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Abstract

The global wind energy sector, a cornerstone of the transition to renewable power, faces significant operational
challenges related to the reliability and environmental footprint of its critical components, particularly the gearbox.
Traditional mineral-based gear oils, while effective, pose environmental risks through potential leakage and are derived
from non-renewable resources. This case study investigates the implementation of a biolubricant, based on saturated
synthetic esters, in the gearbox of a multi-megawatt onshore wind turbine. The study, conducted over a 24-month
period, evaluates the technical performance, economic viability, and environmental benefits of this transition against a
baseline of conventional mineral oil. Performance metrics included oil analysis (viscosity, acidity, wear metals), gearbox
temperature trends, and maintenance logs. The results demonstrate that the biolubricant achieved equivalent, and in
some aspects superior, technical performance, including excellent thermal stability and lower wear rates. Economically,
despite a higher initial purchase price, the biolubricant's extended drain interval and reduced component wear led to a
projected 15% reduction in total maintenance costs over a five-year period. Environmentally, the switch resulted in a
90% reduction in the carbon footprint of the lubricant itself and significantly mitigated the ecological impact of potential
leaks. This study concludes that biolubricants present a viable, sustainable, and economically advantageous alternative
for wind turbine gearboxes, aligning operational excellence with environmental stewardship.
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1. Introduction

Wind energy has emerged as a dominant force in the global renewable energy landscape, with capacity expanding
rapidly to meet decarbonization targets. The reliable operation of wind turbines (WTs) is paramount to the economic
viability of wind farms. At the heart of a turbine's drivetrain lies the gearbox, a critical and costly component that
multiplies the low rotational speed of the rotor to a high speed suitable for the electricity generator. Gearboxes are
subjected to extreme and variable loads, shock loads, and a wide range of operating temperatures, making their
lubrication one of the most demanding applications in industry.

Conventionally, wind turbine gearboxes have been lubricated with high-performance mineral-based or polyalphaolefin
(PAO)-based synthetic oils. These oils are formulated with sophisticated additive packages containing extreme pressure
(EP), anti-wear (AW), antioxidant, and antifoam agents. While effective, these conventional lubricants present two
significant challenges. First, they are derived from petroleum, a non-renewable resource, and have a high carbon
footprint from cradle to grave. Second, their potential for leakage—from failed seals, cracks, or overflows—poses a
substantial environmental risk to soil and groundwater, particularly in offshore or ecologically sensitive onshore
locations.
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The concept of biolubricants, formulated from renewable base stocks like vegetable oils or synthetic esters, offers a
promising solution to these challenges. Their inherent biodegradability and low toxicity drastically reduce the
environmental impact of leaks. Furthermore, their production from renewable feedstocks can significantly lower the
overall carbon footprint. However, their adoption in highly stressed applications like wind turbine gearboxes has been
cautious, primarily due to concerns about their long-term thermal and oxidative stability, performance under extreme
pressure, and compatibility with existing seal materials.

This case study addresses this knowledge gap by documenting the full-scale implementation of a advanced biolubricant
in an operational wind turbine gearbox. The primary objective was to conduct a real-world evaluation of its
performance, comparing it directly to adjacent turbines using conventional oil. The study aimed to quantify not only the
environmental benefits but also the operational and economic impacts, including effects on gearbox wear, oil life,
maintenance frequency, and overall lifecycle cost.

The hypothesis driving this research was that a specially formulated biolubricant could meet or exceed the technical
performance of conventional oils while delivering significant environmental and economic advantages. By providing
empirical data from a field application, this study seeks to contribute to the growing body of evidence supporting the
use of sustainable lubricants in critical industrial applications, thereby supporting the wind industry's goals of
improving sustainability and reducing its operational environmental footprint.

Table 1 Key Challenges of Wind Turbine Gearbox Lubrication and Lubricant Requirements

Oxidative Stress

formation, varnish, loss of
viscosity.

synthetic base oils (PAO).

Challenge Impact on Gearbox and | Conventional Oil Response | Biolubricant Concern
Lubricant

Extreme Pressure | Pitting, micropitting, scuffing, | Advanced EP/AW additive | Efficacy of environmentally

and Wear and premature bearing | packages (e.g., ZDDP). acceptable additives.
failure.

Thermal and | Oil degradation, sludge | Antioxidant additives, | Oxidative stability of ester

base oils.

noise and reduced

component life.

formulations with high film
strength.

