Rename Yourself to be your Real Name (Company Name)

Click on Participant list

2. Go to the right and hover over your @Plants gt
name Bt s e . g
3. Select AMoreodo & e
4.  Enter your company name in :
brackets
5.  Turn on your camera J b
J Rename >
Enter a new screen name:
[Thomas Wenning (ORNL) J
Remember my name for future meetings
m | Cancel |
FMBetter e o

QPlants



General Information

Schedule: Every Tuesday (June 37 July 8") morning
@ 10am ET

A Sessions will be recorded
A We want these VT to be interactive!
A Wedre hoping you finish the C
A There will be homework i just try your best!
A fiYoubl!l get out what you put

https://bptraining.ornl.qgov/
http://betterbuildingssolutioncenter.energy.gov/better-plants
https://measur.ornl.gov

EEEEEEEEEEEE

Better Us.
P ENERGY


https://bptraining.ornl.gov/
http://betterbuildingssolutioncenter.energy.gov/better-plants
https://measur.ornl.gov/
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U.S. DEPARTMENT OF ENERGY

Virtual Training: Onsite Energy Generation and Storage

Exploring Onsite Energy For Your Facility

Session #2
June 10, 2025
10:00am i 12:00pm EST

U.5. DEPARTMENT OF

ENERGY



Training Overview

1. 06/03: Introduction to Onsite Energy Generation
2. 06/10: Exploring Onsite Energy For Your Facility

EEEEEEEEEEEE

Better Us.
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A Homework Discussion and Recap

A

A

A

Introduction to Onsite Energy Technologies: Solar, Wind Power, and Battery Storage
A Indraneel Bhandari, ORNL

PVWatts Demonstration

Q&A

Homework Assignment

# Better
QPlants

U.S. DEPARTMENT OF

ENERGY



Review of Session #2 Homework

A Complete the utility bill information and find your facility roof or ground space
for PV solar.

A Retrieve facility address and usable roof/ground space
A Collect Electric bills for your facility

A Complete the utility bill exercise (Excel)

EEEEEEEEEEEE

Better Us.
P ENERGY



Review of Session #2 Homework

A 2360 Cherahala Blvd, Knoxville, TN 37932

A 1,845,968 kWh
A 15,000 SF roof space

Electric Utility Bills

200,000 $0.10

Monthly Peak Demand kW
350

180,000 $0.10
160,000
$0.10 300

140,000
120,000 $0.10 250
100,000 $0.09 > 200
80,000 $0.09 @
60,000 150
40,000 $0.09
20,000 $0.09 100

- $0.09 50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

kWh Electric
kW Demand

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

mmmm Monthly Electric Use kWh e $/kWh Months

U.S. DEPARTMENT OF

Better ENERGY

S. DEPARTMENT OF ENERGY




Review of Session #2 Homework

A Automotive Facility in Michigan

A 2,151,156 kWh per annum
A Average Demand 390 kW and Peak Monthly Demand 516 kW

Electric Utility Bills

250,000 $0.15 Monthly Peak Demand kW

600

$0.13
200,000
——— $0.11 500
150,000 $0.09 400
$0.07
100,000 $0.05 300
$0.03
50,000 200
$0.01
- $(0.01) 100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

kWh Electric
$/kWh

kW Demand

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

mmmm Monthly Electric Use kWh e $/kWh Months

EEEEEEEEEEEE
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Review of Session #2 Homework

A Automotive Facility in Michigan
A 2,151,156 kWh
A 47,916 SF of vacant land available
A 230,000 SF landscape and parking lot

A Roof determined to be unsuitable to
support solar panels

Better
Plants_




Review of Session #2 Homework

A Submission #2
A 4,915,365 kWh per annum
A Average Demand 782 kW and Peak Monthly Demand 1,062 kW

