{="USAID LiNREL

N [
g FROM THE AMERICAN PECPLE Transfonn!ng ENERGY

Advanced Energy Partnership for Asia

Wind Energy Fundamentals for the Bangladesh Financial Sector
Prateek Joshi
National Renewable Energy Laboratory (NREL)

Training for the Bangladesh Bank
April 2024

Image: Prateek Joshi (NREL)



SAID iiNREL

M THE AMERICAN PECPLI nsforming ENERGY

Advanced Energy Partnership for Asia

Introduction to NREL



NREL at a Glance

3,675 workforce, including:
2,732 regular/limited term
* 490 contingent workers
» 211 postdoctoral researchers
» 152 graduate student interns

* 90 undergraduate student interns

—as of 9/30/2023

World-class research expertise in:

* Renewable Energy

» Sustainable Transportation & Fuels

* Buildings and Industry

* Energy Systems Integration
Partnerships with:

* Industry

» Academia

» Government

4 campuses operate as living laboratories
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G IObaI TeCh N ical Platforms Advanced Energy Partnership for Asia

The USAID-NREL Partnership’s global technical platforms provide
free, state-of-the-art support on common and critical challenges to
scaling up advanced energy systems.

l. prlorgr Greening I-JEDI ) Resilient Energy
./‘/L MAPPING OUR ENERGY FUTURE the Grid 57 Plattorm
www.re-explorer.org www.greeningthegrid.org www.i-jedi.org www.resilient-
energy.org
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Global Development Trends and Wind Technology



G IObaI Development Trends Advanced Energy Partnership for Asia
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Figure 1. Global installed capacity of wind (GW), 2001-2023
Figure 2. Percentage of total onshore and
offshore installations by country (2023)

Source: Global Wind Energy Council (2024)
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OnShore VS Offshore W|nd Advanced Energy Partnership for Asia

Capacity
Onshore Offshore 7MW
Wind Turbines Wind Turbines
Capacity
5.5 MW
Capacity
6.0 MW \’
Capacity
2.5 MW L - X
l.-. T -I Rotor f
|Rc:utc:r | l | el |
5 |  Diameter I - > 250m ' =~
r E 174m Rotor = i
Rpior Hub Hub Diameter Hub Hub
Diameter Height Height 150 m Height Height
120m 89m 130m 103 m 151 m

2019 2035 | T 2019 2035

Specific Power Specific Power Specific Power Specific Power Image.' Dennis Schroeder (NREL)

221 W/m? 231 W/im? 340 W/m? 346 W/m?

Figure 3. Current and projected characteristics for onshore and offshore wind turbines
Image: Lawrence Berkeley National Lab
« Offshore wind turbines have higher hub heights and larger rotor diameters.
« Wind speeds are typically higher, more consistent, and less turbulent offshore.
« Offshore wind farms are not constrained by land availability but have separate permitting considerations.
« Barriers to offshore wind include a lack of supporting infrastructure (vessels, cranes, ports, etc.), difficult construction
conditions, and higher costs.

=) 3
Source: Beiter et al. (2021) %‘% ,,/&l"'l USAID - N R E L
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Figure 4. Offshore wind project in the United States




WI nd Tu rb| ne Types Advanced Energy Partnership for Asia

Horizontal Axis Wind Turbines Vertical Axis Wind Turbines

Figure 5. Horizontal axis wind turbines Figure 6. Vertical axis wind turbines

* Most common design in use globally, particularly for large + Not very common and less efficient due to increased drag

scale applications, due to higher efficiency. on the blades.

« Blades must face the direction of the wind for optimal » Turbines are omnidirectional, thus using wind coming from
performance, requiring complex yawing and pitching any direction.
systems.

« Take up less space and have advantages in urban
* Able to access higher wind speeds at higher hub heights. environments with more turbulent wind conditions.

Images: Prateek Joshi (NREL), David Jager (NREL) =
Sources: Winslow (20I1 7) ! w U s AI D E;E N R E L
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Utlllty-scale VS. Distributed W|nd Advanced Energy Partnership for Asia

Utility-scale:
“Dozens or
hundreds of large- A
scale (>1 MW)
wind turbines in
the same location =
and connected to -
the transmission
system, with a
total capacity
typically over 20
MW.”

