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Anatomy of a Wind Turbine

Blades \ Nacelle

Energy Output « WafD?<60%
W = wind quality

o = mechanical transfer function
B = electrical transfer function
D = swept diameter

Ranjbar, Mohammad Hassan, et al. 2019. “Reaching the Betz limit experimentally
and numerically.” Energy Equipment and Systems 7(3): 271-278.
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Torque to Electricity

Gearbox
Blade Pitch System ~10 rpm = ~1600 rpm

Transformer

Main Bearing

~10 rpm Generator

Yaw System ~10 rpm = ~1600 rpm

rpm = rotations/minute “It's a Trlbology Lab on a Tower”

2.2 Megawatt Turbine

-— =




High-Performance Lubricants for Wind Turbines
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A Challenging Application

car = typical 2 liter
inline 4 engine

truck = typical 14 L
inline 6 engine on
a class 8 truck

wind turbine = 1 MW
with a rotor speed of
20 rpm

Wind turbine gear oils (WTGO) require advanced technology
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How long can a WTGO last?

Wind turbines are typically a well-controlled environment
* Low Sump Temperature (<70°C) * Remote Locations

e Highly Filtered * Actively Monitored

_ Viscosity vs. Time
» data from lubricant

b
analysis database B“— 500 o
o 450 OgP
* 37,000 data points = 400 o
= b Hlor”
* 1 product 2 350
3 300 ¥ 0
« “wind turbine main o 250 3
gearbox” in the meta ® 200 @
data &
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£

Oil Age in Hours
A well-maintained gear oil can last more than a decade Mobil



How are WTGO condemned?

Failure modes from previous slide

Approximate Alert Frequency “Other” Alerts on 37,000 Samples
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Background on Wind Operations & Maintenance (O&M)

* Operations and maintenance (O&M)
costs make up 17%—34% of the lifetime
cost of wind energy

Levelized Cost of Energy

- WoodMac - US| O
£ WoodMac - Europe |1 |
. . . e ps % INREL - Floating |15
¢ Gearbox maintenance is a Slgnlflcant cost _:B NREL - Fixed-bottorm |
driver :sé Lazard - High |
X . Lazard - Loy |
° ngh repair cost - WoodMac - LS 10 ]
. . . 2 - -
« Relatively high failure rate g o WoodMac Furope
DS -
E = Lazard - High |
. . - Lazard - L e
* |sthere an opportunity for new gear oils =
. . 0% 20% 40% 60% 80% 100%
to reduce costs associated with gearbox
maintenance? M CapEx = OpEx M Other (Tax)

Figure Data Sources:
Wood Mackenzie. 2023. “Europe Levelized Cost of Energy 2022 (LCOE) — Sensitivity Analysis Report.” Accessed via subscription.
Wood Mackenzie. 2022. “United States Levelized Cost of Energy (LCOE) Report.” Accessed via subscription.
Stehly, T., and P. Duffy. 2022. 2022 Cost of Wind Energy Review. Golden, CO: National Renewable Energy Laboratory. NREL/TP-5000-81209.
Lazard. 2023. “Lazard LCOE+.” https://www.lazard.com/media/nltb551p/lazards-Icoeplus-april-2023.pdf.
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https://www.lazard.com/media/nltb551p/lazards-lcoeplus-april-2023.pdf

Lubricant Development Philosophy

* Listen to the Voice of the Customer
» Stay ahead of Equipment Trends

* Keep alarge Chemical Toolbox

* Develop a Balanced Formulation

* Reduce the Total Cost of Ownership

Wear
_ Protection
Corrosion Low Temperature
Protection Properties
Up-front Energy
Cost Efficiency
Oil Life Foam
Performance
Filterability
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Lubricant Development Philosophy

Wear
* Listen to the Voice of the Customer _ Protection
Corros[on T Low Temperature
e Stay ahead of Equipment Trends Protection Properties
* Keep alarge Chemical Toolbox
. Up-front Energy
* Develop a Balanced Formulation Cost | Efficiency
* Reduce the Total Cost of Ownership
How do wind turbine gear oils Oil Life Foam
contribute to overall wind levelized 1 Performance
cost of energy in the U.S. fleet? Filterability -
Mobil