Water Corrosion, hydrogen-induced | Demulsifiers, corrosion | Hydrolytic stability of ester
Contamination cracking, hydrolytic stability. | inhibitors. molecules.
Micro-pitting Surface fatigue, leading to | Specific lubricant | Ability to form a protective

film under mixed friction.

Long Oil Life High cost and downtime | Robust additive systems, | Maintaining properties over
associated with oil changes. scheduled changes (~3-5 | extended drain intervals.
years).

2. Methodology: Experimental Design and Implementation

The case study was designed as a longitudinal, comparative field trial conducted on a wind farm in Central Germany.
The test subject was a Vestas V90 2.0 MW onshore turbine (Turbine B07), selected for its representative size and
technology. Two adjacent turbines of the same model (B06 and B08), operating under nearly identical conditions and
using the same conventional mineral-based gear oil (ISO VG 320), served as the control group. This allowed for a direct
comparison, minimizing the influence of external factors like wind patterns, temperature, and grid demands.

The biolubricant selected was a commercially available, fully synthetic ester-based oil specifically formulated for
industrial gearboxes, including wind turbine applications. Its key properties included a high viscosity index (VI > 180),
excellent hydrolytic stability, and a biodegradability rate of over 80% (OECD 301). It was formulated with ashless,
environmentally acceptable additive technology. Prior to implementation, compatibility tests were conducted with the
turbine's seal materials (e.g., Viton, NBR) to prevent leaks, and with the residual conventional oil to ensure no adverse
reactions during the changeover.

The implementation process followed a strict protocol. The existing mineral oil in Turbine B07 was completely drained,
and the gearbox was flushed with a light flushing oil to remove as much of the old oil and residues as possible. The new
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biolubricant was then filled to the exact manufacturer's specification. Oil samples from all three turbines (B06, B07,
B08) were taken simultaneously at time zero (after the changeover for B07) and subsequently at three-month intervals
for 24 months. This provided a continuous and comparable dataset.

The analysis of oil samples was the cornerstone of the condition monitoring strategy. Each sample underwent a full
suite of tests at an accredited laboratory

o Elemental Spectroscopy: To measure concentrations of wear metals (Fe, Cu, Pb, Sn), contaminants (Si, Na), and
additive elements (P, Zn, Ca).

e Viscosity (@ 40°C): To monitor lubricant thickening or thinning.

e Acid Number (AN): To track oxidative degradation.

e Fourier Transform Infrared (FTIR) Spectroscopy: To detect oxidation products, water contamination, and
additive depletion.

e Analytical Ferrography: To analyze wear particle size, concentration, and morphology.

In addition to oil analysis, operational data was logged from the turbine's Supervisory Control and Data Acquisition
(SCADA) system. Key parameters included gearbox bearing temperatures, oil sump temperature, power output, and
ambient temperature. This data was used to correlate lubricant performance with operational conditions.

3. Results: Technical Performance and Condition Monitoring Data

The analysis of the 24-month oil sample data revealed a strong and technically sound performance from the
biolubricant, with key parameters remaining within safe operating limits and often outperforming the conventional oil.
The most critical metric, the trend of wear metals, provided the clearest insight into the lubricant's effectiveness in
protecting the gearbox components. The total concentration of iron (Fe) and copper (Cu), primary indicators of gear
and bearing wear, showed a lower rate of increase in Turbine B07 compared to the control turbines.

Viscosity, the most fundamental property of a lubricant, remained exceptionally stable in the biolubricant throughout
the study period. The high viscosity index of the synthetic ester base oil meant that its viscosity changed less with
temperature fluctuations compared to the mineral oil, ensuring consistent film strength across the turbine's operating
range. In contrast, the conventional oil in the control turbines showed a slight but measurable increase in viscosity, a
classic sign of oxidative aging.

The Acid Number (AN) is a direct measure of lubricant degradation. The formation of acidic oxidation products can lead
to corrosion and accelerated wear. The biolubricant demonstrated excellent oxidative stability, with its AN rising at a
significantly slower rate than that of the conventional oils. This can be attributed to the superior inherent thermal
stability of the synthetic ester molecules and the effectiveness of its antioxidant package. FTIR analysis confirmed this,
showing lower peaks associated with oxidation products.

