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Abstract

Bio-based lubricants are rapidly gaining prominence as sustainable alternatives to
petroleum-derived counterparts, driven by their inherent biodegradability, low ecotoxicity,
and strong alignment with global environmental and regulatory imperatives. Despite their
promising tribological properties, their widespread adoption continues to confront signifi-
cant challenges, particularly related to oxidative and thermal instability, cold-flow behavior,
and cost competitiveness in demanding high-performance applications. This comprehen-
sive review critically synthesizes the latest advancements in bio-based lubricant technology,
spanning feedstock innovations, sophisticated chemical modification strategies, and the
development of advanced additive systems. Notably, recent formulations demonstrate
remarkable performance enhancements, achieving friction reductions of up to 40% and
contributing to substantial CO2 emission reductions, ranging from 30 to 60%, as evidenced
by comparative life-cycle assessments and energy efficiency studies. Distinguishing this
review from existing literature, this study offers a unique, holistic perspective by integrally
analyzing global market trends, industrial adoption dynamics, and evolving regulatory
frameworks, such as the European Union Eco-Label and the U.S. EPA Vessel General
Permit, alongside technological advancements. This study critically assesses emerging
methodologies for tribological evaluation and benchmark performance across diverse,
critical sectors including automotive, industrial, and marine applications. By connecting in-
depth technical innovations with crucial socio-economic and environmental considerations,
this paper not only identifies key research gaps but also outlines a pragmatic roadmap
for accelerating the mainstream adoption of bio-based lubricants, positioning them as an
indispensable cornerstone of sustainable tribology.

Keywords: bio-based lubricants; vegetable oils; renewable feedstocks; oxidative stability;
tribology; additive technology; market adoption; sustainability; biodegradability; perfor-
mance evaluation

1. Introduction
The escalating global imperative for sustainable technologies has significantly inten-

sified the focus on replacing petroleum-based lubricants with environmentally benign
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alternatives [1,2]. Traditional mineral oil lubricants, while effective, contribute substantially
to carbon emissions from internal combustion engines and pose considerable ecological
risks, particularly in applications prone to lubricant leakage or disposal [2,3]. With tribolog-
ical contacts accounting for significant energy losses, innovations in lubrication are crucial
for reducing both energy consumption and greenhouse gas emissions [3,4]. Bio-based
lubricants, derived predominantly from renewable resources such as vegetable oils, offer
inherent advantages including superior biodegradability, reduced ecotoxicity, and high
lubricity, making them a compelling sustainable solution, encompassing both liquid oils
and semi-solid greases [2,5].

Despite these intrinsic benefits and growing interest driven by green chemistry and
circular economy principles [6], widespread industrial adoption of bio-based lubricants
has historically been hampered by persistent technical and economic challenges. Key limi-
tations include their susceptibility to oxidative and thermal degradation, poor cold-flow
characteristics, and cost competitiveness when compared to conventional lubricants [2,7,8].
Over the past decade, extensive research efforts have concentrated on overcoming these lim-
itations through advanced chemical modification strategies, novel molecular designs, and
the integration of high-performance additive technologies [6,9,10]. Notably, recent studies
have demonstrated significant advancements, with improved formulations achieving tribo-
logical performances that rival or even surpass mineral oils in specific applications [10,11].

While the existing literature offers numerous reviews on various facets of bio-based
lubricants, there remains a critical need for a contemporary, holistic synthesis that inte-
grates the rapid pace of technological innovation with the evolving market, regulatory, and
strategic landscape [6,8]. This review, distinguishing itself from previous works, provides
a comprehensive and up-to-date analysis by not only consolidating the latest scientific
breakthroughs in feedstock development, chemical modifications, and additive engineering
for both bio-based oils and greases, but also by critically examining the intricate interplay of
global market trends, industrial adoption dynamics, and stringent regulatory frameworks
shaping their commercial viability [2,12]. Furthermore, we incorporate emerging method-
ologies such as artificial intelligence and machine learning for predictive formulation
design and advanced tribological evaluation [13,14], and benchmark performance across
diverse sectors, including automotive, industrial, and marine applications. By connect-
ing fundamental scientific advancements with crucial socio-economic and environmental
considerations, this paper aims to identify key research gaps and articulate a pragmatic
roadmap for accelerating the mainstream penetration of bio-based lubricants, thereby
solidifying their role as an indispensable cornerstone of sustainable tribology. This review
provides researchers, industry professionals, and policymakers with a forward-looking
perspective essential for navigating the complexities and capitalizing on the opportunities
within this rapidly evolving field.

2. Feedstock Challenges and Oleochemical Modifications of
Bio-Based Lubricants

The selection of appropriate feedstock forms the cornerstone for developing high-
performance bio-based lubricants, as it fundamentally dictates the chemical composition,
processing viability, and ultimate tribological performance [2,15]. Vegetable oils are ex-
tensively investigated due to their abundant availability, renewable nature, and inherent
lubricity, often demonstrating good shear stability and superior lubricating properties
compared to mineral oils [2,5]. Commonly utilized oils include soybean, rapeseed, palm,
sunflower, and castor, with increasing interest in non-edible sources and waste streams [2,8].
The fatty acid profile—specifically the chain length, degree of unsaturation, and distribu-
tion of functional groups—critically influences key lubricant properties such as viscosity,
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oxidative stability, and biodegradability [5,16]. As elucidated by Ojha et al., FA composition
is not only responsible for the physicochemical properties of plant oils but also dictates
their applications [16].

A primary limitation of raw vegetable oils is their inherent susceptibility to poor
oxidative and thermal stability [5,15]. The presence of numerous double bonds in unsat-
urated fatty acids renders them prone to peroxidation and rapid degradation at elevated
temperatures [17]. This phenomenon, as described by Grebe and Ruland, involves the
formation of acids, polymers, and deposits, especially in the presence of catalysts or wear
debris [18]. Furthermore, many vegetable oils exhibit poor cold-flow characteristics and
high pour points, primarily due to the crystallization of saturated fatty acids, which limits
their suitability for low-temperature environments [5,19]. Research indicates that high-oleic
variants of vegetable oils, such as high-oleic soybean and sunflower oils, demonstrate
superior oxidative stability and lubricity compared to their low-oleic counterparts, thereby
offering improved stability profiles [5]. Generally, vegetable oils with high oleic acid content
feature enhanced rheo-thermal stability [5].

To provide clarity on feedstock characteristics, Table 1 summarizes the typical fatty
acid composition of major vegetable oils employed in bio-lubricant formulations:

Table 1. Typical Fatty Acid Composition of Major Bio-Lubricant Feedstocks.

Feedstock Oleic Acid (C18:1, %) Linoleic Acid (C18:2, %) Saturated Fatty Acids (%,
e.g., Palmitic + Stearic)

High-Oleic Sunflower Oil 75–90 3–15 8–12

Soybean Oil 20–30 50–60 10–15

Rapeseed Oil 55–70 15–25 5–10

Palm Oil 38–48 10–12 45–50

Castor Oil 85–90 3–5 1–3

2.1. Chemical and Enzymatic Modification Pathways

To overcome these intrinsic limitations, extensive research has been dedicated to the
chemical and enzymatic modification of vegetable oils [6,15]. Common techniques include
epoxidation, transesterification, and esterification [6,8]. Epoxidation introduces oxirane
rings into unsaturated fatty acids, enhancing oxidative stability and reducing volatility,
although subsequent stabilization with antioxidants is often necessary for long-term dura-
bility [8,19]. Transesterification, particularly with polyols, converts triglycerides into esters
with reduced viscosity and improved lubricity, expanding their utility in applications such
as gear and hydraulic systems [8,20,21]. Prasanth et al. demonstrated a two-step chemical
modification process (transesterification followed by epoxidation) to improve the thermal
and oxidative stability of oils for industrial use [22].

Recent studies underscore the benefits of enzymatic modification, especially lipase-
catalyzed esterification, which enables highly selective conversions under mild conditions
and minimizes undesirable by-product formation [19]. These enzymatic pathways align
with green chemistry principles, offering more sustainable production routes [6].

2.2. Feedstock Diversification and Novel Sources, Including Green Greases

While edible oils remain prominent, their competition with food supplies has
prompted sustainability concerns [19,23]. The diversion of edible oils for industrial ap-
plications raises ethical considerations regarding food security and price volatility, with
soybean oil being a prime example impacting availability and cost [19]. Consequently,
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non-edible feedstocks like Jatropha, neem, karanja, and mahua, as well as waste cooking
oils, are increasingly explored for lubricant synthesis [15,23,24].

