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ARTICLE INFO ABSTRACT
Keywords: Microalgae are promising organisms that are rapidly gaining much attention due to their numerous advantages
Microalgae and applications, especially in biorefineries for various bioenergy and biochemicals. This review focuses on the
Sustainability

microalgae contributions to Bio-Circular-Green (BCG) economy, in which zero-waste approaches for sustainable
production and biorefineries of microalgal biomass are introduced and their possible integration is discussed.
Firstly, overviews of wastewater upcycling and greenhouse gas capture by microalgae are given. Then, a variety
of valuable products from microalgal biomass, e.g., pigments, vitamins, proteins/peptides, carbohydrates, lipids,
polyunsaturated fatty acids, and exopolysaccharides, are summarized to emphasize their biorefinery potential.
Techno-economic and environmental analyses have been used to evaluate sustainability of microalgal biomass
production systems. Finally, key issues, future perspectives, and challenges for zero-waste microalgal
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biorefineries, e.g., cost-effective techniques and innovative integrations with other viable processes, are dis-
cussed. These strategies not only make microalgae-based industries commercially feasible and sustainable but
also reduce environmental impacts.

1. Introduction

Due to the energy crisis and global environmental protection,
replacing fossil fuels, which are not sustainable and also emit green-
house gases (GHG), with renewable, sustainable and cleaner alternatives
should be of immediate concern. Furthermore, using agro-industrial or
agricultural wastes as feedstocks for production of renewable bioenergy
may ensure sustainability and simultaneously reduce environmental
impacts (Machineni et al., 2020). Zero-waste biorefinery refers to the
sustainable use of natural resources for a variety of commercial com-
modities and energy with the least amount of or no emissions and waste.
In the circular bioeconomy, wastes constitute a crucial element of bio-
refineries, where prospects for reuse, recycle, and reproduce, should be
practical. Therefore, the key technologies and pathways for conversion
of these wastes should be developed. Zero-waste biorefineries have
become an attractive alternative for creating renewable biofuels and
other biobased products such as biochemicals and biopolymers.

Microalgae have emerged as an environmentally friendly bioreme-
diation for agro-industrial wastewater and CO; in industrial flue gas,
and as biofuel and biochemical feedstocks. The use of wastewater and
CO; in flue gas contributes to not only economical production of
microalgae-based biofuels and biochemicals but also reduction of
environmental impacts as microalgae have an ability to upcycle nutri-
ents from wastewater, mitigate CO,, and release oxygen (Mustafa et al.,
2021; Cheirsilp and Maneechote, 2022). Added to the fact that micro-
algae have about 20-fold higher photosynthesis efficiency than that of
terrestrial plants/crops, they are also great sources of renewable bio-
energy, and their biomass may be used to create numerous high-value
bioproducts. The crucial stages of a zero-waste microalgal biorefinery
include upstream and downstream processing steps. The upstream
processing step involves production of microalgal biomass, where nu-
trients, light, water, and CO5 are required. The usage of wastewater as
nutrient sources, natural sunlight, and industrial flue gas could much
lower the cost of upstream processing. In addition to nutrient sources,
other significant environmental factors include salinity, light intensity,
photoperiod, temperature, mixing and mass-transfer. These factors in-
fluence the enzyme activities necessary for microalgal photosynthesis
and growth, and the accumulation of biochemicals.

It has been revealed that when microalgae are exposed to various
stress conditions, they can adapt themselves by accumulating various
macromolecules, namely proteins, lipids and carbohydrates at certain
levels (Toledo-Cervantes et al., 2018; Qiu et al., 2020; Li et al., 2021).
Several cultural stresses, including extreme temperature, high salinity,
and illumination with high light intensity, likely slow down their
metabolism and reroute surplus carbons to the synthesis of storage
substances, which are mostly starch or lipids depending on the species.
Most oleaginous microalgae respond to cultural stress conditions by
increasing their lipid content and some valuable biochemicals such as
exopolysaccharides and pigments (Maneechote et al, 2021). The
downstream processing steps include harvesting, extraction, purifica-
tion, and applications as valuable products (Koyande et al., 2019a).
These procedures are expensive, time-consuming, and complicated. The
processes for separation of numerous valuable components in microalgal
biomass need to be practical and scalable due to the economic burden
incurred by the cost of these downstream processes.

The microalgae contribution to the Bio-Circular-Green (BCG) econ-
omy requires sustainable production of microalgal biomass, protection
of environment, reducing wasting of resources, and green technologies
during processing steps in the upstream and downstream. This review
proposes the role of microalgae that contributes to the BCG economy by

summarizing the microalgae-based zero-waste approaches and zero-
waste biorefineries of microalgal biomass. Firstly, overviews of waste-
water upcycling and CO2 capture by microalgae and a variety of
microalgae-based products are introduced in order to pave the way for
the integrated processes of using microalgae for waste treatment and
production of microalgal biomass as feedstocks for valuable products.
The zero-waste microalgal biorefineries are summarized in order to
minimize waste generated during microalgae cultivation and processing
steps. The techno-economic and environmental analyses for the sus-
tainability of the zero-waste microalgal biorefineries are also reviewed.
Finally, key issues, future perspectives, and challenges of the zero-waste
microalgae biorefinery are summarized.

2. Microalgae contributions to BCG economy
2.1. Microalgae for upcycling of wastewater

Treatment or upcycling of wastewater using microalgae have
demonstrated numerous benefits that can satisfy the growing demand
for effective wastewater treatment, waste valorization, and nutrient
recovery. Due to the high nutrient uptake capacity and great potential of
microalgae for CO, fixation through photosynthesis, it is therefore a
sustainable and affordable treatment method. The high treatment effi-
ciencies of tertiary wastewater by microalgae have been proven by
several researchers (Li et al., 2019; Mohsenpour et al., 2021). Not only
are nutrients removed from wastewater, but they can be upcycled into
microalgal biomass with high commercial potential because they
contain pigments and vitamins, which are of high value, as well as a
great amount of lipids, proteins, and carbohydrates. Especially, the
microalgal biomass with a high lipid content can be used as biodiesel
feedstocks (Table 1).

Several researchers have reported on the cultivation of microalgal
biomass integrated with wastewater treatment for low-cost production
of high-value products. Microalgae species that have been examined for
their wastewater treatment potential include Botryococcus spp., Chlorella
spp., Chlamydomonas spp., Desmodesmus spp., Scenedesmus spp., etc.
Yeesang and Cheirsilp (2014) used secondarily pretreated effluent from
seafood-processing plant feeding with 2.0 % CO2 for cultivation of
Botryococcus braunii and yielded 2.26 g/L microalgal biomass with 30.3
% lipid content. The microalgae also removed nitrate by 91 %. They also
evaluated the mixotrophic cultivation using glucose at 0.5 % and
molasses at 1.5 % and achieved 3.05 g/L microalgal biomass with 36.9
% lipid content. Patrinou et al. (2020) used Leptolyngbya-based micro-
bial consortium to treat poultry litter extract (PLE) and simultaneously
produce biodiesel in the attached growth reactors. They achieved high
removal efficiency for COD (94.0 %), total phosphorus (TP) (97.4 %),
and total nitrogen (TN) (88.2 %), with 335.3 mg/L.d biomass produc-
tivity. The amount of lipids in the produced biomass was 19.6 %, and
>70 % of the fatty acids were saturated and monounsaturated, indi-
cating their high potential as feedstocks for biodiesel. Sasibunyarat et al.
(2014) evaluated the possible use of Chlorella sp. cultivation for treat-
ment of digester effluents from seafood-processing plants, palm oil mills,
and starch factories. They found that the seafood effluent most promoted
the production of microalgal lipids. The highest lipid content obtained
was 26.96 + 1.58 % with the removal of TN and TP by 94.7 % and 77.4
%, respectively. Choi (2016) cultivated Chlorella vulgaris for treatment of
dairy wastewater and found that the microalgae removed COD, TN, and
TP by 80.62 %, 85.47 %, and 65.96 %, respectively, with 1.23 g/L
biomass obtained. They also found that the microalgal fatty acids
showed high potential as biodiesel feedstocks.
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Microalgae species Wastewater/CO»

Operating conditions

Pollutant
removal (%)

Microalgal products

References

Microalgae for upcycling of wastewater

Botryococcus braunii Secondarily pretreated
wastewater from seafood
processing plant/CO 2.0 %

Leptolyngbya sp. Poultry litter extract (PLE)

Chlorella sp. Digester effluents from seafood

factory/ CO, 0.03 %

Chlorella vulgaris Dairy wastewater

Chlorella sorokiniana Swine wastewater: 50 % (v/v)
diluted/ 2 % CO,, aeration at 0.1
vvm

Poultry excreta leachate 25 % in

BG-11 media

Chlorella pyrenoidosa

Chlamydomonas sp.
QWY37

Swine wastewater/ CO, 2.5 % in
batch-operated vertical alveolar
flat panel photobioreactors
Desmodesmus sp. EJ8- Anaerobically-digested (DPE)

10 piggery effluents

Haematococcus sp. Seafood processing plant

Microalgae for CO, mitigation
Nannochloropsis sp. Chu 13 medium/CO, 10 %

Desmodesmus sp. BBM/ Undiluted cement flue gas

containing CO2 50 %
Microalgae for wastewater upcycling and CO, mitigation

Scenedesmus obliquus Cattle wastewater/CO, 0.35 %

Chlorella vulgaris ATCC
13482

Municipal wastewater/ CO2 5 %
at 1.4 L/min flow rate

Scenedesmus obliquus
FACHB

Municipal wastewater/ COz 5 %
at 1.4 L/min flow rate

Chlorella sp. UKM2 Palm oil mill effluent (POME)/

CO210 %

Light intensity 49.5 pmol photon m 257!

with a 16:8 light and dark cycle, pH 6.7,
25°C

Light intensity 200 pmol photon m~2s~!
with a 24:0 light and dark cycle, 26 & 2 °C

Light intensity 3000 Ix with 16:8 light and
dark cycle, 25 °C

Light intensity 200-220 ymol photon m~2
5! with a 16:8h light and dark cycle,
28-32 °C at a shaking rate of 80 rpm

Light intensity 150 pmol photon m=2 ™!

with a 24:0 light and dark cycle, 27 °C

Light intensity 700 1x with a 9:15 light and
dark cycle, 30 + 2 °C

Light intensity 500 pmol photon m 2 s~!

with a 16:8 light and dark cycle, 30 °C

Light intensity 120 + 2 pmol photon m™2
s~ with a 14:10 light and dark cycle, 27
+1°C

Light intensity 40 pmol m~2 s~! with a
16:8 light and dark cycle, 30 °C (Two-
stage LED: red LED 5 days and blue LED
for 5 days)

Light intensity 60 umol-photon-m 2 s

with a 24:0 light and dark cycle, 30 °C

LED strips at 10,000 Ix light intensity with
a 12:12 light and dark cycle, 25 °C

Light intensity 58 pmol photon m~2s~!

with a 24:0 light and dark cycle, 21 °C

Light intensity 90 + 5 pmol photon m~2

571, with a 14:10 light and dark cycle, 25
°C

Light intensity 90 + 5 pmol photon m™2

51, with a 14:10 light and dark cycle, 25
°C

Light intensity 14,000 1x with a 24:0 light
and dark cycle, 25 + 2 °C

Nitrate 91 %

COD 94.0 %
Nitrogen 88.2 %
Phosphorus 97.4
%

Nitrogen 94.7 %
Phosphorus 77.4
%

COD 80.62 %
TN 85.47 %
TP 65.96 %

COD 90.1 %
TN 97.0 %

TP 92.8 %

TN 84.2 %
NH3-N 53.1 %
TP 96.2 %

COD 81 %
TN 96 %

TP 100 %
NH{-N 90 %
TN > 80 %
PO3-P 100 %

COD: 50 %
TN: 100 %
TP: 100 %

CO, fixation rate
0.729 + 0.04 g/
Ld

CO, fixation rate
0.21 + 0.02 g/L.
d

COD 65-70 %
NH«" 98-99 %
POZ? 69-77.5 %
CO,, fixation
327-547 mg/L'd
COD 76.3 %
Ammonia 93.4 %
Phosphate 91.5
%

CO,, biofixation
rates 140.91 mg/
Ld

COD 75.9 %
Ammonia 94.1 %
Phosphate 91.3
%

CO,, biofixation
rates 129.82 mg/
Ld

COD 48 %

TN 86 %
Phosphate 85 %
CO, fixation rate
0.829 g/L.d

Biomass 2.26 g/L
Lipid content 30.3 %
Lipid productivity 45.5
mg/Ld

Biomass productivity
335.3 mg/Ld

Lipid 19.6 %

Biomass 0.99 + 0.21 g/L
Lipid content 26.96 + 1.58
%

Lipid productivity 263 +
36 mg/L

Biomass 1.23 g/L
Unsaturated fatty acids
77.35 %

Saturated fatty acids 22.65
%

Biomass 5.45 g/L

Protein productivity 0.27
g/L.d

Biomass 2.5 g/L
Carbohydrates 0.64 g/L
Protein 1.02 g/L

Lipid 0.49 g/L
Chlorophyll 20 pg/mL
Biomass 7 g/L
Carbohydrate productivity
944 mg/L-d

Biomass 0.15-0.35 g/L
Lipid content 19.4-28 %
Lipid productivity 5.7 mg/
Ld

Biomass 1.33 g/L

Lipid 0.41 g/L (30.81 %)
Astaxanthin 3.39 mg/L
Chlorophylls 14.3 mg/L
Carotenoids 6.22 mg/L

Biomass 0.850 + 0.16 g/L
Lipid content 44.7 + 1.2 %

Biomass 1.11 + 0.01 g/L
Lipid 41.54 + 1.13 %
Carbohydrates 32.44 +
0.45 %

Biomass productivity
213-358 mg/L'd

Biomass 0.94 g/L

Biomass 0.86 g/L

Biomass productivity 0.440
+ 0.006 g/Ld

Yeesang and
Cheirsilp (2014)

Patrinou et al.
(2020)

Sasibunyarat

et al. (2014)

Choi (2016)

Chen et al.,
(2020)

Singh et al.
(2020)

Qu et al. (2020)

Li et al. (2021)

Cheirsilp et al.
(2022)

Thawechai et al.
(2016)

Premaratne et al.
(2021)

de Mendonca
et al. (2018)

Chaudhary et al.
(2018)

Chaudhary et al.
(2018)

Hariz et al.
(2019)

(continued on next page)
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Microalgae species Wastewater/CO» Operating conditions

Scenedesmus sp. SPP
immobilized in
fungal pellets

Seafood processing effluent

Light intensity 55 pmol photon m2 57}, COD 98.5 %
with a 16:8 light and dark cycle, 30 °C

Pollutant Microalgal products References
removal (%)

Biomass 4.46 g/L Maneechote
TN 90.2 % et al. (2023)
TP 79.5 %
CO, removal
71.2 %

COD: Chemical oxygen demand; TN: total nitrogen; TP: total phosphorus.