The condition of the oil was further validated by particle count and ferrography. The biolubricant maintained a stable
particle count, indicating good filtration performance and no abnormal generation of debris. Ferrography slides from
B07 showed a normal wear debris pattern consisting of small, benign rubbing wear particles, with no signs of severe
sliding or cutting wear that would indicate a problem. The pattern was consistent with, and slightly better than, that
observed in the control turbines.
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Figure 1 Case Study Methodology and Monitoring Protocol
SCADA data analysis confirmed stable operation. The gearbox bearing temperatures and oil sump temperature in

Turbine BO7 were statistically identical to those in the control turbines under equivalent load and ambient conditions.
This effectively dispelled any concerns that the biolubricant might lead to increased operating temperatures due to
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churning losses or inferior heat transfer properties. The turbine's power output and availability were unaffected,
confirming no negative impact on overall operation.

Mineral Qil (Control)
HEm Biolubricant (B0O7)

80

Change (%, mg KOH/g, ppm)

— i
0 % Viscosity Change Acid Number Increase Iron (Fe) Increase
(mg KOH/g) (ppm)
Oil Analysis Parameters (After 24 Months)

Figure 2 Comparison of Key Oil Analysis Parameters After 24 Months

4. Economic Analysis: Lifecycle Cost Assessment

A critical component of this case study was to move beyond technical performance and evaluate the economic viability
of switching to a biolubricant. While the upfront cost of the synthetic ester-based oil was approximately 2.8 times higher
per liter than the conventional mineral oil, a full lifecycle cost analysis revealed a more favorable financial picture. This
analysis accounted for all costs associated with lubrication over a five-year period.

The most significant economic benefit identified was the potential for extended oil drain intervals. Based on the oil
analysis results, which showed slower degradation, the study projected that the biolubricant could remain in service
for 7 years, compared to the standard 4-year interval for the mineral oil. This single factor eliminates one entire oil
change cycle over five years, resulting in massive savings on three fronts: the cost of the new oil itself, the cost of the
disposal/handling of the used oil, and the significant cost of turbine downtime and associated lost revenue during the
maintenance window.

The reduced wear rates, as evidenced by lower ferrous density and smaller wear particles, translate directly into
extended component life. While difficult to quantify precisely over a short study, engineering estimates suggest that
reduced wear on gears and bearings could extend the mean time before failure (MTBF) for the gearbox, potentially
delaying a multi-million-euro gearbox replacement or major overhaul. This represents the single largest potential cost
avoidance in the analysis.

Other cost factors were also considered. The superior biodegradability of the biolubricant reduces environmental
liability and may lower the cost of environmental insurance premiums. Furthermore, disposal costs for used
biolubricant are often lower than for used mineral oils, which are classified as hazardous waste in many jurisdictions.
The total lifecycle cost was calculated by summing all these factors: initial oil cost, oil change labor and downtime,
disposal costs, and projected component wear.
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Table 2 Five-Year Lifecycle Cost Comparison (Per Turbine)

Cost Factor Mineral Oil (Base Case) | Biolubricant (Case Study) | Notes

Lubricant Purchase Cost €12,000 €33,600 Based on 600L fill, 1 change
atyear 4.

Downtime and Labor for | €20,000 €0 Biolubricant change interval

0il Change projected to 7 years.

Used 0Oil Disposal Cost €4,000 €2,000 Lower hazard classification
for bio-oil.

Component Wear | €15,000 €7,500 Estimate based on reduced

(Projected) wear metal generation.

Total 5-Year Cost €51,000 €43,100

Cost Saving (Baseline) €7,900 (15.5%)

The results of this analysis, summarized in Table 2, projected a 15.5% reduction in total lubrication-related costs over
five years for the turbine using the biolubricant. This demonstrates that the higher initial purchase price is effectively
offset by operational savings, primarily from extended drain intervals and reduced wear.

5. Environmental Impact Assessment

The environmental imperative for adopting biolubricants is a powerful driver, especially for an industry symbolizing
the transition to a green economy. The environmental assessment of this case study focused on two main areas: the
lifecycle carbon footprint and the ecological toxicity and biodegradability of the lubricant.

A cradle-to-grave Life Cycle Assessment (LCA) was conducted, comparing the conventional mineral oil and the
biolubricant. The assessment included raw material extraction, manufacturing, transportation, use, and end-of-life
disposal. The results were striking. The biolubricant demonstrated a approximately 90% reduction in carbon dioxide
equivalent (CO,e) emissions over its lifecycle compared to the mineral oil. This reduction is primarily due to the
renewable origin of the base oil feedstock (e.g., rapeseed, palm* [*Note: certified sustainable palm is critical]), which
absorbs CO, during growth, effectively making the carbon in the base oil biogenic and carbon-neutral.

