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Abstract

Agro-industrial sector in Indonesia produces significant amounts of nutrient-rich waste and
wastewater, which pose environmental risks but also present opportunities for valorization within a
circular bioeconomy. Microalgae provide a promising solution for transforming these wastewaters
into valuable products such as biomass for bioenergy, biofertilizers, pigments, nutraceuticals, and
animal feed, all while helping to remediate pollutants. This review synthesizes current knowledge
on the use of major Indonesian agro-industrial effluents, specifically palm oil mill effluent (POME),
byproducts from cassava and sugarcane, and soybean residues, as substrates for microalgal biomass
production and cultivation. Furthermore, various cultivation strategies are summarized, including
autotrophic, heterotrophic, and mixotrophic methods, as well as the use of open ponds,
photobioreactors, and hybrid systems. These cultivation processes influence biomass yield,
metabolite production, and nutrient removal. Reported studies indicate high removal efficiencies for
organic loads, nitrogen, and phosphorus, along with considerable production of lipids, proteins,
pigments, and biofuels. Yet, effluent pretreatment, concerns about heavy metal and pathogen
contamination, high downstream processing costs, and biosafety issues remains as challenges.
Nonetheless, the application of microalgal cultivation into Indonesia’s agro-industrial wastes
treatment can provide the dual benefits of waste mitigation and resource recovery, helping to
advance climate goals and promote rural development.

Keywords: agro-industrial waste; microalgae; value added byproducts; circular (bio)economy;
Indonesia

1. Introduction

Indonesia is an archipelago country that comprises 17,000 islands and is nestled between the
Pacific and Indian Oceans. Moreover, this country resides within the equator line with a tropical
environment. This strategic and unique geographical location provides Indonesia with abundant
marine and agricultural resources crucial for its economy [1]. The agricultural sector is the foundation
of Indonesia’s economy and has been showing progress towards self-sufficiency [2]. Agro-industry,
particularly, is providing a strategic importance and contribution to Indonesia’s economy and gross
domestic product (GDP) [3]. According to the Indonesian Ministry of Industry, the agro-industry
managed to record 5.20% growth in 2024 and contributed 8.89% to the GDP [4]. In the first quarter of
2025, the contribution of the agro-industry increased to 9.13% of the GDP [5].

The downstream, however, is the abundance of agricultural crop residues and agro-industrial
waste [6]. For example, the tofu industry in Indonesia could produce around 33 kg of total waste and
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17 kg of liquid waste per kilogram of processed soybeans for tofu production [7,8]. Moreover, the
palm oil production, one of the biggest agro-industries in Indonesia, generated around 38-51% and
50-70% of solid and liquid waste, respectively [9]. Yet, the agro-industrial wastes still contain organic
matters (e.g., protein, lipids, carbohydrate, and/or fat), which can be valorized further into valuable
products [10,11]. Adopting circular (bio)economy principles in agro-industries is essential to
minimize resource flows and extend product life cycles through reuse and recycling using
biotechnological approaches [12,13].

Using these agro-industrial wastes for microalgae cultivation is one adaptation of the approach.
Microalgae, as phototrophic organisms, could convert the waste into biomass for biofuels,
biostimulants/biofertilizers, additives, or pigments. Studies have reported the potential and
application of microalgae strains (e.g., Chlorella, Nannochloropsis, or Arthospira) for downstream
valorization of the industrial wastes [14-17]. These studies highlight both opportunity and risk: while
nutrient/organic loads can support high biomass yields at reduced media cost, co-contaminants
(heavy metals, phenolics, pathogens) and variable composition raise operational and product-safety
concerns, necessitating pretreatment, staged cultivation, or post-processing controls to meet safety.

This review aims to discuss the potential of using agro-industrial wastewaters for microalgae
production in Indonesia, starting from the types of waste available, potential cultivation systems, and
the benefits of these systems for the environment and society. Furthermore, the challenges and
limitations that might persist within this process are also discussed.

2. Agro-Industrial Waste in Indonesia

Agro-industrial waste is defined as any material that is generated throughout the production in
the agricultural-based industry [6]. Globally, it represents a major fraction of solid and liquid waste
streams, which can broadly be categorized into solid residues (e.g., husks, peels, shells, bagasse, and
pressed fibers) and wastewater effluents rich in organic and inorganic compounds [18]

. As previously mentioned, these wastes are known for their potential as alternative
resources for microorganisms' biomass production, thanks to their high sugar, mineral, and protein
contents [6,19]. In this section, the four most abundant agro-industrial wastes in Indonesia will be
discussed: palm oil mill effluent (POME), cassava waste, sugarcane waste, and soybean wastes
(especially from tofu/tempeh production).

2.1. Palm Oil Mill Effluent (POME)

Indonesia is the largest palm oil producer in the world, providing more than 30% of the global
vegetable oil demand. The production of palm oil from Elais guineensis Jacq. is expected to rise by 3% in
2025 to 47 million metric tons to fulfill the local and global demand [20]. Nonetheless, this sector also
generates major agro-industrial wastes, such as oil palm trunks, oil palm fronds, empty fruit bunches,
palm pressed fibers, palm shells, and POME [21]. POME is a brown, viscous liquid waste that contains
organic matter, nutrients, and suspended oil, which is usually generated from the sterilization,
clarification, and hydrocyclone stages in palm oil mills [21,22]. Unfortunately, during the production of
crude palm oil, around 5-7.5 L of water is used, and 50% of it ends up as POME [22].

Pre-processed POME usually contains nitrogen (0.18-1.4 g 1), phosphorus (0.094-0.13 g I!), and
potassium (1.28-1.92 g 1), with biological oxygen demand (BOD) around 8,200-35,400 mg 17,
chemical oxygen demand (COD) between 15,103-65,100 mg 1! or total solid waste reaching 16,580
94,106 mg 1. Furthermore, calcium (Ca; 0.27-0.40 g 1), iron (Fe; 0.07-0.16 g I'), magnesium (Mg;
0.25-0.34 g 1), manganese (Mn; 0.021-0.004 g 1), zinc (Zn; 0.0012-0.0018 g I-'), and cobalt (Co; 0.04—
0.06 g 1) are present in POME [23,24]. These chemical characteristics and pollutants are hazardous if
released without being treated [21,24]. Nonetheless, these micronutrients, along with the
macronutrient content, are still valuable for microorganism biomass production [25]. Recent studies
have investigated the potential of POME for biogas production [21,26-28], bioethanol [29,30], or
fertilizer [31] in Indonesia.
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The Ministry of Environment of the Republic of Indonesia released Regulation No. 5 in 2014,
stating that the palm oil industrial waste should not exceed 100 mg I BOD, 350 mg 1-' COD, 250 mg 1!
suspended solids, 25 mg 17 oil and fat, 50 mg 17 total nitrogen, and pH 6-9 [32]. A new regulation is
expected in 2025 to achieve the national target of carbon neutrality by 2060 [33]. Recent studies have
reported the characteristics of post-processed POME from several plantations in Indonesia (Table 1).

Table 1. Post-treatment POME characteristics from different plantations in Indonesia.

Parameters  National threshold [32] Study 1[34] Study2[35] Study 3 [22]

pH 59 8 7.71 75-89
Total solid 250 mg 1! 96 mg 1! 45 mg 1! 30-40 mg 1!
Total nitrogen 50 mg I 265.25mgl? 160mgl'* 1-18mgl?!
BOD 100 mg 1! 189 mg 1! 180 mg It 20-300 mg 1!
COD 350 mg 1! 402 mg 1! 593 mgl! 30-200mgl!

Abbreviation: BOD - Biological Oxygen Demand; COD — Chemical Oxygen Demand. *Reported as NHz-N

instead of total nitrogen.

2.2. Cassava Wastes

As of 2021, Indonesia is the sixth-largest producer of cassava (Manihot esculenta Crantz) in the
world, with a total production of 17.75 million tons [36]. Tapioca starch and flour are two important
products from the species. During the processing stage from raw materials into flour or starch, solid
(cassava pulp/bagasse and cassava peel) and liquid (starchy wastewater) wastes were produced.