Chen et al. (2020a) reported that Chlorella sorokiniana cultivated in
50 % (v/v) diluted swine wastewater, could remove pollutants effec-
tively and yielded 5.45 g/L biomass with protein productivity of 0.27 g/
L.d. Singh et al. (2020) found that Chlorella pyrenoidosa efficiently
treated 25 % diluted poultry wastewater and gave the biomass, carbo-
hydrates, protein, lipid, and chlorophyll production of 2.5 g/L, 0.64 g/L,
1.02 g/L, 0.49 g/L, and 20 pg/mlL, respectively. Interestingly, Qu et al.
(2020) reported the bioremediation of non-sterilized and non-diluted
swine wastewater by Chlamydomonas sp. QWY37. The microalgae
reduced COD by 81 %, TN by 96 % and TP by ~100 %, while provided 7
g/L biomass with 944 mg/L.d carbohydrate productivity. Li et al. (2021)
treated anaerobically-digested (DPE) piggery effluents by culturing
microalga Desmodesmus sp. EJ8-10. The ammonia, TN, and phosphate
removal efficiencies were 90 %, >80 %, and nearly 100 %, respectively.
The microalgae cultivated in DPE reached final biomass of 0.15-0.35 g/
L with 19-28 % lipid content. Recently, Cheirsilp et al. (2022) per-
formed the cultivation of Haematococcus sp. for valorization of seafood
processing wastewater. They found that microalgae could remove COD,
TP and TN by 50 %, 100 % and 100 %, respectively, with 1.33 g/L
microalgal biomass and 30.81 % lipid content. They also found that the
microalgae also accumulated the high-value pigments including astax-
anthin of 3.39 mg/L, chlorophylls of 14.3 mg/L and carotenoids of 6.22
mg/L.

2.2. Microalgae for CO2 mitigation

Among the various techniques for CO5 capture from flue gas, bio-
logical mitigation by microalgal photosynthesis is considered one of the
more promising technologies. This is because, compared to terrestrial
plants or energy crops, microalgae have a shorter growth cycle and high
efficiencies in converting CO, into organic compounds using sunlight
energy and producing biomass with high potential as feedstocks for
food, feed, bioenergy and biochemicals (de Morais et al., 2019; Pre-
maratne et al.,, 2021). Depending on their ability to tolerate COs,
microalgae are classified into three groups: i) CO»-sensitive groups that
are repressed by low levels of CO, at 2-5 %; ii) CO,-tolerant groups
which tolerate moderate CO5 levels of 5-20 %; and iii) extreme CO5-
tolerant groups which tolerate very high CO, levels of 20-100 %.
Table 1 summarizes the recent researches on cultivation of microalgae
for CO, mitigation. Thawechai et al. (2016) evaluated the ability of the
oleaginous microalga Nannochloropsis sp. to mitigate CO5 in synthetic
flue gas and its ability to accumulate pigments and lipids. The combined
effects of photoperiod and light intensity were examined for maximizing
CO9 mitigation rate and lipid productivity of microalgae. Under full
illumination with light intensity at the saturation level of 60
pmol-photon-m™2 s ! and 10 % CO, aeration, the microalgal biomass
obtained was 850 + 16 mg/L, with 44.7 + 1.2 % lipid content, and COy
mitigation rate up to 729 + 40 mg/L-d. Premaratne et al. (2021) used
microalga Desmodesmus sp. for COy mitigation from simulated undi-
luted cement flue gas containing 15.50 % COs. The rate of COy miti-
gation by this microalga over the cultivation period of 8 days was 0.21
+ 0.02 g/L.d. The microalgae also produced 1.11 + 0.01 g/L biomass
with high carbohydrate and lipid contents of 32.44 + 0.45 % and 41.54
+ 1.13 %, respectively.

2.3. Microalgae for simultaneous wastewater upcycling and CO2
mitigation

Interestingly, several microalgae have high potential for simultaneous
nutrient removal from wastewater and CO, capture from flue gas since
they can assimilate both organic (sugars and organic acids) and inorganic
(COy) carbon as well as nitrogen and phosphorus sources. The develop-
ment of integrated wastewater upcycling with CO, mitigation can be a
suitable approach for sustainable microalgal biomass production, which
also contributes greatly to the BCG economy. Among all widely used
bioremediators to achieve simultaneous pollutant removal (80-100 %), it
has been shown that wastewater-based microalgae cultivation offers the
highest atmospheric CO2 mitigation rate of 1.83 g CO/g of biomass with
40-50 % higher biomass productivity compared to those of the terrestrial
crops (Shahid et al., 2020). Recent researches for simultaneous wastewater
upcycling and CO5 mitigation are summarized in Table 1. de Mendonca
et al. (2018) studied on bioremediation of cattle wastewater using
microalga Scenedesmus obliquus cultivated in photobioreactors equipped
with vertical alveolar-flat-panels. During cultivation for 12 days in batch
mode, the COD, NH+" and POZ removal efficiencies were 65-70 %, 98-99
%, and 69-77.5 %, respectively. The microalga showed CO5 mitigation
rate of 327-547 mg/L.d and biomass productivity of 213-358 mg/L.d.
According to Chaudhary et al. (2018), the maximum CO, mitigation rate
by Chlorella vulgaris ATCC 13482 was 140.91 mg/L.day while that by
Scenedesmus obliquus FACHB was slightly lower at 129.82 mg/L.day,
when they were grown in municipal wastewater aerated with 5 % CO; in
air at a flow rate of 1.4 L/min. Hariz et al. (2019) cultivated indigenous
microalga Chlorella sp. UKM2 using palm oil mill effluent and CO5. The
microalga removed COD, TP, and TN by 48 %, 85 %, and 86 % and fixed
CO. at arate of 0.829 g/L.d with the total CO, recovery of 12.435 g/L after
15 days of operation. Maneechote et al. (2023) reported the dual bio-
remediation of non-sterile secondarily treated wastewater using micro-
algae immobilized in fungal pellets. To increase the reusability, the pellets
were coated with chitosan. The removal efficiencies of COD, TP and TN
were increased up to 98.5 %, 79.5 %, and 90.2 %, respectively. In this
system, the CO, from synthetic flue gas was also removed by 71.2 %.

3. Valuable products from microalgal biomass

Various cultivation modes and physicochemical factors can influence
the biochemical compositions of the microalgal biomass. Typically,
there are basic three modes, namely photoautotrophic, heterotrophic,
and mixotrophic modes, for microalgae cultivation. In the phototrophic
mode, the microalgae assimilate inorganic carbon, CO5, and absorb light
energy to create chemical energy through their photosynthesis system.
This mode is a common mode for microalgae cultivation. While in the
heterotrophic mode, the microalgae assimilate organic carbon, sugars or
organic acids, as their energy source without light. The problem of
limited light can be avoided using this mode. Mixotrophic cultivation
mode is the combined mode of photoautotrophic and heterotrophic
modes. Under this mode, the microalgae can grow through either
photoautotrophic or heterotrophic metabolisms, or both (Kuravi and
Mohan, 2021). A variety of valuable products, e.g., pigments, vitamins,
proteins/peptides, carbohydrates, lipids, polyunsaturated fatty acids,
and exopolysaccharides, can be produced by microalgae under specific
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Table 2
Valuable products from microalgae under different cultivation conditions.
Products Modes Microalgae species Cultivation/Production conditions Product yield References
Pigments Photoautotrophic Nannochloropsis sp. Modified Chu 13 medium, white light at 80 umol ~ Chlorophylls 230 mg/ Thawechai et al.
photon m~2 5! with 24:0h light:dark cycle, 30 g (2016)
°C Carotenoids 140 mg/g
Asterarcys quadricellulare Bold basal medium, nitrate 10 mM, phosphate Carotenoids 118 pg/ Singh et al. (2019)
PUMCC 5.1.1 3.5 mM, salinity 0.17 mM, blue light at 60 pmol ~ mg
photon m~2 s~ with 14:10 h light:dark cycle, 28
+2°C
Chlamydomonas reinhardtii ~ Tris-acetate-phosphate (TAP) medium, white Chlorophylls 55.18 Potijun et al. (2021)
light at 50 ymol photon m~2 s~ with 24:0h mg/L.d
light:dark cycle, 15 °C Carotenoids 13.48 mg/
L.d
Mixed Scenedesmus Aquaculture wastewater (AW), light at 36 umol ~ Chlorophylls 1253.17 Pekkoh et al. (2022)
dimorphus (50 %) and photon m~2 s~ ! with a 24:0 light:dark cycle, 25  pg/L
Chlorella sp. (50 %) +2°C
Dunaliella salina f/2 medium with 1 N:1P (NaNO3 75 mg/L, p-carotene 57.5 mg/g Cezare-Gomes et al.
NaH3PO4-2H,0 5.65 mg/L), light at 50 pmol (2023)
photon m~2 s~ with a 12:12 light:dark cycle, 24
+1°C
Haematococcus sp. Non-sterile secondary effluent from an aerobic Astaxanthin 3.39mg/L  Cheirsilp et al.
pond of seafood processing industry, two-stage Chlorophylls 14.3 mg/  (2022)
LED: red LED 5 days and blue LED for 5 days L
light at 40 pmol m~2 s~! with a 16:8 light and Carotenoids 6.22 mg/L
dark cycle, 30 °C
Scenedesmus Detmer’s Medium (DM), white light at 150 pmol ~ Lutein 4.84 mg/g Ho et al. (2014)
obliquus FSP-3 m~2 s~ s, CO, concentration, 2.5 %; CO, flow
rate, 0.4 vvm; with a 24:0 light:dark cycle, 30 °C
Phaeodactylum tricornutum Swine wastewater (SW):water 1:1, white lightat ~ Fucoxanthin 28.41 Jiang et al. (2022)
100 ymol photon m 257}, 3% CO, ataflowrate  mg/L
of 0.7 Lmin ', 25 £ 2°C
Vitamins Photoautotrophic Anabaena cylindrica Modified ASM-1 medium (MLA), nitrate1700 Vitamin K1 content of Tarento et al. (2018)
mg/L, white light at 320 umol photon m 25! 200 pg/g (22 pg//L.d)
with 12:12 h light:dark cycle, 23 °C
Nannochloropsis oceanica Zarrouk medium, UVB at 36 kJ-m 2 with 24:0h  Vitamin D3 1 pg/g Ljubic et al. (2020)
light:dark cycle, 23 + 1 °C
Proteins/ Peptides Photoautotrophic Scenedesmus obiquus Modified BG11 medium, white light at 150 umol ~ Proteins 56 % Zhang et al. (2019)
photon m~2 s~ with 12:12 h light:dark cycle, 25
°C
Pseudopediastrum ASM1 medium, white light at 40 pmol photon Proteins 67.3 % Militao et al. (2019)
boryanum m~2 s~ ! with 12:12 h light:dark cycle, 30 °C
Porphyridium purpureum Modified F/2 medium, white light at 100 umol Peptides with ORAC Stack et al. (2018)
photon m~2 s~ with 24:0h light:dark cycle, 15 13.98 pmol TE/g and
°C FRAP 478.94 umol TE/
8
Arthrospira maxima OF15 30 % diluted sugarcane vinasse, white light at Protein 57.04 + 0.031 Montalvo et al.
2,500 Lux with 12:12 h light:dark cycle, 30 °C % (2019)
Peptides 2395-2831
pg/mL
Mixotrophic Chlorella protothecoides Bold’s Basal medium modified, added with 0.30  Peptides with Olena et al. (2022)
g of glucose, white light at 118.74 ymol photon  scavenging DPPH
m~2 s~ with 12:12 h light:dark cycle, 25 °C 33.47 + 0.68 % and
hydroxyl radicals
46.81 + 2.38 %
Dunaliella salina Glucose 15 g/L and NaCl 2.5 M, white light at Proteins 1.6 g/100 g Kadkhodaei et al.
40 umol photon m~2 s~ with 24:0h light:dark (2015)
cycle, 25 °C
Carbohydrates Photoautotrophic Chlorella vulgaris FSP-E Basal medium with 4-day nitrogen starvation Carbohydrates Ho et al. (2013)
aerated with 2.0 % CO,, white light at 60 umol 51.3 %
photon m~2 5! with 16:18 h light:dark cycle,
28°C
Tribonema sp. BG-11 medium, white light at 2500 Lux with Carbohydrates Huo et al. (2020)
24:0h light:dark cycle, 25 £ 1 °C 43 %
Scenedesmus sp. BG11 medium, white light at 50 pmol photon Polysaccharides Sivaramakrishnan
m~2s~! with 24:0h light:dark cycle, 27 + 1°C 122 mg/L et al. (2020)
Tribonema sp. Simulated acrylonitrile butadiene styrene (ABS)  Carbohydrates 0.201 Zheng et al. (2022)
based wastewater aerated with 2 % CO,, white g/L.d
light at 300 umol photon m~2 s~ with 12:12 h
light:dark cycle, 25 °C
Mixotrophic Chlorella minutissima BMM medium, arabinose 20 mg/L, white lightat ~ Carbohydrates Freitas et al. (2017)
33.75 umol photon m~2 s~ with 12:12 h light: 53.8%

Scenedesmus obliquus UTEX
393

dark cycle, 30 °C

Bold 3 N medium, glucose 3.33 g/L, urea 126.77
mg/L, white light at 100 umol photon m~2 s~
with 16:8h light:dark cycle, 27.65 °C

Carbohydrates 270
mg/L.d

Singh et al. (2019)