The principles of feedstock selection and modification extend critically to the develop-
ment of green greases. Vegetable oils, including high-oleic rapeseed oil [10] and sunflower
oil [25], serve as base oils for these semi-solid lubricants. Their fatty acid profiles influ-
ence performance characteristics such as oxidative stability and low-temperature behavior.
Jojoba oil, for instance, has been investigated as a sustainable base oil for greases, often com-
bined with plant-waste based nanoadditives to enhance rolling bearing performance [26].

Algal oils represent a particularly promising frontier due to their high lipid productiv-
ity and the potential for cultivation on non-arable land using wastewater, thereby mitigating
the food-versus-fuel dilemma [12,27]. Studies highlight that microalgae can achieve signifi-
cantly higher oil yields per hectare (e.g., 7–31 times higher) compared to traditional oilseed
crops, offering a sustainable alternative with reduced land footprint [28,29].

Waste cooking oil valorization has gained traction as a cost-effective and environmen-
tally beneficial approach [23,30]. Repurposing waste streams not only reduces disposal
issues but also offers a cheaper raw material source, with studies demonstrating that esters
derived from WCO, when properly refined, can achieve tribological performance com-
parable to that of virgin oils [11]. However, the collection and processing infrastructure
for WCO present their own set of economic and logistical challenges [23]. The potential
of waste cooking oils also extends to green grease formulations, where their modified
derivatives can serve as sustainable base oils [23].

For green greases, the selection of thickeners is equally critical to achieve desired rheo-
logical and tribological properties, which largely determine the grease’s consistency and its
ability to prevent lubricant loss [18]. While conventional greases often use metallic soaps
(e.g., lithium, calcium) [31], there is a growing trend towards more environmentally benign
alternatives. Polyurea-based thickeners, for example, significantly affect the rheological
and tribological properties of lubricating greases, including their flow limit and extreme
pressure performance, depending on their degree of polymerization [32]. Studies have
investigated the influence of thickener type, such as polyurea, on the rheological and tribo-
logical behavior of greases, highlighting its impact on consistency and overall performance
in applications like ball bearings [33]. Furthermore, researchers are exploring the use of
biomass-derived materials such as biochar from walnut shells [25] or chokeberry [34] as
additives to enhance the tribological and rheological properties of vegetable lubricating
greases, offering a sustainable pathway for thickener modification. Amorphous silica [25]
and montmorillonite [35] are also being investigated as thickeners or modifiers for green
greases. The effect of base oil and thickener type, and their interactions, are critical for
understanding the texture and flow of lubricating greases [36]. The base grease type has a
significant role in the lubrication performance of additives like hexagonal boron nitride
nanoparticles [37]. The friction coefficient of greases can be influenced by the type of solid
lubricants incorporated, affecting the wear of rolling-sliding interfaces [38].

2.3. Structure–Property Relationships and Nano-Additive Incorporation

The specific fatty acid profile of a vegetable oil profoundly influences its tribological
behavior [5,39]. Monounsaturated fatty acids, such as oleic acid, offer a desirable balance
between lubricity and oxidative resistance, while polyunsaturated fatty acids, though
imparting superior fluidity, are more susceptible to oxidative degradation [5,9]. Chem-
ical tailoring that strategically modifies the degree of unsaturation has been proven to
significantly enhance wear protection and friction reduction [9].

The incorporation of nano-additives further complements these modifications by
substantially improving load-bearing capacity and reducing wear scar diameters. Nanopar-
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ticles can form protective films and reduce asperity contact, effectively broadening the ap-
plicability of bio-lubricants in heavy-duty systems and severe operating conditions [10,40].

2.4. Summary of Feedstock and Modification Challenges

In summary, the primary challenges associated with bio-lubricant feedstocks re-
volve around inherent oxidative and thermal instability, suboptimal cold-flow proper-
ties, ethical concerns regarding edible oil competition, and issues related to the scala-
bility and cost-effectiveness of non-edible and novel sources. Chemical and enzymatic
modification pathways consistently offer effective solutions to these limitations [6].
Concurrently, the diversification into non-traditional feedstocks, including algal oils
and various waste streams, significantly bolsters the sustainability profile and economic
viability of bio-lubricants [23,27]. These concerted developments are progressively
closing the performance gap between traditional mineral oils and advanced bio-based
lubricants, with synthetic esters, for example, offering comparable performance to
mineral oils [2,4,41].

3. Tribological Properties of Bio-Based Lubricants
Bio-based lubricants exhibit distinct tribological behaviors across boundary, mixed,

and hydrodynamic regimes due to their unique molecular structures, including polar
functionality, favorable viscosity–temperature response, and enhanced oxidation stability
from chemical modifications [4,39]. Overall, chemically modified vegetable oils and ad-
vanced bio-based formulations often deliver lower coefficients of friction and competitive
wear protection compared to conventional mineral oils, though performance is strongly
influenced by the feedstock, chemical modifications, and additive packages [9,15].

3.1. Friction and Wear Characteristics

The polar ester groups inherent in plant-derived base stocks facilitate strong ad-
sorption onto metallic surfaces, promoting the formation of robust boundary films. This
characteristic effectively lowers the CoF and reduces wear relative to mineral oil basestocks
under identical test conditions [5]. For instance, epoxidized vegetable oils are known to
form more stable boundary films, often demonstrating significant reductions in wear scar
diameter compared to their unmodified counterparts [22]. Table 2 provides representa-
tive friction and wear performance data for various lubricant types under standardized
ASTM D4172 conditions [42]. Please note that the specific numerical values in the table
are representative of findings across multiple experimental studies, rather than being ex-
tracted verbatim from a single source. The accompanying citations support the general
comparative performance.

Table 2. Representative friction and wear performance under ASTM D4172 (values are indicative
ranges compiled from the cited sources; exact results depend on load, speed, temperature, and
counter-face).

Lubricant (Representative) CoF (−) Wear Scar (mm) Source

Mineral oil base stock 0.10–0.12 0.65–0.75 [5,43]

Soybean oil (unmodified) 0.09–0.11 0.58–0.65 [5,43]

Epoxidized soybean/veg. oil 0.08–0.10 0.48–0.55 [22]

Rapeseed oil (chemically modified) 0.09–0.10 0.49–0.55 [10]
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3.2. Influence of Viscosity and Temperature

Vegetable oil-based esters typically exhibit a higher viscosity index than mineral oils,
which is crucial for maintaining adequate film thickness across a broad range of operating
temperatures and enhancing mixed and hydrodynamic lubrication performance [8]. As
shown in Figure 1, the distinct viscosity-temperature relationships for various lubricants
highlight this crucial characteristic [5,44]. However, oxidative robustness remains critical
for ensuring durability at elevated temperatures, often necessitating the incorporation of
effective antioxidant packages and further chemical modifications [7].

Figure 1. Viscosity–temperature curves (schematic).

3.3. Additive Synergy (Nanoparticles & Ionic Liquids)

Chemical additives are pivotal in bridging any remaining performance gaps in bio-
based lubricants. Nanoparticles, such as CuO, TiO2, MoS2, and graphene, have been
extensively researched for their ability to significantly reduce CoF (sometimes by up to
40%) through rolling, mending, and tribofilm formation mechanisms, while also improving
extreme pressure and anti-wear properties [10,40]. Ionic liquids, with their tunable polarity
and thermal stability, are gaining traction as multifunctional additives that not only improve
friction and wear but also boost oxidative resistance in bio-based oils [40].

3.4. Application-Focused Evidence

Application-oriented studies consistently confirm that chemically modified rapeseed
and soybean-derived esters, when combined with appropriate additive systems, can match
or even surpass the performance of mineral oils in relevant duty cycles [10]. Reported
benefits include lower friction in boundary lubrication regimes, reduced wear and scuffing,
and the formation of more stable lubricating films at operational temperatures, consistent
with the described mechanisms [10]. As illustrated in Figure 2, comprehensive comparisons
of friction coefficients and wear rates demonstrate the competitive performance of bio-based
lubricants against their conventional counterparts [45,46].
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Figure 2. Wear rate micrographs of various oils.

