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Abstract
Winery wastewater (WWW) is a high-strength effluent characterized by high organic load, nutrient content, and seasonal 
variability, posing significant environmental challenges. This review critically evaluates microalgae-based systems for 
WWW treatment, addressing their performance, scalability, and role within circular bioeconomy frameworks. Analysis 
of recent studies shows that microalgae-based systems can achieve high pollutant removal efficiencies, including up to 
~ 90–92% chemical oxygen demand removal, high removal of total organic carbon and nitrogen (typically above 80%), 
and up to 91–95% ammonium removal. These systems also enable the production of biomass rich in proteins (up to 
~ 58.8% dry weight) and valuable compounds such as pigments, supporting multiple valorization pathways. A key find-
ing is that, despite strong technical performance, large-scale implementation remains limited. The main constraints are 
associated with wastewater variability, presence of inhibitory compounds, and operational challenges in biomass recovery, 
particularly energy-intensive harvesting and downstream processing. Techno-economic and life cycle analyses indicate 
that standalone systems are rarely economically viable under current conditions, and that feasibility depends on integration 
into multiproduct biorefineries and existing infrastructures. Regulatory uncertainty and the need for stakeholder acceptance 
further constrain deployment. Overall, microalgae-based WWW treatment represents a promising but system-dependent 
solution, requiring integrated technological, economic, and policy frameworks to achieve scalable implementation.
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stabilization, filtration, and bottling. These steps require 
significant amounts of water, energy, fertilizers, and organic 
additives, and generate large volumes of waste streams 
(such as pips, skins, grape marc and wine lees), wastewa-
ter, and greenhouse gases (e.g., carbon dioxide and volatile 
organic compounds) [2].

Wine lees, consisting primarily of yeast cells, tartaric salts, 
and adsorbed organic compounds formed during fermenta-
tion and wine clarification processes, represent a significant 
by-product of the winemaking industry. Their management 
poses additional environmental and operational challenges, 
but they also constitute a potential resource for valorization 
within integrated biorefinery approaches [3].

WWW consists of spilled wine, washing water, cooling 
water, cleaning chemicals, and leachates from solid by-
products. More than 60% of these effluents are generated 
during the harvest season, which typically lasts up to three 
months and places considerable stress on wastewater treat-
ment systems. During the winemaking process, wastewater 
generation can reach up to 14 L per liter of wine produced, 
depending on the scale of the facility, the type of wine 

Introduction

Wine production is carried out in rural regions worldwide, 
including Mediterranean and Atlantic areas (Italy, France, 
Spain, Portugal, Greece, Turkey), Central and Eastern 
Europe (Germany, Hungary, Romania, Bulgaria), as well 
as other major wine-producing regions such as Australia, 
New Zealand, South Africa, the United States of America, 
Chile, Argentina, and China. In 2023, global wine produc-
tion reached 237.3 million hectoliters (MhL), according to 
the International Organization of Vine and Wine [1].

Wine production typically involves several stages, includ-
ing grape maceration, pressing, alcoholic and malolactic 
fermentation (depending on the wine type), maturation, 
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(e.g., red, white, or specialty wines), and the winemaking 
and cleaning technologies used—including water softener 
regeneration brine [4].

Wine residues provide nutrients that promote the prolifer-
ation of yeasts and bacteria, making deep cleaning and sani-
tation of tanks, pumps, hoses, floors, bottles, and transport 
boxes essential for preserving wine quality [5]. However, 
these operations also contribute to generating large volumes 
of wastewater, proportional to wine production scale.

If discharged without treatment, WWW can cause signif-
icant environmental damage, notably by promoting eutro-
phication in water bodies (e.g., wetlands, rivers, streams, 
ponds), due to rapid oxygen consumption that depletes dis-
solved oxygen levels and endangers aquatic and amphibi-
ous life. Although WWW can be reused for irrigation, its 
composition may alter soil properties such as pH, color, and 
electrical conductivity, due to the release of inorganic and 
organic ions [5, 6].

Conventional treatment of WWW typically involves 
physical, chemical, and biological processes to remove 
major pollutants, often supplemented by advanced oxida-
tion processes for color and recalcitrant compound removal 
[7, 8]. The activated sludge process is commonly applied 
and effective at removing contaminants, but it has high 
operational costs due to significant sludge production and 
the energy required to maintain aerobic conditions. More-
over, the resulting by-products generally lack commercial 
value [9].

For these reasons, alternative approaches are being 
explored for the simultaneous treatment and valorization 
of WWW. Recent studies have demonstrated the success-
ful application of microalgae in treating WWW showing 
this approach to be both effective and economically viable. 
Microalgae can grow on a variety of wastewaters—includ-
ing WWW—requiring low energy input, effectively remov-
ing heavy metals, and generating minimal waste sludge [10, 
11].

This review highlights the advantages of using WWW 
as a substrate for microalgae cultivation, offering a dual 
benefit of wastewater treatment and biomass production. 
It examines the cultivation strategies and system configu-
rations applied in this context, as well as the potential for 
generating high-value bioproducts within an integrated bio-
refinery framework. Emphasis is placed on the full process 
chain—from WWW characteristics to biomass valoriza-
tion—underlying the importance of holistic and sustainable 
approaches.

WWW Characteristics

Winery wastewater (WWW) characteristics are strongly 
influenced by multiple factors, including climate conditions, 
local water quality, grape variety, wine type, and operational 
practices within the winery, particularly cleaning procedures 
and the use of chemical agents [2, 8]. Additionally, seasonal 
variability plays a significant role in determining WWW 
composition. During the harvest and crushing period, typi-
cally occurring in autumn, large volumes of wastewater are 
generated with high organic load, elevated concentrations of 
suspended solids, and strong odors due to grape processing 
activities. In contrast, during the off-season, wastewater is 
mainly derived from cleaning and maintenance operations, 
resulting in lower volumes and reduced organic load [5, 8].

WWW is typically acidic, with pH values generally rang-
ing between 3 and 6, mainly due to the presence of organic 
acids such as tartaric, malic, lactic, and citric acids [2, 8, 12]. 
It is characterized by a high organic content, with chemi-
cal oxygen demand (COD) typically ranging from 300 to 
49,000  mg L−1 and biochemical oxygen demand (BOD₅) 
between 1,000 and 13,000  mg L−1 (Table  1) [2, 12, 13]. 
Nutrient concentrations are generally low to moderate, with 
total nitrogen (TN) typically ranging from 8 to 415 mg L−1 
and total phosphorus (TP) from 2 to 280 mg L−1 [8, 12, 14]. 
In addition, WWW contains significant amounts of ethanol, 
sugars (1000–8000  mg L−1), organic acids, and phenolic 
compounds (0.5–3,500 mg L−1), contributing to its complex 
and variable composition (Table 1) [2, 12].

The environmental impact of WWW is primarily associ-
ated with its high organic load, mainly derived from read-
ily biodegradable compounds such as sugars and ethanol, as 
well as more recalcitrant substances like polyphenols. These 
phenolic compounds are of particular concern due to their 
toxicity to microorganisms, plants, animals, and humans, 
even at low concentrations, and their resistance to biodegra-
dation [2, 8]. Furthermore, the presence of suspended solids 
(30–8600 mg L−1, Table 1) and the large volumes generated 
(typically 0.2–4 L per liter of wine produced) contribute sig-
nificantly to its environmental impact [15, 16].

Table 1  Typical ranges of key physicochemical parameters found in 
WWW [2, 5, 8, 12–16]
Parameter Unit Reported range
pH – 3.0–6.0
COD mg O₂ L⁻1 300–49,000
BOD₅ mg O₂ L⁻1 1000–13,000
Total organic carbon (TOC) mg C L⁻1 500–7,000
Total nitrogen (TN) mg L⁻1 8–415
Total phosphorus (TP) mg L⁻1 2–280
Total solids (TS) mg L⁻1 5000–18,000
Suspended solids (SS) mg L⁻1 30–8,600
Volatile solids (TVS) mg L⁻1 6000–20,000
Electrical conductivity mS cm⁻1 0.3–5.6
Phenolic compounds mg L⁻1 0.5–3,500
Total sugars mg L⁻1 1000–8000
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The acidic nature of WWW may also negatively affect 
soil quality when discharged without treatment, by alter-
ing nutrient availability—particularly phosphorus and 
calcium—and reducing populations of beneficial micro-
organisms. Additionally, improper management of WWW 
can lead to the generation of unpleasant odors and gaseous 
emissions, mainly due to the degradation of organic matter 
under uncontrolled conditions [2].

Discharging Untreated WWW in the 
Environment

Discharging WWW into the environment often causes seri-
ous issues like eutrophication and algal blooms due to its 
high nitrogen and phosphorus content. These nutrients act as 
a potent fertilizer for algae and other aquatic plants, leading 
to rapid and uncontrolled growth (Fig. 1). While algae are 
naturally present, a bloom can block sunlight from reaching 
deeper waters, killing submerged plants. The algae eventu-
ally die and are decomposed by bacteria, which consume 
large amounts of dissolved oxygen, promoting hypoxia or 
anoxia (oxygen depletion). This lack of oxygen can kill fish 
and other aquatic life in a phenomenon often referred to as 
a "dead zone” [17]. In addition, ethanol present in WWW 
can be directly toxic to aquatic organisms, and its degrada-
tion by microorganisms further depletes oxygen. Phenolic 

compounds are also toxic to many aquatic species, affect-
ing their growth, reproduction, and survival. The combina-
tion of oxygen depletion and toxic compounds can decimate 
aquatic biodiversity, leading to the loss of sensitive species 
and a shift towards less diverse, more resilient communities 
[16].

Discharging WWW onto land can have a detrimental 
effect on soil health and groundwater quality, since wine-
making process uses various salts for cleaning and pro-
cessing. These salts, particularly potassium, accumulate in 
WWW. Repeated application of this wastewater to soil can 
lead to its salinization, inhibiting plant growth, alter soil 
structure, and reduce agricultural productivity [18]. More-
over, as above stated, WWW typically has a very low pH 
(between 3.0 and 5), making it highly acidic. Continuous 
discharge of this acidic effluent can lower the soil’s pH, a 
process known as acidification. Soil acidification can reduce 
nutrient availability to plants and increase the solubility of 
toxic metals like aluminum and manganese, which can harm 
crop roots and contaminate groundwater [19].

WWW carries a high concentration of microorganisms, 
including bacteria and yeasts from the fermentation pro-
cess. When discharged on land, these microbes can out-
compete and disrupt native soil microbial communities 
essential for nutrient cycling and soil health. They can also 
degrade organic matter and consume oxygen in the soil, 
altering its physical and chemical properties and leading 
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Fig. 1  Environmental impacts of discharging untreated WWW
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to foul-smelling gases due to anaerobic decomposition. 
When released into lakes and rivers, the high concentra-
tion of microorganisms in WWW, along with the organic 
load, leads to rapid oxygen depletion as they decompose the 
waste. This can create "dead zones," killing fish and other 
aquatic life. The introduced microbes can also become inva-
sive, disrupting the native microbial community structure 
and forming extensive biofilms [17].

Why Microalgae to Treat WWW?

Current methods for treating WWW include physical, 
chemical, and biological approaches. Physical methods 
often involve screens and filters to remove large solids, 
while chemical treatments use coagulation and flocculation 
with metal salts to remove suspended solids and phosphorus 
[20]. While these methods are effective, they can be costly 
and generate large amounts of chemical sludge that is dif-
ficult to dispose of. Biological methods, in contrast, are the 
most sustainable and efficient for this proposal [1]. They use 
microorganisms, like bacteria and microalgae, to degrade 
the high organic load and remove nutrients, such as nitrogen 
and phosphorus. The key benefits of biological treatment are 
its lower operational costs, the ability to recycle nutrients, 
and the production of a valuable biomass that can be used as 
a biofertilizer, a biostimulant or a biopesticide, transform-
ing a waste product into a valuable resource and promoting 
a circular economy. Aerobic and anaerobic biological sys-
tems are usually employed. The anaerobic biological treat-
ment uses anaerobic digestors which may work under high 
organic loading rates. Due to the absence of aeration and the 
low sludge production, anaerobic treatment generally incurs 
lower operational costs compared with aerobic processes 
and can handle higher organic loads, making it more suit-
able for concentrated wastewaters. In addition to treating 
effluents, anaerobic digestion also produces biogas (a mix-
ture of methane and CO₂), enabling simultaneous energy 
recovery. However, undesirable odors may arise from the 
accumulation of volatile fatty acids (VFAs), which require 
careful pH control [21]. Furthermore, hydrogen sulfide 
(H₂S) can be generated through the reduction of sulfate and 
sulfite present in WWW by sulfate-reducing bacteria, lead-
ing to odor problems, equipment corrosion, and potential 
inhibition of methanogenesis, thus representing a significant 
operational challenge [22].

In contrast, aerobic digestion requires continuous aera-
tion, making it energy-intensive, and produces large amounts 
of sludge that require further handling and disposal. None-
theless, it is highly effective in removing nutrients, which 
makes it a widely adopted treatment method.

An emerging alternative that addresses several limita-
tions of both systems is microalgae-based treatment. Micro-
algae can grow under autotrophic (using sunlight and CO₂) 
and mixotrophic or heterotrophic (utilizing organic matter) 
modes, all aerobic processes. This metabolic flexibility 
enables them to thrive in complex wastewaters such as win-
ery effluents. Through photosynthesis, microalgae release 
oxygen that supports aerobic degradation of organic pol-
lutants, while simultaneously assimilating nutrients such as 
nitrogen and phosphorus. Moreover, the resulting biomass 
may be enriched in proteins, pigments, and other valuable 
compounds, making it suitable for a wide range of appli-
cations such as biofertilizers, biostimulants, biopesticides, 
feed ingredients, or bioproduct precursors. This dual role—
wastewater treatment and resource recovery—positions 
microalgae as a sustainable and economically attractive 
solution for WWW treatment [17, 23, 24]. In addition, micro-
algae cells assimilate nutrients directly for growth, being 
particularly efficient in removing nitrogen and phosphorus, 
which is especially valuable for WWW rich in organic nitro-
gen and phosphorus. Furthermore, since microalgae cap-
ture CO2 during photosynthesis, they contribute to carbon 
sequestration, providing a means to mitigate CO2 emissions 
from various industrial sources, including power genera-
tion and fermentation-based facilities. Microalgal cultiva-
tion systems primarily rely on light as the energy source for 
photosynthesis, although additional energy is required for 
aeration and agitation to ensure adequate mixing and gas 
exchange. These systems can be operated in open ponds or 
photobioreactors. The wastewater treatment by microalgae 
produces less sludge compared to conventional biological 
treatments, being the algal sludge easier to dewater and 
manage than the sludges produced in other biological treat-
ments. Importantly, a few microalgal species can degrade 
or transform phenols, tannins, ethanol, and other organic 
compounds found in wastewater [25]. This capability offers 
significant advantages over WWW conventional treatments, 
which often struggle to remove these complex and recalci-
trant compounds efficiently. Consequently, microalgal treat-
ment can achieve improved pollutant removal with lower 
chemical inputs and reduced formation of harmful by-prod-
ucts, making it a more sustainable and cost-effective option 
for WWW management, compared to conventional treat-
ment methods (Table 2).

Symbiotic relationships between microalgae and bacteria 
and yeasts present in WWW can enhance nutrient removal, 
particularly chemical oxygen demand (COD), through 
algal–bacterial consortia [24] or algal-yeast consortia [26] 
(Fig. 2). Such consortia offer promising potential to improve 
nutrient removal in wastewater treatment via mutualistic 
interactions and synergistic effects [27]. Indeed, photosyn-
thetic microalgae produce dissolved oxygen as a byproduct, 
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supporting aerobic degradation by heterotrophic microor-
ganisms, which reduces energy costs and minimizes pollut-
ant volatilization risks associated with mechanical aeration. 
In return, bacterial and yeast heterotrophic metabolism sup-
plies inorganic carbon (e.g., CO₂) and essential secondary 
metabolites such as vitamins that promote autotrophic algal 
growth [28]. A symbiotic relationship between algae and 
bacteria has been described for Chlorella and Scenedesmus 
microalgae, which are vitamin B12-auxotrophic micro-
organisms that rely on other organisms, like bacteria, for 
their supply of this essential vitamin. The organic content in 
wastewater systems supports diverse bacterial populations, 
such as Pseudomonas, Paracoccus, and Bacillus, which 

produce and release vitamin B12 and other growth factors 
into the surrounding water which will be uptaken by the 
vitamin B12-auxotrophic microalgae, creating a symbiotic 
relationship where the microalgae can thrive [29]. However, 
designing effective consortia requires thorough understand-
ing of their interaction dynamics, especially under varying 
wastewater compositions and operational conditions.