(continued on next page)
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Table 2 (continued)
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Products Modes Microalgae species Cultivation/Production conditions Product yield References
Chlamydomonas sp. Swine wastewater, white light at 500 umol Carbohydrates Qu et al. (2020)
QWY37 photon m~2 5! with 24:0h light:dark cycle, 30 944 mg/L.d
°C
Lipids Photoautotrophic Botryococcus spp. Modified Chu 13 medium, iron 0.74 mM, Lipids 35.9 % Yeesang and
without nitrogen, white light at 82.5 umol Cheirsilp (2011)
photon m~2 5! with 16:8h light:dark cycle, 25
+1°C
Nannochloropsis sp. Modified Chu 13 medium aerated with CO, 10 Lipids 0.36 g/L Cheirsilp et al.
%, white light at 47 umol photon m~2 s~! with (2017)
24:0h light:dark cycle, 30 + 2 °C
Micractinium reisseri SIT04 Modified Chul3 medium without addition of Lipids 36.6 % and Srinuanpan et al.
and KNO; (N starvation), white light at 90 pmol 56.8 % (2018)
Scenedesmus obliquus photon m~2 s™! with 24:0h light:dark cycle, 28
SIT06 °C
Scenedesmus sp. SPP Modified Chul3 medium (nitrogen rich and 0.5  Lipids 26.8 % Maneechote et al.
% salt), white light at 55 pmol photon m2s'h (2021)
light:dark cycle, 30 °C
Scenedesmus sp. SPP Modified Chul3 medium (nitrogen rich and 0.5  Lipids 44.1 + 1.5 % Maneechote et al.
% salt) aeration at 0.05 vvm, white light at 4.0 (2021)
klux with 16:8h light:dark cycle, 30 °C
Mixotrophic Marine Chlorella sp. and BG-11 medium with fed-batch of glucose, white  Lipids 22-26 % Cheirsilp and Torpee
Nannochloropsis sp. light at 3000 Ix with 16:8h light:dark cycle, 30 (2012)
°C
Chlorella sp. Seafood effluent with total phosphorus of 45.24  Lipids 26.96 + 1.58 % Sasibunyarat et al.
+ 3.80 mg/L, white light at 3000 Ix with 16:8h (2014)
light:dark cycle, 30 °C
Botryococcus braunii Modified Chu 13 medium with glucose 5g/Land  Lipids 36.9 % Yeesang and
molasses15 g/L, white light at 49.5 pmol photon Cheirsilp (2014)
m~2 5! with 16:8h light:dark cycle, 25 °C
Co-culture of Chlorella Molasses 1 %, yeast:microalga (1:1), white light ~ Lipids 2.88 + 0.16 g/L.  Cheirsilp et al.
vulgaris -Rhodotorula at 5.0 klux with 16:8h light:dark cycle, 30 °C (2011)
glutinis
Co-culture of Chlorella Crude glycerol-based medium, white light at Lipids 47 % Kitcha and Cheirsilp
vulgaris -Trichosporonoides 2,000 Ix with 16:8h light:dark cycle, 28 °C (2014)
spathulata
Chlorella pyrenoidosa Furfural wastewater added with NaNO3 0.75 g/ Lipids 16.84 % Cheng et al. (2022)
L, with light intensity at 120 pmol photon m~2
s1,254+2°C
Heterotrophic Chlorella pyrenoidosa Furfural wastewater added with NaNO3 0.75 g/ Lipids 18.53 % Cheng et al. (2022)
L, without light, 25 + 2 °C
Two-stage Scenedesmus sp. SPP First stage: modified Chu 13 medium with Lipids 39 % Maneechote et al.
mixotrophic nitrogen rich, glucose 1 %, CO2 13 %, white light (2023)
at 4.8 klux, with 16:8h light:dark cycle, 30 °C
Polyunsaturated fatty Photoautotrophic Phaeodactylum tricornutum BG11 medium with nitrogen replete and PUFAs 6 &+ 12 mg/L.d Remmers et al.
acids (PUFAs) enriched air with 2 % CO,, white light at 60 (2017)
umol photon m~2 5! with 16:8h light:dark
cycle, 25 °C
Nannochloropsis oceanica Modified f/2 medium, white light at 250 umol ALA 52 % Sirisuk et al. (2018)
photon m~2 s~ ! with 24:0h light:dark cycle, 5°C  EPA 96 %
DHA 77 %
Nannochloropsis sp. BR2 f/2 medium, light at 150 ymol photon m 2 s} EPA 30 mg/L Ma et al. (2018)
with royal blue LEDs in a 16:8h light:dark cycle,
25°C
Phaeodactylum tricornutum  Artificial seawater added with f/2 medium with ~ EPA 13.9 % Wang et al. (2019)
CCMP-2561 fulvic acid 15 mg/L under 70 % salinity, white
light at 50 ymol photon m~2 s~ with 12:12 h
light:dark cycle, 10 °C
Scenedesmus sp. SPP Modified Chu 13 medium with 0.5 % salt, white =~ PUFA 27-28 % of total =~ Maneechote et al.
light at 55 ymol photon m~2 s~ with 16:8h lipids (2021)
light:dark cycle, 30 °C
Exopolysaccharides Photoautotrophic Chlorella vulgaris FACHB-6 OECD medium, Cd*" 1.0 mg/L, white lightat 30 Soluble EPS 0.22 mg/ Chen et al. (2015)
(EPS) umol photon m~2 5! with 12:12 h light:dark L, Bound EPS 0.603
cycle, 25 °C mg/L
Scenedesmus sp. SB1 BG-11 medium, NaCl 1 %, white light at 1500 1x ~ EPS 0.086 + 0.04 mg/  Angelaalincy et al.
with 12:12 h light:dark cycle, 25 °C mL (2017)
Scenedesmus abundans Modified Chu-13 media with replacing KNO3 by ~ EPS 37 mg/g biomass Mabhesh et al. (2019)
urea, white light at 2162 umol photon m~2 s~1
with 14:10 h light:dark cycle, 24 °C
Mixotrophic Marine Chlorella sp. BG11 medium with CO, 10 % and glucose 1 %,  EPS 1.46 g/L Cheirsilp et al.

white light at 65 ymol photon m~2 s~ with

16:8h light:dark cycle, 30 °C

(2016)

ORAC: oxygen radical absorbance capacity; FRAP: ferric reducing power; TE: Trolox Equivalent; DPPH: 2,2-diphenyl-1-picryl-hydrazyl-hydrate.
ALA: Alpha-Linolenic acid; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid.
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cultivation modes as shown in Table 2. In addition, there are several
types of wastewater which are relatively safe and suitable for microalgae
cultivation due to their high organic content and low toxicity. Therefore,
Table 2 also summarizes the microalgae cultivated on wastewater those
can be used for production of high valuable products.

3.1. Pigments

Microalgal pigments greatly contribute to the profitability of
microalgal biorefineries. Microalgal pigments are verified to have
numerous functional properties that are beneficial to health of both
human and animal i.e., antioxidant, anti-obesity, anticarcinogenic, anti-
angiogenic, anti-inflammatory, and neuroprotective-properties (Lee
et al., 2021). Furthermore, the microalgal pigments are widely applied
as additives in food and feed industries and also in pharmaceutical and
cosmetic industries because of their functional properties and intensified
colors (Patel et al., 2022). Due to the great biological activities of the
microalgal pigments, researches on their productions and applications
have significantly grown in recent years. The main pigments present in
various microalgal species include chlorophylls and carotenoids. In
some specific microalgae, carotenes and xanthophylls are also found.
Carotenes (such as lycopene and f-carotene) consist of hydrocarbons
(C40Hs6), whereas xanthophylls (such as astaxanthin, zeaxanthin, and
lutein) consist of carbon, hydrogen, and oxygen (C4oHs602). Chlor-
ophyceae, a prominent carotenoid-producing group among microalgal
species, can also produce carotenes and xanthophylls but at low levels.
Compared to lycopene, f-carotene, zeaxanthin, and lutein, astaxanthin
has much higher antioxidant capacity, even ten times higher than that of
vitamin C and 100 times higher than that of vitamin E (Patel et al.,
2022). This efficacy comes from the thirteen conjugated double-bond in
its structure. Several researchers have determined the optimal condi-
tions for pigment production by microalgae, as shown in Table 2.

Among various microalgal pigments, chlorophylls and carotenoids
have been reported as the main pigments in various microalgae under
photoautotrophic cultivation mode. Thawechai et al. (2016) have re-
ported the effects of light intensity and photoperiod on the pigment
accumulation in oleaginous microalga Nannochloropsis sp. They found
that the content of pigments was improved with increased loads of light
energy. When the photoperiod was prolonged to be full illumination for
24 h with the high light intensity of 80 ymol photon m~2 s~!, both
chlorophylls and carotenoids contents increased up to 230 mg/g and
140 mg/g, respectively. Singh et al. (2019) revealed that the use of blue-
light at moderate intensity of 60 pmol photon m~2 s for cultivation of
Asterarcys quadricellulare PUMCC 5.1.1, did increase the carotenoids
content up to 118 pg/mg dry biomass. In addition, cold temperatures
also stimulated hyper-accumulation of chlorophylls and carotenoids. A
cold temperature of 15 °C coupled with full illumination at 50
pmol-photon-m~2 s™! light intensity, was the best condition for the
hyper-accumulation of pigments by Chlamydomonas reinhardtii. The
maximum productivity of chlorophylls was 55.18 mg/L.d and that of
carotenoids was 13.48 mg/L.d. It has been suggested that to sustain the
cellular activities under the cold temperature stress, the microalgal cells
need a number of protective morphological and physiological mecha-
nisms. One of them is the hyper-synthesis of the pigments (Potijun et al.,
2021). Recently, the mixed Scenedesmus dimorphus (50 %) and Chlorella
sp. (50 %) has been used to bioremediate aquaculture wastewater added
with agricultural wastes. With this system, the chlorophylls production
of 1253.17 pg/L was recorded (Pekkoh et al., 2022). Among the
microalgal species studies, -carotene is predominantly found in Duna-
liella salina. Since several studies have shown that the human body can
convert f-carotene into vitamin A, the uptake of microalgal biomass has
been suggested to help meet the physiological need for vitamin A
(Khanra et al., 2018; Cezare-Gomes et al., 2023).

The secondly most used microalgae pigment, besides p-carotene, is
the red-colored xanthophylls known as astaxanthin (Koyande et al.,
2019b). Haematococcus pluvialis, a type of microalgae, produces the most
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astaxanthin, at a rate of about 81 % of total carotenoid yield (Levasseur
et al., 2020; Cheirsilp et al., 2022). In addition to Haematococcus plu-
vialis, other species such as Chlorella zofingiensis, Scenedesmus sp., and
Chlorococcum sp. are also able to accumulate astaxanthin, but at a
limited level. Zeaxanthin is mainly accumulated by Nannochloropsis
oculate and Scenedesmus almeriensis (Pereira et al., 2021). Zeaxanthin has
strong capacity to absorb blue light and also has protective function
against retinal damages (Koyande et al., 2019b). Chlorella genus has
been suggested as the best natural source for lutein pigment. Among
them, Chlorella protothecoides was found to be the dominant strain to
accumulate high lutein (Ho et al., 2014). Other microalgal species
including Scenedesmus almeriensis, Muriellopsis sp., Galdieria sulphuraria,
and D. salina are also exploited for lutein accumulation (Sun et al.,
2021). The contents of lutein found in Muriellopsis sp. and Chlorella
protothecoides were 18 and 150 folds greater than that in marigold (Lin
et al., 2015). Fucoxanthin is a lipophilic pigment containing carotene
structure with oxygenated backbone. It also contains functional groups
like carboxyl, hydroxyl, epoxy, and carbonyl moieties (Pereira et al.,
2021; Jiang et al., 2022). It transforms visible spectrum light from the
blue-green to yellow-green regions by absorbing light with wavelengths
of 450-540 nm. Fucoxanthin-rich foods have been shown in prior
research to have beneficial bioactive effects, including antihypertensive,
antioxidant, anticancer, antimicrobial, and many others (Bae et al.,
2020).

3.2. Vitamins

Several kinds of vitamins are found in microalgal biomass such as
provitamin-A, vitamin B, vitamin C and vitamin K (Galasso et al., 2019;
Ljubic et al., 2020; Mehariya et al., 2021) as shown in Table 2. The
microalgae species, physiological/nutritional factors, especially in
photoautotrophic mode, and climatic conditions all affect the synthesis
of vitamins in microalgae (Levasseur et al., 2020). Although microalgae
do not naturally make vitamin A, they can accumulate precursors to
vitamin A like retinol, a- and p-carotenes (Koyande et al., 2019b).
Edelmann et al. (2019) reported that when Nannochloropsis sp. and
Chlorella sp. biomass were formulated as powders, they contain 20.8 and
25.9 nug/g of vitamin B9, respectively. Vitamin B12 is an essential
vitamin, but its availability in plant foods is restricted, making it
particularly important for good health. In addition, the availability of
nitrogen (N) also affects the ability of microalgae to produce vitamins. It
was shown that cyanobacteria generated less vitamin B12 content under
nitrogen-deficient conditions when compared to that under nitrogen-
replete conditions (Bonnet et al., 2010). Riboflavin, an essential
vitamin for mariculture animals, is another vitamin that may be found in
microalgal biomass (Chew et al., 2017). Anabaena cylindrica is recog-
nized as the most abundant source of vitamin K1, also known as phyl-
loquinone, which is essential for various physiological activities,
including bone and vascular health and blood coagulation. The optimal
nitrate concentration of 1700 mg/L combined with extremely high light
intensity at 320 pmol photons m~2 s™! increased the productivity of
phylloguinone by 4 folds, to 22 pg L™ day ™! and also the vitamin K1
content to 200 pg/g (Tarento et al., 2018). Ljubic et al. (2020) found that
Nannochloropsis oceanica accumulated vitamin D3 at 1 pg/g, and its
content was increased by increasing the UVB radiation up to 6 kJ/m?.

3.3. Proteins/peptides

Proteins are amino acids linked by peptide bonds. By 2054, proteins
from insects and microalgae may replace those from plants, which
currently account for 50 % of the world’s market for proteins and pep-
tides (Khanra et al., 2018). The availability of nitrogen in the medium
affects the protein content of microalgal biomass. Most of studies re-
ported the protein production under photoautotrophic mode but the
mixotrophic mode was also used for microalgal protein production
(Table 2). Increasing nitrogen concentration appears to be the main
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factor for enhancing protein biosynthesis and also indirectly influences
other components such as pigments (Kadkhodaei et al., 2015). Usually,
rapidly growing microalgal biomass has high protein content but low
lipid or carbohydrate content. Zhang et al. (2019) found that the protein
content of Scenedesmus obiquus could be maximal at 56 % when
cultivated at pH 10.0, 25 °C and 150 umol photon m 2 s ! light in-
tensity. With increasing temperature and light intensity beyond the
optimum, the efficiency of protein synthesis was reduced resulting in a
low content of protein. Kadkhodaei et al. (2015) found that the protein
content of Dunaliella salina cultivated under mixotrophic modes
increased when glucose and salt was added. However, with glucose and
salt concentrations higher than 1.5 % and 2.5 M, respectively, the pro-
tein content dropped dramatically. With using light intensity of 40 pmol
m~2 57! coupled with photoperiod of 12:12 h, the protein content of
Pseudopediastrum boryanum significantly increased to 672.6 mg/g-dried
weight (67.3 %) at 30 °C (Militao et al., 2019). It has been reported that
the defatted Nannochloropsis sp. biomass contained protein content of
about 45.2 %, which could be extracted through the hydrothermal
liquefaction process. This protein fraction can be used as a human
protein supplement or an ingredient in animal feed. These microalgal
proteins may replace as an alternative to soybean protein and be pref-
erable to consumers with soy allergies (Valente et al., 2019).

Microalgal protein can be hydrolyzed into peptides those contain
short-chain amino acids (20-50 units). Peptides have been experimen-
tally confirmed their biological functions (Levasseur et al., 2020). Stack
et al. (2018) cultivated red microalga Porphyridium purpureum for their
high protein contents and the production of bioactive peptides. The
peptides showed oxygen-radical-absorbance-capacity (ORAC) of 13.98
+ 0.97 umol Trolox Equivalent (TE) per gram-dry matter and ferric
reducing power (FRAP) of 478.94 + 34.43 umol TE/g. Montalvo et al.
(2019) performed the enzymatic production of biopeptides from
microalga Arthrospira maxima OF15, which was cultivated on diluted
sugarcane vinasse. The protein content of A. maxima OF15 was as high
as 57.04 + 0.031 %. The peptides concentration obtained were
2395-2831 ug/mL. Recently, Olena et al. (2022) revealed that the
enzymatic hydrolysis of microalgal protein followed by centrifugation
could generate large amount of bioactive peptides. In their study,
Chlorella protothecoides (FACHB-2) cultivated under mixotrophic con-
dition was used for enzymatic hydrolysis. The protein hydrolysates
contained peptides with scavenging activities of 2,2-diphenyl-1-picryl-
hydrazyl-hydrate (DPPH) radicals (33.47 + 0.68 %) and hydroxyl rad-
icals (46.81 + 2.38 %).