Project Vision
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Overall Modeling Flow
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System Advisor Model

Annual Technology (SAM)

Baseline

Physical, performance, and
cost turbine parameters;
updates to power curve

Capital Expenses

Wind Toolkit Data

Renewable Energy Potential
2-km, hourly resource (reV) Generation
dataset, 2007 — 2013

Locations selected based on

2-km, hourly, mean generation
and LCOE values

Windfarm Operations and
Maintenance cost-Benefit
Analysis Tool (WOMBAT)

OpEx (including lubricant cost),
time-based availability

market scenario (USWTDB or
ReEDS buildouts)

Model Results Synthesis

Exclusion Layers reV Aggregation

90-m grid including setbacks
from structures, protected
areas, physical barriers,

11.5-km cells of aggregated
generation and LCOE

Fleet Costs, Sensitivities, Annual Energy
Production Comparisons; Mapping

statistics

regulatory restrictions, etc.

Mobil



Lubricant Scenario Development

13

Improvement Mechanism

Oil change frequency
Oil cost

Cold weather operation

Gearbox efficiency

Baseline

Every 5 years

S15/liter

21 hours of cold
weather stoppage per
year in Ice Class 2+

Unmodified reference
power curve

Scenario

Realistic

Every 7 years
(-29%)
S10/liter
(-33%)

15 hours / year
(-29%)

+0.5% at <10% load
+0.2% at 10-50% load
+0.1% at >50% load

Stretch

Every 10 years
(-50%)

S5/liter
(-67%)

9 hours / year
(-57%)

+1.0% at <10% load
+0.4% at 10-50% load
+0.2% at >50% load

» Mobil

Value?



WOMBAT: Windfarm Operations and Maintenance

cost-Benefit Analysis Tool

e  WOMBAT evaluates O&M costs using discrete event simulation

* Each subassembly has user-defined repair and maintenance tasks with their own timing

Wind (and wave) time series
Wait for weather

~ A~ window and equipment -~ ~
F llllllll - b b e L4 b L “““"4
simulation Manager End
Fails or reaches Requests service Assigns task Conducts service Resets status Returns to simulation
maintenance interval operation

Accumulate downtime (failures only)

Track O&M costs

y Mobil



Lubricant O&M Tasks in WOMBAT

Current Land-Based Wind: 40 GE 1.5-MW turbines

Task

Oil change
Minor repair
Major repair
Cold start

15

Frequency Hours Material Cost Metrics Affected
Every 5 /7 /10 years 12 $3,600 / $2,400/ S1,200 OpEx, Availability
0.4 per turbine per year 8 5288 /5192 / 596 OpEx

0.006 per turbine per year 22 $3,600 /52,400 / $1,200 OpEx

3 per year in lce Class 2+ 7/5/3*% | None Availability

*Each number represents a cold start time needed for the turbine to connect with the grid

Mobil



Example WOMBAT Results: 1.5 MW Turbine

--n

OpEx (S/kW-yr)

Time Based Availability

base realistic stretch base realistic stretch

Scenario Scenario

1 Mobil



SAM: System Advisor Model

 Combines robust wind energy performance models with detailed project cash flow modeling

* Calculates metrics such as annual energy production (AEP)

e o, Fienc
% Model
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Performance
Model

M Calculate hourly or
4l sub-hourly power
S production (kW)

Monthly, annual
production
Capacity factor
Operating
parameters

Compensation

Production (kWh)

Calculate after-tax
annual cash flow
from project
perspective (S)

NPV

LCOE

Payback period
Operating costs
Revenue/savings
Taxes

.I‘u



SAM Modeling Parameters

Rotor
Turbine Marke.t Diameter
Scenario
(m)
Current
80 77 3.5
LBW
2050
120 175 3.25
LBW
2050
OSW 150 240 3

