
Green Chemistry

TUTORIAL REVIEW

Cite this: Green Chem., 2023, 25,
8935

Received 21st June 2023,
Accepted 25th September 2023

DOI: 10.1039/d3gc02228e

rsc.li/greenchem

Future bioenergy source by microalgae–bacteria
consortia: a circular economy approach

Shir Reen Chia, †a Jing Ling,†a Wen Yi Chia,a Saifuddin Nomanbhay,*b

Tonni Agustiono Kurniawanc and Kit Wayne Chew*a

The potentiality of microalgae–bacteria consortia applied in a circular economy is acknowledged and

explored; however, the commercialization of biofuel from microbial technology remains complex and

controversial regarding the practicability of the technology. This review provides a concise and compre-

hensive analysis of various extraction techniques of the microalgae-bacteria consortium, algae cultivation

methods, and biofuel production processes. The conversion processes are critically reviewed along with

the challenges faced to lay the foundation of in-depth microalgae–bacteria biotechnology. The yield of

biohydrogen produced and the lipid content of the obtained biomass can be greatly improved through the

cultivation of a microalgae–bacteria consortium compared to the pure culture of microalgae. The consump-

tion of nutrients in wastewater by the microalgae–bacteria consortium protects the environment as the

effluent returned to nature is of minimum toxicity. The symbiotic relationship between microalgae and bacteria

has enhanced the lipid productivity of biomass in previous studies. In contrast to other recent reviews, the

linkage of the circular economy with the microalgae–bacteria consortium was critically reviewed and dis-

cussed. Uncertainties under culturing conditions and techno-economics are the concerns and factors that

impede the development of microalgae–bacteria consortia in energy commercialization.

Introduction

The increase in human population and world globalization
leads to the high consumption of energy, which is estimated
to increase by 50% or more by 2030.1 The extensive appli-
cations of energy for human activities will result in the
depletion of non-renewable sources (fossil fuels) in the near
future.2 Therefore, an alternative approach that utilizes renew-
able and environmentally friendly feedstocks to replace fossil
fuels is essential. Moreover, the heavy usage of petroleum has
caused air pollution worldwide. The scorching of fossil fuels
emits many potentially hazardous pollutants, such as carbon
monoxide and nitrogen oxides, in the air, that affect health
and cause global warming. The production of bioenergy via
symbiotic interaction between microalgae and bacteria is yet to
be explored owing to the rapid growth rate of microalgae and

the “give-and-take” of nutrients among microalgae and bac-
teria. In an ecosystem, heterotrophic microorganisms, mainly
bacteria, are always found in the consortia with microalgae,
taking O2 to oxidize organic substrates and produce CO2.

3

It has been reported that symbiotic interactivity between
algae and bacteria appears favorable in biotechnology as their
interaction influences physiology and metabolism. Intensive
interaction between microalgae and bacteria can be observed
in the removal of biodegradable organic matter in wastewater
treatment ponds, as well as in the remediation of hazardous
pollutants, such as phenolics, organic solvents, and polycyclic
aromatic hydrocarbons.4 In the microalgae–bacteria consor-
tium, microalgae can generate numerous organic substances
that the bacteria assimilate and vice versa.5 The microalgae–
bacteria consortium is likely a possible substitution of the
current biofuel feedstock. The use of a microalgae–bacteria
consortium is an excellent approach because the production of
algae is ten-fold higher compared to those of higher plants
and more biomass can be generated for biofuel production.6 It
was reported in the study by Do et al. (2020) that higher
biomass productivity was achieved in a semi-continuous mode
for nutrient removal.7 This shows that the microalgae–bacteria
consortium has the potential to enhance both the production
of microalgae-based biofuel and biomass in the future.

This review paper aims to evaluate the fundamental aspects
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feedstock for bioenergy production. Several extended and con-
secutive overviews related to the interaction between micro-
algae and bacteria for bioenergy and biofuel production were
analyzed. In addition, investigations of several suitable techno-
logical methods for converting microalgae biomass into liquid
fuel and gas using biochemical or thermochemical processes
were also comprehensively studied.

Interactions between microalgae and
bacteria

It is obvious that microalgae and bacteria live together and
interact in complex microbial communities in their natural
habitats or industrial processes. Most microalgae and bacteria
form microecosystems in nature, and their growth is influ-
enced by each other in various ways.8 Without their partner-
ship, concerted activities performed by these microbial com-
munities are impossible in many cases.9 Hence, the perception
of bacteria as contaminants in microalgal culture has changed
over the last few years, and the positive effects of interactions
between microalgae and bacteria on growth and flocculation
are promising for algal biotechnology. Despite several studies
conducted on microalgal–bacterial partnerships in the last few
decades, there has been a complete exploration of various
kinds of interactions in the planktonic zone. This is most
likely because of the difficulty of separating partners that are
naturally bound to each other. Additionally, the interactions
between microalgae and bacteria are extremely species-specific
and sophisticated because each alga has a unique
microenvironment.10

Numerous studies have shown that heterotrophic bacteria
have a favorable impact on microalgal development, biomass
composition, cell aggregation and other associated
activities.11,12 An increment in microalgae biomass pro-
ductivity was observed owing to the prevention of exotic and
pathogenic bacteria by growth-promoting bacteria from invad-
ing the microalgae culture.13 The whole range of symbiotic
relationships is covered by algae–bacteria interactions, such as
commensalism, mutualism, parasitism and competition.10 For
commensalism, which only one partner benefits, hetero-
trophic bacteria deliver vitamin B12 for Chlamydomonas rein-
hardtii to use, but they do not take the organic carbon emitted
by the algae.14 However, it has been reported that microalgae
infrequently engage with bacteria via commensalism. More
commonly, their interaction is rooted in mutualism.15 In the
beginning, the interaction between microalgae and bacteria
takes the form of mutualism, leading to mutual benefits.
However, in a subsequent phase, an imbalance could arise as
one of these partners outpaces the other in growth rate, result-
ing in one benefiting more through commensalism. The tran-
sition from mutualism to commensalism is triggered by shifts
in growth conditions.16

An example of mutualism where partners of different
species profit from each other is that bacteria supply vitamins,
nitrogen as well as organic and/or inorganic compounds to the

algal partner, and in exchange, algae provide fixed organic
carbon to the consortia. The mutualistic interaction of bacteria
with microalgae is significant as the bacteria provide a condu-
cive environment for microalgae to produce more carbon
dioxide and eliminate excess oxygen. Moreover, bacteria
supply vitamins (B12, B9, B7/H or B1), trace elements and in-
organic nutrients as well as contribute to the chelators, growth
factors, and phytohormones; for example, auxins and indole
acetic acid that stimulate and promote microalgal growth.17

This kind of exchange between biotic communities plays an
important role in carbon, sulfur, phosphorus (P) and nitrogen
(N) cycling in the ecosystems.18 For instance, microalga gener-
ates cysteine, methionine, and dimethyl sulphoniopropionate
(DMSP) when fixing carbon dioxide through photosynthesis.15