Electric Utility Bills Monthly Peak Demand kW Fuel Cost and Usage
600,000 $0.18 1,200 40,000 $2.50
$0.16 , 35:000
500,000 1,000 $2.00
$0.14 g 30,000
-2 400,000 $0.12 2 800 2 25,000 $1.50 £
@ s £ g R
£ $0.10
W 300,000 2 g 600 L 20,000 2
= 200,000 $0.06 = 400 g
= 10,000
100,000 50.04 $0.50
’ $0.02 200 5,000
$- 3 $-
Jan FebMar AprMay Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec

Months Months Months

mmm Monthly Electric Use kWh e $/kWh Monthly Fuel Therm $/Therm

U.S. DEPARTMENT OF

Better ENERGY

S. DEPARTMENT OF ENERGY




Review of Session #2 Homework

A Submission #3: Iron & Steel Plant in
Ohio
A 33M KWh if operating 30 days with no
Maintenance Outages

A 26M to 28M KWh during some months
that include 3-4 days down for
maintenance

A 1,132,560 SF (26 acres) of vacant land

available 2 Lo | 138kv utility feed
A 90,000 SF rO_Of _ _ _ 2400 volt 3-phase
A Roof determination and site constraints Delta circuit feed

EEEEEEEEEEEE

Better Us.
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kWh Electric

Review of Session #2 Homework

A Submission #4: Automotive Parts Facility

A 21,035,458 kWh per annum
A Average Demand 3,440 kW and Peak Monthly Demand 4,042 kW

2,500,000.00

2,000,000.00

1,500,000.00

1,000,000.00

500,000.00

0.00

Electric Utility Bills

Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

mmm Monthly Electric Use kWh e $/k\Wh

$0.12 4,500.00

5010 4,000.00

3,500.00

008 2 3,000.00

$0.06 % § z,zgg.gg
$0.04 3

< 1,500.00

$0.02 1,000.00

$- 500.00

0.00

Monthly Peak Demand kW

P S

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

12,000
10,000
8,000
6,000
4,000
2,000

Therm Fuel Usage

Fuel Cost and Usage

PRI

NPT @é & @fz?\ RO PR & %o“ &

$0.82
$0.80
$0.78
$0.76 5
$0.74 E
$0.72 ¥
$0.70
$0.68

Months

Monthly Fuel Therm e=$/Therm
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Roadmap for Implementing Onsite Energy Projects

Identify key
decision-
makers

Gather
energy and
facility
data

Adapted from US Environmental Protection Agency, 2018, Guide to Purchasing Green Power:
Renewable Electricity, Renewable Energy Certificates, and On-site Renewable Generation.
https://www.epa.gov/sites/production/files/201601/documents/purchasing_guide_for_web.pdf

# Better
QPlants
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https://www.epa.gov/sites/production/files/201601/documents/purchasing_guide_for_web.pdf

Benefits of Onsite Energy

Cost Savings

Corporate Goal Resilience

Onsite

Grid Energy Independence
Support

Local Innovation

Engagement

av V- [ Sl
l‘ " ". g
EEEEEEEEEEEE
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Roadmap for Implementing Onsite Energy Projects

Identify
options
that best
fitdesired
goals

Adapted from US Environmental Protection Agency, 2018, Guide to Purchasing Green Power:
Renewable Electricity, Renewable Energy Certificates, and On-site Renewable Generation.
https://www.epa.gov/sites/production/files/201601/documents/purchasing_guide_for_web.pdf

# Better
QPlants
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Poll Time!
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U.S. Electricity Demand Rise

) U.S. electricity consumption (1990-2026) )
Commercial Sector billion kilowatthours By ook
4 500 forecast
[53s L i
2 Information Technology 4,000
— _ 3,500
=% Fleets and Transportation
3,000
. . average
@ Residential Sector 2,500 1990—2005 2005-2020 2020-2026 | annual
+2.0% +0.1% +1.7% | I
. 2,000 f T T T T T T T /.j
[ Manufacturing Sector 1990 1995 2000 2005 2010 2015 2020 2025 €la

