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Analysis Disclaimer

DISCLAIMER AGREEMENT

These manufacturing 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.

MNATIOMAL RENEWABLE ENMERGY LABORATORY 2



Overview of Presentation

|. Value Proposition and Needs for Increased Solar Deployment:
o Lower greenhouse gas emissions and predictable (zero) fuel price

o The sensitivity of levelized cost of energy (LCOE) to capital costs,
operation and maintenance (O&M), and fuel prices for the traditional
and other renewable energy options in power generation

o The LCOE of PV and relationship to total system costs

o The current ranges of LCOE for photovoltaics (PV) across the United
States

Il. Benchmarking Photovoltaics Component Costs:
o Overview of NREL's bottom-up cost modeling methods and results for
crystalline silicon and thin-film module technologies
lll. The Path Forward:
o Technology development opportunities that impact LCOE

o A changing energy mix: Regional Energy Deployment Systems (ReEDS)
model results for expansion in power generation capacity.
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Greenhouse Gas Emission Characteristics of Several Energy Choices
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Benchmark LCOE for Various Energy Options

Estimates of Electricity Production Costs From New Capacity

November 3, 2015
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Source: “Transparent Cost Database: LCOE Spreadsheet.” 2015. Golden, CO: NREL. Accessed October 2015. Available online: http://www.nrel.gov/analysis/data_tech baseline.html
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Calculating the LCOE of PV

Total Life Cycle Cost (S)
Total Lifetime Energy Production {(kWh)

LCOE (S/kWh)=

Upfront

System Cost Costs
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Any component replacements or
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Benefits

For an overview of the NREL System Advisor Model (SAM) approach to calculating LCOE, please see: Short, W., D.J. Packey, and T. Holt. 1995. A Manual for the Economic
Evaluation of Energy Efficiency and Renewable Energy Technologies. NREL/TP-462-5173. Golden, CO: NREL. Accessed May 2015,
http://www.nrel.gov/docs/legosti/old/5173.pdf.
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Calculating the LCOE of Solar: Location Matters
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Source of figure: http://solargis.info/doc/free-solar-radiation-maps-GHI. Accessed November 2015.
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Calculated Fixed-Tilt, Utility-Scale LCOE for PV Across the
Contiguous United States

U.S. cents per kWh

for 20 years, 30% federal ITC, and 5-year federal and state MACRS depreciation). Regional considerations for wind and snow
loads, labor rates, permitting costs, and sales taxes are also included.

Source of figure: Fu, R., T. James, D. Chung, D. Gagne, A. Lopez, and A. Dobos. 2015. “Economic Competitiveness of U.S. Utility-Scale
Photovoltaics Systems—Regional Cost Modeling of Installed Price and LCOE.” IEEE Journal of Photovoltaics, Accepted, 2015.
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Benchmark and SunShot 2020 Target LCOEs for Solar PV

Calculated LCOE for Photovoltaics Systems In the United States
30% Federal ITC in 2015 (when included) and no Federal ITC in SunShot Scenarios. 1120 to 2380 kWh/kW systems.
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LCOE in Real 2015 U.S. Cents/kWh

o RESIDENTIAL | COMMERCIAL UTILITY

2015 SUNSHOT 2020 ‘ 2015 SUNSHOT 2020 2015 SUNSHOT 2020
($3.1/W) ($1.5/W) ($2.5/W) ($1.2/W) ($1.75-81.9/W)  ($11-51.2/W)

Source: Jones-Albertus, R., D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse. 2015. Technology Advances

Needed for Photovoltaics to Achieve Widespread Grid Price Parity. Washington, D.C.: Department of Energy
(DOE). Accessed September 2015, http://energy.gov/eere/sunshot/downloads/technology-advances-