Phaeobacter gallaeciensis can digest DMSP into volatile di-
methylsulfide (DMS) and generate growth promoters as well as
antibiotic compounds to protect microalgae from bacterial
infections.19 Nitrogen-mediated interactions were observed
between heterotrophic bacteria and microalgae because bac-
teria improved nitrogen assimilation in Dunaliella.20

Furthermore, parasitism is where only one species benefits
and causes negative effects on another, and it happens when
parasitic bacteria cause cell lysis of algae and use intracellular
compounds as nutrients. In addition, a healthy kelp can regu-
late bacterial colonization on its surface and possess mecha-
nisms that prevent bacterial overgrowth. Signal transduction, a
type of algae–bacteria interaction, utilizes chemicals for acti-
vating/inhibiting the gene expression or physiological activity
rather than for nutrient purposes, which alter their behaviour
and growth. It has been reported that chemical signals are
secreted by bacteria to induce morphogenesis in algae during
their interactions.21,22 Furthermore, excessive biofilm for-
mation on the macroalgae surface is inhibited by healthy
macroalgae through the secretion of specific chemicals to
prevent bacterial quorum sensing.23 Gene transfer is the hori-
zontal transfer of genes between adjacent microorganisms,
such as algae and bacteria, in phycospheres, which is also
known as an evolutionary process. Some horizontally trans-
ferred genes allow algae to survive better in a changing
environment, such as facilitation of the metabolic response of
the diatom genes to the availability of episodic nitrogen, in
which the diatom genes encode enzymes in the ornithine–urea
cycle (from bacteria).24

Moreover, competition is present, as it pertains to one of
the community relationships within the phycosphere where
neither benefits. First, one group of organisms can lead to a
decrease in another community by depleting nutrients from
the environment, thereby causing nutrient deficiencies. With
the proliferation of algae, they assimilate nutrients and vita-
mins from aquatic environments. If the available nutrients in
the environment fail to meet the requirements of both algae
and bacteria engaged in a mutualistic association, this gives
rise to a competitive dynamic between them.25 For example, P
serves as a crucial element for adenosine triphosphate (ATP)
synthesis in cells, prompting competition between microalgae
and bacteria. Bacteria can use phosphate more efficiently than
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microalgae when cultured in low-phosphate mediums.
Conversely, under phosphorus-rich conditions, microalgae
thrive more than bacteria. Similar competition occurs for N in
water. However, bacterial growth is favoured in high N concen-
trations. Conversely, microalgae exhibit a faster growth rate
than bacteria when N is limited. Another type of competition
is that both microalgae and bacteria can suppress each other’s
growth and potentially even cause each other’s demise
through the release of metabolites. For instance, alginolytic
bacteria, such as Myxobacteria, Pseudomonas, and Vibrio
release cyclin, that are lethal to Microcystis microalgae.25,26

Specific extracellular substances generated by microalgae,
such as soluble amino acids and antibiotics, can exert inhibi-
tory or toxic effects on bacteria and pathogens.27 However,
although algal and bacterial communities strive for consistent
stability and abundance, the mutual suppression of one com-
munity by the other engenders a counter-inhibition pattern.

In brief, various microalgae–bacteria interactions can be
controlled and utilized as a highly helpful tool. Mutualism, for
instance, enhances consortium growth, sewage treatment
effectiveness, and biomass output. The competitive interaction
between these organisms is widely used to maintain a
balanced community structure for wastewater treatment; for
example, the utilization of alginolytic bacteria to manage fresh-
water blooms. The utilization of consortia also helps to tackle
the situation where a single strain can be dead or inefficient
when there is variation in conditions by providing organism
strength against environmental fluctuations, enabling the
stability of species, allowing the sharing of metabolites and
preventing the invasion of undesirable species.8

Simultaneously, certain types of bacteria can stimulate algal
cell aggregation and subsequently enhance the efficiency of
microalgae biomass collection. Microalgal-related bacteria play
a significant role in the flocculation of Chlorella vulgaris by
increasing the floc size to aid in the settling process of micro-
algae.28 The integrated microalgae–bacteria culture is more
efficient than the pure culture of microalgae and may yield a
greater titer of microbial biomass.29

Cultivation of microalgae and bacteria consortia

The process of chemical exchange varies according to species
because the microenvironment around each microalga is
unique. It is also influenced by the environment.17 Microalgae
include both autotrophic and heterotrophic species.
Autotrophic microalgae harness sunlight for photosynthetic
food production, offering potential use in wastewater treat-
ment because of their oxygen supply to aerobic bacteria aiding
in organic pollutant degradation.30 Their photosynthesis also
boosts biomass productivity (although low) and nutrient recov-
ery. Conversely, heterotrophic microalgae thrive in toxic waste-
water and grow well in darkness, displaying robust tolerance to
various environments and utilizing wastewater’s organic
content to produce valuable substances, thus serving dual pur-
poses of wastewater treatment and product, which improves
the effectiveness of wastewater treatment.31 The utilization of
an advanced substrate feed control strategy by Jin et al. (2020)

has enabled the achievement of ultrahigh-cell-density hetero-
trophic cultivation.32 Jin et al. (2021) successfully developed an
efficient and industrially scalable technology for the pro-
duction strain C. sorokiniana GT-1; under optimized culturing
conditions, the substantial starch accumulation ability of
C. sorokiniana GT-1 cells plays a crucial role in achieving ultra-
high-cell density under heterotrophic conditions.33

The main interaction between photosynthetic microorgan-
isms and heterotrophic organisms is the gas exchange cycle,
which is the coexistence of microalgae with bacteria and is
applicable in both open raceway systems and closed systems.3

The metabolite exchange occurs in a symbiotic microalgae–
bacterial relationship based on the bacteria absorbing extra-
cellular organic carbon produced by algae during photosyn-
thesis, as shown in Fig. 1. In exchange, it can (i) promote bac-
terial growth to remove oxygen and create carbon dioxide; (ii)
feed microalgae with nutrients, vitamins, and trace elements;
and (iii) produce growth stimulating factors, chelating agents,
and plant hormones.17,34

To begin the cultivation of microalgae–bacteria consortia,
the isolates were characterized in artificial wastewater to
screen potential strains that thrive in wastewater and treat
wastewater efficiently. Parameters such as biomass titer, nutri-
ent clearance percentage, and chemical oxygen demand (COD)
of the strains were examined. The optimum microalgae–bac-
terial combination is chosen based on its performance in COD
removal efficiency, nutrients, and total biomass titer (TBT).
Finally, by tweaking the process parameters, the TBT of the
optimum combination was further enhanced.35 The reduction
of organic compounds through the synergistic interaction of

Fig. 1 A typical microalgae–bacterial biological association in
ecosystem.
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microalgae and bacteria is even applied in microbial desalina-
tion cells to produce maximum powder density and save up to
1.24 kW h m−3 of power in the net energy output of study.36

Several pathways of the microalgae–bacteria consortium are
listed below.