Cassava peel is the outer and inner layers, and contributes around 15% of cassava waste.
However, it consists of valuable components, such as starch (42.6-64.6 g/100 g), fibers (11.7-12.5 g/100
g), ash (5.0-6.4 g/100 g), and around 1.6-8.2 g/100 g of proteins [37]. Amalia et al. further characterized
that cellulose and hemicellulose are the major fiber components in cassava peels, and they exist in
equal proportions [38].

Cassava pulp/bagasse is the residual produced from the processed cassava roots. The ash and
protein contents were relatively low, with 1.50-1.70 and 1.52-1.55 g/100 g, respectively. The pulp has
higher starch content than cassava peel, with 66-68.89 g per 100 g. Similarly, the fiber content in pulps
reaches 21.10-27.75 g/100 g, two times higher than that of its peel [37]. Interestingly, Amalia et al.
measured lower fiber contents in cassava pulp than in cassava peels with 35.9 and 65.4 g/100 g,
respectively. Moreover, the proportion of cellulose (18.3 g/100 g) is almost four times higher than that
of cellulose (4.8 g/100 g) in cassava pulp [38]. It is hypothesized that the tapioca starch production
process affected the pulp chemical composition.

The liquid wastewater from cassava mills is usually produced during the washing and grinding
steps [39]. Similar to POME, cassava wastewater could cause pollution to the aquatic environment
due to high concentrations of BOD (2,000-7,500 mg 1'), COD (4,000-30,000 mg 1'), and total
suspended solids (700-5,000 mg 1) [39,40]. The wastewater generally has an acidic pH of around 4-
6.5. However, cyanide content is also detected in cassava wastewater, worth mentioning that the 0.3
mg I1is the Indonesian safety threshold of cyanide content in wastewaters [39,40].

As these cassava solid and water wastes are rich in organic material, starch, and fibers, they are
usually reused in Indonesia as sources of bioenergy (biogas and bioethanol) production [38,41],
bioproducts (such as biodegradable packaging and adhesive) [36], animal feed [42], or fertilizer
production [41].

2.3. Sugarcane Wastes

Sugarcane (Saccharum officinarum L.) is the most common raw material for food and beverage
sweeteners in Indonesia. In 2021, Indonesia produced a total of 2.4 million tons of sugarcane. The
processing of sugarcane generates several types of wastes: bagasse (fibrous solid), molasses, and
liquid effluents [43].
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Sugarcane bagasse as waste is generated for about 20-30% of every sugarcane processed. The
sugarcane bagasse has abundant lignocellulolytic materials, approximately 35% cellulose, 24%
hemicellulose, and 22% lignin [44,45]. Furthermore, it contains proteins (1-2%), fat (0-2%), ash (2-9%),
and minerals such as calcium, magnesium, phosphorus, potassium, sodium, iron, zinc, manganese,
and copper [46]. Hence, its nutritious contents are still a potential for other bioproducts. Studies have
shown that these materials are valuable and can be hydrolyzed into fermentable sugars for bioethanol
production, as substrate for biodegradable plastic, as bioadsorbents, or as feedstock and fish feed
after lignin removal [44-47].

Molasses is a by-product generated after the crystallization stage during sugar production. It is
estimated that the molasses yield from sugarcane is between 2.2% and 3.7% per ton [48]. Generally,
sucrose is the major component of molasses (29-40%), followed by water content around 17-25%,
glucose 4-14%, and ash with 7-15%. It also contains minerals such as potassium (4-51%), calcium (0.8-
15%), magnesium (1-14%), and sodium (0.1-9%). In addition to the major components and minerals,
molasses contains 0.54.5% protein, 2.24-9.91% sulphates, 0.3-1.5% amino acids, and 1.5-8% non-
nitrogenous acids. Minor components such as wax, sterols, and phosphatides are present in amounts
ranging from 0.1-1%. Vitamins like biotin and riboflavin are found in small quantities, with biotin
ranging from 0.1-2 mg 1" and riboflavin from 1-6 mg I! [48]. Although molasses is a waste, it is the
most valuable waste from sugarcane processing. Molasses has been used as an animal feed supplement,
substrate for bioethanol, vitamins, or monosodium glutamate production. Even so, Indonesia has
contributed as the second largest molasses supplier in world trade with 14.7% in 2019 [49].

Bioethanol production from sugarcane molasses resulted in liquid waste, vinasse, in large
quantity. As the bottom product of the distillation process, vinasse contains more than 50,000 mg I
of COD and 30,000 mg I-' of BOD. Similar to other agro-industrial wastewaters, vinasse is composed
of high organic matter and low acidity (pH 3.9-4.3). Additionally, macro and micronutrients are
detected in vinasse, including sodium, phosphorus, potassium, calcium, magnesium, iron,
manganese, zinc, and copper [43].

2.4. Soybean Waste

The waste generated from soybean production in Indonesia primarily comes from the
manufacturing of tofu and tempeh. In 2014, it was estimated that for every 80 kg of tofu produced,
approximately 2,610 kg of waste was created [10]. This solid waste includes tofu dregs (okara) and
soybean husks. Tofu dregs contain approximately 74-80.25% moisture, 9.91-32.8% protein, 6.22—
21.98% fat, and 4.1-23.4% crude fiber. Additionally, they provide 50-80 mg of calcium, 0.08-1.3 mg
of iron, and less than 0.1-1.46 mg of copper per 100 grams. Tofu dregs also retain about 12-30% of
soybean isoflavones and have a total phenolic content of 3.33 mg gallic acid equivalents per gram. In
Indonesia, tofu dregs/okara have been repurposed to make fermented food (e.g., tempe gembus, oncom,
and soy sauce) or used as animal feed [50].

The production of 1 kg of tempeh results in the generation of 12.2 liters of wastewater. The
generated tempeh wastewater composed of BOD 6,097.49 mg 1", a COD of 29,695.13 mg I, and total
suspended solid reaching 1,712.78 mg 1" [51]. Similarly, liquid waste from tofu production generated
around 5,000-10,000 mg 1-* BOD, 7,000-12,000 mg I COD, and 6,000-8,000 mg 1! of total suspended
solids with acidic characteristics (pH 4-5) [52]. Despite this, the nutritional value from the liquid waste
is still suitable for microorganism growth. Therefore, it can be repurposed as a biofertilizer [53].

3. Microalgae Cultivation on Agro-Industrial Wastewaters

Microalgae provide a sustainable biotechnological platform for converting organic residues into
valuable bioproducts while simultaneously removing pollutants [54,55]. This dual function makes
them ideal for integration into waste-to-resource frameworks, thereby advancing the circular
economy [56]. Agro-industrial wastewater has recently gained attention as a cost-effective and
sustainable substrate for microalgal cultivation, given its high nutrient content and the adaptability
of microalgae to variable conditions [57]. Beyond supporting resource recovery, this approach
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reduces reliance on freshwater, synthetic fertilizers, and CO: inputs, thereby lowering operational
costs [58]. To enhance substrate utilization and light capture, cultivation systems, including growth
modes and bioreactor designs, have been optimized based on microalgal physiology [59].

3.1. Growth Modes

In natural ecosystems, microalgae survive under fluctuating conditions, but in controlled
cultivation systems, physicochemical parameters and nutrient concentrations can be optimized to
maximize growth and metabolite production. Microalgae can grow under autotrophic, heterotrophic,
and mixotrophic modes [60,61]. Photoautotrophs rely on light, COz, and inorganic nutrients [62]. By
fixing COz, photoautotrophic microalgae contribute to greenhouse gas mitigation while also
removing pollutants from waste streams [63]. However, photoautotrophic growth is highly
dependent on temperature and light availability. Moreover, photoautotrophic systems typically
achieve relatively low biomass concentrations and product yields, often below 5 g I in
photobioreactors and less than 0.5 g I'! in open ponds, limiting economic viability [64].