needed-photovoltaics-achieve-widespread-grid-price-parity.
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Past, Present, and SunShot 2020 Systems Costs (Utility)
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Sources: 2010: Feldman et al. 2014. “Photovoltaic System Pricing Trends: Historical, Recent, and Near-Term Projections —2014 Edition.” NREL/PR-6A20-62558.
Golden, CO: NREL. 2015: Chung et al. 2015. U.S. Photovoltaic Prices and Cost Breakdowns: Q1 2015 Benchmarks for Residential, Commercial, and Utility-Scale
Systems. NREL/TP-6A20-64746. Golden, CO: NREL. SunShot Goal: DOE. (2012). SunShot Vision Study. DOE/G0-102012-3037. Washington, D.C.: DOE.
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Past, Present, and SunShot 2020 Systems Costs (Commercial)
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Sources: 2010: Feldman et al. 2014. “Photovoltaic System Pricing Trends: Historical, Recent, and Near-Term Projections —2014 Edition.” NREL/PR-6A20-62558.
Golden, CO: NREL. 2015: Chung et al. 2015. U.S. Photovoltaic Prices and Cost Breakdowns: Q1 2015 Benchmarks for Residential, Commercial, and Utility-Scale
Systems. NREL/TP-6A20-64746. Golden, CO: NREL. SunShot Goal: DOE. (2012). SunShot Vision Study. DOE/G0-102012-3037. Washington, D.C.: DOE.
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Past, Present, and SunShot Systems Costs (Residential)
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Systems. NREL/TP-6A20-64746. Golden, CO: NREL. SunShot Goal: DOE. (2012). SunShot Vision Study. DOE/G0-102012-3037. Washington, D.C.: DOE.
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Benchmark and SunShot 2020 Target LCOEs for Solar PV

Calculated LCOE for Photovoltaics Systems In the United States
30% Federal ITC in 2015 (when included) and no Federal ITC in SunShot Scenarios. 1120 to 2380 kWh/kW systems.
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LCOE in Real 2015 U.S. Cents/kWh

o RESIDENTIAL | COMMERCIAL UTILITY

2015 SUNSHOT 2020 ‘ 2015 SUNSHOT 2020 2015 SUNSHOT 2020
($3.1/W) ($1.5/W) ($2.5/W) ($1.2/W) ($1.75-81.9/W)  ($11-51.2/W)

Source: Jones-Albertus, R., D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse. 2015. Technology Advances

Needed for Photovoltaics to Achieve Widespread Grid Price Parity. Washington, D.C.: Department of Energy
(DOE). Accessed September 2015, http://energy.gov/eere/sunshot/downloads/technology-advances-

needed-photovoltaics-achieve-widespread-grid-price-parity.
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Opportunities for Future Work:
_Applying the NREL LCOE Method to the Kingdom of Saudi Arabia

Global Horizontal Irradiation Saudi Arabia
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Source of figure: Saudi Arabia Solar Industry Association. Accessed November 2015. Available online: http://saudi-sia.com/solargis-data/
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The Global Nature of the Photovoltaics Industry

Facility Locations and Manufacturing Capacities for the Top 500 Companies

October 23, 2015

LiNREL

Global Photovoltaic Component Manufacturing
The Top 500 Companies and their Facility Locations by Country
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The Processes of Multicrystalline Ingot Formation with the Bridgman
_Directional Solidification Method and Wafering with Wire Sawing

>

1. Siemens chunk 2. Quartz crucible filled with 3. Place quartz crucible into 4. Melting of polysilicon 5. Directional solidification. 6. Annealing and then cooling.
polysilicon feedstock. polysilicon feedstock. crucible box. Load feedstock.
into vacuum furnace.

Recycling 7

13. Grinding and polishing of 11. Ingot band sawed into 10. Finished ingot block : 8. Breaking and removal of 7. Removal of ingot and
multicrystalline silicon brick. 6 by 6 bricks. after cropping. 9. Cropping of ingot. quartz crucible mold. crucible from furnace.

12. Lifetime testing of bricks.

14. Brick chamfering and 16. Chemical bath to 17. Separation, testing, and inspection of 180 pm silicon wafers having a surface area of
gluing to glass substrate. 150 pm kerf per cut wafer. dissolve glue and release 243 cm? per wafer. The net silicon utilization including all kerf and wafer yield losses and
wafers from glass. with usable ingot chord recycling is estimated to be around 4.5 g/Wpe) at n = 18%.

