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A B S T R A C T

The global demand for sustainable biofuels necessitates the valorisation of abundant, low-cost feedstocks such as 
whey, a major and highly polluting dairy industry by-product. This state-of-the-art review critically examines the 
use of wild-type oleaginous microorganisms (microalgae, yeasts, and bacteria) for converting whey into mi
crobial lipids suitable for biodiesel production, focusing on non-genetically modified strains. Our synthesis of 
current knowledge highlights that oleaginous yeasts (e.g., Cutaneotrichosporon oleaginosus) achieve the highest 
reported lipid yields, exceeding 38 g L− 1 with optimized whey permeate supplementation. Most importantly, 
literature evidence suggests that the best way to overcome the intrinsic nitrogen limitation of whey is two-stage 
fed-batch fermentation, which effectively decouples growth and lipogenesis, representing a significant technical 
advancement toward high lipid production. Furthermore, this review establishes that economic feasibility and 
environmental impact reduction are contingent upon a full biorefinery approach, integrating lipid production 
with the co-generation of valuable metabolites, such as proteins and polysaccharides. Collectively, this review 
establishes a comprehensive framework for leveraging robust wild-type oleaginous strains to shift whey valor
isation from an environmental liability to a competitive, circular bioeconomy strategy, provided that remaining 
scale-up and downstream processing bottlenecks are addressed.

1. Introduction

The global energy landscape is marked by escalating demand driven 
by population growth, industrialization, and economic development. 
Fossil fuels, which dominate the energy supply, are non-renewable and 
contribute significantly to greenhouse gas emissions, exacerbating 
climate change [1].

Global energy demand increased by 2% in 2024, reaching a record 
592 exajoules (EJ), with fossil fuels accounting for nearly 87% of the 
total energy mix [2]. The International Energy Agency (IEA) reported a 
1% increase in energy-related CO₂ emissions in 2024 alone [3]. These 
trends underscore the urgent need for alternative, sustainable energy 
solutions capable of reducing environmental impact while meeting 
global demand.

Biofuels have emerged as a promising renewable alternative to fossil 
fuels, showing significant growth in their contribution to the global 
energy sector. In 2022, biofuels accounted for over 3.5% of global 

transport energy demand, growing at nearly 6% annually, excluding the 
2020 Covid-19 pandemic period [4]. Forecasts suggest that by 2030, 
biofuels could represent 9% of transport energy demand in the Net Zero 
Emissions (NZE) Scenario [5]. Global biofuel production reached 960 
thousand barrels of oil equivalent per day in 2023, with projections to 
increase to 4570 thousand by 2028, indicating a 2.3% annual growth 
rate [6]. This expansion underscores the crucial role of biofuels in 
transition to a sustainable energy future.

Biofuel has evolved through four main generations, each distin
guished by its feedstock type and technological maturity. First- 
generation biofuels rely on food crops such as corn and sugarcane, 
raising ethical and sustainability concerns due to competition with food 
production. Second-generation biofuels utilize lignocellulosic biomass 
and agricultural residues, offering improved sustainability but requiring 
complex pre-treatment processes. Third-generation biofuels, derived 
from microorganisms such as yeasts, bacteria, fungi, and algae, provide 
a flexible approach by using non-food feedstocks and exhibiting high 
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lipid productivity. Fourth-generation biofuels, based on advanced bio
technologies such as carbon capture and genetic engineering, currently 
remain largely experimental [7].

Within the third generation, oleaginous microorganisms are of 
particular interest due to their ability to accumulate intracellular lipids 
under nutrient-limited conditions [8]. These microbial lipids can be 
converted into biodiesel through transesterification, representing a po
tential feedstock for sustainable fuel production [9]. A primary advan
tage of microbial systems is their ability to utilize low-cost, renewable 
substrates, including food waste and agro-industrial by-products. Uti
lizing such waste-derived matrices not only potentially lowers produc
tion costs, but also contributes to environmental protection by reducing 
the ecological footprint of organic waste disposal, thereby supporting 
circular bioeconomy models [10].

A particularly promising substrate in this context is whey, a by- 
product of cheese and dairy processing. Produced in large volumes 
worldwide, whey poses significant environmental challenges due to its 
high biological oxygen demand (BOD) and chemical oxygen demand 
(COD). However, it is also rich in nutrients (primarily lactose, proteins, 
and minerals) making it an excellent candidate for microbial fermen
tation [11]. Repurposing whey as a substrate for lipid-producing mi
croorganisms offers a dual benefit: mitigates the environmental burden 
of dairy waste and supports the development of cost-effective biofuel 
production systems.

This state-of-the-art review aims to critically evaluate recent de
velopments on microbial lipid production for biodiesel, using whey as 
fermentation substrate. Natural (non-genetically modified) microbial 
strains are evaluated due to their ecological robustness and potential for 
large-scale application. The review covers a wide range of inter
connected aspects, including whey characterization, microbial diversity, 
growth optimization, lipid biosynthesis pathways, downstream pro
cessing techniques and technoeconomic analysis. By integrating mi
crobial biotechnology with waste valorisation, this work explores 
sustainable solutions for renewable energy generation, while acknowl
edging the engineering challenges inherent in scaling up these 
processes.

2. Search procedure

A systematic literature search was conducted in Scopus (htt 
p://www.scopus.com), PubMed (http://www.ncbi.nlm.nih. 
gov/pubmed), and ScienceDirect (http://www.sciencedirect.com), 
covering the period from January 2000 to September 2025. The primary 
keyword “microbial biodiesel” was combined with secondary terms 
including “oleaginous microorganisms,” “de novo lipid synthesis,” 
“fermentation strategies,” “whey valorization,” and “biorefinery.” An 
initial search yielded 2669 publications, showing a significant research 
acceleration from 2016 to 2025 (1742 hits).

Peer-reviewed articles in English were included based on their 
technical relevance to lactose-to-lipid bioconversion. Studies focusing 
on ex novo synthesis (exogenous hydrophobic substrates) and grey 
literature (theses, conference proceedings) were excluded. Relevant 
data were extracted into a structured database focusing on: (i) microbial 
species (yeasts, microalgae, bacteria); (ii) substrate composition and C/ 
N ratios; (iii) fermentation configurations (batch, fed-batch, contin
uous); (iv) lipid yields and fatty acid profiles; and (v) downstream 
processing and co-product generation.

3. Whey as a substrate: production, composition, environmental 
impact, and suitability for oleaginous microorganisms

The increasing demand for food and the growing stringency of 
environmental regulations have made waste management a critical issue 
for the agri-food industry. The dairy sector, a fundamental component of 
the European food system, is a significant generator of organic residues 
[12]. Among these, cheese whey represents the most abundant by- 

product, resulting from the coagulation of milk during cheese 
manufacturing [13]. It is estimated that for every kilogram of cheese 
produced, approximately 9 to 10 L of whey are generated. In Italy alone, 
annual whey production reaches around six million tonnes (Fig. 1) [14]. 
Without appropriate management, this by-product poses substantial 
environmental risks due to its significant organic load and sheer volume.

Cheese whey retains approximately 85 to 95% of the original milk 
volume and holds roughly 55% of the milk's nutrient load, including 
lactose, proteins, minerals, and trace quantities of fat and vitamins. On 
average, it contains around 65.00 g L− 1 of total solids per litre [15,16]. 
Lactose is the dominant component, comprising approximately 44 to 
46% of the dry matter [17]. Its high lactose content, combined with the 
presence of soluble organic compounds, results in elevated BOD and 
COD, typically ranging from 30.00 to 50.00 g L− 1 and 60.00 to 80.00 g 
L− 1, respectively [18]. Consequently, untreated whey is a potent 
pollutant; its discharge into water bodies can lead to eutrophication, 
while land disposal (particularly in the case of acid whey) may cause soil 
acidification and long-term degradation [19].

Whey composition varies according to milk source, cheese variety, 
and processing methodology, but is generally classified into two cate
gories: sweet whey and acid whey [15,20]. Sweet whey results from 
enzymatic coagulation, typically using rennet during the production of 
cheeses like cheddar or parmesan [21]. It has a near-neutral pH 
(6.0–6.5) and typically contains 6–10 g L− 1 protein, 5–6 g L− 1 fat, 46–52 
g L− 1 lactose, and 2.5–4 g L− 1 minerals. Acid whey, produced by acid 
coagulation methods (either via bacterial fermentation or direct acid 
addition), has a lower pH (4.5–5.8), slightly less lactose, and a higher 
mineral content [21,22]. Fig. 1 illustrates the compositional profiles of 
these variants.

Managing whey, especially for small and medium-sized cheese pro
ducers, is often hindered by the substantial capital investment required 
for treatment infrastructure. Many facilities lack the technical capacity 
to convert whey into value-added products, leading to underutilization. 
Currently, approximately half of the whey produced by these dairies is 
transformed into powdered or condensed forms, while the remainder is 
frequently discarded [23]. Various physical, chemical, and biological 
treatments have been explored to mitigate environmental impacts and 
recover valuable resources.

Physical methods largely involve membrane-based technologies, 
such as microfiltration, ultrafiltration, nanofiltration, diafiltration, and 
electrodialysis, are commonly used to concentrate proteins, recover 
lactose, and reduce the organic load of the effluent. These techniques are 
especially effective when integrated into larger processing systems, but 
their cost and maintenance requirements often limit their adoption in 
small-scale operations [24].

Chemical treatments, on the other hand, are aimed at modifying the 
molecular structure of whey constituents. One widely studied reaction is 
the isomerization of lactose through the Lobry de Bruyn–Alberda van 
Ekenstein transformation, which can be catalyzed under acidic or basic 
conditions using agents such as sodium hydroxide, potassium hydroxide 
or calcium hydroxide [25]. In addition, coagulation and flocculation 
methods using compounds like aluminium sulphate, ferric chloride, or 
ferrous sulphate are employed to precipitate organic matter and reduce 
turbidity [26].

However, biological treatments are increasingly recognized for their 
versatility and potential sustainability. Both aerobic and anaerobic 
systems have demonstrated the ability to reduce the organic load of 
whey while enabling its conversion into useful compounds [12,27]. This 
biological approach provides a foundation for using cheese whey as a 
substrate in biotechnological processes. Its high lactose content makes it 
a suitable carbon source for microbial fermentation. As a result, it can be 
converted into a broad spectrum of bio-based compounds, ranging from 
traditional products like ethanol, lactic acid, and organic acids to higher- 
value substances such as enzymes, bacteriocins, and functional proteins 
[21].

In particular, the potential for transforming whey into biofuels has 
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gained significant attention in recent years. Through various microbial 
pathways, whey can be transformed into bioethanol, biogas, methane, 
hydrogen, and butanol [23,28]. Furthermore, specific microorganisms, 
such as oleaginous yeasts, can accumulate lipids when cultivated on 
whey-based media. These microbial lipids represent a technically viable 
precursor for biodiesel production, offering a renewable alternative to 
fossil fuels [29–32].

The valorisation of cheese whey through these strategies addresses 
environmental concerns while providing prospective economic oppor
tunities for the dairy sector. Transitioning from a linear to a circular 
production models may reduce waste and support sustainable bio
economy frameworks, although the widespread industrial adoption of 
these systems remains contingent upon overcoming existing engineering 
and logistical bottlenecks.

4. Wild-type oleaginous microorganisms for biodiesel 
production

Oleaginous microorganisms are a diverse group of microbes capable 
of accumulating substantial amounts of lipids (often exceeding 20% of 
their dry biomass) under certain growth conditions [8]. Under opti
mized growth parameters, including a high carbon-to‑nitrogen (C/N) 
ratio, certain species are capable of lipid accumulation constituting up to 
70% of their biomass by weight [33,34]. Lipids typically consist of un
branched fatty acids with chain lengths from 4 to 28 carbons [35]. These 
fatty acids may be either saturated or unsaturated, with the degree of 
unsaturation classified as monounsaturated (MUFA) or polyunsaturated 
fatty acids (PUFA) depending on the number of double bonds present 
[36].