Demand is Rising M

‘ Better Source: U.S. Energy Information Administration, Monthly Energy Review and Short-Term Energy Outlook, May 2025 u.s. DEPARTMENT OF
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https://www.eia.gov/totalenergy/data/monthly/
https://www.eia.gov/outlooks/steo/

U.S. Electricity Demand Rise

U.S. electricity sales to ultimate customers (2020-2026) /-\
change since 2020, billion kilowatthours Short-Term Energy ela
250 Outlook forecast changes in
sales by sector
commercial
200 +2.6%
150
industrial
0
100 +2.1%
residential
50 +0.7%
average annual
growth rates
0 . | | : : | (2020-2026)
2020 2021 2022 2 2024 2025 2026
-50

Demand is Rising M

‘ Better Source: U.S. Energy Information Administration, Monthly Energy Review and Short-Term Energy Outlook, May 2025 u.s. DEPARTMENT OF
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https://www.eia.gov/totalenergy/data/monthly/
https://www.eia.gov/outlooks/steo/

PV, Wind, and Battery Storage

U.S. electric generating capacity (2020-2026)
change since 2020, gigawatts Short-Term Energy
Outlook forecast

150 .
utility-scale solar
125 photovoltaic (PV)
100
75
battery storage
50 / wind
,—/ small-scale solar PV
) )A—_/___/ natural gas
0 — - all other sources
252020 202 2022 2023 2024 2025 2026
-50
coal =
75 eia
Better Source: U.S. Energy Information Administration, Short-Term Energy Outlook, May 2025 u.s. DEPARTMENT OF

Plants



https://www.eia.gov/outlooks/steo/

PV, Wind, and Battery Storage

A Simplified Look at
Renewable Energy Resource Abundance
— in the Conterminous United States

Often Grouped together:

A Most prevalent sources of onsite renewable generation

A PV and wind have complementary generation profiles

Combined Wind and Solar

Current Day | COP HSL
Jun 6, 2025 13:55 CT

40k
30k 1
* t
--------------------------- * - .
Y 7 v
£ 20k T PP PP T i
R I
0K s I e - . Tt Tt traaiasaemaaeaesen
0 | I I I I | I I I | |
00 14 15 16 17 18 19 20 21 22 23 24
== \Vind Gen Hourly Avg == Solar Gen Hourly Avg == Combined Gen Hourly Avg
Wind COP HSL Solar COP HSL = = Combined COP HSL
= « Wind Day-Ahead COP HSL = = Solar Day-Ahead COP HSL = = Combined Day-Ahead COP HSL
U.S. DEPARTMENT OF
‘ Better Source:

h
‘ P!Q»n;(?w ERCOT, June 6", 2025 ENERGY
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Solar Energy Technologies

Electricity
A Photovoltaic (PV)
A Concentrated Solar Power (CSP)

Thermal Applications
A Solar Hot Water Systems

A Solar Space Heating and Cooling
A Solar Process Heat

Solar PV CSP

~

Evacuated Tube Solar Hot Water Parabolic Solar Trough Transpired Air Collectors
Collectors (up to 750°F) (Solar preheating for ventilation air)

Be“er U.S. DEPARTMENT OF
P 24 ENERGY



Solar Resource

A Irradiance: Incoming solar radiation received per unit area (W/m?2)

A Direct Normal Irradiance (DNI): Solar radiation received directly
from the sun on a surface perpe

concentrating solar power systems.

A Diffuse Horizontal Irradiance (DHI):Solar radiation scattered by
the atmosphere and received from all directions on a horizontal

surface (equally).

