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ABSTRACT

The identification of alternative substrates is essential to reduce cultivation complexity and production costs in
biotechnological processes. In the context of bioenergy applications, microalgae have emerged as promising
feedstocks; however, the biochemical composition of the biomass is strongly influenced by the cultivation
substrate. Consequently, ongoing research efforts focus on optimizing cultivation strategies to improve both
biomass yield and product quality. A notable knowledge gap remains regarding the use of agro-waste as an
alternative substrate for microalgae cultivation. Within a circular economy framework, agro-waste represents a
valuable resource for enhancing biomass productivity and sustainability. Nevertheless, its practical application is
challenged by seasonal availability, variability in agricultural practices and processing methods, and the influ-
ence of abiotic and biotic factors that can alter chemical composition and limit substrate consistency. This review
examines the generation, availability, and compositional characteristics of major agro-wastes streams and
evaluates their application in biotechnological processes aimed at bioenergy production. Particular emphasis is
placed on microalgae cultivation—either as a standalone process or integrated with other biological treat-
ments—using agro-waste-derived substrates. Reported data indicate that substrates such as vegetable peels, wine
lees digestate, and piggery manure digestate can significantly enhance microalgal biomass production, increasing
yields from 0.96 g/L up to 3.16 g/L, while also promoting lipid accumulation exceeding 20%. The strong in-
fluence of substrate composition on microalgae lipid profiles is highlighted, particularly the reduction of lino-
lenic acid content. The potential integration of agro-waste-derived microalgal biomass into biorefinery platforms,

including biodiesel production compliant with the European standard EN14214, is discussed.

1. Introduction
1.1. Agro-waste production

The global population is projected to reach 9 billion by 2050 and
approximately 11 billion by 2100. Consequently, the demand for
food—particularly crops, meat, and their derivatives—is expected to
increase significantly. Waste generated during food production is
defined “agro-wastes” and arise from various activities, including crop
cultivation, horticulture, dairy farming, market gardening, livestock
breeding, and forestry production [1-3]. This population-driven growth
has a cascading effect, resulting in a substantial increase in
agro-industrial waste generation [3]. Conventional disposal practice for
these wastes causes significant environmental impacts, such as water
pollution, soil degradation and the emission of greenhouse gases [4]. For
instance, the open burning of rice residues in India contributes to severe
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air pollution, while simultaneously releasing large quantities of green-
house gases into the atmosphere [2].

Traditionally, agro-waste has been disposed of in landfills or through
improper dumping, leading to increased concentrations of bacterial and
fungal pathogens and the release of toxic compounds into the environ-
ment [5]. Despite these challenges, agro-waste contains a wide range of
organic and inorganic compounds that can be valorised to produce
biomass, energy, and biofuels (Fig. 1) [5-7]. Therefore, integrating
agro-wastes into a circular economy framework represents a promising
strategy for sustainable biomass production and the generation of
high-value by-products. This approach aligns with several United Na-
tions Sustainable Development Goals (SDGs), including “Affordable and
clean Energy”, “Responsible consumption and production” and “Life on
land” by supporting climate change mitigation and fostering the
development of sustainable industries [8].

An example of national agro-waste production was reported by Cioffi
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et al. [9]. Italy’s agro-industrial sector is characterized by diverse,
high-quality, and locally-rooted production systems that are difficult to
replicate elsewhere. The Italian agricultural landscape extends across
the entire country and is predominantly composed of small,
family-owned farms operating within highly seasonal production cycles.
Annually, Italy generates approximately 1.4 million tons of field resi-
dues, accounting for about 2.8% of total agro-waste production. In the
Italian agro-industrial sector - as in other countries - the definition of
"waste" is particularly important due to the wide variety of residues
generated during crop cultivation, harvesting, and processing.

1.2. Agro-waste integration in the circular economy approach: microalgae
cultivation

Agricultural activities generally produce four main categories of
waste: (i) crop residues (e.g., seed pods, leaf litter, husks, weeds, stems,
and straws); (ii) agro-industrial wastes (e.g., molasses, peels, pulps,
bagasse, and oils-seed cakes); (iii) livestock waste (e.g., dung, urine,
bedding materials, and droppings); and (iv) fruit and vegetable wastes
[3,10]. Each category is characterized by a distinct chemical composi-
tion, providing opportunities for integration into circular economy
framework through physicochemical and/or biotechnological processes
(Fig. 2).

Several studies have focused on the integration of agro-waste into
anaerobic digestion systems to enhance the biogas production, partic-
ularly through agro-waste co-digestion strategies [11-13]. In parallel,
recent research has highlighted the potential of agro-waste valorization
via fermentation processes employing various microorganisms, such as
bacteria, microalgae, and yeast to increase the yield of value-added
by-products within circular economy applications [14,15].

Among these approaches, microalgae cultivation has been exten-
sively investigated for the phytoremediation of wastewater [7,16] and
for the treatment of anaerobic digestion effluents [17,18]. However,
despite its promising potential for microalgae biomass production and
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biodiesel generation [6,19], the direct application of microalgae for
agro-waste treatment remains relatively underexplored.

1.3. Review purpose and methodological transparency

On these bases, the aim of this review is to provide an overview of the
chemical characterization of agro-wastes and to assess their potential
application as alternative substrates for microalgae cultivation. The use
of novel and alternative substrates in microalgae cultivation may
significantly reduce production cost, enhance the phytoremediation of
agro-wastes, and stimulate macromolecular accumulation or biomass
production suitable for biorefinery applications. In particular, in the
context of third-generation biofuel production, this review evaluates the
influence of agro-waste substrates on microalgal lipid accumulation and
fatty acid composition.

This review also identifies existing knowledge gaps and research
limitations related to the application of specific agro-wastes generated
in different countries, thereby encouraging the development of alter-
native agro-waste treatment strategies and the broader adoption of
circular economy approaches.

The integrative review was conducted using two major scientific
databases: Scopus® (Elsevier Properties S.A., USA) and ScienceDirect®
(Elsevier Properties S.A., USA). The analysis focused primarily on peer-
reviewed research articles published within the last decade
(2015-2025), which accounted for more than 95% of the selected
literature. The search strategy employed targeted keywords, including
‘microalgae,” the names of specific microalgal strains, agro-waste,” and
the names of individual agro-waste types.

A systematic screening process was applied to ensure the inclusion of
studies reporting both the chemical characterization of agro-wastes and
corresponding outcomes related to microalgal biomass production and
composition. Only studies involving the direct and consistent applica-
tion of agro-waste substrates in microalgae cultivation were considered.
Articles lacking sufficient methodological detail or quantitative results
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Fig. 1. Schematic circular economy approach in the of agro-waste integration using biotechnology approaches.
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Fig. 2. Agro-waste integration as alternative substrate for microalgae cultivation.

relevant to the objectives of this review were excluded.

Overall, this integrative review aims to synthesize the current state-
of-the-art on the use of agro-industrial residues as alternative substrates
for microalgae cultivation, highlighting their potential within circular
economy and biorefinery frameworks and their alignment with the
United Nations Sustainable Development Goals.

2. Crop residues

Crop residues play a significant role in enhancing soil fertility and
can be utilized as raw materials for biochar production. This application
improves soil carbon and nitrogen content, as well as water retention
capacity, thereby benefiting crop cultivation [20,21]. According to Seo
et al. [22], crop residues represent promising feedstock for the pro-
duction of biochar and a wide range of biofuels, including syngas,
biogas, hydrogen, furan-based fuels, bioethanol, bio-o0il, and biodiesel.
Biochar derived from crop residues can be applied in agriculture as a
substitute for coal and as a multifunctional component in biofuel pro-
duction, serving as a pH-buffering agent, support matrix, adsorbent, and
catalyst.

However, the chemical composition of crop residues strongly in-
fluences their suitability for specific applications. For instance, residue
composition can affect soil pH- typically ranging from 5 to 6.5 - as well
as carbon, nitrogen, and phosphorous contents [23]. The chemical
specificity and structural characteristics of different plant types directly
impact biochar yield and quality. Seo et al. [22] reported that acid
washing of rice straw biochar reduced its yield from 37% to 33%.

Similarly, hydrothermal carbonization was negatively affected by the
formation of carbonaceous microspheres, which clogged biochar pores
and required additional downstream processing. Comparative analysis
of biochars showed differences in nutrient release efficiency, with rice
straw outperforming millet straw, sorghum stalk, and corn stalks.
Interestingly, despite higher carbon, nitrogen, and phosphorous con-
tents (Table 1), corn stalk-derived biochar did not exhibit a strong
fertilization effect [23].

Crop residues can also be utilized in anaerobic co-digestion processes
with animal waste to produce biomethane, thereby overcoming limita-
tions associated with dry digesters, such as low methane yields and
system instability. However, pretreatment is often required to enhance
the biodegradability of lignocellulosic materials. Biotechnological pre-
treatment strategies include enzymatic treatments and pre-fermentation
using fungi or microbial consortia to degrade hemicellulose, cellulose,
and lignin [26,28].

Anaerobic digestion only partially converts agro-waste into biogas,
leaving residual biomass and metabolic intermediates in the resulting
digestate. Due to its chemical composition, digestate requires further
treatment, as high levels of soluble chemical oxygen demand, ammonia,
and potentially hazardous substances (e.g. heavy metals) limit its
environmental release. Nonetheless, digestate can be employed as an
alternative substrate for microalgae cultivation, promoting biomass
production while enabling phytoremediation (Fig. 3) [17,29].

Co-digestion of crop residues with animal manure enhances methane
yield by balancing substrate composition. However, this process is
sensitive to of protein and lipid contents, which can affect hydrolysis

Table 1
Chemical composition and production of crop residues.
C (%) N (%) P (%) Hemicellulose Cellulose Lignin Total residues per Ref.
(%) (%) year
Rice straw 40.13 - 0.45 — 0.31 - 21.64 31.12 22.34 209.2 (Kt) [23-26]
40.74 0.79 1.97
Millet straw 35.27 0.34 0.3 n.d. n.d. n.d. 8491-8550 (t) [23,26]
Sorghum stalks 33.11 0.27 0.42 19.4 35.4 10.3 n.d. [23,25]
Corn stalks 43.8-47.6 0.55 - 0.58 — n.d. n.d. n.d. 3144.1-10107 (Kt) [23,24,
1.00 0.95 26]
Wheat straw 42.1 0.60 0.45 18 36 16 0.7 - 22,218 (Kt) [24-26]
Cotton stalk 45.83 1.12 1.40 n.d. n.d. n.d. n.d. [24]
Rape stalk 42.93-45.3 0.5-0.77 0.78 n.d. n.d. n.d. n.d. [24,27]
Miscanthus 46.2 0.5 n.d. n.d. n.d. n.d. n.d. [27]
Pea, Alfaalfa, potato, red clover, mustard, 38.9-46.4 1.0-2.6 n.d. n.d. n.d. n.d. n.d.
sugar beet
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Fig. 3. Coupled biological treatment of crop residues and manure through anaerobic digestion and microalgae cultivation.

rates or induce inhibitory effects under certain conditions [30].
3. Agro-industrial wastes

Agro-industrial wastes commonly include molasses, peels, pulps,
bagasse, and oilsseed cakes. Among these, molasses is a major byproduct
of sugarcane and sugar beet processing and is widely employed in
biotechnological applications as a cost-effective and highly fermentable
carbon source (Table 2) [31]. Although molasses is typically associated
with sugarcane and sugar beet industries, it can also be derived from
other plant materials. For instance, pomegranate molasses - a traditional
Middle Eastern syrup - is produced by concentrating pomegranate juice
through boiling [32].