Several studies have concluded that microalgae-based 
treatment of WWW is an eco-friendly and renewable pro-
cess [23, 30, 31]. Moreover, it can be integrated with solar 
energy and land use on-site (e.g., at vineyards or wineries), 
potentially reducing the ecological footprint of wine pro-
duction facilities [31].

Aspect Anaerobic treatment Aerobic treatment Microalgae-based treatment
Energy requirement Low (no aeration) High (requires 

aeration)
Low (uses sunlight as energy 
source)

Sludge production Low High Low (easier to dewater and 
manage)

Nutrient removal 
efficiency

Moderate High High (direct assimilation of N 
and P by microalgae)

Pollutant removal Effective for COD Effective for COD 
and nutrients

Effective for COD, N, P, poly-
phenols, tannins, ethanol

CO₂ capture/emission CO₂ generation from 
biogas

Net CO₂ emitter CO₂ uptake through 
photosynthesis

Bioproducts Biogas Sludge (limited 
valorization)

Biomass for biofuels, bioprod-
ucts, feed, fertilizers, bioplastics

Operational complexity Moderate (requires 
pH/VFA monitoring)

High (requires con-
tinuous aeration and 
sludge handling)

High (requires light/CO₂ and 
harvesting control)

Odor issues High (volatile organic 
acids formation)

Low Low

System types Anaerobic digesters Activated sludge, 
biofilters

Open ponds, photobioreactors

Environmental 
footprint

Moderate (odor, GHG 
emissions, leakage 
risk)

High (energy-inten-
sive aeration)

Low–moderate (CO₂ capture; 
energy for harvesting)

Integration potential Moderate (Biogas 
recovery)

Moderate (nutrient 
polishing)

High (CO₂ capture, co-product 
recovery, integration with 
vineyards/wineries

Microbial synergies Anaerobes (no syn-
ergy with algae)

Bacteria-dominated 
species

Algae–bacteria consortia 
(enhanced treatment and bio-
mass production)

Sustainability outlook Moderate (energy 
recovery potential)

Low–moderate (high 
energy demand)

High (resource recovery and 
circular bioeconomy)

Process stability Moderate (sensi-
tive to pH and toxic 
compounds)

Moderate (sensi-
tive to pH and toxic 
compounds)

Moderate (sensitive to pH and 
toxic compounds)

Capital cost (CAPEX) Moderate–high 
(digesters required)

Moderate–high 
(digesters required)

Moderate–high (digesters 
required)

Operational Cost 
(OPEX)

Low–moderate Low–moderate Low–moderate

Need for Skilled 
Operation

Moderate Moderate to high High (biological and opera-
tional complexity)

Monitoring 
Requirements

Moderate (pH, VFAs, 
alkalinity)

Moderate (DO, sludge 
age, nutrients)

Moderate (light, nutrients, 
contamination control)

Full-Scale 
Implementation

Widely implemented Widely implemented Limited full-scale implementa-
tion (mostly pilot-scale)

Table 2  Comparison between 
biological treatment methods for 
WWW [8, 9, 12, 13]
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Microalgae Species Used for WWW 
Treatment

Several microalgal species have been investigated for the 
treatment of WWW due to their capacity to remove nutri-
ents and generate valuable biomass. However, only a limited 
number of studies have been published to date, highlight-
ing the need for further systematic research to fully assess 
their potential and optimize large-scale applications. Spe-
cies from the genera Chlorella, Desmodesmus, Heterochlo-
rella, and Arthrospira have shown to be promising for this 
application (Table 3). Most of the studies reported to date 
have been conducted at laboratory scale, with only a limited 
number extending to pilot-scale systems, and no full-scale 
applications identified. In addition, relevant operational 
parameters such as hydraulic retention time (HRT), as well 
as the use of diluted or pretreated wastewater, vary signifi-
cantly among studies and influence treatment performance.

Casazza et al. [32] investigated the growth of Arthrospira 
platensis and Chlorella vulgaris in diluted winery wastewa-
ter (20–60% v/v) under laboratory-scale batch conditions 
using vertical glass bubblers. The results demonstrated 
effective nitrogen removal (up to 90%) and highlighted the 
potential of WWW as a culture medium for microalgal bio-
mass production, particularly under mixotrophic conditions.

Marchão et al. [33] used WWW as culture medium under 
laboratory-scale batch conditions, employing diluted efflu-
ents and, in some cases, synthetic media as control. Four 
species, including Chlorella vulgaris, were tested under 
mixotrophic and heterotrophic conditions. C. vulgaris 
showed the best performance under mixotrophic conditions, 

removing over 90% of total organic carbon (TOC) and total 
nitrogen (TN), with COD removal reaching 92%. The high-
est biomass productivity reached 147.5 mg L⁻¹ d⁻¹, along-
side reductions in polyphenols (49%) and phosphate (40%). 
Biomass grown on WWW also showed enhanced carotenoid 
content. However, as the treated effluent still did not meet 
discharge standards, a tertiary photocatalytic treatment (UV 
LEDs/TiO₂) was applied, achieving an additional 40% COD 
removal (of the residual load) and 80% polyphenol removal.

The use of mixed microalgal cultures has been described 
as a strategy for enhancing the efficiency and versatility 
of WWW treatment. Spennati et al. (2020 and 2022) [34, 
35] explored the use of Chlorella vulgaris and Arthrospira 
platensis mixed cultures for WWW treatment in two com-
plementary studies. Spennati et al. (2020) [34] used this co-
culture to treat three different WWW from different steps of 
the wine production process, having reported biomass and 
lipid productivities of 0.66 g /Ld and lipids of 7.10 ± 0.22 g 
Lipid/100 Ld, when using 20% of second washing WWW 
after 4 days of treatment. COD and polyphenol content of 
the three different wastewaters were reduced by the co-cul-
ture by more than 92% and 50%, respectively. Spennati et 
al. [35] further investigated thesame co-culture in three dif-
ferent laboratory-scale systems: a tubular photobioreactor, 
a column photobioreactor, and an open pond, all operated 
in batch mode. Biomass concentrations of 5.54 g L⁻¹, 3.90 
g L⁻¹, and 2.19 g L⁻¹ were obtained, respectively. Protein 
and carbohydrate extraction yielded 10.95% (w/w) protein 
and 3.95% (w/w) carbohydrates. In addition, the system 
achieved removal efficiencies of approximately 84% for 
COD and 50–60% for phenolic compounds.

Fig. 2  Autotrophic-heterotrophic symbiosis in WWW treatment
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Zkeri et al. [10] evaluated Chlorella sorokiniana for 
WWW treatment through both batch and sequencing batch 
reactor (SBR) experiments at laboratory scale. Diluted 
wastewater (50–70% v/v) was used during acclimation and 
operation, and anaerobically pretreated WWW was also 
assessed. Semi-continuous SBR systems operated with HRT 
values ranging from 4 d to 36 h. A two-stage configuration 

achieved 85% COD and 91% NH₄-N removal, while a one-
stage system using pretreated WWW achieved 78% COD 
and 95% NH₄-N removal. Biomass analysis revealed high 
protein content (up to 58.8%) and valuable compounds such 
as lutein, β-carotene, and tocopherols.

Scarponi et al. [36] explored the use of the liquid frac-
tion of anaerobic digestates derived from winery residues 

Table 3  Microalgal strains used for WWW treatment: biomass production, bioproducts, and nutrient removal
Culture medium Microalgal strains Cultivation conditions Biomass Other products Nutrients 

removal (%)
Refer-
ences

WWW, diluted to 
20, 40 and 60% 
(v/v);

Arthrospira platensis 
UTEX 1926; Chlo-
rella vulgaris CCAP 
211

Mixotrophic mode
250 mL vertical glass bubbler, batch 
mode, lab-scale

Concentra-
tion: 1.55 g 
L−1

Productivity: 
0.103 g L−1 
d−1

Fatty Acid 
content: 13.6% 
w/w

Total C: 33
Total N: 90

[32]

WWW, diluted 
with Bold Basal 
medium (10, 20, 50 
and 100% v/v)

Chlorella vulgaris 
CCAP 211and Arthro-
spira platensis UTEX 
1926 mixed cultures

Mixotrophic mode
200 − mL bubblers; batch mode, 
lab-scale,

Productivity:
0.66 g L−1 
d−1

Lipids:
7.10 ± 0.22% 
(w/w)

COD: 92
Polyphenol: 
50

[33]

Diluted WWW Scenedesmus obliquus 
ACOI 204/07; Chlo-
rella vulgaris INETI 
58; Auxenochlorella 
protothecoides UTEX 
25; Arthrospira 
(Spirulina) maxima 
LB 2342

Mixotrophic and heterotrophic modes
Erlenmeyer flasks (100 mL-1 L), batch 
mode, lab-scale

Productivity: 
147.5 mg 
L−1 d−1

Carotenoids:
8,7 mg g−1

COD: 92
Total N: 91
Phenols: 49
PO₄–P: 40

[34]

WWW, diluted with 
Bold Basal medium 
(20% v/v)

Chlorella vulgaris 
CCAP 211and Arthro-
spira platensis UTEX 
1926 mixed cultures

Mixotrophic mode
Tubular photobioreactor (5 L), open 
pond (0.5 L) and column photobioreac-
tor (7 L), batch mode, lab-scale

Concentra-
tion: TP: 
5.54 g L−1

CB: 3.90 g 
L−1

OP: 2.19 g 
L−1

Protein: 10.95% 
(w/w)
Carbohydrates: 
3.95% (w/w)

COD: 84
Phenols: 
50–60

[35]

WWW, diluted 
(50–70% v/v; 
acclimation and 
operation) and 
anaerobically pre-
treated (SBR)

Chlorella sorokiniana 
UTEX 1230

Batch mode (initial tests); sequencing 
batch reactor (SBR, 2 L), semi-continu-
ous operation (HRT 4 d–36 h), lab-scale

Protein: 58.8% 
(w/w)
Lutein: 1075 
mg kg−1

β-carotene: 45.5 
mg kg−1

Tocopherol: 
131.2 mg kg−1

COD: 78 ± 9
NH4-N: 95 ± 9

[10]

Liquid fraction of 
anaerobic digestate 
from winery 
residues (wine 
lees) and activated 
sludge; not diluted

Chorella vulgaris Mixotrophic mode; tubular photobiore-
actor (4 L; 1 L for HRT optimization), 
semi-continuous mode (HRT 10 d), 
lab-scale

Concentra-
tion: 2.28 g 
L−1

Lipids: 20% 
(w/w)
Starch: 6.40%
Protein: 44.39%

COD: 33.01
NH4-N: 84.58
Polyphenols: 
38.06

[36]

Raw WWW Desmodesmus sp. 
MAS1; Heterochlo-
rella sp. MAS3

Mixotrophic mode
Lab-scale: tubular photobioreactor (0.5 
L) and aquaria (5 L), batch mode; Pilot-
scale: High-Rate Algal Pond (50 L), 
semi-continuous mode (HRT 2–3 d

Concentra-
tion: 0.825 
g L−1

Total organic 
carbon: 81
Total N: 85
Total P: 73.5

[31]

Red wine effluents 
(pre-filtered), 
diluted to 1–30% 
(v/v); control: syn-
thetic medium

Chlorella vulgaris 
A4F_Ma016

Mixotrophic mode
Erlenmeyer flasks (250 mL), batch 
mode; photobioreactor (1.7 L), semi-
continuous mode (incremental addition 
of red wine effluents at 1–30% v/v), 
lab-scale

Concentra-
tion: 0.68 g 
L−1

Sugars: 78.3
Phenols: 98.0

[37]
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(lees and activated sludge) as culture medium for Chlorella 
vulgaris. Cultivation was carried out at laboratory scale in 
tubular photobioreactors operated in semi-continuous mode 
with an HRT of 10 d under mixotrophic conditions. Bio-
mass concentrations reached 2.28 g L⁻1, with a composition 
of 20% (w/w) lipids, 6.40% starch, and 44.39% protein. In 
addition, removal efficiencies of 84.58% for total ammo-
nia, 33.01% for COD, and 38.06% for polyphenols were 
achieved. This approach highlights an alternative pathway 
integrating anaerobic digestion and microalgal cultivation 
for resource recovery.

Praveen et al. [31] assessed the performance of two acid-
tolerant strains, Desmodesmus sp. MAS1 and Heterochlo-
rella sp. MAS3, using raw, unfiltered and undiluted winery 
wastewater under mixotrophic conditions. Laboratory-scale 
batch experiments were conducted in aquaria and tubular 
photobioreactors, while pilot-scale operation was performed 
in a high-rate algal pond (HRAP) under semi-continuous 
conditions, with an HRT of 2–3 d. Biomass concentrations 
reached 0.825 g L⁻1, and removal efficiencies of 81% for 
total organic carbon, 85% for total nitrogen, and 73.5% for 
total phosphorus were achieved. These results demonstrate 
efficient nutrient removal and highlight the scalability of 
microalgal systems under non-diluted conditions.

Sousa et al. [37] investigated the growth of Chlorella 
vulgaris A4F_Ma016 using pre-filtered red wine effluents 
diluted to 1–30% (v/v), under mixotrophic conditions. 
Experiments were conducted in Erlenmeyer flasks (batch 
mode) and in a photobioreactor operating in semi-contin-
uous mode with incremental addition of effluents. Bio-
mass concentration reached 0.68 g L⁻1, with high removal 
efficiencies for sugars (78.3%) and phenolic compounds 
(98.0%).

These studies demonstrate the versatility and effective-
ness of different microalgal species for WWW treatment 
under a wide range of operational conditions, including 
variations in scale, HRT, and wastewater conditioning (dilu-
tion and pretreatment). Overall, high removal efficiencies of 
organic matter, nutrients, and phenolic compounds, together 
with significant biomass production, highlight the potential 
of microalgal systems as integrated platforms for waste-
water remediation and resource recovery. However, the 
strong variability in operational parameters across studies 
underscores the need for further standardization and optimi-
zation, particularly to support scale-up and full-scale imple-
mentation. Collectively, these findings reinforce the role of 
microalgae-based processes as promising solutions within 
circular bioeconomy frameworks, while emphasizing the 
importance of advancing research towards more robust, 
scalable, and economically viable systems.

Microalgae Role in WWW Treatment

As above mentioned, microalgae play a pivotal role in 
the treatment of WWW by facilitating nutrient removal, 
enhancing dissolved oxygen levels through photosynthetic 
activity, and generating valuable biomass. Their integration 
into sustainable or combined treatment systems contributes 
to improved water quality, reduced environmental impact, 
and the potential for resource recovery. Oxygenation is 
improved primarily through photosynthetic oxygen produc-
tion. During daylight hours, microalgae perform photosyn-
thesis, using sunlight to convert carbon dioxide (CO₂) and 
water (H₂O) into glucose and oxygen (O₂) (Eq. 1) [38]:

6 CO2 + 6 H2O + light → C6H12O6 + 6 O2� (1)

This oxygen is released directly into the surrounding water, 
significantly increasing dissolved oxygen (DO) levels in the 
media growth containing WWW.

However, during the night, in the absence of light, micro-
algae (like all aerobic organisms) shift to cellular respira-
tion, a process where they consume oxygen to metabolize 
stored organic compounds (e.g., glucose), releasing CO₂ 
and reducing DO levels:

C6H12O6 + 6 O2 → 6 CO2 + 6 H2O + energy� (2)

As a result, DO concentrations tend to drop during the dark 
period, which may lead to temporary hypoxic conditions, 
especially in dense cultures or poorly aerated systems. This 
dual (day–night) oxygen fluctuation is important to consider 
when designing and managing photobioreactors or wastewa-
ter treatment systems using microalgae, since high DO lev-
els are crucial for an efficient WWW treatment [39]. Indeed, 
high DO levels support aerobic heterotrophic microorgan-
isms which are the primary and fastest degraders of organic 
matter, thus contributing significantly to COD removal in 
WWW. These organisms break down organic compounds 
derived from grape residues and fermentation byproducts. 
Microalgae, being primarily photosynthetic, contribute to 
COD removal indirectly, mainly by releasing oxygen. In this 
microbial dynamic, the autotrophic microalgae provide the 
necessary oxygen for the aerobic respiration of the bacteria, 
yeast and heterotrophic microalgae (Fig. 2). This symbiotic 
relationship ensures a robust and efficient degradation of the 
organic load and prevents anaerobic conditions, which can 
lead to unpleasant odors, slower degradation, and the pro-
duction of harmful compounds like hydrogen sulfide (H2S) 
as above mentioned [40].

