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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. =
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1700 employees + 700 visiting researchers + 80 post-doctoral students + 234 student interns
e 327-acre campus in Golden & 305-acre National Wind Technology Center 13 miles north

58 R&D 100 awards and more than 1000 published materials

http://www.nrel.gov/about/
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Joint Institute for
Strategic Energy
Analysis (JISEA)

JISEA’s research and analysis
connects technologies, economic
sectors, and continents to
catalyze the transition to the 21%t
century energy economy.
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Systems analysis of global manufacturing supply chains‘ﬁﬂ >
for innovation, policy, and market applications

o
Communication of Results < : E MA‘ :

Manufacturing Clean Energy Blog Clean Energy Manufacturing
Manufacturing Clean Energyis the official biog of the Clean Energy Analysis Center

Reports for Policy and R&D Decision Makers
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 TeslaFlips the ¢ Switchon the

Batteries are the limiting factor for electric cars, but few automakers have made a

similar commitment to produce them, choosing instead to let suppliers like LG Chem BENCHMARKS OF
and Samsung shoulder the risk. | ® | In 2015, 88 percent of the global lithium ion cell 3",;‘,:,5;5;:;;"‘“*

manufacturing took place in China, Japan, and South Korea, according to a report by
the Clean Energy Manufacturing Analysis Center.
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Value Chain for Clean Energy Technologies ’

Installation/ System Operation &

Development Manufacturing Construction Integration Maintenance

Manufacturing Supply Chain Links

Silica, Silver Polysilicon, Silver Paste, Glass

Iron, Neodymium, Steel, Fiberglass, Carbon Fiber,
or Dysprosium Ores  Neodymium and Dysprosium Alloys

Lithium, Cobalt, Cathode Materials,

Nickel, Graphite Ores Anodemunals,aoctrolm

Gallium, Indium, Sapphire swsuam, Trlmethyl

Yttrium Ores ‘Gallium (TMG), Tnmethylmdlum
(T Ml), YAG PhOSDhors
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Outline

* Energy Markets

* Clean Energy Technologies and Their Manufacturing
 Wind Turbines
e Solar Photovoltaics
e Lithium ion Batteries

e Discussion and Questions
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Outline

* Energy Markets
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U.S. Electricity Generation Shares & Trend (1950-201@
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The U.S. Power Sector Is Undergoing Profound Transformation

Significant shift from coal to natural gas power generation

Source: EIA Electric Power Monthly and EIA Form 860. Note: 2016 data is a 12-monthly rolling average with data through June 2016.
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Trends in the Colorado Power System i
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NREL Electricity Scenario Mid-case Generation M!;
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Rooftop Solar

= Utility Solar
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Projected generation is dominated by natural gas, wind and solar
http://www.nrel.gov/analysis/data_tech baseline.html

Generation by technology type in the Central Scenario, from: NREL 2016 Standard Scenarios Report: A U.S. Electricity Sector Outlook
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Current Cost of Renewable & Traditional Electricity®

Levelized Cost of Electricity ranges by technology. Values are in 2015S.

S400
Colored bars illustrate range across all representative plants in
$350 the ATB. Black bars illustrate the representative ATB plant
characteristics that align with the type of plant that would
$300 likely be built in today’s market.
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L i J

Non-Dispatchable Dispatchable

2017 ATB LCOE range by technology for 2015 based on current market conditions
Source: National Renewable Energy Laboratory Annual Technology Baseline (2017), http://atb.nrel.gov

Variability due to: Technology; Location; Time (Present v. Future)
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Costs for Renewable Technologies are Falling

Renewable Energy Technology % Cost Reductions since 2008

2008 2009 2010 2011 2012 2013 2014 2015
(A — * ' ' * ' '
-20% - ~—
-40% - E
60% -
-80% -
-100% -

Utility-Scale PV (-64%)

Advanced energy technologies are providing real-world solutions

 They drive a domestic energy economy and are increasingly cost-competitive
* Energy manufacturing and installations provide major opportunities for
economic development
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Outline

* Clean Energy Technologies and Their Manufacturing
* Wind Turbines
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Wind Turbines - Onshore

Peetz Table Wind Energy Center
* Peetz, Colorado
e 575 MW

Cedar Creek Wind Farm
* Grover, Colorado
e 550 MW
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Wind Turbines — Offshore

