytic temperature (400–500 ◦C
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for 2–3 s reactions). In addition, they comprise biogases produced at advanced heating
rates (10–600 ◦C/s) and in shorter reaction times of 1–2 s. Using macroalgae, having
high nitrogen and ash contents of about 6.10 wt%, a group of authors were able to create
pyrolytic bio oil [78]. Between 37% and 47% of the bio-oil was produced at approximately
500 ◦C. In addition, the bio-oil production’s general advanced heating value (HHV) was
comparable to that of traditional terrestrial biomass, which is approximately 25 MJ/kg for
Laminaria, 22 MJ/kg for Porphyra, and 20 MJ/kg for Undaria. In terms of quality, pyrolytic
bio-oil containing nitrogen could be used as a chemical feedstock for high-value chemical
components or as a biofertilizer [79]. Additionally, an efficient method of slow pyrolysis
was used to combine biochar and bio-oil from Spirulina species (0.49). This provided more
information about the potential for pyrolysis-based algal biorefineries.

2.7. Direct Combustion Techniques

Most studies on dry extraction use combustion techniques and pyrolysis [80,81].
Compared to wet-extraction techniques, these methods produce less energy recovery and
have a lower ecological viability. The assessment study carried out by Bennion et al. in
2015 revealed that dehydrating microalgae before the pyrolysis step and heating during
the pyrolysis reaction significantly increase the demand for fossil fuels [82]. This led to
an increase in the dry (pyrolysis) extraction pathway’s GHG emissions. According to
Sun et al., 2019, the drying techniques applied in pyrolysis methods lead to considerable
emission of GHGs [83]. Furthermore, drying microalgae with a moisture content below 50%
is necessary for the indirect combustion process to achieve high heat conversion efficiency,
which is a labor- and energy-intensive process. Despite having a lower global warming
potential than conventional diesel fuel, biomass has a lower calorific value (14–16 MJ/kg),
which makes it less competitive [84]. The selection of an efficient and suitable drying
technology is necessary to produce microalgal biofuels by dry extraction process.

3. Algal Biomass Derived Value-Added Products
3.1. Production of Biodiesel

According to the biorefinery route for typical chemical conversion, algal lipids can be
converted into biofuel (biodiesel) [85]. Algal crude lipids include free fatty acids (FFAs)
and triacylglycerol (TAGs), which can be transesterified with alcohol to produce fatty acid
alkyl esters [86]. After the algal-lipids were retrieved using chemical solvents, but before
the traditional transesterification method was used, an optimization study was carried
out [87].

With the aid of catalysts such as acids and catalysts (HCl, H2SO4, NaOH, KOH), among
other inorganic heterogeneous catalysts, transesterification can be accomplished (ZrO2,
TiO2). A study compared the effectiveness of transesterification on 22% lipid of Chlorella
sp. using homogeneous acid (H2SO4) and alkaline (NaOH) as catalysts. According to the
findings, acid catalysts had a yield of 60% or higher for converting biodiesel [88]. In order to
increase biodiesel production, the acid catalyst first converted free fatty acids into esters and
then converted them again [43]. An unwanted side reaction that slowed transesterification
was the formation of soap as a result of the alkaline catalyst [57]. According to Rahman et al.,
2017, Spirulina maxima is normally transesterified and esterified during homogeneous acid–
alkali catalysis [89]. FFA content in algal oil was initially reduced using a catalyst (H2SO4).
The transesterification was then followed by another procedure with KOH serving as the
catalyst. In this study, we were able to demonstrate that the dual-step process increased the
yield of biodiesel by 87% when compared to 90% biodiesel from rapeseed oil.

In addition to a catalytic process, transesterification using supercritical fluids such as
water or CO2 may be another approach to turning lipids into biodiesel [90]. Unlike catalytic
transesterification, the uncatalyzed method of conversion necessitates high temperatures
and pressures. In comparison to traditional processes, supercritical transesterification
has a number of benefits, including the absence of a catalyst, faster reaction times, purer
biodiesel, and reduced environmental impact [91]. Nan et al. (2015) studied biodiesel
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production by utilizing Chlorella protothecoides, using a noncatalytic transesterification
process [92]. The optimal biodiesel yields ranged from 87–90%, according to the findings.
A uninterrupted method for non-catalytic transesterification with supercritical CO2 was
also recently described [93]. As examples of algae with various lipid contents, Chrysophyta
microalgae (11 wt% lipid) and Chlorella sp. were studied. The effectiveness of continuous
transesterification was evaluated against oil samples with less than 19% lipid. The highest
yields of biodiesel were produced by Chrysophyta and Chlorella species.