Microalgae play a key role in the bioremediation of 
WWW by efficiently assimilating inorganic nutrients such 
as nitrate (NO₃⁻), ammonium (NH₄⁺), and phosphate (PO₄3⁻) 
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(Fig. 3 and 4). These nutrients are typically present at high 
concentrations in WWW due to the decomposition of grape 
residues, the use of cleaning agents, and fermentation 
byproducts. Both autotrophic microalgae and heterotrophic 

microorganisms can assimilate these nitrogen forms (NH4⁺, 
NO3⁻, and NO2⁻) to support growth and biomass forma-
tion (Fig.  3). During daytime, photosynthetic activity by 
microalgae releases O₂, increasing the dissolved oxygen 

Fig. 4  Phosphorus removal mechanisms in WWW. Pi—inorganic P; Po—Organic P

 

Fig. 3  Nitrogen removal mechanisms in WWW
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(DO) levels in the medium. Elevated DO promotes aero-
bic microbial processes such as nitrification, primarily car-
ried out by Nitrosomonas (NH4⁺ → NO2⁻) and Nitrobacter 
(NO2⁻ → NO3⁻). The nitrate produced can either be assimi-
lated by autotrophic or heterotrophic microbes for aminoac-
ids, proteins and biomass synthesis or, under oxygen-limited 
conditions—typically during nighttime—undergo bacterial 
denitrification, predominantly mediated by heterotrophic 
bacteria such as Pseudomonas, Paracoccus, and Bacil-
lus species, resulting in the reduction of nitrate to gaseous 
nitrogen species (N2, N2O) and achieving permanent nitro-
gen removal [41, 42].

Concerning the phosphorous removal, microalgae 
require inorganic phosphorus (as PO4

3⁻, H2PO4
−, HPO₄2−) 

for growth, being incorporated into ATP, nucleic acids, 
and phospholipids (Fig.  4). During exponential growth, 
microalgae assimilate inorganic phosphate directly from 
the medium. During phosphorus-rich conditions in WWW, 
microalgae can perform “luxury uptake”, a mechanism 
in which phosphate is absorbed in excess of immediate 
metabolic needs and stored intracellularly as polyphos-
phate granules. This mechanism allows cells to continue 
growing later when external phosphate concentrations are 
low. In algal–bacterial consortia such as those present in 
WWW, organic phosphorus compounds (e.g., phospho-
esters—major constituents of grape pulp, skins, seeds, and 
particularly of yeast cells that become non-viable after fer-
mentation) are degraded by heterotrophic microbes, which 
mineralize these compounds into inorganic phosphate (Pi). 
The released Pi can then be assimilated by autotrophic 
microalgae and heterotrophic microbes to support cellular 
growth and biomass production [43]. An indirect way to 
remove phosphorous is the co-precipitation with metals. In 
wastewater systems, microalgal photosynthesis increases 
the pH (due to CO₂ uptake). Higher pH can cause chemi-
cal precipitation of phosphates with calcium, magnesium, 
or iron present in WWW, leading to abiotic phosphorus 
removal [44]. Therefore, in WWW, phosphorus removal 
occurs mainly by biological assimilation into algal biomass 
and luxury polyphosphate storage, with some contribution 
from precipitation at high pH.

Through photosynthetic and metabolic processes, micro-
algal cells absorb and utilize nutrients for cellular function 
and biomass production. N and phosphorus P are essential 
macronutrients involved in the synthesis of key biomol-
ecules such as proteins, nucleic acids, enzymes, phospho-
lipids, chlorophyll, and adenosine triphosphate. These 
compounds are crucial for microalgae cells’ growth, energy 
transfer, and cellular replication [45]. The harvested algal 
biomass is then phosphorus-rich and nitrogen-rich, being 
often proposed as a biofertilizer or soil conditioner. It is 
clear that microbial communities present in WWW are 

a central key to an effective and symbiotic system for its 
treatment. Autotrophic microalgae facilitate the removal 
of COD by creating the necessary aerobic environment for 
heterotrophic microorganisms to efficiently break down 
organic pollutants. They are also crucial for other nutrient 
removal, directly assimilating nitrogen and phosphorus 
for their growth and, through their photosynthetic activity, 
driving the environmental conditions (e.g., pH shifts and 
oxygen production) that support bacterial nitrification and 
anoxic denitrification. By orchestrating these processes, 
autotrophic-heterotrophic consortia may transform WWW 
from a pollutant-rich effluent into a valuable resource, as the 
resulting nutrient-rich biomass can be repurposed, thus clos-
ing the nutrient loop and establishing a sustainable, circular 
economy model for the wine industry [46].

Monitoring Microalgae WWW Cultivations

The successful implementation of microalgae-based sys-
tems for WWW treatment hinges on the biological perfor-
mance of the selected microalgal strains. WWW contains 
a complex mixture of organic compounds—such as acids, 
ethanol, and phenolics—that can inhibit cell growth and 
affect physiology [47, 48]. These inhibitory substances may 
impair cell viability, reduce nutrient uptake efficiency and, 
ultimately, compromise treatment effectiveness. Therefore, 
continuous and accurate monitoring of algal cultures is cru-
cial to detect stress or inhibition at an early stage, and to 
optimize overall system performance.

Conventional monitoring methods typically involve 
periodic sampling followed by optical density (OD) mea-
surements, dry weight determinations, chlorophyll content 
analysis, or nutrient assays. While these approaches pro-
vide valuable information on biomass growth and nutrient 
removal, they are often time-consuming, labor-intensive, 
and lack the resolution to differentiate live, dead, or stressed 
cells. Moreover, they do not capture rapid dynamic changes 
in microbial communities or population heterogeneity 
within microbial cultures—critical factors in WWW treat-
ment due to the variability in wastewater composition asso-
ciated with seasonality and winemaking operations. 

In microalgae-based WWW treatment systems, cultures 
rarely consist of pure microalgal populations. Instead, 
microalgae coexist with bacteria and other microorganisms 
naturally present in wastewater. While these mixed consor-
tia can enhance treatment performance through synergistic 
interactions [23], they also introduce significant challenges 
for monitoring, particularly regarding the accurate deter-
mination of microalgal biomass concentration. Conven-
tional analytical methods such as optical density (OD), dry 
weight, or chlorophyll measurements may be affected by the 
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presence of non-algal particles and heterotrophic microor-
ganisms, leading to overestimation or misinterpretation of 
biomass. Therefore, distinguishing between algal and non-
algal biomass is critical for reliable process monitoring and 
performance assessment. 

Several online and at-line monitoring techniques can 
be employed to provide detailed, real-time information on 
microalgal cultivation in WWW systems such as:

(A)	 Spectroscopic Techniques

 Chlorophyll fluorescence (Pulse-Amplitude Modulated Flu-
orometry) allows non-invasive assessment of photosystem 
II efficiency (Fv/Fm), which serves as a sensitive indicator 
of photosynthetic performance and stress [49]. This method 
is particularly useful in identifying physiological responses 
to WWW toxicity or nutrient limitation. Fourier Transform 
Infrared Spectroscopy (FTIR) provides information on the 
macromolecular composition (lipids, proteins, carbohy-
drates) of microalgal cells by detecting specific molecular 
vibrations [50, 51]. This technique enables tracking of bio-
chemical shifts linked to environmental stress. Raman Spec-
troscopy allows the nutrient concentration quantification in 
culture media [42, 43] and its coherent extensions enable 
detection, spatial mapping, and relative quantification of 
carotenoids and lipids in microalgae [52, 53].

(A)	 Imaging Techniques

Confocal Laser Scanning Microscopy (CLSM) provides 
high-resolution, 3D visualization of microalgae, enabling 
detailed studies of their growth, structure, and health in situ, 
even within biofilms. By using a focused laser beam and 
an optical pinhole to eliminate out-of-focus light, CLSM 
produces sharp, clear images that allow for the differen-
tiation of individual cells and extracellular matrix compo-
nents. This non-invasive technique is crucial for monitoring 
microalgae in research, particularly for understanding their 
response to environmental stress factors, assessing ecotox-
icity, and evaluating applications in wastewater treatment 
and biofuel production [54].

(I)	 Omics-Based Approaches

Transcriptomic tools (e.g., RNA-seq, qPCR) enable the 
detection of differential gene expression in response to spe-
cific stressors found in WWW, such as high organic load 
or phenolic compounds. Proteomics and metabolomics 
offer complementary insights into protein expression and 
metabolite accumulation under different environmental 
conditions. These tools are useful for identifying pathways 
involved in nutrient assimilation or stress responses [55].

(I)	 Biosensors and Microelectrodes

DO and CO2 Sensors are essential tools for tracking meta-
bolic activity, providing real-time indicators of respiratory 
and photosynthetic processes [56]. Ion-Selective Electrodes 
(ISEs) facilitate in situ monitoring of key nutrients (nitrate, 
phosphate, ammonium), which are critical for understand-
ing nutrient uptake and potential limitations during cultiva-
tion [57]. Microfluidic systems and lab-on-a-chip devices 
integrate multiple monitoring modalities into compact plat-
forms, allowing rapid screening of cell responses to waste-
water conditions at microscale [58].

(A)	 Flow cytometry

Flow cytometry (FC) is a powerful tool for real-time, high 
throughput monitoring of microbial cultures, offering 
detailed insights into cell size, morphology, pigment con-
tent, viability, and physiological status through the use of 
specific fluorescent dyes such as propidium iodide, Sytox 
Green, carboxyfluoresceine diacete (CFDA), and DiOC6(3) 
which can be used to assess can assess membrane integ-
rity, enzymatic activity, and membrane potential, respec-
tively [59]. This technique allows for precise cell count and 
enables discrimination between microalgae and coexisting 
microorganisms, as well as between healthy, stressed, and 
dead cells, which is particularly important when cultivating 
microalgae in WWW, a complex and potentially inhibitory 
matrix. Indeed, an important advantage of FC is its ability to 
detect natural chlorophyll autofluorescence, enabling accu-
rate identification of microalgae in heterogeneous environ-
ments where traditional methods such as OD or dry weight 
can be confounded by suspended solids and microbial con-
taminants [60].

Beyond cell viability and growth assessment, FC enables 
rapid quantification of intracellular compounds like lipids 
and carotenoids, which are relevant for biomass valoriza-
tion. Unlike conventional extraction-based methods, FC 
provides fast, solvent-free analysis and can detect subpopu-
lations, offering timely insights for process optimization and 
early corrective actions [61].

In the dynamic context of WWW treatment, FC serves as 
a powerful tool for robust process control. It allows for the 
rapid characterization of the microbial community, provid-
ing valuable information on the physiological state of differ-
ent populations, including microalgae, bacteria, and yeast. 
This enables the early detection of stress responses and 
imbalances, ensuring that operators can optimize cultiva-
tion strategies in near real-time (at line) [59]. By providing 
deep insights into the complex symbiotic dynamics within 
the system, FC contributes directly to the development of 
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more efficient and scalable microalgae-based wastewater 
treatment systems.

(A)	 Artificial Intelligence, Machine Learning, and Auto-
mated Monitoring Systems

Artificial intelligence (AI) and machine learning (ML) are 
increasingly being integrated into microalgae-based waste-
water treatment systems to enhance process efficiency, 
robustness, and monitoring accuracy. As highlighted in a 
comprehensive review by Ning et al. [62], ML applications 
in algal biotechnology extend to strain identification, quan-
tification, stress detection, and the optimization of cultiva-
tion conditions. These tools rely on algorithms capable of 
processing large and complex datasets, thereby providing 
predictive insights and automated decision-making support 
that go beyond conventional monitoring methods. Practi-
cal applications include the identification and quantifica-
tion of algal strains, real-time diagnosis of cellular stress 
for improved process control, and the prediction and regula-
tion of key cultivation parameters such as harvesting time, 
nutrient dynamics, and biomass composition. By enabling 
early detection of stress signals and offering predictive con-
trol over growth conditions, AI- and ML-driven monitor-
ing systems can maximize treatment efficiency, biomass 
valorization, and overall sustainability. In the context of 
WWW treatment, where influent characteristics can fluc-
tuate considerably in terms of organic load, phenolic com-
pounds, and nutrient concentrations, the integration of AI 
and ML may provide a powerful framework to manage vari-
ability and optimize algal-based treatment performance. As 
emphasized by Imamoglu et al. [63] the adoption of AI- and 
ML-enhanced monitoring is expected to be pivotal for the 
development of smart, automated, and scalable wastewater 
treatment technologies in near future.

Microalgae Cultivations on WWW

As above stated, WWW is typically rich in organic carbon 
due to the presence of sugars, alcohols, and volatile fatty 
acids derived from grape residues and fermentation pro-
cesses. However, the concentrations of essential nutrients 
such as nitrogen (N) and phosphorus (P) can vary signifi-
cantly depending on winemaking practices, grape variety, 
and the stage of processing (e.g., fermentation, cleaning, 
or bottling). This imbalance can hinder microalgal growth 
and reduce treatment efficiency, as algae require balanced 
nutrient availability to support cell division and metabolic 
activity. Under nitrogen- or phosphorus-limited conditions, 
microalgae may enter a stress response, leading to reduced 
biomass productivity or undesirable shifts in community 

composition. To address these limitations, supplementation 
with inorganic nutrients (e.g., ammonium or phosphate salts) 
or dilution with nutrient-rich wastewater or freshwater can 
be employed to restore optimal stoichiometric ratios (e.g., 
Redfield ratio of C:N:P = 106:16:1) and prevent the accumu-
lation of inhibitory compounds such as organic acids [32, 
34, 35, 59]. Tailoring the nutrient profile of WWW to match 
microalgal requirements is therefore crucial for stable culti-
vation, efficient pollutant removal, and high-value biomass 
production.

Microalgae can be cultivated in either open or closed sys-
tems, each with distinct advantages and limitations. Open 
raceway ponds are widely used due to their low capital and 
operational costs, ease of construction, and suitability for 
large-scale operation. However, they are more vulnerable 
to contamination, environmental fluctuations (e.g., tem-
perature, evaporation), and have lower productivity due to 
limited control over cultivation parameters [64]. Photobio-
reactors (PBRs) provide a controlled environment, allow-
ing precise regulation of light, CO₂ supply, temperature, and 
mixing. They are more efficient in terms of biomass produc-
tivity and microbial pathogen control but are significantly 
more expensive and energy-intensive [65]. Therefore, if 
the primary goal is high-value biomass production (lipids, 
pigments, feedstock) and controlled, high-efficiency nutri-
ent removal, PBRs are more efficient but costly. If the goal 
is cost-effective WWW treatment with acceptable nutrient 
removal and biomass generation, open ponds are generally 
more practical, especially in regions with favorable climate. 
To balance cost and performance, hybrid systems that com-
bine features of both open and closed cultivation have been 
proposed. For example, a PBR may be used for inoculum 
preparation followed by scale-up in raceway ponds. These 
systems can enhance process stability while reducing over-
all costs and have shown promise in wastewater treatment 
applications, including agro-industrial effluents such as 
WWW [66].

Typical mass outdoor microalgae cultivation is auto-
trophic, although heterotrophic growth is also possible 
depending on system design and light availability. How-
ever, mixotrophic growth is often the preferred mode for 
microalgae cultivated on WWW, because this wastewater 
contains both inorganic nutrients (like orthophosphate) and 
a high concentration of organic compounds (such as etha-
nol, organic acids, and phenolics) that can be used as a car-
bon and phosphorous sources. Mixotrophy allows cells to 
use both photosynthesis and organic substrate metabolism, 
improving growth rates and biomass yields. Several studies 
report enhanced productivity under mixotrophic conditions 
when using agro-industrial effluents [67, 68].