A Global Horizontal Irradiance (GHI):Total solar radiation received

on a horizontal surface, including both DNI (projected) and DHI

(scattered)

‘ Better Image Source: Abou Jieb, Y., Hossain, E. (2022). Solar Resources. In: Photovoltaic Systemsy.s. peparTMENT OF

‘ Plants Springer, Cham. https://doi.org/10.1007/978-3-030-89780-2_4 ENERGY



https://doi.org/10.1007/978-3-030-89780-2_4

PV Cells

Direct
Sunlight

Monofacial
Modules

White or Black
Backsheet

Direct
Sunlight

Bifacial
Modules

Transparent
Backsheet

Reflected
Sunlight

Better
Plants

Image Source: HEP Solar USA u.s. pepaRTMENT OF
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How Solar PV Technology Works?

A Concept

A Main components
A Panels
A Inverter
A Battery
A Distribution
A Nameplate capacity rating
(dec & kWac)

Image Source: https://www.linkedin.com/pulse/what-solar-energy-how-do-panels-work-blue-jay-technology-co-ltd/

Better U.S. DEPARTMENT OF
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https://www.linkedin.com/pulse/what-solar-energy-how-do-panels-work-blue-jay-technology-co-ltd/

Alternating Current (AC) PV System with Inverter

From utility Different Inverter Arrangements:
Main breaker
Central Inverter
Breakers to AC loads Stnng |nverter
Micro-inverter (on each PV Module)
AC panel DC Optimizer

Graphic by Andy Walker, NREL



Solar PV Is Modular

String System Array

Table Array

Power Plant /

‘ Better Adapted from Andy Walker, NREE. peparTmENT OF

QPlants_ ENERGY



Type of Solar PV Installations

1. Distributed Generation (Distributed Energy Resources, DER)
a) Residential (3 - 10 kW)
b) Commercial/Industrial (10 kW - 2 MW)

2. Ultility-scale Generation (> 2 MW)

Utility Grid
PV Modules
Transformer
’ Inverter <+~ Meter
.‘,r N

D‘ r . '
3 ) N ‘

Combiner

Box

Ground Mounted

Combiner Box

— PV Modules

AC Disconnect

Electrical Panel

DC Disconnect (

Inverter

(150 - 225 Amp)

(500V DC & 240VAC)

Rooftop Mounted

Source: NREL, 2016. Facility-Scale Solar Photovoltaic Guidebook

Better

Plants_ 0
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Type of Solar PV Orientations

Fixed Tilt Single-Axis Tracker

Image Source: PVCase.com Image Source: Arctech

Better U.S. DEPARTMENT OF
Plants_ sl ENERGY




Type of Solar PV Orientations: Dual-Axis

Primary axis of rotation
Secondary axis of rotation (E-W rotation)

(N-S rotation) q

Image Source: Chaowanan et al. 2020 https://doi.org/10.1016/j.seta.2019.100618. Image Source: https://www.solarcentex.com/

32
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Type of Solar PV Orientations: Vertical

With Bi-Facial Panels

Image Source: PVMagazine Image Source: Next2Sun

Be“er U.S. DEPARTMENT OF
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PV Module Nameplate

Series 6 Plus.

Electrical Specifications

RATINGS AT STANDARD TEST CONDITION
SERIES 6 PLUS SL MODEL TYPES: FS-6XXX-P-1 / FS-6XXXA-P-I

Mechanical Specifications

e 30 s prare
3 il Nominal Power? (-0/+5%) | Puax (W) 455 460 465 470 475 480
E t] e —] Efficiency (%) % 18.1 18.3 18.5 18.7 18.9 19.0
g; I Voltage at Pya Vigax (V) 187.8 188.8 189.8 1911 1915 192.8
§§f i Current at Pyay Iy (A 2.42 2.44 2.45 2.46 248 2.49
f Open Circuit Voltage Vac (V) 222.0 2229 2238 224.3 2248 2254
il Short Circuit Current Isc (A) 2.58 2.59 2.60 2.61 2.61 2.62
o R CEMTER, SRS BRACE N"Aﬁ: N Maximum System Voltage Vays (V) 15008
sgomm TG
é S i Limiting Reverse Current Ig (A) 5.0
!; B_'mén“ - g l =y Maximum Series Fuse Igr (A) 5.0
£ o e
¢ '\{s § RATINGS AT NOMINAL OPERATING CELL TEMPERATURE OF 5°C (800W/m AIR TEMPERATURE, AM 1.5, 1m/s WIND SPEED)*
\\ / Nominal Power Phaax (W) 343.6 347.3 351.3 355.0 358.8 362.4
/ Voltage at Py Viaax (V) 176.2 176.3 1774 179.3 179.4 180.3
Current at Pyay Iy (A) 1.95 1.97 1.98 1.98 2.00 2.01
I Open Circuit Voltage Vac (V) 209.6 210.4 2113 211.8 212.3 212.7
I '-‘*"-“"’W‘-;;: _] Short Circuit Current lsc (A) 2.08 2.09 210 2.10 2.11 211