14.5

10

10.6

25

25

25

$1,233
$525

Fixed:
$1,850

Floating:

$2,703

Annual

Performance F.'mj.e ct
. Lifetime
Degradation P
(%)
0.87% 30
0.53% 30
1% 30

Mobil



Example SAM Results

1.5 MW Turbine Assumption Set 2.5E+08

Cut-out Wind 55 2.0E+08
Speed (m/s)

1.5E408
Rotor Diameter CapEx ($/kwW &
() [from ATB]) $1,233 1.0E+08
Annual 5.0E+07
Cut-in Wind Performance 0.87%

Hub Height (m)

Energy (kWh)

Speed (m/s) ' Degradation 0-0E+00
o WY Southern-Flat TX Southwestern-  CA Northern- KS Central-Flat
(A’) Lands Flat Lands Rolling Hills Lands

. Location
. Project
Rated Wind . J.
d Lifetime 30
Spee (m/s) H Base Realistic Stretch

(years)

1 Mobil



Levelized Cost of Energy

reV efficiently calls SAM simultaneously across thousands of locations to calculate
LCOE (levelized cost of energy [S/MWh]), where:

1000 * ((FCR * CapEx) + OpEx
LCOE — ((FCR * CapEx) + OpkEx)
AEPy;

FCR = fixed charge rate (%/year)
CapEx = capital expenditures (S/kW), from ATB

OpEx = average annual operational expenditures (S/kW/year), from WOMBAT
AEP_ .. = net average annual energy production (MWh/year), from WTK

LCOE is helpful to compare projects/technologies with different cash flow profiles and over time.

LCOE does not capture the locational and time value of the generated energy and other services.
20 -
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Impact on Levelized Cost of Energy

1000 * ((FCR = CapEx) + OpEx)
AEP, ¢

LCOE =

where:

LCOE = levelized cost of energy (S/MWh)

FCR = fixed charge rate (%/year) NO CHANGE
CapEx = capital expenditures (S/kW) NO CHANGE
OpEx
AEPnet

. / Changes with
average annual operational expenditures (S/kW/year) WOMBAT (cost)

net average annual energy production (MWh/year)
Changes with WOMBAT (time-based availability) &
updates to power curves; cold-location dependent

. Mobil



reV — Renewable Energy Potential Model

11.5 km grid covers the coterminous U5,
with 87,000 wind sites

* High-performance computing model for
massive spatial-temporal data

* Hourly multi-year generation profiles

* Installable capacity based on land
characteristics

Detailed view of exclusion analysis;
areas around roads, structures and streams

e Pulls results from SAM and WOMBAT
together

* Extrapolates to fleet scale

. Mobil




reV — Current Fleet Results

il U.S. Wind Corridor
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reV — Current Fleet Results

Increase in AEP in Stretch Scenario Relative to Baseline

® lceclass1
® Ice class 2
0.50%
e Site-based AEP improved by 0.39% on average
. . . 0.45% . g
in stretch relative to baseline
0 0.40%
* Approx. 45% of plants in “Ice Class 2” £ o35
E 0.30% 4
* Relative improvement is better in low wind
0.25% o
speed areas
0.20% -
L ® ° .
0.15% L . . . . . . .
3 4 5 6 7 a8 9 10

Mean Wind Speed (m/s)
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Results: Current Land-Based Fleet (~¥144 GW)

Fleet Annual Median LCOE Differencein | Difference Difference
Energy (not including | Fleet Cost (S/yr) Fleet Cost in Fleet in#
Production transmission) (S/yr) AEP

Households

Baseline 492,191 GWh $40.41 MWh $18,030,199,848
Realistic 493,100 GWh $40.01 MWh $17,885,340,128 $144,859,720 909 GWh ~85,500