3.4. Carbohydrates

Typically, microalgal biomass has high carbohydrate content, which
is around 50 % of their dry weight. This is because their relatively high
photoconversion efficiency to produce glucose and accumulate in the
form of carbohydrates. Carbohydrates in microalgal biomass are mainly
in the forms of cellulose, starch, and many polysaccharides. Among
these forms, microalgal starch is usually applied as feedstock for bio-
energy production such as bioethanol, biogas and biohydrogen, while
polysaccharides from microalgal biomass have various functions and
activities such as storage, structural molecules, and protective sub-
stances. They can be applied as functional ingredients, additives for
cosmetics, and natural pharmaceutical agents. They also have ability to
improve immune system and inflammatory responses (Chew et al.,
2017). Factors affecting microalgal carbohydrate production include
microalgal species, nutrients, medium composition, CO5 concentration,
light intensity, pH, temperature and agitation. Many studies have re-
ported the production of microalgal carbohydrate under both photo-
autotrophic and mixotrophic modes (Table 2).

Generally, nutrient starvation and other stress factors can be used to
induce microalgal phenotypes that can accumulate high content of
carbohydrates (Singh et al., 2019). The nitrogen starvation is often used
as effective stressor for stimulating carbohydrate accumulation in
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microalgae. Under photoautotrophic mode, Chlorella vulgaris FSP-E
accumulated carbohydrates up to 51.3 % when it was cultivated using
2.0 % CO, at light intensity of 60 ymol photon m 2 s~! and temperature
of 28 °C under nitrogen depletion for 4 days (Ho et al., 2013). Huo et al.
(2020) cultivated Tribonema sp., a filamentous microalga, in BG-11
medium at various temperatures of 25-35 °C. The optimal tempera-
ture was 25 °C giving the highest carbohydrate accumulation of 43 % in
9 days. Sivaramakrishnan et al. (2020) found that the polysaccharides
extracted from Scenedesmus sp. biomass after microwave treatment
could be applied in food industry as thickening agents, emulsifiers and
stabilizers and in other industries as bioflocculants, water-soluble lu-
bricants, cosmetics, antioxidants, antitumor agents. Recently,
carbohydrate-rich microalga Tribonema sp. has been used to remove
acetophenone and acrylonitrile from simulated wastewater containing
acrylonitrile, butadiene and styrene. The feeding of 2 % CO5 with the
presence of acetophenone at 100 mg/L increased biomass, biomass
productivity, and carbohydrates productivity up to 3.97 g/L, 0.419 g/L.
d, and 0.201 g/L.d, respectively. This microalga also completely
degraded acetophenone within 9 days (Zheng et al., 2022).

Freitas et al. (2017) studied the effects of pentose addition and light
fluctuation on carbohydrate accumulation by Chlorella minutissima. The
cultures were performend under mixotrophic mode in a raceway pho-
tobioreactor. The carbohydrate content in the microalga was increased
up to 53.8 %. They also suggested that the microalgal carbohydrates
could be used as ethanol feedstock with a theoretical yield of 39.1 mL
per 100 g. Another study maximized the biomass and carbohydrate
productivities of S. obliquus UTEX 393 by using multiple-factor opti-
mizing strategies. After optimization, the maximum productivities of
biomass and carbohydrate obtained were 491 and 270 mg/L.d, respec-
tively. The optimized conditions were: initial pH of 6.69, temperature of
27.65 °C, glucose and urea concentrations of 3.33 g/L and 126.77 mg/L,
respectively (Singh et al., 2019). The optimal conditions for carbohy-
drate productivity of Chlamydomonas sp. QWY37 cultivated in swine
wastewater were: very high light intensity at 500 ymol photon m~2 s~}
and temperature of 30 °C. The maximum carbohydrate productivity
obtained was 944 mg/L.d (Qu et al., 2020).

3.5. Lipids

Oleaginous microalgal species can accumulate lipids > 20 % of their
biomass, and the lipid content might be as high as 30 % to 70 % of their
biomass when cultivated under specific conditions. The most effective
strategies to increase lipid accumulation are cultural stresses such as
nutrient limitation/starvation (e.g., nitrogen, phosphorus and ferrous
ion), high light intensity/long photoperiod, and high or low temperature
profiles. Most of these cultural stresses repress cell growth but stimulate
lipid accumulation. There are two types of lipids that are accumulated in
microalgae. The first type has fatty acid chains with 14 to 19 carbon
atoms, whereas the second type has fatty acid chains with > 19 carbon
atoms. The former type can be commonly converted to biodiesel and the
latter type is rather used as polyunsaturated fatty acids in food industry.
Recently, microalgae have gained attention for biodiesel production
since they have much higher lipid productivity than conventional oil
crops (Koyande et al., 2019a). There are several researches attempted to
increase the lipid production of microalgae by manipulating cultivation
modes as shown in Table 2.

Green microalga Botryococcus sp. TRG photoautotrophically culti-
vated in nitrogen-rich medium grew better but accumulated lower lipid
content than that in nitrogen-deficient medium by two to three folds
(Yeesang and Cheirsilp, 2011). Furthermore, by combining a nitrogen-
deficient medium with a high Fe concentration of 0.74 mM and a high
light intensity of 82.5 umol photon m 2571, the lipid content of the TRG
strain was increased from 25.8 % to 35.9 %. According to Srinuanpan
et al. (2018), limiting phosphorus or ferrous iron had less effect on cell
growth but increased lipid accumulation by 1.2 folds for Scenedesmus
obliquus SIT06 and Micractinium reisseri SIT04. However, at conditions of
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light intensity of 90 umol photon m~2 s~! and 24:0h light:dark cycles,
nitrogen starvation resulted in improved lipid content by 1.5-1.6 times
while severely inhibiting microalgal growth. Moreover, nitrogen star-
vation also increased the content of saturated fatty acids, which then
gave higher cetane number and better oxidative stability than other
fuels. In addition, Figueroa-Torres et al. (2021) suggested a co-limiting
nitrogen and phosphorus strategy to increase starch and lipid contents
while supplying acetate as organic carbon source to enhance biomass
production. Under optimization, the starch and lipid contents of the
microalgal biomass was increased by 27 % and 74 %, respectively.

Cheirsilp and Torpee (2012) evaluated the fed-batch mixotrophic
cultivation for enhancing lipid production by two microalgae, marine
Chlorella sp. and Nannochloropsis sp. In the fed-batch mixotrophic
cultivation, glucose was intermittently added and light intensity was
gradually increased to supply sufficient carbon and energy sources
during microalgae growth. This strategy produced two-fold higher lipids
than the batch cultivation. In addition, Cheirsilp et al. (2017) also
evaluated the use of Nannochloropsis sp. entrapped in alginate gel beads
under repeated-batch cultivation for production of microalgal lipids.
The optimal conditions were: aeration with 10 % CO5 and illumination
for 24 h at 47 pmol photon m~2 s~! light intensity for 7 days. The
repeated-batch cultivation increased microalgal biomass by 2.66 folds
and lipid production by 1.41 folds. The fatty acid compositions were
found suitable as feedstocks for biodiesel. However, Cheng et al. (2022)
claimed that the lipid content of Chlorella pyrenoidosa obtained with
heterotrophic growth (18.53 %) was higher than that with mixotrophic
growth (16.84 %).

In addition to the pure culture, Cheirsilp et al. (2011) suggested co-
cultivating microalga Chlorella vulgaris with oleaginous yeast Rhodotor-
ula glutinis using molasses as a cheap carbon source. The optimal
microalga to yeast ratio was 1 per 1. The optimal molasses concentration
and initial pH were 1 % and 5.0, respectively. The optimal light intensity
was at 5,000 Lux with 16:8h photoperiod. These optimized conditions
achieved the maximum level of lipid production of 2.88 + 0.16 g/L.
These findings agreed with those reported by Kitcha and Cheirsilp
(2014), who also used oleaginous yeast Trichosporonoides spathulate JU4-
57 for co-cultivating with Chlorella vulgaris TISTR 8261. The co-culture
was entrapped in alginate gel beads. Under light intensity of 2 klux with
16:8h photoperiod, the microalgae-yeast biomass obtained was as high
as 12.2 g/L and the lipid content was 47 %. Additionally, due to their
similar fatty acid compositions to those of plant oils, microalgae-yeast
lipids are considered as potential feedstocks for the production of
biodiesel.

3.6. Polyunsaturated fatty acids

Microalgae can accumulate polyunsaturated fatty acids (PUFA),
which are necessary for human health and nutrition. Due to their year-
round viability and high biomass and lipid productivity, they are
considered sustainable sources for PUFA production (Chew et al., 2017).
Consumption of omega-3 PUFA has shown efficacy in the prevention of
diseases including inflammatory bowel disorders, type-II diabetes,
cancer, depression, arthritis, schizophrenia, asthma, and cardiovascular
disorders. The stress conditions, i.e. nitrogen starvation not only
increased the yield of docosahexaenoic acid (DHA) but also upregulated
gene expression, indicating high PUFA synthase activity (Chen et al.,
2020). Remmers et al. (2017) found that Phaeodactylum tricornutum
accumulated PUFAs at the highest level when using 60 pmol photon m ™2
s~! light intensity and nitrogen-replete condition. Interestingly, the use
of green LED-wavelengths was also a practical technique to enhance
PUFA content in Nannochloropsis oceanica under stress conditions (Ra
et al., 2016). In addition to green-wavelength stress, low culture tem-
peratures also could be used to increase the PUFAs content (Sirisuk
et al., 2018). Ma et al. (2018) found that microalga Nannochloropsis sp.
produced high-value omega-3-rich PUFAs, specifically eicosapentaenoic
acid (EPA), at a higher level when using 50 pmol photon m~2 s~! light
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intensity. Wang et al. (2019) reported a strategy to improve PUFA
production by microalga Phaeodactylum tricornutum CCMP-2561
through fulvic acid-empowered adaptive evolution. They found that
the use of fulvic acid at 15 mg/L could promote microalgal growth and
increase EPA production up to the highest content of 13.9 %. This was
because fortification with fulvic acid could increase antioxidant capacity
and re-allocated carbon metabolic precursors to lipogenesis. These then
improved both microalgal growth and lipid content. Maneechote et al.
(2021) shown that two newly isolated microalgae, Chlorella sp. PPS and
Scenedesmus sp. SPP, were promising PUFA sources as they contained
PUFA as high as 18-27 % of total lipids under nitrogen-rich conditions.

3.7. Exopolysaccharides

Exopolysaccharides produced by microalgae could be used as
biodegradable polymers, bioflocculents, and bioactive compounds with
many health benefits for human, for example anticancer, antith-
rombotic, immunomodulatory agents, and anticoagulants. During their
life cycle, microalgae can produce a lot of polysaccharides that they can
secrete into the extracellular medium, where they combine with other
biomolecules like lipids, nucleic acids, and proteins providing backbone
structure for defensive bio-films. The microalgal exopolysaccharides
could be harvested as byproducts from the culture medium after biomass
separation with no waste generated (Manirafasha et al., 2018). Most
microalgae species produce polysaccharides that are heteropolymers
consisted of several sugars including glucose, galactose, and xylose
relating to cultivation conditions. While Gyrodinium impudicum and
Chlorella vulgaris produced homopolysaccharides containing glucose as
parts of their cell walls.

The production of microalgal EPS is greatly affected by the medium
components such as nitrogen or carbon sources (Angelaalincy et al.,
2017). Chen et al. (2015) examined the effect of heavy metal stress at
1.0 mg-Cd%*/L on production of two forms of EPSs, namely cell bound
(B-EPS) and soluble (S-EPS) forms by Chlorella vulgaris FACHB-6. With
this heavy metal stress, the culture conditions under 12 h daily light
illumination at 30 pmol photons m~2 s~ and temperature of 25 °C
improved B-EPS and S-EPS production by 50.6 % and 19.7 %, respec-
tively. Similarly, Angelaalincy et al. (2017) also found that Scenedesmus
sp. SB1 produced EPS 1.67 folds higher than the control when 1 % salt
was added to the medium to induce salinity stress condition. Mahesh
et al. (2019) studied the EPS production by cultivation of Scenedesmus
abundans in a flat-panel photobioreactor. They found that the nitrogen
starvation combined with high extremely light intensity (2162 pmol
photons m~2 s 1), did increase the EPS production to 236 mg/L yielding
37 mg EPS/g-biomass. Cheirsilp et al. (2016) revealed that oleaginous
marine Chlorella sp. was promising microalga as it could accumulate
high content of lipids > 30 % of its biomass and also released EPS as by-
product into the culture medium. The optimized conditions for maxi-
mizing microalgal biomass and product formation were: mixotrophic
mode added with 1 % w/v glucose and aerated with CO3 of 10 % in air
and 65 pmol photon m~2 s~! light intensity. It was also reported that
both microalgal EPS and lipids showed high potential as bioflocculant
and biodiesel feedstocks, respectively.

4. Sustainability of zero-waste microalgal biorefinery
4.1. Valorization of wastes from microalgae cultivation

The wastes derived from microalgae cultivation can be categorized
as liquid and solid wastes. Sustainable biorefinery of microalgal biomass
requires processes those are energy-efficient and can upcycle or recycle
both liquid and solid wastes. Recently, many researches have proposed
the valorization of wastes from microalgae cultivation for the produc-
tion of valuable products based on the zero-waste biorefinery concept
(Laurens et al., 2017; Chandra et al., 2019).

a) Liquid waste, during microalgae cultivation and processing of
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microalgal biomass, a substantial volume of spent medium is generated
as liquid waste. The discharge of this liquid waste might lead to the
environmental problem. Upcycling or recycling the spent medium is a
great idea to reduce liquid waste streams and decrease environmental
effects as well as the need for nutrients because the amount of unused
nutrients may remain in the spent medium (Mishra et al., 2019). How-
ever, the effluent property and subsequent valorization of the spent
medium depend on biomass separation methods, i.e. centrifugation,
filtration, and flocculation. Thus, the use of microalgae strains with
auto-flocculation characteristics can greatly reduce high energy input
and reduce or eliminate the usage of chemical flocculants and conse-
quently allow spent culture media to be reused (Zhang et al., 2021).

b) Solid waste, different types of solid wastes are generated after
processing of microalgal biomass depending on their main products. For
example, the lipid-free biomass come from the production of
microalgae-based biodiesel and anaerobic digestate comes from the
production of biohydrogen and biomethane. Based on the concept of
zero-waste biorefinery, these solid wastes should be used to create other
valuable co-products (Mishra et al., 2019; Maneechote et al., 2021).
However, to avoid using energy-intensive downstream processes, i.e.
neutralizing, drying, grinding, and other processes, it is imperative to
choose the suitable solid-waste valorization pathway. It has been re-
ported that several valuable components, i.e., proteins, lipids, carbo-
hydrates, polysaccharides, and other minor components, remained in
the solid wastes after the processing of microalgal biomass (Song et al.,
2019). Pretreatment of the solid wastes by individual or combined
techniques (chemical, physical, thermo-chemical, and enzymatic) have
been used to degrade the complex molecules into simpler substances
prior to further conversion to other high-value products. The solid
wastes may be recycled through anaerobic digestion to produce biofuel
production, namely methane and hydrogen, since they are rich in
organic carbon and nutrients. It has been reported that the anaerobic
digestion of microalgal biomass for production of hydrogen could
improve methane content in subsequent anaerobic digestion (Mussgnug
et al.,, 2010). Gu et al. (2015) also revealed that the microalgal solid
residues could be upcycled as nutrient sources for subsequent micro-
algae cultivation. With this strategy, both heterotrophic microalgal
growth and lipid production were improved. Another recent research
proposed the combination of fermentation and ethanol-assisted lique-
faction of Nannochloropsis sp. biomass for improved biofuel production
(Rahman et al., 2019).
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4.2. Techno-economic and environmental sustainability

Sustainability refers to the ability to maintain something indefinitely
while still being capable of meeting future demands. The development
of integrated techniques that can extract all components from micro-
algal biomass and use them for production of valuable biofuel and
bioproducts, would make microalgae-based industries not only
economically feasible but also sustainable. However, it is also crucial to
involve the valorization of wastes from microalgae cultivation, and
balance between the techno-economic sustainability and the environ-
mental sustainability to develop the zero-waste microalgal biorefinery
(Fig. 1). These two aspects are likely interconnected in a way that one’s
performance might hinder another’s.

a) Techno-economic sustainability: The aspect of techno-
economic sustainability is frequently considered by evaluation of prof-
itability and techno-economic analysis (TEA), where technical di-
mensions are examined in terms of process economics. To sustainably
produce a specific product, several biorefinery scenarios should be
compared, and their economic performance has to be evaluated by cost
indicators (Yadav and Sen, 2018). The TEA of microalgae production is
rather inconstant. There are many factors affecting the TEA of the pro-
cess, i.e., design of the cultivation system, the nutrient and CO5 sources
for cultivation, facility scale, biomass productivity, and downstream
processing techniques (Subhash et al., 2022). The impacts of these fac-
tors on the costs and performance of each scenario is evaluated using a
techno-economic model in order to maximize overall profits. This model
also provides the input and output inventory necessary for subsequent
life cycle analysis. One report on the TEA of jet-biofuels made from
microalgae indicated the minimum sale price at 5.89 $/L. This price was
14 times more expensive than that of fossil-based jet fuel, which was
only 0.43 $/L (Ewurum, 2019). Therefore, the combined strategies have
been reported for cost reduction in microalgae-based biofuel produc-
tion. Some strategies focused on cost reduction in detailed unit opera-
tions such as cultivation, harvesting, or downstream processes; others
focused on cost reduction across the board, including cultivation inputs,
i.e., the utilization of wastewater and CO; in flue gas (Subhash et al.,
2022).