• Auto-phototrophic mechanisms: microalgae utilize solar
energy directly and perform CO2 fixation for growth.
Microalgae absorb CO2 in the sequence of carboxylation,
reduction and regeneration, which is known as the Calvin
cycle or Calvin–Benson–Bassham (CBB) cycle.37

• Heterotrophic metabolism: microalgae change their
metabolic derivatives in response to changes in organic
carbon sources. Heterotrophs derive their substrate and energy
requirements from organic compounds synthesized by other
organisms. The basic medium composition of heterotrophic
culture is distinguished by the addition of organic carbon
sources. Organic carbon sources include sugars, acetate and
organic acids. This metabolism often enhances the culture
density of biomass along with higher lipid and protein output
bypassing the light constraint observed in auto-phototrophic
metabolism.38

• Mixotrophic metabolism: light energy and inorganic
carbon sources, such as CO2, are used as the main sources,
supplemented by organic carbon sources. The advantage is to
improve the culture density of microalgae and eliminate
photoinhibition. However, this method requires a high cost of
instruments and strict experimental conditions, making it
difficult to be commercialized.39,40

It was found that more lipids accumulated in C. reinhardtii
through co-cultivation with bacteria under nitrogen deficiency
conditions.41 The co-culture led to a 2.4-fold increase in lipid
content, a 5.9-fold increase in lipid synthesis, and a 19.4-fold
increase in lipid productivity compared with axenic micro-
algae. This was due to an increase in the genetic expression
that positively controls lipid metabolism, while the genetic
expression that negatively regulates lipid metabolism
decreased.42 In mixotrophic conditions, the co-culture of
Chlorella minutissima with E. coli generates more starch
(glucose, glycerol, and acetate substrates).43

Harvesting of algal biomass

Microalgae biomass usually comprises a high water content.
Therefore, the removal of water content is essential during
downstream processing. Several methods of harvesting micro-
algae by separating the microalgae biomass from water have
been identified, such as bulk-harvesting methods comprising
flocculation and floatation, natural gravity sedimentation, and
thickening methods, including centrifugation and filtration.44

The bulk-harvesting method usually focuses on the separation
of microalgae biomass from the suspension to retrieve a low
percentage (2%–7%) of solid matter, while thickening is per-
formed to concentrate the slurry.45 These methods are necess-
ary to increase the biomass concentration and lessen the
volume of biomass to be processed. Moreover, the most recent
advanced method for harvesting cultured biomass in waste-
water is ozone flotation by controlling ozone exposition.

Exposure to ozone for more than 19 min resulted in less
efficient collision and adhesion stages in microalgae-bubble
complexes, thereby lowering the recovery of targeted bio-
molecules and microalgae biomass.46

In general, flocculation and sedimentation are commercia-
lized harvesting methods used to extract algae.44 According to
Menegazzo and Fonseca (2019), the sedimentation method
has high energy efficiency even though it is a comparatively
slow process, while the density and size of microalgae cells
regulate the sedimentation process associated with sedimen-
tation velocity.47 Flocculation involves the use of chemicals to
form the aggregation of the microalgae. According to Tan et al.
(2018), the mechanism of flocculation begins when negatively
charged microalgae cells repel each other, resulting in cell sus-
pension.45 However, the addition of metal salts, such as ferric
chloride, causes the charges to turn into a neutral state and
cell aggregation occurs. Coagulants are categorized into
organic and inorganic coagulants. The aluminium-based in-
organic coagulants were used to harvest Chlorella sp. and
Scenedesmus sp. when biodegradable organic coagulants, such
as chitosan, were applied to enlarge the microalgae floc size
(>100 µm) and enhance the settling of microalgae.48 It was
reported that interparticle bridging and charge neutralization
were attributed to the synergistic effect of using inorganic
coagulants and chitosan for dual flocculation, leading to an
improvement of 24 to 57% harvesting efficiency.49

The work on the harvesting efficiency of biofuel-producing
algae can be intensified owing to particular types of bacteria
that can facilitate the aggregation of algal cells.50 Bacteria
produce large polysaccharides or proteins that promote micro-
algae aggregation because the ionisable functional groups on
the algal cell surface deprotonate or protonate based on pH
values, which triggers the surface charge.15 The flocculating
activity increases with an increase in the extracellular poly-
meric substance content released by bacteria.51 Therefore, the
use of bacteria in the aggregation of algal cells is an alternative
approach to chemical flocculation in harvesting microalgae
biomass.

Bacteria-based flocculation, a technique involving the sim-
ultaneous cultivation of microalgae and bacteria, is commonly
referred to direct bio-flocculation. Although the mechanism
varies across different microalgae–bacteria combinations, this
approach appears to be more feasible in industrial-scale appli-
cations.52 The inherent presence of bacteria in wastewater sub-
stantially enhances both the efficacy of wastewater treatment
and the effectiveness of microalgae harvesting; in particular,
92% efficiency of flocculation was achieved in the study of
Nguyen et al. (2019).51 Enhancing harvest efficiency is notably
achieved through the prominent mechanisms of the inherent
bacterial structure, intercellular communication, and the for-
mation of extracellular polymeric substances (EPS) released by
bacteria.52 For example, Vu et al. (2019) found that axenic
Ettlia sp. flocculation was facilitated by small, dust-like EPS
particles operating through a patching mechanism, and a long
filamentous EPS structure created by the bacterial community
additionally enhanced flocculation efficiency through brid-

Tutorial Review Green Chemistry

8938 | Green Chem., 2023, 25, 8935–8949 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 2
0 

d’
oc

tu
br

e 
20

23
. D

ow
nl

oa
de

d 
on

 9
/2

/2
02

6 
2:

29
:4

0.
 

View Article Online

https://doi.org/10.1039/d3gc02228e


ging, ultimately bolstering aggregate integrity by maintaining
a compact EPS structure.53 A study conducted by Li et al.
(2018) demonstrated that the bacterium HSN08, a Micrococcus
genus member, can effectively induce the flocculation of
C. vulgaris biomass through direct contact, with a pivotal role
attributed to cell wall amino acids, highlighting potential
applications for algal biomass harvesting.54 Furthermore, Li
et al. (2019) reported that the bacterial cells of Bacillus sp. y3
and y6 exhibited flocculation activity on C. vulgaris and the
microalgal growth was enhanced for those cultivated in the
recycled BG11 media after harvest of microalgae biomass by
these strains.55 Overall, the introduction of bacteria frequently
necessitates supplementary nutrients, making wastewater an
optimal medium for both cost-effective harvesting and the
establishment of symbiotic bacterial populations.