The high sugar content of molasses make it an economical substrate
for fermentation processes. However, untreated waste molasses is often
discarded, raiseng serious environmental concerns due to its acidic pH,
high chemical and biochemical oxygen demand, and dark coloration
[33]. Despite these drawbacks, molasses has demonstrated considerable
potential in the production of bioethanol and amino acids using yeast.
Based fermentation systems, nevertheless, the presence of inhibitory
compounds generally necessitates substantial dilution prior to its use
[33].

As substrate for microalgae cultivation, molasses represents an
affordable carbon source, with sugars accounting for approximately
48% of its composition. In addition, molasses contains nitrogenous
compounds, vitamins, and trace elements that can support microalgal
biomass growth and the accumulation of high-value secondary metab-
olites [33,39]. Microalgal responses to sugars such as glucose, fructose,
sucrose, and xylose are strain-dependent (Table 3). Certain carbon
sources can enhance the intracellular acetyl-CoA and malonyl-CoA
pools, thereby promoting lipid accumulation [40]. However, excessive
sugar supplementation may induce “glucose bleaching”, characterized
by a reduction in chlorophyll content and impaired photosynthetic ac-
tivity [41].

At metabolic level, glucose and fructose are converted into
glyceraldehydes-3-phosphate, a key intermediate in both the pentose
phosphate pathway and the Embden-Meyerhof-Parnas (EMP) pathway.

Table 2
Characterization of molasses.

In contrast, disaccharides such as sucrose and lactose are more difficult
for many microalgal species to metabolize. Since sucrose is the dominant
sugar in molasses, hydrolysis is often required as a pretreatment step to
improve its bioavailability for microalgal fermentation. Nonetheless,
some microalgal strains, such as Coalastrella sp., are capable of directly
utilizing disaccharides. Consequently, current research increasingly fo-
cuses on identifying such strains or developing cost-effective pretreat-
ment strategies to improve molasses integration into fermentation
processes [42].

In addition to liquid byproducts, agro-industrial wastes include a
substantial fraction of solid residues, such as de-oiled cakes generated
from sesame, cottonseed, peanut, and mustard processing. These resi-
dues are commonly used in animal feed; however, their high nitrogen,
ammonia, and phosphorus contents have prompted interest in their
application as substrates for microalgae cultivation.

Reports on the use of hydrolyzed solid agro-industrial residues
remain limited. Sadukha et al. [47] reported that Chlorella variabilis
exhibited growth inhibition when cultivated on mustard or sesame hy-
drolysates (0.30 g/L and 0.48 g/L, respectively), whereas cottonseed
and groundnut hydrolysates significantly enhanced biomass production
and lipid accumulation (1.23g/L, 1.01 g/L; 18% and 12%,
respectively).

These findings highlight the strain-specific responses of microalgae
to different agro-industrial substrates and underscore the potential of
agro-waste valorization to enhance biomass productivity and biochem-
ical composition. Further studies are required to optimize species-
specific cultivation strategies using selected substrates. Such ap-
proaches may also improve agricultural wastewater management and
enable small-scale producers to convert waste streams into valuable
resources, thereby supporting circular economy processes at the local
scale.

4. Livestock manure
According to the agricultural industry standard NYT 1168-2006,

livestock manure consists of a mixture of poultry and livestock feces,
bedding materials, urine, flushing water, and rainwater [48]. The

Cane molasses Beet molasses

Grape molasses

Apple molasses Pomegranate molasses Cherry molasses

Dry matter (%) 76.8 £ 1.0 77.6 £ 3.2 77.99 + 0.66
Crude Protein (%) 6.65 + 1.79 135+ 1.4 n.d.
Total sugar (%) 62.3 + 4.7 62.1 +3.9 60.70 + 0.14
Sucrose (%) 48.8 + 6.4 60.9 + 4.4 n.d.
Glucose (%) 5.29 + 2.69 0.28 + 0.48 29.73 +0.28
Fructose (%) 8.07 +2.83 0.29 + 0.30 30.96 + 0.15
[34] [35]

n.d. 68.50 - 74.50 72.60 - 72.79
3.05 - 4.01 0.95 42.87 - 50.83
64.04 - 76.53 16.57 55-80
n.d. n.d. n.d.
n.d. 64.80 n.d.
n.d. 71.50 n.d.
[36] [37] [38]
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Table 3
Microalgae cultivation on different sugars as substrates under mixotrophic conditions.
Microalgae strain Sugar Concentration Experimental set up Inhibition Dry weight Lipid Reference
(g/L) (%)
Chlorella sp. Y8-1 Fructose 1g/L Volume: 0.8 L No 0.30 5 [40]
Glucose Batch test: 12 days No 0.40 12
Sucrose No 0.45 24
Xylose Yes 0.20 7
Chlorella PCHO5 Xylose 20 mM Volume: 12 well microtiter plates containing No 0.2-0.45 5-10 [43]
Chlorella LBIH12 3.5mL
Chlorella LB1H10 Batch test: 17 days
Coelastrella sp. Glucose 5 g/L (28 mM) Volume: 250 mL No 2-3 n.d. [42]
KKU-P1 Fructose 5 g/L (28 mM) Batch test: 14 days No 3-4
Sucrose 5g/L (15 mM) No 1-2
Lactose 5 g/L (15 mM) Yes >1
Arabinose 5 g/L (33 mM) Yes >1
Xylose 5 g/L (33 mM) Yes >1
Real molasses Total sugar: 60.43% No 4.28 15
CO4: 0.04%
Desmodesmus sp. Xylose 3g/L Volume: 1 L No 1.17 10.5 [44]
Hemicellulose Diluted to had xylose Batch test: 6 days No 1.28 10.1
hydrolysate content of 3 g/L
Freshwater Glucose 2g/L Volume: 500 mL No 1.5 12-18 [45]
Chlorella sp. Batch test: 7 days
Marine Chlorella sp. 1.5 22-26
Nannochloropsis sp. 1.2 25-30
Chetoceros sp. 0.4 20-25
Marine Chlorella sp. Volume: 500 mL No 3.76-4.48 15.6-25.4
Nannochloropsis sp. Fed-batch (10 days), glucose fed every 2 days, 3.64-5.87 19.3-25.3
glucose concentration maintained at 2 g/L
Chlorella kessleri Glucose 2g/L Volume: 200 mL No 1.0 25 [46]
4g/L Batch test: 1.7 28
6 g/L 2.5 32.7
8g/L 3.0 32.0
10 g/L 3.6
12 g/L 4.0
15 g/L 4.4

chemical composition of animal manure highlights its strong potential
for integration into circular economy models, particularly for energy
and resource recovery. The increasing scale of animal husbandry -
especially in goat, sheep, cattle, swine, and poultry farming - has led to a
substantial rise in manure generation worldwide [49]. However,
manure production and composition variy significantly depending on
geographic region, livestock species, feed composition, and manage-
ment practices (Table 4).

Biotechnological applications of livestock manure include its con-
version into organic fertilizers through microbial fermentation. Fungi
and yeast have been employed to treat manure over periods of 7-12
days, producing high-quality organic fertilizers suitable for fields
application at rates of approximately 4 t/ha [57]. In addition, livestock
manure is widely used as a feedstock for composting, vermicomposting,
and emerging microalgae-based recovery systems [58].

Livestock manure is also a well-established substrate for anaerobic
digestion. Haque et al. [59] reported biogas yields of 0.250 m3/kgvs,
0.301 m3/kgys, and 0.222 m3/kgys, from cattle, goat, and poultry
manure, respectively, with corresponding methane yields of
0.163 m3/kgvs, 0.195 m3/kgvs and 0.144 m3/kgvs. Variations in biogas
production are influenced by factors such as bedding materials, animal
diet, and growth stage. Moreover, higher fiber and nitrogen contents
may inhibit anaerobic digestion, making manure particularly suitable
for co-digestion with substrates characterized by low nitrogen concen-
trations [60,61].

Fiber-rich livestock manure also shows potential as a feedstock for
bioethanol production following acid hydrolysis. Lung et al. [62]
demonstrated that acid hydrolysis sugar-rich substrates containing
xylose, arabinose, glucose, and galactose, suitable for fermentation.
Specifically, acid hydrolysis of dairy manure, feedlot cattle manure, cow
manure, and horse manure generated substrates containing 53-114%
pentoses relative to hemicellulose, up to 79% sugars per hemicellulose

Table 4
Livestock manure production and characteristics in different countries.
Geographical Waste type Production Characteristics Reference
area
Australia Cattle In 27 kg/day Moisture content [50]
feedlots 20-78%
Sheep 5-12 kg/t
Pig 108 kg/year
Bangladesh Buffaloes 17 kg/head/ Total solid 30% [51]
and cattle day
Sheep and 0.8 kg/head/ Total solid 25%
goats day
Poultry 0.045 kg/ Total solid 29%
head/day
China Pigs 1.02 x 102 [52]
kg
Korea Cattle 53 kg/head/ sCOD (g/kg) 22.5 [53-56]
USA Manure day TS (g/kg)
Japan 200-310
VS (g/kg)
150-235.3
TN (g/kg) 9.1
Pig Manure 4.5 kg/head/  sCOD (g/kg) 39.4
day TS (g/kg)
50-70.6
VS (g/kg)
45-56.5
TN (g/kg) 6.1
Chicken 0.3 kg/head/ sCOD (g/kg)
Manure day 32-97
TS /g/kg)
132-171
VS (g/kg) 55-75
TN (g/kg) 4

Note: sCOD: soluble chemical oxygen demand; TS: total solid; VS: volatile solid;
TN: total nitrogen.
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fraction, 15.9-25.4 g/L glucose, 8.6-9.5 g/L xylose, and overall sugar
contents up to 78.7%. Despite these potential, these alternative sub-
strates remain underexplored for bioethanol fermentation. Available
studies by Lee et al. [63], Vancov et al. [64], You et al. [65], and Yan
et al. [66] reported bioethanol concentration ranging from 7.3 to
18.9 gethanol/L, 10.6 Zethanol/L, and 9 gethanol/L using Saccharomyces
cerevisiae, Zymomonas mobilis ZMT2, and Pichia stipites, respectively.

More recently, biological treatment strategies have investigated
livestock manure as a substrate for microalgae cultivation. Livestock
manure and urine (LUM) are rich in ammonia, phosphorous, and organic
compounds which can stimulate microalgae growth. In South Korea,
LUM generation has been estimated at approximately 176,000 mfyy per
day [67]. Conventional disposal methods, such as direct land applica-
tion, raise environmental concerns due to ammonia volatilization, ni-
trogen leaching, and risk of over-fertilization.

Microalgae-based LUM treatment systems can be implemented under
two main configurations: (i) direct microalgae cultivation on raw LUM,
or (ii) integration of microalgae cultivation within existing LUM treat-
ment facilities, coupled with biological treatment processes. Biomass
produced from LUM-based microalgae cultivation can be valorized for
biofuel production, including biodiesel and bioethanol. However, due to
the potential accumulation of contaminants such as heavy metals, xe-
nobiotics, and pathogenic microorganism (e.g., parasites, viruses, fungi,
and bacteria), this biomass is unsuitable for nutraceutical or animal feed
applications.

