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The Global Nature of the Photovoltaic Industry

Facility Locations and Manufacturing Capacities for the Top 500 Companies

Photovoltaic Component Manufacturing
Globally, 2018
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Input data sources for map and pie chart: IHS and BNEF.




The Global Nature of the Photovoltaic Industry

Facility Locations and Manufacturing Capacities for the Top 500 Companies

Components
Megawatts

M cell
B Module
W wafer

Polysilicon
Metric Tons

80,000

60,000

«  Polysilicon Capacity Wafer Capacity
4%
& 3% &
2 Cell Capacity Module Capacity
1%
3% Y
4%

® China & Taiwan ® Korea © Europe ® USA ® ROW

NREL | 4

Input data sources for map and pie chart: IHS and BNEF.



* By the end of 2018 China had over 175 GW of

cumulative PV installations, an annual increase of 45
TO p PV M d rkets GW. That is less than the 53 GW China installed in
2017; however it is still more than the other top 9

markets combined.

* At the end of 2018, global PV installations reached 503 GW-DC, an

annual increase of 100 GW-DC from 2017. » At the end of 2018 the United States PV market was the

* The leading five markets, in cumulative and annual PV installations at second-largest cumulatively, and a close third for 2018

the end of 2018, were China, India, the United States, Japan, and installations behind China and India. 2018 annual PV
Europe. additions in India grew by 19% to 11 GW.

Cumulative PV Deployment - 2018 (503 GW-DC) Annual PV Deployment - 2018 (100 GW-DC)

Rest of
World, 61

Rest of World,

Rest of Europe, 5
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Source: IEA “PVPS Snapshot 2019.”
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Yearly PV Installed (GW-DC)

U.S. Installation Breakdown

* The United States installed 10.7 GW-DC of PV in 2018. 4.2 GW-DC was
installed in Q4 alone. Cumulative installed capacity across all sectors

reached 62.5 GW.

* 2018 U.S. PV installations were down 2%, y/y, with the residential

market growing 7%, but the non-residential and utility-scale markets

contracting 7% and 2%, respectively.

U.S. PV Installations by Sector
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Sources: Wood Mackenzie/SEIA: U.S. Solar Market Insight 2018 Year-in-Review.
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New PV installations had a fair geographic mix across
the United States in 2018.

Renewable energy targets within each state can affect
demand growth. Example:

--Effective January 1, 2020, California will require
solar systems to be included on all new residential

2018 U.S. PV Installations by Region

(10.7 GW-DC)
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U.S. Capacity Additions / Retirements

(GW-AC)

1 1 1 * 37 GW-AC of new U.S. electricity generating capacity
U S : E | eCt rc G ene ratl on Ca pa Clty came online in 2018. This was a 44% increase from the

25.6 GW-AC of electricity capacity additions in 2017.
— The growth is attributed to a 105% increase in
natural gas deployment, reaching 21.6 GW — its
highest level since 2003.

Additions by Source

From 2008 to 2018 solar grew to the third highest electricity generation — From 2008 to 2018, average annual U.S. electric
capacity in the U.S. (50 GW-AC). Natural gas (113 GW-AC) and wind (79 capacity additions was 23 GW.
GW-AC) represented the top two. — Total solar installations (DPV and UPV) represented

— Wind led net capacity additions during that time, as 52 GW-AC of

23% of all new U.S. electric generation capacity in
2018—second to natural gas (58%).

natural gas facilities were also retired (netting 61 GW-AC). - 2018 was the first year since 2013 that solar and wind
— Coal capacity reduced the most over that time, retiring 75 GW-AC did not represent more than 50% of new U.S. electric
while adding 19 GW-AC. generation capacity.
Cumulative U.S. Generation Capacity Additions (2008-2018) 2018 U.S. Generation Capacity Additions
300 u Other (Total 37.2 GW-AC)
m CSP
250 m DPV
200 m UPV Natural gas
H Wind 21.6
150 M Petroleum '
100 ® Nuclear
B Natural gas
>0 Hydro
0 m Coal
(50)2008 2009 2010 201 18" Other
(100)
(150)
(200)
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Sources: EIA “Preliminary Monthly Electric Generator Inventory” (December 2018). EIA, “Electric Power Monthly” Table 6.1; 2018. PV data prior to 2015 from GTM Research / SEIA, assuming an ILR of 1.2.
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Bottom-Up Cost Model Inputs with GAAP and IFRS