Distributed: “One
or several wind
turbines in the
same location and
connected to the
distribution system
or off-grid to serve
specific or local
loads.”

Figure 7. System with utility-scale and distributed wind

I :U.S. Depart tof E S a
rege S DepermentofEnery = USAID ¥INREL
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DiStri bUted W| nd Advanced Energy Partnership for Asia

Applications

Figure 8. Distributed wind turbine size classifications

» Isolated grids (e.g., villages,
island communities, military
bases, etc.).

* Backup power for normally
grid-connected systems
(e.g., cell towers).

* Microgrids that can connect
and disconnect from the
main distribution system.

* Industrial facilities.

Small Mid-size Large-scale « Academic and commercial
(< 100 kW) (101 kW - 1 MW) (> 1MW) campuses.

Images: Prateek Joshi (NREL) Resi dences an d farms

Source: Reilly et al. (2021)
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W|nd Turbine COmponentS Advanced Energy Partnership for Asia

wind.energy.gov
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Figure 9. Wind turbine components Figure 10. Wind turbine blade manufacturing and testing facility tour for
Bangladesh government officials during visit to NREL
Image: U.S. Department of Energy Image: Werner Slocum (NREL)
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Wind Potential Assessment and Generation Forecasting



WI nd ReSOu rce CharaCte riStiCS Advanced Energy Partnership for Asia

Mean Wind Speed: “Average annual (or longer term) wind
speed”

Wind Resource at 120 meters

Wind Speed (m/s)
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Wind Speed Distribution: “How many hours per year does
the wind blow at (x) m/s?”
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Wind Direction: “‘How often and how strong are the winds
from particular directions?”

Transmission (kV)

s 230
s 132

Diurnal Wind Distribution: “What time of day has the most "*;mmsw'm
i » 1> Met Tower
Wlnd energy? Other Features
® (ity
~~  EEZ Boundary

Seasonal Wind Distribution: “What time of year has the

strongest wind resource?” Figure 11. Modeled and measured wind speeds at 120m in

Bangladesh
Image: Jacobson et al. (2018)

Source: Robichaud (2018) ,fm
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Advanced Energy Partnership for Asia

Wind Data

Wind Data for Prospecting Wind Data for Development

Available from governments, research organizations, eftc. Responsibility of developer to obtain site-specific data.

|ldentifies locations for potential development. MET towers installed to validate the resource.

3 km by 3 km

Temporal resolution:

15 minutes
Timespan:
2014-2017

Figure 12. Wind resource data for Bangladesh

Image: Joshi et al. (2023)
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Figure 13. Meteorological (MET) towers
Image: Prateek Joshi (NREL)
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Bangladesh Wind Data: REZ Case Study

Advanced Energy Partnership for Asia

& L
i
@ .
0 Capacity Factor
@ ® 0.153.0.2
® 0.2-0.25
W 025.03
M 03.035
W 0.35-0.364

0 25 50 75100 km
| B

. .

0 20 40 60 BOmi

Figure 14. Potential candidates for REZs in Bangladesh compared to
wind study areas

High-fidelity wind resource data, along with other geospatial data, was used to determine
potential renewable energy zones (REZ) in Bangladesh, corresponding to BEZA economic
Zonhes.

Source: Joshi et al. (2023)
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Renewable Energy (RE) Data Explorer

Advanced Energy Partnership for Asia

The RE Data Explorer web platform provides
free renewable energy data, analytical tools,
and technical assistance to developers,
policymakers, and decision makers throughout
the world.

Users can access renewable energy data and
related geospatial data sets to guide
development of domestic energy resources.

Performs visualization and analysis of
renewable energy potential that can be
customized for different scenarios.

Supports prospecting, integrated planning,
policymaking, and other decision-making
activities to accelerate renewable energy
deployment.