In the absence of light (e.g., in closed or shaded systems), 
microalgae can grow heterotrophically using only organic 
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compounds as energy source. WWW often contains biode-
gradable organics like ethanol and volatile fatty acids, which 
support heterotrophic growth. However, heterotrophic cul-
tivation requires strict control to avoid bacterial contamina-
tion and is less commonly used at full scale for wastewater 
treatment [64, 68]. While less efficient on WWW alone (due 
to limited inorganic carbon and high organic load), autotro-
phic growth is possible in diluted or pretreated WWW, or in 
systems with CO₂ supplementation, being commonly used 
in open raceway ponds exposed to sunlight [59].

Strategies and Approaches for Optimizing 
Microalgae Cultivation on WWW

Effective application of microalgae in WWW treatment 
relies on careful selection of cultivation systems, process 
optimization, and potential integration with other treatment 
technologies. Given the complex composition of WWW, 
which often contains high organic loads, variable nutrient 
ratios, and potentially inhibitory compounds, the success of 
microalgae-based approaches depends on tailoring the cul-
tivation strategy to the specific characteristics of wastewa-
ter and operational goals. Successful microalgal cultivation 
on WWW also requires optimization of key environmental 
and operational parameters. Light intensity and photoperiod 
must be tuned to support photosynthesis while avoiding 
photoinhibition. Shading due to suspended solids in WWW 
can limit light penetration, particularly in dense cultures or 
untreated effluent. Several approaches can be considered to 
reduce localized shading and increase average light expo-
sure across the culture [69]. Mixing is essential for keep-
ing microalgal cells suspended uniformly in the culture 
medium. Without proper agitation, cells would settle at 
the bottom, leading to light limitation for cells in the lower 
layers and photoinhibition (damage from excessive light) 
for cells at the surface [70]. By circulating the cells, mix-
ing ensures that all cells are exposed to light intermittently, 
a process known as the "light–dark cycle". This dynamic 
exposure optimizes light utilization efficiency and promotes 
higher overall biomass productivity. Beyond gas exchange, 
mixing helps maintain the chemical and thermal homoge-
neity of the culture. It prevents the formation of stagnant 
zones and nutrient gradients that could limit growth. Cru-
cially, in a wastewater treatment context, constant mixing 
ensures that the oxygen produced by the microalgae is dis-
tributed throughout the system. This prevents the formation 
of anaerobic pockets, which could lead to a drop in treat-
ment efficiency and the production of foul-smelling gases 
like hydrogen sulfide (H2S), a common issue in wastewater 
with high organic loads [71]. Therefore, mixing intensity 
must be carefully optimized. While more vigorous mixing 

enhances all these processes, it also requires more energy, 
leading to higher operational costs. The ideal mixing strat-
egy balances the biological needs of the microbial con-
sortium with the economic feasibility of the system [72]. 
Sedimentation, flotation or flocculation can be applied prior 
to algal cultivation to reduce turbidity. Filtration (e.g., mesh 
or sand filters) or centrifugation can also help remove fine 
particles. This step enhances light transmission and cre-
ates a more favorable environment for algal growth. Other 
options include diluting WWW, as above mentioned, to 
reduce the concentration of suspended particles and organic 
load, contributing to maintain a cell density which improves 
light penetration, especially in open ponds. The use of shal-
low raceway ponds or thin-layer cascade systems improve 
surface area-to-volume ratios, maximizing light availability, 
even with some suspended particles present [73]. In closed 
systems, artificial lighting (e.g., LED panels or fiber optics) 
can ensure uniform light delivery regardless of external 
turbidity. Internal light guides can deliver light deeper into 
dense cultures [74]. Frequent mixing or circulation ensures 
light–dark cycles by rotating algal cells between illuminated 
and shaded zones [75].

Temperature plays a crucial role in microalgal physiol-
ogy, affecting photosynthesis, nutrient uptake, and biomass 
productivity. Although most microalgal species grow opti-
mally within a temperature range of 20 ºC –30  °C, such 
conditions are not always maintained in outdoor cultivation 
systems, which are commonly used for WWW treatment 
due to their lower operational costs. In these systems, tem-
perature fluctuations caused by daily and seasonal changes 
can impact algal performance, particularly in temperate 
climates [76]. While temperature regulation in closed sys-
tems (e.g., photobioreactors) can improve performance 
and stability, it also incurs higher energy costs, which may 
contradict the sustainability goals of WWW treatment [77]. 
To address this, most studies on WWW valorization by 
microalgae have adopted ambient temperature cultivation, 
favoring cost-efficiency over maximum productivity. Main-
taining an optimal pH range during microalgal cultivation 
on WWW is also critical for maximizing nutrient removal 
efficiency, sustaining algal growth, and ensuring the stabil-
ity of co-cultured microbial communities. Although initial 
pH correction is often necessary—particularly since WWW 
tends to be acidic—microalgal metabolism can signifi-
cantly alter the medium pH over time, potentially impairing 
nutrient uptake, photosynthesis, and biomass productivity 
[78]. Stable pH conditions (typically between 6.5 and 8.5) 
enhance nitrogen and phosphorus assimilation, support bac-
terial activity (e.g., vitamin synthesis), and can influence 
the accumulation of valuable intracellular products such 
as lipids and pigments. While continuous pH control may 
not always be economically feasible in large-scale open 
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pond systems for microalgae cultivation, partial regulation 
through CO₂ addition, buffering agents, or the use of pH-
tolerant strains is often justified to maintain treatment effi-
ciency and biomass quality [79–81].

Strategies for recycling the culture medium in microalgae 
cultivation on wastewater are also crucial for increasing effi-
ciency and reducing operational costs of WWW treatment. 
This involves reusing the aqueous phase after the microal-
gae have been harvested, a process that is a core part of the 
circular economy model. After the microalgal biomass is 
harvested from the wastewater, the remaining liquid—now 
called the effluent—is a treated medium with a lower con-
centration of pollutants. This effluent can be reused through 
partial or full recycling, whereby it is either partially or fully 
mixed with incoming WWW to dilute it and initiate a new 
treatment cycle. This reduces the need for freshwater dilu-
tion and helps maintain a stable microbial environment by 
inoculating the new batch with existing microbes [82–84]. 
Recycling can also be used as nutrient supplementation. 
Indeed, although the treated effluent has lower pollutant 
levels, it may still contain some residual nutrients. These 
nutrients can be supplemented with additional nitrogen and 
phosphorus to bring them to optimal levels for a new cycle 
of microalgae growth. This approach minimizes the amount 
of fresh nutrients that need to be added to the system [85].

Microalgal Biomass Harvesting and 
Bioproduct Recovery After WWW Treatment

Microalgal biomass harvesting after WWW treatment is 
a critical step that significantly influences the overall pro-
cess efficiency and economic viability. Common harvesting 
techniques include centrifugation, flocculation (chemical 
or bio-flocculation), filtration, sedimentation, and flotation 
[86]. Centrifugation provides rapid and efficient biomass 
recovery with high purity but is energy-intensive and costly, 
often limiting its use to downstream high-value applica-
tions. Flocculation, using chemical agents like alum or nat-
ural bio-flocculants such as chitosan, offers a cost-effective 
alternative by aggregating microalgal cells into larger par-
ticles that settle more easily; however, residual chemicals 
may contaminate the biomass, restricting its use in sensi-
tive applications [87]. Filtration and sedimentation are low-
energy methods but can be hindered by the small size and 
low density of microalgal cells, as well as the presence of 
suspended solids typical in WWW, which may clog filters or 
slow settling rates [88]. Flotation techniques, including dis-
solved air flotation, leverage air bubbles to separate biomass 
but require specialized equipment [64]. A key challenge in 
harvesting microalgae from WWW is the heterogeneous 
nature of the biomass and the presence of organic and 

inorganic contaminants, which complicate separation and 
increase operational costs [34]. Nevertheless, optimiz-
ing harvesting strategies—often by combining methods or 
using innovative approaches such as magnetic harvesting 
or membrane filtration—can enhance recovery efficiency, 
reduce costs, and improve biomass quality, thereby support-
ing downstream valorization in bioproduct and biofuel pro-
duction [89]. After harvesting, the algal biomass produced 
during WWW treatment is often rich in proteins, making it 
a suitable candidate for animal feed applications. Species 
such as Scenedesmus and Chlorella grown in nutrient-rich 
wastewaters have demonstrated protein contents above 40% 
of dry weight [37, 90].

Certain microalgae produce commercially valuable pig-
ments such as β-carotene, lutein, and phycocyanin which 
may be produced by cells when growing on WWW. These 
compounds have broad applications as natural colorants in 
the food industry, antioxidant ingredients in cosmetics, and 
nutraceutical agents due to their health-promoting proper-
ties [10]. In addition, the residual biomass remaining after 
lipid extraction and carotenoid extraction (defatted bio-
mass) retains high levels of nutrients and can be used as a 
biofertilizer, contributing to soil amendment and improved 
crop productivity, including vineyards [37, 91]. Importantly, 
safety assessments must be conducted to ensure the absence 
of heavy metals, pathogens, or residual phytotoxins, espe-
cially when the biomass is intended for use in food chains 
or soil applications [92].

Table 4 summarizes some of the key bioproducts that can 
be derived from microalgae cultivated on WWW and their 
potential applications.

These bioproducts not only enhance the economic fea-
sibility of microalgae-based wastewater treatment but also 
align with circular economy principles by converting waste 
into valuable commodities. In addition to its nutritional and 

Table 4  Bioproducts from microalgal biomass obtained from WWW 
microalgae treatment
Bioproduct Main microalgal 

species
Application Refer-

ences
Protein and rich 
biomass

Chlorella vul-
garis, Arthrospira 
platensis

Animal feed, 
aquafeed

[35]

Lipids Chlorella vul-
garis, Arthrospira 
platensis

Biofuels [34]

Pigments (lutein, 
β-carotene, 
tocopherols)

Chlorella 
sorokiniana

Nutraceuticals, 
cosmetics, ani-
mal feed

[10]

Biogas/Biofertil-
izer from biomass

Mixed microalgae 
biomass

Anaerobic 
digestion, soil 
amendment

[94]

Biofuels, 
chemicals

Chlorella vul-
garis, Arthrospira 
platensis

Pyrolysis [95]
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pigment applications, microalgal biomass derived from 
WWW treatment also represents a valuable feedstock for 
bioenergy production. Depending on the biochemical com-
position of the biomass, different energy routes can be pur-
sued, including biodiesel from lipids, biogas via anaerobic 
digestion of residual carbohydrates and proteins, or bio-
ethanol from fermentable sugars. Coupling wastewater 
remediation with bioenergy generation enhances process 
sustainability and creates an integrated biorefinery concept. 
Certain microalgal strains cultivated on WWW accumu-
lated lipids which were converted into biodiesel, via trans-
esterification [24]. Since microalgal biomass can contain 
significant amounts of carbohydrates—Lopes da Silva et al. 
[59] reported approximately 50% (w/w) in Chlorella vul-
garis grown on WWW—these carbohydrates can be further 
hydrolyzed into fermentable sugars, which can subsequently 
be converted into bioethanol by microorganisms such as 
yeast [93], although this approach has never been applied to 
microalgal biomass obtained after WWW treatment.

Avila et al. [94] presented a pilot-scale case study inte-
grating a WWW microalgae-based treatment with anaero-
bic digestion of secondary sludge and co-digestion with 
algal biomass to enhance resource and energy recovery. The 
digestates (from mono- and co-digestion) and the dry algal 
biomass were tested in plant growth bioassays, where all 
treatments enhanced plant biomass relative to a commer-
cial amendment. Thermochemical conversion technologies, 
such as hydrothermal liquefaction (HTL) and hydrodeoxy-
genation (HDO) allow efficient processing of wet microal-
gal residues obtained from WWW treatment, into bio-oils 
and upgraded biofuels, without the need for energy-inten-
sive drying steps [95].

Integrating these bioenergy valorization routes with the 
production of high-value products from microalgal bio-
mass obtained from WWW treatment will enhance both the 
economic feasibility and environmental sustainability of 
microalgae-based systems, by closing resource loops and 
generating renewable energy alongside effective wastewater 
remediation. Nevertheless, despite the promising potential 
of microalgae for WWW remediation, downstream valo-
rization of the resulting biomass remains largely limited 
(Table 4).

Only a few studies have demonstrated the recovery of 
high-value compounds—such as proteins and pigments—
from microalgal cultures grown on WWW, whereas appli-
cations like lipid-based biodiesel production or biopolymer 
synthesis are still not documented. Further research is 
needed to optimize bioproduct recovery and to develop inte-
grated biorefinery approaches that maximize both WWW 
treatment efficiency and biomass utilization. Integrated bio-
refinery approaches are essential to provide a sustainable 
and circular strategy for WWW treatment, by maximizing 

resource recovery from microalgal biomass. Additionally, 
CO₂ capture and recycling systems—such as those recover-
ing CO₂ from ethanol fermentation of winery by-products 
(e.g., grape pomace or must) or from anaerobic digestion or 
HTL/HDO processing of algal residues, can enhance car-
bon utilization by supplying a continuous, low-cost source 
of inorganic carbon to sustain algal growth. This integration 
increases biomass productivity, while reducing the overall 
carbon footprint of the biorefinery, enhances the overall 
energy and nutrient balance of the system and contributes to 
greenhouse gas mitigation.

Techno-Economic Analysis (TEA), Life Cycle 
Assessment (LCA), and Social Life Cycle 
Assessment (S-LCA) in Microalgae-Based 
WWW Treatment

To support scale-up and sustainable implementation, com-
prehensive techno-economic analyses (TEA) and life-cycle 
assessments (LCA) are essential for identifying key cost 
drivers and environmental trade-offs [2]. Evaluating the 
sustainability and scalability of microalgae-based WWW 
treatment systems requires robust, integrative assessment 
tools that holistically assess economic viability, environ-
mental impacts, and social dimensions. The combined 
use of Techno-Economic Analysis (TEA) and Life Cycle 
Assessment (LCA) facilitates data-driven decision mak-
ing, guiding the development of scalable, resource-efficient 
wastewater treatment and biorefinery systems. TEA pro-
vides insight into capital (CAPEX) and operational expen-
diture (OPEX), profitability, and market competitiveness, 
while LCA evaluates environmental impacts throughout the 
entire value chain, from resource extraction to disposal.

Recent benchmarking studies reveal that microalgae-
based systems tend to incur higher CAPEX and OPEX than 
conventional agricultural or chemical processes but offer 
crucial benefits such as reduced land and water require-
ments, and the potential for long-term environmental sus-
tainability. Their economic viability strongly depends on 
factors like process scale, product diversification (single 
vs. multiproduct biorefineries), and integration with waste 
valorization strategies [96]. For instance, Ioannidou et al. 
[2] assessed a WWW and pomace-integrated biorefinery 
producing succinic acid alongside high-value co-products. 
They found cultivation infrastructure to be the main capital 
cost driver, while energy-intensive biomass harvesting and 
solvent extraction dominate operational costs. Profitability 
increased when multi-product streams like proteins and 
bio-based materials were incorporated. Corresponding LCA 
identified biomass drying and extraction as environmental 
hotspots, but renewable energy integration and anaerobic 
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digestion coupling slashed impacts by over 70%, underscor-
ing system-level optimizations [96].

Similarly, El Bakraoui et al. [97] corroborated the high 
efficiency of microalgae biorefineries in pollutant removal 
and biomolecule production but highlighted the high energy 
demands in upstream and downstream processes as barriers 
to industrial deployment. The lack of standardized, conven-
tional process designs complicates consistent TEA and LCA 
comparisons, emphasizing a need for robust, harmonized 
data to support scale-up.

Recent LCA case studies, such as Crippa et al. [98], 
demonstrate that environmentally friendly valorization 
options like biostimulant production and agricultural appli-
cation reduce environmental impacts across most catego-
ries, replacing chemical fertilizers and lowering pesticide 
and irrigation needs. However, unresolved challenges like 
ammonia emissions from open algal ponds threaten long-
term sustainability and require mitigation.