Source of figure: M Woodhouse, R Fu, T Remo, K Horowitz, D Feldman, D Chung, B Gallagher, and R Margolis
“Economic Factors of Production Affecting Crystalline Silicon Photovoltaics Manufacturing Costs”, In Preparation.
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Aggregated Step Costs for Multicrystalline Ingot Growth and
Wire Sawing of Wafers
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Calculated Manufacturing Costs for the Directional Solidification Process Carried Out
Across the Globe: The Case of the p-type Wafer Made with Solar Grade Polysilicon

October 23, 2015

i:NREL
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The Standard c-Si Solar Cell

1. Test incoming 2. Saw damage removal and 3. POCI, diffusion 4, PSG removal and edge
wafer surface texturization isolation by single
rear-side etching

o U i

7.4V 6. Screen printing: 5. PECVD of
17 - 20% measurements/ Front side Ag metallization, SiN,:H
cells sort Al BSF, and Ag rear pads.

Co-firing of pastes

Source of figure: NREL.
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Passivated Emitter and Rear Cells (PERC)

1. Test wafer. 2. Saw damage removal and 3. POCI, diffusion. 4. PSG removal, rear side
surface texturization. planarization, and edge isolation
by single-side etching.

R B R R

8. Screen-print Ag pads and 7. Laser opening of dielectric 6. PECVD of SiN, for frontside 5. Rear-side deposition of silicon
then Al BSF. Cofire. layers for ohmic contact anti-reflection, backside oxide or aluminum oxide layer.
between Si and Al BSF. reflection and surface passivation.

9. J-V measurement and cell binning. 19 - 22% Cells

Source of figure: NREL.
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Aggregated Step Costs for PERC Cell Conversion

October 23, 2015

"" N RE |_ Step Costs for p-type PERC Monocrystalline Silicon Solar Cell Conversion

Urban China Manufacturing Facility, 239 cm? Cells, 20% Cell Efficiency

i $0.025 :
B Maintenance
I L R R EEEEEEEEEEED - -
i $0.023
i B Depreciation
" . $0.020
-t e~ A e P e oo L L P — — e _ B
8 é $0.020 - O Electricity
o= ]
C e .
% 3 . B Labor
5 9 $0.015 -------- §0.014 <=~ {Ml - - - oo - -
:S
- - B Other Materials
8 Do ] $0.012 $0.011
32 5000 - :
S o $0.010 +--------B4o-------—---- -—-- Sl SEEEEEETEREE -- BFront and Back Ag -
O o . $0.008 Pastes and Al BSF
X s ]
L 4
W i
$0.005 + 0,004~~~ < - - $0.004 . |- $0.004--- g 00, -
$0.000
Receiving Wet Chemlcal Single POCI3 lefu5|on PSG Removal PECVD of PECVD of Laser contact Screen Print (3) Cofire Inspection and
Department Surface (Rearside) in Tube and Edge AlOXlayer Backside SiNx  opening of Pastes Pastes J-V Testing of
and Wafer ~ Texturization Polishing Furnace Isolation and Frontside  dielectric Cells. Package
Testing and Saw SiNx AR for Shipping.
Damage Coating
Removal
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Electroplated Cells

1. Test incoming 2. Saw damage removal and 3. POClI, diffusion 4. PSG removal and
wafer surface texturization edge isolation
9. Light-induced 7. Laser opening of SiNx 6. Screen-print Al BSF and 5. PECVD of
nickel plating 8. HF pretreatment for Ag rear pads. Co-firing of pastes SiN,

removal of oxides

10. Light-induced copper 11. Dip plating of 12. Annealing of cell
plating and copper electroplating silver capping layer

13. J-V measurements and cell binning 19 - 22% Cells

Source of figure: NREL.
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Bottom-Up Cost Model Results for Several Cell Conversion Options

$0.50
$0.45
g 5040
=
@
Q5035
oo
(7))
= $0.30
Tp)
)
S $025
$0.20
$0.15

Manufacturing Costs and Minimum Sustainable Price

Requirements for Several c-Si Solar Cell Conversion Options
Input Data Assumes No Tax Exemptions or Tariffs, 239 or 243 cm? Cells

October 22, 2015

=3
$0.43
*
$0.39 $0.39
’ ’ $0.017
$0.017 $0.022
$0.015 $0.020 S
., T = -
) $0.058 $0.010
$0.055 $0.019
$0.057
$0.020
$S0.022

Analysis

Standard Multi Cells| Mono PERC cells
(18%) (20%)

Electroplated multi |n-type mono bifacial
cell type B (18.5%) | cell type B (21%)

Cells Fabricated on 180-micron Wafers

@ Research and Development
Plus Sales, General, and
Administrative

@ Depreciation for New
Equipment and Facilities
(7- and 15-year straight line)
M Equipment and Facilities