Variable (cash) cost elements within the cost of goods sold:
* Input materials

* Direct manufacturing labor

* Electricity

* Maintenance of manufacturing equipment and facilities
Fixed (non-cash) cost elements within the cost of goods sold:

* Manufacturing equipment

* Building and any facilitation expenses that can be capitalized
Additional fixed (cash or non-cash) cost elements:

» Research and Development (R &D)

* Sales, General, and Administrative (S, G, & A)

NREL | 10



NREL Methodology and Alignment with GAAP and IFRS

CELL AND MODULE
TECHNOLOGIES

STEP-BY-STEP COST OF

OWNERSHIP (COO) INPUTS
g

(Crystalline Silicon )

* Polysilicon production

* Ingot and wafering: Czochralski (Cz),
directional solidification (DS), kerfless
technologies yielding Cz and DS
equivalents

* Cell conversion: Monofacial and bifacial
PERC, PERT, SHJ, and IBC by screen-
printing, electroplating, and busbarless

* Module assembly: Standard tabbing and

\ stringing, busbarless, and shingling j

[ Desired COO Format

* Production and throughput
(Uptime and scheduled and
unscheduled downtime)

* Equipment prices and relevant

> depreciation schedules

* Floor space

* Materials and consumables

* Utilities (Electricity, compressed air,
cooling water)

* Waste disposal (Waste water and
exhaust air)

* Labor: Person-hours per task and

,
Multi-junction

(Two and four terminal)

* All llI-Vs and IlI-Vs on Si

[ Thin Film A by labor class (Operators,
e CdTe — Supervisors, Engineering, and
* CIGS Maintenance)
* [lI-Vs | * Cost of yield loss
l_* Perovskites )
) Location Specific Costs

=»| « Local wage rates by task
* Local electricity rates
* Leasing versus purchasing the

¢ All Perovskites -
L ¢ Perovskites on Si

building business models

GAAP AND IFRS STANDARDS

[ Variable (cash) costs within

the cost of goods sold (COGS)

* Input materials

* Direct labor: Skilled and unskilled
wages and benefits

* Electricity

* Maintenance of equipment and

L facilities

-

Fixed (non-cash) costs
* Equipment
* Building and facilitation

-
Research and Development

(R&D) and Sales, General, and
Administration (S, G, &A)

Organization management
Human resources

Accounting staff

Technology sales, marketing, and
promotion to customers

* Future technology research and

development

NREL |
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Example Cost Model Results for PERC Cell Conversion (Left) and

a Complete I\/Iodule Supply Chain (Right)