Heterotrophic cultivation relies on organic substrates such as sugars, acetate, and organic acids
as carbon sources in the absence of light [65,66]. Compared with photoautotrophic, this mode offers
several advantages: it allows growth in simpler and less expensive bioreactors; eliminates
dependence on light, thereby reducing equipment and energy costs; achieves higher cell densities
and product yields; and provides flexibility to tailor biomass composition through substrate
selection. In addition, heterotrophic cultivation enables efficient removal of organic carbon, nitrogen,
and phosphorus from waste streams, supporting both biomass production and wastewater
remediation [57,67]. Under optimized conditions, heterotrophic systems can enhance biomass
concentrations by up to 25-fold compared with phototrophic cultivation [67].

Mixotrophy combines photoautotrophy and heterotrophy, supplying light alongside organic
and inorganic carbon sources [68]. This strategy enhances growth flexibility and allows wastewater
and agro-industrial residues to be directly utilized as nutrient sources, preventing improper disposal
and reducing environmental burdens. For instance, Braun et al. demonstrated that supplementing
wastewater-based media with whey improved growth rates and biomass concentrations in Spirulina
platensis, Chlorella homosphaera, and Scenedesmus obliquus [69]. Yun et al. reported that cultivation
conditions causing compositional changes and resulting in different bioresource productivity suggest
that mixotrophic and heterotrophic cultivation of Chlorella vulgaris and Chlorella sorokiniana could
improve biomass yield and the yields of lipid and pigment [70].

The choice of cultivation mode depends on factors such as the microalgal species’ characteristics,
the available resources, and the desired product profile, and can be coupled with the carbon supply
strategy [66]. Replacing synthetic media with wastewater is therefore considered a cost-effective and
sustainable strategy, reducing cultivation costs from 2.71 to 0.73 USD per kg biomass [71]. In addition
to lowering costs, microalgae cultivated in wastewater act as phytoremediators, removing organic
matter, nitrogen, phosphorus, and heavy metals while mitigating eutrophication [60].

3.2. Cultivation Systems

At the industrial scale, microalgae cultivation is primarily carried out in open ponds or closed
systems, each with distinct advantages and limitations [72]. Open pond systems remain the most
widely used due to their low construction cost, simple operation, scalability, and low energy demand
[66,73]. Common designs include natural unstirred ponds, circular ponds with paddle wheels, and
raceway ponds (Figure 1) [74,75].

These ponds are typically shallow to ensure sufficient light penetration for photosynthesis, with
depths around 50 cm for unstirred ponds and 30-70 cm for circular ponds and open raceway ponds
[73,76]. Raceway ponds, consisting of paddle wheels, baffles, and circulation channels, are the most
common configuration for large-scale outdoor cultivation. These systems can achieve biomass
productivities of 60-100 mg 1" d-! under optimal conditions. Robust strains such as Dunaliella (saline
environments), Spirulina (alkaline waters), and Chlorella (nutrient-rich media) are commonly
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cultivated, often in combination with wastewater treatment or CO: capture from flue gases, which
enhances both environmental and economic benefits [75].

Paddle wheel Paddle wheel

A) B)

Harvest

D)

~ Air sparger Air sparger

G) H) EEl Motor )

Hook

Membrane

Adr sparger Impeller Air sparger Air sparger

Figure 1. Cultivation systems which are commonly used for microalgae cultivation: (A) Unstirred pond; (B)
Open race pond; (C) Circular open pond; (D) Tubular pond; (E) Flat panel PBR; (F) Bubble column PBR; (G)
Airlift PBR; (H) Stirred tank; (I) Membrane PBR; or (J) Plastic bag.

Despite their widespread use, open systems face significant challenges. They are highly
susceptible to contamination, experience considerable evaporative losses, and are strongly affected
by environmental fluctuations such as temperature, light intensity, and weather conditions [66,68].
Moreover, COz2 mass transfer efficiency in open ponds remains low (0.03-0.06%), land requirements
are extensive, and downstream processing is costly, all of which contribute to limited scalability for
high-value product generation [73]. Consequently, productivity in open ponds has plateaued.
Velasquez-Orta et al. showed through multivariate analysis that large-scale microalgal productivity
in wastewater-based open systems is primarily governed by solar radiation and NHs* concentration.
High-rate algal ponds (HRAPs) offer strong synergistic potential, achieving removals of 90% NH",
70% chemical oxygen demand (COD), and 50% PO4*-. Although their productivity is limited, HRAPs
remain favored for their low construction and operating costs. Performance can be enhanced by
selecting optimal sites and seasons or by adopting hybrid cultivation systems [61].

In contrast, photobioreactors (PBRs), which can be designed as closed, semi-closed, or hybrid
systems using transparent, waterproof materials with integrated illumination, enable precise control
over cultivation conditions. Common configurations include tubular, flat-panel, bubble column, air-
lift, stirred-tank, plastic bag, and membrane PBRs, each with specific strengths and limitations
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[66,68,72]. Flat-panel PBRs, for instance, provide efficient light exposure and are well-suited for
outdoor cultures and algal immobilization, supporting high biomass productivity. However, they
present challenges in temperature regulation and hydrodynamic stress, despite offering minimal
oxygen accumulation and high photosynthetic efficiency compared with other designs [75,77]. Air-
lift PBRs employ a baffle or draft tube to create strong circulatory currents, ensuring excellent mixing
at relatively low operational cost. Their adaptability across scales makes them attractive for the
commercial production of high-value products [73]. Stirred-tank PBRs, originally developed with
external light sources such as fluorescent lamps or optical fibers, are versatile, scalable, and widely
applied in industry, particularly in large-scale biofuel production [66,75]. Tubular PBRs, available in
horizontal and helical designs, use narrow transparent tubes to maximize sunlight exposure and are
easily scalable, making them one of the most common outdoor systems [77,78]. Plastic bag PBRs
represent a simple, low-cost option that is easy to handle and replace, though their performance is
often constrained by uneven light distribution and poor mixing [78]. Bubble column PBRs are
efficient for gas exchange, aeration, and mixing, and can be scaled through parallel operation, but
they require careful control of hydrodynamics and may suffer from limited light penetration [66].
Membrane PBRs offer high biomass retention and system expandability, though they demand
frequent cleaning to prevent fouling [73]. Overall, PBRs provide higher productivity and are
particularly advantageous for cultivating sensitive or slow-growing strains. Nevertheless, their high
capital and operational costs, combined with challenges in large-scale implementation, restrict their
application primarily to high-value sectors such as nutraceuticals, pharmaceuticals, and specialty
pigments [66].

Kwon and Yeom reported that Nannochloropsis sp. KMMCC 290 cultivated in a flat-panel
photobioreactor achieved a lipid productivity of 26.7 x 103 g I'* day~'. This was 16.6-fold higher than
that obtained in a raceway pond, 4.8-fold higher than the flask-grown control culture, and 2.1-fold
higher than the flat-panel under its initial operating conditions. Moreover, the flat-panel
photobioreactor outperformed both bubble column and air-lift photobioreactors, highlighting its
superior efficiency for lipid production [79]. In practice, the choice of cultivation system depends on
strain tolerance, water and nutrient availability, climate, and the intended application of the biomass
[66]. Open ponds are more suitable for large-scale, low-cost production linked with wastewater
treatment and biofuel generation, while PBRs are preferred where quality and contamination control
are critical. Increasingly, hybrid strategies, integrating the low-cost benefits of open ponds with the
precision of PBRs, are being explored to maximize both economic and environmental sustainability
[61,73,75,77]. For instance, Liu et al. demonstrated that in a hybrid system combining an open pond
with a PBR, Scenedesmus dimorphus achieved a biomass concentration of 1.34 g 1, representing a 116%
increase compared with non-hybrid cultivation [80].

3.3. Cultivation of Microalgae on Different Agro-Industrial Wastewaters

Freshwater scarcity remains a major limitation for large-scale microalgal cultivation, making the
use of agro-industrial wastewater an attractive alternative to reduce the water footprint of these
systems [81]. In addition to providing a sustainable water source, wastewater supplies nutrients
required for algal growth, thereby lowering the cost of cultivation while enabling simultaneous
pollutant remediation [61,82].