Kumar et al. [99] introduced an advanced TEA–LCA 
framework advocating for multiproduct valorization—
including pigments, proteins, and biofertilizers—because 
single-product operations rarely sustain profitability or envi-
ronmental benefits. Complementing this, Geng et al. [100] 
provide a comprehensive systematic review of microalgal 
biorefineries, with particular emphasis on TEA and LCA-
based trade-offs. They highlight that using waste feedstocks 
(including wastewater) and integrating co-product valoriza-
tion (e.g. proteins, pigments, biofertilisers, biostimulants, 
biopesticides) are among the few routes by which physical 
and economic thresholds (CAPEX, OPEX, energy input) can 
approach commercially viable levels. However, they also 
identify major bottlenecks: inefficient downstream process-
ing (harvesting, dewatering, drying), and inconsistencies in 
LCA boundary choices that lead to ± 30–40% variation in 
reported environmental outcomes. For WWW treatment, 
these findings suggest that coupling cultivation with WWW 
as nutrient source, selecting robust strains adapted to local 
climates, and designing low-energy harvesting and drying 
systems could significantly improve both economic feasibil-
ity and environmental performance.

Praveen et al. [31] provided one of the first winery-
specific TEA-integrated studies, demonstrating that strain 
selection and system design mitigate cultivation inefficien-
cies to yield positive economic indicators. Nevertheless, 
the omitted analysis of biomass downstream valorization 
reveals a persistent gap, as financial feasibility at the treat-
ment stage does not guarantee overall sustainability.

A critical shortcoming in microalgae-based WWW sus-
tainability assessments is the insufficient consideration of 
social impacts. According to the United Nations Environ-
ment Programme (UNEP), Social Life Cycle Assessment 
(S-LCA) evaluates project effects on stakeholders including 

workers, local communities, consumers, and other actors 
across the value chain. across the value chain. Recent 
reviews and case studies highlight indicate that most S-LCA 
studies focus on easily quantifiable metrics (e.g., job cre-
ation, wage ratios), with less attention to qualitative aspects 
(e.g., worker satisfaction, equity, discrimination). Moreover, 
active stakeholder engagement (e.g., surveys, interviews) is 
essential for identifying social hotspots and ensuring project 
legitimacy. There is an urgent call for harmonized indicators 
and standardized S-LCA methodologies to enable mean-
ingful integration with TEA and LCA in contexts such as 
WWW treatment [101, 102].

Integrating TEA, LCA and S-LCA—known as Life 
Cycle Sustainability Assessment (LCSA)—is increasingly 
accepted as the gold standard for biorefinery evaluation, 
enabling a balanced assessment of economic, environmen-
tal, and social pillars that supports responsible innovation 
and policy formulation.

In conclusion, TEA and LCA evidence supports that 
microalgae-based WWW treatment can be both viable and 
sustainable when designed carefully for co-product valori-
zation, energy efficiency, and integration with larger sys-
tems. Absence of these factors risks economic marginality 
and suboptimal environmental performance.

Policy and Regulatory Framework for 
Treated WWW

The adoption and upscaling of microalgae-based systems 
for WWW treatment and biomass valorization are strongly 
influenced by policy and regulatory frameworks defining 
effluent discharge standards, treated water reuse quality, and 
biomass classification (product vs. waste). Regulatory land-
scapes vary globally but converge around principles such as 
those preserved in the United Nations Sustainable Devel-
opment Goals (SDGs), particularly SDG 6 (Clean Water), 
SDG 12 (Responsible Consumption and Production) and 
SDG 13 (Climate Action). These initiatives promote sus-
tainable water management, pollution control and circular 
economy practices.

International guidelines like those of the Food and Agri-
culture Organization (FAO) and the World Health Organiza-
tion (WHO) encourage safe wastewater reuse in agriculture, 
supporting alternative water sourcing and growing scarcity. 
The Organisation for Economic Co-operation and Devel-
opment (OECD) advocates circular economy principles, 
emphasizing nutrient recovery and bio-based innovation. 
Common regulatory parameters include effluent quality lim-
its for chemical oxygen demand (COD), biological oxygen 
demand (BOD), total nitrogen, and phosphorus in effluent 
discharge. Increasingly, governments tend to support water 
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reuse, bioproduct recovery, and integration of bioeconomy 
strategies. However, challenges remain regarding standard-
ization and risk assessment, especially for emerging tech-
nologies like microalgal systems.

The EU exemplifies a comprehensive regulatory envi-
ronment with frameworks such as the EU Green Deal [103], 
the Circular Economy Action Plan [104], and the Farm to 
Fork Strategy [105], all aiming to enhance sustainability 
and resource efficiency in wastewater treatment and bio-
product recovery. Environmental discharge limitations and 
backing nutrient recycling and low-carbon technologies are 
regulatory drivers fostering microalgal solutions. However, 
challenges persist, such as the unclear regulatory status 
of algal biomass (product vs. waste), lack of harmonized 
quality and safety standards for algal biofertilizers or feed 
additives, and regulatory gaps concerning treated industrial 
wastewater reuse beyond agriculture.

Specifically, Garciarena et al. [92] note that microalgae-
derived food/feed products must comply with European 
Food Safety Authority (EFSA) safety assessments. Strains 
with “Qualified Presumption of Safety” (QPS) benefit from 
streamlined evaluations, while non-QPS strains require full 
assessment, including strain identification, compositional, 
toxicological and allergenicity testing. Such complex regu-
latory requisites may delay market entry and impede adop-
tion, especially for small-scale producers or regions lacking 
regulatory harmonization.

Stakeholders and Their Roles in Microalgae-
Based WWW Treatment

The successful implementation of large-scale microalgae-
based systems for WWW treatment requires the coordinated 
participation of diverse stakeholders, including winery oper-
ators, microalgae and biotech companies, technology and 
engineering firms, policymakers and regulators, research 
institutions and academia, investors and funding agencies, 
consumers and end-users, and water utilities and waste 
management companies. These actors collectively influence 
the technical, economic, regulatory, and social feasibility 
of the systems, playing critical roles throughout the entire 
value chain—from wastewater generation and treatment to 
biomass valorization and final product commercialization.

Wineries represent both the primary sources of WWW 
and the main beneficiaries of its treatment. Their motiva-
tions typically include achieving environmental compli-
ance, reducing treatment costs, and valorizing the resulting 
algal biomass [47]. However, as reported by several studies, 
adoption barriers persist, including limited technical exper-
tise, spatial constraints, and the need for upfront capital 
investment [10].

Microalgae and biotechnology companies are funda-
mental in strain selection, system design, and process opti-
mization, serving as bridges between laboratory research 
and industrial deployment. They also drive innovation in 
photobioreactor development, nutrient recycling, and bio-
mass harvesting, which can strengthen process scalability 
and economic feasibility [64]. Technology providers and 
engineering firms, in turn, play a crucial role in ensuring 
modularity, automation, and energy efficiency of the treat-
ment units—key factors for reducing operational costs and 
minimizing environmental impacts.

Policy makers and regulatory authorities at local, national 
and European levels define the legal framework that gov-
erns wastewater discharge limits, water reuse standards, 
and biomass valorization pathways [104, 106, 107]. Clear 
and stable regulation is essential to foster confidence among 
investors and operators. Researchers and academic institu-
tions contribute by addressing knowledge gaps related to 
microalgae-WWW interactions, optimizing bioreactor per-
formance, and assessing the environmental, economic, and 
social sustainability of these systems [10, 108]. Importantly, 
recent findings by Ortigueira and Lopes [101] highlight that 
stakeholder participation should be integrated into early-
stage project design and assessment, for instance through 
social acceptance surveys or participatory S-LCA frame-
works, to identify potential social hotspots before they esca-
late into negative impacts.

Investors and funding agencies are key enablers of 
scale-up, particularly since most microalgae-based WWW 
systems remain at pilot or pre-commercial stages. Their 
involvements depend on credible techno-economic data, 
return-on-investment prospects, and policy stability. Euro-
pean funding mechanisms such as Horizon Europe and 
the LIFE Programme have been instrumental in advancing 
early-stage projects by de-risking innovation and promoting 
circular economy solutions.

Consumers and end-users of products derived from 
microalgal biomass—such as biofertilizers, biostimu-
lants, biopesticides, animal feed additives, cosmetics, and 
natural pigments—also play a decisive role in the market 
success of these systems. As emphasized by Ortigueira & 
Lopes (2025)[101], social acceptance and perception are 
not peripheral issues but central to sustainability transitions 
[101]. Consumer preferences for environmentally friendly 
and ethically sourced products can create a strong market 
pull, enhancing the profitability of biomass valorization 
pathways. Conversely, skepticism regarding products origi-
nating from wastewater-grown microalgae may hinder mar-
ket uptake, underscoring the importance of transparency, 
quality control, and effective communication of environ-
mental and social benefits [109–111].
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Despite increasing research interest, the deployment 
of full-scale microalgae-based WWW treatment systems 
remains limited. Most projects are constrained to labora-
tory or small pilot scales [10, 24, 31, 33], often located in 
wine-producing regions such as Europe and South America. 
This limited adoption can be attributed to several persistent 
challenges: the variability in wastewater composition across 
seasons, lack of standardized operational and assessment 
protocols, high initial investment requirements, and regula-
tory uncertainty.

However, as highlighted by Ortigueira and Lopes (2025) 
[101] the path forward lies in fostering interdisciplinary 
collaboration and standardizing social and sustainability 
metrics. The incorporation of social dimensions—through 
S-LCA methodologies and stakeholder engagement—
ensures that biorefinery-type systems, such as microalgae-
based wastewater treatment, evolve in socially responsible 
and context-sensitive ways. The integration of technical, 
environmental, and social criteria in decision-making pro-
cesses can support the transition from pilot to commer-
cial scale, enhancing both societal acceptance and overall 
sustainability.

In summary, as policy support for circular economy 
strategies increases and technological advances in algal 
biotechnology continue, the feasibility and social legiti-
macy of microalgae-based wastewater treatment systems 
are expected to improve. Integrating S-LCA frameworks 
and multi-stakeholder engagement—from wineries and 
researchers to consumers—can provide a more holistic and 
equitable pathway toward the large-scale adoption of these 
sustainable treatment technologies [112].

Challenges, Limitations, and Future 
Perspectives

Despite notable advances in the application of microalgae 
for WWW treatment, several challenges remain before these 
systems can reach industrial-scale implementation. One of 
the main constraints lies in the variability and complexity 
of WWW composition, which fluctuates according to grape 
variety, winemaking techniques, and seasonal production 
cycles. Such heterogeneity affects nutrient balance, salinity, 
and organic load, thereby complicating process optimiza-
tion and standardization across sites.

Operational and environmental limitations further con-
strain system performance. The high turbidity and dark 
coloration typical of WWW reduce light penetration, lim-
iting photosynthetic activity in autotrophic cultures [59]. 
Similarly, high COD and variable organic loads can lead to 
oxygen depletion, pH instability, and the accumulation of 
inhibitory compounds, which complicate the management 

of both open ponds and closed photobioreactors [20]. Main-
taining stable operational parameters thus requires robust 
monitoring and adaptive control strategies.

From a biological perspective, strain selection remains a 
critical bottleneck. Most studies still rely on model microal-
gae tested under controlled laboratory conditions, which do 
not reflect the physicochemical variability of real effluents. 
Developing or isolating polyextremophilic strains that can 
tolerate fluctuating temperatures, high salinity, and elevated 
organic loads while maintaining productivity and pollutant 
removal capacity is essential [31]. The use of algal–bacte-
rial consortia represent a promising approach to enhance 
system resilience and biodegradation efficiency, yet further 
research is required to elucidate the ecological interactions 
and metabolic exchanges that underpin their stability and 
performance [26].

Monitoring and process control technologies are also 
evolving. Reliable, real-time tools to monitor microbial 
activity, biomass quality, and pollutant removal are not 
yet fully established for complex wastewater matrices. 
Advances in biosensing, spectroscopic techniques, and 
omics-based diagnostics are expected to improve system 
control, particularly when coupled with artificial intelli-
gence or digital-twin frameworks [63]. These technologies 
could enable predictive maintenance, early detection of 
contamination or inhibition events, and improved decision-
making in dynamic operational environments.

Regulatory and economic challenges represent another 
major barrier to deployment. The valorization of biomass 
derived from WWW in food, feed, or cosmetic applications 
is subject to stringent and often inconsistent regulations 
across jurisdictions [92]. In addition, the economic feasibil-
ity of microalgae-based treatment remains marginal under 
current market conditions. Standalone operation is rarely 
profitable unless integrated with existing winery infrastruc-
tures or supported by incentives for pollution abatement, 
water reuse, or circular resource recovery [113].

Addressing these challenges requires an integrated 
research and policy effort. Future studies should prioritize:

(i)	 strain improvement through adaptive evolution and 
genetic engineering;

(ii)	 development of hybrid systems that couple autotrophic 
and heterotrophic cultivation modes;

(iii)	 integration of renewable energy inputs and waste heat 
recovery to reduce operational costs; and

(iv)	 long-term demonstration studies combining techno-
economic analysis and life cycle assessment under real 
operating conditions.

Beyond technical and economic constraints, Ortigueira and 
Lopes (2025) [101] emphasize that achieving sustainable 
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scalability also depends on the inclusion of social dimen-
sions and stakeholder engagement. The deployment of 
microalgae-based technology should therefore incorporate 
participatory approaches and S-LCA to anticipate social 
risks, evaluate community acceptance, and ensure equita-
ble benefit distribution across actors [102]. Standardization 
of social and environmental indicators is likewise essen-
tial to improve comparability, enhance transparency, and 
strengthen policy and investment decisions.

Ultimately, translating the concept of microalgae-based 
WWW treatment into resilient, scalable, and socially 
accepted solutions requires a systemic approach that harmo-
nizes technical innovation with regulatory frameworks and 
societal expectations. Establishing harmonized standards 
across sectors and countries would provide legal clarity, 
support market access, and promote circular bioeconomy 
development. Dynamic and adaptive policies—acknowledg-
ing the multifunctional role of these systems in wastewater 
purification, carbon mitigation, and biomass valorization—
will be crucial to accelerate their transition from pilot dem-
onstrations to widespread commercial adoption.

Conclusions

Microalgae-based treatment of WWW presents a compel-
ling strategy for advancing sustainability and circular econ-
omy objectives. By integrating effective pollutant removal 
with the generation of value-added biomass, these systems 
offer dual benefits: environmental remediation and the pro-
duction of bioproducts such as pigments, biofertilizers, 
biostimulants, biopesticides and proteins. This approach 
exemplifies the principles of circular resource management, 
where waste streams are transformed into economically and 
environmentally beneficial outputs.

Recent laboratory and pilot-scale research demonstrates 
that microalgal systems, when optimized for wastewater 
characteristics, cultivation conditions, and energy inputs, 
can achieve significant pollutant removal and resource 
recovery. TEA and LCA provide evidence that these systems 
have the potential for sustainability, provided that opera-
tional efficiencies are maximized and valorization pathways 
for the produced biomass are clearly defined. However, 
several operational challenges persist. These include pro-
cess efficiency limitations, energy-intensive harvesting, and 
the need to enhance system robustness against wastewater 
variability. As a result, most implementations remain at the 
pilot or demonstration stage, highlighting the gap between 
promising research outcomes and widespread commercial 
adoption.

Scaling up microalgae-based WWW treatment is 
impeded by complex regulatory and economic realities. The 

valorization of biomass for food, feed, or cosmetic applica-
tions is subject to stringent and sometimes inconsistent reg-
ulations across different jurisdictions, creating uncertainty 
for industry stakeholders. From an economic perspective, 
the feasibility of these systems is often marginal under cur-
rent market conditions, with standalone operations rarely 
profitable unless integrated with existing winery infrastruc-
ture or supported by incentives for pollution abatement, 
water reuse, or resource recovery. Additionally, the absence 
of standardized protocols and harmonized regulatory frame-
works further complicates commercial deployment and 
market access.

Beyond technical and economic challenges, social 
dimensions play a critical role in the successful adoption 
of microalgae-based WWW treatment. Meaningful stake-
holder engagement—including regulators, industry part-
ners, local communities, and end-users—is essential to 
bridge the gap between laboratory success and practical 
implementation. Incorporating participatory approaches 
and S-LCA helps identify potential social risks, gauge com-
munity acceptance, and ensure equitable distribution of 
benefits. Standardizing social and environmental indicators 
is also vital for improving comparability, transparency, and 
the robustness of policy and investment decisions.

Achieving resilient, scalable, and socially accepted 
microalgae-based WWW treatment requires a systemic, 
integrated approach. Harmonizing regulatory standards 
across sectors and countries would reduce legal uncertainty, 
facilitate market access, and foster the development of a 
circular bioeconomy. Adaptive policies that recognize the 
multifunctional role of these systems—in wastewater puri-
fication, carbon mitigation, and biomass valorization—will 
be crucial to accelerate their transition from pilot projects 
to commercial reality. Future research and policy efforts 
should prioritize strain improvement, the development of 
hybrid cultivation systems, the integration of renewable 
energy and waste heat, and long-term demonstration studies 
combining TEA and LCA in real-world settings.

