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Introduction and Methodology




NREL's Solar + Storage Technoeconomic Analysis Portfolio

Detailed Component Manufacturing Cost Models System Capital Cost Models (S)

Solar PV Components

Modules Inverters Batteries Solar Fuels [~

PV Systems PV Plus Storage
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Solar and Storage Project Pro Forma Analysis

Levelized Cost of Electricity (LCOE) Metric Internal Rate of Return (IRR) Metric
Any applicable incentives )
ﬁ FIT or PPA Revenues Residual Value (+/-)
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Any preventative and routine O&M, Any corrective O&M including battery and inverter replacements
including asset management and unplanned weather-related events

Upfront Capital Cost for System Installation https://www.nrel.gov/solar/solar-cost-analysis.html
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2024 Global Capacity Benchmarks

Photovoltaic Component Manufacturing

Total Capacity Commissioned and Under Construction by Country H 1 2024
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2024 Non-China Capacity Benchmarks |l s
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NREL Cost Model Structure: CoO Inputs and GAAP and IFRS Outputs

Cost of Goods Sold (COGS)

Input Factors and Location Dependent Cost Drivers Overhead and Profit Shipping and Delivery

Utilities

« Electricity and water
consumption

« Disposal of waste- _
water and consumables

Overseas Shipping

« Shipping container
transport fees

« Documentation and

Equipment Depreciation

« Equipment priceand /¢
training cost

« Throughput including
downtime

Research and Development (R&D)

- Current and next generation
technology research

- Product characterization and

&

2 optimizatations L port exitand entry fees u

« Domestic or imported « Local utility rates S Sales, General, and Administrative (SG&A) &  -Tariffsand —

equipment Labor R - Sales team and customer outreach £  import/export duties T
Building « Labor for manu- J b « Human resources 4 o -Insurance o
Depreciation or Lease facturing lines and ‘ ) ) - Executives and managers g ’ PTOd{lCt size, pasking E
« Floorspace for each : materials handling &3 . « Legal \ & g density, and weight

tool and materials T « Direct operators, » Impairements and other “= Interstate Shipping

handling supervisors, and engineers operating expenses « Container pickup and
« EPCand permitting + Local salaries Profit delivery to project
- Facilitation and utility hookups Materials - Revenues after operational - Fuel and mileage
Maintenance « Local supply chain or costs for interest payments, Sales and/or
« Percentage of initial capital imported materials income taxes, and Value-Added Taxes

expenditure (CapEx) « Delivery and possible tariffs net income to shareholders

NREL cost models available online: https://dcam.openei.org/
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Polysilicon Production
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Polysilicon at the Factory Gate ‘ % N R E L

$26

Financing and Profit
s24 ™ Overhead (R&D, SG&A) $24
= Equipment Depreciation
m Building and Facilities
Maintenance
= Utilities
Direct Production Labor
®m Materials
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$20
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$16

$14

$/kg
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Polysilicon By The Numbers

2024 Total U.S. PV Demand/Installations:
* 50 GW,_ (Source: SEIA, NREL, LBNL)
2024 U.S. Polysilicon Production for PV:
* 4.3 GW,_(Source: PVTech)
U.S. Poly Supply Including Semi (pvTech, BNEF):
* 29 GW  capacity in 2024
* 40 GW_including announcements
U.S. Supply Gap: 0—50 GW,_

* Will depend upon average selling
price (ASP) and market conditions

* Include >14 GW,_of CdTe
(First Solar U.S. sales in 2024)

Differential For U.S. Costs ($24/kg):

+ 240% vs China modeled price

(510/kg)
+ 480% vs China market price

(S5/kg, pvinfoLink)
+ 15% vs All non-China market price

(519/kg, pvinfoLink)

Potential Bottlenecks to Track:

* Custom equipment
* Graphite heating elements
* Silicon metal

NREL | 10



Ingot and Wafer Production




Historical and Projected U.S. Ingot and Wafer Supply

2025 to 2026 Outlook for U.S. Wafer Supply (GW,,)
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Ingot and Wafer at the Factory Gate
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45X To Offset Hig

her Manufacturing

Engineering, Permitting, and Ramping and Full-Scale IRA Ramp
Stage Management Construction Debottlenecking Production Down
Characteristics Cash flow negative Cash flow negative Cash flow positive or Cash flow positive. Competitiveness
negative—dgpends Full IRA credits against imports erodes
upon sales price and received. for domestic producers
volume and ramp time
2030 2031 2032 2033
2024 2025 2026 2027 2028 2029 75% 50% 25% 0%
Module Equipment Life: 5 Years .
Assembly Facilities Life: 15 Years 45X Expires
Solar Cell Equipment Life: 5 Years .
Conversion Facilities Life: 15 Years 45X Expires
Ingot and Equipment Life: 7 Years 45X Expires
Wafer Facilities Life: 15 Years
PonsiIicon Equipment Life: 10 Years 45X Expires

Facilities Life: 20 Years

Lifetime estimates from NREL, RCT, and Fraunhofer ISE cost models. Time to production estimates from NREL/DOE Solar PV Supply Chain report (2022).