These organisms, including various species of bacteria, yeasts, fungi, 
and microalgae, store lipids primarily as triacylglycerols (TAGs) in 
intracellular lipid bodies, which can be extracted and converted into 
biodiesel through transesterification [37]. Their ability to utilize low- 
cost substrates such as whey, positions them as potential key players 
in third-generation biofuel strategies, aiming to reduce reliance on food 
crops while simultaneously addressing waste management issues [31]. 
The choice between wild-type and genetically modified (GM) strains is 
governed by the specific requirements and economic constraints of the 
bioprocess. While GM strains frequently demonstrate higher specific 
lipid yields and faster lactose assimilation under optimized laboratory 
conditions, wild-type oleaginous microorganisms are often examined for 
their inherent metabolic plasticity and resilience when utilizing crude 
dairy side-streams [9,31]. Utilizing non-GM platforms avoids the 
metabolic burden associated with maintaining synthetic genetic cir
cuits—which can divert energy away from primary lipogenesis—and 

eliminates the costs of specialized selective agents, such as antibiotics or 
inducers, which are often technically difficult and expensive to manage 
at an industrial scale [38–40]. However, a primary technical challenge 
in optimizing wild-type lipid yields is the inherent ‘metabolic trade-off’ 
between biomass productivity and lipid accumulation; since lipogenesis 
is typically triggered by nitrogen limitation, it occurs only after the 
growth phase has slowed [41,42]. Achieving competitive titers thus 
demands precise, multi-stage control of environmental parameters to 
maximize cell density before inducing the metabolic switch [14,43]. 
While engineered strains may offer higher theoretical conversion rates 
in refined media, the operational stability of wild-type organisms is 
often superior when utilizing crude, heterogeneous substrates like 
cheese whey, where maintaining strict selective pressures is economi
cally unfeasible [9,44,45]. Table 1 summarizes studies investigating 
whey and various related dairy processing residues as substrates for lipid 
accumulation across different oleaginous microorganisms.

4.1. Oleaginous microalgae

Oleaginous microalgae are among the most promising candidates for 
sustainable biofuel production, combining high photosynthetic effi
ciency with minimal land requirements and rapid biomass accumulation 
potential [55]. Unlike conventional crops, microalgae are not restricted 
to a single nutritional strategy. Depending on the available resources, 
they can grow autotrophically, mixotrophically or heterotrophically, 
utilizing either inorganic carbon (CO₂) or organic carbon sources 
[56,57].

Lipid synthesis occurs mainly in the chloroplast and endoplasmic 
reticulum, where fatty acids are produced, assembled into glycerolipids, 
and stored as TAGs in oil bodies [58,59]. Under specific stress condi
tions, TAGs can reach up to 90% of the cell's dry weight, compared to a 
baseline range of 1–70% [60,61]. Nutrient limitation, particularly in 
nitrogen and phosphorus, is among the most effective triggers for lipid 
accumulation inducing a metabolic shift toward energy storage [62]. 
Furthermore, lower cultivation temperatures can promote the synthesis 
of unsaturated fatty acids [63]. Likewise, environmental pressures such 
as high light intensity, shifts in salinity or pH, and exposure to specific 
chemicals can prompt cells to store additional lipids as a protective 
strategy [64]. Controlled application of such stressors may allow for the 
optimization of lipid yields, although often at the expense of overall 
biomass productivity.

Recent research demonstrates the technical effectiveness of hetero
trophic and mixotrophic cultivation methods to improve microalgal 
biomass and lipid production. Morowvat & Ghasemi [65] showed that 
Chlorella vulgaris grown heterotrophically on glucose yields biomass and 

Fig. 1. Compositional Profile of Cheese Whey – Average, Sweet, and Acid Variants with Global and Italian Production Inset. The figure presents the compositional 
breakdown of whey (on a dry basis) across three variants: Average Whey, Sweet Whey (pH 6.0–6.5), and Acid Whey (pH 4.5–5.8). Each pie chart displays the mass 
percentages of the major components: Lactose, Proteins, Minerals, Lipids, and Others. The accompanying bar chart (inset) shows the comparative Annual Whey 
Production in Million Tonnes (Mt) for Global production versus production in Italy.
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Table 1 
Comparative data on oleaginous microorganisms grown on whey.

Microbial 
group

Microbial identity Substrate Biomass production 
(g L− 1)

Lipid production 
(g L− 1)

Organic load 
reduction 
(%)

Cultivation 
mode

References

Microalgae Scenedesmus obliquus BBM + 40% v v− 1 whey 
permeate (WP)

4.90 ± 0.20* 0.49*
Lactose rem.: 
54.40 (13 
days)

Mixotrophic
[46]

Lake water (LW) + 40% v 
v− 1 WP

3.50 ± 0.10* 0.37* – Mixotrophic

Scenedesmus spp. Pure cheese whey (1.5 g 
L− 1 lactose)

1.55 0.10 TOC rem.: 
67.6

Mixotrophic

[47]

Pure cheese whey (2.5 g 
L− 1 lactose)

3.51 0.08 TOC rem.: 
46.58

Mixotrophic

Pure cheese whey (3.5 g 
L− 1 lactose) 4.35 0.17

TOC rem.: 
54.60 Mixotrophic

Pure cheese whey (5 g 
L− 1 lactose)

5.50 0.15
TOC rem.: 
42.20

Mixotrophic

Cheese whey and salts 
(2.5 g L− 1 lactose)

4.27 0.15 TOC rem.: 
49.04

Mixotrophic

Pure cheese whey 
permeate (2.5 g L− 1 

lactose)
2.09 0.02 TOC rem.: 

45.71
Mixotrophic

Permeate and salts (2.5 g 
L− 1 lactose) 2.33 0.07

TOC rem.: 
59.90 Mixotrophic

Desmodesmus spp.
Cheese whey under 
controlled condition 
(CWCC)

9.03 4.00 – Mixotrophic

[48]
Cheese whey under 
environmental condition 
(CWEC)

10.37 2.37 – Mixotrophic

Yeasts Yarrowia lipolytica B9
Deproteinized whey 
under optimized non- 
sterile conditions

7.40 4.29 Lactose rem.: 
99.66 (120h)

Submerged 
batch

[49]

Yeasts Cystobasidium 
oligophagum JRC1

Untreated cheese whey 
(UCW) at 100% conc.

20.98 ± 0.36 4.57 ± 0.13 COD rem.: 
86.82 ± 0.07

Aerobic batch [50]

Cutaneotrichosporon 
oleaginosus

Whey permeate 
supplemented with YE 
and Urea + Mango Syrup 
(WPYESU+M)

84.0 ± 1.27 38.1 ± 1.00 –
Two-stage fed- 
batch [14]

Cryptococcus curvatus 
ATCC 20509

Treated second cheese 
whey

22.40 3.40 Lactose rem.: 
98.33

Batch

[51]

Cryptococcus curvatus 
NRRL-1511

Treated second cheese 
whey

20.60 3.20 Lactose rem.: 
98.33

Batch

Debaryomyces hansenii 
ACA-DC 5079

Treated second cheese 
whey 8.30 1.20

Lactose rem.: 
30.17 Batch

Papiliotrema laurentii 
NRRL Y-2536

Treated second cheese 
whey 22.00 1.20

Lactose rem.: 
96.67 Batch

Papiliotrema laurentii 
NRRL YB-3594

Treated second cheese 
whey

14.70 1.00 Lactose rem.: 
92.83

Batch

Fungi Mucor circinelloides Hydrolyzed whey 
permeate (HWP)

9.03 ± 0.74** 2.20 ± 0.25** Sugar cons.: 
83.37

Submerged 
batch

[52]

Bacteria Rhodococcus opacus 
PD630

Dairy wastewater +25% 
v v− 1 mineral salt media

~1.50 1.10
COD rem.: 
~93.00 (96 
h).

Fed-batch

[53]
Rhodococcus opacus 
PD630

Dairy wastewater +25% 
v v− 1 mineral salt media

~1.70 1.80
COD rem.: 
>99.00

Continuous

Rhodococcus opacus 
PD630

Dairy wastewater +25% 
v v− 1 mineral salt media ~4.00 3.40

COD rem.: 
~97.00

Continuous 
with cell 
recycling

Rhodococcus opacus 
PD630 Whey permeate 6.10 2.80 – Aerobic batch

[54]
Rhodococcus opacus 
MR22

Whey permeate 6.30 3.00 – Aerobic batch

Rhodococcus jostii 
RHA1

Whey permeate 1.80–2.90 <5% of cell dry weight – Aerobic batch

Bacteria
Rhodococcus opacus 
PD630

Deproteinized CW under 
optimized non-sterile 
conditions

7.40 4.29
Lactose rem.: 
99.66 (120 
h)

Submerged 
batch

[54]

Abbreviations used: Lactose rem., Lactose removal; TOC rem., Total Organic Carbon removal; COD rem., Chemical Oxygen Demand removal; BBM, Bold's basal 
medium; YE, Yeast Extract; CW, Cheese Whey. Process parameters: The following operational conditions represent the key cultivation variables reported for the 
respective study and strain in the literature, which includes temperature (T◦C), pH, rotational speed, aeration rate, inoculum size, and cultivation period. Microalgae 
(All Strains): Cultivation parameters include T◦C: 22.5–27 ◦C; pH: 6.4; rotational speed: 120–150 rpm; photoperiod: 12 h light/dark; aeration: 0.7 vvm; cultivation 
period: 7–13 days. Yeast (All Strains): Cultivation parameters include T◦C:15–30 ◦C; pH: 5.5–6.8; rotational speed: 150–180 rpm; cultivation period: 168 h. Fungi 
(Mucor circinelloides): Submerged batch fermentation at T◦C: 33.6 ◦C; pH: 4.5; rotational speed: 200 rpm; cultivation period: 7 days. Bacteria (All Strains): Cultivation 
parameters include T◦C: 28–30 ◦C; pH: 7; rotational speed: 250 rpm; aeration rate: 1 L min− 1; cultivation period: 100–120 h. Notes: * Data recorded at day 13 of 
cultivation; ** Data recorded at day 7 of cultivation.
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lipid content significantly higher than autotrophic cultures, though the 
high cost of refined glucose cost remains a primary economic limitation. 
This has driven interest in using low-cost, waste-derived substrates. 
Mixotrophic systems, which combine photosynthesis with organic car
bon assimilation, have a potential to enhance growth and productivity in 
large-scale applications [66]. Girard et al. (2014) showed that Scene
desmus obliquus cultivated mixotrophically on lake water enriched with 
(40% v v− 1) cheese whey permeate achieved higher growth rates and 
biomass than either heterotrophic or autotrophic cultures, partly 
through extracellular lactose hydrolysis. However, further optimization 
is still required to improve biomass yields and ensure complete sugar 
utilization.

Borges et al. (2016) found that while bio-oil production in Scene
desmus spp. was not enhanced using whey permeate alone, cultivation in 
raw cheese whey (2.5 g L− 1 lactose) supported both bio-oil production 
and organic load removal, underscoring the potential dual environ
mental and biotechnological benefits. Similarly, Abril Bonett et al. 
(2020) reported lipid production of 2.37 g L− 1 from Desmodesmus spp. 
grown on cheese whey under environmental conditions. Collectively, 
these studies emphasize the promising role of heterotrophic and mixo
trophic cultivation of microalgae, though economic and environmental 
advantages remain contingent upon the scaling of these integrated 
systems.

4.2. Oleaginous yeasts and fungi

Oleaginous yeasts represent a small but highly relevant subset of the 
yeast domain. Fewer than 30 species have been documented capable of 
accumulating lipids more than 20% of their cell dry weight [67]. Species 
most frequently associated with high lipid yields include Yarrowia lip
olytica, Rhodotorula glutinis, Rhodosporidium toruloides, Cryptococcus 
curvatus, and Lipomyces starkeyi [68]. These microorganisms store lipids 
primarily as TAGs, which typically constitute 80–90% of the total lipid 
fraction, while mono- and diacylglycerols generally comprising the 
remainder [69]. When hydrophilic carbon sources such as sugars or 
glycerol are converted into microbial lipids, the process depends on a 
nutrient imbalance. Specifically, induction of lipid biosynthesis in 
oleaginous yeasts is closely linked to the ratio between carbon avail
ability and other essential nutrients. When carbon substrates are present 
in excess and a key element (typically nitrogen) becomes limiting, 
metabolic flux is redirected away from protein synthesis toward TAGs 
deposition [70,71]. This metabolic shift increases overall lipid content 
and determines fatty acid composition. The resulting profile is typically 
enriched in palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), oleic 
(C18:1), and linoleic (C18:2) acids. Myristic (C14:0) and linolenic 
(C18:3) acids generally occur in smaller proportions [72]. However, in 
several cases, this nutrient imbalance favours the accumulation of 
storage endo-polysaccharides instead of lipids. Alternatively, cells may 
secrete low molecular weight metabolites (i.e. citric acid, polyols) into 
the growth medium [73,74].