Microalgae-based WWW treatment holds significant 
promise for sustainable resource recovery and circular 
economy advancement. However, realizing its full poten-
tial requires overcoming technical, regulatory, economic, 
and social barriers through coordinated innovation, stake-
holder involvement, and policy harmonization. A systemic 
approach that integrates technical advances with regula-
tory clarity, economic incentives, and inclusive stakeholder 
participation will be essential to transition from conceptual 
promise to practical, efficient, and broadly accepted solu-
tions for WWW management.

Author contributions  The first draft of the manuscript was written by 
Teresa Lopes da Silva, and all authors commented on previous ver-
sions of the manuscript. All authors read and approved the final manu-



1 3

Waste and Biomass Valorization

script.

Funding  Open access funding provided by FCT|FCCN (b-on). This 
work was supported by the REDWINE project “Increasing microalgae 
biomass feedstock by valorising wine gaseous and liquid residues”, 
which has received funding from Bio-based Industries Joint Undertak-
ing under the European Union’s Horizon 2020 research and innovation 
programme under Grant Agreement No. 101023567.

Data Availability  No new data were created or analyzed in this study. 
Data sharing is not applicable.

Declarations

Conflict of interest  The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

1.	 International organization of vine and wine
2.	 Ioannou, L.A., Puma, G.L., Fatta-Kassinos, D.: Treatment of 

winery wastewater by physicochemical, biological and advanced 
processes: a review. J. Hazard. Mater. 286, 343–368 (2015). 
https:/​/doi.or​g/10.10​16/j.​jhazmat.2014.12.043

3.	 Chetrariu, A., Dabija, A., Caisin, L., Agapii, V., Avrămia, I.: Sus-
tainable valorization of wine lees: from waste to value-added 
products. Appl. Sci. 15, 3648 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​a​p​
p​1​5​0​7​3​6​4​8​​​​​​​

4.	 Silva, S., Pirra, A., Jorge, N., Peres, J.A., Lucas, M.S.: Enhancing 
sustainability in wine production: evaluating winery wastewater 
treatment using sequencing batch reactors. In: The 4th Interna-
tional Electronic Conference on Applied Sciences, p. 163. MDPI, 
Basel Switzerland (2023)

5.	 Jorge, N., Teixeira, A.R., Gomes, A., Peres, J.A., Lucas, M.S.: 
Winery Wastewater: Challenges and Perspectives. In: The 4th 
International Electronic Conference on Applied Sciences, p. 267. 
MDPI, Basel Switzerland (2023)

6.	 Chatzilazarou, A., Katsoyannos, E., Gortzi, O., Lalas, S., Para-
skevopoulos, Y., Dourtoglou, E., Tsaknis, J.: Removal of poly-
phenols from wine sludge using cloud point extraction. J. Air 
Waste Manag. Assoc. 60, 454–459 (2010). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​1​
5​5​/​1​0​4​7​-​3​2​8​9​.​6​0​.​4​.​4​5​4​​​​​​​

7.	 Davididou, K., Frontistis, Z.: Advanced oxidation processes for 
the treatment of winery wastewater: a review and future per-
spectives. J. Chem. Technol. Biotechnol. 96, 2436–2450 (2021). 
https:/​/doi.or​g/10.10​02/jc​tb.6772

8.	 Latessa, S.H., Hanley, L., Tao, W.: Characteristics and practi-
cal treatment technologies of winery wastewater: a review for 

wastewater management at small wineries. J. Environ. Manag. 342, 
118343 (2023). https:/​/doi.or​g/10.10​16/j.​jenvman.2023.118343

9.	 Mamais, D., Noutsopoulos, C., Dimopoulou, A., Stasinakis, A., 
Lekkas, T.D.: Wastewater treatment process impact on energy 
savings and greenhouse gas emissions. Water Sci. Technol. 71, 
303–308 (2015). https:/​/doi.or​g/10.21​66/ws​t.2014.521

10.	 Zkeri, E., Mastori, M., Xenaki, A., Kritikou, E., Kostakis, M., 
Dasenaki, M., Maragou, N., Fountoulakis, M.S., Thomaidis, 
N.S., Stasinakis, A.S.: Winery wastewater treatment by microal-
gae Chlorella sorokiniana and characterization of the produced 
biomass for value-added products. Environ. Sci. Pollut. Res. 31, 
49244–49254 (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​1​3​5​6​-​0​2​4​-​3​4​4​4​
6​-​9​​​​​​​

11.	 Marchão, L., Tavares, P.B., Peres, J., Lucas, M.S.: Mixotrophic 
and heterotrophic cultivation of microalgae using winery waste-
water as organic carbon source. Acad. Lett. (2021). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​2​0​9​3​5​/​A​L​9​4​9​​​​​​​

12.	 Johnson, M.B., Mehrvar, M.: Characterising winery wastewater 
composition to optimise treatment and reuse. Aust. J. Grape Wine 
Res. 26, 410–416 (2020). https:/​/doi.or​g/10.11​11/aj​gw.12453

13.	 Skornia, K., Safferman, S.I., Rodriguez-Gonzalez, L., Ergas, S.J.: 
Treatment of winery wastewater using bench-scale columns sim-
ulating vertical flow constructed wetlands with adsorption media. 
Appl. Sci. 10, 1063 (2020). https:/​/doi.or​g/10.33​90/ap​p10031063

14.	 Sehar, S., Nasser, H.A.A.: Wastewater treatment of food indus-
tries through constructed wetland: a review. Int. J. Environ. Sci. 
Technol. 16, 6453–6472 (2019). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​3​7​6​2​
-​0​1​9​-​0​2​4​7​2​-​7​​​​​​​

15.	 Kyzas, G.Z., Symeonidou, M.P., Matis, K.A.: Technologies of 
winery wastewater treatment: a critical approach. Desalin. Water 
Treat. 57, 3372–3386 (2016). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​8​0​/​1​9​4​4​3​9​9​4​.​2​
0​1​4​.​9​8​6​5​3​5​​​​​​​

16.	 Vlotman, D.E., Key, D., Bladergroen, B.J.: Technological 
advances in winery wastewater treatment: a comprehensive 
review. S. Afr. J. Enol. Viticult. (2022). https:/​/doi.or​g/10.21​548/4​
3-1-4931

17.	 Welz, P.J., Holtman, G., Haldenwang, R., le Roes-Hill, M.: Char-
acterisation of winery wastewater from continuous flow settling 
basins and waste stabilisation ponds over the course of 1 year: 
implications for biological wastewater treatment and land appli-
cation. Water Sci. Technol. 74, 2036–2050 (2016). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​2​1​6​6​/​w​s​t​.​2​0​1​6​.​2​2​6​​​​​​​

18.	 Nightingale-McMahon, M., Robinson, B., Malcolm, B., Clough, 
T., Whitehead, D.: Effects of winery wastewater to soils on min-
eral properties and soil carbon. Land 13, 751 (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​3​3​9​0​/​l​a​n​d​1​3​0​6​0​7​5​1​​​​​​​

19.	 Agricuture Victoria
20.	 Miklas, V., Tous, M., Miklasová, M., Miklasová, M., Hornák, D.: 

Winery wastewater treatment technologies: current trends and 
future perspectives. Chem. Eng. Trans. 94, 847–852 (2022)

21.	 Bolzonella, D., Papa, M., Da Ros, C., Anga Muthukumar, L., 
Rosso, D.: Winery wastewater treatment: a critical overview of 
advanced biological processes. Crit. Rev. Biotechnol. 39, 489–
507 (2019). https:/​/doi.or​g/10.10​80/07​388551.2019.1573799

22.	 Chuang, S.H., Pai, T.Y., Horng, R.Y.: Biotreatment of sulfate-
rich wastewater in an anaerobic/micro-aerobic bioreactor system. 
Environ. Technol. 26, 993–1002 (2005). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​8​0​/​
0​9​5​9​3​3​3​2​6​0​8​6​1​8​4​8​7​​​​​​​

23.	 Abdelfattah, A., Ali, S.S., Ramadan, H., El-Aswar, E.I., Eltawab, 
R., Ho, S.-H., Elsamahy, T., Li, S., El-Sheekh, M.M., Schagerl, 
M., Kornaros, M., Sun, J.: Microalgae-based wastewater treat-
ment: mechanisms, challenges, recent advances, and future pros-
pects. Environ. Sci. Ecotechnol. 13, 100205 (2023). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​0​1​6​/​j​.​e​s​e​.​2​0​2​2​.​1​0​0​2​0​5​​​​​​​

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jhazmat.2014.12.043
https://doi.org/10.3390/app15073648
https://doi.org/10.3390/app15073648
https://doi.org/10.3155/1047-3289.60.4.454
https://doi.org/10.3155/1047-3289.60.4.454
https://doi.org/10.1002/jctb.6772
https://doi.org/10.1016/j.jenvman.2023.118343
https://doi.org/10.2166/wst.2014.521
https://doi.org/10.1007/s11356-024-34446-9
https://doi.org/10.1007/s11356-024-34446-9
https://doi.org/10.20935/AL949
https://doi.org/10.20935/AL949
https://doi.org/10.1111/ajgw.12453
https://doi.org/10.3390/app10031063
https://doi.org/10.1007/s13762-019-02472-7
https://doi.org/10.1007/s13762-019-02472-7
https://doi.org/10.1080/19443994.2014.986535
https://doi.org/10.1080/19443994.2014.986535
https://doi.org/10.21548/43-1-4931
https://doi.org/10.21548/43-1-4931
https://doi.org/10.2166/wst.2016.226
https://doi.org/10.2166/wst.2016.226
https://doi.org/10.3390/land13060751
https://doi.org/10.3390/land13060751
https://doi.org/10.1080/07388551.2019.1573799
https://doi.org/10.1080/09593332608618487
https://doi.org/10.1080/09593332608618487
https://doi.org/10.1016/j.ese.2022.100205
https://doi.org/10.1016/j.ese.2022.100205


1 3

Waste and Biomass Valorization

24.	 Spennati, E., Casazza, A., Perego, P., Solicio, C., Busca, G., Con-
esti, A.: Microalgae growth in winery wastewater under dark con-
ditions. Chem. Eng. Trans. 74, 1471 (2019)

25.	 Mollo, L., Drigo, F., Moglie, M., Norici, A.: Screening for toler-
ance to natural phenols of different algal species: toward the phy-
coremediation of olive mill wastewater. Algal Res. 75, 103256 
(2023). https:/​/doi.or​g/10.10​16/j.​algal.2023.103256

26.	 Higgins, B.T., Gennity, I., Fitzgerald, P.S., Ceballos, S.J., Fiehn, 
O., VanderGheynst, J.S.: Algal–bacterial synergy in treatment of 
winery wastewater. NPJ Clean Water 1, 6 (2018). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​1​0​3​8​/​s​4​1​5​4​5​-​0​1​8​-​0​0​0​5​-​y​​​​​​​

27.	 Dias, C., Santos, J., Reis, A., Lopes da Silva, T.: Yeast and micro-
algal symbiotic cultures using low-cost substrates for lipid pro-
duction. Bioresour. Technol. Rep. 7, 100261 (2019). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​t​e​b​.​2​0​1​9​.​1​0​0​2​6​1​​​​​​​

28.	 Fallahi, A., Rezvani, F., Asgharnejad, H., Khorshidi Nazloo, E., 
Hajinajaf, N., Higgins, B.: Interactions of microalgae-bacteria 
consortia for nutrient removal from wastewater: a review. Che-
mosphere 272, 129878 (2021). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​c​h​e​m​o​s​p​
h​e​r​e​.​2​0​2​1​.​1​2​9​8​7​8​​​​​​​

29.	 Tandon, P., Jin, Q., Huang, L.: A promising approach to enhance 
microalgae productivity by exogenous supply of vitamins. 
Microb. Cell Fact. 16, 219 (2017). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​/​s​1​2​9​3​
4​-​0​1​7​-​0​8​3​4​-​2​​​​​​​

30.	 Groff, M.C., Puchol, C.F., Gil, R., Pedrozo, L.P., Albareti, S., 
Manzanares, A.B., Sánchez, E., Scaglia, G.: Integrated System of 
Microalgae Photobioreactor and Wine Fermenter: Growth Kinet-
ics for Sustainable CO2 Biocapture. Fermentation. 11, 58 (2025). 
https:/​/doi.or​g/10.33​90/fe​rmentation11020058

31.	 Praveen, K., Abinandan, S., Venkateswarlu, K., Megharaj, M.: 
Acid-tolerant microalgae-based winery wastewater treatment: 
performance evaluation and techno-economic analysis. J. Envi-
ron. Manage. 383, 125335 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​e​n​v​
m​a​n​.​2​0​2​5​.​1​2​5​3​3​5​​​​​​​

32.	 Casazza, A., Ferrari, P., Aliakbarian, B., Comotto, M., Perego, 
P.: Microalgae growth using winery wastewater for energetic and 
environmental purposes. Chem. Eng. Trans. 49, 565–570 (2016)

33.	 Marchão, L., da Silva, T.L., Gouveia, L., Reis, A.: Microalgae-
mediated brewery wastewater treatment: effect of dilution rate 
on nutrient removal rates, biomass biochemical composition, and 
cell physiology. J. Appl. Phycol. (2017). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​
1​0​8​1​1​-​0​1​7​-​1​3​7​4​-​1​​​​​​​

34.	 Spennati, E., Casazza, A.A., Converti, A.: Winery wastewater 
treatment by microalgae to produce low-cost biomass for energy 
production purposes. Energies 13, 2490 (2020). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​3​3​9​0​/​e​n​1​3​1​0​2​4​9​0​​​​​​​

35.	 Spennati, E., Casazza, A.A., Converti, A., Padula, M.P., Deh-
ghani, F., Perego, P., Valtchev, P.: Winery waste valorisation as 
microalgae culture medium: a step forward for food circular 
economy. Sep. Purif. Technol. 293, 121088 (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​0​1​6​/​j​.​s​e​p​p​u​r​.​2​0​2​2​.​1​2​1​0​8​8​​​​​​​

36.	 Scarponi, P., Caminiti, V., Bravi, M., Izzo, F.C., Cavinato, C.: 
Coupling anaerobic co-digestion of winery waste and waste acti-
vated sludge with a microalgae process: optimization of a semi-
continuous system. Waste Manag. 174, 300–309 (2024). ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​w​a​s​m​a​n​.​2​0​2​3​.​1​2​.​0​0​4​​​​​​​

37.	 Sousa, A.C., Dias, C., Martins, A.R., Gomes, A.G., Santos, C.A.: 
Using winery effluents for cultivating microalgae as bio-additives 
for vineyards. J. Appl. Phycol. 37, 1619–1632 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​
.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​0​8​1​1​-​0​2​4​-​0​3​4​2​2​-​8​​​​​​​

38.	 University of Hawaii-Manoa GK-12 program (NSF Grant 
#05385500)

39.	 Kazbar, A., Cogne, G., Urbain, B., Marec, H., Le-Gouic, B., Tal-
lec, J., Takache, H., Ismail, A., Pruvost, J.: Effect of dissolved 
oxygen concentration on microalgal culture in photobioreactors. 