Maintenance

M Direct Labor: Line Workers and
Engineers

O Electricity

O Remaining Consumables in
Cell Fabrication

D Front and Back Metallizations

B Wafer Cost (Efficiency-Adjusted
and Doping Type Included)

‘ Calculated Sustainable

Price for Blended Sales
with Placeholder WACC
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Total Module Components

Aluminum Front
K < J Encapsulant Standard
(EVA) Czochralski

Edge - | ' (pseudo-square)
Seal pr A P < /$ Solar Cells

String
Connector
Ribbons
Cell Stringing
Ribbons

Backsheet
Junction Box

Source of Figure: NREL
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Review: Cost Elements Within the Crystalline Silicon Supply Chain

Aggregated Production Costs for the Multicrystalline
Silicon Supply Chain

Representative Inputs Collected Over 2014 and 2015. 16% Module Efficiency. %=3

N‘AT\‘O& RENEWABLE ENERGY LABORATORY
$0.20

m Polysilicon
) Wafer
§ Conversion

= Cell
] $0.15 Conversion
O
" ® Module
= Assembly
)
L
5 $010 —
O
O
v)
-
. $0.05 | B
O B Depreciation ® Maintenance
™

M Electricity Labor
B Materials
$0.0

Polysilicon Wafer Conversion Cell Conversion Module Assembly

Source: Jones-Albertus, R., D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse. 2015. Technology Advances Needed for Photovoltaics to Achieve Widespread Grid Price Parity.
Washington, D.C.: Department of Energy (DOE). Accessed September 2015, http://energy.gov/eere/sunshot/downloads/technology-advances-needed-photovoltaics-achieve-

widespread-grid-price-parity.
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Elements in Multi-Module Costs and Calculated Minimum Sustainable
Margins (Nationally Integrated)

n
— Urban China Multicrystalline Elements of Fixed Costs § w
Q . . 8T .
;!3. Total Module Estimates and Operating Income < 3 8
o “E 8
S : P | £23
o $0.70 [ P i Net Federal Taxes S S 2
2 0.66 ' . 8
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-— - [e]
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© ! _ i Plus Equity ?;J o <
= $0.50 - 8 $0.15 | Eamings 223
g i v E - = e Y
T [ N r-3 g™
g s040 | & i3
= I \ [ 8%5¢®
UE) . $.G.&A $0.10 | S,G, & A v O 2
- " o
E 5030 | Rsp |
- \ i CRN S
E [ " Depreciation s R&D e 22
S $0.20 . \ s - > ® 3
= ; Maintenance \ i Depreciation on New ° 55
- [ Electricity \ $0.05 i Wafer, Cell, an'd © é’ §
g $0.10 ! \ i Module Capacity § T35
ﬂ October 22, 2015 Labor \\ o z‘g "
g i<NREL B Materials \ qé:i, § § §
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Standard Multicrystalline Silicon Module Assembly With
Nationally Integrated Minimum Sustainable Cell Prices

October 22, 2015 Regional Manufacturing Costs and Sustainable Price
®: N RE L Requirements for a Standard c-Si Supply Chain

Input Data Assumes No Tax Exemptions or Tariffs, Module Power= 255 Wipe B Research and

Development; Plus Sales,

$0.80 - $0.79 General and
' $0.74 $0.72 $0.72 L Administrative
& ’ ’ O Manufacturing Equipment
$0.70 - $0.66 $0.68 $0.66 and Facilities
~ & 063 @ FS
&)
g .
= $0.60 - B Maintenance
—
(eb]
Q. $0.50 1
¥ _ _
- B Direct Manufacturing
@ 3040 - Labor
-
i
- -
— $0.30 B Electricity
N
$0.20
B Materials
$0.10 -
$0.00 1 : : . I Calculated Sustainable
United Urban Lowest Taiwan South Malaysia | Philippines | Germany . Price for Blended
States China | Cost China Korea Spot and Contract Sales
Fixed and Variable Costs Across Nationally Integrated Supply Chains
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Part llb: Thin-Film PV Module Technologies

PV Technology Sh of Scribe: B:ﬁgg Iat)llqer ahd a|bi0rtf):ﬁ|r Scribe: Back contact structure
- cribe then insulator fill:
Shipments, 2014 TCO, buffer, and absorber layers l
CIS/CIGS,
% Back contact structure —J.
(0.25-1 um)