To lower the costs for microalgal biomass production, the in-
tegrations of waste valorization with microalgae cultivation have been
explored. However, the costs of using microalgae to treat the wastes
must be at the same level as conventional methods. In the case of
wastewater treatment by microalgae, the cultivation costs should not be

Environmental
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Greenhouse gas emission,
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Local pollution
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in waste stream, produce
value-added products and
cascade extraction

Fig. 1. Some sustainable practices for microalgae-based zero-waste biorefinery.
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higher than that of conventional wastewater treatment (0.2€/m?)
(Gouveia et al., 2016). In one study, volatile fatty acids obtained during
the fermentation of food wastes were utilized as cheap nutrient sources
for the heterotrophic growth of microalgae, which not only improved
microalgal lipid yield but also decreased the production costs of bio-
diesel to $2.3/gallon (Fei et al., 2015). The TEA has revealed that the
bio-oil production from microalgal biomass when integrated with the
protein extraction process could generate extra revenues from the
extracted proteins. This combined process may significantly contribute
to the development of zero-waste microalgal biorefineries (Phusunti and
Cheirsilp, 2020). In the biorefinery concept, the pigments of the oleag-
inous microalga Chlorella sp. were extracted before biodiesel production
via direct transesterification reaction, and the carbohydrate fraction of
the defatted microalgal biomass was subsequently acid-hydrolyzed to
produce sugars, and finally, the protein hydrolysate was recovered
(Mandik et al., 2020). In addition, the TEA for co-productions of bio-
fuels, namely biodiesel, and ethanol, from microalgal biomass have
shown prerequisite investment settings with low environmental impact.
The integration of microalgae cultivation with other viable processes
could also reduce life-cycle GHG emissions, heat recovery, and CO,
recycling (Wu et al., 2018). Microalgae cultivation using wastewater,
allowing nutrient recovery in microalgal biomass and subsequent bio-
fuel production, is considered a promising path to promote the sus-
tainability of microalgae-based zero-waste industries (Li et al., 2022).

b) Environmental sustainability: this aspect involves the methods
that demonstrate the environmental burden of the products or processes
and the social impacts by analyzing the damage to ecosystem resources,
human health, climate, etc. The procedure starts with the selection of
the cultivation region and sustainable nutrient sources for microalgal
growth and product formation, the biomass harvesting methods, and the
methods, and solvents for lipid extraction and conversion into biodiesel
or other valuable products. All steps should contribute to environmental
sustainability. The index for long-term sustainability can be confirmed
by the use of certain indicators, including soil and resource depletion,
water management, energy security, local pollution, GHG emissions, the
volume of wastewater, chemical usage, and local pollution, etc. (Sub-
ramanian et al., 2016; Patnaik and Mallick, 2021). Valorizing waste-
water is a common scheme to reutilize nutrients and water, reduce the
volume of wastewater being transported and treated, and consequently
lessen environmental impacts. Microalgae are considered an excellent
candidate to be explored in these scenarios. Emerging microalgae
cultivation systems that can help reduce GHG through CO; capture
while producing an alternative biofuel for fossil fuels are the keys to
being valuable and sustainable (Kamyaba et al., 2019). Environmentally
friendly cascade extraction/separation of the valuable components in
the microalgal biomass as well as their suitable conversions to
economically viable products should be developed to increase the
technical-economics feasibility of zero-waste biorefinery of microalgal
biomass and maintain environmental sustainability (Yadav and Sen,
2018).

The mixotrophy, the strategy to utilize the mechanism of microalgae
to simultaneously assimilate both inorganic carbon and organic carbon,
is one of the crucial approaches for microalgal biorefineries because it
can boost microalgal biomass productivities, CO5 fixation rates, and
lipid accumulation; together with wastewater bioremediation (Sub-
ramanian et al., 2016). It should be also emphasized that the applica-
tions of microalgal biomass as sources of bioenergy have been restricted
by the high energy requirements and high costs of downstream pro-
cessing steps. One study has reported the use of switchable-ionic liquids
(S-ILs) induced by CO5 coupled with hydrophobic-hydrophilic reversible
conversion for lipid extraction and separation. S-IL based lipid extrac-
tion is advantageous because it combines extraction, separation, and
recovery processes with no additional chemicals. It was therefore
considered a promising downstream process for sustainable microalgae-
based bioenergy production (Tang and Ho Row, 2020).
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5. Key issues and future perspectives
5.1. Key issues

Microalgae are considered promising sources to substitute fossil fuels
as they are more environmental friendly and can solve environmental
problems. Though a scenario with processes that use environmentally
friendly fuels with a positive energy balance needs to be designed, one
problem needs to be solved is the economic hurdles. The main hurdles
are their productivity and industrial scalability. In the case of using
photobioreactors with artificial light, the cultivation cost of microalgae
would be much higher than that of bacterial fermentation. The low cell
concentration and high cost of downstream process (about 40 % based
on total cost) also makes microalgal biorefinery difficult (Koyande et al.,
2019a). Although the zero-waste biorefinery concept involves the full
valorization of wastes from microalgae cultivation, the full utilization of
microalgal biomass for valuable products, this concept also faces the
problem of low final yields for each product because of many processing
steps are needed to get a particular purity. There are also numerous
other concerns that need to be taken into account. These include the
rather small market for each product, the product loss and degradation
during processing steps, and the stability of the extracted compounds.
The studies on those concerns are important (Chew et al., 2017).

Moreover, a technically and economically viable biorefinery should
have a positive energy balance because many processes involving mix-
ing and mass transfer, and downstream processing including harvesting
and drying of biomass and lipid extraction, require high energy input.
Although microalgae-based biofuel production has been considered one
of the cleanest and most sustainable processes, its commercialization
still has numerous key issues to overcome. These include the screening
of promising microalgal strains, the requirements of nutrients and water,
the large-scale cultivation, the climate impact, the harvesting and drying
process of biomass, and the suitable conversion process. Among them,
the critical issue that should be concerned is the harvesting of microalgal
biomass (Chew et al., 2017). It should be mentioned that due to the low
concentration of microalgal biomass, the operations of collecting and
drying require a significant amount of energy. As far as energy inputs are
concerned, it is crucial to select a set of processes that can produce more
energy than those consumed. An energy analysis is an approach that can
be applied for this purpose. It estimates the irreversibilities of the pro-
cesses and compares the energy used in the processes (Peralta et al.,
2010).

The greatest limitations of microalgae-based zero-waste biorefineries
would be the cost limitations and restrictions on large-scale microalgae
cultivation. The policy considerations for the successful implementation
of microalgae-based zero-waste biorefineries would be: microalgae
cultivation systems with high efficiency; tolerance of microalgae to
fluctuations of environmental conditions, such as temperature and light
intensity; prevention of contamination from microorganisms; efficient
energy consumption of the biorefinery procession of microalgal
biomass; biosafety risk and governmental policy issues for microalgal
biomass produced from wastewater and flue gas aeration; and a strong
and reliable policy and regulatory framework supporting microalgae
commercialization (Kuo et al., 2021).

5.2. Perspectives and challenges

The perspectives for achieving the sustainable zero-waste microalgal
biorefinery are the development of cost-effective technologies and their
integration with other viable processes. Some guidelines for the devel-
opment of sustainable zero-waste microalgal biorefinery can be elabo-
rated as follows (Fig. 2):

1) Lowering harvesting costs by using self-sedimenting strains
or fungal pellets: The use of microalgal strains with self-sedimenting
properties would help avoid the use of flocculating agents and other
energy-intensive methods to harvest the microalgal biomass. This then,
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Fig. 2. Perspectives and challenges to achieve sustainable microalgae-based zero-waste biorefinery.

in turn, enables the reusability and recycling of the effluents for subse-
quent cultivation and/or other bioproductions. Furthermore, the
microalgal biomass without the contamination of flocculants also im-
proves their potential as biofuel feedstocks (Mishra et al., 2019). Nie
et al. (2018) reported that Golenkinia sp. SDEC-16 had cell diameters
ranging from 7 to 18 mm and self-sedimenting properties. Srinuanpan
et al. (2018) reported a promising approach to rapidly harvest Scene-
desmus sp. cells using the fungal pellets of Trichoderma reesei QM 9414.
The optimal fungal pellets volume ratio to the microalgae culture broth
was 1:2. With this method, the microalgal cells>94 % were rapidly
harvested within 10 min.

2) Integration of microalgae cultivation with waste treatment:
the processes to reduce, reuse, recycle, and treat effluents, solid wastes,
and emitted CO; should be developed under BCG economy model. The
viable production of microalgal biomass can be accomplished by inte-
grating the microalgae cultivation with treatment of waste streams. The
use of anaerobic digestate and wastewater can supply macro- and
micronutrients for microalgal metabolism and growth (Ghimire et al.,
2017). Recent literatures have revealed various microalgae biorefinery
approaches those integrated microalgae cultivation with biovalorization
of wastes and biofuel production (Chandra et al., 2019; De Bhowmick
etal., 2019). The studies showed that innovative biorefinery approaches
such as combined wastewater treatment with industrial CO, mitigation
would enable effective bioremediation and reduction of GHG emissions.
While the combined use of biomass feedstocks i.e., food wastes, sewage,
lignocellulosic wastes, and agricultural wastes, would facilitate infinite
factory operation (Wang et al., 2019). Microalgae can adapt to new
environments and therefore grow in various types of wastewater. They
can uptake a wide variety of carbon, nitrogen, and phosphorous and can
adsorb or uptake pollutants like heavy metals. However, when inte-
grating microalgae cultivation with wastewater treatment, the levels of
carbon, nitrogen, and phosphorous, as well as pollutants, that can be
toxic to microalgae, should be considered (Plohn et al., 2021).

3) Integration of microalgae cultivation with bioelectricity
generation: This approach is well known as photosynthetic microbial
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fuel cells (MFC). It comprises of two chambers, cathodic and anodic
chambers, with a proton-exchange-membrane set between the cham-
bers. The anaerobic bacteria in the anodic chamber produce electrons
while oxidizing organic substances. When these electrons are trans-
ported to a cathode in the cathodic chamber through an external wire
circuit, electricity will be generated. The advantage of MFC is that the
system can generate electricity while degrading organic wastes. In
photosynthetic MFC, microalgae that are cultivated in the cathodic
chamber fix CO, and produce oxygen as an electron acceptor through
their photosynthetic activity, and this could enhance the production of
bioelectricity (Uggetti and Puigagut, 2016). Nookwam et al. (2022),
who cultivated the oleaginous microalga Scenedesmus sp. in the cathodic
chamber of MFC, found that the microalgae could increase oxygen
availability and enhance the production of bioelectricity while simul-
taneously secondarily treating effluent from the anodic chamber and
producing lipids that can be used as biodiesel feedstocks.

4) Integration of microalgae cultivation with biogas upgrading:
Biogas is a biofuel that is anaerobically produced from the anaerobic
digestion of organic wastes. It is mainly composed of methane and CO,,
with small amounts of hydrogen, nitrogen, and water. It may also
contain a trace amount of hydrogen sulfide depending on the wastes
used. Biogas has been produced from various organic wastes, such as
food wastes, crop wastes, municipal wastes, agricultural wastes, agro-
industrial wastes, lignocellulosic wastes, aquatic wastes, and micro-
algae and macroalgae (Saratale et al., 2018). For effective energy con-
version, the biogas should be purified to increase the methane content to
>90 % before combustion. The biological CO, removal from biogas
using microalgae was established by Mann et al. (2009). The microalgae
can purify biogas by removal of CO2. As the CO3 content decreases, the
methane content increases. Srinuanpan et al. (2017) could effectively
remove CO; in biogas by cultivating oleaginous Scenedesmus sp. The
methane content was improved up to be >90 %. This strategy not only
purified biogas but also economically produced microalgal biomass with
high lipids content. Moreover, Srinuanpan et al. (2019) also developed a
two-phase purifying unit for simultaneous phycoremediation of
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effluents from anaerobic digestor and upgrading biogas by using
oleaginous Scenedesmus sp. entrapped in alginate-gel beads. After opti-
mization, the CO; in biogas was efficiently removed by the microalgae,
and resulted in the increased methane content to > 95 %. Cao et al.
(2017) also reported the CO, removal in biogas by microalgae. In their
study, the microalgae not only removed COy by 75.61 % but also
removed COD by 78.09 %, nitrogen by 86.24 % and phosphorus by
86.74 %. Recently, Scarcelli et al. (2021) proposed the domestic sewage
treatment system in an anoxic-aerobic photobioreactor and integrated it
with the anaerobic digestion system of bacterial-microalgal biomass
harvested from the photobioreactor. This system also included photo-
synthetic biogas upgrading unit. This integrated system removed total
organic carbon (TOC) by 98.9 + 1.1 % and TN by 90.8 + 8.0 %. The
photosynthetic biogas upgrading also removed CO5 by 74.7 + 3.0 % and
hydrogen sulfide by 99.0 + 2.8 %. This integrated system would provide
an ideal setting for the establishment of a large-scale anoxic-aerobic
photobioreactor combined with anaerobic digestion and photosynthetic
biogas upgrading using microalgae.