TfﬁﬁEwEL Mono- PERC Elements of Fixed Costs
B = eed :
1. Test wafer. 2. Saw damage remaval and 3. POC, diffusion. 4. PSG removal, rear side o Module Supplv Chain -~ $0.13 _andOperatlng Income
surface lexturization. planarization, and edge isolation | e .
by single-side eiching. [ $0.34 I L F
i 14k $0.35 [ @ - $012 ~ Earnings for Equity
I Operating s011 | | Owners
8 Sureen-printAg padsand 7. Laser opening of dielectic 6. PEG\.I'DofSnN kﬂronlsm 5. Rear-side deposition of silicon $0.30 [ Income(EBIT) [ Federal, State, and
then Al BSF. Cofire. layers for ohmic contact oxide or aluminum oxide layer. . | $0.10 |- -
Local Taxes
between Siand Al BSF. mﬁmnwampasmﬂoﬂ 5 -
$0.25 [ g $0.09 [ ' Interest on Debt
a [ v :
— | ——————\ [%2] L .
9 Jvmmmmammumng 19 - 22% Cells E 50.20 | 5.6 &A v a 3007 3 5G, &A
Ty Step-by-Step Costs for PERC Monocrystalline Silicon Solar Cell Conversion wvr R&D Y 8 $006 )
-4 NREL Greenfield Manufacturing Facility in Urban China. 244 cm? Cells on M2 p-type Cz Wafers. 22 0% Cell Efficdency g ‘.__ N r
R 1o 00163 |mvainenance | = 5015 ¢ W Depreciation 30.05 i
T i B g eirerace s004 [ L reo
|lﬂ5|E or the rear N B \ -
wone e e o N 5010 | | $0.03 | -
=TT 1Y 2 7] @ana20yearsi] Electricity \ L
23 9 aseccsy - \osoo2 | Depreciation for N
GEITEEEE N —_—_————.Fo-G - : $0.05 [ u Labor \ I epreciation for New
E 5 . [ Poly, Wafer, Cell, and
s2 wLator [ | %001 o Module C i
52 $0.000 - R e o H Materials \ F odule Capacity
z= “s000 L
S8 0008 fooo L - - WReinng s b, $0.00 ’
S w Urban China Manufacturing
8 2 $0.006 - R R - |mFrontandBack Ay |- . .
gz Pasies ard A B5F * 2018 industry medians: 2% of revenues reported for R&D and
S an B T B sootsa 11% of revenues reported for S, G, & A
$0.002 - *  Minimum sustainable price based upon 15% operating (EBIT) margin.
$0.000 | 5—20% operating margin used for error bars.

Recevng Wet Chemical  POQI3Diffusn  Edge Isolaion PEOJD of PECQVDof Laser corfad  SceenPrintAg Cofre. Inspecion, Y

oo, SDanme albehmas | oad o AGKaer  EmsSix oemed aAPmks  Peks  Tedngan * Additional details given in “Crystalline Silicon Photovoltaic Module Manufacturing
it~ A el 5;’::"‘ et ;«”ﬁﬁ'ﬂ Costs and Sustainable Pricing: 1H2018 Benchmark and Cost Reduction Roadmap” by
g and
Boves.

M Woodhouse, et al., Available online.



Historical PV Manufacturers’ Margins
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Line represents the median, with error bars representing 80t and 20t percentiles for the following companies in Q4 2018: Canadian Solar, First Solar, Hareon Solar, HT-SAAE, Jinko Solar,
LONGiI, Motech Industries, Neo Solar Power, Renesola, and SunPower. Margin data from Hanwha Q Cells, JA Solar, Trina, and Yingli are also included from Q1 2010 to Q3 2018 where

available.

Sources: Company figures based on data from Bloomberg Terminal and SEC filings by the respective companies. NREL | 13
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Roadmap and Cost Model Results for Standard, PERC, PERT, SHJ, and IBC
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Example Cost Model Results for Different PV Technologies

May 9, 2019
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$0.15

2019 U.S. $ per Wp

S0.10

$0.05

$0.00

Cost Model Results for Cell Conversion and Module Assembly Calculated Minimum

. . A Sustainable Price for
Results Reflect No Import Tariffs For 72 Cell Modules Shipped From Asia Blended Spot and

Contract Sales

m Research & Development
— —  Plus Sales, General, &
Administrative (Cell and
Module)

~ @Remaining Direct
Man ufacturing Costs for
Module Asse mbly

W BOM Materials (Glass-to-

Badksheet with Standard

— — EVAor POE Encapsulants
and JBox)

1 Consumables for Cell
Stringingand String
Connector Ribbons to
JBox

[1Remaining Direct
Man ufacturing Costs for
Cell Corwersion

m Metallization
Consumables in Cell
Corwversion

, M April 2019 Wafer Pricing

Busbarless
Bifacial SHJ (395 W) Bifacial SHJ (395 W)