3.5. Summary

Bio-based lubricants, including both oils and the green greases discussed in Section 2.2,
inherently deliver low friction and competitive wear control due to their polar chemistry
and high viscosity index. Tailored chemical modifications, coupled with advanced additive
strategies, particularly nanoparticles and ionic liquids, significantly extend their durability
and enhance extreme pressure performance. These advancements enable credible substitu-
tion for mineral oils across numerous applications. The integration of sustainable thickeners
and base oils for green greases further broadens the scope of bio-based lubrication solutions.

4. Chemical Modifications and Additive Technologies for
Bio-Based Lubricants

To overcome the intrinsic limitations of raw vegetable oils and meet the demand-
ing performance requirements of modern tribological applications, two primary strate-
gies are employed: direct chemical modification of the base oil and the incorporation of
performance-enhancing additives. This section synthesizes advancements in both areas,
detailing how these approaches transform bio-based feedstocks into high-performance
lubricants and green greases.

4.1. Chemical Modification Strategies

The intrinsic limitations of unmodified vegetable oils—such as poor oxidative stability,
high pour points, and limited thermal resistance—necessitate chemical modifications to
tailor them for demanding tribological applications [15]. By altering fatty acid chains and
functional groups, chemical modification strategies enhance viscosity indices, oxidative
stability, and cold-flow behavior, thereby aligning bio-based oils with the requirements of
modern lubrication systems [8].

4.1.1. Transesterification and Esterification

Transesterification and esterification are among the most widely used strategies for
converting triglycerides into esters with favorable lubrication properties [6,15].

• Transesterification typically involves the reaction of triglycerides with alcohols (e.g.,
methanol, polyols like trimethylolpropane) in the presence of acid, base, or enzymatic
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catalysts [8]. This process yields base stocks with better low-temperature flow and
improved lubricity compared to unmodified oils by breaking down large triglyceride
molecules into smaller, more uniform esters [20,21]. Polyol esters, such as TMP
esters derived from rapeseed oil, have demonstrated excellent oxidative stability and
superior film-forming capabilities, making them suitable for aviation turbine oils
due to their high flash points and low volatility [8]. This method is widely applied
both at laboratory scales and in industrial production due to its relative simplicity
and effectiveness.

• Esterification of fatty acids with various alcohols produces synthetic esters with high
viscosity indices, low volatility, and improved biodegradability [6]. These reactions
yield base stocks with better low-temperature flow compared to unmodified oils, while
preserving lubricity. This is also a well-established industrial practice.

Table 3 shows a comparison of base oil properties before and after esterification/
transesterification, illustrating the typical improvements achieved.

Table 3. Comparison of base oil properties before and after esterification/transesterification.

Parameter Unmodified Oil Transesterified Ester Synthetic Ester

Viscosity Index (VI) 180–190 200–210 220–240

Pour Point (◦C) −3 to −6 −9 to −12 −15 to −18

Oxidative Stability (h) 20–30 40–50 60–70

Figure 3 illustrates the transesterification reaction, a key chemical modification for
vegetable oils. In this pathway, a triglyceride (representing the vegetable oil) reacts with
an alcohol (typically methanol) in the presence of a catalyst to produce fatty acid methyl
esters, commonly known as biodiesel, and glycerol [47]. This process involves breaking
the ester bonds of the triglyceride and forming new ester bonds with the alcohol. The re-
sulting FAMEs are smaller, less viscous molecules with improved cold-flow properties and
enhanced lubricity, making them valuable as bio-lubricant base stocks or fuel components.
This specific reaction pathway is widely applied both at laboratory scales and in industrial
production due to its relative simplicity and effectiveness in transforming vegetable oils
into more suitable lubricant precursors.

Figure 3. Reaction pathway of vegetable oil → methyl ester.

4.1.2. Epoxidation and Ring-Opening Reactions

Epoxidation introduces oxirane rings (three-membered ether rings) into the double
bonds of unsaturated fatty acids, providing reactive sites that can be further modified
through ring-opening to produce polyols or estolides [8,19]. This modification enhances
oxidative stability by eliminating reactive double bonds and increases the polarity of
the molecules.
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• Epoxidized soybean oil, for instance, demonstrates improved oxidative stability and
high-temperature resistance, making it an attractive bio-lubricant component [19].

• However, epoxides may suffer from low-temperature crystallization. To address
this, subsequent ring-opening reactions with organic acids produce estolides. These
estolides exhibit superior cold-flow properties, enhanced anti-wear characteristics,
and film strength, offering a balanced performance profile [8].

• Epoxidation-derived lubricants are widely studied as eco-friendly alternatives in ap-
plications requiring resistance to thermo-oxidative degradation. Recent studies in
Lubricants report that epoxidized palm oil estolides blended with ZnO nanoparti-
cles achieved synergistic anti-wear performance comparable to polyalphaolefins [10].
Epoxidation is a well-established laboratory method with significant industrial rele-
vance, particularly in the production of plasticizers and stabilizers, and its application
in lubricants is progressing towards industrial scale.

Figure 4 depicts a two-step chemical modification process for vegetable oils: epoxi-
dation followed by ring-opening to form estolides [48]. In the first step (epoxidation), the
carbon-carbon double bonds within the fatty acid chains of a vegetable oil are converted
into highly reactive oxirane rings, typically using hydrogen peroxide and a catalyst. This
step significantly reduces the oil’s susceptibility to oxidative degradation. These oxirane
rings are then subjected to a ring-opening reaction, often with a carboxylic acid, to cre-
ate estolides. Estolides are esters formed by the interesterification of hydroxy fatty acids
with other fatty acids, resulting in branched structures. This modification is crucial for
enhancing the lubricity, improving cold-flow properties, and further boosting the oxidative
stability of bio-based lubricants, directly addressing some key limitations of raw vegetable
oils. This strategy is currently a focus of advanced laboratory research aiming for broader
industrial application.

Figure 4. Epoxidation and ring-opening of vegetable oils leading to estolides.

4.1.3. Hydrogenation and Hydroisomerization

• Hydrogenation reduces unsaturation by converting carbon-carbon double bonds into
saturated carbon-carbon single bonds, thereby suppressing oxidative instability [9].
Hydrogenated oils possess enhanced thermal and oxidative resistance but often at the
expense of pour point, as increased saturation tends to promote crystallization at low
temperatures. This method is used both in lab research and for industrial applications,
particularly for food oils.

• Hydroisomerization is used to overcome the low-temperature drawbacks of hydro-
genation by altering the carbon skeleton, improving cold-flow behavior while main-
taining oxidative stability [9].

• Catalytic hydrogenation combined with selective isomerization yields high-performance
synthetic base oils with balanced viscosity-temperature properties. These advanced pro-
cesses are typically subjects of ongoing research and specialized industrial applications.
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4.1.4. Acylation, Grafting, and Advanced Functionalization

Advanced chemical modifications aim to graft specific functional groups onto the fatty
acid chains that impart enhanced polarity, surface activity, and film-forming capabilities.

• Acylation of hydroxylated fatty esters with anhydrides can improve boundary lubrica-
tion properties.

• Graft copolymerization with monomers like acrylates or maleic anhydride can enhance
dispersancy, oxidative resistance, and viscosity index.

• Enzymatic catalysis represents a particularly selective and environmentally benign
route for modifications, allowing for the development of tailor-made lubricants under
mild reaction conditions [6]. Recent reviews emphasize enzymatic modification as a
promising route toward green chemistry in lubricant design, reducing reliance on high-
energy chemical routes [19]. While highly promising, these advanced functionalization
techniques are often in the lab-scale or early industrial adoption phases.

4.1.5. Industrial and Practical Implications of Chemical Modifications

Chemically modified vegetable oils are increasingly penetrating commercial lubri-
cant markets, particularly in hydraulic fluids, metalworking fluids, and gear oils where
biodegradability and low toxicity are valued. For instance, trimethylolpropane esters are
adopted in aviation turbine oils due to their high flash points and low volatility, represent-
ing a clear industrial application [8]. Transesterified and epoxidized oils are widely used as
base stocks in commercially available bio-hydraulic fluids, demonstrating their transition
from lab-scale to established industrial products [22]. Strategies like estolide formation
are subjects of ongoing research with strong potential for future industrial scaling, as
they directly address cold flow and anti-wear properties [8]. Table 4 shows the industrial
relevance of various chemical modifications in bio-based lubricants.