From an economic perspective, the use of LUM as a growth medium
significantly reduces microalgae biomass production costs. Lee et al.
[67] reported cost reductions from 14.6 to 13.8 USD/kg using conven-
tional photobioreactors and from 5.4 to 5.1 USD/kg using submerged
membrane photobioreactors, compared with cultivation in synthetic
BG-11 medium. Nevertheless, studies on the direct cultivation of
microalgae on untreated LUM remain limited [68,69]. An example of
the direct utilization was reported by Noor et al. [70], who cultivated
Chlorella vulgaris under mixotrophic conditions using poultry waste,
sewage sludge, and livestock manure. Compared with phototrophic
controls (87.5 mg/L biomass and 10.58% lipid content), treated cultures
showed increased biomass production (128.57 mg/L, 136.7 mg/L and
107.32 mg/L, respectively) and lipid accumulation (18.51%, 25.5% and
10.32%, respectively). Most studies, however, focus on microalgae
cultivation using digestate obtained after anaerobic digestion. Digestate,
enriched in ammonia, phosphorus and soluble chemical oxygen demand
(sCOD), provides an optimal growth medium for microalgae. Several
authors, including Chang et al. [71], Cicci et al. [7], and Lopez-Sanchez
et al. [72], have reported effective digestate phytodepuration accom-
panied by enhanced biomass production and the generation of
high-value secondary products. Consequently, coupled biological sys-
tem integrating anaerobic digestion and microalgae cultivation repre-
sent a promising strategy to improve biomass productivity, reduce
treatment costs, and strengthen circular economy implementation
within existing waste management infrastructures [73].

5. Fruit and vegetable wastes

The Food and Agriculture Organization of the United Nations (FAO)
estimated that approximately 14% of food produced globally was lost at
the post-harvest stage in 2019 [74]. This issue has significant economic
and environmental implications, resulting in income losses for farmers,
increased costs for consumers, and adverse environmental impacts,
including elevated greenhouse gas emissions and inefficient use of land
and water resources. Food waste represents a substantial reservoir of
nutrients and bioactive compounds that can be recovered and valorized,
transforming waste streams into alternative raw materials and sup-
porting circular economy framework [73].

Globally, about 1.3 billion tons of food are lost annually during
production and processing. In Europe, nearly 50% of total food waste
consists of fruit and vegetable residues [75], primarily derived from
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roots and tubers, which account for approximately 45-50% of this
fraction [74]. Food waste generation is strongly influenced by regional
production systems and consumption patterns. On a global scale, the
annual distribution of food waste comprises cereals (19%), roots and
tubers (20%), fruits and vegetables (44%), and oilseeds and pulses (3%)
[73]. Food processing activities further contribute to fruit and vegetable
waste, which mainly includes peels, cores, seeds, stalks, and pulp, ac-
counting for approximately 30% of the total processed biomasses [76].

Fruit and vegetable wastes can be integrated into circular economy
models as alternative raw materials, in line with the United Nations
“Sustainable Development 2030” agenda [8,73]. These residues can be
reused in animal feed, nutritional products, and biorefinery processes
through technologies such as anaerobic digestion, fermentation, incin-
eration, pyrolysis, and gasification. In particular, their integration into
biotechnological processes has enabled the production of value-added
products, including biogas [17], bioethanol [77], biodiesel [78], exo-
polysaccharides [19], and polyhydroxyalkanoates [79].

In addition to energy and bioproduct generation, fruit and vegetable
wastes can be pre-treated to recover high-value bioactive compounds,
such as phenolic acids, anthocyanins, carotenoids, flavonoids, and
betalains. These compounds exhibit antioxidant, antimicrobial, anti-
browning, adsorbent, and indicator properties [80]. Their recovery
increasingly relies on innovative green extraction technologies. Studies
by Rodriguez Garcia et al. [81] and ‘Aqilah et al. [80] demonstrated that
techniques such as supercritical fluid extraction, pressurized liquid
extraction, pulsed electric field treatment, and ultrasound-assisted
extraction provide higher extraction yields, reduced processing times,
lower solvent consumption, and improved overall efficiency. These ad-
vantages facilitate the incorporation of recovered extracts into phar-
maceutical, cosmetic, and food industry applications. Nevertheless, such
extraction processes generate residual biomass that requires further
treatment to achieve complete circularity.

Food and vegetables wastes from agricultural production and pro-
cessing industries typically account for 20-40% of the total original
biomass and contain organic compounds suitable for fermentation to
produce high-value secondary products. Acidogenic fermentation has
been explored for lactic acid production using Bifidobacterium [82],
while high biological-value proteins have been produced using Pen-
icillum, Bacillus subtilis, Rhizopus oligoporus, or Fusarium flocciferum.
Additionally, carbohydrates and glycosidases have been obtained using
Aspergillus, Trichoderma, and Yarrowia species [83]. Other studies have
focused on f-carotene production using Blakeslea trispora [84] and bio-
ethanol production using Saccharomyces cerevisiae [85,86]. Typically,
yeasts, fungi, and bacteria are employed to ferment fruit and vegetable
wastes under aerobic or anaerobic conditions.

In recent decades, increasing attention has been given to the use of
fruit and vegetable wastes as substrates for microalgae cultivation
(Fig. 4, Table 5), particularly for the production of lipids, pigments, and
proteins.

Most studies have employed mixed fruit and vegetable waste
streams. Experimental evidence highlights strain-specific microalgal
responses to different substrates, largely driven by variations in sub-
strate chemical composition, which directly influence biomass growth
and biochemical profiles. For example, unbalanced media characterized
by high sugar content and nitrogen depletion may inhibit microalgal
growth. Scarponi et al. [19] demonstrated such strain-dependent
response using the liquid fraction of watermelon waste: Spirulina and
Chlamydomonas strains were inhibited, whereas Chlorella and Scene-
desmus strains exhibited enhanced biomass production compared with
control cultures. Substrate composition also affected lipid accumulation,
fatty acid profiles, and macromolecular storage patterns.

These findings underscore the importance of systematically
screening both microalgal strains and waste-derived substrates to
identify optimal combinations. Such evaluations are essential for
maximizing biomass productivity and tailoring biochemical composi-
tion, thereby strengthening the integration of fruit and vegetable waste
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Liquid fraction as substrate

Microalgae cultivation

Fig. 4. Fruit and vegetable liquid fraction waste as an alternative substrate for microalgae cultivation.

valorization within circular economy and biorefinery frameworks.
6. Biofuel production

The application of microalgae in waste treatment is primarily asso-
ciated with third-generation biofuel production. Techno-economic an-
alyses have shown that the production of 1 kg of lipids from Chlorella
vulgaris biomass costs approximately 480 USD under phototrophic
cultivation, compared with only 7.5 USD under heterotrophic condi-
tions. This substantial cost disparity is mainly attributable to the slower
growth rates observed under phototrophic conditions, in contrast to the
rapid biomass accumulation achieved when organic carbon sources are
supplied. However, for microalgae-derived biodiesel to be commercially
viable, a market price of approximately 2 USD/kg is required, with a
target production cost of around 1 USD/kg. At present, the production
cost of microalgal biodiesel remains relatively high, ranging between 4
and 5 USD/kg [18,94]. Consequently, the identification of alternative
substrates capable of enhancing biomass productivity and lipid accu-
mulation is critical to reducing overall production costs. In addition, to
ensure suitability for biodiesel application, the final product must
comply with the European standard EN 14214 (Table 6) [95]. One of the
major challenges associated with microalgae-derived biodiesel is the
high linolenic acid content (> 12%) commonly observed in microalgae
lipid profiles, which exceeds the permissible limit for biodiesel feed-
stocks. As a results, pretreatment or process optimization steps are often
required to reduce linolenic acid levels prior transesterification [17].

Total lipid content and fatty acid composition play a pivotal role in
determining the sustainability, fuel quality, downstream processing re-
quirements, and marked value of microalgae-based biodiesel. Accord-
ingly, lipid quantification, yield optimization, and compositional
analysis are areas of intensive research. Biodiesel production is favored
by a high proportion of saturated and monounsaturated fatty acids,
which enhance oxidative stability and cold-flow properties [96]. As
summarized in Table 7, comparison of lipid content and fatty acid
composition across microalgal strains are challenging due to the het-
erogeneous nature of lipid profiles, which are strongly influenced by
substrate type, strain selection, and cultivation conditions.

The substrate composition has a decisive impact on lipid biosynthesis
pathways in microalgae, although the underlying metabolic mecha-
nisms are not yet fully understood. In general, microalgal lipid synthesis
proceed via two main pathways: (i) acetyl-CoA carboxylase activity,
which catalyzes the conversion of acetyl-CoA to malonyl-CoA, and (ii)
fatty acid synthase activity, responsible for fatty acid chain elongation
[97]. Ma et al. [96] reported that hexose - the most abundant naturally
occurring carbohydrates - stimulate both biomass growth and lipid
accumulation through the pentose phosphate pathway, the
Embden-Meyerhof-Parnas pathway, and the Entner-Doudoroff pathway.

In addition, simple organic carbon sources such as glycerol and acetate
are readily assimilated and converted into glycerol-3-hosphate and
acetyl-CoA, respectively. In contrast, complex substrates such as cellu-
lose, starch, and sucrose require enzymatic hydrolysis prior to they
assimilation by microalgal cells. The supplementation of organic carbon
sources generally promotes lipid accumulation, although the magnitude
of this effect is highly strain-dependent and often modulated by stress
conditions, including nutrient limitation [98].

Based on the EN14214 specifications and the lipid compositions re-
ported in Table 7, the use of digestates or raw agro-wastes induced
distinct, strain-specific metabolic responses in microalgae. In several
cases, lipid yields and fatty acid profiles were favorable for biodiesel
production. In particular, substrates such as sweet sorghum bagasse
hydrolysate, carrot pomace, dairy wastewater, and watermelon liquid
fraction waste promoted lipid profiles compatible with EN14214 re-
quirements. Conversely, digestate-based cultivation sometimes resulted
in linolenic acid concentration exceeding the EN14214 threshold of
12%.

These findings reinforce the strain-specific responses previously re-
ported by Tan et al. [101] and Scarponi et al. [19]. To optimize biodiesel
production from waste-derived microalgal biomass, comprehensive
screening of both microalgal strains and waste substrates is essential.
Such screening should aim to maximize lipid accumulation while
tailoring fatty acid composition to meet EN14214 standards, thereby
enhancing the sustainability and commercial feasibility of
microalgae-based biodiesel.

7. Economic sustainability and future perspectives

As reported by Mata et al. [107], the microalgal biomass
productivity-rather than lipid content alone- is the primary determinant
of the economic sustainability of microalgae-based treatment processes.
Maximizing areal productivity enable full utilization process equipment,
thereby justifying capital investments and reducing the unit cost of the
final product cost. Assuming a stable lipid content of 30% and maxi-
mized biomass productivity, Mata et al. [107] estimated selling price of
approximately 1 EUR/kg for dry microalgal biomass and 2 EUR/L for
microalgal oil. These values were directly linked toincreased areal
productivity, which reduced the land area required for cultivation and
enhanced overall process profitability.