/=" USAID
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Figure 15. RE Data Explorer home page

g REexplorer

! 4 MAPPING OUR ENERGY FUTURE

Home  About  LaunchExplorerv  WhereWeWork  Data-Driven Decisions  Resources&Training  AskanExpert  DataCatalog

Explore Renewable
Energy Data

Use Renewable Energy.(RE) Data Explorer,
the flagship geospatial tool of the RE

Explorer, to inform vital renewable energy
investment and deployment decisions.

Click on the map to launch the user-friendly
RE Data Explorer and access country-
specific resource and technology data.

Access Online Resources and Learn More

Assess Data Needs » Use our data catalog to find, submit, Ty s Read the Fact Sheet
Understand how to use renewable or manage your shared renewable Learn how to make the most of your Take the Tuterial
energy data to support analysis and energy data. data and analysis with our online

make smart, effective decisions. training videos, tutorials, and more.

Enable Decision Making and Find and Contribute Data »

www.re-explorer.org/

LiNREL
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Turbine Power Curves

Advanced Energy Partnership for Asia

Cut-In Speed: Speed below which

Cut-Out Speed

. Cut-In Speed i Rated Wind i
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1200} i i |
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turbine shuts down to protect rotor ™[ | ; ;
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This is an example power curve from a wind turbine in 2014. Not ok i i i
all turbines will have these exact power curve characteristics. ====p - . L : | e

5 10 15 20 25 30 35 40

Source: Freeman et al. (2014)
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Figure 16. Example power curve for a wind turbine
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Power from W|nd Advanced Energy Partnership for Asia

1 3
Pyina = E 5 pAv

2 Greater power extraction:

Pwina = power extracted from wind Increase in rotor radius (r) results in
E = efficiency of the turbine larger swept area (A)

p = density of the air Increase in turbine height allows
A = swept area of the turbine = 712 access to lower density air (p) and
higher wind speeds (v)

r = radius of the rotor

v = wind speed

Source: Joshi and Gokhale-Welch (2022)
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Resource Data Informs Energy Planning

o

Geospatial Renewable
Data Energy (RE)
Resource Data
agriculture
bathiymetiy landfills
- solarirradiance
elevation
well locations
forests
humidity VA sp et
. ..and more
infrastructure
population
terrain
wetlands
.and more

Figure 17. Connections across
geospatial data, analyses, and
decisions to support renewable
energy development

Image: Cox et al. (2018)

Simple mapping

and visualization
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Generator
performance
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=

Hourly data

User-defined system
specifications

=

Hourly profiles

DECISIONS

Feedsinto early stage and

more advanced target
setting, policymaking,
investment, and power

sector planning decisions
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ANALYSES AND DECISIONS

Supply curve
modeling

Technical potential
ERELNSE

pe = =

Technical potential
-+
Transmission grid

|

Technical potential 3
Supply curve

DECISIONS

Early stage target setting,
policymaking and
investment decisions
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Advanced Energy Partnership for Asia

Economic
potential analysis

DECISIONS

Advanced stage™” target
setting, policymaking and
investment decisions

Capacity expansion
modeling and

Production cost
modeling

Hourly profiles

DECISIONS
Advanced stage target
setting, policymaking,
investment, and power
sector planning decisions

19
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Wind Development Process

Advanced Energy Partnership for Asia

Desktop Analysis: Figure 19. Wind turbine

Assess market, wind

resource, land use, Site Selection:

transmission, etc. : Image: Prateek Joshi (NREL)

Site visits, landowner
meetings, install MET cepr
towers for data Permitti ng:

collection, efc.
Auviation, wildlife, energy

modeling, environmental
studies, economic
impact studies, eftc.

Figure 18. MET tower
installation in Bangladesh

Image: Jacobson et al. (2018)

S)USAID TINREL
FROM THE AMERICAN PEOPLE Transforming ENERGY

being transported on
highway to construction

site

Power Contracts:

Respond to request for
proposals, negotiate .
contracts or PPAs, etc. Construction:

Workforce development,
site logistics,
interconnection
agreement, O&M, etc.