Algal Res. 39, 101432 (2019). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​a​l​g​a​l​.​2​0​1​
9​.​1​0​1​4​3​2​​​​​​​

40.	 Yao, S., Lyu, S., An, Y., Lu, J., Gjermansen, C., Schramm, A.: 
Microalgae-bacteria symbiosis in microalgal growth and biofuel 
production: a review. J. Appl. Microbiol. 126, 359–368 (2019). 
https:/​/doi.or​g/10.11​11/ja​m.14095

41.	 Mohsenpour, S.F., Hennige, S., Willoughby, N., Adeloye, A., 
Gutierrez, T.: Integrating micro-algae into wastewater treatment: 
a review. Sci. Total. Environ. 752, 142168 (2021). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​1​0​1​6​/​j​.​s​c​i​t​o​t​e​n​v​.​2​0​2​0​.​1​4​2​1​6​8​​​​​​​

42.	 Kong, W., Kong, J., Feng, S., Yang, T., Xu, L., Shen, B., Bi, Y., 
Lyu, H.: Cultivation of microalgae–bacteria consortium by waste 
gas–waste water to achieve CO2 fixation, wastewater purification 
and bioproducts production. Biotechnol. Biofuels Bioprod. 17, 26 
(2024). https:/​/doi.or​g/10.11​86/s1​3068-023-02409-w

43.	 Unnithan, V.V., Unc, A., Smith, G.B.: Mini-review: a priori 
considerations for bacteria–algae interactions in algal biofuel 
systems receiving municipal wastewaters. Algal Res. 4, 35–40 
(2014). https:/​/doi.or​g/10.10​16/j.​algal.2013.11.009

44.	 Costa, R.H.R., Villafranca, B.M., Voltolini, C.A., Guimarães, 
L.B., Hoffmann, H., Velho, V.F., Mohedano, R.A.: Effectiveness 
of phosphorus removal in an SBR using co-precipitation with fer-
ric chloride, and its effects on microbial activity. Braz. J. Chem. 
Eng. 36, 785–795 (2019). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​5​9​0​/​0​1​0​4​-​6​6​3​2​.​2​0​1​
9​0​3​6​2​s​2​0​1​8​0​3​7​8​​​​​​​

45.	 Yaakob, M.A., Mohamed, R.M.S.R., Al-Gheethi, A., Aswath-
narayana Gokare, R., Ambati, R.R.: Influence of nitrogen and 
phosphorus on microalgal growth, biomass, lipid, and fatty acid 
production: an overview. Cells 10, 393 (2021). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
3​3​9​0​/​c​e​l​l​s​1​0​0​2​0​3​9​3​​​​​​​

46.	 López-Sánchez, A., Silva-Gálvez, A.L., Aguilar-Juárez, Ó., 
Senés-Guerrero, C., Orozco-Nunnelly, D.A., Carrillo-Nieves, D., 
Gradilla-Hernández, M.S.: Microalgae-based livestock waste-
water treatment (MbWT) as a circular bioeconomy approach: 
enhancement of biomass productivity, pollutant removal and 
high-value compound production. J. Environ. Manage. 308, 
114612 (2022). https:/​/doi.or​g/10.10​16/j.​jenvman.2022.114612

47.	 Giacobbo, A., Oliveira, M., Bernardes, A.M., de Pinho, M.N.: 
Winery wastewater treatment for biomolecules recovery and 
water reuse purposes. In: Advanced Technologies in Wastewater 
Treatment, pp. 311–354. Elsevier (2023)

48.	 Rodrigues, R.A., Machado de Campos, M.B., Tonello, P.S.: Deg-
radation of phenolic compounds and organic matter from real 
winery wastewater by fenton and photo-fenton processes com-
bined with ultrasound. Water (Basel) 17, 763 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​3​3​9​0​/​w​1​7​0​5​0​7​6​3​​​​​​​

49.	 Brooks, M.D., Niyogi, K.K.: Use of a pulse-amplitude modulated 
chlorophyll fluorometer to study the efficiency of photosynthesis 
in arabidopsis plants. Presented at the (2011)

50.	 Karnachoriti, M., Chatzipetrou, M., Touloupakis, E., Kontos, 
A.G., Zergioti, I.: Raman spectroscopy as a tool for real‐time 
nutrient monitoring in bioreactor cultivation of microalgae. J. 
Raman Spectrosc. 56, 817–826 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​j​
r​s​.​6​8​4​1​​​​​​​

51.	 Franca, R.D.G., Carvalho, V.C.F., Fradinho, J.C., Reis, M.A.M., 
Lourenço, N.D.: Raman spectrometry as a tool for an online con-
trol of a phototrophic biological nutrient removal process. Appl. 
Sci. (Basel) 11, 6600 (2021). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​a​p​p​1​1​1​4​6​6​0​
0​​​​​​​

52.	 Shao, Y., Fang, H., Zhou, H., Wang, Q., Zhu, Y., He, Y.: Detection 
and imaging of lipids of Scenedesmus obliquus based on confocal 
Raman microspectroscopy. Biotechnol. Biofuels 10, 300 (2017). 
https:/​/doi.or​g/10.11​86/s1​3068-017-0977-8

53.	 He, X.N., Allen, J., Black, P.N., Baldacchini, T., Huang, X., 
Huang, H., Jiang, L., Lu, Y.F.: Coherent anti-Stokes Raman scat-
tering and spontaneous Raman spectroscopy and microscopy of 

https://doi.org/10.1016/j.algal.2023.103256
https://doi.org/10.1038/s41545-018-0005-y
https://doi.org/10.1038/s41545-018-0005-y
https://doi.org/10.1016/j.biteb.2019.100261
https://doi.org/10.1016/j.biteb.2019.100261
https://doi.org/10.1016/j.chemosphere.2021.129878
https://doi.org/10.1016/j.chemosphere.2021.129878
https://doi.org/10.1186/s12934-017-0834-2
https://doi.org/10.1186/s12934-017-0834-2
https://doi.org/10.3390/fermentation11020058
https://doi.org/10.1016/j.jenvman.2025.125335
https://doi.org/10.1016/j.jenvman.2025.125335
https://doi.org/10.1007/s10811-017-1374-1
https://doi.org/10.1007/s10811-017-1374-1
https://doi.org/10.3390/en13102490
https://doi.org/10.3390/en13102490
https://doi.org/10.1016/j.seppur.2022.121088
https://doi.org/10.1016/j.seppur.2022.121088
https://doi.org/10.1016/j.wasman.2023.12.004
https://doi.org/10.1016/j.wasman.2023.12.004
https://doi.org/10.1007/s10811-024-03422-8
https://doi.org/10.1007/s10811-024-03422-8
https://doi.org/10.1016/j.algal.2019.101432
https://doi.org/10.1016/j.algal.2019.101432
https://doi.org/10.1111/jam.14095
https://doi.org/10.1016/j.scitotenv.2020.142168
https://doi.org/10.1016/j.scitotenv.2020.142168
https://doi.org/10.1186/s13068-023-02409-w
https://doi.org/10.1016/j.algal.2013.11.009
https://doi.org/10.1590/0104-6632.20190362s20180378
https://doi.org/10.1590/0104-6632.20190362s20180378
https://doi.org/10.3390/cells10020393
https://doi.org/10.3390/cells10020393
https://doi.org/10.1016/j.jenvman.2022.114612
https://doi.org/10.3390/w17050763
https://doi.org/10.3390/w17050763
https://doi.org/10.1002/jrs.6841
https://doi.org/10.1002/jrs.6841
https://doi.org/10.3390/app11146600
https://doi.org/10.3390/app11146600
https://doi.org/10.1186/s13068-017-0977-8


1 3

Waste and Biomass Valorization

microalgae with nitrogen depletion. Biomed. Opt. Express 3, 
2896 (2012). https:/​/doi.or​g/10.13​64/BO​E.3.002896

54.	 Verwee, E., Chaerle, P., Verduijn, J., Mienis, E., Sekulic, M., De 
Keersmaecker, H., Vyverman, W., Foubert, I., Skirtach, A.G., 
Van Damme, E.J.M.: Microalgal lipid bodies: detection and com-
parative analysis using imaging flow cytometry, confocal laser 
scanning and Raman microscopy. Algal Res. 80, 103553 (2024). 
https:/​/doi.or​g/10.10​16/j.​algal.2024.103553

55.	 Stavridou, E., Karapetsi, L., Nteve, G.M., Tsintzou, G., 
Chatzikonstantinou, M., Tsaousi, M., Martinez, A., Flores, P., 
Merino, M., Dobrovic, L., Mullor, J.L., Martens, S., Cerasino, L., 
Salmaso, N., Osathanunkul, M., Labrou, N.E., Madesis, P.: Land-
scape of microalgae omics and metabolic engineering research 
for strain improvement: an overview. Aquaculture 587, 740803 
(2024). https:/​/doi.or​g/10.10​16/j.​aquaculture.2024.740803

56.	 Dębowski, M., Kazimierowicz, J., Zieliński, M.: Multi-sensing 
monitoring of the microalgae biomass cultivation systems for 
biofuels and added value products synthesis—challenges and 
opportunities. Appl. Sci. (Basel) 15, 7324 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​3​3​9​0​/​a​p​p​1​5​1​3​7​3​2​4​​​​​​​

57.	 Balkanlı, N.E., Işıldak, İ, İnan, B., Özer, T., Özçimen, D.: Moni-
toring microalgal growth of Chlorella minutissima with a new all 
solid-state contact nitrate selective sensor. Biotechnol. Prog. 38, 
25 (2022). https:/​/doi.or​g/10.10​02/bt​pr.3247

58.	 Kim, H.S., Devarenne, T.P., Han, A.: Microfluidic systems for 
microalgal biotechnology: a review. Algal Res. 30, 149–161 
(2018). https:/​/doi.or​g/10.10​16/j.​algal.2017.11.020

59.	 Lopes da Silva, T., Silva, T.A., França, B.T., Ribeiro, B., Reis, A.: 
Monitoring C. vulgaris cultivations grown on winery wastewater 
using flow cytometry. Fermentation 11, 442 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​3​3​9​0​/​f​e​r​m​e​n​t​a​t​i​o​n​1​1​0​8​0​4​4​2​​​​​​​

60.	 Hyka, P., Lickova, S., Přibyl, P., Melzoch, K., Kovar, K.: Flow 
cytometry for the development of biotechnological processes 
with microalgae. Biotechnol. Adv. 31, 2–16 (2013). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​t​e​c​h​a​d​v​.​2​0​1​2​.​0​4​.​0​0​7​​​​​​​

61.	 Silva, TLda, Roseiro, J.C., Reis, A.: Applications and perspec-
tives of multi-parameter flow cytometry to microbial biofuels 
production processes. Trends Biotechnol. 30, 225–232 (2012). 
https:/​/doi.or​g/10.10​16/j.​tibtech.2011.11.005

62.	 Ning, H., Li, R., Zhou, T.: Machine learning for microalgae 
detection and utilization. Front. Mar. Sci. (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​3​3​8​9​/​f​m​a​r​s​.​2​0​2​2​.​9​4​7​3​9​4​​​​​​​

63.	 Imamoglu, E.: Artificial Intelligence and/or Machine Learning 
algorithms in microalgae bioprocesses. Bioengineering 11, 1143 
(2024). https:/​/doi.or​g/10.33​90/bi​oengineering11111143

64.	 Rawat, I., Ranjith Kumar, R., Mutanda, T., Bux, F.: Dual role 
of microalgae: phycoremediation of domestic wastewater and 
biomass production for sustainable biofuels production. Appl. 
Energy 88, 3411–3424 (2011). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​a​p​e​n​e​r​g​
y​.​2​0​1​0​.​1​1​.​0​2​5​​​​​​​

65.	 Brennan, L., Owende, P.: Biofuels from microalgae—a review of 
technologies for production, processing, and extractions of bio-
fuels and co-products. Renew. Sustain. Energy Rev. 14, 557–577 
(2010). https:/​/doi.or​g/10.10​16/j.​rser.2009.10.009

66.	 Christenson, L., Sims, R.: Production and harvesting of microal-
gae for wastewater treatment, biofuels, and bioproducts. Biotech-
nol. Adv. 29, 686–702 (2011). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​t​e​c​h​a​d​
v​.​2​0​1​1​.​0​5​.​0​1​5​​​​​​​

67.	 Pereira, I., Rangel, A., Chagas, B., de Moura, B., Urbano, S., 
Sassi, R., Camara, F., Castro, C.: Microalgae growth under mixo-
trophic condition using agro-industrial waste: a review. In: Bio-
technological Applications of Biomass. IntechOpen (2021)

68.	 Braun, J.C.A., Balbinot, L., Beuter, M.A., Rempel, A., Colla, 
L.M.: Mixotrophic cultivation of microalgae using agro-indus-
trial waste: tolerance level, scale up, perspectives and future use 

of biomass. Algal Res. 80, 103554 (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​
6​/​j​.​a​l​g​a​l​.​2​0​2​4​.​1​0​3​5​5​4​​​​​​​

69.	 Abdur Razzak, S., Bahar, K., Islam, K.M.O., Haniffa, A.K., 
Faruque, M.O., Hossain, S.M.Z., Hossain, M.M.: Microalgae cul-
tivation in photobioreactors: sustainable solutions for a greener 
future. Green Chem. Eng. 5, 418–439 (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
0​1​6​/​j​.​g​c​e​.​2​0​2​3​.​1​0​.​0​0​4​​​​​​​

70.	 Akhtar, S., Ali, H., Park, C.W.: Complete evaluation of cell 
mixing and hydrodynamic performance of Thin-Layer Cascade 
Reactor. Appl. Sci. 10, 746 (2020). https:/​/doi.or​g/10.33​90/ap​
p10030746

71.	 Park, J.B.K., Craggs, R.J.: Wastewater treatment and algal pro-
duction in high rate algal ponds with carbon dioxide addition. 
Water Sci. Technol. 61, 633–639 (2010). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​2​1​6​6​/​
w​s​t​.​2​0​1​0​.​9​5​1​​​​​​​

72.	 Gururani, P., Bhatnagar, P., Kumar, V., Vlaskin, M.S., Grigore-
nko, A.V.: Algal consortiums: a novel and integrated approach for 
wastewater treatment. Water (Basel) 14, 3784 (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​
o​​r​g​/​1​0​.​3​3​9​0​/​w​1​4​2​2​3​7​8​4​​​​​​​

73.	 Hurst, T., Rehbock, V.: Optimizing micro-algae production in 
a raceway pond with variable depth. J. Ind. Manag. Optim. 18, 
1439 (2022). https:/​/doi.or​g/10.39​34/ji​mo.2021027

74.	 Sivakaminathan, S., Wolf, J., Yarnold, J., Roles, J., Ross, I.L., 
Stephens, E., Henderson, G., Hankamer, B.: Light guide systems 
enhance microalgae production efficiency in outdoor high rate 
ponds. Algal Res. 47, 101846 (2020). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​a​l​
g​a​l​.​2​0​2​0​.​1​0​1​8​4​6​​​​​​​

75.	 Chanquia, S.N., Vernet, G., Kara, S.: Photobioreactors for culti-
vation and synthesis: specifications, challenges, and perspectives. 
Eng. Life Sci. 22, 712–724 (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​e​l​s​c​.​2​
0​2​1​0​0​0​7​0​​​​​​​

76.	 Pessi, B.A., Pruvost, E., Talec, A., Sciandra, A., Bernard, O.: 
Does temperature shift justify microalgae production under 
greenhouse? Algal Res. 61, 102579 (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
1​6​/​j​.​a​l​g​a​l​.​2​0​2​1​.​1​0​2​5​7​9​​​​​​​

77.	 Bustamante, M.A., Paredes, C., Moral, R., Moreno-Caselles, J., 
Pérez-Espinosa, A., Pérez-Murcia, M.D.: Uses of winery and 
distillery effluents in agriculture: characterisation of nutrient and 
hazardous components. Water Sci. Technol. 51, 145–151 (2005). 
https:/​/doi.or​g/10.21​66/ws​t.2005.0018

78.	 Wu, M., Wu, G., Lu, F., Wang, H., Lei, A., Wang, J.: Microalgal 
photoautotrophic growth induces pH decrease in the aquatic envi-
ronment by acidic metabolites secretion. Biotechnol. Biofuels 
Bioprod. 15, 115 (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​6​8​-​0​2​2​-​0​2​
2​1​2​-​z​​​​​​​

79.	 Isiramen, O.E., Bahri, P.A., Moheimani, N.R., Vadiveloo, A., 
Shayesteh, H., Parlevliet, D.A.: Improving pH control and carbon 
dioxide utilisation efficiency in microalgae cultivation systems 
with the use of a proportional-integral + dead-zone control strat-
egy. Bioresour. Technol. Rep. 17, 100917 (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​1​0​1​6​/​j​.​b​i​t​e​b​.​2​0​2​1​.​1​0​0​9​1​7​​​​​​​

80.	 Aditya, L., Vu, H.P., AbuHasanJohir, M., Mahlia, T.M.I., Sili-
tonga, A.S., Zhang, X., Liu, Q., Tra, V.-T., Ngo, H.H., Nghiem, 
L.D.: Role of culture solution pH in balancing CO2 input and light 
intensity for maximising microalgae growth rate. Chemosphere 
343, 140255 (2023). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​c​h​e​m​o​s​p​h​e​r​e​.​2​0​2​3​
.​1​4​0​2​5​5​​​​​​​