Freshwater and nutrient inputs, including CO, and fertilizers,
significantly affect biomass production cost. Biomass cultivated using
freshwater and synthetic nutrients resulted in a production cost of 5.57
EUR/kg, whereas partial substitution with wastewater (5%) reduced the
cost to 4.45 EUR/kg. However, increasing the wastewater fraction to
10%-20%) led to a decline in biomass productivity from 20 g/m?2/day to
9.19-12.97 g/m?/day, resulting in higher production costs ranging
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Table 5
Fruit and vegetable wastes used as culture media for microalgae cultivation and
the production of biomass and high-value secondary products.

Fruit and Microalgae Biomass Secondary Reference
vegetable strain production  high value
wastes product
production
Mango, Passion Lagerheimia 0.38 g/L Carbohydrate: [87]
fruit, melon, longiseta 11.98%
watermelon, Proteins:
banana, 55.76%Lipids:
pineapple, 19.38%
papaya, Monoraphidium 0.25 g/L Carbohydrate:
tomato, contortum 16.97%
peppers, Proteins:
eggplant, 49.08%Lipids:
chayote, 24.21%
potatoes, Scenedesmus 0.51 g/L Carbohydrate:
jerimum, quadricauda 18.08%
kale, chard, Proteins:
lettice, 59.15%Lipids:
cauliflower 10.62%
and onion
bio-compost
Banana, peels Pretreatment 0.13-0.68 Carbohydrate: [88]
and pomace, using 5% g/L 0.11-0.45 mg/
papaya, Bacillus flexus; mLProteins:
pineapple, Oscillatoria 2.02-2.08 mg/
potato, sancta mLLipids:
cucumber, 1.03-1.08 mg/
pumpkin and mL
radish
compost
Onion peels, Asterarcys sp. 0.96 g/L Lipid: 20% [89]
garlic peels, SPC
brinjal waste Scenedesmus sp. 0.96 g/L Lipid: 20%
and pumpkin KT-U
wastes extract
Mango, banana, Chlorella sp. 46.50- Lipid: 9.20- [90]
apple, 65.56x10°  15.60 mg/L
tomato, plum, cells/mL/
melon, day
orange,
tangerine,
grapes,
strawberry,
cherimoya,
pear,
pineapple,
peach and
cucumber
centrifugated
or
homogenized
Banana peeland  Monoraphidiuml 1.05 g/L Lipid: 14000 [91]
sweet lime sp. RFU (relative
peel fluorescence
units)
Carotenoids:
11 pg/mL
Watermelon Scenedesmus sp. 0.95 g/L Lipid: 13.54% [19]
liquid fraction ~ Chlorella sp. 0.37 g/L Lipid: 20.33 %
Rotten apple Spirulina 0.46-0.71 Protein: 53- [92]
platensis g/L 58%Lipid:
6.31-14.62%
Orange, Chlorella 3.16 g/L Lipid: 1.55 g/ [93]
pumpkin, sorokiniana LCarotenoids:
papaya peels 9.18 mg/L

from 6.87-9.69 EUR/kg. These findings further confirm the critical role
of biomass productivity in determining economic feasibility [108].
Economic assessments of waste-derived substrates for microalgae
cultivation have highlighted substantial potential benefits. Wu et al.
[109] reported that integrating food waste as a nutrient feedstock in
microalgae cultivation systems can enhance circular economy practices
in waste treatment while reducing raw material and unit production
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Table 6
EN14214 limits for biodiesel production from microalgal lipids [95].
Property Lower Upper
limit limit
FAME content (%m/m) 96.5 -
Viscosity at 40°C (mm?>/s) 3.5 5.0
Density at 15 °C (kg/m®) 860 900
Flash point (°C) > 101 -
Carbon residue remnant (%m/m) - 0.3
Sulfur content (mg/kg) - 10
Cetane number 51.0 -
Water content (mg/kg) - 500
Sulfated ash content (%m/m) - 0.02
Total contamination (mg/kg) - 24
Oxidation stability, 110°C (hours) 6 -
Acid valure (mg KOH/g) - 0.5
Iodine valure (%m,/m) - 12
Polyunsaturated (>=4 double bonds) methylester (%m/ - 1
m)
Linolenic acid methylester (%m,/m) - 12
Methanol content (%m/m) - 0.2
Monoglyceride content (%m/m) - 0.8
Diglyceride content, triglyceride content, free glycerine - 0.2
and total glycerine (%m/m)
Phosphorous content (mg/kg) - 4
Group I metals (Na+K) (mg/kg) and Group II metals - 5
(Ca+Mg)

costs up to 38%. Specifically, food waste integration reduced medium
costs to approximately 38-40 USD/m?, compared with 71.4 USD/m? for
conventional culture media. Similarly, microalgae cultivation coupled
with anaerobic digestion, using digestate as a fertilizer, demonstrated
favorable economic outcomes, producing approximately 4.3 kg/m® of
microalgal biomass. Under these conditions, any biomass selling price
exceeding 0.39 USD/kg was sufficient to offset the costs associated with
wastewater anaerobic digestion.

The use of digestates from agro-industrial, abattoir, and piggery ef-
fluents generated microalgae biomass value of 0.24 USD/m°, 0.83 USD/
m>, and 0.78 USD/m?, respectively. If this biomass were sold at price of
0.92 USD/kg, 0.41 USD/kg, and 0.51 USD/kg, respecitvelly, the
resulting economic credit could fully cover the costs of waste treatment
[110]. Furthermore, Dias et al. [111] reported that waste integration
reduced microalgae biomass production costs to as low as 1.68 EUR/kg
while simultaneously increasing biomass productivity.

European case studies further illustrate the economic potential of
microalgae cultivation. Hoque et al. [112] reported production costs of
approximately 12-13 EUR/kg for Scenedesmus almeriensis in tubular
photobioreactor in Spain at a scale of 200 t/year. In Italy, a 100 ha
Green Wall Panel system produced Tetraselmis suecica at a cost of 5.1
EUR/kg, with the potential to decrease to 3.2 EUR/kg under optimal
climatic conditions. These results are promising, particularly in light of
market projections indicating that the global microalgae market is ex-
pected to grow at a compound annual growth rate of 7.29%, reaching a
value of approximately 1.38 billion USD by 2032 (Future Business In-
sights, June 2025) [112].

Despite these encouraging trends, microalgal biomass production
costs remain highly dependent on effluent quality and the stability of
biomass productivity. While increasing biomass productivity often leads
to higher energy consumption per unit of biomass, the associated cost
increases can be economically sustainable only if technological ad-
vancements are implemented at industrial scale and a biorefinery
approach is adopted. Such an approach integrates the production of
biomass, energy, biofuels, and high-value bioproducts, thereby
improving overall process efficiency and profitability.

To achieve these goal, ongoing research efforts are focused on the
selection and development of novel microalgae strains, optimization of
abiotic conditions ti enhance lipid accumulation, improvement of pho-
tobioreactor design to maximize solar energy conversion efficiency,
optimization of CO: delivery, identification of alternative substrates to
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Table 7
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Total lipid content and fatty acid composition of microalgal biomass cultivated on different waste derived substrates.

%

Agro waste Microalgae Palmitic Linoleic Linolenic Palmitoleic Stearic Oleic acid Arachidic Total lipid Reference
strain acid acid acid acid (C16:1) acid (C18:1n9¢) acid
(C16:0) (C18:2n6) (C18:3n6 o (C18:0) (C20:4n6)
n3)
Orange, papaya Chlorella 47.9 12.76 0 7.54 1.8 4.98 0.4 0.15 [93]
and pumpkin sorokiniana
peels
Watermelon Chlorella sp. 0 0 0 0.86 38.41 9.51 0 20.33 [19]
Scenedesmus 0 1.35 0 4.47 18.54 32.33 0 13.54
sp.
Piggery manure Desmodesmus 2.58 0.08 0.77 1.42 11.05 1.59 0.16 23 [99]
Digested sp. 1.63 51.65 13.89 1.13 2.06 9.15 0.08 28
piggery
manure
Chicken manure Chlorella 24.62 26.76 17.07 2.72 1.74 8.08 0.72 [100]
vulgaris
Food processing Chlorella 15.6 17.2 28.7 11.5 4.5 9.8 0 10 [101]
digestate pyrenoidosa
Swine Chlorella 27.7 16.4 17.5 14.8 3.9 9.3 0 20
wastewater pyrenoidosa
digestate
Food processing Scenedesmus 11.8 18.5 15.9 5 10.1 26.2 0 15
digestate obliquus
Swine Scenedesmus 21.3 14.6 9.2 2.1 13.5 18.4 0 20
wastewater obliquus
digestate
Livestock Chlorella 9.4 3.3 0 2.6 2.6 0 0 18.51 [70]
manure vulgaris
Poultry waste 14.9 12.0 5.2 3.09 9.8 22.2 0.9 10.32
Sewage sludge 15.19 55.44 4.17 2.09 1.34 20.78 0 25.5
Red wine Chlorella 39.2 15.96 0.5 0.93 23.61 11.58 0 33.48 [17]
digestate vulgaris
White wine 27.89 52.35 0.53 4.48 2.75 7.83 0 20
digestate
Sweet sorghum Chlorella 25 5 3 0 5 60 0 42 [102]
bagasses vulgaris
hydrolysate
Food waste Scenedesmus 40.65 31.89 44.7 4 10.54 65.71 0 20 [103]
hydrolysate obliquus
Dairy Scenedesmus 19.5-23.7 5.8-7.1 3.2-3.6 3.5-4.3 5.8-6.8 44.4-49.7 0 31.23-36.12 [104]
wastewater sp.
Lipid-rich food Scenedesmus 43.54 34.27 45.38 6.16 11.06 69.64 0 25 [105]
waste obliquus
Carrot pomace Chlorella 15 10 55 7 5 20 0 40 [106]
vulgaris

increase biomass and lipid productivity, genetic engineering to promote
lipid biosynthesis and storage, and the development of environmentally
friendly lipid extraction and biodiesel production technologies [113].

8. Conclusion

Agro-industrial waste represents a valuable resource within circular
economy frameworks, offering promising substrates for the sustainable
production of high-value compounds through biotechnological pro-
cesses. Crop residues, agro-industrial byproducts, livestock manure, and
fruit and vegetable wastes can serve as effective alternative substrates
for microalgae cultivation, either with or without pretreatment. How-
ever, further research is required to optimize the integration of agro-
wastes into microalgae-based cultivation systems, particularly to eluci-
date strain-specific responses to different substrates and to enable suc-
cessful scale-up.

As highlighted in this review, agro-waste derived substrates can
significantly enhance the feasibility of integrating microalgae into bio-
refinery systems by modulating the biochemical composition of the
resulting biomass. In particular, microalgal lipid content and fatty acid
profiles are strongly influenced by substrate composition, thereby
affecting downstream applicability across multiple industrial sectors. In
accordance with the European Standard EN14214 for biodiesel

production, linolenic acid content must remain below 12% to ensure
fuel quality. Experimental evidence from innovative agro-waste-based
cultivation strategies demonstrates that appropriate strain-substrate
combinations can yield lipid profiles compliant with this standard.

Beyond biofuel applications, the presence of mono- and poly-
unsaturated fatty acids, proteins, carbohydrates, and pigments in
microalgal biomass enables its valorization in high-value markets,
including the pharmaceutical, nutraceutical, and food industries.
Despite significant progress in recent decades, additional research is
necessary to further optimize agro-waste-based microalgae cultivation
systems. Such efforts would facilitate the decentralization of biomass
production and promote localized cultivation strategies within agricul-
tural and food-processing sectors, ultimately strengthening the role of
microalgae in the development of a sustainable and -circular
bioeconomy.