21



TeCh nO|Ogy Trends Advanced Energy Partnership for Asia

Capacity (MW) Height & Diameter (m)
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Figure 20. Trends in wind turbine technology for onshore utility-scale projects, 1998-2022
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Source: Wiser et al. (2023)




Land Considerations

Advanced Energy Partnership for Asia

Land ownership profile:

 Private
 Public

Environmental factors:
Wildlife habitat
- Protected environmental areas
- Slope and topography

Permitting requirements:
- National and local permits
Zoning ordinances

- Application requirements and
schedule

- Public hearings

Legal Contracts

Source: Joshi and Gokhale-Welch (2022)
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Figure 21. Wind farm co-located with agricultural land
Image: Prateek Joshi (NREL)

« Wind turbine spacing is important to reduce wake effects.

« Wind turbines can be co-located with agricultural land, and the
actual footprint of the turbines is a small fraction of the total
area.

poN “ii 49" FROM THE AMERICAN PEOPLE
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| nte rcon neCtion Ag reement Advanced Energy Partnership for Asia

Signed between developer (project owner) and
utility (transmission line owner):

o Needed for power purchase agreement (PPA) and
project financing

Steps:

o Developer selects a site (completes preliminary
due diligence)

o Signs land lease(s) at interconnection point
o Signs study agreement with utility:

= Feasibility Study & System Impact Study

= Facility Study
o Execute Interconnection Agreement

o Designates amount (MWs) of power that can be
connected to system at a specific location:

= Designates all equipment needed to interconnect (X- Fi . o
. . . , ure 22. High-voltage transmission lines
MWs) and who is responsible for which equipment g g g
(network vs. developer) Image: Prateek Joshi (NREL)

= Designates construction schedule
= Designates payment schedule and cost

Source: Joshi and Gokhale-Welch (2022) f@z 'USAID T *NREL
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Benefits and Challenges



COSt TrendS and PrOjeCtionS Advanced Energy Partnership for Asia
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Figure 23. Median-scenario wind LCOE projections from 2020 survey of experts, 2021-2050
Source: Wiser et al. (2021)
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WI nd Tu rbl ne N Oise Advanced Energy Partnership for Asia

How Loud Are Wind Turbines?

Risk of Hearing Impairment

| 790 80 90 100 110 120 130 140
Decibels (dBA)

Figure 24. Sound levels of wind turbines compared to other noise sources

Image: Al Hicks (NREL)
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Benefits and Challenges of Wind Energy

Benefits for Bangladesh

v No greenhouse gas emissions
v No air pollution

v Job creation and economic
development

v Co-location with agriculture

fet
jUSAID

LiNREL

Transforming ENERGY

Advanced Energy Partnership for Asia

Challenges for Bangladesh

% Workforce development

¢ Developing a supply chain

% Grid integration of variable
renewable energy

< Access to low-cost finance

28



ReferenceS Advanced Energy Partnership for Asia

Beiter, Philipp, Joseph T. Rand, Joachim Seel, Eric Lantz, Patrick Gilman, and Ryan Wiser. “Expert Perspectives on the Wind Plant of the Future.” Wind Energy 25 (April 11, 2022): 1363—78.
https://doi.org/https://doi.org/10.1002/we.2735.

Cox, Sadie, Anthony Lopez, Andrea Watson, Nick Grue, and Jennifer E. Leisch. “Renewable Energy Data, Analysis, and Decisions: A Guide for Practitioners.” Technical Report. RE Data Explorer. Golden, CO:
National Renewable Energy Laboratory (NREL), March 2018. https://www.nrel.gov/docs/fy180sti/68913.pdf.

Freeman, Janine, Jennie Jorgenson, Paul Gilman, and Tom Ferguson. “Reference Manual for the System Advisor Model's Wind Power Performance Model.” Technical Report. Golden, CO: National Renewable
Energy Laboratory (NREL), August 2014. https://www.nrel.gov/docs/fy140sti/60570.pdf.

Jacobson, Mark, Caroline Draxl, Tony Jimenez, Barbara O’Neill, Taj Capozzola, Jared A. Lee, Francois Vandenberghe, and Sue Ellen Haupt. “Assessing the Wind Energy Potential in Bangladesh.” Technical
Report. USAID-NREL Partnership. Golden, CO: National Renewable Energy Laboratory (NREL), September 2018. https://www.nrel.gov/docs/fy180sti/71077.pdf.