Additionally, in-situ transesterification is considered to be an alternative to the con-
ventional approaches, which simultaneously involves lipid mining and catalytic transester-
ification [94]. Using water as the reacting medium, supercritical in-situ transesterification
(SC-IST) can make biodiesel directly from wet algal biomass. Levine et al. (2010) produced
79% of fatty-acid ethyl ester (FAEE) from Chlorella vulgaris (53.3% lipids) using supercritical
water and ethanol in place [95]. Research on the microalga Nannochloropsis oceanica has
shown that biodiesel can be produced, with a final yield of 90% fatty acid methyl ester
(FAME) [96]. Additionally, it has been claimed that chlorella can indeed be transesterified
dry in the presence of both methanol and sulphuric acid as catalysts, yielding FAME yields
of more than 90% [97].

Biorefineries use algae biomass as a feedstock to produce bioethanol, animal feed, as
well as pharmaceuticals after extracting the lipids from it. A conclusion can be drawn that
the wet method of in-situ transesterification is better for algae biorefineries because it avoids
the drying process based on a comparison of the dry and wet methods. However, because
supercritical conditions call for high pressures and temperatures, they rendered this less
necessary than the catalytic process. As a result, it is anticipated that the production of algae
biodiesel could be aided by a catalytic transesterification procedure in algae biorefineries.

3.2. Production of Biohydrogen

Over the past few decades, focus has been placed on the production of hydrogen by
photosynthetic algae under oxygen-rich, hypoxic, or anoxic conditions. The commercializa-
tion of biohydrogen from algae has been initiated and implemented in several regions of
the world [1]. In a 2011 study, Biller and Ross reported that algal biomass was hydrother-
mally pressed to make biofuels in the forms of liquid bio-oil, solid hydrochar, and gaseous
forms of biohydrogen/biomethane [31]. Hydrothermal processes are further classified
according to their operating conditions into liquefaction, gasification, and carbonization,
where the proportions of the biofuel end products vary [98]. Temperature and reaction
time are believed to be factors influencing the physicochemical properties of algal biofu-
els [99]. Thermal carbonization (HTC) is a benign process that produces solid hydrochar as
the main byproduct under light pressures and temperatures (190–275 ◦C) [100]. In most
cases, hydrothermal liquefaction (HTL) occurs at pressures between 45 and 160 bar and
temperatures between 245 and 460 ◦C to produce viscous bio-crude oil. [101]. In contrast,
hydrothermal gasification (HTG) needs higher and severe thermal conditions at tempera-
tures range of approximately 400–800 ◦C in order to produce biogas, beyond the critical
point of water. Dark fermentation (without a light source) and photofermentation (with
light source) are additional categories for biological hydrogen fermentation. Typically, dark
fermentation is used to produce biological hydrogen. However, some researchers advise
pretreating algae before dark fermentation to promote carbohydrate polymer hydrolysis.
Ruiz-Marin et al. implemented a number of color light energies for the cultivation of
immobilized algal biomass and the production of biohydrogen in 2020 [102]. By using
municipal wastewater as a growth medium, Scenedesmus obliquus and Chlorella vulgaris
produce more biomass. The researchers looked at the connection between algal growth
and biohydrogen output using two different light colors. In comparison to algae produced
under purple light, blue light-grown algae have larger biomass concentrations. The amount
of biohydrogen produced by algae grown under purple light was roughly 130 mL/L as
opposed to blue light’s 60 mL/L. In Table 2, a compilation of previous hydrothermal studies
of algae biomass has been summarized.
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Similarly, in order to produce biohydrogen, Kumar et al. (2018) used diluted swine
manure to ferment mixed algae. The maximum biomass concentration was obtained at
a dilution ratio of 5 g/L of swine manure, or about 2.57 g/L [41]. In addition, for algal
cultivation, the biomass concentration fell as the dilution ratio rose. The harvested biomass
was then fermented in the dark to produce biohydrogen. Using a loading rate of 5 g/L
of swine manure, the maximum hydrogen yield was around 13 mL/g of algal biomass.
Scenedesmus obliquus and Chlorella vulgaris were cultured in tubular photobioreactors using
urban wastewater in a 2015 study by Batista et al. to produce biohydrogen. The highest
yields of biohydrogen per gram of VS were reported to be produced by Scenedesmus obliquus
and Chlorella vulgaris, at 41 mL and 57 mL, respectively [103].