Table 4. Industrial relevance of chemical modifications in bio-based lubricants.

Modification Target Property Improved Industrial Application Status (Lab/Industrial)

Transesterification Cold-flow, biodegradability Hydraulic fluids Industrial

Epoxidation Oxidative stability, polarity Gear oils Industrial/Research

Hydrogenation Thermal/oxidative resistance Turbine oils Industrial

Estolide formation Anti-wear, film strength, cold-flow Engine oils (potential) Research/Emerging

4.2. Additive Technologies

Chemical additives play a crucial role in tailoring the performance of bio-based lubri-
cants, compensating for inherent deficiencies such as poor oxidative stability, low thermal
resistance, and unfavorable cold-flow properties. By carefully selecting and blending ad-
ditives, researchers have developed formulations that rival or exceed the performance of
mineral oil-based lubricants [40]. This section reviews the major categories of additives,
their mechanisms, and performance improvements, supported by recent comparative
studies. This also includes specific additives for green greases.

4.2.1. Antioxidants

Oxidative degradation is one of the main challenges limiting the long-term perfor-
mance of vegetable oil-based lubricants due to the presence of unsaturated fatty acids [7].
Antioxidants, including phenolic and aminic compounds, interrupt radical chain reactions
and enhance oil stability under thermal stress [7]. Natural antioxidants such as tocopherols
and lignin derivatives have also been explored for their biodegradability and non-toxicity,
offering more environmentally friendly solutions [7]. Recent studies indicate that the
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combination of synthetic hindered phenols with natural lignin-based antioxidants can sig-
nificantly extend induction periods compared to untreated oils [7]. As Figure 5 illustrates,
various types of additives, including phenolic compounds, aromatic amines, ionic liquids,
and nano ZnO, effectively contribute to the oxidative stability improvement of bio-based
lubricants [10].

Figure 5. Mechanism of antioxidant action in bio-based oils.

4.2.2. Pour Point Depressants

Vegetable oils typically exhibit poor low-temperature fluidity due to the crystallization
of saturated fatty acids at lower temperatures [5,19]. PPDs, such as polymethacrylates
and alkylated naphthalenes, modify crystal growth and inhibit the formation of large
wax crystals, thereby improving cold flow properties and enabling operation in cold
environments [19]. As detailed in Table 5, the addition of PPDs to modified soybean
and canola oils can lead to substantial improvements in their pour points, enhancing
low-temperature performance [5,49].

Table 5. Effect of PPDs on pour point of modified soybean and canola oils.

Base Oil Additive (wt%) Pour Point (◦C) Before Pour Point (◦C) After % Improvement

Soybean Oil 1% PMA –12 –27 55%

Canola Oil 1% Alkyl Naph. –9 –23 61%

4.2.3. Viscosity Index Improvers

While the viscosity index of vegetable oils is generally higher than mineral oils, further
enhancement is often desirable. VIIs, such as olefin copolymers and polyalkyl methacry-
lates, ensure stable viscosity across a wide temperature range [8]. These additives are
crucial for automotive lubricants, where stable viscosity is critical for maintaining film
thickness from cold start to high operating temperatures.
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4.2.4. Nanoparticles as Additives

Nanoparticles, including CuO, TiO2, MoS2, graphene, and hexagonal boron nitride
(hBN), are among the most researched additives in recent tribological studies [10,40]. Their
ultrafine size (typically 1–100 nm) allows them to function through various mechanisms:

• Rolling/Ball-Bearing Effect: Nanoparticles can act as tiny ball bearings, converting
sliding friction into rolling friction, thereby reducing energy losses [40].

• Mending Effect: They can fill microscopic depressions and scratches on contacting
surfaces, smoothing them out and reducing stress concentrations [40].

• Protective Film Formation: Nanoparticles can deposit on friction surfaces to form a
tenacious protective tribofilm, preventing direct metal-to-metal contact and minimiz-
ing wear [40].

These mechanisms collectively enhance load-carrying capacity, reduce asperity con-
tact, and significantly lower the coefficient of friction and wear scar diameter in bio-based
lubricants [10,40]. Meta-analyses show that CuO and graphene nanoparticles, for example,
can reduce the CoF by up to 40% and WSD by 30% in various bio-based lubricant formula-
tions [40]. They are critical for broadening the applicability of bio-lubricants in heavy-duty
systems and severe operating conditions [10].

Figure 6 illustrates the multi-faceted mechanisms by which nanoparticles enhance the
tribological performance of lubricants, particularly in bio-based formulations [50]. When
introduced into the lubricant, nanoparticles (represented by small spheres) can contribute
to friction and wear reduction through several pathways.

Figure 6. Schematic of nanoparticle action in reducing friction and wear.

4.2.5. Ionic Liquids

Ionic liquids, with their unique properties such as negligible vapor pressure, non-
flammability, and tunable polarity and thermal stability, are gaining traction as multifunc-
tional additives for bio-based lubricants [38]. Their use not only improves friction and



Lubricants 2025, 13, 440 13 of 31

wear performance but also boosts oxidative resistance through the formation of robust tri-
bofilms [38,40]. Choline-based ionic liquids, for instance, have shown promise in enhancing
the tribological properties of bio-lubricants due to their eco-friendly nature [38]. How-
ever, challenges such as cost and potential toxicity need to be resolved before large-scale
adoption [38].

4.2.6. Hybrid Additive Systems

The latest trend in bio-lubricant development involves synergistic blends of different
additive types, such as nanoparticles combined with antioxidants or ionic liquids [40].
These hybrid systems are designed to leverage the complementary benefits of each com-
ponent, often demonstrating superior tribological performance compared to individual
additives [40]. For example, a combination of nanoparticles and ionic liquids can offer
enhanced anti-wear and extreme pressure properties alongside improved oxidative stabil-
ity [40]. Such complex formulations are a subject of intensive research and are gradually
moving towards specialized industrial applications.

Figure 7 presents a comparative analysis of the coefficient of friction reduction achieved
in bio-based oils when treated with various additive systems. The graph typically shows
different bars or data points representing the CoF for the base oil alone, the base oil with
individual additives (e.g., specific nanoparticles, ionic liquids), and finally, with hybrid
additive systems.

Figure 7. Coefficient of friction reduction in bio-based oils with different additive systems.

4.2.7. Additives for Green Greases

For green greases, the selection of thickeners is equally critical to achieve desired
rheological and tribological properties, which largely determine the grease’s consistency
and its ability to prevent lubricant loss [18]. While conventional greases often use metallic
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soaps (e.g., lithium, calcium) [31], there is a growing trend towards more environmentally
benign alternatives.

• Polyurea-based thickeners, for example, significantly affect the rheological and tri-
bological properties of lubricating greases, including their flow limit and extreme
pressure performance, depending on their degree of polymerization [32]. Studies have
investigated the influence of thickener type, such as polyurea, on the rheological and
tribological behavior of greases, highlighting its impact on consistency and overall
performance in applications like ball bearings [33].

• Researchers are exploring the use of biomass-derived materials such as biochar from
walnut shells [25] or chokeberry [34] as additives to enhance the tribological and
rheological properties of vegetable lubricating greases, offering a sustainable pathway
for thickener modification.

• Amorphous silica [25] and montmorillonite [35] are also being investigated as thicken-
ers or modifiers for green greases.

• The effect of base oil and thickener type, and their interactions, are critical for
understanding the texture and flow of lubricating greases [36]. The base grease type
has a significant role in the lubrication performance of additives like hexagonal
boron nitride nanoparticles [37]. The friction coefficient of greases can be influenced
by the type of solid lubricants incorporated, affecting the wear of rolling-sliding
interfaces [38].

4.2.8. Comparative Assessment of Additive Categories

A holistic comparison of additive classes is presented to highlight their strengths,
limitations, and recent findings. Table 6 provides a concise overview of the performance
enhancements typically observed with different additive types.

Table 6. Comparative performance of key additive categories in bio-based lubricants.