Joshi, Prateek, and Carishma Gokhale-Welch. “Fundamentals of Wind Energy.” USAID and NREL presented at the Energy Fundamentals Course, Bangladesh University of Engineering and Technology (BUET),
November 2022. https://www.nrel.gov/docs/fy230sti/84501.pdf.

Joshi, Prateek, Gabriel Zuckerman, Katy Waechter, Nathan Lee, and Carishma Gokhale-Welch. “Identifying Potential Candidates for Renewable Energy Zones (REZs) in Bangladesh.” Presented at the
Bangladesh University of Engineering and Technology (BUET) International Energy Conference, Dhaka, Bangladesh, December 2023. https://www.nrel.gov/docs/fy240sti/88268.pdf.

Lee, Joyce, and Feng Zhao. “Global Wind Report 2024.” Brussels, Belgium: Global Wind Energy Council (GWEC), April 16, 2024. https://gwec.net/wp-content/uploads/2024/04/GWR-2024 digital-version_final-
1.pdf.

Reilly, Jim, Jake Gentle, Alice Orrell, and Brian Naughton. “Microgrids, Infrastructure Resilience, and Advanced Controls Launchpad (MIRACL): Use Cases and Definitions.” Technical Report. Golden, CO:
National Renewable Energy Laboratory (NREL), February 2021. https://www.nrel.gov/docs/fy210sti/76918.pdf.

Robichaud, Robi. “Wind - Solar - Biomass - Micro-hydro and Battery Storage — Distributed Applications.” Golden, CO: National Renewable Energy Laboratory (NREL). October 31, 2018.
https://www.energy.gov/sites/prod/files/2018/11/f57/robi-wind.pdf.

Winslow, Andrew R., "Urban Wind Generation: Comparing Horizontal and Vertical Axis Wind Turbines at Clark University in Worcester, Massachusetts" (2017). International Development, Community and
Environment (IDCE). 127. https://commons.clarku.edu/idce masters papers/127.

Wiser, Ryan, Joseph Rand, Joachim Seel, Philipp Beiter, Erin Baker, Eric Lantz, and Patrick Gilman. “Expert Elicitation Survey Predicts 37% to 49% Declines in Wind Energy Costs by 2050.” Nature Energy 6
(May 2021): 555-65. https://doi.org/https://doi.org/10.1038/s41560-021-00810-z.

Wiser, Ryan, Mark Bolinger, Ben Hoen, Dev Millstein, Joe Rand, Galen Barbose, Naim Darghouth, et al. “Land-Based Wind Market Report: 2023 Edition.” U.S. Department of Energy Office of Energy Efficiency
and Renewable Energy, August 2023. https://www.energy.gov/sites/default/files/2022-08/land _based wind market report 2202.pdf.

ZUSAID I iNREL

! )
\;‘}:%’I:_i'li'i __r,ii_’_;e:f FROM THE AMERICAN PECPLE Transforming ENERGY 29



https://doi.org/https:/doi.org/10.1002/we.2735
https://www.nrel.gov/docs/fy18osti/68913.pdf
https://www.nrel.gov/docs/fy14osti/60570.pdf
https://www.nrel.gov/docs/fy18osti/71077.pdf
https://www.nrel.gov/docs/fy23osti/84501.pdf
https://www.nrel.gov/docs/fy24osti/88268.pdf
https://gwec.net/wp-content/uploads/2024/04/GWR-2024_digital-version_final-1.pdf
https://gwec.net/wp-content/uploads/2024/04/GWR-2024_digital-version_final-1.pdf
https://www.nrel.gov/docs/fy21osti/76918.pdf
https://www.energy.gov/sites/prod/files/2018/11/f57/robi-wind.pdf
https://commons.clarku.edu/idce_masters_papers/127
https://doi.org/https:/doi.org/10.1038/s41560-021-00810-z
https://www.energy.gov/sites/default/files/2022-08/land_based_wind_market_report_2202.pdf

Thank You!
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