Four Scenarios: Cost Stacks for Imports or U.S. Production of Wafers

m 2024 Tariffs o Modeled Price for U.S. Delivery
= Overhead, Financing and Profit, ® Shipping $149
m Direct Costs \( m 45X MPTC $141

$131

$140 N
$128

$65

Polysilicon
$47/kW

$40

Polysilicon
$25/kW

Polysilicon
$20 $25/kW

Polysilicon
$20/kW

$0
All ASEAN | India Wafer | U.S. Wafer Section 301 Modeled 45X Modeled Price|All U.S. Wafer Section 301 Modeled 45X Modeled Price
Wafer China ASEAN for Materials MPTC U.S. Wafer Including  for Materials MPTC for All U.S.
Polysilicon Polysilcon and Passthrough ASEAN Polysilicon and Passthrough Wafer

Equipment Polysilicon Equipment



Ingot and Wafer By The Numbers

2024 Total U.S. PV Demand/Installations:
* 50 GW,_ (Source: SEIA, NREL, LBNL)
2024 U.S. Wafer Production for PV:
* 0.041 GW 4 (source: PVTech)
U.S. PV Wafer Supply (Source: PvTech, BNEF):
* 1.2 GW  capacity in 2024
¢ 20 GW_including announcements
U.S. Supply Gap: 20—35 GW_

* Will depend upon ASP and market
conditions

* Include >14 GW,_of CdTe
(First Solar U.S. sales in 2024)

U.S. Costs Differential

(S83/kW, net 45X and excluding ponsiIicon)

+ 210% vs ASEAN modeled price
(S40/kW)
+ 460% vs China market price

(S18/kW, PvinfoLink)
— 20% vs March 2025 U.S wafer price
($100/kW, One U.S. cell manufacturer)

Potential Bottlenecks:

 Manufacturing equipment
* All hardware and consumables

NREL | 16



Solar Cell Conversion




U.S Solar PV Cell Imports From 2020 to 2024 (c-Si Only)
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Historical and Projected U.S. Solar Cell Capacity
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Financing and Profit $103

® Overhead (R&D, SG&A)

= Equipment Depreciation

m Building and Facilities

Maintenance

m Utilities
Direct Production Labor

m Materials Costs for Solar Cell Only (Excludes Wafer)

Includes 25%
Section 301
Tariffs on Equipment:
$3.7/kW if Depreciated

Includes 25%
Section 301
Tariffs on
Consumables:
$4.6/kW

India United States Europe

Solar cell conversion costs only. Excludes wafer.
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Four Scenarios: Cost Stacks for Imports or U.S. c-Si Solar PV Cells

s pmm| ..

o Modeled Price for U.S. Delivery
® Shipping

m 45X MPTC

m 2024 Tariffs

o Overhead, Financing and Profit
m Direct Costs

$154

$131/kW

$105 $104

$63/kW $65/kW

$55/kW

All ASEAN Cell | India Cell With U.S. Cell Section 301 Modeled 45X Modeled Price: U.S. Cell Section 301 Modeled 45X Maodeled Price
(Below TRQ) | China Wafer | Conversion on Tariffs for Cell MPTC U.S. Cell with | Production on  Tariffs for Cell MPTC for All U.S. Cell
ASEAN Wafer Materials and Passthrough for ASEAN Wafer ! All U.S. Wafer Materials and Passthrough for
Equipment Solar Cell Equipment Solar Cell
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Solar Cell By The Numbers

2024 Total U.S. PV Demand/Installations:
* 50 GW,_ (Source: SEIA, NREL, LBNL)
2024 U.S. c-Si Cell Production:
* 0.25 GW/_ (Source: PVTech)
U.S. Solar Cell Supply (source: PvTech, BNEF):
* 2 GW,_capacity in 2025
* 49 GW _including announcements
U.S. Supply Gap: 0—35 GW,_

* Will depend upon ASP and market
conditions

* Include >14 GW,_of CdTe
(First Solar U.S. sales in 2024)

U.S. Costs Differential

($9 1/kW, net 45X and excluding wafer)

+ 220% vs ASEAN modeled price
(S42/kW)
+ 570% vs China market price

(S16/kW, pvinfoLink)
— 40% vs March 2025 U.S cell price

(S 130/kW, NREL interview)

Potential Bottlenecks:

* Manufacturing equipment
 Silver paste
* Wafer supply

NREL | 22



Module Assembly




U.S Solar PV Module Imports From 2020 to 2024 (c-Si and CdTe)

m Rest of World m Canada and Mexico & India m Cambodia m Malaysia
= China m South Korea m Rest of ASEAN m Thailand = Vietnam
18 17.9
16
153 450 152] /154
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Original data source: U.S. International Trade Commission Statistics (Available online). HTS Code 8541430080 NREL | 24



Historical and Near-Term U.S PV Module Supply

2025 to 2026 Outlook for Module Assembly in the U.5,
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Module Assembly at the Factory Gate
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Four Scenarios: Cost Stacks for Imports or U.S. Module Assembly

$400 o Modeled Price for U.S. Delivery
® Shipping
m 45X MPTC

$350 m 2024 Tariffs
o Overhead, Financing and Profit
m Direct Costs

3375

$300

$250

$200 Solar Cell
$219/kW

$/KW,.

$150

$100

Solar Cell
Solar Cell Solar Cell $105/kW

$104/kW $103/kW

$50 Wafer and
Polysilicon
From

China

$0
All ASEAN India Module | U.S. Module Section 301 on Modeled 45X  U.S. Module AllU.S. Section 301 on Modeled 45X Modeled Price
Module With With Section with ASEAN  Materials and MPTC with ASEAN Polysiliconto  Materials and MPTC for All U.S.
Section 201 201 Duties  Cell Below TRQ Equipment Passthrough Cell Module Equipment Passthrough Module




Module Assembly By The Numbers

2024 Total U.S. PV Demand/Installations: U.S. Costs Differential

* 50 GW/_ (source: SEIA, NREL, LBNL) (S154/kW, net 45x and excluding solar cell)
2024 U.S. Module Production: + 200% vs ASEAN modeled price

* 7.5 GW,, (source: PVTech) (S75/kW)
U.S. Module Supply (source: PvTech, BnEr, NreL/po): T 280% vs China market price

* 44 GW,. capacity in 2025 (556/kW, pvinfoLink]

— 5% vs U.S Module cost from others

e 71 GW,_including announcements ($160/kW, BNEF, Anza)

U.S. Supply Gap: 0 GW,_??

* Will depend upon ASP and market
conditions * Solar glass

* Include >14 GW,_of CdTe * J-Boxand bypass diodes
(First Solar U.S. sales in 2024) * Cell stringing and ribbons

Potential Bottlenecks:

NREL | 28



Considerations and Conclusions




Modeled c-Si Module Prices for the U.S. Solar PV Market N R E L

$375 10 GW Poly, 1 GW Wafer, 2 GW Cell and Module
P\P\ $354 I 35% Passthrough of 45X
I

21% Module Efficiency
$334
|

$400

MA 10 GW at each step
95% 45X Passthroughs
$253 26% Module Efficiency

]

$212

$171

Module  U.S. Module U.S. Cell and U.S. Module, 2025 All U.S. 2027 2029 2031 2033  2035AlU.S.
Imported Imported Cell Module Cell, and  (Polysilicon
Q1 2025 Wafer to Module)

® Module Shipping o Module GM o0 Cell Gross Margin & Wafer Gross Margin = Polysilicon

= Section 201 (14.5%) = Module COGS m Cell COGS m Wafer COGS



LCOE
Considerations:
Discount Rate

Source of figure:
NREL/RCT/Fraunhofer ISE

Michael Woodhouse, Julian Reichle and
Sebastian Nold

“Detailed Analysis of Crystalline Silicon
Solar Photovoltaic Production Costs
Across the Globe”, submitted to Solar
Energy Materials and Solar Cells

LCOE ($/MWh

400 -

200

Module Price ($/kW,.)

PREM

Import Equivalent
4.9% discount rate
LCOE: $41/MWh,

pXead>

.S. Module
6 discount rate
30% Base ITC

N\ 7/

/I\

Imported Module

30)

65
63
61
59
57
55
53
51
49
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- 45
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- 41
- 39
- 37
- 35
- 33
- 31
- 29
- 27

— 25

30% Base ITC
LCOE: $41/MWh,_
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15

1 v 1 G I = I
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LCOE
Considerations:
Domestic
Content

And

45X

Source of figure:
NREL/RCT/Fraunhofer ISE

Michael Woodhouse, Julian Reichle and

Sebastian Nold

“Detailed Analysis of Crystalline Silicon

Solar Photovoltaic Production Costs

Across the Globe”, submitted to Solar

Energy Materials and Solar Cells

\ LCOE ($/MWh

pREV

All U.S. Module

6.4% discount rate

30% Base ITC +

10% Domestic Content Bonus
LCOE: $41/MWh,

400 -

200 L

Module Price ($/kW.)