Westermeerwind Wind Farm
* Noordoostpolder, Netherlands
« 144 MW

Horn Rev Wind Farm
 West coast of Denmark
e 160 MW

CEMAC - Clean Energy Manufacturing Analysis Center
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Wind Market Growth Driven by Price Declines ’

wind U.S. 2017 Cumulative — 89,077 MW

¢/kWh ‘iRSVV
80¢ - - 80
70¢ - Cumulative Wind Capacity - 70
60¢ -|. Wind Cost - L 60
50¢ - - 50
40¢ - - 40
30¢ 4 - 30
20¢ - - 20
100:- """""' """"‘""""""- ]0
O¢ gl A an s 8 | L e . 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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>
U.S. & Colorado Wind Market (installed capacity, MW’ ’

Colorado (2017): Rank-9
Installed: 3104 MW (1,949 turbines)
2 Percentage of In-State Energy Production: 17.3%
62 Equivalent U.S. Homes Powered: 871,000

ND |

| 2,996 !:'-, MN (
E— 3499 §
— 1 .SD ' 1

II' iN \"_ on =
; | =T
4,026 11,997) 545

GU
<1

0Oto100MW [ >100 MW to 1,000 MW M >1,000 MW to 5,000 MW B >5,000 MW to 10,000 MW B >10,000 MW
Source: American Wind Energy Association, https://www.awea.org/wind-energy-facts-at-a-glance/
CEMAC - Clean Energy Manufacturing Analysis Center
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Wind Machines — Scale, Capacity Factor Increasing;, "
Manufacturing Costs Declining ’

On shore: 2-3 MW
50 m blade length

2015
Vestas V164 7.0 MW
Offshore Turbine
(Blade detaded below)

‘ h38 11, rotor dasmeter

N

2000
Avg. Wind Turbine Capacity Factors 0200
by Build Year a
1980
1998-2001: 24.5% 150 roter

2004-2011: 32.1% Ah
2014-2015: 42.6% el
Compare: Natural Gas Plant: 56%; Just how big is the new blade?
Coal Fired Plant: 53%; Nuclear: 92%; P “"‘"”"":“""‘Eh_*d
Solar Photovoltaic: 27% i Sy e decker s 1 1 irsice
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Supply chain of wind turbines

Fiberglass
Carbon Fibe:'

Machined/Formed Steel

Oil ‘ i

Acrylonitrile
L 2

Silica
L ]

Iron Ore
.

CEMAC - Clean Energy Manufacturing Analysis Center
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Wind Power: A Manufacturing Success Story

® U.S. leading wind turbine manufacturing
ﬁ * One of the top three countries for wind turbine
ﬁa manufacturing
* U.S.-made turbines installed domestically &
exported to Canada, Brazil, and Mexico
» $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
st SO Leadership came from public & private support
L i * Technology validated and improved through
NREL research and industry partnerships
Early government policies encouraged
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

clias — tsin 2014
facilities | contributing. PO
total contributing * New innovations still being developed at NREL

60

0
Tl
3
O
Z
2
M
-

Over 15 fﬂCllItlES In COIOrado' Sources: Benchmarks of Global Clean Energy Manufacturing, CEMAC, 2017,
Wind Turbines Made in the USA, CEMAC Blog, 2017.
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Manufacturing, domestic demand, and balance of trade "_

=

in wind generator sets (2014 data)
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Source: Benchmarks of Global Clean Energy Manufacturing, CEMAC, 2017.
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Outline

* Clean Energy Technologies and Their Manufacturing

e Solar Photovoltaics
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Solar PV Markets — Residential

1-10 kW scale
Grid connected or off-grid

CEMAC - Clean Energy Manufacturing Analysis Center



Solar PV Markets — Commercial

1MW
Atlanta GA
(also Centennial CO)

Apple Park
17 MW
Cupertino CA

CEMAC - Clean Energy Manufacturing Analysis Center



>
Solar PV Markets — Utility g ’

Solar Star (California)

 BHE Renewables

e 1.7 million SunPower c-Si panels
e 579 MW

* Power for 255,000 homes

* 5.0 square miles

Comanche Solar (Colorado)
* Novatus (PPA with Xcel)
e Trina c-Si panels

120 MW

* Power for 31,000 homes

CEMAC - Clean Energy Manufacturing Analysis Center



Trends in PV Power

UTILITY-SCALE SOLAR DEPLOYMENT AND COST

Total U.S. Capacity: 53 GW

2009 2010 2011 2012 2013 2014 2015 2016 2017

(Q1-3)
* Utility-scale capacity data - LBNL Utility-Scale Solar data set (2009-2016); GTM/SEIA Solar Market Insight Report (2017)
**) COE - Lazard's Levelized Cost of Energy Analysis (2009-2017), technology-weighted avg. of high/low ranges