Additive Type Primary Benefit Typical Performance
Enhancement Limitations Recent Findings

Antioxidants Thermal & oxidative
stability

2–3× extension of Oxidative
Induction Time [7]

Limited long-term
effect without
regeneration

Synergy with natural
phenolics [7]

PPDs Low-temperature
operability

Pour point reduction by
10–15 ◦C (e.g., 55–61%
improvement) [5,19]

Compatibility
issues, thermal

stability

Effective in canola
esters [5,19]

VI Improvers Stable viscosity
range

Maintain viscosity across
broad temperature ranges [8] Shear degradation PMA copolymers

most effective [8]

Nanoparticles Reduced friction &
wear

Up to 40% friction reduction;
30% Wear Scar Diameter

decrease [10,40]

Agglomeration,
cost, long-term

stability

CuO, graphene, hBN
best performers

[10,37,40]

Ionic Liquids Multifunctional
benefits

Significant friction and wear
reduction, improved

oxidative resistance [38]

Cost, potential
toxicity concerns

Choline-based ILs
promising [38]

Hybrid
Systems

Synergistic
performance

Superior friction reduction
and wear protection

compared to single additives
[40]

Complex
formulation,
optimization

challenges

NP + IL blends
outperform,
enhanced EP

properties [40]
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4.3. Summary

Chemical modification transforms the limitations of vegetable oils into opportu-
nities for engineering advanced lubricant base stocks, moving from lab-scale discov-
eries to industrial applications. Concurrently, the incorporation of diverse additive
technologies—from antioxidants and PPDs to advanced nanoparticles, ionic liquids,
and specialized thickeners for green greases—further refines and enhances performance.
Among all categories, nanoparticles and hybrid additive systems have demonstrated the
greatest potential for industrial applications due to their significant impact on friction
and wear. Continued research should focus on green, cost-effective, and scalable addi-
tives to fully unlock the promise of sustainable lubrication, ensuring competitiveness
with mineral oils in demanding industrial contexts. Furthermore, the development of
biochar-based additives, derived from waste biomass such as walnut shells, presents a
promising avenue for reducing the dynamic viscosity and enhancing the tribological
properties of vegetable greases, thereby improving their utility in demanding appli-
cations like steel friction nodes and central lubrication systems [25]. The integration
of these sustainable materials not only addresses environmental concerns but also of-
fers comparable, if not superior, performance in terms of reduced friction and wear
compared to conventional petroleum-based lubricants [34]. This highlights the critical
role of sustainable additives in bridging the performance gap between biolubricants
and their mineral oil counterparts, while simultaneously addressing ecological impera-
tives [2,51].

5. Industrial Adoption and Market Perspectives
The industrial adoption of bio-based lubricants has accelerated in the last decade,

largely due to increasing regulatory mandates, rising environmental awareness, and the
availability of improved formulations that rival or surpass mineral oils in selected applica-
tions [52–54]. Despite this momentum, full-scale industrial penetration remains uneven
across sectors, largely influenced by cost, performance perception, and supply chain matu-
rity [12,55].

5.1. Global Market Trends

Academic market analyses indicate a significant growth trajectory for the bio-lubricant
sector. Table 7 presents a summary of global market forecasts for bio-based lubricants
derived from recent reviews [2,8]. These projections highlight the increasing demand
driven by sustainable solutions. Regional growth is particularly driven by Europe, North
America, and Asia-Pacific, where manufacturing expansion and green policy adoption are
accelerating [53]. While still a small share compared to the overall global lubricants market,
the bio-based segment is projected to grow at a higher rate [2].

Table 7. Global Bio-Based Lubricant Market Forecasts.

Source Base Year Value Forecast
Year

Forecast
Value CAGR (If Specified)

Plant-Based Oils for Sustainable
Lubrication Solutions—Review [2] 2.13 Billion USD 2030 3.05 Billion

USD Not explicitly stated

Prospects of Plant-Based
Trimethylolpropane Esters in the

Biolubricant Formulation for Various
Applications: A Review [8]

Implied from
2020 baseline 2027 2.6 Billion

USD
5.2%

(post-COVID-19)
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5.2. Industrial Sectors of Adoption

Bio-based lubricants find applications across a diverse range of industrial sectors,
each with specific performance requirements and regulatory drivers [12,53]. The global
lubricant market, as of 2004, showed a distribution of 53% automobile, 32% industrial, 10%
process oils, and 5% marine lubricants [56]. Bio-lubricants are increasingly penetrating
these sectors:

• Marine Industry: This sector has seen widespread adoption of bio-based lubricants,
particularly for stern tube oils and hydraulic fluids, driven by stringent mandates for
environmentally acceptable lubricants under frameworks like the IMO and US EPA
Vessel General Permit [54].

• Agriculture and Forestry: Due to the high risk of soil and water contamination from
oil spillage, bio-based lubricants are increasingly used in chainsaw oils and tractor hy-
draulics [55]. Studies consider the possibility of using vegetable oils as working fluids
for hydraulic systems of agricultural machinery, with specific lubrication formulas
based on rapeseed oil being investigated.

• Construction and Mining: Efforts are being made to increase the use of bio-lubricants
in mobile machinery within these sectors due to growing environmental and economic
arguments for higher energy efficiency and lower emissions in off-road hydraulics.

• Automotive: Despite advantages like good lubricity and high viscosity index,
widespread usage of bio-based lubricants in automotive applications is still limited by
challenges concerning their performance, especially substandard oxidative stability
and low temperature characteristics [56]. However, the development of synthetic es-
ters offers promising applications, showcasing low volatility and high thermal stability,
along with good lubricity [8]. Research has also explored the use of biodegradable
lubricants for heavy duty engines and passenger cars.

• Aerospace: While specific industrial adoption remains limited, there is significant
interest and research in seed-oil-derived lubricants for high-performance applications,
aiming to address low-temperature performance and thermooxidative stability [57].
Ester-based lubricants are particularly investigated for their ability to improve the
lubricity of aviation fuels.

Table 8 summarizes industrial applications of bio-based lubricants, their adoption
status, and relevant requirements. The data within this table has been synthesized from
multiple academic reviews discussing industrial applications and regulatory landscapes
for bio-lubricants [12,53–55,58].

5.3. Drivers of Adoption

The increasing adoption of bio-based lubricants is propelled by several key factors:

• Environmental and Health Regulations: Global and regional policies, such as bans
on non-biodegradable fluids and stricter discharge limits, are major drivers [58].
Legislation is becoming ever more restrictive with regard to the contents, use, and
disposal of lubricants [58]. New regulations aim to minimize health and water hazards.

• Corporate Sustainability Goals: A growing number of Original Equipment Manu-
facturers and fleet operators are integrating bio-lubricants into their Environmental,
Social, and Governance reporting and sustainability initiatives.

• Technological Advances: Significant improvements in bio-lubricant formulations,
including enhanced oxidative stability, improved cold-flow properties, and the de-
velopment of high-performance additives have reduced the performance gap with
conventional lubricants.
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Table 8. Industrial applications of bio-based lubricants and adoption status.

Notes

Favored in
Leakage-Prone

Sites and
Eco-sensitive

Zones

Widespread
Adoption for
Stern Tubes
Since VGP
(2013) [59]

Drain Interval
& Thermal

Stability are
Key Hurdles

Bio-Esters
Help Lubricity;

Microbial
Control Can be

Challenging

High Spec
Hurdles;

Niche/Fleet
Demos Exist

Spill-Sensitive
Soils Favor

Bio-Lubricants

Regulatory
Driver is
Strong;

Bio-Esters
Common in

H1

Extended
Drain and
Cold-Start

Demands are
Critical

High Environ-
mental

Visibility
Drives Use

Technology
Readiness Still Low

for Broad Use

Primary
Drivers/Standards

ISO 15380 [60]
(HEES/HEPR);

EU Ecolabel;
local spill

regulations;
OEM approvals

US EPA VGP;
EU Ecolabel;

ISO 15380; OEM
marine

approvals

OEM
approvals; ISO

12925-1 [61];
sustainability

targets

Occupational
safety; VOC

limits;
wastewater

discharge rules

OEM engine tests;
CO2 targets;

EELQMS/API/ACEA
frameworks

OECD 301;
eco-labeling;

public
procurement

NSF H1/H2;
ISO 21469 [62];
HACCP/IFS/BRC

OEM
approvals;
LCA/ESG

targets

Public
procurement;
local eco-tox

rules

OEM/airworthiness
tests; sustainability

pilots

Adoption Status
(2025)

High (EU/UK);
Moderate–High
(US); Emerging

(APAC)

High (US
VGP-driven);

Moderate–High
(EU)