Given these opportunities and challenges, the selection of appropriate agro-industrial
wastewater streams is crucial for optimizing microalgal productivity. Different wastewaters vary
widely in nutrient composition, carbon availability, turbidity, and potential toxicity, which in turn
affect biomass yield, metabolite accumulation, and pollutant removal efficiencies. This review
focuses exclusively on liquid effluents, specifically POME, cassava processing wastewater, sugarcane
vinasse, and soybean wastewater, as these streams provide readily available nutrients for microalgal
assimilation and generally require less pretreatment than solid residues. The microalgal strains
employed, cultivation conditions, biomass yields, and nutrient removal efficiencies in these
representative wastewater systems are summarized in Table 2.
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Table 2. Microalgae cultivation in agro-industrial wastewater.
Agro- Biomass
. ltivati R 1
industrial Microalgae rl\il:dltl;mnt Cu tl‘t,a:lon production/ Product ffeimioza Ref
effluent pretreatme syste Growth rate ethiciency
Co-cultlvatlon Outdoor, 200
Dunaliella sp, .
Spirulina s ml plastic bag, Growth rate
POME P P F,D, A 75% POME Lipid 40% - [83]
Nannochloropsis 0.35d1
added urea 450
sp, Chaetoceros
. mg I
calciltrans
Indoor, 2L 50.9% COD
H ! h A hi ’
POME “E'I'L”tfz‘;“”s F,D, A glass bottle, Grgg’lt d_rlate Zztg";‘t 11 T 493%TN,  [84]
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CO2 uptake
Indoor, 2 L rate 567 mg
Chlorella
.. flask, 10% Growth rate I'1d-1, 100%
POME SOSIIZK/IIZW E,D A POME, 1% CO:2 1.06 d-! ) ammonium, (85]
mixed with air 65% TN,
56% TP
Indoolr, 1L . Phycocyanin
Spiruling conical Biomass 175.12
POME ’;atensis F,C D, A flask-controlled production me Li /i 4286 - [86]
P conditions, 30% 116 g1 & 5 ’
POME ’
Outdoor,
raceway ponds,
Different direct sunlight,
K 25 and 30 °C,
microalgae: indoor, using a Growth Lipid
Nannochloropsis 1L Erl;nmeger rate: 0.21, 391 Opl 434 COD: 71-75,
POME oculate, Chlorella F,D ey 0.29, 0.152 O 97-99, 84.9%,  [55]
vulgaris flask. Using d: 28.6%, respectivel
8arS, POME at ! respectively P Y
Spirulina . respectively
) varying
platensis, ;
concentrations
(10 %, 25 %, 50
%, and 100 %)
60.80 and
Biomass 69.16%
Haematococcus . Lipid 0.018 COD, 51.06
o production . o
CPW pluvialis, FD A Indoor, 2L 318 and and 0.041 g I and 58.19% (87]
Neochloris T flask, 25% CPW 1 7 9] d-, TN, 54.68
oleoabundans I8 respectively and 69.84%
respectively
TP,
respectively
73.78 and
Biomass 6342%
Indoor, 12L . COD, 92.11
Chlorella acrvlamide production and 91.68%
CBEW sorokiniana P21 F v 26and 13 g - 0 [88]
and WBIDG flask, 100% n TP, 67.33
CBEW t’ 1 and 70.66%
respectively N,
respectively
Indoor, 500 mL
Erlenmeyer
flask, synthetic
di ASM-  Bi 7
CPW Scenedesmus sp. E,D, A me ‘u‘;( 5 ‘Ong‘alis 0 Lipid 35.5% - [89]
supplemented
with 5-10%
CPW
- o
Nannochloropsis Indoor, PBR Biomass Llpriigzgl—?ﬁz ritzrit/;
P F 1 L, 100% ’ ’
crw salina 500 L, 100% 725gl11 carbohydrates 93.94% 1501
CPW
125.34 mg ml- phosphate,
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1, biodiesel 97.43%
3.75ml g sulfate
Indoor, 250 ml
Sugarcane Drechsler flask, Biomass Carbohydrate
1 1 L, D .99 D 1
vinasse Coclastrella sp ¢ CL be 20% vinasse 3.16gl! 30%, lipid 20% 539% CO 1]
with 0.04% CO2
Indoor, 3 L
Mixed culture glass bottle,
is raw vinasse
Sugarcane  predominantly No containing Biomass 2.7  Lipid 265 mg I-
; . 98% TN [92]
vinasse composed pretreatment anaerobic glt 1
of Chlorella sludge from
vulgaris reactor
treating vinasse
Indoor, 250 ml Protein 45.98
Sugarcane Chlorella o Growth rate mg 1,
; : CD flask, 20% - [93]
vinasse vulgaris . 1.41d1 carbohydrate
vinasse
6.67 mg 11
Indoor, Tulf)ular Biomass 8.7 '
Sugarcane Chlorella 6 L air-lift 111, growth Protein
v;gnasse oulearis na. reactors, fully fate,(;gﬂ N 45.95%, lipid - [94]
§ dark, 1% CO, 8 1.67%
75% vinasse
Lipid 2.4 and
Bi 1.21%,
Spirulina sp., Indoor, 1L 0120;11 é:; , ti/ |
T™W Nannochloropsis D A polyethylene - espective’y. - [95]
053 glt, Protein 1.71
oculata flask, 20% TW .
respectively and 1.51%,
respectively
. Protein:
Biomass: .
C. oulgaris C. vulgaris
. s
Indoor, 1L 20gltin 1358 mg Iin
Chlorella o 5% TW,
TW, TW- vulgaris polyethylene 5% TW, A. platensis
! 7 D, A flask, 5% TW, A. plantesis : . - [96]
ADE Arthrospira . 425mgltin3
latensis 3% TW, 100% 14 gltin % TW
P TW-ADE 5% TW; o
Protein was
No growth not detected in
at TW-ADE TW-ADE
gl e 7588%
™w Chiorella sp. b biofilm reactor, 3.99x10¢ ) %0 4C5(;DI<IH [97]
40% TW cells m I R *

Abbreviation: A — Autoclave; C — Centrifugation; CBEW - Cassava Biogas Effluent Wastewater; CL — Clarification;
COD - Chemical Oxygen Demand; CPW - Cassava processing wastewater; D — Dilution; DC — Decantation; F —
Filtration; PBR — Photobioreactor; POME — Palm Oil Mill Effluent; TN - Total Nitrogen; TP — Total Phosphorus; TW
- Tofu wastewater; TW-ADE - Tofu wastewater anaerobic digestion effluent; n.a. — not available.

POME is particularly suitable for algal cultivation, given its high nitrogen, phosphorus, and
carbon content, coupled with abundant solar radiation in tropical regions [82]. Under mixotrophic
conditions, Chlorella sorokiniana CY-1 demonstrated enhanced growth compared to photoautotrophy,
achieving a biomass concentration of 1.68 g I and a lipid content of 15.07% in 30% POME
supplemented with 200 mg 1! urea, glucose, and glycerol in a photobioreactor. This system also
achieved pollutant removal efficiencies of 63.85% COD, 91.54% TN, and 83.25% TP [62]. Co-
cultivation strategies further increase the robustness of wastewater-based cultivation. For instance,
outdoor polycultures of Dunaliella sp., Spirulina sp., Nannochloropsis sp., and Chaetoceros calcitrans
achieved a growth rate of 0.35 d™' and 40% lipid content when cultivated in 75% POME at 30 PSU
salinity with 450 mg I urea [83].