Table 2. Hydrothermal treatment technologies of algal biomass in absence of water.

Hydrothermal
Treatment Algae Type Temperature

(◦C)
Residence
Time (min) Products Yield (%) Reference

HTL

Chlorella vulgaris 350 60 Biocrude oil 30–35 [31]
Nannochloropsis occulata 225–300 30–90 Biocrude oil 30–55 [104]

Dunaliella tertiolecta 280–400 90 Biocrude oil 50–90 [105]
Botryococcus braunii - - - 40 [106]

Neochloris oleoabundans - - - 40 [100]

HTC
Nannochloropsis oculata 190–210 20–40 Hydrochar 50 [107]

Chlamydomonas reinhardtii 190–220 30–120 Hydrochar 25 [108]
Chlorella vulgaris 150–250 60 Hydrochar 70 [109]

HTG
Chlorella vulgaris 500 30 Biogas 40 [110]
Chlorella vulgaris 500 30 Biohydrogen 65 [111]

Nannochloropsis occulata 500 60 Syngas 40 [31]

3.3. Production of Bioethanol

The most popular methods for converting algae biomass into bioethanol and biogas in
algae biorefineries are fermentation and anaerobic digestion. To make the carbohydrates
metabolizable by the microorganisms performing the fermentation, the carbohydrates
must be extracted and saccharified to produce bioethanol. For the recovery of intracellular
products of microalgae, such as oil and starch for the production of biodiesel and ethanol, re-
spectively, as well as added-value compounds, cell disruption is frequently necessary [112].
Algal biomass contains carbohydrates that can be successfully hydrolyzed to create simple
sugars [113], which will then be fermented for bioethanol production [114]. On the other
hand, AD is the anoxic degradation of decomposable chemicals. Anaerobic digestion is
the breakdown of biodegradable chemicals, while fermentation is another way for cell
metabolism to obtain energy. According to Rempel et al. report’s from 2019, Spirulina
platensis was fermented to produce bioethanol, and the fermentation’s leftover residue was
then digested to produce biomethane [115]. An analysis of energy potential showed that
fermentation coupled with anaerobic digestion produced approximately 13,900 kJ/kg as
opposed to approximately 16,700 kJ/kg by direct anaerobic digestion [115]. Spirulina is a
fascinating renewable energy source as a result for a range of goods. Bioethanol can be used
as a substitute for fuels like gasoline because its physicochemical properties are comparable.
The chemical makeup of the feedstock is more important in determining bioethanol yield.
Most of the bioethanol is produced from substrates high in carbohydrates. Starch, sugar,
and cellulose are a few of the polysaccharides found in algal biomass. Algal biomass can
therefore be used as a feedstock to produce bioethanol [116].

Onay et al., 2019, studied different saccharification processes by using microalgal
biomass from benthic wastewater (Hindakia tetrachotoma) [117]. A 1 L flat airlift photo-
bioreactor is used to cultivate microalgae, and the media concentration is adjusted from
25% to 100% using diluted distilled water. In the case of the lowest (25%) concentration of
growth media, 0.78 g of biomass is generated per liter of medium. When the growth media
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concentration is increased to 50%, the biomass yield decreases to about 0.6 g/L. Higher
concentrations of this trend were still present. The microalgae were then hydrolyzed using
enzyme, acidic, and alkaline methods. Enzymatic hydrolysis produces more bioethanol
with a yield and substrate conversion of about 11.2 grammes per liter. El-Mekkawi et al.,
2019, described a similar pilot-scale cultivation of algae for the production of bioethanol
in a nearby wastewater treatment facility [116]. According to estimates, carbohydrates
make up 45% of the harvested algal biomass (Microcystis sp.). Prior to yeast fermentation,
this algal biomass was acid hydrolyzed, yielding about 19 grammes of bioethanol per
liter. Phwan et al., 2019, tested various acid concentrations and levels with microalgae to
produce bioethanol [118]. Their study focused on sulfuric acid and acetic acid, both of
which ranged in concentration from 1–9%. The highest yields were measured at 0.2 and
0.281 g/g, respectively, at 5% sulfuric and acetic acid concentrations. When acetic acid and
sulfuric acid were compared for the purpose of enhancing the production of bioethanol
from microalgae, it was found in their study that sulfuric acid provided the best bioethanol
yield in all concentrations. According to the study’s findings, using strong acids increased
bioethanol production while requiring less chemical input and energy.