Moderate
(EU/US);
Emerging
(APAC)

Low–Moderate
(global)

Emerging–
Moderate

(selected fleets);
Low (passenger

cars)

High
(EU/Scandinavia);

Moderate (US)

Very High
(global)

Moderate
(pilots & select

fleets)

Moderate–
High (EU);

Moderate (US)
Low (R&D/pilots)

Key
Performance

Requirements

ISO 15380
compliance; VI
≥ 140; shear

stability;
anti-wear; water

tolerance;
corrosion
protection

Biodegradability;
low aquatic
toxicity; seal

compatibility;
anti-wear/EP;

hydrolytic
stability

High
EP/antiwear;
micro-pitting

resistance;
oxidation
stability;
foam/air

release

Lubricity; EP;
stain control;

microbial
stability;

mist/fume
control;

operator safety

Oxidation/piston
cleanliness; LSPI
control; volatility;
seal compatibility

Biodegradability;
anti-wear; water

wash-off
resistance; tack;

low-temp
pumpability

NSF H1
incidental

contact;
oxidation
stability;

water
resistance;
anti-wear

Oxidation life;
micropitting;

low temp
flow;

filterability;
water

tolerance

Adhesion;
water

wash-off;
EP/anti-wear;

corrosion
protection

Thermal-oxidative
stability; elastomer

compatibility;
low-temp viscosity

Typical Product
Type

HEES
(ester-based

hydraulic oils),
HEPR (synthetic

esters/PAO
blends)

Environmentally
Acceptable
Lubricants

(EALs) based on
saturated esters

Bio-synthetic
ester gear oils;

hybrid
ester/PAO

formulations

Vegetable-ester
based neat oils;

bio-based
emulsion

concentrates

Bio-ester/PAO
blends; renewable

synthetic esters
(pilot)

Biodegradable
chain oils;

HEES/HEPR
hydraulics

H1-registered
bio-

ester/white-
oil/PAO
blends

Bio-synthetic
ester gear oils;

HEPR
hydraulics

Bio-greases
(Ca/Li soaps
with esters);
HEES fluids

High-VI renewable
esters; hybrid
formulations

Industrial Sector Hydraulic
Systems Marine (EALs) Industrial Gear

Oils
Metalworking
Fluids (MWF)

Automotive
Powertrain

Agriculture &
Forestry

Food &
Beverage (H1) Wind Energy Rail &

Off-Highway Aviation (R&D)



Lubricants 2025, 13, 440 18 of 31

5.4. Barriers to Market Expansion

Despite growing interest, several barriers impede the widespread market expansion
of bio-based lubricants:

• Cost: Bio-lubricants generally have higher production costs compared to mineral
oil-based lubricants [63]. Academic sources confirm that the higher cost, primarily
due to raw material expenses and smaller production volumes, remains a significant
challenge for bulk applications [12,15]. For bio-lubricants, raw materials can account
for a substantial portion (e.g., 70–80%) of the total cost [12]. Mineral oils, while offering
adequate performance, are often favored due to their economic efficiency [64].

• Supply Chain Instability: Fluctuations in feedstock availability and pricing, espe-
cially for agricultural commodities, can directly impact the cost and reliability of
bio-lubricant supply chains [52]. Performance Misconceptions: A prevalent miscon-
ception among end-users that bio-lubricants are “green but inferior” persists, despite
modern formulations demonstrating comparable or superior tribological performance
to synthetic oils in many tests [63].

5.5. Case Studies and Adoption Success

Real-world applications demonstrate the growing success of bio-based lubricants:

• Railway Industry: The sustained use of greases manufactured by Fuchs Lubritech
GmbH on railways in Austria, Switzerland, Germany, and other countries confirms
the effectiveness of their utilization in wheel-rail friction pairs, indicating successful
implementation in railway infrastructure. This demonstrates successful industrial
application of bio-lubricants in demanding railway environments.

5.6. Market Outlook

While full industrial substitution is unlikely in the short term, the future points to
coexistence with synthetic lubricants, with hybrid formulations forecast to dominate the
mid-term market [12]. Moreover, carbon credit incentives and eco-labeling certification are
expected to create fresh demand avenues, further accelerating adoption [53]. The market
share of bio-lubricants is projected to grow significantly due to increasing environmental
awareness and stringent regulations [53].

6. Sustainability and Environmental Performance of
Bio-Based Lubricants

The transition toward sustainable lubrication systems is driven by increasingly strin-
gent environmental regulations, global climate goals, and industrial demand for resource
efficiency. Bio-based lubricants, derived from renewable feedstocks, demonstrate in-
herent advantages in biodegradability, low toxicity, and reduced carbon footprint com-
pared to mineral-oil-based formulations [2,8]. Their performance, however, depends on
a combination of chemical design, additive selection, and life-cycle impacts that must be
systematically assessed.

6.1. Biodegradability and Eco-Toxicity

Biodegradability remains the most critical sustainability indicator for bio-lubricants [65].
OECD guidelines are commonly applied, setting thresholds for classification as readily
biodegradable, typically requiring 60% degradation within 28 days [15,66]. Comparative
standards, as summarized in Table 9, highlight differences in methodologies such as dis-
solved organic carbon removal and CO2 evolution, but generally confirm the superior
biodegradability of bio-based alternatives over mineral oils [54,58]. Figure 8 illustrates typ-
ical biodegradation curves of vegetable oil esters versus mineral oils, confirming superior
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biodegradability for bio-based alternatives [67]. Moreover, eco-toxicity studies demonstrate
that esterified vegetable oils generally present lower aquatic toxicity than conventional
lubricants, making them favorable for applications in marine and agricultural machinery.

Table 9. Comparative biodegradability standards for lubricants.

Test Standard Principle Test Duration Pass Criteria Typical Bio-Based
Lubricant Result

Typical Mineral
Oil Result

OECD 301B
(CO2 Evolution Test)

Measures CO2
evolution during
biodegradation

28 days ≥60% CO2
evolution (ThCO2)

High
biodegradability

(70–95%)

Low
biodegradability

(15–25%)

OECD 301F
(Manometric

Respirometry Test)

Monitors oxygen
uptake in a closed

system
28 days

≥60% O2
consumption

(ThOD)

High
biodegradability

(65–90%)

Low
biodegradability

(10–20%)

Figure 8. Biodegradation profiles of vegetable oil esters compared to conventional mineral oils under
OECD test conditions.

6.2. Energy Efficiency and Friction Reduction

The tribological efficiency of lubricants significantly influences system-wide energy
use [65]. As shown in Table 10, bio-based lubricants often exhibit lower friction co-
efficients compared to mineral oils, contributing to energy savings in controlled test
environments [46,68–70].

Table 10. Average friction coefficients of mineral oils vs. selected bio-based lubricants in standardized
tribological tests.

Lubricant Type Test Conditions Average Friction Coefficient (µ)

Mineral Oil Steel-on-steel, 40 ◦C, ASTM D4172 0.13

Soybean oil Steel-on-steel, 40 ◦C, ASTM D4172 0.11

Figure 9 compares friction coefficients across lubricant categories, underlining the
superior energy efficiency of ionic liquid blends and synthetic esters. These improvements
not only reduce greenhouse gas emissions but also extend equipment life, strengthening
the sustainability case for bio-based alternatives [65].
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Figure 9. Friction coefficient comparison of mineral oils, synthetic esters, and ionic liquid blends
across varying loads.

6.3. Life-Cycle Assessment and Carbon Footprint

A comprehensive sustainability assessment requires life-cycle analysis, encompassing
feedstock cultivation, processing, use-phase, and end-of-life disposal. Figure 10 summarizes
comparative LCA findings for mineral oils and bio-lubricants, showing reductions in carbon
emissions when bio-based systems are adopted [7].

Figure 10. Life-cycle carbon footprint of mineral oils vs. bio-based lubricants, showing relative
reductions in CO2 emissions across production, use, and disposal phases.

Notably, LCA results are sensitive to agricultural practices: intensive pesticide or
fertilizer use in oilseed production may offset environmental benefits [71]. Recent studies
recommend integrating circular economy strategies, such as recycling used cooking oils
and valorizing agro-residues, to further enhance the carbon savings potential.
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Methodological Uncertainties in LCA

While Life Cycle Assessment is a powerful tool for quantifying environmental impacts,
its results, especially for bio-based products like lubricants, are often subject to significant
methodological uncertainties [71,72]. These uncertainties can lead to varying conclusions
across different studies comparing mineral oil-based and bio-based lubricants, highlighting
the need for transparent reporting and robust analysis [71]. Understanding these method-
ological nuances is crucial for accurate interpretation and transparent reporting [73].