TEMPERATURE CHARACTERISTICS

Module Operating Temperature Range (°C) -40 to +85
Temperature Coefficient of P, T (P -0.32%/°C [Temperature Range: 25°Cto 75°C|
Temperature Coefficient of V. I‘(\"Ut:l -0.28%/°C
Temperature Coefhcientoﬁls,_. T =) +0.04%,/°C

Certifications & Tests*

CERTIFICATIONS & LISTINGS

IEC 61215:2021 & 61730-1:2016%, CE

IEC 61701 Salt Mist Corrosion

IEC 60068-2-68 Dust and Sand Resistance
UL 61730 1500V Listed

EXTENDED DURABILITY TESTS

IEC TS 63209-1 Extended Stress Test
Long-Term Sequential

Thresher Test

PID Resistant

QUALITY & EHS

150 9001:2015

IS0 14001:2015

1S0 45001:2018

IS0 14064-3:2006
EPEAT Silver Registered

C€
@usnn r.Q

Better
Plants

S. DEPARTMENT OF ENERGY

34

Source: Firstsolar

U.S. DEPARTMENT OF

ENERGY



Capacity Factor (CF)

A Capacity Factor (CF) is a ratio of om0
energy (kWh or MWh) Capacity Factor :

by Energy
Source in 2020

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

4 0.‘-|l‘ < hb%lﬂ .41 T ClD EERGY |t
CF _
"m "l‘! O qF 4o
Resource
, _ _ Based System
A Capacity = Maximum Power Output (kW or MW) S A EE
Indicator

Better s DEPARTMENTOF
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Key System Performance Indicators:

Avallability (A) and Performance Ratio (PR)

< <«¢i0gM: o < 0Og
< <y

categori es:

A Al nfor mat.
IEC 63019-1: 2019:

I ARaw availabilityo versu:
force majeure, utility outage, snow coverage)

on

I High-resolution (e.g., hourly, daily) data and
reporting required for accurate estimate of
Availability

pp CmT YO mp® MO«
Do Mg Mo g« -

Measured production
T Production meter: 15-minute; hourly; monthly.
A Modeled production (IEC 61724-1)
i Detailed System Description (PV modules, inverter)
I Coincident Climate (solar and temperature) data
i Simulation by SAM.nrel.gov or other programs

A

Better
Plants_

Number of

Number of

Benchmark
Availability

o .
(7p) N Averagoe . Med?n
E 95,1% 98.0%
)
17
>3
0p]
> ||
0o - nlinm.
30% 40% 50% 60% 70% 80% 90% 100%
Avallablllty Walker, Andy, and Desai,
Jal. Understanding Solar
Benchmark Photovoltaic System
i Performance: An Assessment of
Performance Ratio 75 Federal Photovoltaic Systems
85% United States: N. p., 2021. Web.
o doi:10.2172/1838130.
O verage edian
E —i Am.(f% \ ;nsﬂz
()] i
'} {
2]
>0 System
2 I Performance
Indicators
O omm IIIIIII g i lll III