Cassava processing wastewater (CPW), is a carbohydrate-rich effluent from flour and starch
industries, is marked by high COD and mild toxicity, necessitating strain-specific adaptation for
successful algal cultivation [90,98]. In diluted CPW (25%) without nutrient supplementation,
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Haematococcus pluvialis and Neochloris oleoabundans achieved maximal biomass concentrations of 1.79
g 1" and 3.18 g 1!, with corresponding lipid productivities of 0.018 and 0.041 g I-* d! after 13 days.
Pollutant removal was also notable, with COD reduced by 60.80-69.16%, nitrate by 51.06-58.19%,
and phosphate by 54.68-69.84% [87]. By contrast, cultivation in undiluted CPW has also shown
promising results. Nannochloropsis salina TSD06 reduced 95% of inorganic pollutants within 10 days,
while achieving high biomass productivity (7.25 mg ml™), lipid accumulation (276.65 mg g),
carbohydrate content (125.34 mg ml'), and biodiesel yield (3.75 ml g-1), underscoring its tolerance to
harsher conditions [90]. Further, C. sorokiniana strains P21 and WBI1DG cultivated in unsterilized
cassava biogas effluent wastewater (CBEW) demonstrated the ability to utilize soluble organic carbon
effectively, with native microbial communities coexisting without negatively affecting algal
performance [88]. This suggests that cassava-derived wastewaters can serve as both nutrient sources
and compatible environments for microalgal growth, provided strain-specific tolerance and process
conditions are carefully considered.

Sugarcane vinasse, a high-strength wastewater generated during bioethanol production, poses
challenges for algal cultivation due to its intense color and turbidity, which restrict light penetration
and limit photosynthetic efficiency [81,99]. Nevertheless, promising results have been reported under
different cultivation strategies. For instance, Coelastrella sp. grown in media supplemented with 20%
and 30% vinasse achieved biomass concentrations of 3.16 g 1! (30% carbohydrate, 20% lipid) and 3.05
g I'1 (24% carbohydrate, 51% lipid), respectively, within 96 h, while significantly reducing COD and
nutrient levels. In contrast, Chlorella vulgaris-dominated mixed cultures cultivated in anaerobically
digested vinasse reached a productivity of 139 mg 1! d-!, with a biomass dry weight of 2.7 g I"' and
maximum lipid content of 265 mg 17, alongside nitrogen removal efficiencies of up to 98% [92].

Tofu wastewater is a nitrogen- and phosphorus-rich effluent generated from the soybean
processing industry, can support diverse microalgal species, including Chlorella sp., C. pyrenoidosa,
Euglena sp., Nannochloropsis oculata, Scenedesmus sp., and Spirulina platensis [96,100,101]. A mixed
culture of C. vulgaris and N. oculata cultivated in 16% tofu wastewater supplemented with 20 uM
salicylic acid in a 55 L open raceway pond achieved a specific growth rate of 0.66 d-1, a biomass
concentration of 0.83 g 1!, productivity of 0.12 g 1! d-, chlorophyll-a content of 6.38 mg 1!, and
astaxanthin accumulation of 0.30 mg g (w/w) [101]. Similarly, C. pyrenoidosa cultivated in tofu whey
wastewater (TWW) as a basal medium yielded biomass productivities of 0.28, 0.73, and 1.06 g 1* d!
under autotrophic, heterotrophic, and mixotrophic conditions, respectively. The highest lipid and
protein productivities, 254.9 and 321.2 mg 1! d-', were obtained under mixotrophic growth, with
TWW pretreated by filtration after protein coagulation [102]. These findings highlight that POME,
CPW, sugarcane vinasse, and tofu wastewater demonstrate the potential of agro-industrial effluents
as cost-effective, nutrient-rich media, while also contributing to wastewater remediation and circular
bioeconomy strategies.

4. Environmental Benefits of Bioproducts from Agro-Industrial Residues

4.1. Nutrient Removal, COD/BOD Reduction, and Biomass Production

The utilization of agro-industrial residues for algal cultivation offers potent environmental
advantages by integrating resource recovery with waste treatment in Indonesia’s agriculture-driven
economy. Several studies demonstrate that microalgal systems can effectively mitigate organic
pollution. For instance, a consortium of Chlorella species using a moving-bed biofilm reactor (MBBR)
achieved biochemical oxygen demand (BOD) reduction of 71.5% and COD reduction of 74% in soy
sauce wastewater, as well as TN reduction of 71.9% [103].

High-nutrient POME has also been treated using Chlorella vulgaris and C. pyrenoidosa, achieving
up to 95.6% removal of COD and total dissolved solids (TDS), highlighting the bioremediation
potential of microalgae [104]. Beyond water remediation, redirection of POME for algal growth
enables the recovery and reuse of nutrients. Chlamydomonas and Chlorella-based pretreatment systems
of POME with 4-fold dilution have reduced COD levels significantly to approximately 128.3 mg 1,
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enabling robust Spirulina growth [105]. Similarly, when cultivated on POME, Spirulina sp. and
Nannochloropsis oculata produced substantial biomass of 4.67 + 0.95 g 17" and 4.43 + 0.36 g 17,
respectively, followed by COD reduction and protein/lipid content, demonstrating value-add
potentials beyond wastewater treatment [95].

This transformation of waste into valuable biomass recovers essential nutrients such as nitrogen
and phosphorus from POME for algal growth while simultaneously treating the water [82]. These
findings emphasize how integrating algal cultivation into industrial wastewater management can
deliver dual benefits: substantial pollutant mitigation and biomass production.

4.2. CO:z Capture and Potential Climate Mitigation

Algae serve as crucial agents in greenhouse gas mitigation through their photosynthetic
capacity, which allows for effective CO:2 sequestration while also preventing greenhouse gases
emissions, such as CO: and CHs, from the anaerobic breakdown of agro-industrial residues by
bacteria. A notable report demonstrated that a mixed culture of Chlorella sp. and Scenedesmus sp.
cultivated in POME achieved significant pollutant reductions, removing approximately 86% TN, 85%
PO«3, 77% total organic carbon (TOC), and 48% COD, highlighting both remediation and carbon
capture potential [106].

A major limitation in current cultivation practices is the low CO: absorption efficiency of
conventional aeration methods (13-20%), which hampers carbon utilization and raises costs. To
address this, recent innovations in CO:z supplementation technologies have demonstrated improved
utilization rates of over 50%, resulting in faster growth and reduced cultivation expenses [107].
Hollow-fiber membrane photobioreactors can reach a maximum CO: removal efficiency of 85% [108],
while innovative raceway-pond designs with CO: supplementation trap devices have achieved over
90% COx2 utilization efficiency [107]. These findings underscore the scalability and efficacy of algal-
based bioremediation systems for simultaneous pollutant removal and high-efficiency carbon
sequestration.

4.3. Other Multi-Benefit Strategies for Water, Energy, and Land Sustainability

Moreover, algal biomass obtained from agro-industrial residue treatment systems represents a
valuable feedstock for renewable bioproducts. It can be processed into biogas, liquid biofuels such as
biodiesel and bioethanol, and solid biofuels like briquettes and pellets, as well as bioplastics and other
higher-value compounds, thereby replacing fossil-based resources and contributing to greenhouse gas
mitigation [109] Beyond their carbon-neutral life cycle, algal-derived fuels have demonstrated
significant reductions in combustion-related pollutants, with algal biodiesel blends lowering CO,
carbon monoxide (CO), nitrogen oxides (NOy), unburnt hydrocarbons (HC), and smoke emissions
compared to conventional diesel [110]. Global research consistently highlights microalgae’s versatility
in producing energy-rich and value-added compounds. Furthermore, the residual biomass can be
utilized as biofertilizer or soil amendment, biostimulant, enhancing soil quality, reducing reliance on
synthetic fertilizers, and promoting nutrient recycling within agricultural ecosystems [111].

Another compelling environmental benefit is the mitigation of land-use pressures. Algal systems
can be operated on non-arable lands or wastewater, preventing competition with food crops and
avoiding deforestation, while also maintaining biodiversity. For example, Scenedesmus obliquus has
demonstrated effective nutrient removal in poultry wastewaters as high as 97% for both ammonium
and phosphate. Higher sugar content was obtained from microalgae biomass and therefore suitable
as raw materials for biodiesel and bioethanol/biohydrogen production [112].

