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iiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Mission: NREL advances the science and engineering of energy efficiency, sustainable
transportation, and renewable power technologies and provides the knowledge to
integrate and optimize energy systems.

Example Technology Areas:
o~

Grid Integration
: Resource Measurement

Bulldlngs i
Batteries

Wf" E& Lol e ‘ L Fuel Cells

Biofuels ST
Hydrogen .., o ¢

* 2050 employees plus 400 postdoctoral researchers interns, V|5|t|ng professionals
* 327-acre campus in Golden, Colorado & 305-acre National Wind Technology Center 13 miles north
* 61 R&D 100 awards. More than 1000 scientific and technical materials published annually

www.nrel.gov/about

JISEA—Joint Institute for Strategic Energy Analysis


http://www.nrel.gov/about/

NREL Partners with Business

2018 NREL had:

Nearly 820 active partnerships with
industry, academia, and government
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NREL aims to reduce * NREL helps bridge the gap from basic science
risk in bringing to commercial application

innovations to market * Forward-thinking innovation yields
disruptive and impactful results to benefit

the entire U.S. economy

* Accelerated time to market delivers
advantages to American businesses and
consumers

 NREL bridges
.~ thegap

Universities and i i Corporations
National Laboratories ' i :

: E e Applied Product :

NREL | 4



JISEA

Joint Institute for

Supply
Strategic Energy Analysis £ o
Connecting
technologies, economic
sectors, and continents Resilience Ecosystems Sustainability

to catalyze the transition
to the 215 century
energy economy.
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Outline

* Energy Markets and Trends
e Clean Energy Technology Manufacturing and Trade

o Wind Turbines
 Nuclear, Renewables, and Gas
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Clean Energy Is Diverse

WIND SOLAR PV HYDROPOWER
Onshore Distributed & Micro Grids Large & Small BIOMASS & WASTE

GEOTHERMAL 000 0 NN
T CONCENTRATING SOLAR

EFFICIENCY
BATTERIES & STORAGE & HEAT USE

i "
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Global share of renewable energy

Estimated Renewable Energy Share of Global Electricity Production, End-2018

73.8%

Non-renewable
electricity

Renewable
electricity

5.5% Wind power

15.8%

Hydropower

2 .4% Solar PV

2 . 2 % Bio-power

Geothermal, CSP
0.4%
. o and ocean power

Note: Data should not be compared with previous version of this figure due to
revisions in data and methodology.

% REN21 RENEWABLES 2019 GLOBAL STATUS REPORT

Source: REN21 Renewables 2019 Global Status Report, http://www.ren21.net/gsr-2019/
JISEA—Joint Institute for Strategic Energy Analysis




Global share of renewable energy

Estimated Renewable Share of Total Final Energy Consumption, 2017

Nuclear energy

Traditional

79.7%

) 7.5% biomass Wind/solar/biomass/
Fossil fuels geothermal/ocean power
Modern renewables
Biofuels for
transport
10.6% .
3.6%
Hydropower
4.2%
Biomass/solar/
geothermal heat
Note: Data should not be compared with previous years because of revisions due to Source: Based on OECD/IEA and IEA SHC.

improved or adjusted data or methodology. Totals may not add up due to rounding.

% REN21 RENEWABLES 2019 GLOBAL STATUS REPORT

Source: REN21 Renewables 2019 Global Status Report, http://www.ren21.net/gsr-2019/
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Global growth of renewable energy

Annual Additions of Renewable Power Capacity, by Technology and Total, 2012-2018

Additions by technology (Gigawatts) Added in 2018  Total additions (Gigawatts)

120 181 Gigawatts 200
Solar PV B Wind power

- Total renewable

100 B Hydropower B Bio-power, geothermal, power
ocean power, CSP
150
80
60 - : B 100
v,
. O~
50 7N ﬂ
] ] || [l [] II Il

2012 2013 2014 2015 2016 2017 2018

Note: Solar PV capacity data are provided in direct current (DC).

%7 REN21 RENEWABLES 2019 GLOBAL STATUS REPORT

Source: REN21 Renewables 2019 Global Status Report, http://www.ren21.net/gsr-2019/
JISEA—Joint Institute for Strategic Energy Analysis




Electricity Trending to Gas and Renewables

Renewable energy—not
including hydropower—
currently produces 10% of the

total U.S. electricity generation.

Within the next two years, this
is expected to grow to 13%.

With hydropower, renewable
energy is 17%.

With nuclear (19%), U.S.
low-carbon electricity is 36%.