5) Coupling microalgae cultivation with co-production of high-
value components: Certain microalgal strains can accumulate large
amounts of high-value compounds, including pigments, vitamins, and
PUFAs, in addition to the main compounds of lipids, proteins, and car-
bohydrates. Therefore, co-production and challenges for the recovery of
those components have been reported. Nevertheless, the viability and
scalability of cultivation and extraction methods, as well as their energy
consumption, should be of concern (Chew et al., 2017). Gifuni et al.
(2019), who evaluated various research studies on microalgal bio-
refinery, have concluded that cascade extraction is one of the most
suitable approaches to fully utilizing microalgal components. Several
studies have performed cascade extraction to fully recover high-value
pigments from microalgal biomass, namely carotene, astaxanthin, and
lutein before the extraction of other by-products including proteins,
lipids, and carbohydrates (Gilbert-Lopez et al., 2017; Lupatini et al.,
2017). The possibility of recovering as much as possible from microalgal
components depends on the severity of the extraction method. The use
of a mild liquid for extraction was suggested, as it caused less damage to
other components. Moreover, the extraction method that allows the
direct use of wet microalgal biomass also helps decrease the drying
process costs (Koyande et al., 2019a). In the biorefinery concept, if a
number of chemicals can be simultaneously recovered from the micro-
algal biomass, it is therefore possible to achieve a higher market value
than the production costs. Pigments are one of the main targets for
microalgal biorefinery when it comes to fine chemical compounds.
Although cascade extraction of high-value components can boost the
overall value of microalgal biomass, it is also crucial to implement green
techniques for pretreating, extracting, and processing all valuable
components for further applications in various sectors. Therefore, a key
challenge is to integrate platforms not only for efficiently extracting or
fractionating the target components but also for meeting the principles
of green chemistry and attaining sustainability (Gilbert-Lopez et al.,
2017).

6) Feedstock upgrading processes: microalgal biorefineries should
also involve feedstock upgrading processes, the processes that continu-
ously upgrade and refine raw materials. In other words, a feedstock
should not be directly burned without any upgrading processes.
Therefore, microalgal biorefineries should recover and upgrade the
components of the feedstock through a series of processes to attain pure
chemical species at high concentrations. In addition, a biorefinery plant
should also operate through sustainable processes. The energy input for
feedstock conversion processes should be internally obtained from the
heat and electricity produced by the combustion of residues. Through
the biorefinery concept, production and conversion costs should be
significantly reduced. It has been reported that although 13.8 MJ is
spent to recover 1 kg of microalgal biomass using the centrifugation
method (Wan et al., 2015), the total energy return can offset these en-
ergy expenses comparing with other sources of bioenergy. The
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production costs of microalgal biomass should not go beyond an ideal
theoretical cost (0.55 cents) for manufacturing bulk microalgae-based
products, namely biofuels and biochemicals, which would help micro-
algae viable in the view point of commercialization (dos Santos et al.,
2017).

6. Concluding remarks

Zero-waste microalgal biorefineries with commercial feasibility,
sustainability, and environmental benefits require: i) screening of
promising microalgae with superior biomass productivity and unique
compositions; ii) cultivation techniques that maximize both photosyn-
thetic efficiency, growth, and high-value components; iii) co-location
strategies to valorize industrial wastes and CO; flue gas; iv) cascade
extraction/separation of high-value components that help increase the
overall value of microalgal biomass; and v) utilizing environmentally
friendly methods to harvest, pretreat, extract, and process useful com-
ponents for use in a variety of sectors. The key issues and perspectives
include sustainable microalgal biomass production, cost-effective tech-
nologies, and innovative integration with viable processes

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was supported by Prince of Songkla University and Min-
istry of Higher Education, Science, Research and Innovation under the
Reinventing University Project (Grant No. REV65027). The third author
was supported by Chiang Mai University.

References

Angelaalincy, M., Senthilkumar, N., Karpagam, R., Kumar, G.G., Ashokkumar, B.,
Varalakshmi, P., 2017. Enhanced extracellular polysaccharide production and self
sustainable electricity generation for PAMFCs by Scenedesmus sp. SB1. ACS omega 2
(7), 3754-3765.

Bae, M., Kim, M.B., Park, Y.K., Lee, J.Y., 2020. Health benefits of fucoxanthin in the
prevention of chronic diseases. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 1865,
158618.

Bonnet, S., Webb, E.A., Panzeca, C., Karl, D.M., Capone, D.G., Wilhelmy, S.A.S., 2010.
Vitamin Bjs excretion by cultures of the marine cyanobacteria Crocosphaera and
Synechococcus. Limnol. Oceanogr. 55 (5), 1959-1964.

Cao, W., Wang, X., Sun, S., Hu, C., Zhao, Y., 2017. Simultaneously upgrading biogas and
purifying biogas slurry using cocultivation of Chlorella vulgaris and three different
fungi under various mixed light wavelength and photoperiods. Bioresour. Technol.
241, 701-709.

Cezare-Gomes, E.A., Lousada, M.E.G., Matsudo, M.C., Ferreira-Camargo, L.S., Ishii, M.,
Singh, A.K., Carvalho, J.C.M., 2023. Two-stage semi-continuous cultivation of
Dunaliella salina for p-carotene production. Brazilian J. Chem. Eng. 40 (2), 367-378.

Chandra, R., Igbal, H.M., Vishal, G., Lee, H.S., Nagra, S., 2019. Algal biorefinery: a
sustainable approach to valorize algal-based biomass towards multiple product
recovery. Bioresour. Technol. 278, 346-359.

Chaudhary, R., Dikshit, A.K., Tong, Y.W., 2018. Carbon-dioxide biofixation and
phycoremediation of municipal wastewater using Chlorella vulgaris and Scenedesmus
obliquus. Environ. Sci. Pollut. Res. 25 (21), 20399-20406.

Cheirsilp, B., Mandik, Y.L, Prasertsan, P., 2016. Evaluation of optimal conditions for
cultivation of marine Chlorella sp. as potential sources of lipids, exopolymeric
substances and pigments. Aquac. Int. 24 (1), 313-326.

Cheirsilp, B., Maneechote, W., 2022. Insight on Zero-waste approach for sustainable
microalgae biorefinery: Sequential fractionation, conversion and applications for
high-to-low value-added products. Bioresour. Technol. Rep. 18.

Cheirsilp, B., Thawechai, T., Prasertsan, P., 2017. Immobilized oleaginous microalgae for
production of lipid and phytoremediation of secondary effluent from palm oil mill in
fluidized bed photobioreactor. Bioresour. Technol. 241, 787-794.


http://refhub.elsevier.com/S0960-8524(23)01048-9/h0005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0010
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0010
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0010
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0015
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0015
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0015
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0020
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0020
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0020
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0020
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0025
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0025
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0025
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0030
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0030
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0030
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0035
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0035
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0035
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0040
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0040
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0040
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0045
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0045
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0045
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0050
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0050
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0050

B. Cheirsilp et al.

Cheirsilp, B., Torpee, S., 2012. Enhanced growth and lipid production of microalgae
under mixotrophic culture condition: Effect of light intensity, glucose concentration
and fed-batch cultivation. Bioresour. Technol. 110, 510-516.

Cheirsilp, B., Suwannarat, W., Niyomdecha, R., 2011. Mixed culture of oleaginous yeast
Rhodotorula glutinis and microalga Chlorella vulgaris for lipid production from
industrial wastes and its use as biodiesel feedstock. N. Biotechnol. 28 (4), 362-368.

Cheirsilp, B., Wantip, K., Chai-issarapap, N., Maneechote, W., Pekkoh, J., Duangjan, K.,
Ruangrit, K., Pumas, C., Pathom-aree, W., Srinuanpan, S., 2022. Enhanced
production of astaxanthin and co-bioproducts from microalga Haematococcus sp.
integrated with valorization of industrial wastewater under two-stage LED light
illumination strategy. Environ. Technol. Inno. 28.

Chen, X., He, Y., Ye, H,, Xie, Y., Sen, B., Jiao, N., Wang, G., 2020b. Different carbon and
nitrogen sources regulated docosahexaenoic acid (DHA) production of
Thraustochytriidae sp. PKU# SW8 through a fully functional polyunsaturated fatty
acid (PUFA) synthase gene (pfaB). Bioresour. Technol. 318.

Chen, C.-Y., Kuo, E.-W., Nagarajan, D., Ho, S.-H., Dong, C.-D., Lee, D.-J., Chang, J.-S.,
2020a. Cultivating Chlorella sorokiniana AK-1 with swine wastewater for
simultaneous wastewater treatment and algal biomass production. Bioresour.
Technol. 302.

Chen, B., Li, F., Liu, N., Ge, F., Xiao, H., Yang, Y., 2015. Role of extracellular polymeric
substances from Chlorella vulgaris in the removal of ammonium and orthophosphate
under the stress of cadmium. Bioresour. Technol. 190, 299-306.

Cheng, P., Huang, J., Song, X., Yao, T., Jiang, J., Zhou, C., Yan, X., Ruan, R., 2022.
Heterotrophic and mixotrophic cultivation of microalgae to simultaneously achieve
furfural wastewater treatment and lipid production. Bioresour. Technol. 349.

Chew, K.W., Yap, J.Y., Show, P.L., Suan, N.H., Juan, J.C., Ling, T.C., Lee, D.J., Chang, J.
S., 2017. Microalgae biorefinery: high value products perspectives. Bioresour.
Technol. 229, 53-62.

Choi, H.-J., 2016. Dairy wastewater treatment using microalgae for potential biodiesel
application. Environ. Eng. Res. 21 (4), 393-400.

De Bhowmick, G., Sarmah, A.K., Sen, R., 2019. Zero-waste algal biorefinery for
bioenergy and biochar: a green leap towards achieving energy and environmental
sustainability. Sci. Total Environ. 650, 2467-2482.

de Mendonga, H.V., Ometto, J.P.H.B., Otenio, M.H., Marques, I.P.R., Dos Reis, A.J.D.,
2018. Microalgae-mediated bioremediation and valorization of cattle wastewater
previously digested in a hybrid anaerobic reactor using a photobioreactor:
comparison between batch and continuous operation. Sci. Total Environ. 633, 1-11.

de Morais, M.G., de Morais, E.G., Duarte, J.H., Deamici, K.M., Mitchell, B.G., Costa, J.A.
V., 2019. Biological CO, mitigation by microalgae: Technological trends, future
prospects and challenges. World J. Microbiol. Biotechnol. 35 (5), 1-7.

Edelmann, M., Aalto, S., Chamlagain, B., Kariluoto, S., Piironen, V., 2019. Riboflavin,
Niacin, Folate and Vitamin B12 in Commercial Microalgae Powders. J. Food
Compos. Anal. 82, 1-10.

Ewurum, C.E., 2019. Techno-economic analysis of micro-algae bio-jet fuel production
processes. University of Nottingham. Doctoral dissertation.

Fei, Q., Fu, R., Shang, L., Brigham, C.J., Chang, H.N., 2015. Lipid production by
microalgae Chlorella protothecoides with volatile fatty acids (VFAs) as carbon sources
in heterotrophic cultivation and its economic assessment. Bioprocess Biosyst. Eng. 38
(4), 691-700.

Figueroa-Torres, G.M., Pittman, J.K., Theodoropoulos, C., 2021. Optimisation of
microalgal cultivation via nutrient-enhanced strategies: the biorefinery paradigm.
Biotechnol. Biofuels 14 (1), 1-16.

Freitas, B.C.B., Cassuriaga, A.P.A., Morais, M.G., Costa, J.A.V., 2017. Pentoses and light
intensity increase the growth and carbohydrate production and alter the protein
profile of Chlorella minutissima. Bioresour. Technol. 238, 248-253.

Galasso, C., Gentile, A., Orefice, 1., Ianora, A., Bruno, A., Noonan, D.M., Sansone, C.,
Albini, A., Brunet, C., 2019. Microalgal derivatives as potential nutraceutical and
food supplements for human health: A focus on cancer prevention and interception.
Nutrients 11 (6), 1226.

Ghimire, A., Kumar, G., Sivagurunathan, P., Shobana, S., Saratale, G.D., Kim, HW.,
Luongo, V., Esposito, G., Munoz, R., 2017. Bio-hythane production from microalgae
biomass: key challenges and potential opportunities for algal bio-refineries.
Bioresour. Technol. 241, 525-536.

Gifuni, L., Pollio, A., Safi, C., Marzocchella, A., Olivieri, G., 2019. Current bottlenecks and
challenges of the microalgal biorefinery. Trends Biotechnol. 37 (3), 242-252.

Gilbert-L6pez, B., Mendiola, J.A., van den Broek, L.A.M., Houweling-Tan, B., Sijtsma, L.,
Cifuentes, A., Herrero, M., Ibanez, E., 2017. Green compressed fluid technologies for
downstream processing of Scenedesmus obliquus in a biorefinery approach. Algal Res.
24, 111-121.

Gouveia, L., Graca, S., Sousa, C., Ambrosano, L., Ribeiro, B., Botrel, E.P., Neto, P.C.,
Ferreira, A.F., Silva, C.M., 2016. Microalgae biomass production using wastewater:
Treatment and costs: Scale-up considerations. Algal Res. 16, 167-176.

Gu, H., Nagle, N., Pienkos, P.T., Posewitz, M.C., 2015. Nitrogen recycling from fuel-
extracted algal biomass: residuals as the sole nitrogen source for culturing
Scenedesmus acutus. Bioresour. Technol. 184, 153-160.

Hariz, H.B., Takriff, M.S., Mohd Yasin, N.H., Ba-Abbad, M.M., Mohd Hakimi, N.L.N.,
2019. Potential of the microalgae-based integrated wastewater treatment and COy
fixation system to treat Palm Oil Mill Effluent (POME) by indigenous microalgae;
Scenedesmus sp. and Chlorella sp. J. Water Process Eng. 32.

Ho, S.H., Huang, S.W., Chen, C.Y., Hasunuma, T., Kondo, A., Chang, J.S., 2013.
Characterization and optimization of carbohydrate production from an indigenous
microalga Chlorella vulgaris FSP-E. Bioresour. Technol. 135, 157-165.

Ho, S.H., Chan, M.C,, Liu, C.C., Chen, C.Y., Lee, W.L., Lee, D.J., Chang, J.S., 2014.
Enhancing lutein productivity of an indigenous microalga Scenedesmus Obliquus FSP-
3 using light-related strategies. Bioresour. Technol. 152, 275-282.

14

Bioresource Technology 387 (2023) 129620

Huo, S., Chen, X., Zhu, F., Zhang, W., Chen, D., Jin, N., Cobb, K., Cheng, Y., Wang, L.u.,
Ruan, R., 2020. Magnetic field intervention on growth of the filamentous microalgae
Tribonema sp. in starch wastewater for algal biomass production and nutrients
removal: Influence of ambient temperature and operational strategy. Bioresour.
Technol. 303.

Jiang, J., Huang, J., Zhang, H., Zhang, Z., Du, Y., Cheng, Z., Feng, B., Yao, T., Zhang, A.,
Zhao, Z., 2022. Potential integration of wastewater treatment and natural pigment
production by Phaeodactylum tricornutum: Microalgal growth, nutrient removal, and
fucoxanthin accumulation. J. Appl. Psychol. 34 (3), 1411-1422.