In summary, converting agro-industrial residues into algal bioproducts creates an integrated
environmental strategy: it cleans water, captures carbon, produces renewable and high-value
biomass, recycles waste nutrients, and protects ecosystems from land-use conversion.
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5. Value-Added Bioproducts from Microalgal Biomass

5.1. Bioenergy

Algal biomass has attracted considerable attention as a sustainable feedstock for the generation
of value-added bioenergy products, particularly biodiesel and biogas. Unlike first- and second-
generation biofuels derived from edible crops and lignocellulosic residues, microalgae offer distinct
advantages, including rapid growth rates, high photosynthetic efficiency, and cultivation potential
on non-arable land or in wastewater streams [113]. These features position microalgae as a third-
generation biofuel source with significant potential to contribute to global energy sustainability.

Among algal-derived fuels, biodiesel represents one of the most widely studied applications.
Lipid-rich microalgae can accumulate substantial amounts of triacylglycerols, which are trans-
esterified into fatty acid methyl esters (FAMEs), the main constituents of biodiesel. Compared to
terrestrial oil crops, microalgae can achieve much higher lipid yields per unit area while avoiding
competition with food resources [114]. However, challenges remain in reducing the costs of
cultivation, harvesting, and lipid extraction. Advances in photobioreactor design, strain engineering,
and integration with CO:z or wastewater streams are being explored to enhance biodiesel yields and
improve the economic viability of algal-based biodiesel production [113].

In parallel, biogas production via anaerobic digestion (AD) provides another pathway for value
addition from algal biomass. Unlike biodiesel, AD can utilize the entire algal biomass irrespective of
lipid content, converting carbohydrates, proteins, and residual lipids into methane-rich biogas. This
process is less energy-intensive, compatible with wet algal feedstocks, and well-suited to integration
with wastewater treatment, where microalgae serve the dual role of nutrient removal and biomass
generation [114]. Furthermore, coupling biodiesel extraction with AD of the residual biomass
maximizes energy recovery while minimizing waste, exhibiting a circular biorefinery approach.

The integration of biodiesel and biogas pathways enhances the value-added potential of algal
biorefineries. Beyond energy, these processes yield useful co-products such as glycerol, biochar, and
nutrient-rich digestate, which can be applied in agriculture or further converted into bio-based
chemicals [115]. This complete utilization not only improves process economics but also supports
environmental goals by recycling nutrients and reducing greenhouse gas emissions. Overall,
microalgae-derived biodiesel and biogas represent complementary and synergistic value-added
bioenergy streams, underscoring the critical role of algal biomass in advancing third-generation
biofuels.

5.2. Pigments and Nutraceuticals

Microalgae and cyanobacteria produce pigments and nutraceuticals due to their unique
biochemical composition and environmental advantages. Their biomass contains a wide range of
bioactive compounds, including proteins, peptides, polyunsaturated fatty acids (PUFAs), pigments,
polysaccharides, vitamins, and minerals. These metabolites support human health through
antioxidant, anti-inflammatory, antidiabetic, cardioprotective, neuroprotective, and immune-
modulating activities, making them promising candidates for next-generation functional foods and
nutraceuticals. Pigments such as astaxanthin, 3-carotene, chlorophylls, lutein, phycoerythrin, and
phycocyanin are already used commercially as natural colorants with dual roles as health-promoting
agents. Nutraceutical components, including omega-3 fatty acids (EPA, DHA), bioactive peptides,
and sulphated polysaccharides, provide sustainable alternatives to fish oils, animal proteins, and
synthetic additives (Table 3).

Table 3. Microalgae species and their implementation in the nutraceutical or food industry.

No Algal Species Main Products Applications Health Benefits References
Ph i 1bl
Spirulina ycqcyamn Natural blue Antioxidant,
1 . (blue pigment); food colorant, . [14,116]
(Arthrospira . . neuroprotective,
Proteins; protein
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platensis/Limnospira

platensis)

Chlorella vulgaris /

C. pyrenoidosa

Haematococcus
pluvialis

Dunaliella salina

Nannochloropsis
spp.

Isochrysis galbana

Scenedesmus spp.

Porphyridium spp.

Muriellopsis spp.

Schizochytrium

Bioactive
peptides

Chlorophylls;
Proteins;
Vitamin B12;
Folate;
Sulphated
polysaccharides

Astaxanthin;
Carotenoids;
PUFAs

p-carotene;
Luteins

Eicosapentaenoic
acid (EPA);
Proteins;
Peptides;
Chlorophyll;
Carotenoids;
Phytosterols

Docosahexaenoic
acid (DHA);
Proteins;
Fucoxanthin;
Phytosterols

Lutein; Proteins;
Carotenoids

Sulphated
polysaccharides;
Phycoerythrin
(red pigment)

Lutein

DHA (long-

chain omega-3);
EPA

powders,
supplements

Detox/immune
supplements,
bakery &
beverage
enrichment,
vegan protein
Anti-ageing
nutraceuticals,
sports
nutrition,
antioxidant-
rich
supplements
Natural
orange-red
colorant,
provitamin A
supplements,
functional
foods

Vegan Omega-
3 oil, aquafeed,
functional
beverages

Infant
formulas,
nutraceuticals

Functional
foods, eye
health
supplements
Food
stabilizers,
antiviral
nutraceuticals
Eye health
supplements,
natural yellow
colorants

Infant
nutrition,
vegan omega-3
oils

immunomodulatory,
antihypertensive

Detoxification, gut
microbiota
modulation,
antioxidant, ACE-
inhibitory,
antidiabetic

Potent antioxidant,
cardiovascular &
skin protection, anti-
inflammatory

Eye health,
antioxidant, and
immune support

Cardiovascular
health, lipid
metabolism,

cognitive support,
anticancer peptides

Neurological
development,
cardiovascular
health,
neuroprotective,
antioxidant

Antioxidant, ocular
health, anti-
inflammatory

Antiviral, immune
modulation,
prebiotic functions

Antioxidant, visual
health

Brain & eye
development, anti-
inflammatory;
cardiovascular
health
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[117-119]

[120-122]

[121,123]

[124,125]

[121,126,127]

[121,128]

[129,130]

[131,132]

[14,124]

Despite challenges such as high production costs, sensory limitations, and regulatory barriers,

advances in strain selection, metabolic engineering, encapsulation technologies, and process

optimization are expanding the feasibility of algal biomass utilization. The integration of algal-

derived pigments and nutraceuticals into global food systems aligns with sustainability and health

priorities, offering a dual benefit of addressing malnutrition and reducing ecological impact.
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5.3. Biofertilizers, Biostimulants, Biocontrol Agents

The growing interest in sustainable agriculture has highlighted microalgae as a promising
resource for generating value-added products. Wastewater treatment systems, particularly those
based on microalgae cultivation, provide not only an efficient method for nutrient removal and water
purification but also a supply of algal biomass. This biomass is rich in nitrogen, phosphorus, organic
matter, and bioactive compounds, and can be transformed into agricultural products such as bio-
fertilizers, soil conditioners, and bio-stimulants [133].

Biofertilization involves the use of living microorganisms or natural algal-derived substances that
improve soil nutrient content, stimulate plant growth, and restore soil fertility. Cyanobacteria such as
Anabaena sp., Nostoc sp., and Oscillatoria angustissima are well known for their nitrogen-fixing ability,
while green microalgae, including Chlorella vulgaris, Spirulina platensis, Scenedesmus dimorphus, Anabaena
azolla, Nostoc sp., and Acutodesmus dimorphus have been successfully applied to boost crop performance.
Among these, C. vulgaris is recognized as one of the most widely studied species. In addition, seaweed
species like Sargassum sp. and Gracilaria verrucosa can act as soil conditioners, improving organic content,
normalizing soil pH, and reducing the C/N ratio in sandy and clay soils [111].