Stretch 493,998 GWh $39.87 MWh $17,851,535,361 $178,664,487 1,807 GWh ~170,000

Replaces all existing turbines with the GE 1.5 SLE; difference relative to baseline scenario; 2022 U.S. energy demand
was 4,050,000 GWh (EIA); Household electricity consumption in 2021 was on average 10,632 kWh (EIA)

s Mobil


https://www.eia.gov/energyexplained/electricity/use-of-electricity.php#:%7E:text=Total%20U.S.%20electricity%20consumption%20in,year%20decreases%20occurred%20after%202007.
https://www.eia.gov/tools/faqs/faq.php?id=97&t=3

Results: 2050 Projected Land-Based Fleet (¥333 GW)

Fleet Annual Median LCOE Difference in . Difference
. ) Fleet Cost Difference .
Energy (not including Fleet Cost in#

Production transmission) (3/yr) (S/yr) e Households

Baseline 905,960 GWh $14.19/MWh $12,660,031,084 - = -
Realistic 907,464 GWh $13.99/MWh $12,504,754,447 $155,276,637 1,504 GWh ~124,000

Stretch 908,498 GWh $13.91/MWh $12,448,848,518 $211,182,566 2,538 GWh ~209,500

2050 ReEDS mid-case scenario deployment using 5.5 MW turbines; difference relative to baseline scenario; 2050 U.S.
energy demand estimated at about 6,000,000 GWh (Gagnon et al. 2023); household electricity consumption assumed
14% higher than 2021 numbers (EIA) resulting in 12,120 kWh

2 Mobil



https://www.nrel.gov/docs/fy23osti/84327.pdf
https://www.eia.gov/todayinenergy/detail.php?id=56040#:%7E:text=Our%20projections%20of%20residential%20consumption,5.9%20quads%20and%206.3%20quads.

Results: 2050 Projected Offshore Fleet (~30.5 GW)

Fleet Annual Median LCOE Difference in . Difference
. ) Fleet Cost Difference
Energy (not including

Fleet Cost in#
i E
Production transmission) ($/yr) in Fleet AEP

($/yr) Households

Baseline 141,480 GWh $48.32/MWh $6,820,974,376 - = -
Realistic 141,650 GWh $47.97/MWh $6,778,872,891 $42,101,485 170 GWh ~14,000

Stretch 141,761 GWh $47.92/MWh $6,778,062,343 $42,912,033 281 GWh ~23,200

2050 ReEDS mid-case scenario deployment using 15-MW turbines for half of the deployment of 61 GW; difference
relative to baseline scenario; 2050 U.S. energy demand estimated at about 6,000,000 GWh (Gagnon et al. 2023);
household electricity consumption assumed 14% higher than 2021 numbers (EIA) resulting in 12,120 kWh

. Mobil



https://www.nrel.gov/docs/fy23osti/84327.pdf
https://www.eia.gov/todayinenergy/detail.php?id=56040#:%7E:text=Our%20projections%20of%20residential%20consumption,5.9%20quads%20and%206.3%20quads.

Lubricant Technologies Modeled

Inputs to
Baseline Modeling Metrics Affected
Tools

Efficiency Improvements SAM AEP
<99.99% % — 0.1 0.2
load
<50% load % — 0.2 0.4
<10% load % = 0.5 1.0
Cost of Oil $iter 15 10 5 WOMBAT OpEx
Oil Replacement Interval years 5 7 10 WOMBAT AEP (Availability),
OpEx
Cold Start for IEA Ice hours/year 21 15 9 WOMBAT, AEP (Availability)
Class 2+ Regions reV

28 Mobil



Sensitivity Analysis — 2050 Land-Based Wind Fleet

Annual Energy Production

3,000
&
<
()
© 2,000
o
§ = * Annual energy production is affected by changes
“= — 1,000 . . . .

2 - to oil replacement interval, gearbox efficiency
(O]
2 0 and cold start performance

Realistic Stretch

Annual Fleet Cost —_ .