81.	 Arora, N., Tripathi, S., Philippidis, G.P., Kumar, S.: Thriving in 
extremes: harnessing the potential of pH-resilient algal strains for 
enhanced productivity and stability. Environ. Sci. Adv. 4, 884–
900 (2025). https:/​/doi.or​g/10.10​39/D4​VA00247D

82.	 Wang, X., Lin, L., Lu, H., Liu, Z., Duan, N., Dong, T., Xiao, H., 
Li, B., Xu, P.: Microalgae cultivation and culture medium recy-
cling by a two-stage cultivation system. Front. Environ. Sci. Eng. 
12, 14 (2018). https:/​/doi.or​g/10.10​07/s1​1783-018-1078-z

https://doi.org/10.1364/BOE.3.002896
https://doi.org/10.1016/j.algal.2024.103553
https://doi.org/10.1016/j.aquaculture.2024.740803
https://doi.org/10.3390/app15137324
https://doi.org/10.3390/app15137324
https://doi.org/10.1002/btpr.3247
https://doi.org/10.1016/j.algal.2017.11.020
https://doi.org/10.3390/fermentation11080442
https://doi.org/10.3390/fermentation11080442
https://doi.org/10.1016/j.biotechadv.2012.04.007
https://doi.org/10.1016/j.biotechadv.2012.04.007
https://doi.org/10.1016/j.tibtech.2011.11.005
https://doi.org/10.3389/fmars.2022.947394
https://doi.org/10.3389/fmars.2022.947394
https://doi.org/10.3390/bioengineering11111143
https://doi.org/10.1016/j.apenergy.2010.11.025
https://doi.org/10.1016/j.apenergy.2010.11.025
https://doi.org/10.1016/j.rser.2009.10.009
https://doi.org/10.1016/j.biotechadv.2011.05.015
https://doi.org/10.1016/j.biotechadv.2011.05.015
https://doi.org/10.1016/j.algal.2024.103554
https://doi.org/10.1016/j.algal.2024.103554
https://doi.org/10.1016/j.gce.2023.10.004
https://doi.org/10.1016/j.gce.2023.10.004
https://doi.org/10.3390/app10030746
https://doi.org/10.3390/app10030746
https://doi.org/10.2166/wst.2010.951
https://doi.org/10.2166/wst.2010.951
https://doi.org/10.3390/w14223784
https://doi.org/10.3390/w14223784
https://doi.org/10.3934/jimo.2021027
https://doi.org/10.1016/j.algal.2020.101846
https://doi.org/10.1016/j.algal.2020.101846
https://doi.org/10.1002/elsc.202100070
https://doi.org/10.1002/elsc.202100070
https://doi.org/10.1016/j.algal.2021.102579
https://doi.org/10.1016/j.algal.2021.102579
https://doi.org/10.2166/wst.2005.0018
https://doi.org/10.1186/s13068-022-02212-z
https://doi.org/10.1186/s13068-022-02212-z
https://doi.org/10.1016/j.biteb.2021.100917
https://doi.org/10.1016/j.biteb.2021.100917
https://doi.org/10.1016/j.chemosphere.2023.140255
https://doi.org/10.1016/j.chemosphere.2023.140255
https://doi.org/10.1039/D4VA00247D
https://doi.org/10.1007/s11783-018-1078-z


1 3

Waste and Biomass Valorization

83.	 Gupta, R., Mishra, N., Singh, G., Mishra, S., Lodhiyal, N.: Micro-
algae cultivation and value-based products from wastewater: 
insights and applications. Blue Biotechnol. 1, 20 (2024). ​h​t​t​​p​s​:​/​​
/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​/​s​4​4​3​1​5​-​0​2​4​-​0​0​0​1​9​-​1​​​​​​​

84.	 Hassan, H., Ansari, F.A., Rawat, I., Bux, F.: Unlocking the poten-
tial of microalgae: cultivation in algae recycled effluent with 
domestic wastewater for enhancing biomass, bioenergy produc-
tion and CO2 sequestration. J. Water Process Eng. 68, 106499 
(2024). https:/​/doi.or​g/10.10​16/j.​jwpe.2024.106499

85.	 Farooq, W.: Sustainable production of microalgae biomass for 
biofuel and chemicals through recycling of water and nutrient 
within the biorefinery context: a review. GCB Bioenergy 13, 
914–940 (2021). https:/​/doi.or​g/10.11​11/gc​bb.12822

86.	 Barros, A.I., Gonçalves, A.L., Simões, M., Pires, J.C.M.: Har-
vesting techniques applied to microalgae: A review. Renew. Sus-
tain. Energy Rev. 41, 1489–1500 (2015). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​
j​.​r​s​e​r​.​2​0​1​4​.​0​9​.​0​3​7​​​​​​​

87.	 Vandamme, D., Foubert, I., Muylaert, K.: Flocculation as a low-
cost method for harvesting microalgae for bulk biomass produc-
tion. Trends Biotechnol. 31, 233–239 (2013). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
0​1​6​/​j​.​t​i​b​t​e​c​h​.​2​0​1​2​.​1​2​.​0​0​5​​​​​​​

88.	 Rhea, N., Groppo, J., Crofcheck, C.: Evaluation of flocculation, 
sedimentation, and filtration for dewatering of Scenedesmus 
algae. Trans. ASABE 60, 1359–1367 (2017). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​3​0​3​1​/​t​r​a​n​s​.​1​2​1​1​6​​​​​​​

89.	 Roy, M., Mohanty, K.: A comprehensive review on microalgal har-
vesting strategies: current status and future prospects. Algal Res. 
44, 101683 (2019). https:/​/doi.or​g/10.10​16/j.​algal.2019.101683

90.	 Markou, G., Chatzipavlidis, I., Georgakakis, D.: Carbohydrates 
production and bio-flocculation characteristics in cultures of 
Arthrospira (Spirulina) platensis: improvements through phos-
phorus limitation process. Bioenergy Res. 5, 915–925 (2012). 
https:/​/doi.or​g/10.10​07/s1​2155-012-9205-3

91.	 Nayak, M., Swain, D.K., Sen, R.: Strategic valorization of de-
oiled microalgal biomass waste as biofertilizer for sustainable 
and improved agriculture of rice (Oryza sativa L.) crop. Sci. 
Total. Environ. 682, 475–484 (2019). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​s​
c​i​t​o​t​e​n​v​.​2​0​1​9​.​0​5​.​1​2​3​​​​​​​

92.	 NuinGarciarena, I., Ackerl, R., GarcíaRuiz, E., Glymenaki, M., 
Mendes, V., Muñoz-González, A., NoriegaFernández, E., Precup, 
G., Rodríguez-Fernández, P., Roldán-Torres, R., Rossi, A., Turla, 
E., Ververis, E., Germini, A., Kass, G.E.N.: The safety assessment 
of microalgae-derived products as novel foods by the European 
Food Safety Authority. Future Foods 11, 100661 (2025). ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​f​u​f​o​.​2​0​2​5​.​1​0​0​6​6​1​​​​​​​

93.	 Silva, G., Cerqueira, K., Rodrigues, J., Silva, K., Coelho, D., 
Souza, R.: Cultivation of microalgae Chlorella vulgaris in open 
reactor for bioethanol production. Phycology 3, 325–336 (2023). 
https:/​/doi.or​g/10.33​90/ph​ycology3020021

94.	 Avila, R., Justo, Á., Carrero, E., Crivillés, E., Vicent, T., Blán-
quez, P.: Water resource recovery coupling microalgae wastewa-
ter treatment and sludge co-digestion for bio-wastes valorisation 
at industrial pilot-scale. Bioresour. Technol. 343, 126080 (2022). 
https:/​/doi.or​g/10.10​16/j.​biortech.2021.126080

95.	 Spennati, E., Casazza, A.A., Converti, A., Busca, G.: Investiga-
tion on thermal pyrolysis of microalgae grown in winery waste-
water: biofuels and chemicals production. Biomass Convers. 
Biorefinery 14, 17647–17661 (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​
3​3​9​9​-​0​2​3​-​0​4​1​1​8​-​8​​​​​​​

96.	 Ferreira, F., Ortigueira, J., Reis, A., Lopes, T.F.: Benchmarking 
commercially available value-added fractions with potential for 
production via microalgae-based biorefineries: is it worth it? Bio-
technol. Biofuels Bioprod. 18, 33 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​
/​s​1​3​0​6​8​-​0​2​5​-​0​2​6​3​3​-​6​​​​​​​

97.	 El Bakraoui, H., Slaoui, M., Mabrouki, J., Hmouni, D., Laroche, 
C.: Recent trends on domestic, agricultural and industrial waste-
waters treatment using microalgae biorefinery system. Appl. Sci. 
13, 68 (2022). https:/​/doi.or​g/10.33​90/ap​p13010068

98.	 Crippa, I., Dolci, G., Grosso, M., Rigamonti, L.: Life cycle 
assessment of microalgal biomass valorization from a wastewater 
treatment process. Waste Biomass Valoriz. 16, 525–541 (2025). 
https:/​/doi.or​g/10.10​07/s1​2649-024-02695-x

99.	 Kumar, B., Ghosh, T., Purewal, S.S., Bala, K.: Life cycle assess-
ment (LCA), techno-economic analysis (TEA) and environmental 
impact assessment (EIA) of algal biorefinery. In: Algae Refinery, 
pp. 209–235. CRC Press, Boca Raton (2023)

100.	Geng, Y., Shaukat, A., Azhar, W., Raza, Q.-U.-A., Tahir, A., Abi-
deen, M.Z., Zia, M.A.B., Bashir, M.A., Rehim, A.: Microalgal 
biorefineries: a systematic review of technological trade-offs and 
innovation pathways. Biotechnol. Biofuels Bioproducts 18, 93 
(2025). https:/​/doi.or​g/10.11​86/s1​3068-025-02694-7

101.	Ortigueira, J., Lopes, T.F.: Bridging gaps in biorefineries: the 
unexplored role of social dimension in life cycle assessment 
research. Sustain. Futures 9, 100818 (2025). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
1​6​/​j​.​s​f​t​r​.​2​0​2​5​.​1​0​0​8​1​8​​​​​​​

102.	Ortigueira, J., Lopes, T.F., Reis, A., Gírio, F.: Integrating social 
aspects in microalgal biorefineries: a product social impact life 
cycle assessment (PSILCA) approach. Biofuels Bioprod. Biore-
fin. 19, 1400–1410 (2025). https:/​/doi.or​g/10.10​02/bb​b.70037

103.	European Commission: European Commission: The European 
Green Deal. Communication from the Commission to the Euro-
pean Parliament, the European Council, the Council, the Euro-
pean Economic and Social Committee and the Committee of the 
Regions. COM (2019) 640 final Brussels (2019)

104.	Berbel, J., Mesa‐Pérez, E., Simón, P.: Challenges for Circular 
Economy under the EU 2020/741 Wastewater Reuse Regulation. 
Glob. Chall. (2023). https:/​/doi.or​g/10.10​02/gc​h2.202200232

105.	European Comission: A Farm to Fork Strategy for a fair, healthy 
and environmentally-friendly food system. Communication from 
the Commission to the European Parliament, the Council, the 
European Economic and Social Committee and the Committee of 
the Regions. COM(2020) 381 final, Brussels (2020)

106.	European Comission: Regulation (EU) 2020/741 on minimum 
requirements for water reuse, Brussels (2020)

107.	Malinauskaite, J., Delpech, B., Montorsi, L., Venturelli, M., Gern-
jak, W., Abily, M., Stepišnik Perdih, T., Nyktari, E., Jouhara, H.: 
Wastewater reuse in the EU and Southern European Countries: 
policies, barriers and good practices. Sustainability 16, 11277 
(2024). https:/​/doi.or​g/10.33​90/su​162411277

108.	Mendes, A.M.G.E.: Pilot-Scale Winery Wastewater Treatment 
and Microalgae Valorization (2923)

109.	Olsen, M.L., Olsen, K., Jensen, P.E.: Consumer acceptance of 
microalgae as a novel food ‐ where are we now? And how to get 
further. Physiol. Plant. (2024). https:/​/doi.or​g/10.11​11/pp​l.14337

110.	Lafarga, T., Rodríguez-Bermúdez, R., Morillas-España, A., Vil-
laró, S., García-Vaquero, M., Morán, L., Sánchez-Zurano, A., 
González-López, C.V., Acién-Fernández, F.G.: Consumer knowl-
edge and attitudes towards microalgae as food: the case of Spain. 
Algal Res. 54, 102174 (2021). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​a​l​g​a​l​.​2​0​2​
0​.​1​0​2​1​7​4​​​​​​​

111.	Ampofo, J., Abbey, L.: Microalgae: bioactive composition, health 
benefits, safety and prospects as potential high-value ingredients 
for the functional food industry. Foods 11, 1744 (2022). ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​f​o​o​d​s​1​1​1​2​1​7​4​4​​​​​​​

112.	REDWine Project: https:​​​//a​4f​.p​t/​en/rd-p​r​ojects/redwine—
Increasing microalgae biomass feedstock by valorizing wine gas-
eous and liquid residues

https://doi.org/10.1186/s44315-024-00019-1
https://doi.org/10.1186/s44315-024-00019-1
https://doi.org/10.1016/j.jwpe.2024.106499
https://doi.org/10.1111/gcbb.12822
https://doi.org/10.1016/j.rser.2014.09.037
https://doi.org/10.1016/j.rser.2014.09.037
https://doi.org/10.1016/j.tibtech.2012.12.005
https://doi.org/10.1016/j.tibtech.2012.12.005
https://doi.org/10.13031/trans.12116
https://doi.org/10.13031/trans.12116
https://doi.org/10.1016/j.algal.2019.101683
https://doi.org/10.1007/s12155-012-9205-3
https://doi.org/10.1016/j.scitotenv.2019.05.123
https://doi.org/10.1016/j.scitotenv.2019.05.123
https://doi.org/10.1016/j.fufo.2025.100661
https://doi.org/10.1016/j.fufo.2025.100661
https://doi.org/10.3390/phycology3020021
https://doi.org/10.1016/j.biortech.2021.126080
https://doi.org/10.1007/s13399-023-04118-8
https://doi.org/10.1007/s13399-023-04118-8
https://doi.org/10.1186/s13068-025-02633-6
https://doi.org/10.1186/s13068-025-02633-6
https://doi.org/10.3390/app13010068
https://doi.org/10.1007/s12649-024-02695-x
https://doi.org/10.1186/s13068-025-02694-7
https://doi.org/10.1016/j.sftr.2025.100818
https://doi.org/10.1016/j.sftr.2025.100818
https://doi.org/10.1002/bbb.70037
https://doi.org/10.1002/gch2.202200232
https://doi.org/10.3390/su162411277
https://doi.org/10.1111/ppl.14337
https://doi.org/10.1016/j.algal.2020.102174
https://doi.org/10.1016/j.algal.2020.102174
https://doi.org/10.3390/foods11121744
https://doi.org/10.3390/foods11121744
https://a4f.pt/en/rd-projects/redwine


1 3

Waste and Biomass Valorization

113.	Pasa, M.: Techno-economic assessment of wineries’ gaseous and 
liquid residues valorization through microalgae production and 
biorefining (2021)

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


	﻿Microalgae-Based Treatment of Winery Wastewater
	﻿Abstract
	﻿Introduction
	﻿WWW Characteristics
	﻿Discharging Untreated WWW in the Environment
	﻿Why Microalgae to Treat WWW?
	﻿Microalgae Species Used for WWW Treatment
	﻿Microalgae Role in WWW Treatment
	﻿Monitoring Microalgae WWW Cultivations
	﻿Microalgae Cultivations on WWW
	﻿Strategies and Approaches for Optimizing Microalgae Cultivation on WWW
	﻿Microalgal Biomass Harvesting and Bioproduct Recovery After WWW Treatment
	﻿Techno-Economic Analysis (TEA), Life Cycle Assessment (LCA), and Social Life Cycle Assessment (S-LCA) in Microalgae-Based WWW Treatment
	﻿Policy and Regulatory Framework for Treated WWW
	﻿Stakeholders and Their Roles in Microalgae-Based WWW Treatment
	﻿Challenges, Limitations, and Future Perspectives
	﻿Conclusions
	﻿References