Beyond their role as biofertilizers, microalgal products also function as biostimulants (MBS),
which, even when applied in small amounts, can enhance seed germination, rooting, and plant
development under both optimal and stress conditions. Rich in biologically active compounds such
as phytohormones, amino acids, and antioxidants, MBS improve crop yields, quality, and tolerance
to abiotic stresses, including drought and salinity. These products can be applied through soil
amendment, foliar spraying, or seed priming, and may serve either as alternatives or complements
to synthetic fertilizers, crop protection products, and growth regulators [133].

Microalgae, particularly cyanobacteria, are gaining attention as sustainable biocontrol agents
against plant pests and diseases. Their effectiveness lies in producing diverse antimicrobial
metabolites such as benzoic acid, majusculonic acid, ambigol A, carbamidocyclophane A, and
hydrolytic enzymes that suppress bacteria, fungi, and nematodes by disrupting membranes,
inhibiting enzymes, or blocking protein synthesis. Species like Anabaena sp., Nostoc sp., Oscillatoria sp.,
and Calothrix sp. have been shown to reduce infections caused by pathogens (such as Fusarium sp.,
Pythium sp., or Rhizoctonia sp.), while others like Microcoleus vaginatus and Oscillatoria chlorina
effectively control root-knot nematodes in tomato and cowpea, and Nostoc calcicola suppressed
nematodes in cowpea. Some strains also produce peptide toxins with insecticidal or anti-feeding
activity against pests such as Helicoverpa armigera. In addition to direct suppression, microalgae can
colonize plant tissues and elicit defense enzymes like peroxidase, polyphenol oxidase, and f-1,3-
endoglucanase, enhancing plant immunity. Unlike chemical pesticides, these biocontrol agents also
enrich soil fertility, offering a dual role in crop protection and sustainable agriculture [134].

5.4. Animal and Aquaculture Feed

Wastewater streams from agro-industries and food processing are often rich in nitrogen,
phosphorus, and organic carbon, making them suitable substrates for cultivating microalgae. This
process not only reduces nutrient pollution but also generates high-value algal biomass that can be
applied in animal farming and aquaculture.

One example is the cultivation of Arthrospira (Spirulina) platensis using confectionery industry
effluents. Studies have shown that growth on diluted wastewater improves the biochemical
composition of the biomass, particularly protein, carbohydrates, lipids, and pigments such as -
carotene. When used as feed for rotifers (Brachionus plicatilis), a critical live prey in marine hatcheries,
this wastewater-derived Spirulina enhanced growth, reproduction, and fatty acid content of the
rotifers, thereby improving their nutritional quality as feed for fish larvae. This highlights the dual
role of microalgae in wastewater remediation and as a functional ingredient in aquaculture feed [135].

Microalgae also serve as alternative protein and lipid sources to replace traditional fishmeal and
fish oil in aquafeeds, which are under increasing pressure due to overfishing and rising costs. The
species from Chlorella, Nannochloropsis, Isochrysis, and Schizochytrium produce essential amino acids
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(leucine, valine, and threonine), vitamins, carotenoids (lutein, astaxanthin, and S-carotene), f-1-3-
glucan, and long-chain PUFAs (e.g., EPA and DHA). These compounds are vital for fish growth,
stress resistance, pigmentation, and immune modulation. In shrimp, fish, and mollusk culture, the
addition of microalgal biomass or extracts in the diet has been shown to improve feed conversion
ratios, boost antioxidant activity, and enhance survival rates [136].

From an economic perspective, marine microalgae are considered the primary producers of EPA
and DHA in marine food webs and are increasingly recognized as sustainable substitutes for fish oil.
Techno-economic analyses suggest that with improvements in photosynthetic efficiency, cultivation
systems, and strain development, microalgal biomass could become cost-competitive with fish oil for
aquafeeds in the near future. The ability to cultivate microalgae in photobioreactors or open pond
systems using industrial waste streams and CO: further strengthens their role in sustainable feed
production [137].

6. Environmental Conditions and Opportunities for Microalgae Cultivation in
Indonesia

Indonesia's status as a tropical archipelago offers unique environmental and industrial
conditions that are highly favorable for the development of microalgae-based biorefineries. Light
serves as the primary energy source in photoautotrophic growth, where microalgae utilize solar
energy to fix COz into chemical energy, leading to their growth and biomass production [73,138].
Light intensity, wavelength, and irradiance time are significant factors for the photosynthetic growth
and biomolecule synthesis in microalgae [139]. A key advantage is the equatorial climate,
characterized by consistent solar radiation and relatively stable annual temperatures. For instance,
mean solar insolation in Yogyakarta exceeds 821 kWh m2, which is substantially higher than that of
many European countries where large-scale algal cultivation is already practiced [140,141]. This
ensures an abundant and continuous supply of light energy for photosynthesis throughout the year.
Equally important, Indonesia’s mesophilic ambient temperatures (25-30 °C) align closely with the
optimal growth range for many industrially relevant microalgal strains, thereby minimizing the need
for external energy inputs for water heating or cooling, a significant operational cost in temperate
regions [57,138].

Beyond climatic suitability, the widespread availability of nutrient-rich agro-industrial
wastewater streams represents a critical enabling factor for large-scale microalgae cultivation in
Indonesia. These effluents provide essential macronutrients, nitrogen and phosphorus, at low or
negative cost, simultaneously reducing cultivation expenses and providing a remediation service.
POME, generated in substantial volumes from processing facilities concentrated in Riau and Central
Kalimantan, offers a readily available nutrient source for algal growth [142]. Cassava starch
wastewater, produced by industries in Lampung, Banten, and Yogyakarta, is characterized by high
organic loads suitable for mixotrophic cultivation [143]. Sugarcane vinasse, a by-product of ethanol
production, notably from facilities in Central Java, is rich in organic carbon and potassium [144].
Additionally, the tofu industry is widespread, with approximately 84,000 factories, mostly classified
as small- or home-scale industries, distributed across the country [145]. At this scale, most producers
lack adequate wastewater treatment facilities, leading to effluents being discharged untreated, even
though they represent a nutrient-rich substrate suitable for microalgal cultivation. In Giriharja, whey
effluents from nine small-scale tofu factories are managed collectively in an anaerobic treatment
facility that also generates biogas [146]. As AD does not fully remove nutrients, the residual effluent
remains a viable feedstock for microalgae, underscoring opportunities to integrate algal cultivation
within existing waste-to-resource frameworks.

Carbon availability is another critical parameter strongly shaped by Indonesia's industrial
landscape. While agro-industrial wastewaters are generally rich in organic carbon, excessively high
concentrations can inhibit certain algal growth, requiring dilution or process adaptation [57,73]. At
the same time, Indonesia provides abundant point sources of CO: from biogas plants, palm oil
processing, and biomass combustion, offering valuable inputs for microalgal cultivation [63,147].
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Microalgal systems can simultaneously enhance nutrient uptake from AD effluents and efficiently
capture CO:2 emissions [148]. For instance, Tongprawhan et al. used Chlorella sp. for CO: capture and
lipid production with biogas (50% v/v CO2 in methane). In parallel, biogas upgrading via algal-
bacterial consortia has emerged as a cost-effective and environmentally sustainable platform,
enabling simultaneous CO: and H:S removal in a single-step process [149]. Rodero et al.
demonstrated this approach at semi-industrial scale by coupling algal-bacterial co-cultivation with
wastewater treatment in an outdoor HRAP, producing biomethane with up to 90% CHas [150]. The
strategic capture and reinjection of CO: into cultivation systems not only improves photosynthetic
efficiency and biomass yields but also advances circular carbon capture and utilization models,
thereby contributing to greenhouse gas mitigation [63].