However, the method of cell immobilization involves immo-
bilizing microalgae and bacteria on specific supports, such as
agar polyacrylamide, carrageenan, and calcium alginate, at
defined ratios to capitalize on bacterial synergy, boosting
biomass yield per unit area while simplifying microalgae har-
vesting; this immobilized algae–bacteria system not only
enhances biomass harvesting but also augments wastewater
treatment efficiency through the microalgae–bacteria consor-
tium system.56 Moreover, sewage and wastewater treatment
using attached growth systems relies on the development of
algal–bacterial biofilms, with a straightforward harvesting
method involving biomass scraping from the systems and
solar energy-assisted drying.57 Despite their cost-effectiveness,
these systems have not yet been widely applied on a large
scale.10

Co-harvesting and separating microalgae and bacteria are
required for the extraction of valuable components, such as
high-value protein amino acids, which can be further pro-
cessed into animal feed, baits, and soil amendments, thereby
maximizing economic benefits. However, the potential risk of

bacterial contamination was alleviated by utilizing the final
biomass for bioenergy production.52

Pre-treatment

The cell wall of algal cells comprises tri-layered frameworks of
hemicellulose, cellulose, algaenan and glycoproteins, making
the process of extracting lipid or producing biodiesel in large-
scale difficult.58–60 Cell disruption is particularly crucial for
releasing more lipids before lipid extraction to maximize the
obtained yield. In addition to mechanical, physical, and
chemical activities, enzymatic processes can also be applied
for cell disruption.61,62 Scientists have discovered that the
enzymes generated by biomass-degrading bacteria can deterio-
rate and destroy the algae cell walls and their inner com-
ponents, thereby promoting the release of lipids. The conven-
tional method for pretreating algae biomass is shown in Fig. 2.

Several algicidal bacteria are yet to be identified; however,
those identified are lytic to phytoplankton. These algicidal bac-
teria generally follow coccolithophores, Phaeocystis spp., algal
blooms of diatoms, as well as quite often poisonous dinofla-
gellates and raphidoflagellates.63 Although these bacteria may
interact with freely floating algae, it is likely that active algici-
dal metabolite excretion would only be a viable technique at
high cell densities. The majority of known algicidal bacteria
are Alphaproteo bacteria, Bacteroidetes or Gammaproteo
bacteria.64,65 Preliminary research suggests that particle-associ-
ated bacteria have a lower host specificity and a higher hit rate
than free-living bacteria, but comprehensive screening is cur-
rently lacking.66 This is consistent with the finding that these
microbial interactions are based on nutrient shuttling between
algae and bacteria. For the synthesis of algicides, high nutrient
availability is required to be present in the phycosphere.
Algicides are frequently released at high cell densities under
optimized culture conditions in laboratory circumstances.67,68

Fig. 2 Pretreatment of algae biomass.
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Microalgae–bacteria consortia in the
conversion process and biofuel
production

Biodiesel has been proposed as a potential replacement for
fossil fuels owing to its high oxygen ratio and good combus-
tion properties.69,70 Corn, rapeseed, soybeans, sunflower, jatro-
pha and oil palm are the most common sources of traditional
biodiesel and are cultivated alongside food crops.
Consequently, their long-term significance as a source of
global energy is limited.71–73 Microalgal biomass is a viable
feedstock for the synthesis of lipids and elevated compounds,
such as pharmaceuticals and cosmetics, with the leftover
biomass being utilized for bioenergy production via anaerobic
digestion or hydrothermal liquefaction to bio-crude oil.74,75

After concentrating the biomass, thermochemical liquefac-
tion, solvent-aided methods or ultrasonic techniques were
applied for the oil extraction. The conversion of microalgae to
biofuels was done through a biochemical or thermochemical
conversion process. Biogas, bioethanol and biodiesel are gen-
erated through biochemical conversion, whereas syngas and
bio-oil are produced through thermochemical conversion.76 A
specific strain of microalgae produces specific types of bio-
fuels. For example, Schizochytrium sp. and Haematococcus plu-
vialis, known as lipid producers, are suitable strains used to
produce biodiesel.77 Similar reports have also demonstrated
that Spirogyra sp. yielded a higher biomass (after oil extraction)
compared to Oedogonium sp.78 The carbohydrate and protein
analyses might be useful in determining which type of micro-
algae consortia can be utilized for different biofuel pro-
ductions. For example, in anaerobic dark fermentation, carbo-
hydrate concentration is exactly proportional to hydrogen pro-
duction.79 Moreover, the protein and lipid content of micro-
algae might be directly converted to methane and biodiesel;
new research has shown that lipid-extracted biomass can be a
viable feedstock for increasing methane production.80

Microalgal biodiesel

Transesterification is the process of biodiesel production from
microalgal biomass. It is estimated that the conversion of tri-
glycerides or oil to biodiesel is up to 98% as a substitute fuel
for diesel engines.81 This process occurs when triglycerides
react with mono-alcohol in the presence of acidic-, alkaline- or
enzymes-based catalyst to produce a mixture of fatty acid
methyl ester (FAME) and glycerol.82 Tan et al. (2018) reported
that microalgae and vegetable oils are incompatible for direct
usage in diesel engines owing to their high viscosity compared
to diesel and gasoline.45 Hence, the conversion of vegetable
and microalgae oil to FAME is necessary through a transesteri-
fication reaction.

Chia et al. (2018) found that some conditions can be
applied to enhance feedstock conversion or to make the
alcohol phase more miscible.83 From an economic perspective,
wet algal biomass is suggested to be used directly for trans-
esterification to eliminate dewatering costs. One of the factors

known to induce high lipid content is strain isolation.84

However, researchers have also analyzed the use of Chlorella
vulgaris in the transesterification process, where the lipids
were heated to 48 °C before reacting with the methanol and
the catalyst, NaOH. Hence, FAME and glycerol contents were
20 times greater than the initial lipid weights.

The interaction of algae and bacteria has the potential to
enhance the production of biodiesel. Yao et al. (2019) reported
that a total increase from 2- to 6-fold was observed in the
growth of biomass and doubled the natural lipid content com-
pared to the axenic growth observed in the symbiotic relation-
ship between Auxenochlorella protothecoids and E. coli.4 The
total lipid content of biomass grown with various leachate
spike ratios was in the range of 14.5–20.8%, which was lower
than the highest value of 30% reported on Chlorella species in
a previous work.85 The bacteria element in the microalgae–bac-
teria consortium could be one of the primary reasons nega-
tively affecting lipid accumulation in algal cells, thereby limit-
ing the total lipid content of the biomass.86

However, size and cost are primary industrialization bottle-
necks, and there is a fundamental conflict between oil content
and growth rate that must be addressed to obtain high oil
output, which is also the most significant technological
obstacle faced in microalgae and bacterial bio-oil
production.87,88 The procedure for improvement is as follows:
(1) obtain highly efficient engineered algae by genetic engin-
eering, (2) efficient and low-cost cultivation of microalgae on a
large scale, (3) recycling waste, and (4) biological refining. The
cultivation of microalgae–bacteria consortia using wastewater
can recycle the waste and minimize the overall cost of cultiva-
tion, where significant lipid yield can be obtained from the
studies listed in Table 1.