T $400

- $350

- $300

- $250

- $200

- $150

- 5100

+ $50

WEIGHTED LEVELIZED COST OF ENERGY (S/MWh)**

-$0

¢ INNOVATION

Source: Energy Innovation, http://energyinnovation.org/
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o
Cost of Solar Energy Depends on Location » ’

Real LCOE
(One-axis tracker)

CEMAC - Clean Energy Manufacturing Analysis Center



L
Colorado Solar Development - <

r ' = Colorado Rank—=12

_ Installed: 997 MW
1 T =1 Percentage of In-State Energy Production: 2.67%
Tl Equivalent U.S. Homes Powered: 200,180

Colorado Annual PV Forecast

+

A - ' TR
s
- —m EE s ls=ssmEB
2010 2011 2012 2013 2014 2015 2016 2017 2018E 2019E 2020E 2021E 2022E 2023E

m Residential Non-Residential mUtility

National Solar Database: o ®

@ Manufacturer @ [®]

@ Installer

Other Sources: NREL and SEIA
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Supply chain of PV panels
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Global Solar PV Component Manufacturing (2015);
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Source: 2015 Research Highlights, CEMAC, 2016.
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Asia Solar PV Component Manufacturing (2015)
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Source: 2015 Research Highlights, CEMAC, 2016.
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Solar PV Manufacturing in the U.S.

: Ascent EnerPlex/Ascent Solar (Thornton):

| SOLAR Make small flexible panels to o

' - : Solar energy growing in U.S.
EnerPlex charge personal devices

* In 2016, 14.8 gigawatts (GW) of
; . solar installed in U.S., a 97%
f l | increase over installations in 2015.

: ] * S23 billion U.S. solar market
41 d x installed more than 42 GW
| o0 b ol « U.S. is one of top manufacturers of
| I polysilicon

Manufacturing and market is exciting

9 B | but challenging
e I, «  From 2013 to 2016, average PV
3 J | :J module prices fell by 51%
? . i * Solar power purchase agreements
e reaching sub-retail rates in some
o/ locations

Manufacturing  Manufacturing

Capacity (Tons) ~ Capacity (MW) A A
@ Polysilicon W Wafers < E A(
m Cells :

Modules N

Sources: Benchmarks of Global Clean Energy Manufacturing, CEMAC, 2017,
Solar PV in the USA, CEMAC Blog, 2017.
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>
PV System Installation Prices < —

2017 USD
per Watt DC Utility-Scale PV, Utility-Scale PV,
Residential PV (5.7 kW) Commercial PV (200 kW) - Fixed Tilt (100 MW) One-Axis Tracker (100 MW)
$8 +— — F—— > | — >« > |
724 |
7 4
. 6.34
497 %
$5 448 Z 457 é 459
54 392 z 391 Z
| 3;2 534 - 315
$3 | 218 276 266
N R R = 239
) 221 217 20 9204 215
ul7n 185 4 <% 189 182 7 197
$2 & 2 il 145 Z 154
| i O 103 - 1_11‘
$0 | |

2010 2011 2012 2013 2014 2015 2016 2017|2010 2011 2012 2013 2014 2015 2016 2017|2010 2011 2012 2013 2014 2015 2016 2017|2010 2011 2012.20!3 2014 2015 2016 2017

These all  — @ Soft Costs - Others (PlI, Land Acquisition, Sales Tax, Overhead, and Net Profit)
0 Soft Costs - Install Labor

contribute to the OHardware BOS - Structural and Electrical Components
economy without @ Inverter
. oModule
manufacturing.

Source: NREL. The U.S. Solar Photovoltaic System Cost Benchmark: Q1 2017,
https://www.nrel.gov/news/press/2017/nrel-report-utility-scale-solar-pv-system-cost-fell-last-year.html
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Modeled PV Manufacturing Costs by Component & Cou r’

Note: Cost numbers from 2015 and they are much lower now due to rapid cost declines.
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il
o
(94
o

2015 U.S. $ per W

Fixed and Variable Costs Across Nationally Integrated Supply Chains

Note: Input Data Assumes No Tax Exemptions or Tariffs, Module Power= 255 W(DC)

B Research and
Development;
Plus Sales, General
and Administrative

W Manufacturing
Eguipment and
Facilities

B Maintenance

® Direct
Manufacturing
Labor

W Electricity

W Materials

& Caiculated
Sustainable Price

for Blended Spot
and Contract Sales

Ongoing NREL Costs
Analysis B/25/15

Source: 2015 Research Highlights, CEMAC, 2016.
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Manufacturing, domestic demand, and balance of trade "
in PV (2014 data) |
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Source: Benchmarks of Global Clean Energy Manufacturing, CEMAC, 2017.
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Balance of trade varies across supply chain (2016 data)

Economies that are net importers of end products may be major exporters of
upstream processed materials and subcomponents of those same technologies.