CRediT authorship contribution statement

P. Scarponi: Writing — original draft, Investigation. L. Forti: Writing
— review & editing.



P. Scarponi and L. Forti

Funding

This research was made possible through funding from the European
Union-Next Generation EU, facilitated by the Ministero dell’Universita e
della Ricerca (MUR), PRIN2022, under the project titled ‘Biotechno-
logical synthesis of valuable Lipids and fatty acid derivatives from Agro-
food industrial Residues’(BioLAR), grant number 20223E9C8S.

Declaration of Competing Interest

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

References

[1]

[2]

[3

=

[4

=

[5

—

[6

—

[7

—

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

H. El-Ramady, E. Brevik, Y. Bayoumi, T. Shalaby, M. El-Mahrouk, N. Taha,

H. Elbasiouny, F. Elbehiry, M. Amer, N. Abdalla, J. Prokisch, S. Solberg, W. Ling,
An overview of agro-wate managment in light of the water-energy-waste nexus,
Sustainability 14 (23) (2022) 15717, https://doi.org/10.3390/su142315717.

A. Kaab, M. Sharifi, H. Mobli, A. Nabavi-Pelesaraei, K. Chau, Combined lifecycle
assessment and artificial intelligence for prediction of output energy and
environmental impacts of sugarcane production, Sci. Total Environ. 664 (2019)
1005-1019, https://doi.org/10.1016/j.scitotenv.2019.02.004.

B. Koul, M. Yakoob, M. Shah, Agricultural waste management strategies for
environmental sustinability, Environ. Res. 206 (2022) 112285, https://doi.org/
10.1016/j.envres.2021.112285.

S. Sumiyati, B. Samadikum, A. Widiyanti, M. Budihardjo, S. Al Qadar, A. Puspita,
Life cycle assessment of agricultural waste recycling for sustainable
environmental impact, Glob. J. Environ. Sci. Manag. 10 (2) (2024) 907-938.
(https://www.gjesm.net/article_ 709361.html).

L.Cantao Freitas, J. Barbosa, A.B.F.Caldas da Costa, R. Pinto, R. da Carvalho
Junior, From waste to sustainable industry: How can agro-industrial wastes help
in the development of new products? Resour. Conserv. Recycl. 169 (2021)
105466 https://doi.org/10.1016/j.resconrec.2021.105466.

P. Scarponi, M. Bravi, S. Manente, C. Cavinato, Evaluation of wine lees ultrasonic
cavitation as pre-tretment and its possible use as substrate for microalgae biomass
production, Algal Res. 86 (2025) 103929, https://doi.org/10.1016/j.
algal.2025.103929.

A. Cicci, P. Scarponi, C. Cavianto, M. Bravi, Microalgae production in olive mill
wastewater fractions and cattle digestate slurry: Bioremediation effects and
suitability for energy and feed uses, Sci. Total Environ. 932 (2024) 172773,
https://doi.org/10.1016/j.scitotenv.2024.172773.

A. Olabi, N. Shehata, E. Sayed, C. Rodriguez, R. Anyanwu, C. Russel,

M. Abdelkareem, Role of microalgae in achieving sustainable development goals
and circular economy, Sci. Total Environ. 854 (2023) 158689, https://doi.org/
10.1016/j.scitotenv.2022.158689.

E. Cioffi and B. Pizzicato, Design and Tools for the Transformation and
Valorization of Agro-Industrial Waste for the Made in ITaly Industries, vol. 48,
New york: Young-Gyun, G.; Cliff (Sungsoo), S., 2022, pp. 83-90. http://doi.org/1
0.54941/ahfe1002019.

S. Afolalu, E. Salwu, T. Ogedengbe, O. Joseph, O. Okwilagwe, M. Emetere,

O. Yusuf, A. Noiki, S. Akinlab, Bio-agro waste valorization and its sustainability in
the industry: a review, Int. Conf. Eng. Suistainable World (ICESW 2020) 1107 (1)
(2021) 1-11, https://doi.org/10.1088/1757-899X/1107/1/012140.

C.E.C. Alvarez, J. de Oliveira Notorio Ribeiro, P. Assemany, V. Santurban, From
agro-waste to biofuel: a critical review on biogas production, upgrading, and
utilization in intenal combustion engines in the Brazilian agroindustry, J. Braz.
Soc. Mech. Sci. Eng. 48 (39) (2026), https://doi.org/10.1007/540430-025-
05991-2.

L. Khantum, J. Nime, M. Alam, C. Saha, Co-digestion of poultry drippings with
maize cob for bioenergy and bio-fertilizer production, Fuel 386 (2025) 134270,
https://doi.org/10.1016/j.fuel.2024.134270.

A. Ayantokun, T. Matambo, C. Rashama, I. Van der Merwe, J. Van Niekerk,

A critical review of food waste and poultry manure co-digestion: an eco-friendly
valorization for sustainable waste management and biogas production, Front.
Sustain. Food Syst. 9 (2025), https://doi.org/10.3389/fsufs.2025.1695945.

F. Tornuk, P. Akman, Recent developments in the valorization of agri-food waste
and byproducts by fermentation, J. Sci. Food Agric. (2025), https://doi.org/
10.1002/jsfa.70160.

T. Riaz, X. Zeng, X. Ye, T. Yu, Z. Xia, T. Ahmad, M. Ashraf, R. Mozafarpour,

M. Khan, S. Ansar, R. Riaz, Y. Jin, X. Fu, Eco-efficient valorization of agri-food
and industrial waste into high-functionality microbial protein: bacteria, yeast,
and algae, Eur. Food Res. Technol. 252 (54) (2026), https://doi.org/10.1007/
500217-025-05015-2.

P. Scarponi, F. Frongia, M. Cramarossa, F. Roncaglia, L. Arru, L. Forti,
Bioremediation of Basil PEsto Sauce-Manufactured Wastewater by the Microalgae
Chlorella vulgaris Baij. and Scenedsmus sp, AgriEngineering 6 (2024)
1674-1682, https://doi.org/10.3390/agriengineering6020096.

P. Scarponi, V. Caminiti, M. Bravi, F. Izzo, C. Cavinato, Coupling anaerobic co-
digestion of winery waste and waste activated sludge with a microalgae process:

10

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Next Sustainability 7 (2026) 100273

Optimization of a semi-continuous system, Waste Manag. 174 (2024) 300-309,
https://doi.org/10.1016/j.wasman.2023.12.004.

J. Kim, J.-M. Jung, S. Jung, Y.-K. Park, Y. Tsang, K.-Y. Lin, Y.-E. Choi, E. Kwon,
Biodiesel from microalgae: Recent progress and key challenges, Prog. Energy
Combust. Sci. 93 (2022) 101020, https://doi.org/10.1016/j.pecs.2022.101020.
P. Scarponi, L. Fontana, F. Bertesi, V. D'Eusiano, L. Tassi, L. Forti, Preliminary
evaluation of watermetlon liquid waste as an alternative substrate for microalge
cultivation: a circular economy approach to the production of high-value
secondary products by chlorella vulgaris, scenedesmus sp., arthrspira platensis,
and Chla, Fermentation 10 (11) (2024) 582, https://doi.org/10.3390/
fermentation10110582.

K. Flower, P.P.N. Ward, N. Cordingley, Unevern crop residue distribution
influences soil chemical composition and crop yiels under long-term no-tillage,
Soil Tillage Res. 223 (2022) 105498, https://doi.org/10.1016/j.
still.2022.105498.

J. Seo, D. Tokmurzin, D. Lee, S. Lee, M. Seo, Y.-K. Park, Production of biochar
from crop residues and its application for biofuel production processes - an
overview, Bioresour. Technol. 361 (2022) 127740.

J.Y. Seo, D. Tokmurzin, D. Lee, S. Lee, M. Seo, Y.-K. Park, Production of biochar
from crop residues and its application for biofuel production processes - an
overview, Bioresour. Technol. 361 (2022) 127740, https://doi.org/10.1016/j.
biortech.2022.127740.

S. Coulibaly, M. Touré, A. Kouamé, I. Kambou, S. Soro, K. Yéo, S. Kone,
Incorporation of crop residues into soil: a practive to improve soil chemical
properties, Agric. Sci. 11 (2020) 1186-1198.

B. Fu, L. Chen, H. Huang, P. Qu, Z. Wei, Impacts of crop residues on soil health: a
review, Environ. Pollut. Bioavailab. 33 (1) (2021) 164-173, https://doi.org/
10.1080/26395940.2021.1948354.

A. Mohite, A. Jagtap, M. Avhad, A. More, Recycling of major agriculture crop
residues and its application in polymer industry: a review in the context of waste
to energy nexus, Energy Nexus 7 (2022) 100134, https://doi.org/10.1016/j.
nexus.2022.100134.

1. Adnane, H. Taoumi, K. Elouahabi, K. Lahrech, A. Oulmekki, Valorization of
crop residues and animal wastes: Anaerobic co-digestion technology, Heliyon 10
(2024) e26440.

G. Lashermes, S. Recous, G. Alavoine, B. Janz, K. Butterbach-Bahl, M. Ernfors,
P. Laville, N20 emissions from decomposing crop residues are strongly linked to
their initial soluble fraction and early C mineralization (p), Sci. Total Environ.
806 (4) (2022) 150883, https://doi.org/10.1016/j.scitotenv.2021.150883.

R. Kamusoko, R. Jingura, W. Parawira, Z. Chikwambi, Stratedies for valorization
of crop residues into biofuels and other value-added products, Biofuels Bioprod.
Bioref. 15 (6) (2021) 1950-1964, https://doi.org/10.1002/bbb.2282.

B. Lamolinara, A. Pérez-Marti nez, E. Guardado-Yordi, C. Guillén Fiallos,

K. Diéguez-Santana, G. Ruiz-Mercado, “Anaerobic digestate management,
environmental impacts, and techno-economic challenges, Waste Manag. 140
(2022) 14-30, https://doi.org/10.1016/j.wasman.2021.12.035.

J. Palatsi, M. Vinas, M. Guivernau, B. Fernendez, X. Flotats, Anaerobic digestion
of slaughterhouse waste: Main process limitations and microbial community
interactions, Bioresour. Technol. 102 (3) (2011) 2219-2227, https://doi.org/
10.1016/j.biortech.2010.09.121.

L. Jamir, V. Kumar, J. Kaur, S. Kumar, H. Singh, Composition, valorization and
therapeutical potential of molasses: a critical review, Environ. Technol. Rev. 10
(1) (2021) 131-142, https://doi.org/10.1080/21622515.2021.1892203.

L. El Hosry, C. Bou-Mitri, M. Dargham, M. Jaoudeh, A. Farhat, J. El Hayek, J. Bou
Mosleh, E. Bou-Maroun, Phytochemical composition, biological activities and
antioxidant potential of pomegranate fruit, juice and molasses: A review, Food
Biosci. 55 (2023) 103034, https://doi.org/10.1016/].fbi0.2023.103034.

D. Yan, Y. Lu, Y.-F. Chen, Q. Wu, Waste molasses alone displaces glucose-based
medium for microalgal fermentation towasrds cost-saving biodiesel production,
Bioresour. Technol. 102 (11) (2011) 6487-6493, https://doi.org/10.1016/j.
biortech.2011.03.036.