U.S. Electricity Generation by Energy Source (2010-2020)
Share of Generation

Forecast
50% '

45%
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20% g ——
= Nuclear
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10%
e n==—" Hydropower
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0%

2010 2012 2014 2016 2018 2020

Source: United States Energy Information Agency, Today in Energy, 18 January 2019
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Variation by Location: Solar Generation as a % of

Total Generation, 2014-2018, by U.S. State
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Source: NREL, Q4 2018/Q1 2019 Solar Industry Update, May 2019.
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Costs for Renewables are Falling

Advanced energy technologies are providing real-world solutions by:

Mean LCOE . . . .
$/MWh ® Becomlng mcreasmgly cost-competltlve
$360 3359 * Boosting the energy industry
330 * Providing jobs
300 $/MWh . :
2019 Xcel pricing for projects due to go
270 $60 $50 online in 2023.
240 30 $45§ $36 Utility Scale Solar
210 . $21 Wind
180 2018 2019
150 $148 Nuclear (20%)
$135 /
120 | $123
$111 $102 Coal (8%)
920
60 B —
= $50 Utility Scale Solar (86%)
30 $45 Wind (67%)

2009 2010 2011 2012 2013 2014 2015 2016 2017

Source: Lazard’s 2017 Levelized Cost of Energy Analysis, Version 11, 2 November 2017
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Cost of Renewable & Traditional Electricity Equalizing
Levelized Cost of Electricity ranges by technology. Values are in 20176.

5400
Levelized cost of energy is a summary metric with important R AT
limitations. See documentation. * hange In
5350 -
= Representative Value
$300 -
- Variability due to: Technology; Location; Time (Present v. Future)
r=
g 525‘:‘- ......................:................................'..............................
2 Wind similar cost as gas combined cycle
m . .
™ 5200 __..and declining.
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power

2019 ATB LCOE range by technology for 2017 based on R&D financial assumptions
Source: National Renewable Energy Laboratory Annual Technology Baseline (2019), http://atb.nrel.gov




Electrification Futures Study

Transportation Industrial Residential Commercial
28 Quads Total 31 Quads Total 21 Quads Total 18 Quads Total
0 Quads Electricity 10 Quads Electricity 14 Quads Electricity 14 Quads Electricity
100%
Other Other

75%

Electricity f§ Non-Electricity

50%

% of Total 2015 Primary Energy Consumption

25%

0%

All Figures from NREL's Electrification Futures Study: www.nrel.gov/efs
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Electrification Futures Study
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All Figures from NREL's Electrification Futures Study: www.nrel.gov/efs
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Outline

* Energy Markets and Trends

* Clean Energy Technology Manufacturing and Trade
o Wind Turbines
* Nuclear, Renewables, and Gas




Wind Turbines - Onshore

Twin Groves Wind Farm

* McLean County, lllinois
* 396 MW, 240 turbines
* 80 m hub height

* Opened 2008

* Capacity Factor 34%

Cedar Creek Wind Farm
* Grover, Colorado
550 MW

JISEA—Joint Institute for Strategic Energy Analysis




Wind Turbines — Offshore

Block Island Wind Farm

* New Shoreham, Rhode Island

* 30 MW, 5 turbines

100 m hub height, 150 m diameter
* Opened 2016

* Capacity Factor 48% (projected)

Westermeerwind Wind Farm
* Noordoostpolder, Netherlands
e 144 MW

JISEA—Joint Institute for Strategic Energy Analysis



Wind Market Growth Driven by Price Declines

. U.S. 2019 1Q Cumulative — 97,223 MW
wind Q

¢/kWh Kow
80¢ - 80
70¢ Cumulative Wind Capacity - 70
60¢ {M  Wind Cost )
50¢ - 50
=
40¢ o L 40
o)
30¢ & - 30
20¢ - 20
™
1O¢ “"H"" .. 00000 B 10
- ry r ol
O¢ Rty N I L 0
1980 1985 1990 1995 2000 2005 2010 2015

Source: DOE 2016: Revolution...now, the future arrives for five clean energy technologies; AWEA, https.//www.awea.org.
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Cost of Renewable Electricity at Auctions Driving Decrease

150
|
=
=
Q.

Average Wind Auction Prices ($/MWh)

o
S Uruguay Morocco
Peru
Brazil
o
L
O_
I I I I I I I /|\
O Q N 9 ) D & ©
Q N N N N N N N N
P PP P PP PP

Auction Date

Source: IRENA Renewable Energy Auctions: Analysing 2016 (2017
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U.S. & lllinois Wind Market (installed capacity, MW)

Wind capacity installed in Oklahoma, lowa, and Kansas supplied 31%—36% of all in-state
electricity generation in 2018. 14 states were greater than 10%.