Bifacial PERC with Bifacial n-PERT/PERL  Bifacial SHl with
with Screen-Printing Screen-Printing
(375 W) (395 W)

Maonofacial PERC Electroplated
with Screen-Printing

(375 W)

Screen-Printing
(365 W)

Higher efficiency
benefits S/W balance of
module (BOM) costs and
CapEx

10% price premium
given for the n-type cell
architectures PERT, HIT,
and IBC

Industry median 13% of
revenues budgeted for
R&D plus S, G, & A
Minimum sustainable
price based upon 15%
operating (EBIT) margin

Additional details given in
“Crystalline Silicon Photovoltaic
Module Manufacturing Costs and
Sustainable Pricing: 1H2018
Benchmark and Cost Reduction
Roadmap” by M Woodhouse, et

al., Available online.
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Historical, Current, and Projected Pricing for Mono-

2y 13, 2019 Cost Model Results for the Monocrystalline Silicon Supply Chain
Sl N R E L All-New Greenfield Production Facilities in Urban China. Pricing Does Not Include Export Tariffs.

MATIONAL RENEWABLE ENERGY LABORATORY
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- . - [ Research and Development Plus Sales,
$0 o7 s | Polysilicon price reductions: - .
Transition to diamond wire sawing. a g Y
$0 60 | ————= | | Movement to the PERC cell architectyre | | .
. and resulting efficiency improvements. M Balance-of-Module Materials
Metallization improvements including
silver utilization: ITRPV roadmap results for 2025: 1 Remaining Costs for Cell Fabrication
$0.076 From 200 mg/cell to 95 mg/cell. From 165 om to 140 oam and
(5) 50.50 i B | Process engineering and Ll 15to0 13 gnet silicon for M2 | @ Cell Metallization Pastes
e economies of scale. format Cz wafers.
3 Increase ingot mass from @ Wafer Processing .
250 kg to 350 kg. Sustainable
— Reduce Ag to 50 mg/cell. . Price Estimates
Q 50.40 —_—— Double cell conversion and H 8 Silicon ’
Q. module assembly throughput.
W $0 29 IEA projections: 17% compound
. . .o%j/year improvements annual growth rate for the PV
0.5%) i Ig h for thi
"! $0 30 L — Y $0 25 _ industry coupled with 23%
D ' - ' cost reductions for every doubling
o in cumulative production
8 $0.032
i 0013 2 [mmesee 1
S $0.20
$0.10 - - §0.033 [~ — — — — — [ — — — -
$0.049
$0.00 -

2015 1H 2019 Processing Efficiency Gains Economies-of-Scale
(16% Modules) (19% for PERC) Advancements (22% in 2025) (2025)

Higher efficiency benefits
S/W balance of module
(BOM) costs and CapEx

2018 industry medians:
2% of revenues budgeted
for R&D plus 11% of
revenues budgeted for
S,G, &A

Minimum sustainable
price based upon 15%
operating (EBIT) margin.
5—20% operating margin
used for error bars.

Additional details given in
“Crystalline Silicon Photovoltaic
Module Manufacturing Costs and
Sustainable Pricing: 1H2018
Benchmark and Cost Reduction
Roadmap” by M Woodhouse, et
al., Available online.
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Introduction to Solar Plus
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Introduction to Solar Plus

Standalone PV

Solar Plus (Load Pull)

Grid Use Comparison

Peak
pricing
L%,

AM Peak

Production/Consumption (kW)

Grid use

12am Bam 12pm Bpm 12am 12am

Oy PM peak is
< ’OO, “pulled” into

the PV output

= = = Standalone PV grid use
Solar plus grid use

Load pull reduces the
customer’s grid use in the
PM peak

6am 12pm 8pm

12am 12am Bam 12pm 6pm

Figure source: E O’Shaughnessy, et. al. (NREL), ”Solar plus: A review of end-user economics of solar PV integration with storage and load control in

residential buildings”, Applied Energy 228 (2018) 2165—2175
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Introduction to Solar Plus