60% 70% 80% 90%
Performance Ratio

50%

100%

Source: Andy Walker, NREL . DEPARTMENT OF

eNERGY



Solar PV Performance

Global Horizontal Solar Irradiance (GHI) - kwh/m2/day

GHI @ Arizona=5.51 6.0 kwh/m?/day .
‘ Global Hor.iz':c')ntDal iolg; _Irr'adsia.n'c.f .
GHI @ M|nnesota — 30 | 35 kWh/mZ/day . A Nauondlﬁjolm Radiation »ald ase Physica uu ode

1. Geographical location: PV systems
perform better in the Southwestern US

2. Time of day: Day vs night hours

3. Season: Summer vs winter

4. Local landscape: Terrain;
flat plains, hills, mountains,
forests.

5. Local weather: Number of “ B
days cloudy vs days sunny =NREL

Source: NREL, 2018. NSRDB: National Solar Radiation Database

Be“er U.S. DEPARTMENT OF
P . ENERGY



Integration of PV into Energy System

A Sizing of Electrical System to Building
Building Level A Overcurrent Protection on Electrical Service

A Voltage Regulation

A Power Factor

Substation Level ASubstation bus arrangement, intertie

Avoltage Stability of Electric Grid

Grid Level AFault detection and interruption

ARamp Rates
ASpinning Reserve

AAllocating Costs and Resources

Source: Andy Walker, NREL u.s. DEPARTMENT OF
Better Y

Plants ENERGY




PV Solar System Costs

Total Installed Costs for PV Systems by Scale

*Installed Costs only

$2,000 $1,860
. . . . $1,656
System Scale Size Mounting Orientation Cost ($/kW)
Medium 51,500 m Other
Commercial / Small | 200 kW Rooftop Fixed Tilt $1,860 $1.161 m Officework
Industrial $134 m Fieldwork
Fixed Tilt $1,656 #1:000 568 " EROS
: ixed Ti :
LargeI C(Zjomtmelrmall 3 MW Ground . . . $236 m SBOS
naustria Single-Axis Tracking $1,822 $176 u Inverter
N . . : $500 $128 Module
Utility 200 MW Ground Single-Axis Tracking $1,161 =
$372 $372 $372
30
200MW Utility PV 3MW Commercial PV 200kW Commercial PV
SAT GMFT RTFT
42
Better Source DOE Factsheets Solar Photovoltaic Panels For Industrial ApplicatienssparTmenT oF

Plants
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https://betterbuildingssolutioncenter.energy.gov/sites/default/files/attachments/Solar_Photovoltaic_Panels_Industrial_Applications.pdf

PV Solar System O&M Costs

. . Q1 2023 U.S. PV cost benchmarks
PV only Operational and Maintenance Cost $/kW,/year

S50
$45
539.83 54051
$40
$35
$28.78 $30.36 B Subscriber Management
30 .
o > O Asset Management
W
3 $25 B Insurance
o M Property Tax
o~
$20 $16.12 $16.58 M Land Lease
$15 B New Inverters
B New Modules
$10 @ New BOS
85 Inspection
@ Cleaning
S0
MSP MMP MSP MMP MSP MMP
Residential PV System Community PV System Utility PV System
Source: Ramasamy, Vignesh, Jarett Zuboy, Mi chael Woodhouse, Eric O6Shaughnessy,
Robert Margolis, and Paul Basore. 2023. U.S. Solar Photovoltaic System and Energy Storage Cost Benchmarks, With Minimum
Sustainable Price Analysis: Q1 2023. Golden, CO: National Renewable Energy Laboratory. NREL/TP7A40-87303.
43 https:/Aww.nrel.gov/docs/fy230sti/87303.pdf.