From a bioprocess perspective, oleaginous yeasts combine rapid 
proliferation with metabolic versatility. They can utilize diverse carbon 
sources and suggest scalability for potential industrial fermentation. 
Recent studies demonstrate that cheese whey can serve as both an 
inexpensive feedstock and an environmental remediation strategy. 
Taskin et al. (2015) cultivated cold-adapted Y. lipolytica B9 on depro
teinized whey under optimized non-sterile conditions. The study ach
ieved biomass and lipid concentrations of 7.40 g L− 1 and 4.29 g L− 1, 
respectively. The 58% lipid content was dominated by monounsaturated 
C16 and C18 fatty acids, making it ideal for biodiesel in cold climates. 
Similarly, Vyas et Chhabra (2019) showed that Cystobasidium oligopha
gum JRC1 grown on deproteinized whey reached lipid contents of 44%. 
This process achieved >84% COD removal and produced fatty acid 
methyl esters (FAMEs) compliant with American Society of Testing and 
Materials (ASTM) and European Norm (EN) biodiesel standards. These 
findings underline the potential of whey-based yeast bioprocesses for 

waste valorization and high-quality single cell oil (SCO) production. 
Furthermore, the “industrial” strain C. curvatus ATCC 20509 (also 
known as Apiotrichum curvatum ATCC 20509, Cutaneotrichosporon ole
aginosus ATCC 20509 and Candida curvata D) has been reported to 
produce significant lipid quantities during growth on cheese whey in 
various fermentation configurations [51,75–77]. Other strains, such as 
C. curvatus NRRL Y-1511, have also proved capable of synthesizing yeast 
biomass containing variable amounts of storage lipids using this sub
strate [78,79].

Oleaginous fungi include various species, most of which fall within 
the Zygomycota phylum [80]. High-yielding examples include Mucor 
circinelloides, known for substantial lipid synthesis under aerobic, 
glucose-rich cultivation [81]. Other notable Zygomycota genera with 
oleaginous potential include but are not limited to Mortierella and 
Cunninghamella [29,80,82,83]. Additionally, several Aspergillus species 
within the Ascomycota phylum, such as A. terreus A. niger, and A. flavus, 
have demonstrated lipid contents exceeding 38% of biomass, with fatty 
acid profiles enriched in oleic and stearic acids [84,85]. A distinctive 
feature of these fungi is their ability to synthesize long-chain PUFAs of 
nutritional and pharmaceutical value alongside biodiesel-compatible 
lipids. These include docosahexaenoic acid (DHA), γ-linolenic acid 
(GLA), eicosapentaenoic acid (EPA), and arachidonic acid (ARA) [86].

Liquid cultures studies often report lower lipid yields than other 
systems [87]. These constraints have limited the use of oleaginous fungi 
on complex agro-industrial residues. Furthermore, literature regarding 
filamentous fungi grown on lactose or whey-based media is rare. This 
scarcity is due to the inability of many fungi to assimilate lactose 
[29,52,88–90]. Only recently has the potential for β-galactosidase pro
duction by Zygomycetes been studied [91]. The highest dry cell weight 
(DCW) reported for Zygomycetes on cheese-whey based media was 
achieved by Morteriella isabellina ATHUM 2935. This strain produced 
32.00 g L− 1 with approximately 25% lipid content. Further incubation 
increased DCW to 42.30 g L− 1, though lipid values were simultaneously 
reduced [29]. Additionally, Chan et al. (2018) demonstrated that 
M. circinelloides can grow on hydrolyzed whey permeate. This strain 
achieved 9.40 g L− 1 biomass and 24% lipid content at 33.6 ◦C. In this 
case, the lipid fraction was dominated by oleic and palmitic acids. The 
relatively high γ-linolenic acid content indicates potential for both 
biodiesel production and nutraceutical applications [52].

4.3. Oleaginous bacteria

Although oleaginous bacteria produce TAGs, their application in 
biodiesel production remains less prevalent than that of microalgae and 
yeasts [31]. While most bacterial species store energy and carbon re
serves as polyhydroxyalkanoic acids, a specific subset is capable of 
accumulating substantial lipid quantities [92]. Among Gram-positive 
strains, notable TAGs producers include Rhodococcus opacus, Acineto
bacter calcoaceticus, and related Acinetobacter spp. [93], which have been 
reported to reach up to 87% oil content in dry biomass. Other taxa with 
oleaginous potential include Streptomyces, Bacillus, Mycobacterium, Ser
ratia, Dietzia, Gordonia, and Nocardia [39,94]. In contrast, TAGs accu
mulation in Gram-negative bacteria remains insufficiently characterized 
for bioprocess development [95].

Bacteria can metabolize a wide range of carbon sources. Although 
glucose supports efficient lipid accumulation, its high price limits eco
nomic feasibility for large-scale production [96]. A more sustainable 
strategy involves the utilization of low-cost industrial or agricultural 
residues, provided they can support high-density growth. Dairy industry 
by-products represent potential substrates in this context. Gupta et al. 
(2018) demonstrated that R. opacus cultivated on dairy wastewater 
achieved its highest lipid yield (3.40 g L− 1 with 97% COD removal) 
when operated in a continuous culture with cell recycling. This config
uration outperformed both fed-batch (1.10 g L− 1) and standard 
continuous (1.80 g L− 1) modes due to enhanced biomass retention. 
However, it should be noted that maintaining cell-recycling systems at 
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an industrial scale introduces significant operational complexity. Like
wise, Behera et al. [97] reported that strain DS-7, isolated from dairy 
effluent scum, could accumulate lipids up to 72% of its biomass when 
grown on dairy wastewater. Cheese whey has also been investigated as a 
substrate by certain Rhodococcus species; Herrero & Alvarez (2016) 
found that R. opacus produced 6.10–6.30 g L− 1 biomass with 45–48% 
lipid content from whey. This performance far exceeding the <5% lipid 
yields of the other rhodococcal strains tested (R. jostii, R. erythropolis, R. 
fascians, and R. equi).

5. Lipid synthesis in wild-type oleaginous microorganisms: de 
novo and ex novo pathways

Oleaginous microorganisms synthesize TAGs through two main 
metabolic routes: de novo and ex novo synthesis [34]. In the de novo 
pathway, lipid accumulation is triggered by an excess of carbon along
side a deficiency of nitrogen or other key nutrients such as phosphorus, 
magnesium, or trace metals [98,99]. The metabolic transition from 

lactose uptake to TAG accumulation is illustrated in Fig. 2. Nitrogen 
limitation is particularly effective. It halts cell proliferation and diverts 
metabolic flux toward storage lipid formation [100]. Under these con
ditions, Adenosine monophosphate (AMP) deaminase activity releases 
ammonium (NH4

+) from AMP. This lowers intracellular AMP levels, 
which in turn inhibits isocitrate dehydrogenase (ICDH) within the 
tricarboxylic acid (TCA) cycle. Consequently, isocitrate accumulates and 
equilibrates with citrate. This citrate is exported to the cytosol. There, 
ATP–citrate lyase (ACL), an enzyme present only in oleaginous species, 
cleaves it into oxaloacetate and acetyl-CoA. Acetyl-CoA is then carbox
ylated by acetyl-CoA carboxylase (ACC) to form malonyl-CoA [101]. 
This step is the first committed and rate-limiting stage of lipogenesis. In 
wild-type microorganisms, its efficiency is governed by the intracellular 
AMP/ATP ratio, making the process highly sensitive to C/N ratios [102]. 
Variations in nutrient availability impact synthesis efficiency through a 
‘threshold effect’: if the initial nitrogen concentration is too high, the 
metabolic switch to lipogenesis is delayed, leading to excessive biomass 
at the expense of the lipid-to-substrate yield (YL/S). Conversely, 

Fig. 2. Metabolic landscape of de novo lipid synthesis from lactose in oleaginous microorganisms. The diagram illustrates the biochemical integration of lactose 
catabolism and triacylglycerol (TAG) biosynthesis. Lactose is hydrolyzed into glucose and galactose, which enter the glycolysis pathway to generate pyruvate. 
Following transport into the mitochondrion, pyruvate is converted into acetyl-CoA and enters the TCA cycle. Under nitrogen-limited conditions, the activation of 
AMPD leads to a decrease in mitochondrial AMP, inhibiting ICDH activity. This results in the accumulation of citrate, which is exported to the cytosol. Cytosolic 
citrate is cleaved by ACL to provide acetyl-CoA, the primary building block for fatty acid synthesis mediated by ACC and the FAS complex. NADPH, required for these 
reductive steps, is supplied primarily by ME or the pentose phosphate pathway. Finally, fatty acids are incorporated into the glycerol backbone via the Kennedy 
pathway (GPAT, LPAAT, PAP, and DGAT) to form TAGs, which are sequestered within lipid droplets. Abbreviations: ACL, ATP-citrate lyase; ACC, acetyl-CoA 
carboxylase; ACS, acetyl-CoA synthetase; AMP, adenosine monophosphate; AMPD, adenosine monophosphate deaminase; DAG, diacylglycerol; DGAT, diac
ylglycerol acyltransferase; DHAP, dihydroxyacetone phosphate; FAs, fatty acids; FAS, fatty acid synthase; F6P, fructose-6-phosphate; G3P, glycerol-3-phosphate; 
GAP, glyceraldehyde; GPAT, glycerol-3-phosphate acyltransferase; G6P, glucose-6-phosphate; ICDH/IDH, isocitrate dehydrogenase; IMP, inosine monophosphate; 
LPA, lysophosphatidic acid; LPAAT, lysophosphatidic acid acyltransferase; ME, malic enzyme; NADPH, nicotinamide adenine dinucleotide phosphate; OAA, 
oxaloacetate; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; TAG, triacylglycerol.
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premature nitrogen exhaustion limits the total biocatalyst (biomass) 
available, reducing overall volumetric productivity even if the individ
ual cells are lipid-rich [100,102].

Strategic strain selection is vital here, as different wild-type species 
exhibit varying flux capacities through the ACC and FAS complexes, 
directly affecting the final lipid production [103]. Malonyl-CoA serves 
as the substrate for fatty acid synthase (FAS)-mediated chain elongation 
[101]. Type I FAS operates in yeasts and fungi, while type II FAS oper
ates in algae and bacteria, where individual enzymes repeatedly add 
two‑carbon units [104–106]. This reductive process demands large 
amounts of NADPH. In most eukaryotic oleaginous species, the malic 
enzyme (ME) reaction (malate → pyruvate) provides this supply under 
non-growth conditions [107]. However, the main contributor varies by 
species. For example, Y. lipolytica and other species lacking cytoplasmic 
ME activity rely primarily on the pentose phosphate pathway (PPP) 
[108,109]. In R. toruloides, over 60% of NADPH comes from the PPP 
despite the presence of ME activity [110]. Similarly, Rhodococcus and 
related bacteria generate NADPH via the PPP [111]. In autotrophic 
oleaginous microalgae the primary source appears to be fer
redoxin–NADP+ reductase of photosystem I, although ME activity is 
detected, [104,112].

Critically, the industrial value of these lipids for biodiesel depends on 
the fatty acid profile produced, as not all TAGs are suitable for fuel. 
While FAS primarily creates saturated chains (C16:0 and C18:0), the 
final fuel quality is decided by the activity of native desaturase enzymes 
(Δ9, Δ12, and Δ15) [103]. According to international standards (ASTM 
D6751 and EN 14214), high-quality biodiesel must balance three con
flicting properties: oxidative stability, cold-flow performance, and 
ignition quality (Cetane Number). As emphasized by Meng et al. (2009), 
oleic acid (C18:1)—the product of wild-type Δ9-desaturase—is the 
“ideal” fatty acid. It provides high oxidative stability due to its low 
number of double bonds while maintaining a low melting point for 
winter use. In contrast, an abundance of PUFAs from Δ12 and Δ15 ac
tivity creates reactive ‘bis-allylic’ positions. These sites facilitate radical- 
induced oxidation, leading to fuel polymerization and engine deposits 
[102,113].

Following their synthesis and the determination of their unsaturation 
degree, these fatty acids are incorporated into TAGs through the Ken
nedy pathway [114]. In this route, glycerol-3-phosphate (G3P) is acyl
ated by G3P acyltransferase (GAT) to form lysophosphatidic acid (LPA). 
LPA is then acylated by lysophosphatidic acid acyltransferase (AGAT) to 
produce phosphatidic acid (PA). Finally, PA is dephosphorylated by PA 
phosphatase (PAP) to yield diacylglycerol (DAG). DAG is finally acyl
ated by diacylglycerol acyltransferase (DGAT) or phospholipid: diac
ylglycerol acyltransferase to produce TAGs stored in lipid droplets 
[115].