• System Boundaries: Defining the scope of an LCA (i.e., its “system boundaries”)
profoundly impacts the outcome [73,74]. For lubricants, this involves deciding which
stages of the product’s life cycle to include, such as “cradle-to-gate” (from raw material
extraction to the factory gate) or “cradle-to-grave” (extending to the use phase and
end-of-life treatment) [75]. The exclusion or inclusion of specific upstream processes
(e.g., land-use change associated with agricultural feedstock production, which can
have significant negative environmental consequences) or downstream processes (e.g.,
environmental impacts of lubricant disposal or biodegradation in nature) can shift the
perceived environmental burden between bio-based and conventional lubricants [73].
For bio-based lubricants, negative impacts mainly stem from their agricultural pro-
duction and performance in the use phase [71], and these impacts are critical but can
be underestimated if not fully included in the system boundary [71]. Studies often
lack detail on decisions taken regarding system boundaries, omitting key parts of the
value chain [73].

• Allocation Procedures: The challenge of “allocation” arises in multi-product systems,
particularly in biorefineries that produce lubricants alongside other co-products (e.g.,
animal feed from oilseed crush, glycerol from transesterification) [76]. Environmental
burdens (e.g., emissions from oilseed cultivation, energy used in processing) must be
distributed among these co-products [76]. Common allocation methods include:

o Mass allocation: Distributes burdens based on the mass of each co-product.
o Economic allocation: Distributes burdens based on the economic value of each

co-product.
o Energy allocation: Distributes burdens based on the energy content of each co-

product.

Different allocation choices can drastically alter the environmental profile assigned
to the bio-lubricant, making comparisons between studies difficult if these choices are not
transparently reported and justified [76]. The choice of allocation method can considerably
influence the results of LCAs and thus decision-making based on those results [77].

• Data Quality and Uncertainty Analysis: LCA models often rely on a mix of primary
and generic inventory data, which can introduce parameter uncertainty [72]. Fur-
thermore, model uncertainties arise from simplifications and assumptions made in
the LCA methodology itself [72]. Many LCA studies, especially for emerging tech-
nologies, do not undertake comprehensive uncertainty or sensitivity analysis, despite
these being crucial for understanding the reliability of LCA outcomes [72,73]. With-
out such analysis, the deterministic results presented in LCAs may mask significant
variability stemming from methodological choices, spatial and temporal variability,
and data gaps [73]. Increased transparency regarding methodological decisions and
comprehensive uncertainty analyses are recommended to improve the credibility and
comparability of LCA studies in the biorefinery sector [73]. A critical review of LCA
studies on bioenergy technologies also identified methodological issues in terms of
system boundaries, functional unit, and multifunctionality [74].
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6.4. Policy and Regulatory Drivers

Sustainability adoption is accelerated by global regulations. The European Union’s
Ecolabel program and U.S. EPA Vessel General Permit mandate the use of environmentally
acceptable lubricants in marine and offshore applications [54,78]. Such policies create
market incentives, pushing industries toward bio-based alternatives [58]. However, harmo-
nization of global sustainability standards remains a challenge, necessitating coordinated
international policy frameworks.

7. Future Perspectives, Policy Implications, and Emerging Technologies
The trajectory of bio-based lubricants is strongly shaped by both technological in-

novation and evolving regulatory landscapes [52,54]. While advances in oleochemistry,
tribological testing, and additive technologies have positioned bio-lubricants as sustainable
alternatives, several systemic barriers remain to be addressed in the coming decade [12,63].

7.1. Policy and Standardization Outlook

Global adoption of bio-based lubricants depends heavily on the establishment of
internationally harmonized standards for biodegradability, toxicity testing, and carbon
footprint reporting [54,58]. Regulatory bodies such as the EU and U.S. EPA are moving
toward stricter limits on polyaromatic hydrocarbons and sulfur in lubricants, indirectly
favoring renewable formulations [58]. However, a lack of standardized test protocols across
regions often impedes scalability and market competitiveness [52]. The introduction of ISO
standards for eco-lubricants, such as ISO 15380 for environmentally acceptable lubricants,
and economic incentives like carbon credits are expected to accelerate adoption [54,58].

Figure 11 illustrates the increasing global regulatory stringency for lubricants over
time, emphasizing the policy-driven shift towards more environmentally friendly formula-
tions [79]. This trend is characterized by evolving legislation that aims to minimize environ-
mental impact and promote sustainability in industrial and automotive applications [58,80].
Such regulatory frameworks, including restrictions on hazardous substances and man-
dates for biodegradability, directly incentivize the development and adoption of bio-based
lubricants, thereby influencing their market penetration and technological advancements.

Figure 11. Global regulatory stringency trend for lubricants, highlighting policy push toward bio-
based formulations.
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7.2. Emerging Technologies in Bio-Lubricant Development

Recent years have witnessed the integration of nanotechnology, ionic liquids, and
enzyme-catalyzed esterification to tailor lubricant performance [54,81]. Hybrid nanoparticle
systems, combining different nanomaterials like MoS2–hBN, have demonstrated syner-
gistic effects in enhancing tribological properties (friction and wear reduction), thermal
stability, and oxidative properties of lubricants [10,82]. Such nanomaterials represent an
emerging tribological approach for sustainable lubrication [3]. Parallel advances in artificial
intelligence and machine learning have enabled predictive formulation design, reducing
trial-and-error cycles and improving resource efficiency in lubricant development [73].
The development status and future trends in lubricant additives technology indicate a
strong focus on multifunctional composite additives and more environmentally friendly,
economically degradable additives [81].

Table 11 synthesizes the major research challenges, technological opportunities, and
corresponding policy levers that are critical for advancing bio-lubricant development and
widespread adoption. This mapping reflects a consensus derived from the current academic
literature and market analysis regarding the strategic direction of the field [52,54,58,63,81].

Table 11. Mapping of Research Challenges, Technological Opportunities, and Policy Levers in
Bio-Lubricants.

Challenge Technology Response Policy Lever

Poor oxidative stability Enzyme-catalyzed esterification, advanced antioxidants Incentives for biorefineries
High production cost AI-driven process optimization, waste valorization Carbon credits, subsidies
Cold-flow limitations Hybrid nanoparticle additives, molecular design Regional cold-weather standards

Lack of global test standards ISO biodegradability protocols, standardized LCA WTO harmonization policies

7.3. Future Market and Environmental Impacts

Market adoption of bio-lubricants is projected to grow significantly. The global market
for biolubricants was valued at USD 2.13 billion in 2021 and is projected to grow to USD
3.05 billion by 2030 [2]. Another report estimated the market to reach USD 2.6 billion with a
post-COVID-19 CAGR of 5.2% over the analysis period of 2020–2027 [8]. These projections
highlight the increasing demand driven by sustainable solutions. The market outlook for
biolubricants is influenced by many factors, including political, economic, demographic,
environmental, and regulatory aspects [53].

Figure 12 illustrates the projected adoption rates of bio-based lubricants under various
market and policy scenarios (e.g., Conservative, Baseline, and Optimistic) [83]. These
scenarios are typically developed based on a combination of historical trends, anticipated
technological advancements, and varying levels of regulatory support and economic incen-
tives, as broadly discussed in market analyses [53,56]. The figure highlights how favorable
policy environments and continued innovation could significantly accelerate the market
penetration of bio-lubricants, leading to a larger market share compared to more conserva-
tive growth projections.

Life Cycle Assessment studies compare the environmental impacts of mineral oil-
based and bio-based lubricants, reporting varying conclusions [71]. These studies utilize
LCA to evaluate energy and material flows throughout the product life, from raw material
extraction to manufacturing, usage, and disposal or reuse [71]. Bio-lubricants can offer
reductions in overall CO2 emissions and environmental benefits compared to mineral oil-
based counterparts [27,75,84]. The negative impacts of bio-lubricants primarily stem from
their agricultural production and performance during the use phase [71]. This assessment
of environmental impact, coupled with biodegradability and lower eco-toxicity, positions
bio-lubricants as a key component of sustainable industrial development [63].
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Figure 12. Adoption forecast of bio-lubricants under three scenarios: Conservative, Baseline, Optimistic.