Absorber layer
(1.5-3 um)

Buffer layer

(50-100 nm) y
Electrically

TCO layer GRS SRS B ected
(200 - 500 nm) monolithically
integrated cells
Front glass —
(~3 mm) — Sunlight
AM 1.5 (hv)
E s

Typical thin-film module by monolithic integration. Source of Figure: NREL
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§ “AM 1.5' Global solar 40 "g' F
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i gy | Focused .

i Visible Spectrum S, Beam Seconldary
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subcell Light Pipe}
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Source of Figure: NREL
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The Process Flow Used in the NREL CdTe Cost Model

D s

1. Deposit TCO on 2. Wash front glass. 3. CdS buffer layer. 4. CdTe absorber layer. 5. CdCls activation.
heat treated front glass.

v
@4@'< '
11. Screen-print back 10. P2 laser scribe. 9. Insulator fill for 8. P1 laser scribe through 6. Pre-contact wash.
contact metallization paste. cell isolation. CdS, CdTe, and TCO.

7. Aqueous Cu diffusion.

k4 > > >

ﬂ <

seal

CdTe
Device structure
12. Sputter adhesion layer and 13. Sputter back electrode 14. P3 mechanical scribe down 15. Electrically connect the
diffusion barrier (50 nm total). stack (1.0 pm total). to CdTe and edge isolation. monolithically integrated cells
by solder-welding metal ribbon 16. Feed bus bar ribbons

bushars and conducting through pre-dilled hole in
adhesive tape. tempered back glass. Bond
the cells and the busbar
: I bly to the back glass
17. Solder the bus bar ribbons to the junction-box leads, and assem
bond the J-box to the back glass with potting agent and tape ’ with EVA and edge seal.
18. Light soaking followed by high voltage isolation (Hi-Pot),
ground continuity, and solar simulator J-V testing.
Module front Module back 19. Visual inspection and module binning and packing

Source of Figure: NREL
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Cost Elements for CdTe Manufacturing

Calculated Manufacturing Costs for Single-Junction
Polycrystalline CdTe

Representative Inputs Reviewed Over 2014 and 2015. 16% Module Efficiency

$0.14 -
LiNREL
$0.12 I
)
e
- $0.10
@
O
Y go.08
L
3
. %008
v
-
g $0.04
o B Depreciation B Maintenance
$0.02 M Electricity Labor
B Materials
$0.00
Buffer and TCO and Front and Back Cell Interconnections,
Absorber Layers Back Contact Glass Unload Encapsulation, J-Box,
and Wash and Module Testing

Source: Jones-Albertus, R., D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse. 2015. Technology Advances Needed for Photovoltaics to Achieve Widespread
Grid Price Parity. Washington, D.C.: Department of Energy (DOE). Accessed September 2015, http://energy.gov/eere/sunshot/downloads/technology-
advances-needed-photovoltaics-achieve-widespread-grid-price-parity.
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Summary of Findings: Technologies
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Summary of Findings: Technologies (Single Country)
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Costs-Benefits Analysis: Cells

October 23, 2015

LiNREL
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laser opening); thus, slightly higner Lapkx: Lalculated cost penaity or SU.Ull/W
(2) Higher maintenance, electricity, and materials costs: Calculated cost penalty
of $0.015/W (3) Mono wafer needed for 2% efficiency gain: $0.015/W cost.

module and $0.080/W for systems costs.

L o R R R A L L N A R A A B R R ] ‘

PERC: Passivated Emitter and Rear Cells
( $0.058/W net cost reduction potential)

' - : (1) Additional manufacturing steps (laser SiN, opening, and electroplati
igher efficiency cell benefit (0.5%) of $0.005/W for balance-of- processes over screen-printing); thus, slightly higher CapEx: Calculated
odule and $0.030/W for systems costs. cost penalty of $0.008/W. (2) Higher maintenance, electricity, and

wastewater costs: Calculated Cost Penalty of $0.007/W.