U.S. DEPARTMENT OF
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Decisions Affecting PV System Cost and Performance

Equipment Selection
Siting Considerations
System Types
Module Rack
Inverter Topology

Wire Management

Vegetation

Wire ties Connectors Conduit Raceway Direct-bury

Source: Andy Walker, NREL u.s. DEPARTMENT OF

QPlants_ ENERGY
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Summary: Photovoltaics for Industrial Applications

AWhat makes a site a good fit for this technology? 'Rules of Thumb
A Available area on new roof (or land area) fra— $1500/kW

A Adequate electrical service

(O&I\/I Cost: $15/kW/year
A High Utility Rates and Tariff Schedule Details \

( Efficiency: 20%

A Favorable Utility, State, and Local Policies ’
Roof Area: 100 sf/lkW

A Corporate goals and on-site champion

) Land Area: 3-6 Acres/MW
A Adequate solar resource ;

 Energy: 1500 KWh/KW/year

AWhen should a site consider this technology?  Capacity Factor: 0.17
A New building or new roof project Hours/day: 5 hours

\ /

Performance Ratio; 85%

\ /

................

Better Source: Andy Walker, NREL
SPnts ENERGY
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Brief History of Wind Turbines

DATES
500 1000 1300 1800 1850 - 1950 1930 1960 1980s 1980s 2000
B. C
0 D. E. E
5 ELECTRICITY PUMPING WATER ELECTRICITY MILLING GRAIN PUMPING WATER
Mechanical Power w - - = FElectrical Power
H.
MILLING GRAIN ELECTRICITY ELECTRICITY MILLING GRAIN ELECTRICITY

Image Source: technologystudent U.S. DEPARTMENT OF
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Wind Energy Technologies

System Variations
A Axis orientation
A Tower height
A Rotation capabilities
A Blade counts and orientations

Vertical Axis Wind Turbine

Horizontal Axis Wind Turbine

U.S. DEPARTMENT OF
Better

Plants_ 49 ENERGY




Increasing Hub Heights

Hub Height (feet)

? 18 MW 295ft

w

o

S
t

Hub Height

240+

120

1990 2000 2010 2020 2016 2035

Land-Based Wind - Offshore Wind

Wind Turbine Capacity (Megawatt) | Hub Height (feet)
Rotor Diameter (feet)

Image Source: DOE; s pepartmenT oF

Better ENERGY
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Hub and Nacelle

Low-speed High-speed
shaft shaft
Hub Gearbox
Generator
Brake |
///-
\l
N ,
\\»—7_______ 3 [
i \ Nacellel
Blades |
: N | Tower
3
-
E-3
z
Hub Height
1990 2000 2010 2020 2016 2035
Land-Based Wind : Offshore Wind
Wind Turbine Capacity (Megawatt) | Hub Height (feet)
Rotor Diameter (feet)
Better LYF3S {2dz2NDOSY ! ®{d 5h9% 2AYR 9YySNH& ¢S OKograrivenadr S &

Plahts 51 Works-¢ SE U + BithsE/an2rgyégav/eere/wind/insidewind-turbine-0, Flaticon ENERGY



https://energy.gov/eere/wind/inside-wind-turbine-0

Wind Turbines Operation

A The rotor (hub and rotor blade assembly) ~ Wind turbine —inside view

captures wind that creates torque

(rotational force) that spins a low-speed
Shaft Hisb A\ - R i
" \ P Nacelle
_—— .
. Rotor blades D haft
A The gearbox increases the shaft speed G::;ta
which turns a generator -
A The generator produces W
electricity
A Multiple turbines are connected to form a 4
wind farm
e . . . . 4 Generator
A Wind farm design should consider turbine to — el B

turbine spacing

Image Source: Siemens Stiftung Media Portal =~ u.s. DEPARTMENT OF
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Wind Turbines Operation

A Size of the Blades ~ Wind-Swept Area = More Energy
A Generator Capacity = Rating (KW or MW)

Relative Size of Small Wind Turbines

40

o
« 30
=

Source: Paul Gipe, Wind Energy Basics
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Wind Power Curve