A. Palmonari, D. Cavallini, C. Sniffen, L. Fernandes, P. Holder, L. Fagioli,

1. Fusaro, G. Biagi, A. Formigoni, L. Mammi, Short communication:
characterization of molasses chemical composition, J. Dairy Sci. 103 (7) (2020)
6244-6249, https://doi.org/10.3168/jds.2019-17644.

A. Korkmaz, The effect of different concentration methods on the chemical
composition, functional and sensory attributes of molasses produced from grape
(Vitis vinifera L.) juice, Food Meas. 17 (2023) 2016-2028, https://doi.org/
10.1007/s11694-023-01808-9.

A. Kuscu, O. Bulantekin, The effect of production methods and storage on the
chemical costituents of apple pekmez, J. Food Sci. Technol. 53 (2016)
3083-3092, https://doi.org/10.1007/s13197-016-2281-1.

B. incedayi, C. Tamer, O. Copur, “A research on the compostion of pomegranate
molasses, J. Agric. Fac. Uludag Univ. 24 (2) (2010) 37-47.

V. Basar, A. Simsek, E. Turan, The thermal stability of phytochemicals and
physicochemical properties of kiraz and findik cherry laurel fruits (Laurocerasus
officinalis L.) and their molasses, J. Food 49 (3) (2024) 421-438, https://doi.org/
10.15237/gida.GD23141.

X. Wang, Z.-H. Qin, T.-B. Hao, G.-B. Ye, J.-H. Mou, S. Balamurugan, X.-Y. Bin,
J. Buhagiar, H.-M. Wang, C. Lin, W.-D. Yang, H.-Y. li, “A combinated regime and
carbon supply regulation strategy for microalgae-based sugar industry
wastewater treatment and low-carbon biofuel production to relise a circular
economy, Chem. Eng. J. 446 (4) (2022) 137422, https://doi.org/10.1016/j.
cej.2022.137422.


https://doi.org/10.3390/su142315717
https://doi.org/10.1016/j.scitotenv.2019.02.004
https://doi.org/10.1016/j.envres.2021.112285
https://doi.org/10.1016/j.envres.2021.112285
https://www.gjesm.net/article_709361.html
https://doi.org/10.1016/j.resconrec.2021.105466
https://doi.org/10.1016/j.algal.2025.103929
https://doi.org/10.1016/j.algal.2025.103929
https://doi.org/10.1016/j.scitotenv.2024.172773
https://doi.org/10.1016/j.scitotenv.2022.158689
https://doi.org/10.1016/j.scitotenv.2022.158689
https://doi.org/10.54941/ahfe1002019
https://doi.org/10.54941/ahfe1002019
https://doi.org/10.1088/1757-899X/1107/1/012140
https://doi.org/10.1007/s40430-025-05991-2
https://doi.org/10.1007/s40430-025-05991-2
https://doi.org/10.1016/j.fuel.2024.134270
https://doi.org/10.3389/fsufs.2025.1695945
https://doi.org/10.1002/jsfa.70160
https://doi.org/10.1002/jsfa.70160
https://doi.org/10.1007/s00217-025-05015-2
https://doi.org/10.1007/s00217-025-05015-2
https://doi.org/10.3390/agriengineering6020096
https://doi.org/10.1016/j.wasman.2023.12.004
https://doi.org/10.1016/j.pecs.2022.101020
https://doi.org/10.3390/fermentation10110582
https://doi.org/10.3390/fermentation10110582
https://doi.org/10.1016/j.still.2022.105498
https://doi.org/10.1016/j.still.2022.105498
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref20
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref20
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref20
https://doi.org/10.1016/j.biortech.2022.127740
https://doi.org/10.1016/j.biortech.2022.127740
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref22
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref22
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref22
https://doi.org/10.1080/26395940.2021.1948354
https://doi.org/10.1080/26395940.2021.1948354
https://doi.org/10.1016/j.nexus.2022.100134
https://doi.org/10.1016/j.nexus.2022.100134
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref25
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref25
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref25
https://doi.org/10.1016/j.scitotenv.2021.150883
https://doi.org/10.1002/bbb.2282
https://doi.org/10.1016/j.wasman.2021.12.035
https://doi.org/10.1016/j.biortech.2010.09.121
https://doi.org/10.1016/j.biortech.2010.09.121
https://doi.org/10.1080/21622515.2021.1892203
https://doi.org/10.1016/j.fbio.2023.103034
https://doi.org/10.1016/j.biortech.2011.03.036
https://doi.org/10.1016/j.biortech.2011.03.036
https://doi.org/10.3168/jds.2019-17644
https://doi.org/10.1007/s11694-023-01808-9
https://doi.org/10.1007/s11694-023-01808-9
https://doi.org/10.1007/s13197-016-2281-1
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref36
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref36
https://doi.org/10.15237/gida.GD23141
https://doi.org/10.15237/gida.GD23141
https://doi.org/10.1016/j.cej.2022.137422
https://doi.org/10.1016/j.cej.2022.137422

P. Scarponi and L. Forti

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

T.-S. Lin, J.-Y. Wu, Effect of carbon sources on growth and lipid accumulation of
newly isolated microalgae cultured under mixotrophic condition, Bioresour.
Technol. 184 (2015) 100-107, https://doi.org/10.1016/j.biortech.2014.11.005.
F. Valverde, J. Ortega, M. Losada, A. Serrano, Sugar-mediated transcriptional
regulation of the Gap gene system and concerted photosystem II functional
modulation in the microalga Scenedesmus vacuolatus, Planta 221 (2005)
937-952, https://doi.org/10.1007/500425-005-1501-0.

K. Thepsuthammarat, A. Reungsang, P. Plangklang, Microalga Coelastrella sp.
Cultivation on unhydrolyzed molasses-based medium towards the optimization of
conditions for growth and biomass production under mixotrophic cultivation,
Molecules 28 (8) (2023) 3603, https://doi.org/10.3390/molecules28083603.

G. Leite, K. Paranjae, A. Abdelziz, P. Hallenbeck, Utuilization of biodiesel-derived
glycerol or xylose for increased growth and lipid production by indigenous
microalgae, Bioresour. Technol. 184 (2015) 123-130, https://doi.org/10.1016/j.
biortech.2014.10.117.

M. Sartori, L. de Aratjo Pantoja, A. dos Santos, Evaluation of xylose assimilation
by a strain of desmodesmus sp. and the use of sugarcane bagasse hydrolysate as a
corbon source for algal biomass production, Waste Biomass.. Valoriz. (2025),
https://doi.org/10.1007/512649-025-02933-w.

B. Cheirsilp, S. Torpee, “Enhanced growth and lipid production of microalgae
under mixotrophic culture condition: effect of light intensity, glucose
concentration and fed-batch cultivation, Bioresour. Technol. 110 (2012)
510-516, https://doi.org/10.1016/j.biortech.2012.01.125.

X.-Y. Deng, X.-Y. Xue, B. Chen, P. Amah, D. Li, X.-L. Hu, K. Gao, Glucose addition-
induced changes in the growth and chemical compositions of a freshwater
microalga Chlorella kessleri, J. Chem. Technol. & Biotechnol. 94 (4) (2018)
1202-1209, https://doi.org/10.1002/jctb.5870.

S. Sadukha, R. Thomas, K. Anand, T. Bhaliya, J. Nayak, K. Singhal, A. Ghosh,
R. Dineshkumar, Strategic Agro-Waste Valorization for Sustainable Production of
Bioactives and Biofuel by Marine Microalgae, Waste Biomass.. Valoriz. 15 (2024)
5741-5753, https://doi.org/10.1007/5s12649-023-02362-7.

M. Park, J. Kim, Y.W. Hwang, B. Guillaume, A thematic review on livestock
manure treatment strategies focusing on thermochemical conversion, Environ.
Sci. Pollut. Res. 30 (52) (2023) 1-17, https://doi.org/10.1007/s11356-023-
30153-z.

V. Aravani, H. Sun, Z. Yang, G. Liu, W. Wang, G. Anagnostopoulos,

G. Syriopoulus, N. Charisiou, M. Goula, M. Kornaros, V. Papadokis, Agricultural
and livestock sector's residues in Gree & China: comparative qualitative and
quantitative characterization for assessing their potential for biogas production,
Renew. Suitainable Energy Rev. (2022) 111821, https://doi.org/10.1016/j.
rser.2021.111821.

J. Ramirez, B. McCabe, P. Jensen, R. Speight, M. Harrison, L. van den Berg,

1. O'Hara, Wastes to profit: a circular economy approach to value-addition in
livestock industries, Anim. Prod. Sci. 61 (2021) 541-550, https://doi.org/
10.1071/AN20400.

K.Nazmul Islam, T. Sarker, F. Taghizadeh-Hesary, A. Atri, M. Alam, Renewable
energy generation from livestock waste for a suitanable circular economy in
Bangladesh, Renew. Sustain. Energy Rev. 139 (2021) 110695, https://doi.org/
10.1016/j.rser.2020.110695.

Y. Wang, Y. Zhang, J. Li, J.-G. Lin, N. Zhang, W. Cao, Biogas energy generated
from livestock manure in China: Current situation and future trends, J. Environ.
Manag. 297 (2021) 113324, https://doi.org/10.1016/j.jenvman.2021.113324.
R. Kadam, S. Jo, J. Lee, K. Khanthong, H. Jang, J. Park, A review on the anaerobic
co-digestion of livestock manures in the context of sustainable waste
management, Energies 17 (3) (2024) 546, https://doi.org/10.3390/en17030546.
G. Baek, D. Kim, J. Lim, H. Kim, C. Lee, Treatment of cattle manure by anaerobic
co-digestion with food waste and pig manure: methane yield and synergistic
effect, Int. J. Environ. Res. Public Health 17 (13) (2020) 4737, https://doi.org/
10.3390/ijerph17134737.

D.-Y. Cheong, J. Harvey, J. Kim, C. Lee, Improving Biomethanation of Chicken
Manure by Co-Digestion with Ethanl Plant Effluent, Int. J. Environ. Res. Public
Health 16 (24) (2019) 5023, https://doi.org/10.3390/ijerph16245023.

M. Daramy, R. Kawada, S. Oba, Alterations of the chemical compostions, surface
functionalities, and nitrogen structures of cage layer chicken manure by
carbonization to improve nitrogen bioavailability in soil, Agronomy 10 (7) (2020)
1031, https://doi.org/10.3390/agronomy10071031.

A. Bondarenko, L. Kachanova, Y. Kolosov, A. Shakhmurzova, A. Bittirov,
Biotechnological preparation of sewage and livestock manure from livestock
farms for the needs of horticulture, 2021, in: E3S Web of Conferences, 262,
ITEEA, 2021, p. 04005, https://doi.org/10.1051/e3sconf/202126204005. 2021.
A. Sadeghpour, R. Afshar, Livestock manure: From waste to resource in a circular
economy, J. Agric. Food Res. 17 (2024) 101255, https://doi.org/10.1016/j.
jafr.2024.101255.

M.A. Haque, A. Kabir, A. Hashem, A. Azad, M. Kamruj, J. Bhuiyan, M. Rahman,
Efficacy of biogas production from different types of livestock manures, Int. J.
Smart Grid 5 (4) (2021) 158-166.

B. Dhungana, S. Lohani, M. M, Anaerobic co-digestion of food waste with
livestock manure at ambient temperature: a biogas based circular economy and
sustainable development goals, Sustainability 14 (6) (2022) 3307, https://doi.
0rg/10.3390/su14063307.