In wild-type microorganisms, the fatty acid composition exhibits 
significant metabolic plasticity in response to the cultivation environ
ment. This allows for a degree of control over the resulting biodiesel 
quality through the strategic manipulation of growth parameters, 
though such adjustments often involve trade-offs between yield and fuel 
performance. For instance, native desaturases are temperature- 
regulated as part of the cell's homeoviscous adaptation. By maintain
ing cultures in the upper mesophilic range (28–32 ◦C), and limiting 
dissolved oxygen during the late lipogenic phase, the activity of oxygen- 
dependent Δ12 and Δ15 desaturases is curtailed. This promotes a high- 
quality profile rich in MUFAs (specifically oleic acid) which enhances 
oxidative stability and the Cetane Number without raising the Cloud 
Point to the levels associated with purely saturated fats [49,103,113]. To 
ensure this quality-driven shift does not compromise total yield, these 
thermal and aerobic adjustments must be synchronized with a fed-batch 
feeding profile. This ‘staged’ approach ensures high biomass density is 
secured before shifting the metabolic flux toward a specific fatty acid 
composition during the accumulation phase, effectively balancing fuel 
standards (ASTM D6751/EN 14214) with industrial productivity [102].

However, lipid accumulation is not the only possible outcome under 

nitrogen-limited conditions. In wild-type strains, ‘efficiency’ is funda
mentally a competition between different metabolic sinks. When grown 
on glucose / glycerol / lactose, microbial cells face an enzymatic 
bottleneck where the rate of citrate export from the mitochondria can 
exceed the flux capacity of the FAS complex [116]. Instead, carbon flow 
is diverted toward the synthesis of intra-cellular or extra-cellular poly
saccharides [116–119] or other secondary extra-cellular low-molecular 
weight metabolites (mostly citric acid and to lesser extend polyols like 
arabitol, mannitol and erythritol) [120]. In the former case, microor
ganisms belonging but not limited to the genera/species Metschnikowia 
sp., Papiliotrema laurentii, and Cryptococcus albidus produced significant 
quantities of polysaccharides. This diversion at the expense of storage 
lipids has been recorded in many nitrogen-limited cultures of wild-type 
strains of the non-conventional yeast Y. lipolytica [117,120].

This diversion directly reduces the net synthesis efficiency, as a 
significant portion of the lactose is ‘wasted’ on non-lipid products 
[116,121]. This energetic and stoichiometric burden is specific to the de 
novo route; unlike the ex novo pathway—which is more efficient but 
largely irrelevant for lipid-poor substrates like cheese whey—de novo 
synthesis requires a constant, high supply of ATP and NADPH (primarily 
from the PPP) to reduce sugar-derived acetyl-CoA into fatty acids 
[105,110]. The ex novo pathway, by contrast, involves direct uptake of 
hydrophobic substrates (such as free fatty acids, TAGs, or sterol esters) 
from the medium [34]. Incorporated fatty acids may be partially 
degraded for energy or can be re-esterified (after potential trans
formations, i.e. desaturations catalyzed by cellular dehydrogenases) for 
storage, enabling rapid lipid accumulation without de novo fatty acid 
synthesis. This mechanism depends on lipid-rich feedstocks (e.g., waste 
cooking oils, oily by-products). Since cheese whey is carbohydrate-rich 
and contains negligible preformed lipids, TAGs production in whey- 
based processes relies almost exclusively on the de novo pathway.

Consequently, the efficiency of wild-type whey valorization is ulti
mately a function of how effectively the fermentation environment can 
be controlled to minimize these alternative metabolic ‘leaks’ 
[14,31,122].

6. Cltivation strategies on whey

6.1. Optimization parameters for microbial lipid yield

The accumulation of lipids in oleaginous microorganisms is highly 
sensitive to the physiochemical culture environment. Key parameters 
such as chemical nature of carbon source, the balance between carbon 
and nitrogen (C/N ratio), the bioavailability of nitrogen supplied, pH, 
temperature, and oxygen availability play decisive roles in determining 
both the quantity of storage lipids and their fatty acid composition 
(Fig. 3). Among these, nitrogen limitation is widely recognized as the 
principal trigger for redirecting cellular metabolism toward lipid 
biosynthesis in yeasts and related organisms [123].

6.1.1. C/N ratio
Numerous studies have highlighted the pivotal role of the C/N ratio 

in regulating lipid accumulation. The C/N ratio determines the distri
bution of carbon between cellular growth and storage lipid synthesis, 
with an excess of carbon relative to nitrogen favouring lipid formation 
[41]. Consequently, culture conditions that combine a carbon-rich me
dium with limited nitrogen are generally considered optimal for pro
moting lipid overproduction in oleaginous microorganisms [124]. In 
dairy-based media, the variability of the C/N ratio is strictly depen
dent on the industrial origin and processing history of the specific 
stream. Raw sweet and acid whey contain significant concentrations of 
proteins (6.00–10.00 g L− 1), resulting in relatively low C/N ratios, 
typically ranging from 12 to 30 [11,15,21]. While these conditions 
support high biomass yields, the abundance of organic nitrogen often 
prevents the metabolic shift toward lipogenesis. In contrast, secondary 
streams like whey permeate or second cheese whey (produced through 
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the removal of high-value proteins) exhibit a natural increase in the C/N 
ratio compared to raw whey. However, it is important to note that the 
high ratios (typically exceeding 80) frequently reported in high-titer 
studies are rarely a natural feature of the raw substrate [11,15]. 
Instead, these values are typically achieved through technical in
terventions such as upstream concentration of the lactose or via sup
plemental carbon feeding during fermentation to ensure nitrogen- 
limiting conditions [14]. The baseline nutritional profiles of these 
streams, before such interventions, are summarized in Table 2.

The industrial relevance of these ratios is evidenced by the 

performance of specific strains. For instance, C. oligophagum JRC1 
exhibited significantly higher lipid accumulation when cultivated on 
deproteinized cheese whey compared to untreated sweet whey, where 
the lower C/N ratio favoured biomass production over storage [50]. 
Similarly, Donzella et al. (2022) demonstrated the strong influence of C/ 
N ratio adjustments on lipid accumulation in C. oleaginosus grown on 
whey permeate. In whey permeate supplemented with yeast extract (C/ 
N ~ 60.5), the yeast reached a lipid content of ~46% of DW after 48 h. 
As lactose became nearly depleted, glucose feeding was introduced to 
restore a high C/N ratio, which further boosted lipid accumulation to 
68%, among the highest values reported for this strain.

The practical management of C/N variability in dairy-based media 
involves technical interventions to ensure process reproducibility. Up
stream standardization is used to stabilize the nitrogen baseline; tech
niques such as ultrafiltration or heat-acid precipitation [11] reduce the 
organic nitrogen load, mitigating the ‘threshold effect’ where excess 
nitrogen favours biomass proliferation over lipid synthesis [50]. 
Furthermore, if the optimal C/N ratio (typically >80) is not naturally 
achieved by the substrate, the medium could be optimized through the 
supplementation of carbon-rich industrial by-products. For instance, the 
addition of condensed cheese whey-derived lactose [51] or the inte
gration of co-substrates such as crude glycerol [14] and lignocellulosic 
hydrolysates [125] provides the necessary carbon excess to trigger 
lipogenesis. Utilizing these interventions in fed-batch ‘pseudo-two- 

Fig. 3. Main factors affecting microbial lipid production. Conceptual map showing the relationship between nutritional and environmental parameters during yeast 
fermentation. The diagram highlights how the C/N ratio, temperature, and dissolved oxygen interact to control both the quantity and the quality of the accumulated 
lipids. Maintaining a stable pH is essential to maximize yield and prevent the formation of unwanted by-products. Abbreviations: C/N, Carbon-to-Nitrogen ratio; dO2, 
Dissolved oxygen; T◦C, Temperature; FAs, Fatty acids; PUFAs, Polyunsaturated fatty acids; TAG, Triacylglycerol.

Table 2 
Baseline nutritional composition and typical C/N ratios of raw whey-derived 
substrates.

Substrate 
type

Lactose (g 
L− 1)

Total 
nitrogen (g 
L− 1)

Natural 
baseline C/N 
ratio

Primary 
reference(s)

Sweet whey 46.00–52.00 0.80–1.50 12–25 [11,15,21]
Acid whey 40.00–45.00 0.60–1.20 15–30 [15,22]
Whey 

permeate 45.00–55.00 0.10–0.40 35–70 [14,15,41]

Second 
cheese 
Whey

35.00–50.00 0.20–0.40 15–45 [11,15,21]
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stage’ configurations allows the process to accommodate biochemical 
fluctuations, facilitating high-titer lipid production from variable whey 
streams [126].

6.1.2. pH
pH is a critical factor in oleaginous microorganisms, modulating 

nutrient uptake, enzyme activity, and the partitioning of carbon toward 
storage lipids. Its influence is highly species- and substrate-dependent, 
and precise control is essential for maximizing lipid yields. Venkata 
Subhash & Venkata Mohan [127] identified pH as the most influential 
parameter in lipid production by Aspergillus awamori, outweighing 
temperature, glucose concentration, and nutrient supplementation. In 
microalgae, Nannochloropsis salina exhibited optimal growth at pH 7–8, 
with growth completely inhibited at pH 10 [128].

In oleaginous yeasts, slightly acidic conditions (pH 5–6.5) frequently 
enhance lipid synthesis [121]. For instance, Y. lipolytica achieved 
maximal lipid accumulation at pH 5–6 on glucose [129], whereas 
alkaline conditions (pH 8) were advantageous when cultivating on 
acidic substrates [130]. Interestingly, trials of the oleaginous strain 
C. oleaginosus ATCC 20509 (formerly Apiotrichim curvatum) on whey 
permeate in single-stage aerobic continuous cultures with constant 
dilution rate (D = 0.04 h− 1, lactose ≈48.00 g L− 1) demonstrated a lower 
sensitivity to pH compared to the previous results reported in 
Y. lipolytica. In this experiments, C. oleaginosus grown at pH ≈ 3.5 ach
ieved steady-state biomass and lipid concentration of ≈24.00 and =
10.90 g L− 1, respectively; at pH = 5.7, these values were = 20.80 and 
≈9.20 g L− 1, demonstrating the potential of the accomplishment of the 
fermentations under a wide range of medium pH values imposed into the 
medium [131]. The ability of this strain to maintain high lipid produc
tivity at pH ≈ 3.5 is technically significant, as it suggests the potential 
for operating under non-sterile conditions where low pH acts as a nat
ural inhibitor of bacterial contamination.

6.1.3. Temperature
Temperature strongly influences both growth and lipid accumulation 

kinetics. In yeasts, optimal lipid production generally occurs between 20 
and 30 ◦C [132]. However, certain oleaginous yeasts display remarkable 
adaptability; for example, Rhodotorula glacialis is capable of growth at 
temperatures as low as 3 ◦C [133], while Blastobotrys adeninivorans 
thrives under thermophilic conditions up to 45 ◦C [134]. Several wild- 
type strains of the yeast Y. lipolytica cultivated on glycerol have also 
demonstrated robust growth and storage lipid production at 20 ◦C 
[135]. In microalgae, thermal preferences are more diverse. Strains such 
as Thalassiosira pseudonana, Odontella aurita, Nannochloropsis oculata, 
Isochrysis galbana, Chromulina ochromonoides, and Dunaliella tertiolecta 
achieves peak lipid production near 20 ◦C [136]; whereas Converti et al. 
[137] reported that raising the cultivation temperature of N. oculata 
from 20 to 25 ◦C nearly doubled its lipid content (from 7.9% to 14.9%). 
Oleaginous bacteria typically display distinct optima ranging from 30 to 
36 ◦C [39]. From an industrial perspective, selecting strains that thrive 
at ambient temperatures is crucial for reducing the energy costs asso
ciated with bioreactor cooling. This is particularly relevant during large- 
scale aerobic fermentations, where the metabolic activity is highly 
exothermic, generating significant heat that must be removed to main
tain cell viability [43,138]. For example, the use of robust wild-type 
yeasts such as C. oleaginosus and R. toruloides, which maintain high 
lipid productivity at approximately 30 ◦C, allows for a greater temper
ature differential (ΔT) between the broth and the cooling medium. This 
minimizes the reliance on expensive refrigeration systems and reduces 
the required cooling water flow rates compared to cold-adapted species 
[76,125].

6.1.4. Aeration rate and agitation speed
In submerged fermentations, oxygen transfer and mixing strongly 

affect lipid production. Oxygen is vital for both cellular respiration and 
the enzymatic desaturation of fatty acid, while agitation ensures 

nutrient distribution without imposing damaging shear stress.
In oleaginous yeasts, controlled aeration and agitation significantly 

enhance lipid production. Y. lipolytica cultivated on molasses and crude 
glycerol reached ≈31% lipid content under 1.5 L min− 1 aeration and 
800 rpm agitation [139]. Similarly, C. curvatus NRRL Y-1511 showed 
significantly higher biomass and lipid production in aerated bioreactor 
trials compared to shake-flask experiments [140]. Microalgae respond 
similarly, although they are more sensitive to mechanical stress; Nan
nochloropsis oculata accumulated maximal lipids (≈23%) at moderate 
shaking (200 rpm), whereas higher agitation caused mechanical stress 
and decreased yields [141].