Biohydrogen

Biohydrogen, which is derived from carbohydrate content in
biomass through bio-photolysis or dark fermentation reaction,
has attracted significant attention because it is a type of renew-
able energy, and there is the release of a large amount of
energy per unit weight in combustion without the emergence
of CO2. Hence, the conversion of biohydrogen to electricity by
fuel cells can be done effortlessly.1

Some photosynthetic microorganisms, such as
C. reindhardtii, have developed the ability to utilize light
energy to emit hydrogen gas produced from water.47 This is
the mechanism of bio-photolysis. Behera et al. (2019) stated
that microalgal biomass produced from Anabaena sp. and
Scenedesmus obliquus could be utilized directly as a substrate
for dark fermentation to produce biohydrogen.89 According to
Hankamer et al. (2007), certain types of green algae and cyano-
bacteria have developed the ability to exploit solar energy for
the extraction of protons and electrons from water through the
water-splitting reaction of PSll.90 Afterwards, these protons
and electrons are recombined by a chloroplast hydrogenase to
form molecular hydrogen. Moreover, these researchers
explained the use of H2 as one of the biofuels in the US, the
European Union and Japan, as these countries have already
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started constructing H2 fuel stations and developing H2 fuel
cell-powered cars.

The types of microalgae–bacteria consortium and cultiva-
tion media used for the hydrogen production are listed in
Table 2 along with the hydrogen yield obtained. Differences in
hydrogen yield were observed using different types of bacteria,
and similar types of microalgae and culture medium were uti-
lized in the study by Fakhimi & Tavakoli, 2019.98 With mixed
cultures of bacteria,99,100 optimized condition allows the
hydrogen yield to be obtained up to 4700 mL L−1 for the first

study and around 150 mL H2 L−1 d−1 for the second study.
According to Yao et al. (2019), it was found that some species
of bacterial symbionts, Brevundimonas sp., Leifsonia sp., and
Rhodococcus sp. improve the bio-hydrogen production of the
microalgae, Chlamydomonas.4 The bacterial respiration per-
formed by bacterial symbionts in eliminating oxygen is of
utmost importance to activating the Fe-dependent hydroge-
nase in Chlamydomonas.4 It has also been reported that the
synergistic cooperation of the microalgae–bacteria consortium
is advantageous in converting solar energy into electricity in

Table 1 Lipid production using different types of microalgae–bacteria consortia

Type of algae Type of bacteria
Culture
media Biomass concentration Lipid content Lipid yield Ref.

Chlorella
pyrenoidosa

Ammonia-oxidizing strain
FN5 (Kluyvera genus)

Municipal
wastewater

0.35 g L−1 39% 0.14 g L−1 91

Scenedesmus sp. Azospirillum brasilense N-deficient
media

103 mg L−1 Total fatty acid: 51.4% — 92

Algae consortium Rhodobacter sphaeroides,
Rhodococcus

Treated dairy
effluent

2.3 g L−1 42% 501 mg g−1 93

Chlorella sp. MA1,
Coelastrella sp. KE4

Advenella sp., Arcobacter sp.,
Bacillus sp., Staphylococcus
sp.

Swine
wastewater

Chlorella sp.: 6.27 g
L−1, Coelastrella sp.:
7.63 g L−1

Chlorella sp.: 10.63%,
Coelastrella sp.:
16.23%

— 94

Chlorella
sorokiniana

Streptomyces
thermocarboxydus

Cassava
wastewater

2.11 g L−1 under steri-
lized wastewater

54.11–61.52%
saturated fatty acids

— 95

Chlorella sp.
GZQ001

Lysinibacillus sp. SJX05 Biogas slurry 113.3 mg L−1 d−1 — 19.2 mg L−1 d−1 96
FAME: 3.7 mg L−1

d−1

Scenedesmus
obliquus

Bacillus megaterium Biogas slurry 50 mg L−1 d−1 22.06–30.32% 12.27–15.32 mg
L−1 d−1

97

Table 2 Hydrogen yield produced using different types of the microalgae–bacteria consortium

Type of algae Type of bacteria Culture medium
Hydrogen
yield Remarks Ref.

Chlorella vulgaris Activated sludge bacteria Z-medium 1246 mL L−1

gas volume
Hydrogen obtained with least
57 mL O2 per L during 6 days
of incubation

106

Chlorella vulgaris
MACC360

Sludge from beer brewing
factory (with reduced
methanogenic Archaea)

Non-diluted dark fermentation
effluent

154 mL H2
per L per d

Condition: 100% effluent
concentration with 5%
microbial and 10% Chlorella
inoculum

100

Chlamydomonas
reinhardtii

Escherichia coli Tris-acetate-phosphate 24% Produce hydrogen at low light
intensity

98
Pseudomonas stutzeri 46%
Pseudomonas putida 32%

Mineral-deprived
Chlorella sp.

Mixed cultures of
Rhodobacter sp. and
Rhodopseudomonas palustris

Hydrogen evolving cocktails 4700 mL L−1 Culture medium: 10%
phosphate buffer, 10% early
log phase bacteria containing
algal supernatant

99

Chlamydomonas sp.
and Scenedesmus sp.

Escherichia coli (a pleiotropic
hydrogenase mutant strain)

Tris-acetate-phosphate 1.52 mL H2
L−1

Reduced O2 level from 21% to
4% in 2 h with addition of
E. coli and acetate

107

Chlamydomonas
reinhardtii

Methylobacterium oryzae Minimal mineral medium without
nitrogen source supplemented
with NH4Cl, potassium acetate,
ethanol and methanol

33 mL L−1 Biomass generation: 1.22 g
L−1 d−1

108

Inhibitory occurs if the
medium is only supplemented
with ethanol

Chlamydomonas
reinhardtii

Pseudomonas putida Tris-acetate-phosphate 40.8 mL H2
L−1

Enhanced capacity to prolong
the hypoxia phase (favoring
the H2 production phase)

109

Chlamydomonas
reinhardtii

Escherichia coli Tris-acetate-phosphate 35.1 mL H2
L−1

60% more H2 production
when co-cultures sup-
plemented with glucose

109
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microalgal fuel cells (MFCs) consisting of G. sulfurreducens
and photo-grown microalgae cells.50

The produced biohydrogen has to be handled carefully
owing to its inflammability. It can be stored via geological
storage, which is stored under compressed or liquefied con-
ditions using large and highly pressurized containers, and
material-based storage. Geological storage is one of the cost-
effective options in which biohydrogen is restricted to salt
caverns.101 A company that stores biohydrogen using such a
technique is Mitsubishi Power, where the salt caverns are con-
structed deep underground with a diameter of 67 m and a
height of 580 m.102 In the case of storing in pressurized con-
tainers, biohydrogen has to be compressed or liquefied or can
be both compressed and liquefied (to achieve a significant
reduction in hydrogen volume after compression). However,
the storage cost for storing in containers is high due to the
complex process, in which the gas has to be cooled to −253 °C
and maintained at such a low temperature for liquefied biohy-
drogen. For material-based storage, several types of elements,
such as palladium, aluminium, and magnesium, are suggested
for their potentiality as they can react with or absorb biohydro-
gen. Ammonia is proposed as a carrier because of its conven-
ience in storing and transporting, with the additional advan-
tage of its higher energy density compared to liquefied biohy-
drogen.102 However, the development of ammonia as a biohy-
drogen carrier is still at an early stage and requires deeper
study to improve its conversion rate.