X. Gao, X. Tang, K. Zhao, V. Balan, Q. Zhu, Biogas production from anaerobic co-
digestion of spent mushroom substrate with different livestock manure, Energies
14 (3) (2021) 570, https://doi.org/10.3390/en14030570.

S. Lung, N. Shetti, K. Reddy, M. Nadagouda, Y.-K. Park, T. Aminabhavi, E. Kwon,
Synthesis of different biofuels from livestock waste materials and their potential

11

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Next Sustainability 7 (2026) 100273

as sustainable feedstocks - A review, Energy Convers. Manag. 236 (2021) 114038,
https://doi.org/10.1016/j.enconman.2021.114038.

D.-J. Lee, J.H. Yim, S. Jung, M.-S. Jang, G.-T. Jeong, K.-H. Jeong, D.-H. Lee,

J. Kim, Y. Tsang, Y. Jeon, E. Kwon, Valorization of animal manure: a case study of
bioethanol production from horse manure, Chem. Eng. J. 403 (2021) 126345,
https://doi.org/10.1016/j.cej.2020.126345.

T. Vancov, R. Schneider, J. Palmer, S. McIntosh, R. Stuetz, Potential use of feedlot
cttle manure for bioethanol production, Bioresour. Technol. 183 (2015) 120-128,
https://doi.org/10.1016/j.biortech.2015.02.027.

Y. You, S. Liu, B. Wu, Y.-W. Wang, Q.-L. Zhu, H. Quin, F.-R. Tan, Z.-Y. Ruan, K.-
D. Ma, L.-C. Dai, M. Zhang, G.-Q. Hu, M.-X. He, Bio-ethanol production by
Zymomonas mobilis using pretreated dairy manure as carbon and nitrogen
source, R. Soc. Chem. 7 (2017) 3768-3779, https://doi.org/10.1039/
C6RA26288K.

Q. Yan, X. Liu, Y. Wang, H. Li, Z. Li, L. Zhou, Y. Qu, Z. Li, X. Bao, Cow manure as a
lignocellulosic substrate for fungal cellulase expression and bioethanol
production, AMB Expr. 8 (2018) 190, https://doi.org/10.1186/513568-018-
0720-2.

J.-C. Lee, B. Lee, K.H.-W. Kim, B.-H. Jeon, H. Lim, Techno-economic analysis of
livestock urine and manure as microalgal growth medium, Waste Manag. 135
(2021) 276-286, https://doi.org/10.1016/j.wasman.2021.09.005.

Y. Kam, K. Lee, U. Suparmaniam, M.R. Shamsuddin, J.W. Lim, S.I. Tan, B.L.

F. Chin, P.L. Show, M.K. Lam, Potential of Using Manure in Microalgae
Cultivation for Third Generation of Biofuel Production. Manure Technology and
Suistainable development, Springer Nature Singapore, Singapore, 2023,

pp. 85-105, https://doi.org/10.1007/978-981-19-4120-7_4.

C. Viegas, L. Gouveia, M. Gongalves, Bioremediation of cattle manure using
microalgae after pre-treatment with biomass ash, Bioresour. Technol. Rep. 14
(2021) 100681, https://doi.org/10.1016/].biteb.2021.100681.

T. Noor, A. Hussain, B. Deepanraj, A. Javid, M. Imran, Exploring Sustainable
Biofuel Production: Comparative Analysis of Microalgae Oil Yield and Fatty Acid
Composition Through Mixotrophic Cultivation on Agro-Industrial Wastes, Waste
Biomass.. Valoriz. 16 (2025) 3215-3226, https://doi.org/10.1007/s12649-024-
02845-1.

Y.-C. Chang, Y.-J. Pan, T. Huang, T.-H. Hsiao, L.-Y. Wei, T.-H. Hsu, Cultivation of
Brackish Water Microalgae fro Pig Manure Liquid Digestate Recycling,
Sustainability 15 (23) (2023) 16278, https://doi.org/10.3390/5u152316278.

A. Lopez-Sanchez, A. Silva-Galvez, J. Zarate-Aranda, C. Yerba-Montes, D. Orozco-
Nunnelly, D. Carrillo-Nieves, M. Gradilla-Hernandez, Microalgae-mediated
bioremediation of cattle, swine and poultry digestate using mono- and mixed-
cultures coupled with an optimal mixture design, Algal Res. 64 (2022) 102717,
https://doi.org/10.1016/j.algal.2022.102717.

Y. Zhu, Y. Luan, Y. Zhao, J. Liu, Z. Duan, R. Ruan, Current Technologies and Uses
for Fruit and Vegetable Wastes in a Sustainable System: A Review 12 (10) (2023)
1949, https://doi.org/10.3390/foods12101949.

FAO, The State of Food and Agriculture 2019, Mov. Forw. Food Loss Waste
Reduct. (2019).

V. De Laurentis, S. Corrado, S. Sala, Quantifying household waste of fresh fruit
and vegetables in the EU, Waste Manag. 77 (2018) 238-251, https://doi.org/
10.1016/j.wasman.2018.04.001.

J. Salas-Millan, E. Aguayo, Fermentation for Revalorisation of Fruit and
Vegetable By-Products: A Sustainable Approach Towards Minimising Food Loss
and Waste, Foods 13 (22) (2024) 3680, https://doi.org/10.3390/foods13223680.
LS. Choi, Y. Lee, S. Khanal, B. Park, H.-J. Bae, A low-energy, cost-effective
approach to fruit and citrus peel waste processing for bioethanol production,
Appl. Energy 140 (2015) 65-74, https://doi.org/10.1016/j.
apenergy.2014.11.070.

P. Scarponi, M. Bravi, C. Cavinato, Wine Lees as Alternative Substrate for
Microalgae Cultivation: New Opportunity in Winery Waste Biorefinery
Application 1 (3) (2023) 631-639, https://doi.org/10.3390/waste1030037.

M. Umesh, S. Sankar, B. Thazeem, Fruit Wastes as Sustainable Resources for
Polyhydroxyalkanoatea (PHA) Production. Bioplastics for Suistainable
development, Springer, Singapore, Roohi, 2021, https://doi.org/10.1007/978-
981-16-1823-9_7.

N. 'Aqgilah, K. Rovina, w Ling Felicia, J. Vonnie, A Review on the Potential
Bioactive Components in Fruits and Vegetable Wastes as Value-Added Products in
the Food Industry 28 (6) (2023) 2631, https://doi.org/10.3390/
molecules28062631.

S.L. Rodriguez Garcia, V. Raghavan, Green extraction techniques from fruit and
vegetable waste to obtain bioactive compounds - A review 62 (23) (2022)
6446-6466, https://doi.org/10.1080/10408398.2021.1901651.

Y. Wu, H. Ma, M. Zheng, K. Wang, Lactic acid production from acidogenic
fermentation of fruit and vegetable wastes, Bioresour. Technol. 191 (2015)
53-58, https://doi.org/10.1016/j.biortech.2015.04.100.

C. Sabater, L. Ruiz, S. Delgado, P. Ruas-Madiedo, A. Margolles, Valorization of
Vegetable Food Waste and By-Products Through Fermentation Processes, Front.
Microbiol. 11 (2020) 581997, https://doi.org/10.3389/fmicb.2020.581997.

P. Kaur, G. Ghoshal, A. Jain, Bio-utilization of fruits and vegetables waste to
produce beta-carotene in solid-state fermentation: Characterization and
antioxidanti activity, Process Biochem. 76 (2019) 155-164, https://doi.org/
10.1016/j.procbio.2018.10.007.

M. Khandaker, U. Abdullahi, M. Abdulrahman, N. Badaluddin, K. Mohd, Bio-
Ethanol Production from Fruit and Vegetable Waste by Using Saccharomyces
cerevisiae,” in. Bioethanol Technologies, IntechOpen, 2020, https://doi.org/
10.5772/intechopen.94358.


https://doi.org/10.1016/j.biortech.2014.11.005
https://doi.org/10.1007/s00425-005-1501-0
https://doi.org/10.3390/molecules28083603
https://doi.org/10.1016/j.biortech.2014.10.117
https://doi.org/10.1016/j.biortech.2014.10.117
https://doi.org/10.1007/s12649-025-02933-w
https://doi.org/10.1016/j.biortech.2012.01.125
https://doi.org/10.1002/jctb.5870
https://doi.org/10.1007/s12649-023-02362-7
https://doi.org/10.1007/s11356-023-30153-z
https://doi.org/10.1007/s11356-023-30153-z
https://doi.org/10.1016/j.rser.2021.111821
https://doi.org/10.1016/j.rser.2021.111821
https://doi.org/10.1071/AN20400
https://doi.org/10.1071/AN20400
https://doi.org/10.1016/j.rser.2020.110695
https://doi.org/10.1016/j.rser.2020.110695
https://doi.org/10.1016/j.jenvman.2021.113324
https://doi.org/10.3390/en17030546
https://doi.org/10.3390/ijerph17134737
https://doi.org/10.3390/ijerph17134737
https://doi.org/10.3390/ijerph16245023
https://doi.org/10.3390/agronomy10071031
https://doi.org/10.1051/e3sconf/202126204005
https://doi.org/10.1016/j.jafr.2024.101255
https://doi.org/10.1016/j.jafr.2024.101255
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref58
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref58
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref58
https://doi.org/10.3390/su14063307
https://doi.org/10.3390/su14063307
https://doi.org/10.3390/en14030570
https://doi.org/10.1016/j.enconman.2021.114038
https://doi.org/10.1016/j.cej.2020.126345
https://doi.org/10.1016/j.biortech.2015.02.027
https://doi.org/10.1039/C6RA26288K
https://doi.org/10.1039/C6RA26288K
https://doi.org/10.1186/s13568-018-0720-2
https://doi.org/10.1186/s13568-018-0720-2
https://doi.org/10.1016/j.wasman.2021.09.005
https://doi.org/10.1007/978-981-19-4120-7_4
https://doi.org/10.1016/j.biteb.2021.100681
https://doi.org/10.1007/s12649-024-02845-1
https://doi.org/10.1007/s12649-024-02845-1
https://doi.org/10.3390/su152316278
https://doi.org/10.1016/j.algal.2022.102717
https://doi.org/10.3390/foods12101949
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref73
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref73
https://doi.org/10.1016/j.wasman.2018.04.001
https://doi.org/10.1016/j.wasman.2018.04.001
https://doi.org/10.3390/foods13223680
https://doi.org/10.1016/j.apenergy.2014.11.070
https://doi.org/10.1016/j.apenergy.2014.11.070
https://doi.org/10.3390/waste1030037
https://doi.org/10.1007/978-981-16-1823-9_7
https://doi.org/10.1007/978-981-16-1823-9_7
https://doi.org/10.3390/molecules28062631
https://doi.org/10.3390/molecules28062631
https://doi.org/10.1080/10408398.2021.1901651
https://doi.org/10.1016/j.biortech.2015.04.100
https://doi.org/10.3389/fmicb.2020.581997
https://doi.org/10.1016/j.procbio.2018.10.007
https://doi.org/10.1016/j.procbio.2018.10.007
https://doi.org/10.5772/intechopen.94358
https://doi.org/10.5772/intechopen.94358

P. Scarponi and L. Forti

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

P. Gosavi, Y. Chaudhary, A. Durve-Gupta, Production of biofuel from fruits and
vegetable wastes, Eur. J. Biotechnol. Biosci. 5 (3) (2017) 69-73.