Figure 3 shows various applications of value-added biofuels production from various
algal biomasses [119].

Figure 3. Application of value-added biofuels production from various algal biomass (wt: weight).
Reprinted with permission from Elsevier [119]. License number 5490240705329.

3.4. Production of Biochar (BC)

BC is a carbonaceous substance created when biomass is thermally treated at a moder-
ate temperature with a constrained amount of oxygen present. By using the HTL process,
wet algal biomass is converted into algal BC for a brief period of time at a moderate
temperature [120]. According to several studies, the relative yield of algal BC is higher
than that of other feedstocks per unit algal biomass. The range from 8.1–62.4% represents
the yield of BC per unit dry weight of the macroalgal biomass [121]. When the pyrolysis
temperature was raised from 300 to 750 ◦C and the pyrolysis time was extended from 10
to 60 min, the yield decreased [120]. The synthetic magnetic BC is well suited for use as
an electrode in Li-ion batteries due to its large surface area (296.4 m2 g−1) and enriched
carbonaceous structure. The synthesized magnetic electrode had better cyclic stability and
a higher initial specific discharge capacity (740 mAh g−1) than the BC electrode, according
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to the electrochemical analysis [122]. This process is intriguing for the future expansion
and investigation of algal biomass as a feedstock because it produces biofuels and BC
simultaneously using biorefinery methods. However, the preparation of BC from algal
biomass and its use are the subject of surprisingly few studies and reports, providing new
research opportunities.

3.5. Production of Biomethane

Anaerobic digestion of algal residual biomass produces a mixture of gases, with CO2
making up between 30 and 50% of the mixture and CH4 making up between 50 and 70%.
This process is well known for producing biomethane (CH4) [120]. Depending on the
species of algae used and the experimental conditions, the methane production yield from
algal biomass generally ranges from 0.2 to 0.4 m3 CH4/kg or 0.024 to 0.6 L CH4/g VS
(volatile solid) [123]. For the production of biomethane from Dunaliella sp., the yield of
CH4 even varies within the same species, with values between 0.063 L CH4/g VS and 0.323
L CH4/g VS [124]. Temperature, biomass loading volume and rate, time, bacterial strains,
and algal cell wall composition are some of the factors that affect the biomethane production
yield from algae [125]. The C:N ratio is another crucial element that significantly affects
the yield of biomethane. Algal residual biomass is thought to have a low C:N ratio (6–9);
however, mixing algal biomass with higher carbonaceous feedstocks has been suggested for
improved biomethane yields [126]. This process must be combined with some other biofuel
and biomaterial production processes using a biorefinery approach in order to make the
process high yielding and cost-effective [127]. Algal biomass can be used to make a variety
of biofuels, including biodiesel, bioethanol, biomethane, and biohydrogen, among others,
of which former two are considered primary products and the latter two co-products in
biorefinery production model [120].

4. Techno Economic Analysis (TEA) of Algae Based Biorefinery

Deemed to be an important aspect of biotechnology, biorefinery involves the sig-
nificant production of bio-enriched products from biomass treatment hubs by using a
combination of contemporary, feasible, and viable processes used in industries at a large
scale and are of tremendous significance to society [128,129]. A TEA is required to launch a
biotechnological industry so that logistics can work resourcefully and the biorefinery can
be founded following the most economical setup methodologies at the disposal [130,131].
By generating concepts with longstanding sustainability outlines, bioeconomy seeks to
substitute energy sources such as fossil fuels. Technology is essential for the industrial
application of many biotechnological applications because it allows efficient use of in-
expensive, easy-to-obtain chemicals with high added value. Bio-economy is defined as
the process of creating bio-based products from renewable resources such as biological
feedstock and biomass [132,133]. Presently, TEA is defined in terms of the economic and
technological feasibility pertaining to commercial approaches [134,135]. At first look, a
biorefinery presents two directives, i.e., a direct cascade in which the main objective is to
produce high-value compounds while also manufacturing biofuels from the leftovers, and
an inverse cascade in which the main goal is to produce biofuels followed by the reverse
formation of compounds [136,137]. Nevertheless, new procedures have been put forth
to improve the bio-economy by implementing technology suited to the valorization of
macroalgae [138]. The most recent research trend in the previous decade has been the
employment of newer pretreatment technologies of biomass [139]. Researchers are inte-
grating algal feedstock into the preparation, estimate, economic, social, and conservational
features of 3rd generation biofuels and bioproducts, as well as analyzing the feedstock’s life
cycle and feasibility [137,140]. To achieve an effective macroalgae biorefinery development,
techno economic viability for an industrial plan and scale must be evaluated. These may
be systematically analyzed and enhanced by producing significant goods, such as biofuel,
that fulfill market quality and price-norms [141,142].
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5. A Feasible Biorefinery Template: Techno Economic Analysis