Electroplated
Cells ($0.020/w)
Higher efficiency cell benefit (3%) of $0.027/W for balance-of- (1) Additional manufacturing steps; thus, slightly higher CapEx:
module ahd $0.110/W f(.)r systems costs. . Calculated cost penalty of $0.005/W. (2) 15% price premium for n-type
Vay aIsQ Improve capacity flac’.cor.(kWh/kW) of installed power wafers: Calculated cost penalty of $0.035/W. (3) Additional materials
oroduction over the system'’s lifetime. costs for cell fabrication: Calculated cost penalty of $0.017/W

n-type Bifacial Cell B

( $0.080/W net cost reduction potential)

015 $/W )
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Incorporation into LCOE and Other Projections

October 23, 2015

e Total Estimated LCOE Impacts for Upcoming Technologies
bt N REL Within the Crystalline Silicon Supply Chain

Estimated Time is to 10 GW of Annual Production. 1,480 kWh/kW solar resource.
.60¢

$400M Market Opportunity
in Annual Sales
50¢ A

Bifacial Cell Type B

J $0.080/W, $2,300M
-40¢ Electronic
Grade

Polysilicon

PERC $0.067/W,
30¢ - $0.058/W, $2,090M $1,400M

Kerfless Wafers
$0.068/WV,
$880M
.20€ ODiamond Wire

$0.041/W, $40M

Electroplated

J Cell Type B
.10¢ $0.020/W, $2,050M

LCOE Impact (2015 U.S. cents/kWh)

New Encapsulants
and Packaging

Geochraisk 50.000/W, 1601
00¢ O so0.010/m, 520m '
. T T T \_/ T T 0 | : I
0 1 2 3 4 5 6 7 8 9 10
Years to Broadscale Adoption
-.10¢ -
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Incorporation into LCOE and Other Projections

f‘jf‘obef 23, 2015 Total Estimated LCOE Impacts for Upcoming Technologies
'-‘ - - - - - -
eea NREL Within the Crystalline Silicon Supply Chain
' Estimated Time is to 10 GW of Annual Production. 1,480 kWh/kW solar resource.
.60¢
$500M Market Opportunity O
— in CapEx
-
E 20¢ $500M Market Opportunity
~ in Annual Sales
3 Bifacial Cell
| o Type B
U .40¢ - $0.080/W,
. $2,900M
W Electronic Grade O
. Polysilicon
= iR fo.0o7A Kerfless Wafers
ﬂ 30¢ - $0.058/W, $3,400M $2,200M $0.068/W,
() $880M
o
0
G .20¢ Diamond Wire
Q $0.041/W, $40M
£
Ll Electroplated
O .10¢ - Cell Type B
(& New Encapsulants $0.020/W, $3,200M
-l Continuous and Packaging
Czochralski $0.000/W, $160M
00¢ $0.010/W, $650M ()
. 1 \_—/ 1 I \_/ 1 I I 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Years to Broadscale Adoption
-.10¢ -
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Technology Pathways to Lower LCOE: Efficiency, Reliability, and Costs

A Pathway Toward the 2020 SunShot Goal

Benchmark 100 MW Utility Scale Systems With 1,480 kWh/kW First Year Performance.
No ITC but Five Year MACRS is Included.

10
| = m
-
Z 09
m SR
=
5 2
3 0.7 6
v —
=)
Ll
O
(&)
—
©
Q
o
LN
i
o
~ .
=
+iNREL
1 .-.I-__ — - 1 1 1 1 1 1
2015 Lower Module Improve Module Improve Module Reduce Hardware Obtain Lower SunShot
Benchmark Price: Efficiency: Reliability: and Labor Costs: Financing Costs: 2020
$0.65 to $0.40/Wpc,  16% to 20% 0.75% to 0.2%/year  $0.70 to $0.45Wpc,  7.0% to 6.0%

Source: Jones-Albertus, R., D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse. 2015. Technology Advances Needed for Photovoltaics to Achieve Widespread Grid Price Parity.
Washington, D.C.: Department of Energy (DOE). Accessed September 2015, http://energy.gov/eere/sunshot/downloads/technology-advances-needed-photovoltaics-
achieve-widespread-grid-price-parity.
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Technology Pathways to Lower LCOE: Efficiency, Reliability, and Costs

A Pathway To 3 Cents per kWh

Benchmark 100 MW Utility Scale Systems With 1,480 kWh/kW First Year Performance.
No ITC but Five Year MACRS is Included.
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2015 Lower Improve Improve Reduce Lower Obtain Lower Beyond
Benchmark  Module Module Reliability O&M: Hardware Financing 2020
Price: Efficiency: and Lifetime: $15to $7/kWyr  and Labor: Rates:
$0.65t0$0.30/Wp,  16% t025%  0.75% to 0.2%/year, $0.70 to $0.35/W e, 7.0% to 5.0%