Standalone PV Solar Plus (Output Push) Grid Use Comparison
Faak Standalone PV grid
eicifg - — - Standalone PV grid use
Q\' OL%O Q“l OU;O Solar plus grid use
Battery
discharges after PV
period, “pushing” PV Qutput push reduces

il grid use during PM

peak

AM Peak

Production/Consumption (kW)

Grid use

12am 6am 12pm Bpm 12am 12am Bam 12pm &pm 12am 12am 6am 12pm 6pm 12am

Figure source: E O’Shaughnessy, et. al. (NREL), ”Solar plus: A review of end-user economics of solar PV integration with storage and load control in
residential buildings”, Applied Energy 228 (2018) 2165—2175
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Results for PV System Cost Modeling with Storage
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Utility-Scale PV Plus Batteries System Costs Analysis

Millions
$250

$200

$150

$100

$50

L PV Plus Battery
Individual PV and Battery Storage Co-located PV Plus Battery in Different Sites
$202
1 $186 s188 | 0
— 5
] 9 10 10
i : 19
19 i o
$111 0 13
| - I o
D 4
14 >
10 50 50 50
4 “ ==
50
35 35 35 35
100-MW One-axis  60-MW / 240-MWh 100-MW PV + 100-MW PV + 100-MW PV +
Tracker Battery Storage 60-MW / 240-MWh  60-MW / 240-MWh | 60-MW / 240-MWh
PV System System Battery Storage Battery Storage Battery Storage
DC Coupled AC Coupled in Different Sites

0 EPC/Developer Net Profit
0 Developer Overhead

O Contingency (3%)

B Transmission Line

@ Interconnection Fee

O Permitting Fee

O Land Acquisition

0O Sale Tax

0 EPC Overhead

O Install Labor & Equipment
0 Electrical BOS

@ Structural BOS

m Bidirectional Inverter

0 Solar Inverter

O Lithium-ion Battery

o PV Module

* Li-ion battery price of
$209/kWh

* $0.07/W battery central
inverter price. 2.5 MW per

inverter equals 24 inverters
for 60 MW-DC.

e 5MWh in a 12-meter
container equals 48 battery
containers for 4 hr duration

Additional details about this figure are
given in “2018 U.S. Utility-Scale
Photovoltaics-Plus-Energy Storage
System Costs Benchmark” by R Fu, et.
al., NREL technical report available
online.
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Utility-Scale Batteries Cost Modeling Results

$
1,000 $/kWh Energy Storage Installation Cost (m
$
900 @ Developer Cost (Including EPC/Developer Net Profit) 895 = Battery Cost (kWh) +
D Sale Tax Other cost components($)
OEPC Overhead 169 . .
800 & Installation Labor & Equipment Storage system size (kW) x Duration (hours)
O Electrical BOS . .
700 = Structural BOS * 60 MW p battery systems with varying
O Battery Central Inverter 601 durations
600 o Lithium-ion Battery 115 * Battery costs account for 55% of total system
500 100 cost in 4-hour duration systems but only 23%
454 for 0.5-hour duration systems. This is
142
400 380 66 62 because battery costs are held constant across
79 78 those durations.
81 .
300 36 * Non-battery cost categories account for an
73 5 19 140 . . .
36 —r— 20 increasing proportion of the S/kWh system
200 2 cost as duration declines.
100 209 209 209 209 Additional details about this figure are given in “2018 U.S. Utility-
Scale Photovoltaics-Plus-Energy Storage System Costs
0 Benchmark” by R Fu, et. al., NREL technical report available
online. NREL | 23
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2018 Benchmark Battery Costs and Projections to 2030

2000

—k
o)
o
o

500

Installed Battery Cost ($/kWh)
>
o
o

—

% '@ Ardanietal. (2017)
- |® Manghani (2014)**

@ | azard (2015)**

Projected Cost Range*

Ei Lorenzi & Silva (2016)

Quoilin et al. (2016) cost-effectiveness threshold

Schmidt et al. (2017)***
2030 cost projection .