Kadkhodaei, S., Abbasiliasi, S., Shun, T.J., Fard Masoumi, H.R., Mohamed, M.S.,
Movahedi, A., Rahim, R., Ariff, A.B., 2015. Enhancement of protein production by
microalgae Dunaliella Salina under mixotrophic conditions using response surface
methodology. RSC Adv. 5 (48), 38141-38151.

Kamyaba, H., Leeb, C.T., Chelliapana, S., Khademic, T., Talaiekhozanid, A., Rezaniae, S.,
2019. Role of microalgal biotechnology in environmental sustainability—a mini
review. Chem. Eng. 72, 451-456.

Khanra, S., Mondal, M., Halder, G., Tiwari, O.N., Gayen, K., Bhowmick, T.K., 2018.
Downstream processing of microalgae for pigments, protein and carbohydrate in
industrial application: A Review. Food Bioprod. Process. 110, 60-84.

Kitcha, S., Cheirsilp, B., 2014. Enhanced lipid production by co-cultivation and co
encapsulation of oleaginous yeast Trichosporonoides spathulata with microalgae in
alginate gel beads. Appl. Biochem. Biotechnol. 173 (2), 522-534.

Koyande, A.K., Show, P.L., Guo, R., Tang, B., Ogino, C., Chang, J.S., 2019a. Bio-
processing of algal bio-refinery: a review on current advances and future
perspectives. Bioengineered 10 (1), 574-592.

Koyande, A.K., Chew, K.W., Rambabu, K., Tao, Y., Chu, D.T., Show, P.L., 2019b.
Microalgae: a potential alternative to health supplementation for humans. Food Sci.
Hum. Wellness. 80, 16-24.

Kuo, C.M., Sun, Y.L., Lin, C.H., Lin, C.H., Wu, H.T., Lin, C.S., 2021. Cultivation and
biorefinery of microalgae (Chlorella sp.) for producing biofuels and other byproducts:
A Review. Sustainability 13, 13480.

Kuravi, S.D., Mohan, S.V., 2021. Mixotrophic cultivation of isolated Messastrum gracile
SVMIICT7: Photosynthetic response and product profiling. Bioresour. Technol. 341.

Laurens, L.M.L., Markham, J., Templeton, D.W., Christensen, E.D., Van Wychen, S.,
Vadelius, E.W., Chen-Glasser, M., Dong, T., Davis, R., Pienkos, P.T., 2017.
Development of algae biorefinery concepts for biofuels and bioproducts; a
perspective on process-compatible products and their impact on cost-reduction.
Energ. Environ. Sci. 10 (8), 1716-1738.

Lee, A.H., Shin, H.Y., Park, J.H., Koo, S.Y., Kim, S.M., Yang, S.H., 2021. Fucoxanthin
from microalgae Phaeodactylum tricornutum inhibits pro-inflammatory cytokines by
regulating both NF-kappaB and NLRP3 inflammasome activation. Sci. Rep. 11 (1),
543.

Levasseur, W., Perré, P., Pozzobon, V., 2020. A review of high value-added molecules
production by microalgae in light of the classification. Biotechnol. Adv. 41.

Li, K., Liu, Q., Fang, F., Luo, R., Lu, Q., Zhou, W., Huo, S., Cheng, P., Liu, J., Addy, M.,
Chen, P., Chen, D., Ruan, R., 2019. Microalgae-based wastewater treatment for
nutrients recovery: a review. Bioresour. Technol. 291.

Li, P., Luo, Y., Yuan, X., 2022. Life cycle and techno-economic assessment of source
separated wastewater-integrated microalgae biofuel production plant: A nutrient
organization approach. Bioresour. Technol. 344.

Li, G., Zhang, J., Li, H., Hu, R., Yao, X., Liu, Y., Zhou, Y., Lyu, T., 2021a. Towards high-
quality biodiesel production from microalgae using original and anaerobically-
digested livestock wastewater. Chemosphere 273.

Li, Q., Zhao, Y., Ding, W., Han, B., Geng, S., Ning, D., Ma, T., Yu, X., 2021b. Gamma-
aminobutyric acid facilitates the simultaneous production of biomass, astaxanthin
and lipids in Haematococcus pluvialis under salinity and high-light stress conditions.
Bioresour. Technol. 320.

Lin, J.H., Lee, D.J., Chang, J.S., 2015. Lutein production from biomass: marigold flowers
versus microalgae. Bioresour. Technol. 184, 421-428.

Ljubic, A., Jacobsen, C., Holdt, S.L., Jakobsen, J., 2020. Microalgae Nannochloropsis
oceanica as a future new natural source of vitamin D3. Food Chem. 320.

Lupatini, A.L., Colla, L.M., Canan, C., Colla, E., 2017. Potential application of microalga
Spirulina platensis as a protein source. J. Sci. Food Agri. 97 (3), 724-732.

Ma, R., Thomas-Hall, S.R., Chua, E.T., Eltanahy, E., Netzel, M.E., Netzel, G., Lu, Y.,
Schenk, P.M., 2018. LED power efficiency of biomass, fatty acid, and carotenoid
production in Nannochloropsis microalgae. Bioresour. Technol. 252, 118-126.

Machineni, L., Rao, R.A., Rao, A. G., 2020. Contribution of anaerobic digestion coupled
with algal system towards zero-waste. In: Biogas-Recent Advances and Integrated
Approaches. IntechOpen, p. 147.

Mahesh, R., Naira, V.R., Maiti, S.K., 2019. Concomitant production of fatty acid methyl
ester (biodiesel) and exopolysaccharides using efficient harvesting technology in flat
panel photobioreactor with special sparging system via Scenedesmus abundans.
Bioresour. Technol. 278, 231-241.

Mandik, Y.I., Cheirsilp, B., Srinuanpan, S., Maneechote, W., Boonsawang, P.,
Prasertsan, P., Sirisansaneeyakul, S., 2020. Zero-waste biorefinery of oleaginous
microalgae as promising sources of biofuels and biochemicals through direct
transesterification and acid hydrolysis. Process Biochem. 95, 214-222.

Maneechote, W., Cheirsilp, B., Srinuanpan, S., Pathom-aree, W., 2021. Optimizing
physicochemical factors for two-stage cultivation of newly isolated oleaginous
microalgae from local lake as promising sources of pigments, PUFAs and biodiesel
feedstocks. Bioresour. Technol. Rep. 15.

Maneechote, W., Cheirsilp, B., Angelidaki, I., Suyotha, W., Boonsawang, P., 2023.
Chitosan-coated oleaginous microalgae-fungal pellets for improved bioremediation
of non-sterile secondary effluent and application in carbon dioxide sequestration in
bubble column photobioreactors. Bioresour. Technol. 372.


http://refhub.elsevier.com/S0960-8524(23)01048-9/h0055
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0055
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0055
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0060
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0060
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0060
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0065
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0065
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0065
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0065
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0065
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0070
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0070
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0070
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0070
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0075
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0075
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0075
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0075
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0080
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0080
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0080
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0085
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0085
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0085
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0090
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0090
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0090
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0095
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0095
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0100
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0100
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0100
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0105
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0105
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0105
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0105
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0110
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0110
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0110
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9005
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0120
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0120
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0120
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0120
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0125
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0125
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0125
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0130
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0130
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0130
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0135
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0135
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0135
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0135
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0140
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0140
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0140
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0140
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0145
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0145
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0150
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0150
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0150
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0150
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0155
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0155
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0155
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0160
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0160
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0160
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0165
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0165
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0165
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0165
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0170
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0170
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0170
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0175
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0175
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0175
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0180
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0180
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0180
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0180
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0180
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0185
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0185
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0185
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0185
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0190
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0190
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0190
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0190
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0195
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0195
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0195
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0200
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0200
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0200
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0205
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0205
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0205
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0215
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0215
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0215
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0220
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0220
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0220
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0225
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0225
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0225
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0230
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0230
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0235
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0235
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0235
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0235
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0235
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0240
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0240
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0240
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0240
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0245
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0245
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0250
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0250
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0250
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0255
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0255
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0255
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0260
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0260
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0260
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0265
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0265
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0265
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0265
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0270
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0270
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0275
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0275
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9010
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9010
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0280
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0280
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0280
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0290
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0290
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0290
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0290
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0295
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0295
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0295
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0295
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0300
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0300
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0300
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0300
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0305
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0305
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0305
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0305

B. Cheirsilp et al.

Manirafasha, E., Murwanashyaka, T., Ndikubwimana, T., Rashid Ahmed, N., Liu, J.,
Lu, Y., Zeng, X., Ling, X., Jing, K., 2018. Enhancement of cell growth and
phycocyanin production in Arthrospira (Spirulina) platensis by metabolic stress and
nitrate fed-batch. Bioresour. Technol. 255, 293-301.

Mann, G., Schlegel, M., Schumann, R., Sakalauskas, A., 2009. Biogas-conditioning with
microalgae. Agron. Res. 7 (1), 33-38.

Mehariya, S., Goswami, R.K., Karthikeysan, O.P., Verma, P., 2021. Microalgae for high
value products: A way towards green nutraceutical and pharmaceutical compounds.
Chemosphere 280.

Militao, F.P., Fernandes, V.D.O., Bastos, K.V., Martins, A.P., Colepicolo, P., Machado, L.
P., 2019. Nutritional value changes in response to temperature, microalgae mono
and mixed cultures. Acta Limnol. Bras. 31.

Mishra, S., Roy, M., Mohanty, K., 2019. Microalgal bioenergy production under zero-
waste biorefinery approach: recent advances and future perspectives. Bioresour.
Technol. 292.

Mohan Singh, M.H., Tyagi, V.V., Kothari, R., Azam, R., Singh Slathia, P., Singh, B., 2020.
Bioprocessing of cultivated Chlorella pyrenoidosa on poultry excreta leachate to
enhance algal biomolecule profile for resource recovery. Bioresour. Technol. 316,
123850.

Mohsenpour, S.F., Hennige, S., Willoughby, N., Adeloye, A., Gutierrez, T., 2021.
Integrating micro-algae into wastewater treatment: A review. Sci. Total Environ.
752, 142168.

Montalvo, G.E.B., Thomaz-Soccol, V., Vandenberghe, L.P., Carvalho, J.C., Faulds, C.B.,
Bertrand, E., Prado, M.R.M., Bonatto, S.J.R., Soccol, C.R., 2019. Arthrospira maxima
OF15 biomass cultivation at laboratory and pilot scale from sugarcane vinasse for
potential biological new peptides production. Bioresour. Technol. 273, 103-113.

Mussgnug, J.H., Klassen, V., Schluter, A., Kruse, O., 2010. Microalgae as substrates for
fermentative biogas production in a combined biorefinery concept. J. Biotechnol.
150 (1), 51-56.

Mustafa, S., Bhatti, H.N., Magbool, M., Igbal, M., 2021. Microalgae biosorption,
bioaccumulation and biodegradation efficiency for the remediation of wastewater
and carbon dioxide mitigation: Prospects, challenges and opportunities. J. Water
Process Eng. 41.

Nie, C., Pei, H., Jiang, L., Cheng, J., Han, F., 2018. Growth of large-cell and easily-
sedimentation microalgae Golenkinia SDEC-16 for biofuel production and campus
sewage treatment. Renew. Energy 122, 517-525.

Nookwam, K., Cheirsilp, B., Maneechote, W., Boonsawang, P., Sukkasem, C., 2022.
Microbial fuel cells with Photosynthetic-Cathodic chamber in vertical cascade for
integrated Bioelectricity, biodiesel feedstock production and wastewater treatment.
Bioresour. Technol. 346, 126559.

Olena, Z., Yang, Y., TingTing, Y., XiaoTao, Y., HailLian, R., Xun, X., Dong, X., CuiLing, W.
u., HaiLun, H.e., 2022. Simultaneous preparation of antioxidant peptides and lipids
from microalgae by pretreatment with bacterial proteases. Bioresour. Technol. 348.

Patel, A.K., Albarico, F.P.J.B., Perumal, P.K., Vadrale, A.P., Nian, C.T., Chau, H.T.B.,
Anwar, C., Wani, H.M.u.D., Pal, A., Saini, R., Ha, L.H., Senthilkumar, B., Tsang, Y.-S.,
Chen, C.-W., Dong, C.-D., Singhania, R.R., 2022. Algae as an emerging source of
bioactive pigments. Bioresour. Technol. 351, 126910.

Patnaik, R., Mallick, N., 2021. Microalgal biodiesel production: realizing the
sustainability index. Front. Bioeng. Biotechnol. 9, 90.

Patrinou, V., Tsolcha, O.N., Tatoulis, T.I., Stefanidou, N., Dourou, M., Moustaka-
Gouni, M., Aggelis, G., Tekerlekopoulou, A.G., 2020. Biotreatment of poultry waste
coupled with biodiesel production using suspended and attached growth microalgal-
based systems. Sustainability 12 (12), 5024.

Pekkoh, J., Chaichana, C., Thurakit, T., Phinyo, K., Lomakool, S., Ruangrit, K.,
Duangjan, K., Suwannarach, N., Kumla, J., Cheirsilp, B., Srinuanpan, S., 2022. Dual-
bioaugmentation strategy to enhance the formation of algal-bacteria symbiosis
biofloc in aquaculture wastewater supplemented with agricultural wastes as an
alternative nutrient sources and biomass support materials. Bioresour. Technol. 359.

Peralta, Y.Y., Kafarov, V., Sanchez, E., 2010. Exergy analysis for third generation biofuel
production from microalgae biomass. Chem. Eng. Trans. 21, 1363-1368.

Pereira, A.G., Otero, P., Echave, J., Carreira-Casais, A., Chamorro, F., Collazo, N.,
Jaboui, A., Lourenco-Lopes, C., Simal-Gandara, J., Prieto, M.A., 2021. Xanthophylls
from the sea: Algae as source of bioactive carotenoids. Mar. Drugs 19, 188.

Phusunti, N., Cheirsilp, B., 2020. Integrated protein extraction with bio-oil production
for microalgal biorefinery. Algal Res. 48.

Plohn, M., Spain, O., Sirin, S., Silva, M., Escudero-Onate, C., Ferrando-Climent, L.,
Allahverdiyeva, Y., Funk, C., 2021. Wastewater treatment by microalgae. Blue
Economy of the North 173 (2), 568-578.

Potijun, S., Yaisamlee, C., Sirikhachornkit, A., 2021. Pigment Production under Cold
Stress in the Green Microalga Chlamydomonas reinhardtii. Agriculture 11 (6), 564.

Premaratne, M., Liyanaarachchi, V.C., Nishshanka, G.K.S.H., Nimarshana, P.H.V.,
Ariyadasa, T.U., 2021. Nitrogen-limited cultivation of locally isolated Desmodesmus
sp. for sequestration of CO, from simulated cement flue gas and generation of
feedstock for biofuel production. J. Environ. Chem. Eng. 9 (4).

Qiu, Y., Frear, C., Chen, S., Ndegwa, P., Harrison, J., Yao, Y., Ma, J., 2020. Accumulation
of long-chain fatty acids from Nannochloropsis salina enhanced by breaking
microalgae cell wall under alkaline digestion. Renew. Energy 149, 691-700.