In oleaginous fungi, oxygen supply and mixing are equally critical. In 
a 5-L bioreactor, Cunninghamella bainieri 2A1 achieved a lipid content of 
38.7% under optimized aeration (0.32 vvm) and agitation (599 rpm), 
with regression analysis confirming these variables as the principal de
terminants of lipid productivity [142]. However, the scale-up of oleag
inous Zygomycetes (e.g., Mucor hiemalis, Cunninghamella elegans and 
M. isabellina) remains challenging. Interestingly, studies in 3- to 20-L 
bioreactors did not always show significantly higher yields compared 
to shake-flask experiments [83,143,144]. This suggests that while shake 
flasks are effective for physiological studies, industrial scale-up for 
filamentous fungi must overcome specific rheological hurdles caused by 
mycelial viscosity, which can impede mass transfer in larger volumes.

6.2. Fermentation strategies

The fermentation configuration strongly determines the balance 
between biomass formation and lipid accumulation in oleaginous mi
croorganisms. When whey or whey permeate is employed as feedstock, 
the strategy must also accommodate substrate-specific challenges, such 
as limited nitrogen content and the variable fermentability of lactose 
across species.

Batch fermentation remains the most widely used method for pre
liminary screenings and laboratory-scale trials. It is attractive due to its 
operational simplicity, low investment cost, and reduced contamination 
risk [138]. However, its limitations in whey valorization are evident. For 
example, Vasilakis et al. (2022) evaluated several wild type non- 
conventional yeast strains grown on second cheese whey, a by-product 
of Mizithra cheese production. In batch mode, C. curvatus ATCC 20509 
achieved 22.40 g L− 1 biomass with 3.40 g L− 1 intracellular lipids, while 
C. curvatus NRRL Y-1511 reached 20.60 g L− 1 biomass and 3.20 g L− 1 

lipids. Although significant amounts of biomass were obtained, lipid 
accumulation remained modest due to insufficient nitrogen depletion 
after whey deproteinization. These results highlight a primary 
constraint of batch setups: the difficulty in managing C/N dynamics to 
trigger lipogenesis effectively.

Fed-batch fermentation is frequently adopted to overcome these 
limitations by systematically supplying carbon sources. This allows 
modulation of the C/N ratio, mitigates substrate inhibition, and pro
longs the productive phase of cultures. Vasilakis et al. (2022) reported 
that pulse supplementation with condensed cheese whey-derived lactose 
in fed-batch cultures of C. curvatus ATCC 20509 increased total dry 
weight to 38.10 g L− 1, with lipids accounting for ≈57% of cell dry 
weight (21.70 g L− 1 lipids). Similarly, Villegas-Méndez et al. (2023) 
demonstrated a twofold increase in lipid productivity using agro-waste 
hydrolysates in fed-batch mode compared to batch.

Continuous fermentation has been explored to improve process ef
ficiency and reduce downtime. However, for oleaginous yeasts, contin
uous processes have consistently shown lower lipid productivities than 
fed-batch setups, challenging their industrial relevance. In continuous 
cultures of C. curvatus ATCC 50109 grown on whey permeate at low 
dilution rate (D = 0.02 h− 1), increasing the C/N led to higher lipid 
content (≈45% w w− 1), but lower overall concentrations ≈10.00 g L− 1) 
compared to fed-batch trials, which reached ≈30.00 g L− 1 of lipids [77]. 
Koutinas et al. (2014) highlighted that the major cost drivers in micro
bial oil production are the capital and energy demands of large-scale 

A. Cantarini et al.                                                                                                                                                                                                                              Sustainable Materials and Technologies 48 (2026) e02011 

9 



fermenters. Continuous systems, while theoretically advantageous for 
steady-state operation, have not yet achieved competitive performance 
in practice. Reported lipid titres and yields in continuous mode remain 
significantly below those of fed-batch cultures, where controlled 
nutrient feeding enables both high biomass generation and efficient lipid 
accumulation. Consequently, the economic feasibility of continuous 
systems remains a subject of debate, potentially requiring innovations in 
strain engineering or novel reactor configurations to offset high opera
tional costs.

Two-stage cultivation strategies provide an effective compromise by 
decoupling biomass accumulation from lipid induction. In the first stage, 
microorganisms are cultivated in a nitrogen-sufficient medium to 
maximize cell density; in the second stage, nitrogen limitation is 
imposed to stimulate lipid accumulation [145]. Donzella et al. (2022) 
developed a two-step fermentation using C. oleaginosus on whey 
permeate. By supplementing with urea in the first phase and a carbon- 
rich syrup in the second, they increased lipid concentrations from 
18.00 g L− 1 to 38.00 g L− 1. In studies involving oleaginous bacteria such 
as R. opacus, high lipid yields achieved in fed-batch cultivation are 
directly attributable to the exhaustive consumption of nitrogen, which 
mimics a two-stage effect by triggering the genomic pathways respon
sible for TAGs biosynthesis [53,54]. Similarly, for microalgae such as 
S. obliquus and Chlorella protothecoides, the most successful mixotrophic 
fed-batch protocols effectively separate growth from accumulation by 
providing a carbon-loading phase once a target cell density is reached 
[46,47]. Filamentous fungi like M. circinelloides and M. isabellina also 
exhibit superior lipid accumulation in submerged fermentation when 
growth and induction are functionally separated. This allows for high 
biomass formation before mycelial viscosity creates rheological hurdles 
that limit oxygen transfer during the induction phase [52,81,86,89].

With regards to industrial scalability, a physical two-stage process 
involving the transfer of biomass between separate bioreactors is often 
unfeasible due to high capital expenditure and contamination risks. 
Consequently, for large-scale whey valorization, evidence suggests that 
a “pseudo-two-stage” fed-batch approach (conducted in a single vessel) 
is the most viable strategy. This configuration allows the transition to 
occur through the natural exhaustion of the initial nitrogen source fol
lowed by concentrated lactose supplementation [42,125]. However, the 
industrial competitiveness of any strain depends not only on fermenta
tion yields but also on the efficiency of downstream processing. Biomass 
recovery and lipid extraction remain the primary technological bottle
necks that determine the final economic sustainability of the process.

7. Comparative analysis of waste-to-lipid feedstocks

The industrial feasibility of microbial lipids is governed by the 
metabolic synergy between the microbial host and the chemical archi
tecture of the organic feedstock. As documented by Lee et al. (2024) and 
Cho & Park (2018), technical competitiveness depends on the host's 
resilience to growth inhibitors and the operational complexity of 
necessary pretreatments, as each substrate presents distinct biochemical 
bottlenecks that influence final biomass density and lipid productivity.

Oleaginous yeasts represent a highly flexible platform due to their 
ability to utilize both hydrophilic and hydrophobic molecules. Saccha
rides and glycerol are assimilated via de novo biosynthesis, where car
bon is channelled through glycolysis to produce acetyl-CoA, the 
precursor for triacylglycerol (TAG) synthesis. In contrast, hydrophobic 
substrates like waste cooking oil (WCO) utilize the ex novo pathway, 
where fatty acids are directly incorporated into cellular TAGs. For 
example, Cutaneotrichosporon curvatus utilized sonicated WCO emul
sions and achieved lipid yields of 20.30 g L− 1 concurrently with cell 
growth, bypassing the nitrogen-limitation requirement typical of sugar- 
based fermentations [146]. However, sugar-rich substrates like ligno
cellulosic residues (rice or wheat straw) require intensive thermo
chemical pretreatment, which often releases inhibitory furan aldehydes 
and phenols. While inhibitor-tolerant strains like Trichosporon dermatis 

can reach lipid concentrations up of 31.00 g L− 1 [147], the energy and 
cost of detoxification remain significant hurdles. Similarly, crude glyc
erol deriving from the biofuel industry requires at least pH neutraliza
tion and often further purification to remove inhibitory methanol and 
salts. Studies on Naganishia diffluens indicate that while crude glycerol 
can support lipogenesis, impurities can shift the fatty acid profi
le—notably decreasing MUFAs by 11%—and may necessitate co- 
valorization with nutrient-rich sludge to achieve industrial pro
ductivities [148,149]. In this context, whey permeate offers a compar
atively streamlined integration into bioprocessing; unlike the extensive 
chemical detoxification required for lignocellulose or the multi-step 
purification of glycerol, whey preparation is primarily limited to stan
dard operational adjustments.

Microalgae offer a dual benefit of nutrient remediation and lipid 
synthesis, though they typically achieve lower biomass concentrations 
in high-strength organic wastes compared to yeasts. C. vulgaris culti
vated on sewage sludge reached a biomass concentration of 2.10 g L− 1, 
with productivity heavily influenced by pH control and the concentra
tion of volatile fatty acids (VFAs). While food waste hydrolysates rich in 
glucose and amino acids can support species like Schizochytrium and 
Chlorella, high ammonium levels in digested effluents often act as 
growth inhibitors [150]. Creative substrate coupling has been shown to 
improve performance; for instance, mixing nitrogen-rich brewer 
fermentation waste with carbon-rich crude glycerol allowed Chlorella 
protothecoides to reach a biomass concentration of 12.70 g L− 1 and a 
6.60 g L− 1 lipid content [151]. Agricultural hydrolysates from sugarcane 
bagasse have also been utilized, where sugars like glucose and xylose 
provided the energy for Chlorella spp. to reach a biomass concentration 
of 5.80 g L− 1, resulting in a lipid yield of 1.97 g L− 1 [152]. Generally, the 
fatty acid profiles of these microalgal strains are rich in palmitic, stearic, 
or oleic acids, making them compatible with biodiesel standards.

Oleaginous bacteria, particularly members of the genus Rhodococcus, 
exhibit an exceptional ability to catabolize complex and toxic sub
stances. When grown on gasification wastewater, R. opacus achieved a 
lipid content of 54.3% of dry cell weight, which corresponds to a 
volumetric lipid yield of 0.38 g L− 1 from a biomass concentration of 
0.70 g L− 1 [153]. In lignocellulosic applications, R. opacus can simul
taneously degrade sugars and aromatics, producing a lipid profile pri
marily composed of C18:1, C16:0 and C18:0 [153]. Other species, such 
as Bacillus subtilis, have achieved lipid yields of 2.27 g L− 1 (from 5.70 g 
L− 1 biomass) using cotton stalk hydrolysate, though the process requires 
careful control of the C/N ratio [154]. While bacteria generally exhibit 
lower lipid accumulation capacities compared to yeasts or algae, their 
rapid doubling times and inherent metabolic robustness provide a 
distinct operational advantage for the valorization of heterogeneous 
industrial effluents that contain inhibitory constituents. Table 3 outlines 
the volumetric lipid performance and fatty acid profiles achieved using 
various organic waste streams.

8. Methods of quantification of biomass and lipid production

Accurate assessment of lipid production is fundamental for identi
fying the most promising oleaginous strains prior to scale-up. In early- 
stage screening, optimal methods are those that provide rapid, reliable 
information on lipid accumulation without requiring destructive 
extraction procedures, whereas conventional methods remain valuable 
for detailed characterization once candidate strains have been selected.

Biomass monitoring is typically the first step in evaluating culture 
performance. Conventional approaches such as DCW measurements and 
colony forming unit (CFU) counts remain standard but are time- 
consuming and retrospective. Optical density (OD) is widely used as a 
faster proxy for cell concentration; however, its correlation with biomass 
frequently weakens under stationary conditions or when cells undergo 
morphological changes [164]. To overcome these limitations, flow 
cytometry (FC) has emerged as a powerful at-line tool [165]. Beyond 
providing real-time information on cell counts and viability, FC can also 
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be combined with lipid-specific fluorescent dyes such as Nile Red or 
BODIPY 505/515, enabling direct quantification of intracellular lipids in 
living cells. This non-extractive approach allows for rapid screening of 
strains with superior lipid accumulation potential [166,167].

In contrast, traditional lipid quantification relies on solvent extrac
tion followed by gravimetric determination or chromatographic anal
ysis. While gravimetric assays are simple and accurate for total lipid 
content, they are destructive, laborious, and unsuitable for high- 
throughput screening [168]. Chromatographic methods such as gas 
chromatography–mass spectrometry (GC–MS) or high-performance 
liquid chromatography (HPLC) provide detailed fatty acid profiles, 
including chain length and degree of unsaturation, which are essential 
for assessing biodiesel quality [169]. However, these techniques also 
require extraction and derivatization steps, making them more appro
priate for final validation of selected strains rather than initial screening.