According to recent research, the logistics of biomass are thought to be the most
important aspect for the development of the bioeconomy. More research is required
before macroalgae biorefineries can be economically viable. It may be possible to im-
prove the design economics and pricing of various bioproducts from marine biomass
by designing biorefineries based on the technical method of deriving compounds from
macroalgae [143,144].

The creation, commercialization, and operation of a biorefinery facility are all difficult
tasks. The cost of the manufacturing process, harvesting, and biomass collection systems
for raw materials that must be obtained at a specific time, which affects transportation costs,
is the current challenge for feedstock. Thus, it has become crucial to improve the technical,
economic, and environmental aspects of developing a biorefinery in a pilot plant. As a gen-
eral guideline, it is essential to create and estimate scenarios when conducting research and
designing a biorefinery plant [145]. Platforms such as the Aspen Plus, Simulator process,
and SuperPro Designer software simplify the modeling simulations [146]. The software
application computes variables and operating costs for the upstream and downstream
processes of producing and distilling biofuels based on both raw material and energy
balance calculations from process modelling using simulations [147]. A techno-economic
analysis of the current operational conditions is displayed in Table 3.

Table 3. Operational conditions and techno-economic analysis studies in algal biorefinery.

Feedstock Type Software Ethanol Price Feedstock
Price Conditions References

Brown macroalgae Economic model 0.9 $/L 25 $/t 0.7 and 3.5 mt [148]
Eucheuma cottonii Aspen Plus V10 0.5 $/kg 72 $/t 20% solid + 20 mg/g cellulose [144]
Saccharina japonica Aspen Plus 0.58 $/L 0.07 $/t 17.5 mg/mL loading [149]
Saccharina latissima SuperPro Designer 3.0–7.5 $/gal 50 $/mt Less than 10 mg/g enzyme loading [141]

Laminaria Aspen Plus 2.4–2.8 $/gal 26 $/t EH % solid loading 17.5–20 [150]

6. Challenges and Constraints

Algae biorefineries have attracted much attention nowadays because of their efficiency
in treating wastewater and generating biofuels. They can also be used as a raw material
for a variety of industries, including the cosmetics and pharmaceutical industries. Despite
this, there are still many problems that need to be resolved, such as ways to increase the
production of biomass and strategies to reduce the high energy needs for growing and
harvesting algae. Some researchers have suggested using syngas as a carbon source and
wastewater as a fertilizer source in algae culture to address these issues. Algal biorefinery
can reduce cultivation costs in half, but its commercial applicability is subject to some
limitations. Harvesting and biomass productivity (quantity and quality) problems should
be addressed in this regard. The genetic elements and metabolic pathways in algal biomass
may be changed or modified through genetic engineering to increase biomass production.
Another option for a culture medium is fermented wastewater with a high nitrogen content.
Algal biomass productivity will increase due to using this technique to produce biofuels
and extract bioactive substances for use in commercial biofuel and bioactive chemical appli-
cations. On the other hand, the negative effects of the preferred component extraction will
be mitigated by a particular algae species that has been discovered and chosen for growth.
To reduce the high energy requirement for ABF production, it would be advantageous
to link upstream and downstream processes to create a low-cost, value-added product
manufacturing system.
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7. Conclusions

Algae are ideally suited for multi-product biorefineries due to the wide range of bio-
chemical compositions present in algae biomass. Several key points are being summarized
herewith for an optimally functioning algal biorefinery.

(a) Biorefineries need to be more cost- and sustainably effective.
(b) Based on the current lab-scale LCA evaluation, algal biorefinery with minimal envi-

ronmental impact can be put forth.
(c) A critical evaluation of the function of catalysts and their synthesis via hydrothermal

treatment of biomass needs to be conducted to consolidate data on modelling projects
as well as techno-economic assessments.

The study’s important findings, knowledge gaps, and recommendations for the future
are presented at the study’s conclusion to help enhance the commercial feasibility and
environmental sustainability of hydrothermal treatment of wet wastes.
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