The synergistic combination of constant solar energy, stable thermal conditions, diverse nutrient
streams, and accessible carbon sources creates an ideal environment for scaling microalgae
production. This integration transforms waste management challenges into valuable inputs,
supporting a circular bioeconomy that generates renewable biomass for bioenergy (e.g., biogas,
biodiesel, bioproducts, and biofertilizers), while also providing water treatment and carbon
mitigation. However, this promising potential is tempered by significant barriers. Technological
readiness for large-scale, cost-effective cultivation systems (both open ponds and photobioreactors)
remains low. Challenges also persist in downstream processing, strain selection for local conditions,
and access to finance and investment [151]. Realizing this opportunity, therefore, necessitates focused
research on adaptive biology and engineering, coupled with strong policy support, financial
incentives, and capacity building to transition from pilot-scale studies to commercially viable,
nationwide implementation.

7. Challenges and Limitations for Microalgae Cultivation in Indonesia

Agro-industrial wastewaters represent a promising, nutrient-rich alternative to conventional
microalgal cultivation media, offering a pathway for sustainable biomass production while aiding
effluent remediation. However, their direct application is fraught with challenges, primarily due to
the presence of hazardous contaminants, including suspended solids, heavy metals, dark-coloured
ligninic compounds, and pathogens that compromise culture conditions and final biomass quality
[83,152,153]. This complex and variable matrix often necessitates robust pretreatment strategies such
as dilution, filtration, and coagulation-flocculation to improve light penetration and culture stability
[87,102,148]. More advanced techniques like acid-heat treatment can further decolorize effluents by
breaking down lignin, simultaneously liberating sugars to support desirable mixotrophic growth
regimes [81,154].

Two specific contaminant classes critically constrain the safe application of the resulting
biomass: heavy metals and pathogens. Heavy metals may accumulate in algal biomass and limit
downstream applications [148]. Mitigation requires targeted removal strategies, such as adsorption,
chemical precipitation, or electrochemical treatment, each entailing distinct trade-offs in cost,
efficiency, and scalability [152]. Concurrently, pathogen contamination (from bacteria, viruses,
protozoa, etc.) necessitates a separate suite of physical, chemical, or biological control measures to
ensure biosafety [63,152].

AD emerges as a particularly strategic pretreatment, especially within the Indonesian context
[155]. Already widely implemented for POME management, AD is a mature technology that reduces
organic load, stabilizes pH, diminishes pathogenic microorganisms, and generates methane as a
valuable byproduct [57,92,155]. While heavy metals are not fully removed, lowering their
concentration in the liquid phase used for cultivation [152]. Thus, AD offers a dual function:
integrated wastewater management and renewable energy generation, while simultaneously
preconditioning effluents for microalgal nutrient recovery [148].

Beyond pretreatment, industrial-scale cultivation faces persistent bottlenecks in downstream
processing. Harvesting, dewatering, drying, and extraction are among the most energy-intensive
operations, and the capital cost of advanced photobioreactors further exacerbates economic
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constraints [139,156]. These limitations are magnified in Indonesia, where high electricity costs and
limited domestic supply chains for cultivation technologies restrict scalability. Low-cost harvesting
approaches, such as coagulation—flocculation followed by gravity sedimentation, are commonly
employed [139]. Microalgae-bacteria consortia also offer a promising pathway, as synergistic
microbial interactions can enhance nutrient removal, stimulate lipid and carbohydrate accumulation,
and facilitate both flocculation and cell disruption, thereby improving downstream efficiency
[65,148,157].

Among dewatering methods, belt press filtration is considered one of the most energy-efficient
and scalable options [56,158]. Drying, however, remains the most energy-demanding stage of
biomass processing, accounting for approximately 60-80% of total energy consumption [158]. In
tropical Indonesia, solar drying represents a low-cost possibility, but its large land requirements limit
its feasibility near industrial centers. Microwave drying has emerged as a more efficient alternative,
reducing energy demand compared to spray- or freeze-drying while preserving biomass quality [56].
Importantly, these constraints may be mitigated through integration with Indonesia’s renewable
energy initiatives. The country’s National Energy Policy targets 23% renewable energy in the primary
energy mix by 2025, with emphasis on solar expansion and biogas utilization. Coupling algal
cultivation systems with biogas plants for energy supply, or exploiting abundant solar irradiation for
low-cost drying, could significantly reduce operational costs while aligning with circular economy
and emission-reduction goals.

Finally, wastewater-grown microalgae face restrictions in end-use applications due to safety
risks. Contamination of biomass with heavy metals, pathogens, or other hazardous compounds limits
its safe integration into food and feed chains [81]. Accordingly, the most viable near-term applications
in Indonesia are in non-food sectors, including biofuels, bioplastics, biofertilizers, and pigments. This
trajectory is consistent with national policies promoting renewable energy and bio-based materials
[155], positioning wastewater-derived microalgae as a strategic component of Indonesia’s waste-to-
value initiatives and broader circular economy agenda.

8. Future Perspectives: Advancing Waste-to-Resource Strategies for Microalgal
Bioproducts in Indonesia

The integration of algal biorefineries with agro-industrial clusters offers a promising pathway
to utilize residues such as palm oil effluent, bagasse, soybean waste, and cassava waste. Placing algal
biorefineries close to agro-industrial hubs (co-location) reduces transport costs, ensures continuous
feedstock supply, and enables multiproduct biorefineries producing biofertilizers, feed, pigments,
and nutraceuticals.

Coupling algal systems with anaerobic digestion further enhances resource recycling, as
digestate can serve as a nutrient source for algal cultivation after appropriate treatment. At the same
time, biogas can provide heat and electricity to operate algal facilities, while recovered CO: supplies
phototrophic reactors, thereby boosting productivity and contributing to carbon sequestration. Such
symbiosis increases resource efficiency, lowers emissions, and strengthens energy self-sufficiency.

Government support is vital to expand waste-to-resource strategies for algal products. Financial
incentives such as subsidies, tax breaks, and renewable energy credits can attract investment, while
clear rules on the safe use of microalgae in feed, fertilizer, and digestate can make approvals faster
and easier. Creating markets through public purchasing and cooperative links with aquaculture
would boost demand, and networking platforms can help agro-industries, digesters, and algal
producers work together. At the same time, policies should protect health and the environment
without creating heavy barriers that slow down early innovation.

Community and cooperative models offer strong opportunities, especially in Indonesia’s island
regions and smallholder-based economy. Small local biorefineries can turn cassava or palm residues
into algal meal for poultry and fish, while digesters provide cooking gas and electricity, and algal
biofertilizer returns nutrients to fields. Cooperatives allow farmers to pool resources, share
investment costs, and gain more profit, for example, by selling algal supplements or pigments. These
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systems create jobs, stabilize incomes from price swings, and improve nutrition with omega-3-rich
products. A practical approach is to start with low-cost open ponds for training, then move to
enclosed systems as markets and skills grow.

Future research should focus on genetic engineering, omics, as well as systems biology
approaches, and microbial consortia-based cultivation to enhance yields, robustness, and nutrient
recovery. Integrating microalgae with bacteria or other microbes can improve stability and waste
conversion. In parallel, techno-economic and life-cycle assessments tailored to Indonesian agro-
residues are needed to guide scale-up. Overall, advancing waste-to-resource strategies through
integrated biorefineries, policy support, and targeted research could transform agro-industrial
residues into high-value algal bioproducts, contributing to both resource-efficient economies and
rural development.
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The following abbreviations are used in this manuscript:

AD Anaerobic Digestion

BOD Biochemical Oxygen Demand
CBEW  Cassava Biogas Effluent Wastewater
COD Chemical Oxygen Demand

CPW Cassava Processing Wastewater
DHA Docosahexaenoic Acid
EPA Eicosapentaenoic Acid

FAME  Fatty Acid Methyl Esters
GDP Gross Domestic Product

HC Hydrocarbon

HRAP  High-Rate Algal Pond
MBBR Moving-Bed Biofilm Reactor
MBBR  Moving-Bed Biofilm Reactor
MBS Microalgal Biostimulants
PBR Photobioreactors

POME Palm Oil Mill Effluent
POME Palm Oil Mill Effluent
PUFA Polyunsaturated Fatty Acid

TDS Total Dissolved Solids
N Total Nitrogen
TP Total Phosphorus

TOC Total Organic Carbon
TWW Tofu Whey Wastewater
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