The drawback of using microalgal biomass as feedstock is
that microalgae contain a considerable amount of protein,
which is less conducive to hydrogen production than carbo-
hydrates. An ammonia buildup can occur in the fermentation
system owing to protein-rich substrates, which can be harmful
to hydrogen-producing bacteria. Another issue is the decompo-
sition efficiency influenced by insufficient carbon, which
varies from the ideal C/N ratio.103,104 These issues can be
solved by co-digesting microalgal biomass with other sub-
strates and optimizing the C/N ratio of the substrates.105

Bioelectricity
Microalgal–bacterial bioelectricity

New developments in MFCs have opened up numerous possibili-
ties for generating bioelectricity through microbial metabolism.
MFCs are devices that create clean bioelectricity through a bioca-
talytic process performed by electrochemically active microorgan-
isms, such as bacteria or yeast.110 Most oxygen generating bio-
active microalgae can be used in the place of bacteria-assisted
MFCs, while the photosynthetic performed by microalgae offers
electrons to produce current on the anode of the MFCs, and the
O2 produced acts as a long-term electron acceptor on the
cathode. Microalgae-based MFCs have shown encouraging out-
comes in terms of electricity generation and energy consumption
compared to bacteria.111

MFCs can convert the chemical energy held in the organic
matter of biomass into electrical energy. MFCs commonly

comprise a cathode acting as the positive pole, an anode
acting as the negative pole, and an electrolyte; an ion exchange
membrane may be included to separate the anodic and catho-
dic compartments. The oxidation of organic substrates is
carried out by the microorganisms in liquid or those adhered
to as biofilm. End products, such as protons, electrons, and
other metabolites, are produced in the anodic chamber. A
range of organic substrates, such as sugar acetate, alcohols,
organic compounds and wastewaters, are required by MFCs in
their most basic form.112 Protons pass via a separator/ion
exchange membrane to react with electrons and subsequently
reduce O2 into water. The electrons produced in the oxidation
process flow through an external circuit for current
generation.113

MFC is a cutting-edge technology known for its compatibil-
ity with low-cost substrates and high efficiency without
external energy application under low-temperature
conditions.114,115 The environmental toxicity of MFC, the final
electron acceptor’s availability at the cathode and the cost of
electrodes are the challenges to be addressed. These chal-
lenges could be tackled using bio-electrolytes, in which an oxy-
genator organism is involved in the biocathode chamber to act
as the final electron acceptor and aid in reducing the costs.111

Many bacteria and yeast species can degrade biomass at
anodic MFCs, including microalgae. Microalgae consist of pro-
teins, carbohydrates, and lipids.116 These components are
believed to be high-energy compounds that can release
sufficient electrons to generate bioelectricity in MFCs. The
treated algal biomass has previously been shown to be suitable
for bioelectricity output.117 Microalgal-assisted MFCs rely on
autotrophic microalgae that utilize photosynthesis for the con-
version of solar energy to electricity. Microalgae can be applied
either as an electron acceptor at the cathode or as an electron
generator at the anode by consuming the O2 produced from
photosynthesis.111,118

Photosynthetic microbial fuel cells (PMFC)

An implanted algal-assisted photosynthesis microbial fuel cell
(PMFC) comprise an anode and cathode, where the first is
inoculated with bacteria consortium and the latter is micro-
algae. Both chambers are separated by an ion exchange mem-
brane. The cathode analyte is the culture media for micro-
algae, and the electrons are produced in the anode chamber
by organic matter generated from the replacement sample
water of microorganisms. O2 is generated in a PMFC by photo-
synthesis performed by Chlorella sp., and the electrons are
transferred via an external circuit to produce bioelectricity.119

The results showed that Chlorella sp. grew well when it was
grown in an MFC cathode chamber.

Several parameters have been investigated owing to their
effects on PMFC performance, biomass yield, and power gene-
ration. One of the parameters is the type of electron donor uti-
lized in the PMFC. It was reported that the application of
sodium acetate as an electron donor allowed higher maximum
power and voltage output than glucose as an electron donor,
with a total amount of 1.8 g L−1 biomass obtained for the
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PMFC using sodium acetate.120 As the distribution and charac-
teristics of microbiota are closely related to moisture, an
appropriate operating temperature may significantly increase
the survival of electrogenic bacteria and affect their dynamic
and thermomechanical properties. A power density of
2572.8 mW m−3 was reported at a temperature of 25 °C, which
agrees with the statement of Muñoz and Guieysse regarding
the increased activities of microalgae within temperatures
ranging from 25 °C to 30 °C.121,122 Light is also an important
environmental factor in photosynthesis. Various studies have
shown that increasing light intensity subsequently increases
the PMFC power, which promotes photosynthetic activity and
oxygen production for the PMFC cathodic reaction. Hence, a
higher voltage output is obtained.119

In general, bacteria can survive only within a particular pH
range. Microorganisms are inhibited if their growth, reproduc-
tion, and metabolism are performed beyond that particular
pH range, while the properties of energy generation are better
in an acidic environment. However, the value of PMC anode
fluid changes throughout the development, reproduction, and
metabolism of microorganisms owing to the breakdown of
organic matter and the creation, and accumulation of products
and intermediates in the anode liquid.

Roles of the microalgae–bacteria
consortium in the circular economy

The current climate condition, pollution severity, and resource
depletion have alerted the world to design a sustainable
system to overcome the aforementioned issues, and the circu-
lar economy is the designed closed system to restore and stop
further damage to the biotic and abiotic components of eco-
systems. Circular economy is noticed as a solution owing to its
principles, which eliminate waste and pollution, circulate pro-

ducts and materials (at their highest value) and regenerate
nature. The circular economy aims to minimize the usage of
raw materials, eliminate the application of toxic chemicals,
replace them with renewable materials, and terminate waste
generation. Microalgae–bacteria consortia play an important
role in the circular economy through the consumption of
nutrients, biomass as the feedstock of bioenergy production
and the remaining can be utilized as fertilizers, as shown in
Fig. 3.