Qu, W., Loke Show, P., Hasunuma, T., Ho, S.-H., 2020. Optimizing real swine wastewater
treatment efficiency and carbohydrate productivity of newly microalga
Chlamydomonas sp. QWY37 used for cell-displayed bioethanol production.
Bioresour. Technol. 305.

Ra, C.H., Kang, C.H., Jung, J.H., Jeong, G.T., Kim, S.K., 2016. Effects of light-emitting
diodes (LEDs) on the accumulation of lipid content using a two-phase culture process
with three microalgae. Bioresour. Technol. 212, 254-261.

15

Bioresource Technology 387 (2023) 129620

Rahman, Q.M., Zhang, B., Wang, L., Joseph, G., Shahbazi, A., 2019. A combined
fermentation and ethanol-assisted liquefaction process to produce biofuel from
Nannochloropsis sp. Fuel 238, 159-165.

Remmers, I.M., Martens, D.E., Wijffels, R.H., Lamers, P.P., Ianora, A., 2017. Dynamics of
triacylglycerol and EPA production in Phaeodactylum tricornutum under nitrogen
starvation at different light intensities. PLoS One 12 (4).

dos Santos, A.M., Roso, G.R., de Menezes, C.R., Queiroz, M.I., Zepka, L.Q., Jacob-
Lopes, E., 2017. The bioeconomy of microalgal heterotrophic bioreactors applied to
agroindustrial wastewater treatment. Desalin. Water Treat. 64, 12-20.

Saratale, R.G., Kumar, G., Banu, J.R., Xia, A., Periyasamy, S., Saratale, G.D., 2018.

A critical review on anaerobic digestion of microalgae and macroalgae and co-
digestion of biomass for enhanced methane generation. Bioresour. Technol. 262,
319-332.

Sasibunyarat, T., Cheirsilp, B., Charnnok, B., Chaiprapat, S., 2014. Cultivation of
Chlorella sp. using industrial effluents for lipid production. Adv. Mat. Res. 931,
1111-1116.

Scarcelli, P.G., Ruas, G., Lopez-Serna, R., Leite Serejo, M., Blanco, S., Arpéd Boncz, M.,
Munoz, R., 2021. Integration of algae-based sewage treatment with anaerobic
digestion of the bacterial-algal biomass and biogas upgrading. Bioresour. Technol.
340.

Shahid, A., Malik, S., Zhu, H., Xu, J., Nawaz, M.Z., Nawaz, S., Mehmood, M.A., 2020.
Cultivating microalgae in wastewater for biomass production, pollutant removal.

Singh, D.P., Khattar, J.S., Rajput, A., Chaudhary, R., Singh, R., Virolle, M.-J., 2019a. High
production of carotenoids by the green microalga Asterarcys quadricellulare PUMCC
5.1.1 under optimized culture conditions. PLoS ONE 14 (9).

Singh, H., Varanasi, J.L., Banerjee, S., Das, D., 2019b. Production of carbohydrate enrich
microalgal biomass as a bioenergy feedstock. Energy 188.

Sirisuk, P., Sunwoo, InYung, Kim, S.H., Awah, C.C., Hun Ra, C., Kim, J.-M., Jeong, G.-T.,
Kim, S.-K., 2018. Enhancement of biomass, lipids, and polyunsaturated fatty acid
(PUFA) production in Nannochloropsis oceanica with a combination of single
wavelength light emitting diodes (LEDs) and low temperature in a three-phase
culture system. Bioresour. Technol. 270, 504-511.

Sivaramakrishnan, R., Suresh, S., Pugazhendhi, A., Mercy Nisha Pauline, J.,
Incharoensakdi, A., 2020. Response of Scenedesmus sp. to microwave treatment:
Enhancement of lipid, exopolysaccharide and biomass production. Bioresour.
Technol. 312.

Song, Y.E., El-Dalatony, M.M., Kim, C., Kurade, M.B., Jeon, B.H., Kim, J.R., 2019.
Harvest of electrical energy from fermented microalgal residue using a microbial fuel
cell. Int. J. Hydrog. Energy. 44 (4), 2372-2379.

Srinuanpan, S., Cheirsilp, B., Kitcha, W., Prasertsan, P., 2017. Strategies to improve
methane content in biogas by cultivation of oleaginous microalgae and the
evaluation of fuel properties of the microalgal lipids. Renew. Energy 113,
1229-1241.

Srinuanpan, S., Chawpraknoi, A., Chantarit, S., Cheirsilp, B., Prasertsan, P., 2018a.

A rapid method for harvesting and immobilization of oleaginous microalgae using
pellet-forming filamentous fungi and the application in phytoremediation of
secondary effluent. Int. J. Phytorem. 20 (10), 1017-1024.

Srinuanpan, S., Cheirsilp, B., Prasertsan, P., Kato, Y., Asano, Y., 2018b. Strategies to
increase the potential use of oleaginous microalgae as biodiesel feedstocks: nutrient
starvations and cost-effective harvesting process. Renew. Energy 122, 507-516.

Srinuanpan, S., Cheirsilp, B., Boonsawang, P., Prasertsan, P., 2019. Immobilized
oleaginous microalgae as effective two-phase purify unit for biogas and anaerobic
digester effluent coupling with lipid production. Bioresour. Technol. 281, 149-157.

Stack, J., Le Gouic, A.V., Tobin, P.R., Guiheneuf, F., Stengel, D.B., FitzGerald, R.J., 2018.
Protein extraction and bioactive hydrolysate generation from two microalgae,
Porphyridium purpureum and Phaeodactylum tricornutum. J. Food Bioact. 1, 153-165.

Subhash, G.V., Rajvanshi, M., Raja Krishna Kumar, G., Shankar Sagaram, U., Prasad, V.,
Govindachary, S., Dasgupta, S., 2022. Challenges in microalgal biofuel production: A
perspective on techno economic feasibility under biorefinery stratagem. Bioresour.
Technol. 343.

Subramanian, G., Yadav, G., Sen, R., 2016. Rationally leveraging mixotrophic growth of
microalgae in different photobioreactor configurations for reducing the carbon
footprint of an algal biorefinery: a techno-economic perspective. RSC Adv. 6 (77),
72897-72904.

Tang, W., Ho Row, K., 2020. Evaluation of CO,-induced azole-based switchable ionic
liquid with hydrophobic/hydrophilic reversible transition as single solvent system
for coupling lipid extraction and separation from wet microalgae. Bioresour.
Technol. 296.

Tarento, T.D., McClure, D.D., Vasiljevski, E., Schindeler, A., Dehghani, F., Kavanagh, J.
M., 2018. Microalgae as a source of vitamin K;. Algal Res. 36, 77-87.

Thawechai, T., Cheirsilp, B., Louhasakul, Y., Boonsawang, P., Prasertsan, P., 2016.
Mitigation of carbon dioxide by oleaginous microalgae for lipids and pigments
production: Effect of light illumination and carbon dioxide feeding strategies.
Bioresour. Technol. 219, 139-149.

Toledo-Cervantes, A., Garduno Solorzano, G., Campos, J.E., Martinez-Garcia, M.,
Morales, M., 2018. Characterization of Scenedesmus obtusiusculus AT-UAM for high
energy molecules accumulation: deeper insight into biotechnological potential of
strains of the same species. Biotechnol. Rep, 17, 16-23.

Uggetti, E., Puigagut, J., 2016. Photosynthetic membrane-less microbial fuel cells to
enhance microalgal biomass concentration. Bioresour. Technol. 218, 1016-1020.

Valente, L.M.P., Custodio, M., Batista, S., Fernandes, H., Kiron, V., 2019. Defatted
microalgae (Nannochloropsis sp.) from biorefinery as a potential feed protein source
to replace fishmeal in European sea bass diets. Fish Physiol. Biochem. 45 (3),
1067-1081.


http://refhub.elsevier.com/S0960-8524(23)01048-9/h0310
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0310
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0310
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0310
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0315
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0315
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0320
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0320
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0320
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0330
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0330
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0330
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0345
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0345
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0345
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0345
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9000
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9000
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9000
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0350
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0350
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0350
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0350
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0355
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0355
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0355
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0360
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0360
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0360
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0360
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0365
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0365
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0365
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0370
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0370
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0370
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0370
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0380
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0380
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0380
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0385
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0385
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0385
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0385
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0390
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0390
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0395
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0395
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0395
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0395
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0400
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0400
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0400
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0400
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0400
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0405
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0405
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0410
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0410
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0410
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0415
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0415
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0420
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0420
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0420
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0425
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0425
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0430
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0430
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0430
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0430
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0435
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0435
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0435
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0440
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0440
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0440
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0440
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0445
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0445
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0445
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0450
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0450
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0450
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0460
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0460
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0460
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9015
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9015
http://refhub.elsevier.com/S0960-8524(23)01048-9/h9015
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0465
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0465
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0465
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0465
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0470
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0470
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0470
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0475
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0475
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0475
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0475
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0485
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0485
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0485
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0490
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0490
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0495
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0495
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0495
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0495
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0495
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0500
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0500
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0500
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0500
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0505
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0505
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0505
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0510
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0510
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0510
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0510
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0515
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0515
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0515
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0515
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0520
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0520
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0520
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0525
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0525
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0525
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0530
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0530
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0530
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0535
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0535
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0535
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0535
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0540
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0540
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0540
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0540
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0545
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0545
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0545
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0545
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0550
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0550
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0555
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0555
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0555
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0555
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0560
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0560
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0560
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0560
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0565
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0565
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0570
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0570
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0570
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0570

B. Cheirsilp et al.

Wan, C., Alam, M.A., Zhao, X.-Q., Zhang, X.-Y., Guo, S.-L., Ho, S.-H., Chang, J.-S., Bai, F.-
W., 2015. Current progress and future prospect of microalgal biomass harvest using
various flocculation technologies. Bioresour. Technol. 184, 251-257.

Wang, X., Luo, S.W., Luo, W., Yang, W.D., Liu, J.S., Li, H.Y., 2019b. Adaptive evolution of
microalgal strains empowered by fulvic acid for enhanced polyunsaturated fatty acid
production. Bioresour. Technol. 277, 204-210.

Wang, J., Peng, X., Chen, X., Ma, X., 2019a. Co-liquefaction of low-lipid microalgae and
starch-rich biomass waste: The interaction effect on product distribution and
composition. J. Anal. Appl. Pyrol. 139, 250-257.

Wu, W., Lin, K.H., Chang, J.S., 2018. Economic and life-cycle greenhouse gas
optimization of microalgae-to-biofuels chains. Bioresour. Technol. 267, 550-559.

Yadav, G., Sen, R., 2018. In: Sustainability of Microalgal Biorefinery: Scope, Challenges,
and Opportunities, pp. 335-351.

Yeesang, C., Cheirsilp, B., 2011. Effect of nitrogen, salt, and iron content in the growth
medium and light intensity on lipid production by microalgae isolated from
freshwater sources in Thailand. Bioresour. Technol. 102 (3), 3034-3040.

Yeesang, C., Cheirsilp, B., 2014. Low-cost production of green microalga Botryococcus
braunii biomass with high lipid content through mixotrophic and photoautotrophic
cultivation. Appl. Biochem. Biotechnol. 174 (1), 116-129.

Zhang, C., Li, S., Ho, S.-H., 2021. Converting nitrogen and phosphorus wastewater into
bioenergy using microalgae-bacteria consortia: A critical review. Bioresour. Technol.
342.

Zhang, Y., Ren, L., Chu, H., Zhou, X., Yao, T., Zhang, Y., 2019. Optimization for
Scenedesmus obliquus cultivation: the effects of temperature, light intensity and pH on
growth and biochemical composition. Microbiol. Biotechnol. Lett. 47 (4), 614-620.

Zheng, H., Chen, J., Hu, X., Zhu, F., Ali Kubar, A., Zan, X., Cui, Y.i., Zhang, C., Huo, S.,
2022. Biomass production of carbohydrate-rich filamentous microalgae coupled

16

Bioresource Technology 387 (2023) 129620

with treatment and nutrients recovery from acrylonitrile butadiene styrene based
wastewater: Synergistic enhancement with low carbon dioxide supply strategy.
Bioresour. Technol. 349.

Further reading

Koutra, E., Economou, C.N., Tsafrakidou, P., Kornaros, M., 2018. Bio-based products
from microalgae cultivated in digestates. Trends Biotechnol. 36 (8), 819-833.
Mohan, S.V., Devi, M.P., 2014. Salinity stress induced lipid synthesis to harness biodiesel
during dual mode cultivation of mixotrophic microalgae. Bioresour. Technol. 165,

288-294.

Mohan, D., Sarswat, A., Ok, Y.S., Pittman Jr, C.U., 2014. Organic and inorganic
contaminants removal from water with biochar, a renewable, low cost and
sustainable adsorbent-a critical review. Bioresour. Technol. 160, 191-202.

Ratnapuram, H.P., Vutukuru, S.S., Yadavalli, R., 2018. Mixotrophic transition induced
lipid productivity in Chlorella pyrenoidosa under stress conditions for biodiesel
production. Heliyon. 4, 1-20.

Vuppaladadiyam, A.K., Prinsen, P., Raheem, A., Luque, R., Zhao, M., 2018. Sustainability
analysis of microalgae production systems: a review on resource with unexploited
high-value reserves. Environ. Sci. Tech. 52 (24), 14031-14049.

Nur, M.M.A., Buma, A.G.J., 2019. Opportunities and challenges of microalgal cultivation
on wastewater, with special focus on palm oil mill effluent and the production of
high value compounds. Waste Biomass Valori. 10 (8).

Vu, C.H.T., Lee, H.-G., Chang, Y.K., Oh, H.-M., 2018. Axenic cultures for microalgal
biotechnology: establishment, assessment, maintenance, and applications.
Biotechnol. Adv. 36 (2), 380-396.


http://refhub.elsevier.com/S0960-8524(23)01048-9/h0585
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0585
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0585
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0590
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0590
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0590
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0595
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0595
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0595
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0600
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0600
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0610
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0610
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0610
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0615
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0615
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0615
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0620
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0620
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0620
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0625
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0625
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0625
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0630
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0630
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0630
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0630
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0630
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0210
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0210
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0335
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0335
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0335
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0340
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0340
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0340
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0580
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0580
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0580
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0375
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0375
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0375
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0575
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0575
http://refhub.elsevier.com/S0960-8524(23)01048-9/h0575

	Microalgae as tools for bio-circular-green economy: Zero-waste approaches for sustainable production and biorefineries of m ...
	1 Introduction
	2 Microalgae contributions to BCG economy
	2.1 Microalgae for upcycling of wastewater
	2.2 Microalgae for CO2 mitigation
	2.3 Microalgae for simultaneous wastewater upcycling and CO2 mitigation

	3 Valuable products from microalgal biomass
	3.1 Pigments
	3.2 Vitamins
	3.3 Proteins/peptides
	3.4 Carbohydrates
	3.5 Lipids
	3.6 Polyunsaturated fatty acids
	3.7 Exopolysaccharides

	4 Sustainability of zero-waste microalgal biorefinery
	4.1 Valorization of wastes from microalgae cultivation
	4.2 Techno-economic and environmental sustainability

	5 Key issues and future perspectives
	5.1 Key issues
	5.2 Perspectives and challenges

	6 Concluding remarks
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References
	Further reading