30 to 50 year system

Source: Jones-Albertus, R., D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse. 2015. Technology Advances Needed for Photovoltaics to Achieve Widespread Grid Price Parity.
Washington, D.C.: Department of Energy (DOE). Accessed September 2015, http://energy.gov/eere/sunshot/downloads/technology-advances-needed-photovoltaics-
achieve-widespread-grid-price-parity.
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Impacts to Energy Mix
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Model Scenarios for Electricity Capacity Expansion

L - Central Scenario
200 - Low Fuel Prices
== 800
'é High Fuel Prices
- 700
: «e+++<Low Economic
o 600
] Growth
O 500 ««+++High Economic
Q Growth
8 400 = = -Low Cost Solar &
= 300 Wind
LO" High Cost Solar &
v 200 Wind

= Accelerated Coal
Retirements

0 Extended Nuclear

2010 2015 2020 2025 2030 2035 2040 2045 2050 Lifetime

100

Results from NREL’s Regional Energy Deployment Systems (ReEDS) model:

o Capacity expansion model to meet projected U.S. electricity requirements

o Based upon system-wide, least-cost optimization, including storage resource development and applicable state renewable

portfolio standards

o Fuel price projections based upon 2014 EIA Annual Energy Outlook
Source of figure: Sullivan, P., W. Cole, N. Blair, E. Lantz, V. Krishnan, T. Mai, D. Mulcahy, and G. Porro. 2015. 2015 Standard Scenarios
Annual Report: ReEDS Model Description and Scenario Exploration. NREL/TP-6A20-64072. Golden, CO: NREL. Accessed September
2015, http://www.nrel.gov/docs/fy150sti/64072.pdf.
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ReEDS Model Scenarios for Electricity Capacity Expansion by
Technology: The Central Scenario of Fuel Prices

D800 [
M Storage
1600 -
Solar
1400 pommmmmmmrmm e ® Wind
1200 M Biopower
=
o 1000 B Geothermal
-'? ™ Hydro
o 800
% m Gas-CT
o
600 B Gas-CC
400 Oil-Gas-Steam
500 M Coal
M Nuclear

0
2010 2014 2018 2022 2026 2030 2034 2038 2042 2046 2050
Results shown are for the ‘Central Scenario’. Source of figure: Sullivan, P., W. Cole, N. Blair, E. Lantz, V. Krishnan, T. Mai, D. Mulcahy, and G. Porro.

2015. 2015 Standard Scenarios Annual Report: ReEDS Model Description and Scenario Exploration. NREL/TP-6A20-64072. Golden, CO: NREL.
Accessed September 2015, http://www.nrel.gov/docs/fy150sti/64072.pdf.
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Conclusions

1. The broader adoption of solar energy technologies is most significantly
influenced by policy, economic growth, the continuation of module and
total systems cost reductions, and future fuel prices for the traditional
sources.

2. Interms of approaching LCOE parity with the traditional energy
generation options, model results suggest that improvements to PV
module and system reliability may contribute as much as improvements
to PV module efficiency. Reliability is also believed to influence financing
rates, which has a significant impact upon LCOE.

3. BUT, improvements in both efficiency and reliability are useful in lowering

the LCOE of solar.

4. For further reductions in LCOE, innovations that could lead to lower
hardware, installation labor, and financing costs could present larger
opportunities than continued reductions in module prices.

5. Grid integration and reliability and developing compatible utility business
models are also critical factors for the future adoption of solar.
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Conclusions: Part Il

1. Thank you to the organizers of KAUST Solar Symposium 2015!

2. Presenter’s contact information: Michael Woodhouse@nrel.gov

3. Interested in working with NREL's Clean Energy Manufacturing Analysis
Center (CEMAC) and Strategic Energy Analysis Center (SEAC)?
e Margaret.Mann@nrel.gov
(CEMAC Group Manager and Technical Director)
e David.Mooney@nrel.gov
(SEAC Center Director)

"l
C E ! C Clean Energy Manufacturing
Analysis Center

Operated by the Joint Institute for Strategic Energy Analysis
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