To bridge this gap, several non-destructive and extraction-free 
spectroscopic methods have been developed. Fourier transform 
infrared (FTIR) spectroscopy is particularly advantageous, as it enables 
rapid, non-invasive lipid detection using minimal biomass. When com
bined with multivariate analysis, FTIR can reliably quantify lipids and 
monitor macromolecular allocation, offering a practical high- 
throughput screening tool. Recent applications include the use of FTIR 
in microtiter plate systems for evaluating oleaginous yeasts and fungi 
[170–172]. Similarly, Raman spectroscopy and hyperspectral imaging 
provide label-free detection of intracellular lipids and are being explored 
as additional screening strategies [173].

Taken together, these developments suggest a complementary 
workflow. In the screening stage, techniques such as flow cytometry 
with fluorescent dyes, FTIR, and Raman spectroscopy allow for the 
rapid, in situ identification of high-performing strains without the need 
for solvent extraction. In the validation stage, conventional gravimetric 
and chromatographic methods remain indispensable for confirming 
total lipid yields and fatty acid composition prior to scale-up.

9. Downstream process

Oleaginous microorganisms produce intracellular lipids that serve as 
a fundamental feedstock for biodiesel production. The downstream 
processing of SCOs involves biomass harvesting, lipid extraction, and 
purification of the final product. Each stage requires methods tailored to 
the specific microbial strain and cultivation medium. In the context of 

whey-based substrates, the high water content and relatively low initial 
lipid concentration present substantial challenges for cell separation and 
concentration, directly impacting the cumulative energy demand and 
overall production costs. Fig. 4 illustrates a downstream process flow
chart for biodiesel production from oleaginous microorganisms.

9.1. Biomass harvesting

Harvesting microbial biomass is a critical economic bottleneck in 
SCO production, often accounting for 20–30% of total operational costs 
[174]. The primary objective is the efficient separation of small, dilute 
cells to produce a concentrated slurry for extraction. Centrifugation is 
widely utilized for its high efficiency and scalability, though it remains 
energy-intensive and may induce mechanical stress on sensitive cells 
[175]. Filtration separates biomass based on cell size, utilizing con
ventional filters for larger aggregates or specialized membranes for 
smaller taxa; however, efficiency is frequently compromised by mem
brane fouling, and capital costs can be prohibitive for large-scale oper
ations [176–178].

Flocculation, using chemical agents, polymers or bio-flocculants (via 
co-cultivation), offers a lower-energy alternative. Nevertheless, chemi
cal flocculants may introduce toxicity or complicate downstream puri
fication, while bio-flocculation introduces risks of microbial 
contamination [179,180].

In whey-based media, harvesting efficiency is often enhanced 
through hybrid strategies; for example, flocculation can facilitate the 
formation of larger aggregates that are subsequently recovered via 
filtration. While drying the harvested biomass can improve the effi
ciency of subsequent extraction, it significantly increases the total en
ergy footprint of the process [181]. As with other systems, no single 
approach is universally effective; the choice depends on the microor
ganism, the properties of whey, and the intended application.

9.2. Lipid extraction

Efficient lipid recovery requires effective pretreatment to disrupt the 
robust cellular structures and enhance access to intracellular lipids. 
Mechanical disruption strategies utilize physical forces to compromise 
cell walls, including bead milling, high-pressure homogenization, and 
microfluidization. Energy can also be applied via ultrasonic waves, 
microwaves, or pulsed electric fields [182]. While effective, these 

Table 3 
Performance evaluation of waste-derived microbial lipids.

Feedstock category Microbial 
group

Species name Biomass (g 
L− 1)

Lipid yield (g 
L− 1)

Fatty acid profile highlights References

Whey permeate Yeasts Cutaneotrichosporon 
oleaginosus

50.0–150.0 18.0–38.0 C16:0 (18–25%), C18:0 (10–15%), 
C18:1 (50–65%)

[14]

Rice straw Yeasts Trichosporon dermatis 50.6 31.0 C16:0, C18:1 (major), C18:2 [147]

Waste cooking oil (WCO) Yeasts
Cutaneotrichosporon 
curvatus 35.6 20.3

C16:0 (15%), C18:0 (12%), C18:1 
(55%) [146]

Crude glycerol with sludge Yeasts Cutaneotrichosporon 
oleaginosus

42.7 17.9 C16:0, C18:0, C18:1 [148]

Crude glycerol Yeasts Candida viswanathii 26.6 13.6 C18:2 (45%), C18:1 (29%), C16:0 
(10%)

[155]

Food waste leachates Yeasts Yarrowia lipolytica 21.0 10.3 C16:0, C18:1 (major), C18:2 [156]
Brewer fermentation waste with 

crude glycerol Microalgae Chlorella protothecoides 12.7 6.6 C16:0, C18:0, C18:1 [151]

Sugarcane bagasse hydrolysate Microalgae Chlorella spp. 5.8 1.97 C16:0, C18:0, C18:1 [152]

Hydrolysate of cotton stalk Bacteria Bacillus subtilis 5.7 2.27 C16:0 (40%), C18:1 (30%), C18:0 
(15%)

[154]

Dairy waste Bacteria Rhodococcus opacus 6.6 2.2 C16:0, C18:0, C18:1 [157]
Gasification waste Bacteria Rhodococcus opacus 0.7 0.38 C16:0 (46.9%), C18:0 (42.7%) [158]
Sewage sludge Microalgae Chlorella vulgaris 2.1 0.38 C16:0, C18:0, C18:1, C18:2, C18:3 [159]
Wheat straw Yeasts Trichosporon cutaneum 30.7 12.7 – [160]
Soybean hull Yeasts Lipomyces starkeyi 26.5 11.3 – [161]
Pine needle Yeasts Lipomyces starkeyi 35.9 19.6 – [162]
Crude glycerol Yeasts Naganishia diffluens 20.3 6.8 C18:1, C16:0 (shifted profile) [149]
Wheat bran Yeasts Lipomyces starkeyi 17.1 6.4 Oleic acid (approx. 70%) [163]
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Fig. 4. Flowchart showing the downstream process for biodiesel production from oleaginous microorganisms. The diagram outlines the full sequence of steps, 
starting with Cultivation (using Microalgae in Photobioreactors or Yeast, Fungi, and Bacteria in Bioreactors), followed by Biomass harvesting methods (Centrifu
gation, Filtration, Flocculation/Bio-flocculation), and Pretreatment of the Biomass (via Mechanical or Non-mechanical methods) to disrupt the cells. This is followed 
by Lipid extraction (Dry or Wet route), and subsequently Transesterification of the microbial lipids (conventional or in situ) to produce FAMEs (Fatty Acid Methyl 
Esters). The final step is Purification (wet/dry washing or Membrane methods) to yield the final Biodiesel product.
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methods often require high power inputs, long processing times and 
sometimes the use of hazardous solvents, making them less suitable for 
wet biomass or industrial-scale applications. Conversely, non- 
mechanical approaches, such as enzymatic or chemical cell lysis and 
osmotic shock, operate under milder conditions and consume less en
ergy, though their current high costs and prolonged reaction times limit 
their industrial implementation [181].

Following pretreatment, lipid extraction can proceed via dry or wet 
routes. The dry route, while simplifying solvent penetration and 
improving analytical yields, is highly energy-intensive due to the 
requirement for oven drying or lyophilization, particularly when pro
cessing dilute substrates like cheese whey [9]. In contrast, the wet route 
extracts lipids directly from freshly harvested or minimally dewatered 
biomass, bypassing the drying step. This approach significantly reduces 
energy consumption and is increasingly recognized as a more industri
ally relevant strategy [9]. Conventional methods such as Bligh & Dyer 
and Folch utilize chloroform and methanol mixtures (2:1 v v− 1) to 
separate lipids from the cellular matrix [183,184]. While Bligh & Dyer 
method is often cited as providing higher lipid purity and greater suit
ability for pilot-scale operations; the Folch method is recognized for its 
speed, though it may exhibit lower sensitivity in certain matrices [185]. 
Recent modifications to these protocols, including the incorporation of 
acid pre-treatments or the substitution of solvents with methyl-tert-butyl 
ether (MTBE), have been shown to improve overall lipid recovery while 
specifically preserving the integrity of polyunsaturated fatty acids 
[186]. Furthermore, greener alternatives such as 2-ethoxyethanol (2- 
EE), are being explored to mitigate environmental and safety risks 
without compromising extraction efficiency [187]. Among emerging 
techniques, supercritical CO2 extraction (SC-CO₂) has attracted signifi
cant attention due to its solvating properties, non-toxicity, and minimal 
environmental footprint [188]. While SC-CO2 represents a potential 
alternative to high-energy mechanical cell disruption, its efficiency is 
typically maximized when applied to dried biomass. Although SC-CO2 is 
highly effective for extracting neutral lipids and can theoretically be 
applied to wet biomass, the general consensus in the literature indicates 
that high water content reduces overall extraction yield, primarily due 
to diffusion limitations [93,189]. Interestingly, some studies have re
ported that the presence of water can act as a selective modifier, 
potentially promoting the extraction of specific target components, such 
as MUFA [189]. While this selective effect may partially mitigate the 
requirement for intensive drying, SC-CO2 alone remains limited to the 
recovery of non-polar lipids. Consequently, to efficiently capture the 
complete spectrum of microbial lipids, including polar fractions, the 
addition of a polar co-solvent (such as ethanol) remains necessary for 
high yields [185,190]. This integrated approach reduces reliance on 
hazardous organic solvents and minimizes processing steps; however, its 
transition to large-scale operations is still subject to the optimization of 
high-pressure equipment costs and energy consumption.

9.3. Transesterification

Following lipid extraction, the subsequent phase in biodiesel pro
duction is transesterification, in which TAGs are converted into fatty 
acid methyl esters (FAMEs) via reaction with an alcohol (typically 
methanol or ethanol), yielding glycerol as a byproduct [191]. The effi
ciency of this conversion is governed by several parameters, including 
the microbial lipid profile, reaction temperature, duration, alcohol-to- 
oil ratio, and the catalyst employed.

Two primary process configurations are utilized. The conventional 
approach maintains extraction and transesterification as distinct, 
sequential steps. Alternatively, direct (in situ) transesterification in
tegrates these processes into a single operation, potentially reducing 
processing time and solvent requirements [190].

Catalysts are essential for achieving competitive conversion yields. 
In homogeneous catalysis, the catalyst (acid or alkali) is in the same 
phase as the reactants. Alkali catalysts are fast but prone to soap 

formation when free fatty acids are present, whereas acid catalysts are 
slower but more tolerant [192]. In fact, homogeneous base-catalyzed 
transesterification (catalysis employed by sodium hydroxide; NaOH 
and potassium hydroxide; KOH catalysts) is indeed the most effective 
type of catalysis implicated [193]. Conversely, homogeneous acid 
catalysis — utilizing inorganic acids (phosphoric, hydrochloric, or sul
furic) or organic alternatives (4-dodecylbenzene sulfonic acid) — is 
more robust when processing feedstocks with high acidity or water 
content, which is frequently the case with microbial oils derived from 
taxa such as Chlorella spp. [193]. Heterogeneous acid or base catalyzed 
transesterification, facilitates easier recovery and reuse, representing a 
potential path toward lowering operational costs, though it typically 
requires more stringent reaction conditions [194]. Enzymatic catalysis, 
mainly with lipases, offers mild conditions, high selectivity, and fewer 
by-products. Immobilized lipases further improve stability and reus
ability, though high costs remain a barrier [195,196].

Alternative direct methods have also been investigated. Supercritical 
transesterification utilizes alcohols above their critical point, bypassing 
the need for biomass drying and catalyst addition. Microwave-assisted 
transesterification simultaneously disrupts cells and accelerates the re
action, reducing time and improving yields [197,198]. Finally other 
alternative state-of-the art processes include ultrasound-assisted trans
esterification, which utilizes acoustic waves (10–100 kHz) to increase 
biodiesel yields at lower temperatures. Similarly, transesterification 
implicating electrolysis has been successfully implemented using mi
crobial lipids (deriving from Spirulina sp. and Naganishia liquefaciens) as 
feedstock for biodiesel production [193,199].

9.4. Purification

Transesterification produces crude biodiesel that requires significant 
refining before it can be utilized in internal combustion engines. This 
crude mixture typically contains residual glycerol, catalysts traces, 
water, soap, and unreacted lipids, all of which compromise fuel quality 
and stability [190]. Therefore, purification is an essential final step in 
the downstream process, not merely a formality.