5150 e Variations in annual fleet costs are only affected
§ by lubricant cost and oil replacement frequency
@ $100
3 =
£E2 $50
EE
ST <o
S Realistic Stretch
°
= B Lubricant cost B Replacement frequency

—
B Gearbox efficiency Cold starts MOblI



Cumulative LCOE Impact Assessment

Contributions to Annual Fleet Cost

Reductions ($/year) based off LCOE for the _ . _
2050 LBW Eleet baseline AEP Cumulative Cost Savings Relative to the

©
2 Baseline (2050 LBW Fleet)
C
S $300 __$7,000
E =
& $250 £ 46,000
% €
é $200 ¥ $5,000
(%)
o oo
3 ¢150 % $4,000
9 v $3,000
3 $100 2
o
€ O $2,000
“g 7% % $1,000
c e ,
S o
= 0 o}
E i Realistic Stretch g 20
S O 0 5 10 15 20 25 30
= M Lubricant cost M Replacement frequency Year
B Gearbox efficiency Cold starts

e Realistic === Stretch
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Conclusions

31

Lubricant technology has the potential to greatly improve
mechanical system affordability

NREL-developed tools have been combined to estimate potential
impact of improved gear lubricants on U.S. wind economics

All modeled lubricant improvements reduce OpEx and increase
annual energy production

Lubricant improvements in stretch scenario reduce median levelized
cost of energy by 0.8%—2.0%

Modeled gear oils estimated to save ~ $6 billion over 30 years




Disclaimer

This work was authored in part by the National Renewable Energy Laboratory, operated by
Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under
Contract No. DE-AC36-08G028308. Support for the work was also provided

by ExxonMobil under Contract No. CRD-18-00765-22. The views expressed in the article do
not necessarily represent the views of the DOE or the U.S. Government. The U.S.
Government retains and the publisher, by accepting the article for publication,
acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of this work, or allow others
to do so, for U.S. Government purposes.

. Mobil



Disclaimer

Exxon Mobil Corporation has numerous affiliates, many with names that include
ExxonMobil, Exxon, Mobil, Esso, and XTO. For convenience and simplicity, those terms and
terms such as “Corporation,” “company,” “our,” “we,” and “its” are sometimes used as
abbreviated references to one or more specific affiliates or affiliate groups. Abbreviated
references describing global or regional operational organizations, and global or regional
business lines are also sometimes used for convenience and simplicity. Nothing contained
herein is intended to override the corporate separateness of affiliated companies. Exxon
Mobil Corporation’s goals do not guarantee any action or future performance by its
affiliates or Exxon Mobil Corporation’s responsibility for those affiliates’ actions and future

performance, each affiliate of which manages its own affairs.
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Lubricant O&M Tasks in WOMBAT

34

Current Land-Based Wind: 40 GE 1.5-MW turbines

Task Frequency Hours Material Cost Metrics Affected

Oil change Every 5 /7 /10 years 12 $3,600 / $2,400 / $1,200 OpEx, Availability

Minor repair 0.4 per turbine per year 8 5288 /5192 / S96 OpEx

Major repair 0.006 per turbine per year 22 $3,600 / $2,400 / $1,200 OpEx

Cold start 3 per year in Ice Class 2+ 7/5/3*% | None Availability

Task Frequency Hours Material Cost Metrics Affected

0il change Every 5 /7 /10 years 12 $11,250 / $7,500 / 53,750 | OpEx, Availability

Minor repair 0.4 per turbine per year 8 $900 / S600 / S300 OpEx

Major repair 0.006 per turbine per year 22 511,250 / $7,500 / $3,750 | OpEx

Cold start 3 per year in Ice Class 2+ 7/5/3*% | None Availability

2050 Offshore Wind: 30 IEA 15-MW turbines

Task Frequency Hours Material Cost Metrics
Affected

Oil change Every 5 /7 /10 years 12 $24,750 / $16,500 / $8,250 | OpEXx,
Availability

Minor repair 0.4 per turbine per year 10 $1,980 /51,320 / S660 OpEx

Major repair 0.006 per turbine per year 36 $24,750 / $16,500 / $8,250 | OpEx

Cold start 3 per year in Ice Class 2+ 7/5/3* None Availability

*Each number
represents a cold
start time needed
for the turbine to
connect with the
grid

Mobil
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