2018 2020 2025

2030

Source of Figure: E O’Shaughnessy, et. al. (NREL), ”Solar plus: A review of end-user economics of solar PV integration with storage and load control in residential
buildings”, Applied Energy 228 (2018) 2165—2175
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Conclusions

* The supply chain for solar PV module production is a global enterprise.

* The costs to produce PV modules has declined over time, but price pressures have
constrained 2010—2018 industry median gross margins to the 10—20% range. Industry
median operating margins were in negative territory for all of 2017 and 2018.

* NREL cost model results for the full mono- PERC supply chain are roughly $0.03/W
silicon cost, $0.05/W for ingot and wafer production, $0.06/W for cell conversion,
$0.11/W for module assembly, and $0.04/W for R & D plus S, G, & A. We also estimate
around $S0.05/W would be needed to achieve 15% operating margin.

» Additional portfolio technologies including PERT, SHJ, and IBC are now calculated to be
within $0.05/W of the costs for standard Al BSF and PERC.

* Long-term growth scenarios for the solar PV industry may be less dependent upon
further cost reductions in module and utility-scale systems than integration with storage
technologies, advanced on-grid and off-grid engineering technologies, and other power
generation systems.

* Please follow-up with any questions! https://www.nrel.gov/analysis/
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Analysis Disclaimer

DISCLAIMER AGREEMENT

These cost model results (“Data”) are provided by the National Renewable Energy Laboratory (“NREL”), which is operated by the
Alliance for Sustainable Energy LLC (“Alliance”) for the U.S. Department of Energy (the “DOE”").

It is recognized that disclosure of these Data is provided under the following conditions and warnings: (1) these Data have been
prepared for reference purposes only; (2) these Data consist of forecasts, estimates or assumptions made on a best-efforts basis,
based upon present expectations; and (3) these Data were prepared with existing information and are subject to change without
notice.

The names DOE/NREL/ALLIANCE shall not be used in any representation, advertising, publicity or other manner whatsoever to
endorse or promote any entity that adopts or uses these Data. DOE/NREL/ALLIANCE shall not provide any support, consulting,
training or assistance of any kind with regard to the use of these Data or any updates, revisions or new versions of these Data.

YOU AGREE TO INDEMNIFY DOE/NREL/ALLIANCE, AND ITS AFFILIATES, OFFICERS, AGENTS, AND EMPLOYEES AGAINST ANY CLAIM
OR DEMAND, INCLUDING REASONABLE ATTORNEYS' FEES, RELATED TO YOUR USE, RELIANCE, OR ADOPTION OF THESE DATA FOR
ANY PURPOSE WHATSOEVER. THESE DATA ARE PROVIDED BY DOE/NREL/ALLIANCE "AS IS" AND ANY EXPRESS OR IMPLIED
WARRANTIES, INCLUDING BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A
PARTICULAR PURPOSE ARE EXPRESSLY DISCLAIMED. IN NO EVENT SHALL DOE/NREL/ALLIANCE BE LIABLE FOR ANY SPECIAL,
INDIRECT OR CONSEQUENTIAL DAMAGES OR ANY DAMAGES WHATSOEVER, INCLUDING BUT NOT LIMITED TO CLAIMS ASSOCIATED
WITH THE LOSS OF DATA OR PROFITS, WHICH MAY RESULT FROM AN ACTION IN CONTRACT, NEGLIGENCE OR OTHER TORTIOUS
CLAIM THAT ARISES OUT OF OR IN CONNECTION WITH THE USE OR PERFORMANCE OF THESE DATA.
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Thank you

www.nrel.gov
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This work was authored 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. Funding
provided by the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy
Technologies Office. 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.
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