In the concept of the integration of wastewater treatment
and energy production, wastewater is treated without additives
and extra steps (e.g. adsorption, ion exchange or membrane fil-
tration) for heavy metal removal in a low-cost and eco-friendly
method. The wastewater treatment performed using the micro-
algae–bacteria consortium is biosorption. The bacteria aid in
the settling efficiency of biomass to facilitate the convenience
in harvesting the biomass, while the nutrient uptake for the
growth of microalgae–bacteria consortium removes the “pollu-
tants”, such as P, nitrate and trace metals, and serves as waste-
water treatment while growing the biomass for energy pro-
duction. The mechanism of biosorption involves a passive
process that is independent of energy sources and is predomi-
nantly performed by microalgal cells. It occurs through inter-
actions, including molecular forces, electrostatic forces and
covalent bonding.123 Another mechanism involved is bioaccu-
mulation, which begins with biosorption on the surface of the
microalgal cell wall. It is driven by energy from the microalgae
and enzymatic reaction to stimulate bioaccumulation, biosedi-
mentation and biotransformation in the cell bodies.124 Open
systems, such as a high-rate algal pond (HRAP) or raceway
pond, can be utilized for wastewater treatment, and a settling
tank can be included for sediment removal. The high
efficiency of productivity and harvesting was enhanced using a
combination culture system. A study by Rodrigues et al. (2020)
reported that the hybrid system combining the closed system

Fig. 3 Role of microalgae-bacteria consortium.

Green Chemistry Tutorial Review

This journal is © The Royal Society of Chemistry 2023 Green Chem., 2023, 25, 8935–8949 | 8943

Pu
bl

is
he

d 
on

 2
0 

d’
oc

tu
br

e 
20

23
. D

ow
nl

oa
de

d 
on

 9
/2

/2
02

6 
2:

29
:4

0.
 

View Article Online

https://doi.org/10.1039/d3gc02228e


(biofilm reactor) for algal biomass production and the open
system (HRAP) for effluent treatment has a higher efficiency in
harvesting biomass, and the biomass productivity is 2.6 times
better than the conventional system.125 An additional advan-
tage is the activity of bacteria towards the degradation of anti-
biotics, and other pollutants can be enhanced and improved
through the symbiotic relationship.124 Treated effluent can be
released back into the environment without harming living
things and even used for irrigation, while biomass flocs are
subjected to anaerobic digestion for biogas production. It is
noteworthy that the flocs/solid sludges are not removed from
the integration system, but they are used as raw materials for
biogas production, and the digestate can finally be used as
compost or fertilizer. Using digestate as fertilizer is safer than
using synthetic fertilizer because the digestate possesses less
toxicity and is natural in nature. The generated energy can be
used to power the plant that grow the microalgae–bacteria con-
sortium as well. A study has reported that the use of immobi-
lized microalgae-activated sludge bacterial symbiosis inte-
grated with ozone pretreatment allows enhanced bio-
degradable efficiency and good phosphorus removal
efficiency.126 Biomass flocs can be utilized for lipid extraction
to convert the extracted lipid into biodiesel or subjected to bio-
molecule extraction for valuable components, such as natural
pigments or nutraceuticals.127 By minimizing the pollutants
released into the environment using the microalgae–bacteria
consortium, green nature is believed to be restored with
proper handling of waste and effective production of renew-
able energy aids to overcome the depletion of energy sources.

The concept of a circular economy is an ideal case for treat-
ing wastewater and generating bioenergy simultaneously, with
the aforementioned advantages. However, the development of
technology is immature or not established compared to
conventional techniques, which may require a higher cost for
the overall process. In addition, the economic analysis is sig-
nificantly varied depending on the cultivation condition, the
type of consortium involved, harvesting expenditure, cultiva-
tion mode, transportation, etc. It is reported by Chia et al.
(2021) that the production costs of microalgae biomass, bio-
oil, bio-crude oil, green diesel, hydrocarbon and methane vary
depending on the cultivation systems used and subsequently
lead to different yields obtained in the approach of circular
economy.128 The production cost considers capital cost and
operational cost, in which the harvesting cost is reported to be
around 20–40% of the total cost.129 The high contribution of
harvesting costs is a major challenge due to the dewatering
process of biomass.

The capital cost for a closed system in obtaining only micro-
algae biomass ranges from $94 356 to $1675k per year, while it
costs around $1.2M to $3001M for open systems.128 From the
cost reviewed, the low capital cost of the closed system does
not lead to a low price of production cost, but a higher pro-
duction cost is observed owing to the low productivity capacity.
Factors affecting cost, including the location, cultivation
system, the areal productivity of the biomass and the pro-
duction capacity. However, the incorporation of wastewater

into the system might lower the price of algal biomass. In the
analysis conducted by Feng et al. (2011), the production cost of
biomass can be deducted to around $231 if wastewater treat-
ment accounts for credit.129,130 The utilization of wastewater
may reduce the usage of fresh water and the consumption of
commercial fertilizers, which leads to reduced overall cultiva-
tion costs. With the aid of bacteria, the settling efficiency of
biomass is enhanced, allowing for the efficient recovery of
biomass. For products such as bio-oil, hydrocarbons or green
diesel, further cost is required after harvesting the biomass to
extract the desired components from the harvested biomass.
The cost is subjected to the type of extraction technique;
hence, further study is required to estimate the overall cost.
The production cost for bio-oil is $1.75 L−1 for microalgae cul-
tivated in a raceway pond (open system) and $1.85 per gallon
for a multi-layer photobioreactor (closed system).131,132

Challenges and future prospects

Microalgae-bacterial biotechnology is one of the components
of modern biotechnology, and its main research object is
single-celled microalgae.133,134 Since the large-scale production
of Chlorella in Japan in the 1960s, microalgal–bacterial bio-
technology has reached its initial scale and has shown great
potential through development in recent decades.135 In the
context of rising fossil energy prices and global warming
caused by excessive greenhouse gas emissions, research on
microalgal and bacterial biotechnology has attracted great
attention around the world.136

There are several enduring areas of limited understanding
concerning algal–bacterial wastewater treatment. The basic
work of the microalgae biotechnology industry is to obtain
high-quality algae species. However, basic biological research
on microalgae is the prerequisite for obtaining high-quality
algae species. It is estimated that there are hundreds of thou-
sands or more microalgal species around the world, but only
35 000 of them have been discovered and documented.137,138

In addition, the basic biological research of known microalgae
species is very backward, and effective technical means to
improve the quality of microalgae are still very scarce.139

Although Chlamydomonas rheiniscens has been used as a
model species for photosynthesis studies globally, and the
whole genome has been sequenced, there is little in-depth
research on the species that can be used for microalgal bio-
technology development.140,141 The foremost concern involves
managing microbial communities, which presents a signifi-
cant obstacle to the widespread implementation of micro-
algae–bacteria consortia systems for large-scale wastewater
treatment. The interactions between microalgae and bacteria
are intricate, with limited molecular-level insights currently
available. Enhanced comprehension of these interactions
could equip engineers with novel means of manipulating
these communities effectively. Future research also needs to
transcend mere application-oriented approaches and delve
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into elucidating aspects, such as metabolite exchange, enzy-
matic reactions, biochemical pathways, and gene expression.