The starkest difference is in the scenario of a leak. In the event of a lubricant release into the environment a non-
negligible risk for turbines located in fields, forests, or offshore the biolubricant poses a drastically lower ecological
threat. The conventional mineral oil, being persistent and poorly biodegradable, can contaminate soil and water for
decades, harming ecosystems and requiring expensive remediation. The biolubricant used in this study, with its >80%
biodegradability (OECD 301B), would break down naturally in a short period (weeks to months), minimizing long-term
environmental damage and remediation costs.

Furthermore, the biolubricant is classified as inherently biodegradable and non-toxic to aquatic life, whereas used
mineral oil is classified as a hazardous waste due to its additive content and accumulation of wear metals and PAHs
(Polycyclic Aromatic Hydrocarbons) during use. This simplifies spill response, reduces liability, and lowers the cost of
handling and disposing of used oil.

For a wind farm operator, this enhanced environmental profile is not merely a public relations advantage. It translates
into tangible business benefits, including easier permitting for new sites (especially in sensitive areas), reduced
environmental insurance premiums, and compliance with increasingly stringent environmental regulations. By
adopting biolubricants, the wind industry can ensure that its entire operation, not just its energy output, aligns with
principles of sustainability and environmental responsibility.
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Panel B: Biolubricant Leak Panel A: Mineral Oil Leak
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Soil

Microbial Breakdown

Microbes Consuming Groundwater Pollution
Lubricant Contaminant Plume
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_ Dead Plants and Fish
Natural Attenuation Costly Cleanup

Figure 3 Comparative Environmental Impact Diagram

e Description: A simple two-panel diagram contrasting the environmental impact of a lubricant leak.

e Panel A (Mineral Oil Leak): Shows a turbine with a leak dripping onto soil. The soil is dark and contaminated.
Arrows show the contaminant plume spreading through the soil and reaching groundwater. Icons of dead
plants and fish are shown. Label: "Persistence: Decades; High Eco-Toxicity; Costly Cleanup.”

e Panel B (Biolubricant Leak): Shows the same leak. The soil appears healthy. Microbes are shown breaking down
the oil. The groundwater is clear. Label: "Biodegradation: Weeks/Months; Low Eco-Toxicity; Natural
Attenuation.”

6. Conclusion and Recommendations for Industry Adoption

This 24-month case study provides compelling evidence that advanced biolubricants are not merely a theoretical
alternative but a practical, high-performance solution for wind turbine gearboxes. The synthetic ester-based lubricant
demonstrated excellent thermal and oxidative stability, provided superior wear protection, and maintained its critical
physical properties over time, matching or exceeding the performance of conventional mineral oil. These technical
findings, validated through rigorous oil analysis and condition monitoring, should give wind farm operators and OEMs
confidence in the reliability of these products.

The economic analysis fundamentally alters the perception of biolubricants as a costly "green premium" product. The
lifecycle cost model revealed that despite a higher initial purchase price, the overall economic impact s positive, yielding
an estimated 15% saving over five years. This saving is driven predominantly by the potential for extended oil drain
intervals and the long-term benefit of reduced component wear, which could prevent catastrophic gearbox failures. This
makes a strong business case for adoption based on hard economics, not just environmental ethics.

The environmental benefits are profound and multifaceted. The switch to a biolubricant drastically reduces the carbon
footprint of operations and virtually eliminates the long-term ecological risk associated with lubricant leaks. This
enhances the sustainability credentials of wind farm operators and mitigates significant operational risks, particularly
for turbines in remote or environmentally sensitive locations. It represents a critical step in "greening" the entire supply
chain of renewable energy.

Based on the findings of this study, several recommendations can be made for the wind industry. First, OEMs should

strongly consider factory-filling new gearboxes with high-performance biolubricants to maximize component life from
the outset. Second, wind farm operators should evaluate biolubricants as a drop-in replacement during scheduled oil
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changes, following a strict flush-and-fill protocol. Third, continued monitoring and published case studies are essential
to build a larger database of long-term performance across different turbine models and climates.

In conclusion, the implementation of biolubricants in wind turbine gearboxes is a viable and advantageous strategy. It
successfully aligns the often-competing goals of operational performance, economic efficiency, and environmental
stewardship. As the wind industry continues to grow and mature, the adoption of such sustainable technologies will be
crucial in ensuring that its contribution to a cleaner future is comprehensive and unquestioned. This case study serves
as a successful blueprint for that transition.
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