V. de Medeiros, T. Pimentel, R. Varandas, S. dos Santos, G. de Souza Pedrosa, C.
sa Costa Sassi, M. da Conceicao, M. Magnani, Exploiting the use of agro-industrial
residues from fruit and vegetables as alternative microalgae culture medium,
Food Res. Int. 137 (2020) 109722, https://doi.org/10.1016/j.
foodres.2020.109722.

S. Bala, D. Garg, U. Phutela, M. Kaur, S. Bhatia, Ocillatoria sancta cultivation
using fruit and vegetable waste furmulated media and its potential as a functional
food: assessment of cultivation optimization, Mol. Biotechnol. (2023) 1-19,
https://doi.org/10.1007/512033-023-00883-z.

R. Karpagam, N. Abinaya, R. Gnanam, Assortment of native microalgae for
improved biomass and lipid production on employing vegetable waste as a frugal
cultivation approach for biodiesel application, Curr. Microbiol. 78 (2021)
3770-3781, https://doi.org/10.1007/500284-021-02643-1.

M. Condori, M. Gutierrez, R. Oviedo, Valorization of nutrient from fruit residues
for the growth and lipid production of Chlorella sp.: a vision of the circular
economy in Peru, J. Appl. Phycol. 36 (2023) 101-111, https://doi.org/10.1007/
510811-023-03153-2.

K. Yadav, A. Singh, M. Rai, Cultivation of Monoraphidium sp. on fruit peels to
produce expedited lipids and carotenoids for the sustainable biorefinery, Vegetos
37 (2024) 556-565, https://doi.org/10.1007/542535-023-00674-6.

L. Mia, A. Habib, N. Hoque, S. Islam, M. Rahman, A. Al-Asif, A. Baten, M. Billah,
“A study on growth performance of Spirulina platensis in different concentrations
of rotten apple as a carbon source, Int. J. Excell. Innov. Dev. 2 (1) (2019) 29-40.
K. Yadav, M. Vashisht, M. Rai, Employing microalgae cultivation on fruits and
vegetable peel waste to produce biofuel, lutein, and biochar concurrently with
"Agro to Agro" algae biorefinery approach 32 (2025) 1415-1429, https://doi.org/
10.1007/s11356-024-35735-z.

K. Szulczyk, M. Cheema, S. Ziaei, The economic feasibility of microalga to
produce commercial biodiesel and reduce carbon dioxide emissions in Malaysia,
Algal Res. 68 (2022) 102871, https://doi.org/10.1016/j.algal.2022.102871.
UNI Ente Italiano di Normazione, “UNI EN 14214:2019 Prodotti petroliferi liquidi
- Esteri metilici di acidi grassi (FAME) per motori diesel e per impianti di
riscalgamento - Requisiti e metodi di prova,” 28 March 2019. [Online]. Available:
(https://store.uni.com/uni-en-14214-2019). [Accessed 09 April 2025].

X. Ma, Y. Mi, C. Zhao, Q. Wei, A comprehensive review on carbon cource effect of
microalgae lipid accumulation for biofuel production, Sci. Total Environ. 806
(2022) 151387, https://doi.org/10.1016/j.scitotenv.2021.151387.

F. Gao, H.-L. Yang, C. Li, Y.-Y. Peng, M.-M. Lu, W.-H. Jin, J.-J. Bao, Y.-M. Guo,
Effect of organic carbon to nitrogen ratio in wastewater on growth, nutrient
uptake and lipid accumulation of a mixotrophic microalgae Chlorella sp,
Bioresour. Technol. 282 (2019) 118-124, https://doi.org/10.1016/j.
biortech.2019.03.011.

H. Najafabadi, M. Malekzadeh, F. Jalilian, M. Vossoughi, G. Pazuki, Effect of
various carbon sources on biomass and lipid production of Chlorella vulgaris
during nutrient sufficient and nitrogen starvation conditions, bioreource Technol.
80 (2015) 311-317, https://doi.org/10.1016/j.biortech.2014.12.076.

G. Li, J. Zhang, H. Li, R. Huy, X. Yao, Y. Liu, Y. Zhou, T. Lyu, Towards high-quality
biodiesel production from microalgae using original and anaerobically-digested
livestock wastewater, Chemosphere 273 (2021) 128578, https://doi.org/
10.1016/j.chemosphere.2020.128578.

12

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Next Sustainability 7 (2026) 100273

T. Zhu, H. Jia, H. Zhang, Y. Xiao, C. Han, J. Yang, Effects of chicken manure
extract on the directed cultivation of bio-bait Chlorella vulgaris-rotifer
(Brachionus plicatilis) and thier fatty acid content, Aquaculture 581 (2024)
740387, https://doi.org/10.1016/j.aquaculture.2023.740387.

X.-B. Tan, Y.-L. Zhang, X.-C. Zhao, L.-B. Yang, S.-C. Yangwang, Anaerobic
digestates grown oleaginous microalgae for pollutants removal and lipids
production (p), Chemosphere 308 (1) (2022) 136177, https://doi.org/10.1016/j.
chemosphere.2022.136177.

N. Arora, G. Philippidis, Insights into the physiology of Chlorella vulgaris
cultivated in sweet sorghum bagasse hydrolysate for sustainable algal biomass
and lipid production, Sci. Rep. 11 (2021) 6779, https://doi.org/10.1038/541598-
021-86372-2.

A. Almutairi, Z. Al-Hasawi, A. Abomohra, Valorization of lipid food waste for
enhanced biodiesel recovery through two-step conversion: A novel microalgae-
integrated approach, Bioresour. Tachnology 342 (2021) 125966, https://doi.org/
10.1016/j.biortech.2021.125966.

A. Pandey, S. Srivastava, S. Kumar, Scendesmus sp. ASK22 cultivation using
simulated dairy wastewater for nutrient sequestration and biofuel production:
insight into fuel properties and their blends, Biomass.. Convers. Biorefinery 14
(2024) 3317, https://doi.org/10.1007/s13399-022-02596-w.

A. Almutairi, Maximizing energy recovery from food waste through integrated
microalgae harvest using lipid-rich particles followed by anaerobic digestion of
biomass residues, Biomass.. Bioenergy 197 (2025) 107850, https://doi.org/
10.1016/j.biombioe.2025.107850.

N. Tekin, B. Ergoriinlii, S. Karatay, G. Donmez, Enhanced lipid accumulation of
Chlorella vulgaris with agricultural waste under optimized photoheterotrophic
conditions, Biomass.. Convers. Biorefinery 13 (2023) 4183-4194, https://doi.
org/10.1007/513399-021-01793-3.

T. Mata, A. Mendes, N. Caetano, A. Martins, Sustainability and economic
evaluation of microalgae grown in brewery wastewater, Bioresour. Technol. 168
(2014) 151-158, https://doi.org/10.1016/j.biortech.2014.04.091.

R. Dias, M. Depra, C. de Menezes, L. Zepka, E. Japob-Lopes, Microalgae
Cultivation in Wastewater: How Realistic is This Approach fro Value-Added
Product Production? Processes 13 (2025) 2052, https://doi.org/10.3390/
pr13072052.

G. Wu, J. Chong, K. Khoo, D. Tang, P. Show, Upcycling food waste fro microalgae
cultivation toward lipid production in a closed-loop and system-integrated
circular bioeconomy, Biotechnol. Biofuels Bioprod. 18 (74) (2025), https://doi.
org/10.1186/s13068-025-02679-6.

S. Chaudry, Integrationg microalgae cultivation with wastewater treatment: a
peek into economics, Appl. Biochem Biotechnol. 193 (2021) 3395-3406, https://
doi.org/10.1007/5s12010-021-03612-x.

R. Dias, M. Dera, C. de Menezes, L. Zepka, E. Jacop-Lopes, Microalgae cultivation
in wastewater: How realistic is this approach for value-added product
production? Processes 13 (7) (2025) 2052, https://doi.org/10.3390/pr13072052.
M. Hoque, V. Iannelli, F. Padula, R. Radice, B. Saha, G. Martelli, A. Scopa,

M. Drosos, Microalgae: Green engines for achieving carbon sequestration, circular
economy, and environmental sustainability - a review based on last ten years of
research, Bioengineering 12 (9) (2025) 909, https://doi.org/10.3390/
bioengineering12090909.

G. Stephy, S. Surendarnath, G. Flora, K. Amesho, Microalgae for sustainable
biofuel generation: innovation, bottelnecks, and future directions, Environ. Qual.
Manag. 34 (3) (2024) €70019, https://doi.org/10.1002/tqem.70019.


http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref85
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref85
https://doi.org/10.1016/j.foodres.2020.109722
https://doi.org/10.1016/j.foodres.2020.109722
https://doi.org/10.1007/s12033-023-00883-z
https://doi.org/10.1007/s00284-021-02643-1
https://doi.org/10.1007/s10811-023-03153-2
https://doi.org/10.1007/s10811-023-03153-2
https://doi.org/10.1007/s42535-023-00674-6
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref91
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref91
http://refhub.elsevier.com/S2949-8236(26)00028-0/sbref91
https://doi.org/10.1007/s11356-024-35735-z
https://doi.org/10.1007/s11356-024-35735-z
https://doi.org/10.1016/j.algal.2022.102871
https://store.uni.com/uni-en-14214-2019
https://doi.org/10.1016/j.scitotenv.2021.151387
https://doi.org/10.1016/j.biortech.2019.03.011
https://doi.org/10.1016/j.biortech.2019.03.011
https://doi.org/10.1016/j.biortech.2014.12.076
https://doi.org/10.1016/j.chemosphere.2020.128578
https://doi.org/10.1016/j.chemosphere.2020.128578
https://doi.org/10.1016/j.aquaculture.2023.740387
https://doi.org/10.1016/j.chemosphere.2022.136177
https://doi.org/10.1016/j.chemosphere.2022.136177
https://doi.org/10.1038/s41598-021-86372-2
https://doi.org/10.1038/s41598-021-86372-2
https://doi.org/10.1016/j.biortech.2021.125966
https://doi.org/10.1016/j.biortech.2021.125966
https://doi.org/10.1007/s13399-022-02596-w
https://doi.org/10.1016/j.biombioe.2025.107850
https://doi.org/10.1016/j.biombioe.2025.107850
https://doi.org/10.1007/s13399-021-01793-3
https://doi.org/10.1007/s13399-021-01793-3
https://doi.org/10.1016/j.biortech.2014.04.091
https://doi.org/10.3390/pr13072052
https://doi.org/10.3390/pr13072052
https://doi.org/10.1186/s13068-025-02679-6
https://doi.org/10.1186/s13068-025-02679-6
https://doi.org/10.1007/s12010-021-03612-x
https://doi.org/10.1007/s12010-021-03612-x
https://doi.org/10.3390/pr13072052
https://doi.org/10.3390/bioengineering12090909
https://doi.org/10.3390/bioengineering12090909
https://doi.org/10.1002/tqem.70019

	Integration of agro wastes as an alternative substrate for microalgae cultivation: A review
	1 Introduction
	1.1 Agro-waste production
	1.2 Agro-waste integration in the circular economy approach: microalgae cultivation
	1.3 Review purpose and methodological transparency

	2 Crop residues
	3 Agro-industrial wastes
	4 Livestock manure
	5 Fruit and vegetable wastes
	6 Biofuel production
	7 Economic sustainability and future perspectives
	8 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	References