ABelow Rated Speed

. _ 10000 7 :
A QOperate at maximum power ~-- Power In Wind /] /
- —-- Power Betz (ideal) ! /
coefficient 8000 - Power Rotor (real) ,'l / Manufacturer
A Optlmum power tracklng Rated Power —— Power Electric (real) Il’ /,/ Power Curve
S 6000 - ; :
- J/ /
£ S
AAbove Rated Wind Speed % 4000 A
<L : s
ALimit power output to grid S
<L . 2000 - AR 4
ALimit turbine loads Py —
—_’,’-/'/ Speed
0 ! ! ! | I I
2| cut-in |4 6 8 10 12 14 Cut-Out
Power increases with the Speed Wind speed in m/fs Speed
cube of the wind speed
‘Better Source: Jennifer King, NREL s pepartmeNT oF
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Wind Turbines: Specific Power

Specific Ratingor Specific Power T >t

[+ m - Fom=m=

: - Generally S
High Specific Power Large Blades, Large economic :
(HSP) Generators lower LCOiE £
Generator T
Size
Low Specific Power
(LSP)
Blade Size
#MBetter . Sources: Jennifer King (NREL), Berkeley {ah€="AR =T OF

QPlants

Sources: Jennifer King (NREL), Berkeley lﬁ)ﬁ
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Wind Turbine Size

A Transportation constraints for | past & Present Wind Turbine sizes
land- based deployment 15 MW
Adapted from UCS https://www.ucsusa.org/clean-energy/renewable- 240 m

energy/how-wind-energy-works
174 m
4
A Fewer installation and N 5 MW
transportation constraints it 126 m I

100 m ' |
A ' )

A Offshore turbines are much
larger than land-based
turbines

-~
7

R’-"‘

Larger turbines lower project Rotor Diameter (m) 1,800Kw
COSts Wind Turbine (Kw)

I Fewer turbines are : . : > %1 1 1 | F
cheaper to maintain 300K i\ 1 I ) it /e ,

I Wind speeds higher at , 7 N 11 1 ) — - 4
taller heights ) | & .

A No hard limits to further
turbine grOWth* 1980 - 1990 1990 - 1995 1995 - 2000 2000 - 2005 2005-2010 2005 2010 2020 2030

‘Better Source: NREL, https://www.nrel.gov/docs/fy070sti/42005.pdf U.S- DEPARTMENT OF
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https://www.nrel.gov/docs/fy07osti/42005.pdf

Siting Wind Power

. : : Shared Infrastructure Rule of thumb:
chatlon Considerations will help with project 1.1 Times Tip Height
A Load Proximity costs and delivery (top of blade) exclusion

A Local Zoning and Regulations

A Community Stakeholders
A Maintenance Access Obstruction of the Wind by a Building or a Tree of Height (H)

A Interconnection and Grid

- - Recommended turbine exclusion zone

é\ ROadS . | Region of highly 1
A Property Lines 1 : . turbulent flow
A Noise

A Wildlife and Airspace
A Radar Interference

EEEEEEEEEEEE
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Wind in USA

Southeast
(non-1SO)
Wind Speed at 100 m
(meters/second)
; :)0 9.9 &
8-0 to 8 9 Turbine Hub Height /
7.0107.9 imesm) a
I 6.0t06.9 ® 2110 - Wind Capacity
50t05.9 © 100 to 109 ) Wind+Storage (MW) .
40to49 « <100 ( Wind+PV O <5 200 400 600 800
3.01t03.9 A Wind+PV+Storage O 550 Total Wind Capacity in Hybrid Plants
< < Other Wind Hybrids O 51-150 by Region (MW)
@EL!
Sources: EIA-860 2022 Early Release, Berkeley Lab
Better Sources: ACP, U.S. Wind Turbine Database, AWS Truepower, Berkeley Lab, LandBased Wind Market Report: 2024 Edition; s peparTMENT OF
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https://www.energy.gov/eere/wind/land-based-wind-market-report

Distributed Wind Costs

# Better Source: NREL, ATB 2023  U.s. DEPARTMENT OF
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