7.4. Concluding Perspectives

The future success of bio-based lubricants will depend on bridging the technology-
policy-market nexus. Advances in catalysis, hybrid additive systems, and digital formula-
tion tools must be matched with robust policy frameworks and industry-wide collaboration.
Establishing eco-label certifications, providing economic incentives, and expanding global
R&D networks are critical steps to ensure that bio-lubricants not only remain competitive
but also central to sustainable tribology [53,54].

7.5. Roadmap for Technological Advancement

The R&D roadmap for bio-based lubricants, as synthesized from current challenges,
technological opportunities, and market and policy drivers discussed throughout this re-
view, outlines a strategic progression [52,54,81]. Near-term priorities focus on incremental
performance enhancements and cost reduction. Mid-term efforts target large-scale indus-
trial demonstrations and the development of versatile hybrid additive systems. Long-term
goals envision full integration into Industry 5.0 smart manufacturing, with advanced digital
formulation tools and a robust circular economy for lubricants. This phased approach,
supported by ongoing research and policy, is crucial for widespread adoption.

7.6. Adoption Potential Across Sectors

The adoption of bio-lubricants varies across industries, influenced by regulatory
pressures, performance requirements, and economic factors [12,53]. The extent of their
current usage is limited by challenges concerning their performance, production scale, and
lack of comprehensive support from authorities [55]. While high-performance seed-oil-
derived lubricants are being developed, meeting the demanding low-temperature and
thermooxidative stability requirements for sectors like aerospace remains a key area of
focus [57].

Figure 13 presents a technology adoption matrix for bio-based lubricants, mapping
readiness levels and market penetration across various industrial sectors [85]. This matrix
is a conceptual representation based on the overall discussion of challenges, applications,
and market factors within this review [12,53,55]. It visually represents that some sectors,
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like agriculture and marine, may have higher readiness due to regulatory drivers and
suitability of existing formulations, while others, like aerospace, might be in earlier stages
of adoption due to stringent performance and safety requirements. Understanding this
matrix is crucial for identifying target markets and tailoring development efforts to specific
sectoral needs.

Figure 13. Technology Adoption Matrix for Bio-Lubricants.

7.7. Opportunities and Challenges

Key opportunities for bio-based lubricants include their potential for reduced carbon
emissions, biodegradability, and compatibility with renewable energy systems [54,63].
On the other hand, major challenges include achieving cost competitiveness, ensuring
feedstock supply stability, and conducting extensive long-term durability testing to meet
the rigorous demands of modern machinery [12,15,52].

8. Conclusions and Future Outlook
This comprehensive review has synthesized the rapid advancements and persis-

tent challenges in the field of bio-based lubricants, moving beyond a mere summary of
existing literature.

8.1. Novelty and Distinguishing Features

Distinguishing itself from prior works that often focus on specific aspects of bio-
lubricants such as feedstock types or individual additive classes [8,12,39], this review pro-
vides a contemporary and holistic analysis. Our unique contribution lies in integrating the
rapid pace of technological innovation—including advanced chemical modifications and
novel additive engineering for both bio-based oils and greases—with a critical examination
of the intricate interplay of global market trends, industrial adoption dynamics, and strin-
gent regulatory frameworks [54]. Furthermore, we incorporate emerging methodologies
such as artificial intelligence and machine learning for predictive formulation design [73]
and advanced tribological evaluation, benchmarking performance across diverse sectors,
including automotive, industrial, and marine applications [2]. By connecting fundamental
scientific advancements with crucial socio-economic and environmental considerations,
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this paper identifies key research gaps and articulates a pragmatic roadmap for accelerating
the mainstream penetration of bio-based lubricants, including their semi-solid counterparts,
green greases, which are increasingly crucial for environmental protection [86,87].

8.2. Key Bottlenecks for Industrial Adoption

Despite the inherent advantages and significant advancements, several key bottlenecks
continue to impede the widespread industrial adoption of bio-based lubricants, including
green greases. Foremost among these is cost competitiveness relative to conventional min-
eral oil-based lubricants, primarily due to higher raw material expenses and economies of
scale enjoyed by the established petroleum industry [2]. Secondly, supply chain instability
and fluctuations in feedstock availability and pricing, particularly for agricultural commodi-
ties, pose significant challenges [52]. For green greases, specifically, finding and developing
effective and affordable bio-based thickeners that can replicate the rheological and mechan-
ical stability of traditional metallic soaps remains a notable hurdle [88–90]. While some
bio-based thickeners show comparable rheological and thermal properties, their physical
and mechanical stabilities have often been seriously compromised [90]. Thirdly, a persis-
tent performance misconception among end-users, viewing bio-lubricants as “green but
inferior” despite modern formulations demonstrating comparable or superior tribological
performance in many tests, remains a barrier [63]. Finally, the lack of globally harmonized
test standards and regulatory frameworks across regions often impedes scalability and
market entry, contributing to perceived risk and higher development costs [52,58].

8.3. Priority Research Directions

To overcome these bottlenecks and accelerate the transition towards sustainable lubri-
cation, priority research directions must focus on:

Hybrid Additive Systems: Further development and optimization of multifunctional
hybrid additive packages that synergistically combine nanoparticles (e.g., CuO, graphene)
with ionic liquids, polymers, or natural antioxidants are crucial [10,81,82,91]. These systems
aim to simultaneously address oxidative stability, cold-flow limitations, and tribological
performance, ensuring high performance across demanding applications for both bio-
oils and green greases. The requirement for biodegradable additives in environmentally
friendly greases also limits the range of suitable products [92].

Circular Economy Strategies: Research should emphasize integrating bio-lubricant
production and consumption within circular economy frameworks. This includes advanced
valorization techniques for waste cooking oils and other agro-residues as feedstocks, and de-
veloping efficient closed-loop recycling and regeneration processes for used bio-lubricants
and greases to minimize waste and maximize resource efficiency [54,63,93].

AI-Driven Formulations and Digital Twins: Leveraging artificial intelligence, machine
learning, and digital twin technologies is paramount for accelerating lubricant design and
optimization [14,73,94]. AI-driven molecular design and predictive tribology simulations
can significantly reduce trial-and-error experimentation, optimize formulations for spe-
cific applications, and forecast long-term performance under diverse operating conditions,
thereby improving resource efficiency and reducing development costs [95,96]. This ap-
proach is equally critical for the complex formulation of green greases, optimizing base
oil-thickener-additive interactions and addressing issues like stability against mechanical
degradation [89].

Sustainable Feedstock Diversification: Continued exploration of non-edible and waste
biomass sources, such as algal oils and lignocellulosic materials, coupled with advanced
chemical and enzymatic modification pathways, is essential to mitigate food-versus-fuel
concerns and ensure stable, cost-effective feedstock supply [97]. This extends to sustain-
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able base oils and alternative bio-based thickeners for green greases, utilizing renew-
able resource-based ingredients to replace traditional synthetic materials in conventional
greases [31,87,98,99].

Performance and Stability of Green Greases: Dedicated research is needed to overcome
the performance challenges of green greases, particularly regarding their physical and
mechanical stability, and their rheological behaviors, to match or exceed conventional
greases in demanding applications [89,90]. Developing robust, biodegradable thickeners
from renewable resources that offer comparable thermal and load-bearing capabilities to
metallic soaps is a critical area for innovation [87,89]. While substituting mineral base
oils with vegetable oils is common, the substitution of traditional metallic soaps with
biodegradable and renewable thickeners is less considered but essential [99].

In conclusion, the next decade will define whether bio-based lubricants, including
both liquid oils and semi-solid green greases, transition from promising alternatives to
mainstream global lubricants. The successful integration of high-performance hybrid addi-
tives, the adoption of robust circular economy strategies, and the widespread application
of AI-driven design tools will be pivotal in this transformation. If these pathways align,
bio-lubricants can significantly reduce dependence on fossil-based oils, lower carbon emis-
sions, and redefine the future of sustainable tribology [1]. Green greases, specifically, will
play an increasingly vital role in various industrial and consumer applications, protecting
the environment from the negative effects of conventional lubricants and contributing
significantly to the overall sustainability goals of the tribology sector [63,86,87,98].
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