Wind Capacity by State

O RV

1 to 500 MW
B 501te 1,000 MW
B 1,001 to 2,500 MW
W 2,501 ta 5,000 MW
W 5.001 to 10,000 MW
W >10,000 MW

lllinois Rank — 6" for capacity

Installed: 4,887 MW (2,778 turbines)
Percentage of In-State Energy Production: 6.8%
Equivalent U.S. Homes Powered: 1,231,900

Source: American Wind Energy Association, https://www.awea.org/wind-energy-facts-at-a-glance/, https://www.awea.org/Awea/media/Resources/StateFactSheets/Colorado.pdf
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Wind Machines — Scale, Capacity Factor Increasing,
Manufacturing Costs Declining

Onshore: 2-3 MW
50 m blade length 747 pmisonget fo

2018

Vestas V164 7.0 MW
Ditshore Turbine
{Blade detoled balow)

g
Avg. Wind Turbine Capacity Factors JroNer et
(% of capacity) by Build Year 1980 .
Z5 ft. blade
1998-2001: 24.5% B e dub TR e
2004-2011: 32.1% i ah
2014-2015: 42.6% el L 2|
Compare: Natural Gas Plant: 56%; it oo i i e it
Coal Fired Plant: 53%; Nuclear: 92%; Veslas VG4 7.0 MW biade
Solar Photovoltaic: 27% N 262 . ko T
P Y B A decher but (o 4 Waxle
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Wind Energy Potential Increasing to More Places

140m Hub Height
‘Near Future’ Turbine Technology ...

Wind Potential Cﬂpacity Area (sq km}

at 140m Hub Height 0 . " =
| =1
100 - 200 ’
35% GCF 200 - 300 Data sources: AWS Truepower, National Renewable Energy Laboratory
INREL
Future Technology C5 ]
HATIONAL REWEWAESL E ERERTY LABORATONY

| i Land exclusions




Supply chain of wind turbines

MNacelle
FJhergIass
Carbon Fiber Blades
Machined/Formed Steel ‘
Silica Generator
Qil
ﬂtcr‘rlonltnle Tower
¢ /
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Wind Power Manufacturing

| U.S. leading wind turbine manufacturing

& * One of the top three countries for wind turbine
manufacturing

* U.S.-made turbines installed domestically &
exported to Canada, Brazil, and Mexico

e $3.76 billion value added to U.S. economy in
2014

* Domestic content is 80%—85% for towers,
50%—70% for blades/hubs, & >85% for nacelles

e Leadership came from public & private support

Nacele Componeni « Technology validated and improved through

: NREL research and industry partnerships

C E _\C * Early government policies encouraged

:’::E N R E L deployment

* Market growth enabled establishment of
More than 145 major wind turbine supply chains and manufacturing at scale
manufacturing and assembly facilities operate * Resulting price declines enabled more growth
in the U.S. with more than 500 manufacturing Trade agreements enabled 5560 million in

egeg e ) ) ts in 2014
facilities total contributing. expor
* New innovations still being developed at NREL

Sources: Benchmarks of Global Clean Energy Manufacturing, CEMAC, 2017;
Wind Turbines Made in the USA, CEMAC Blog, 2017.
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Outline

 Energy Markets and Trends
e Clean Energy Technology Manufacturing and Trade

o Wind Turbines
 Nuclear, Renewables, and Gas... and intersections
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Future: NREL electricity generation scenarios

0.8
High NG + Low RE
0.7 Low RE Cost
0.6 High NG Price
c
2 0.5
el
s O
@
5 0.4 Mid-case
o
ﬁ 0.3 Low NG Price
>
0.2 High RE Cost
0.1 Low NG + High RE
0

2020 2030 2040 2050

Generation projections across 42 scenarios: NREL 2018 Standard Scenarios Report: A U.S. Electricity Sector

Outlook, www.nrel.gov/analysis/data tech baseline.html
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NREL electricity scenario mid-case generation mix

5,000 -
Imports/Storage
4.000 - Solar
» Wind
=
= Hydro
3,000
c » Geo/Bio
o
T
o 2000
3
o BNG-CT/OGS
1,000 ENG-CC
m Coal
m Nuclear
0

2010 2020 2030 2040 2050

Generation by technology type in the Central Scenario, from: NREL 2018 Standard Scenarios Report: A U.S.
Electricity Sector Outlook, www.nrel.gov/analysis/data tech baseline.html
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Advanced grid integration studies