Even though numerous published studies on specific appli-
cations of algae–bacteria consortia for biomass generation
and/or wastewater treatment exist, the available information
about microalgae–bacteria consortia in wastewater contexts
remains rudimentary and limited primarily owing to the intri-
cate interplay of biological and non-biological factors within
wastewater environments. Limited comprehensive knowledge
is available regarding how microalgae and bacteria react to
intricate variations in conditions as well as to the microbial
communities naturally present in authentic wastewater
environments, especially in scenarios where algae are cultured
for biofuel generation alongside nutrient recovery.142

Additionally, the complexities of operational parameters,
including factors such as inhibition or light constraints, pH,
temperature, microalgae–bacteria interactions, hydraulic reten-
tion time (HRT), and dissolved oxygen levels, often exhibit sig-
nificant deviations from controlled laboratory settings.
Therefore, conducting pilot studies is recommended to
examine the complexities of contaminants under multifaceted
environmental conditions.

The engineering technology foundation of the microalgal–
bacterial biological industry is weak. Compared with the
industrial microbial fermentation culture, the technical facili-
ties of the microalgal–bacterial industrial culture are not
mature. At present, the main facility for the large-scale culture
of microalgae and bacteria is the racetrack culture tank.134,143

The disadvantages of a racetrack culture tank are its low yield
per unit area and an open culture environment, causing the
microalgal bacteria culture to be easily contaminated by other
organisms (such as rotifers) during cultivation. One effective
strategy to improve yield is to ensure that there is a minimal
possibility of biomass sedimentation by reducing the presence
of dead zones and the residence time of the biomass in
different sections of the reactor. The implementation of strat-
egies such as baffle partition design, adjusting rotational vel-
ocities of mixing devices, and maintaining an ideal flow
regime can lead to improved reactor performance and higher
yields.144

In general, the incorporation of organic substrates and the
need for sterilization to counteract resource competition from
other microorganisms in wastewater pose a constraint in
adopting heterotrophic cultures for wastewater treatment and
biomass generation, with the associated expenses rendering
the process economically unfeasible.145 Glucose has been
introduced as an organic carbon source in most heterotrophic
cultures documented in the existing literature. For example,
cultivating C. vulgaris in wastewater supplemented with
glucose and sodium acetate (NaAc) resulted in high biomass,
lipid, and carbohydrate productivities, surpassing those
achieved under photoautotrophic conditions. The higher
biomass productivity also correlated with improved nutrient
removal in glucose and NaAc-enriched wastewaters.
Interestingly, unlike glucose and NaAc, protein in wastewater
did not notably impact C. vulgaris growth and nutrient

removal.146 Glucose can be derived from cost-effective sources,
such as lignocellulosic biomass, which serves as a secondary
feedstock for biorefineries. Other cost-effective alternatives
involve utilizing industrial waste products and waste fluids,
including diverse wastewater forms, as nutrient sources to
replace traditional nutrient media, thus enabling economical
and environmentally sound support for algae growth.147

Microalgal–bacterial consortia offer an alternative approach by
employing non-sterile microalgae heterotrophic processes to
treat wastewater with high concentrations of organic matter,
leading to reduced operational demands such as illuminated
cultivation areas compared to phototrophic cultures reliant on
light as well as the requirement for an external organic
substrate.145

Despite several benefits associated with suspended microal-
gal–bacterial consortia, challenges persist because of the com-
plexities involved in effectively separating and harvesting dis-
persed microalgal biomass to achieve satisfactory effluent
quality. Moreover, the low biomass concentration of micro-
algae in the culture medium and the small individuals require
complex biochemical engineering operations to enrich and
harvest the microalgae biomass, subsequently increasing the
production cost of microalgae biomass.148 The absence of
such an effective harvesting solution constitutes a significant
obstacle to the industrial adoption of algal-based wastewater
treatments. In current practices, the harvesting process is sim-
plified and involves an initial flocculation step succeeded by
filtration through methods such as membrane, ultrafiltration,
centrifugal sedimentation, or gravity settling.149 Although
certain researchers have attempted to overcome this constraint
through the implementation of diverse biomass retention
methods (such as biomass immobilization and membrane bio-
reactors), there remains a need for further research in this
area. It has been suggested to prioritize the advancement of
biofilm-based cultivation techniques, aiming to immobilize
microalgae and bacteria onto specific solid substrates, thereby
reducing the potential for contamination risks.150

The microalgal–bacterial biotechnology industry has advan-
tages in the development of high-value-added products, but it
lacks competitiveness in the areas of low-value-added food,
feed and agriculture.151,152 Microalgal–bacterial biotechnology
is mainly oriented to the fields of energy, environment, food
and medical health. In the field of energy, microalgae and bac-
teria are expected to become the feedstock of the third-gene-
ration biofuel after bioethanol of food crops, cellulosic
bioethanol and biodiesel of land crops.153,154 From the
environmental perspective, microalgal–bacterial has the poten-
tial to significantly reduce greenhouse gas emissions and has
broad application prospects in treating domestic and indus-
trial sewage.155–157 Moreover, the production of bioplastics is
possible using carbohydrate and protein-based polymers from
microalgae that can further reduce the generation of synthetic
plastics and lighten the environmental burden.158 In the food
industry, microalgal–bacterial has the potential to provide
many food additives, such as monocellular proteins, vegetable
oils, carotenoids and omega-3 long-chain unsaturated fatty
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acids.159,160 In the field of medicine and health, the search for
new antibiotics, anticancer and antiviral drugs from micro-
algae–bacterial biological resources is often reported.161

Conclusions

Microalgae are still the focus of ongoing research arguments
because they are economically viable. The accessibility and
feasibility of microalgae are the key attributes that are much
preferred compared to other types of feedstock in biofuel pro-
duction. The microalgae–bacteria consortium is complex but
beneficial to their growth and biotechnological outcomes.
Microalgae–bacterial flora can serve as a powerful biological
system that survives under varied cultivation settings and
nutrient availability owing to their various metabolic activities
and tolerance to harsh environmental conditions. Increasing
the demand for microalgae in industrial applications will be
the key factor in developing the integration of bacteria, par-
ticularly microalgal production processes. Numerous studies
are needed to explore the potential applications of microalgae,
and further investigations of high-value-added products must
be performed for higher revenues. As a suggestion for further
studies, the integration of microalgae cultivation systems and
wastewater treatment should be performed to minimize the
water and carbon footprint as well as enhance the financial
income of biomass production for biofuel production and
wastewater treatment.
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