Wet washing remains the traditional method for biodiesel refining, 
effectively removing water-soluble impurities. However, this approach 
is increasingly scrutinized due to its excessive water consumption and 
the subsequent need for energy-intensive drying and wastewater treat
ment [200,201]. To overcome these drawbacks, dry washing has gained 
traction. This method employs adsorbents such as silica, starch de
rivatives, ion-exchange resins, or even low-cost materials like chamotte, 
to selectively remove impurities without introducing water. While dry 
washing minimizes product loss and allows customization depending on 
the contaminants present [202], the disposal of spent adsorbents rep
resents a secondary waste management challenge.

Emerging membrane technologies offer another pathway for bio
diesel purification [203]. Membranes made from chemically and ther
mally stable materials, such as poly vinylidene fluoride (PVDF) and poly 
dimethyl siloxane or ceramics, can selectively filter out water and re
sidual contaminants [190]. They operate under mild conditions, 
consuming less energy and generating a smaller environmental foot
print. Nevertheless, fouling from glycerol, soap, or particulates is a 
practical limitation, requiring careful pretreatment or optimized solvent 
selection to maintain efficiency [204].

Increasingly, integrated approaches that combine methods are being 
explored. For example, coupling wet and dry washing sequentially can 
yield higher-quality biodiesel while mitigating the limitations of each 
method [201]. The ultimate goal is to produce a fuel that strictly meets 
EN and ASTM standards, while carefully balancing operational costs, 
environmental impact, and energy consumption. Future advances are 
expected to focus on the development of greener solvents and more 
effective adsorbents, alongside integrated processes designed to simplify 
purification while ensuring consistent biodiesel quality.
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10. Genetic and adaptive approaches

The efficient valorisation of whey by oleaginous microorganisms is 
often hindered by their limited capacity to metabolize lactose and their 
sensitivity to complex waste compositions. Genetic engineering has 
provided valuable proof-of-concept solutions to these challenges. For 
example, Y. lipolytica engineered with secreted β-galactosidases from 
Aspergillus niger and optimized galactose metabolism, combined with 
lipid pathway overexpression (ACC1, DGA1), achieved complete sugar 
utilization and microbial oil production directly from acid whey 
[40,205]. Despite the promise of such strategies, the deployment of 
genetically modified strains is constrained by regulatory frameworks 
and consumer acceptance. Furthermore, the genetic stability of such 
high-yielding strains under large-scale industrial fermentation condi
tions represents a significant engineering challenge that has yet to be 
fully addressed.

By contrast, Adaptative Laboratory Evolution (ALE) provides a non- 
transgenic alternative to improve strain performance under whey-like 
conditions. ALE exposes microorganisms to defined selective pressures 
over extended periods, enabling the accumulation of beneficial muta
tions that enhance growth and metabolite synthesis [206,207]. Evolu
tion can be conducted through serial batch transfers, which are cost- 
effective but prone to environmental fluctuations, or in continuous 
cultivation systems, which provide stable selective conditions but 
require more advanced infrastructure [208]. The degree of selective 
stress is critical, as mild pressures slow adaptation while excessive stress 
can cause population collapse [209].

ALE has successfully enhanced lipid productivity and robustness in 
several oleaginous microorganisms. For instance, R. toruloides adapted 
to hydrolysate-based media exhibited improved growth, lipid, and 
carotenoid accumulation [210]. Likewise, Y. lipolytica evolved for 
tolerance to lignocellulosic inhibitors showed enhanced lipid production 
[211].

11. Biorefinery concept for oleaginous microorganisms

The biorefinery concept applied to cheese whey focuses on the in
tegrated production of multiple products, maximizing resource effi
ciency while mitigating the environmental burden of this abundant 
dairy by-product. Whey, rich in lactose, residual proteins, and minerals, 
can serve as a low-cost feedstock for oleaginous microorganisms capable 
of synthesizing lipids, pigments, polysaccharides, and other metabolites.

Oleaginous yeasts such as Y. lipolytica, C. oleaginosus, C. curvatus, and 
L. starkeyi efficiently convert whey-derived sugars into TAGs with fatty 
acid profiles (mainly C16 and C18 species) suitable for biodiesel pro
duction [14,72,212]. In parallel, some strains such as Rhodotorula spp. 
can produce carotenoids (e.g. β-carotene, torulene, and torularhodin) 
adding value for food, feed, and nutraceutical applications [213,214]. 
Other yeasts, including P. laurentii, C. curvatrus and C. albidus grown on 
second cheese whey, have been reported to produced significant 
amounts of endopolysaccharides and/or secrete extracellular poly
saccharides while also accumulating intracellular lipids, thereby 
expanding the product spectrum toward biomaterials and functional 
food additives [51,116,118,119].

Practically, the transition to an integrated biorefinery depends on 
managing technical trade-offs between product diversity and recovery 
costs. For instance, recent techno-economic modelling of microbial 
lipids demonstrates a minimum selling price (MSP) of US$ 1.81 kg− 1, 
which can only be reduced to US$ 1.20 kg− 1 at massive industrial ca
pacities (~48,000 t/year) [215]. However, these models indicate that if 
co-products are simultaneously produced and sold in excess of US$ 1.00 
kg− 1, the effective production price of the lipid can be reduced, heavily 
subsidizing the process [215]. Validating this, recent case studies using 
red yeasts (Rhodotorula spp.) on agri-food residues have demonstrated 
the ability to yield up to 56% w w− 1 intracellular lipids alongside sig
nificant titers of high-value carotenoids (e.g., 140 mg L− 1 β-carotene) 

[216]. Nevertheless, recovering these pigments introduces significant 
downstream complexity. Separating carotenoids from TAGs requires 
specialized extraction, which increases the total Operating Expenses 
(OPEX) and demands high intracellular titers to justify the separation 
costs.

In downstream processing, biodiesel production via trans
esterification generates glycerol as a major by-product. In a circular 
biorefinery model, this crude glycerol (representing approx. 10% w w− 1 

of the total biodiesel output) is often viewed as a carbon source for 
microbial fermentation or upgraded into platform chemicals such as 1,3- 
propanediol, succinic acid, or polyols [193,217–219]. However, due to 
the rapid global expansion of biodiesel, the raw market value of this 
crude glycerol has plummeted to below US$ 0.11 kg− 1 [220]. Upgrading 
it to refined platform chemicals requires energy-intensive purification 
stages (e.g., ion exchange and vacuum distillation), which are cost- 
prohibitive unless managed at a large scale [221]. Microalgae have 
also been cultivated on cheese whey, such as C. vulgaris, producing both 
lipids and pigments such as carotenoid and chlorophyll derivatives, 
reinforcing the potential of whey as a versatile platform for high-value 
bioproducts [222].

Following lipid extraction, the microbial biomass remains rich in 
proteins, vitamins, and residual carbohydrates. This nutrient-dense 
material can be processed into animal feed ingredients, contributing 
to feed security while supporting circularity within the agri-food sector. 
Techno-economic models demonstrate that valorizing this whole yeast 
cell residue can drastically improve plant economics, potentially drop
ping the effective production cost of the primary microbial lipid from US 
$ 1.20 kg− 1 down to US$ 0.81 kg− 1 [215]. However, achieving food- 
grade safety standards for feed applications requires the complete 
removal of residual extraction solvents and moisture. This necessitates 
heavy thermal treatments; industrial-scale plant designs indicate that 
the necessary spray dryers and air heaters add over US$ 1.1 million 
strictly to the downstream Capital Expenditures (CAPEX) [215]. As 
detailed in Section 12, balancing this massive capital investment and its 
associated energy demands requires strictly maximizing the revenue 
from the resulting de-oiled biomass. Collectively, these market dynamics 
illustrate that the biorefinery is not merely a theoretical maximization of 
resources; rather, it is a delicate economic balance where the added 
revenue from high-value co-products must carefully offset the com
pounding CAPEX and OPEX required for multi-stage separation [126].

12. Techno-economic analysis (TEA) and industrial feasibility

The industrial transition of whey-based microbial lipid production 
hinges on a favourable balance between CAPEX and OPEX. While lab
oratory yields are promising, a robust economic model must account for 
the high cost of stainless-steel infrastructure and the energy-intensive 
nature of intracellular lipid recovery [102,223]. The industrial feasi
bility of this process is governed by the International Organization for 
Standardization (ISO) 14,040/14044 framework, which necessitates an 
exhaustive depiction of the environmental trade-offs across upstream, 
midstream, and downstream stages [43,122]. A primary economic 
driver for this process is the “negative cost” of the substrate, as untreated 
cheese whey represents a significant environmental liability. With COD 
levels reaching up to 80.00 g L− 1, dairies often face municipal discharge 
surcharges or environmental taxes ranging from US$ 0.05 to US$ 0.20 
per m3 [45,224]. In a regional facility processing approximately 539 m3 

per day, the adoption of a “Gate Fee” model creates an immediate rev
enue stream. This strategy achieves over 80% COD reduction while 
effectively decoupling the plant's profitability from the high costs of 
traditional sugar sources [224].

Regarding the energy demands of downstream processing, which 
typically accounts for 30–60% of total OPEX, the choice of recovery 
route serves as a critical economic variable. Mechanical cell disruption 
methods, such as high-pressure homogenization, require an energy 
input of approximately 1.0 to 2.5 kWh per kg of dry biomass [225]. 
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While traditional dry-route extraction involves a significant energy 
“sink” for thermal moisture removal, consuming between 3.5 and 5.0 MJ 
per kg of evaporated water, the implementation of wet extraction 
techniques may offer potential reductions in overall energy costs [225]. 
However, the feasibility of wet extraction remains technically sensitive 
to specific process parameters, such as the efficiency of cell wall 
disruption in aqueous media and the complexity of subsequent solvent 
recovery. These methods must be optimized to ensure that energy sav
ings are not offset by lower lipid recovery yields or increased solvent- 
water separation costs [102]. Furthermore, the efficiency of the final 
transesterification of extracted lipids into biodiesel is a key determinant 
of the final price. Engineering models indicate that achieving a con
version efficiency of 93–97% is necessary to maintain economic 
competitiveness, with the cost of the catalyst and alcohol representing 
significant variable inputs [226].

The initial investment for a commercial-scale plant is largely domi
nated by the fermentation section, where a facility with a 1000 m3 

bioreactor capacity requires an estimated CAPEX of US$ 15–25 million 
[44]. Beyond direct costs, environmental sustainability metrics such as 
Global Warming Potential (GWP) and Net Energy Ratio (NER) play an 
increasingly vital role in industrial feasibility. One LCA study estimated 
that a metric ton of lipid production can require a cumulative energy 
output of 29,693 kWh, resulting in emissions of roughly 1905 kg CO₂ 
equivalent [42]. However, these impacts can be mitigated through high- 
efficiency solvent recovery (>95%) and the valorization of biogenic 
carbon. In sugar-based models, biogenic CO₂ storage is estimated at 2.82 
tons per ton of lipids; in a whey-integrated biorefinery, this carbon 
capture is coupled with a reduction in eutrophication potential 
[126,227].

To ensure a positive Net Present Value (NPV) within a 7–10 year 
timeframe, the facility should ideally operate as a multi-product bio
refinery. By offsetting the heavy downstream CAPEX through the 
simultaneous sale of high-value carotenoids and de-oiled yeast biomass 
(approx. 0.48 tons per ton of lipid), the highly competitive target MSP 
for microbial biodiesel of approximately US$ 1.20 kg− 1 becomes 
achievable. The economic model is further stabilized by recycling the 
generated crude glycerol to enhance subsequent lipid titers and the in
clusion of Carbon Credits for avoided emissions, providing a fiscal buffer 
of US$ 50–90 per ton of CO₂ equivalent avoided [44,217,224]. Sensi
tivity analyses indicate that the most critical profitability threshold is 
lipid production; achieving >20 g L− 1 is essential to decouple the MSP 
from the volatility of utility prices. While combining these revenue 
streams mitigates economic risks, the technical challenges of main
taining consistent product quality and process stability at industrial 
scales remain the primary hurdles to widespread commercial imple
mentation [126,223].

13. Conclusions and future perspectives

Microbial lipids produced from dairy waste exhibit high concentra
tions of oleic, palmitic, and stearic acids, that are remarkably similar to 
conventional vegetable oils such as palm, canola, and soybean. This 
chemical composition is critical, as it ensures that the resulting SCOs 
meet the oxidative stability and cold-flow property requirements 
mandated by international biodiesel standards (e.g., EN 14214). Despite 
notable academic progress, the transition from laboratory-scale lipid 
accumulation to industrial biodiesel production remains a relatively 
novel challenge, with several technical hurdles hindering large-scale 
implementation.