Region Polysilicon PV Cell PV Module
Brazi $0 | -$256 | -$256
Canada l $1 ” -$76 H $28

China !_I -$2187 I- $3809 I N
Germany ‘I $969 I. $319 Il -$678

India -$40 -$456 -$376
Japan .l -$962 -I -$2494 -I -$2900 Balance
Malaysia ] $26 “ $712 $2727 of Trade
Mexico $0 E ) so38
South Korea |I $1045 I‘ -$347 |. $1291
Taiwan -$306 $3172 $302
UK | $7 |’ $537 I[ $498

B> -

-10K  -5K 0KIOK 5K 10K -10K  -5K OKIOK SK 10K-10K -5K OK/OK 5K 10K

Imports ($M) Exports ($M) Imports ($M) Exports ($M) Imports ($M) Exports ($M)
Source: Benchmarks of Global Clean Energy Manufacturing, CEMAC, 2017.
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Polysilicon Average Spot Price ($/kg)
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Dynamic Trade in Polysilicon due to trade policy

US Polysilicon Exports 2001-2016
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Outline

* Clean Energy Technologies and Their Manufacturing

e Lithium ion Batteries

CEMAC - Clean Energy Manufacturing Analysis Center



L s L
Lithium ion battery markets i

Stationary

Consumer Products

Hybrid Stationary

Photovoltaics

A R B
P eaaam LR LY N 7 » Inverter
™ " = » (DCto AQ)
DCto DC
TS 9 N Rectifier 2
5ao
Battery Battery Management Grid
System
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Supply chain of lithium ion batteries

Fobalt

'Lithium

.Cathode Powder

Anode Powder

Cathode Sheet

§eparator
Anode Sheet .Vehic[e Bartte
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Global distribution of Li-ion battery manufacturing

capacity and drivers of capacity development
Regional LIB Supply Chains and Trade Flows
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Distribution of critical materials for lithium ion battery
manufacturing and possible risks
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Manufacturing, domestic demand, and balance of trade "
in Li-ion battery cells for vehicles (2014 data)
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Example: U.S.-based LIB manufacturers may be challenged
by incumbents and/or some low-cost production locations
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Value: Quantifies the
factors related to
competiveness

* Korea’s advantage
relative to the
United States is
driven by lower
required margins,
labor, materials,
and facilities costs.

* Mexico’s advantage
relative to the
United States is
driven by lower
required margins,
labor, and facilities
costs.
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Outline

e Discussion and Questions

CEMAC - Clean Energy Manufacturing Analysis Center



Benchmark Finding: Total & technology mix of value added frorﬁf“
clean energy manufacturing varies significantly by country
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Manufacturing
value added for
c-Si PV modules,

wind turbine
components,

LED packages,

and LDV Li-ion

battery cells is
highest for
China, Japan,

Germany and
the United States

and lowest for

the United
Kingdom,

Mexico, and
Canada.
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Benchmark Finding: Production not always co-Iocatedﬂ
with demand
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Conclusions and Overall Findings

Value Chain for Clean Energy Technologies
Installation/ 2 O tion &
Development Manufacturing nsta atm.n, System peration &
Construction Integration Maintenance

 Dynamic: Clean energy technology manufacturing and trade reflect the dynamics of a
high-growth decade within an increasingly complex set of policy environments.

* Investment: Manufacturing activity and investment in new manufacturing facilities
respond to both domestic demand and export markets, but both are not required.

* Location: Location of manufacturing facilities varies by technology, depending on need
for economies of scale, transportation requirements, investment incentives, access to
supply chains, etc.

 Demand: Increasing deployment of technologies provides manufacturers with more
stable demand, enables investment, and drives down prices through economies of scale.

* Full Value Chain: Other parts of the value chain—research, installation, operations—
generate significant value in their own right.

 Knowledge: Deeper knowledge of the product supply chains and market
volumes are needed to inform industry and government decisions.

CEMAC
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Questions, Answers, and Discussion

CEMAC

Th a n k yo u ! Clean Energy Manufacturing

Analysis Center

' I S E ‘ \ Joint Institute for
Strategic Energy Analysis

Website: www.manufacturingcleanenergy.org

N $ o\

CEMAC - Clean Energy Manufacturing Analysis Center


http://www.manufacturingcleanenergy.org