Eastern Renewable Generation Integration Study (RTx30)
i 07-31-2026 13:40 EST

: Coal
W Hydro
NYISO ! a8
I B CT/Gas bailer

i B Other
B Pumped Storage
ISO-NE PV
W Wind
VG Curtallment
= Load

Pumped Storage
By

100

GW

Generation & Flow ' Hegional dispatch

Pl o) 0267305

& [ O L)

www.youtube.com/watch?v=1i8j0-pKgvc&list=PLmIn8Hncs7bEI4P826-KCliwbYrwANv4p&index=19

JISEA—Joint Institute for Strategic Energy Analysis


https://www.youtube.com/watch?v=li8jO-pKgvc&list=PLmIn8Hncs7bEl4P8z6-KCliwbYrwANv4p&index=19

Renewables and Nuclear Hybrid Energy Solutions

\ Photovoltaics
CL =
Wind Power / \ pores
\ (3 . v, l l X v
) / -1l T
/ l

Thermal Electricity % g
Ela—»tl - R

Nuclear Reactor Balance Power Grid
of Plant [Ul
e ————————————
N
Electric Heater
+ -
Y Vlr Industrial and
- l ‘ l — === Transportation
Markets
Thermal Storage Electrolyzer Hydrogen

Sources: Ruth et al. 2016; Bragg-Sitton et al. 2016 Storage
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Hydrogen @ Scale

Hydrogen
Vehicle

Conventional Storage

Synthetic
Fuels

Hydrogen Upgrading
Qil/
Power Biomass

Generation

Ammonia/
Fertilizer
Hydrogen
Generation
Electric Grid Metrflls
Refining

Infrastructure
Fossil

Other
End Use

Heating

Gas
Infrastructure
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Electricity Generation: Electric-Natural Gas Interface Study

Electricity & Gas networks are interconnected energy (" Eectricity ) (“Natural Gas
infrastructures whose operation and reliability depend on one PO ] Hourly DA Natural e
another. As the percent of gas and variable renewable power DA H——"" LI pa
plants increase, the connection between these networks becomes ﬁ G Dn Fuel Offtake
increasingly important. etk sonitens
Goal of project is to: ¥ v

RT > RT
Co-simulate power and natural gas network operations. R s

Plants’ Fuel Offtakes

Model the Colorado interconnected power and natural gas —¥

Potential Fuel Offtake

networks and a test system with different renewable penetrations. oo [TFuclOake | Corsann/Olonge
. . . . gas network conditions
Determine value of coordination of day-ahead and intra-day
Operations_ 4000 Load Net Load Gas Wind
Funded through JISEA
rolig 3000
sponsorship by:
* American Electric Power
* Environmental Defense Fund s 2000
* Hewlett Foundation
* Kinder Morgan 1000

* American Gas Association
* Midcontinent Independent e /\ %

S Stemo erator 0 _Illllﬂm‘llIIIIIIIIIII'I'I'I'I'I'I'I'I'I'I'nIIIIIIIIIIII'I'I'I'I'I'I'I'I'ITI'IIIIIIIIIIII IIIII I I
y P HCDI\LOM\—IO\I\LHMHO\I\LOM\—IO\I\LOMH
. . A NN <TFTN ONOOOODO A NN N O
Source: JISEA project in progress. Time (hour) ™ «— ~ «— — «—
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Clean Power Technologies for Oil & Gas Industry Operations:
_Electrification of the Wellpad and Platform via Microgrids

* Electrification of all equipment at wellpad connected via microgrid

* Power could consist of:
— Field/Flare Gas fired generator
— Solar PV/wind systems s Y
— Fuel cells
— Energy Storage
* Hydrogen
* Batteries
— Grid power (or offgrid)
* Benefits:
— Resiliency during outages
— Optimize for least cost
— Reduce emissions

* Leverage work on

— Remote bases & communities
— Islands

JISEA—Joint Institute for Strategic Energy Analysis



REopt: Optimizing energy at site scale

Drivers

D

Goals J Economics Utility Costs
- Minimize Cost Financial Parameters Energy Charges
j Resources Net Zero Technology Costs Demand Charges
Resiliency Incentives Escalation Rate

Renewable Generation

Solar PV

Wind Technologies

Biomass, etc. ‘ Technology Mix

Technology Size (®)

Conventional Generation n-g'
v Electric Grid o 3
g Fuel Supply REO pt . - fhl;
s Conventional Generators . Operations (oﬂ Q.
s Energy Planning Platform Optimal Dispatch =2
= Energy Storage Techno-economic Optimization g- =}
o) Batteries S 3
o Thermal storage c
b=B Water tanks Project Economics 3
S CapEx, OpEx
|2 Dispatchable Technologies B AT U N

Other Activities:

Flectric Prioritize oil & gas energy needs

Heating and Cooling
Water Treatment
Energy Conservation

” ) Loads Secure partners and test sites

easures (via Open Thermal Water

Studio) Loads Demand Develop test protocols
Loads Establish legal agreements

JISEA—Joint Institute for Strategic Energy Analysis



Many refineries may have great wind AND solar resources

Refineries —
Metric Million British Thermal Unit Resource Regions
(MMBtu) (generalized concenfration areas)
. 10,000,000 t0 15,000,000  Fossil Resource
[ Wind Resource

Solar Resource
. 1,000,000 to 5,000,000 [ Wind and Solar Resource
@ 1,000to 1,000,000

@ 100to 1,000

= 0Dto99

. 5,000,000 to 10,000,000

JISEA—Joint Institute for Strategic Energy Analysis




Marcellus Play: some wells near good wind resources (dark blue)

SRR ) Wind Speed Number of Oil & Gas Wells
c."' ) Sl meters/second) (total wells per 8.5 mF)
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Co-location of Wind/PV and Agriculture

JISEA—Joint Institute for Strategic Energy Analysis 40



Floating Solar PV (FPV)

* Analysis of cost, siting, and O&M
tradeoffs

* GIS-based technical/market potential
analysis for the U.S.

* Installing floating solar photovoltaics
on the more than 24,000 man-made
U.S. reservoirs could generate about
10 percent of the nation’s annual
electricity production

* Reduces evaporation and algae growth

Top image from https://images.nrel.gov/
Source: Spencer et al. 2018, Environmental Science & Technology, https://www.nrel.gov/news/press/2018/nrel-details-great-potential-for-floating-pv-systems.html.
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Circular Economy: Growing PV Waste Will Need
Technology, Engineering, and Policy Solutions

Global e-waste = 41.8 million metric tonnes
100 (record set in 2014). 5,000
- Annual PV waste was 1000x less

90 4,500
'*E By 2050, PV panel waste could exceed 10% of | 4,500 GW |
L

s & global e-waste. L 4000
= o’ 3
z 10 L 3,500 £
3 . z

“ 60 Million *—
% 60 .’ 3000 &
g e O
g a”® . m
T 50 - 2500 S
% . & L ] “ o
S oy 2,000 2
8 R .ciocw | 5
= 30 oo’ 1500 2
— .®
© o 3
= [ ]
£ 20 iy 1,000
= L
) .® o’

10 o [ ] 2 Million SO0
. " 43,500 250,000 1.7 Million -
Op2 I

2016 2030 2050
Regular-loss scenario  [Jli] Early-loss scenario essel» Linear (Cumulative PV capacity)

Source: IEA/IRENA 2016
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Transitioning from a Linear to a Circular Economy

Design for Raw
Disassembly | Material
or Recycling | Extraction

astructure to extract
~ value through reuse,
,  remanufacturing,
b orrecycling

JISEA—Joint Institute for Strategic Energy Analysis

D R"R Needs

Design: Disassembly, recycle/reuse,
materials/components/systems

Recycle/Reuse: complex
heterogeneous waste; collection,
pre-treatment, separations
Repurpose/Remanufacture:
components, materials

Reduce: thrifting, materials/element
substitution

Reliability: validate performance,
lifetime, predictability




Conclusion and Discussion

Annual Additions of Renewable Power Capacity, by Technology and Total, 2012-2018

Additions by technalogy (Gigawatts) Total additions (Gigawatts)

o 181 Gigawatts o T ) . .
= — R Trends and Potential Future Scenarios:

o WM Hydropower W Bio-power, geothermal,
ocean power, CSP

* Globally moving toward cleaner and
lower cost energy (renewables and gas)
with potential for growth in
manufacturing, extraction, deployment

* Increasing intersection of renewable
energy with other sectors of local
economy:

— Oil & gas industry
— Agriculture
— Manufacturing

* Potentially increased electrification
resulting in higher demand for power
and higher-value use of hydrocarbon
resources

ERetirigity Corgarnphion (Tivh)]

:

8

o
T 1B YT WEE0 WO 00 206 PO
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Questions and Discussion

Thank you!

WWWw.jisea.org
www.nrel.gov



Disclaimer

This work was authored by Alliance for Sustainable Energy, LLC, the Manager and Operator of the National Renewable Energy
Laboratory for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308. The views expressed in the
presentation do not necessarily represent the views of the DOE or the U.S. Government. 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.

This presentation was developed to meet an immediate need and was based on the best information the analysts had available
within timing constraints. The analysis was prepared with information available at the time the analysis was conducted. The analysis
does not constitute a comprehensive treatment of the issues discussed or a specific advisory recommendation to the jurisdiction(s)
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