The path to industrial viability is primarily constrained by significant 
upstream and downstream bottlenecks. Upstream, the energy-intensive 
nature of sterilization and the high oxygen transfer requirements 
necessary to maintain lipid productivity in large-volume bioreactors 
present major operational costs. Downstream, the recovery of lipids 
remains a primary economic barrier; current methods for cell harvesting 
and the requirement for efficient, non-toxic solvent extraction systems 

must be further optimized to ensure that the final biodiesel is econom
ically competitive with fossil fuels and first-generation biofuels. The 
utilization of dairy by-products like whey presents a promising avenue 
to reduce the raw material costs that often dominate the economic 
profile of microbial lipids. Furthermore, regulatory frameworks such as 
European Union Regulation 2009/28/EC establish ambitious targets for 
third-generation biofuels, providing a policy environment that favours 
the valorisation of such industrial side-streams. Ultimately, bridging the 
gap between lab-scale titers and commercial deployment will require an 
integrated biorefinery approach that balances high volumetric produc
tivity with cost-effective recovery technologies. By addressing these 
scale-up challenges, whey-derived SCOs can transition from a waste- 
mitigation strategy to a sustainable, industrial-scale contributor to 
global renewable energy targets.
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review: acid whey trends and health benefits, J. Dairy Sci. 104 (2021) 
1262–1275, https://doi.org/10.3168/jds.2020-19038.
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M. Takó, В-Galactosidase-producing isolates in Mucoromycota: screening, 
Enzyme Production, and Applications for Functional Oligosaccharide Synthesis, 
Journal of Fungi 7 (2021) 229, https://doi.org/10.3390/jof7030229.

[92] E. Carsanba, S. Papanikolaou, H. Erten, Production of oils and fats by oleaginous 
microorganisms with an emphasis given to the potential of the nonconventional 
yeast Yarrowia lipolytica, Crit. Rev. Biotechnol. 38 (2018) 1230–1243, https:// 
doi.org/10.1080/07388551.2018.1472065.

[93] T. Dong, E.P. Knoshaug, P.T. Pienkos, L.M.L. Laurens, Lipid recovery from wet 
oleaginous microbial biomass for biofuel production: A critical review, Appl. 
Energy 177 (2016) 879–895, https://doi.org/10.1016/j.apenergy.2016.06.002.

[94] S.A. Shields-Menard, M. Amirsadeghi, W.T. French, R. Boopathy, A review on 
microbial lipids as a potential biofuel, Bioresour. Technol. 259 (2018) 451–460, 
https://doi.org/10.1016/j.biortech.2018.03.080.

[95] M. Kumar, R. Rathour, J. Gupta, A. Pandey, E. Gnansounou, I.S. Thakur, Bacterial 
production of fatty acid and biodiesel: opportunity and challenges, in: Refining 
Biomass Residues for Sustainable Energy and Bioproducts, Elsevier, 2020, 
pp. 21–49, https://doi.org/10.1016/B978-0-12-818996-2.00002-8.

[96] M.A.L.R.M. Cortes, C.C.C.R. de Carvalho, Effect of carbon sources on lipid 
accumulation in Rhodococcus cells, Biochem. Eng. J. 94 (2015) 100–105, https:// 
doi.org/10.1016/j.bej.2014.11.017.

[97] A.R. Behera, K. Dutta, P. Verma, A. Daverey, D.K. Sahoo, High lipid accumulating 
bacteria isolated from dairy effluent scum grown on dairy wastewater as potential 
biodiesel feedstock, J. Environ. Manag. 252 (2019) 109686, https://doi.org/ 
10.1016/j.jenvman.2019.109686.

[98] S. Wu, C. Hu, G. Jin, X. Zhao, Z.K. Zhao, Phosphate-limitation mediated lipid 
production by Rhodosporidium toruloides, Bioresour. Technol. 101 (2010) 
6124–6129, https://doi.org/10.1016/j.biortech.2010.02.111.

[99] A. Beopoulos, J. Cescut, R. Haddouche, J.-L. Uribelarrea, C. Molina-Jouve, J.- 
M. Nicaud, Yarrowia lipolytica as a model for bio-oil production, Prog. Lipid Res. 
48 (2009) 375–387, https://doi.org/10.1016/j.plipres.2009.08.005.

[100] J.P. Wynn, C. Ratledge, Oils from microorganisms, in: F. Shahidi (Ed.), Bailey's 
Industrial Oil and Fat Products, John Wiley &, Hoboken, Sons, 2005.

[101] C. Ratledge, J.P. Wynn, The Biochemistry and Molecular Biology of Lipid 
Accumulation in Oleaginous Microorganisms, 2002, pp. 1–52, https://doi.org/ 
10.1016/S0065-2164(02)51000-5.

[102] K.K. Kumar, F. Deeba, A.K. Pandey, A. Islam, D. Paul, N.A. Gaur, Sustainable lipid 
production by oleaginous yeasts: current outlook and challenges, Bioresour. 
Technol. 421 (2025) 132205, https://doi.org/10.1016/j.biortech.2025.132205.

[103] S.Y. Lee, M. Weingarten, C. Ottenheim, Current upstream and downstream 
process strategies for sustainable yeast lipid production, Bioresour. Technol. 414 
(2024) 131601, https://doi.org/10.1016/j.biortech.2024.131601.

[104] S. Bellou, I.-E. Triantaphyllidou, D. Aggeli, A.M. Elazzazy, M.N. Baeshen, 
G. Aggelis, Microbial oils as food additives: recent approaches for improving 
microbial oil production and its polyunsaturated fatty acid content, Curr. Opin. 
Biotechnol. 37 (2016) 24–35, https://doi.org/10.1016/j.copbio.2015.09.005.

[105] J.E. Cronan, J. Thomas, Bacterial fatty acid synthesis and its relationships with 
polyketide synthetic, Pathways (2009) 395–433, https://doi.org/10.1016/S0076- 
6879(09)04617-5.

[106] J.L. Blatti, J. Michaud, M.D. Burkart, Engineering fatty acid biosynthesis in 
microalgae for sustainable biodiesel, Curr. Opin. Chem. Biol. 17 (2013) 496–505, 
https://doi.org/10.1016/j.cbpa.2013.04.007.

[107] S. Bellou, I.-E. Triantaphyllidou, P. Mizerakis, G. Aggelis, High lipid accumulation 
in Yarrowia lipolytica cultivated under double limitation of nitrogen and 

A. Cantarini et al.                                                                                                                                                                                                                              Sustainable Materials and Technologies 48 (2026) e02011 

17 



magnesium, J. Biotechnol. 234 (2016) 116–126, https://doi.org/10.1016/j. 
jbiotec.2016.08.001.

[108] C. Ratledge, The role of malic enzyme as the provider of NADPH in oleaginous 
microorganisms: a reappraisal and unsolved problems, Biotechnol. Lett. 36 
(2014) 1557–1568, https://doi.org/10.1007/s10529-014-1532-3.

[109] T.M. Wasylenko, W.S. Ahn, G. Stephanopoulos, The oxidative pentose phosphate 
pathway is the primary source of NADPH for lipid overproduction from glucose in 
Yarrowia lipolytica, Metab. Eng. 30 (2015) 27–39, https://doi.org/10.1016/j. 
ymben.2015.02.007.

[110] R.R. Bommareddy, W. Sabra, G. Maheshwari, A.-P. Zeng, Metabolic network 
analysis and experimental study of lipid production in Rhodosporidium toruloides 
grown on single and mixed substrates, Microb. Cell Factories 14 (2015) 36, 
https://doi.org/10.1186/s12934-015-0217-5.

[111] S.K. Spaans, R.A. Weusthuis, J. van der Oost, S.W.M. Kengen, NADPH-generating 
systems in bacteria and archaea, Front. Microbiol. 6 (2015), https://doi.org/ 
10.3389/fmicb.2015.00742.

[112] S. Bellou, G. Aggelis, Biochemical activities in Chlorella sp. and Nannochloropsis 
salina during lipid and sugar synthesis in a lab-scale open pond simulating 
reactor, J. Biotechnol. 164 (2013) 318–329, https://doi.org/10.1016/j. 
jbiotec.2013.01.010.

[113] X. Meng, J. Yang, X. Xu, L. Zhang, Q. Nie, M. Xian, Biodiesel production from 
oleaginous microorganisms, Renew. Energy 34 (2009) 1–5, https://doi.org/ 
10.1016/j.renene.2008.04.014.

[114] G.M. Carman, G.-S. Han, Phosphatidic acid phosphatase, a key enzyme in the 
regulation of lipid synthesis, J. Biol. Chem. 284 (2009) 2593–2597, https://doi. 
org/10.1074/jbc.R800059200.

[115] L. Qin, L. Liu, A.-P. Zeng, D. Wei, From low-cost substrates to single cell oils 
synthesized by oleaginous yeasts, Bioresour. Technol. 245 (2017) 1507–1519, 
https://doi.org/10.1016/j.biortech.2017.05.163.

[116] G. Vasilakis, E. Dalaka, G. Bekiaris, S. Marka, A. Kaliora, I. Politis, E. Flemetakis, 
G. Theodorou, S. Papanikolaou, Production and characterization of cellular and 
released polysaccharides by Papiliotrema laurentii strains bioreactor-cultivated 
on Mizithra secondary cheese whey, Carbon Resour. Convers. (2026) 100390, 
https://doi.org/10.1016/j.crcon.2025.100390.

[117] P. Diamantopoulou, R. Filippousi, D. Antoniou, E. Varfi, E. Xenopoulos, D. Sarris, 
S. Papanikolaou, Production of added-value microbial metabolites during growth 
of yeast strains on media composed of biodiesel-derived crude glycerol and 
glycerol/xylose blends, FEMS Microbiol. Lett. 367 (2020), https://doi.org/ 
10.1093/femsle/fnaa063.

[118] G. Vasilakis, R. Tefa, A. Georgoulakis, D. Karayannis, I. Politis, S. Papanikolaou, 
Screening of non-conventional yeasts on low-cost carbon sources and valorization 
of Mizithra secondary cheese whey for metabolite production, BioTech 14 (2025) 
24, https://doi.org/10.3390/biotech14020024.

[119] G. Vasilakis, A. Georgoulakis, E. Dalaka, G. Bekiaris, I. Diamantis, D. Karayannis, 
M.-E. Zografaki, P. Diamantopoulou, E. Flemetakis, G. Theodorou, I. Politis, 
S. Papanikolaou, Bioconversion of Deproteinized cheese whey to metabolites by 
understudied Cryptococcus-related yeasts: characterization and properties of 
extracted polysaccharides, Dairy 6 (2025) 69, https://doi.org/10.3390/ 
dairy6060069.

[120] S. Papanikolaou, P. Diamantopoulou, F. Blanchard, E. Lambrinea, I. Chevalot, N. 
G. Stoforos, E. Rondags, Physiological characterization of a novel wild-type 
Yarrowia lipolytica strain grown on glycerol: effects of cultivation conditions and 
mode on polyols and citric acid production, Appl. Sci. 10 (2020) 7373, https:// 
doi.org/10.3390/app10207373.

[121] M. Kuttiraja, A. Dhouha, R.D. Tyagi, Harnessing the effect of pH on lipid 
production in batch cultures of Yarrowia lipolytica SKY7, Appl. Biochem. 
Biotechnol. 184 (2018) 1332–1346, https://doi.org/10.1007/s12010-017-2617- 
y.

[122] Y.H. Chan, R.R. Tan, S. Yusup, H.L. Lam, A.T. Quitain, Comparative life cycle 
assessment (LCA) of bio-oil production from fast pyrolysis and hydrothermal 
liquefaction of oil palm empty fruit bunch (EFB), clean Technol. Environ, Policy 
18 (2016) 1759–1768, https://doi.org/10.1007/s10098-016-1172-5.

[123] A.A. Koutinas, A. Chatzifragkou, N. Kopsahelis, S. Papanikolaou, I.K. Kookos, 
Design and techno-economic evaluation of microbial oil production as a 
renewable resource for biodiesel and oleochemical production, Fuel 116 (2014) 
566–577, https://doi.org/10.1016/j.fuel.2013.08.045.

[124] S. Sarantou, N.G. Stoforos, O. Kalantzi, S. Papanikolaou, Biotechnological 
valorization of biodiesel-derived glycerol: trials with the non-conventional yeasts 
Yarrowia lipolytica and Rhodosporidium sp, Carbon Resour. Convers. 4 (2021) 
61–75, https://doi.org/10.1016/j.crcon.2020.12.006.
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