30% Base ITC + 10% Domestic Content Bonus

6.4% discount rate
LCOE: $36/MWh,

4.9% discount rate
LCOE: $33/MWh_

4 6 8 10 12
Discount Rate (%)

ac)

65
63
61
59
67
55
53
51
49

— 47
— 45
— 43
~ 41
— 39
— 37
— 35
~ 33
NN — 31
— 29
All U.S. Module For Domestic Content & . oy

90% passthrough of 45X credits L o5

23
21
19
17
15
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Finished c-Si Modules By The Numbers

Modeled Price for Imported Modules Delivered to US PV Projects:

$241—247/kW,
(14.5% Section 201)

Modeled Price for All US Module Supply Chain With Projected 2025 Production:

$434/kW,. $375/kW,. $276/kW,.
(No 45X) (35% Passthrough of 45X) (95% Passthrough of 45X)

Approximate Value for Domestic Content (10% of System Capital Cost):

$100—120/kW, $140—160/kW,_ $300—350/kW,
(Utility) (C&l) (Residential)

To be shared with Inverter, Racking, Tracker (Utility), and BESS

NREL | 33
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Q1 2025 Benchmarks

Module Assembly

Source of figure: NREL

*— Aluminum Frame

= Front Glass

— Front Encapsulant

«— String Connector Ribbons
+— Badk Encapsulant

= Back Glass or Backshest

Cut Cells

Q1 2025 Range of Costs for Domestic
Benchmarks Domestic Assembly Availability
U.S. Cells $0.20—0.25/Wdc for Domestic 1/5 suppliers (2—5%)
Front Glass 6 possible suppliers
$S8—10/m? for 3.2 mm (0%, No U.S. sales)
Glass

S65—70/kWdc
Bifacial
S50—60/kWdc

S7—8/m? for 2.0 mm

Back Glass (Bifacial)
S7—8/m? for 2.0 mm

6 suppliers
(0%, No U.S. sales)

Monofacial Back Sheet (Monofacial) 6 suppliers
$2—3/m? (25—50%)
EVA 5 suppliers
Encapsulants $1.0—1.1/m? (25—50%)
$12—18/kWdc POE 5 suppliers
$1.5—1.6/m? (25—50%)
Frame $30—50/kWdc. $2.0—2.2/m. 10 possible (20—25 %)
$3.0—3.5 per module for 3 suppliers
Junction Box and Bypass Diodes (5—10%)
Other $0.7—1.0 per module for 3 suppliers
. Cell tabbing and stringing ribbons (5—10%)
Materials $1.5—2.0 per module for 3 suppliers
$8—12/kwdc String connector ribbons (5—10%)
$0.3—0.5 per module for 2 suppliers
pottants and edge seals (5—10%)




Scaling Factors For The Cost Models

Direct Labor

Cost Drivers
4 Shifts

Total CapEx
Equipment and
Facilities

Overhead
(R&D, SG&A)

& Profit

Polysilicon

20 MTPA per direct FTE
35 MTPA per direct FTE
$130/kg

10,000 metric tonnes per
annum (MTPA) in the U.S.

$80/kg
25,000 MTPA in the U.S.

25% Gross Margin

Ingot and Wafer

300 total direct FTE for
1.0 GW-dc

1,000 total direct FTE for
5.0 GW-dc

S$250M for 1.0 GW-dc

$800M for 5.0 GW-dc

25% Gross Margin

Solar Cell
Conversion

300 total direct FTE for
1.0 GW-dc

1,000 total direct FTE for
5.0 GW-dc

S150M for 1.0 GW-dc

S$500M for 5.0 GW-dc

25% Gross Margin

Module Assembly

400 total direct FTE for
1.0 GW-dc

1,250 total direct FTE for
5.0 GW-dc

S100M for 1.0 GW-dc

$300M for 5.0 GW-dc

20% Gross Margin




Production Tax Credits for c-Si Manufacturing in the U.S.

Polysilicon Ingots Wafers Solar Cells

Modules

5 Aluminum Frame

e Front Glass

-+ FrontEncapsulant
J @ - String Connector Ribbons
o Back Encapsulant
il Back Glass or Backsheet
S Half-Cut (HO
Technalogy
2022—2029 2022—2229 2022—2029 2022—2029
$3/kg $12/m 4¢/W 7¢/W
2030 2030 2030 (+50.4/m? for backsheet)
$2.3/kg $9/m? 3¢/W 2030: 5.3¢/W
2033 2033 2033
50/ke $0/m? $0/W 2033: $0/W
PTC credits (45X) are shown in the tables. NREL | 38

ITC credits (48C) are another option for covering up to 30% of eligible investments.



2024 and 2025 Projected Solar PV Module Supply for the U.S.

Solar PV Module Supply For the U.5. Market: 2025 Projection for Utility and Distributed Projects
includes Total Commissioned Capacity Plus Capacity Under Construction in the U.5. in 2024,
2024 imported Module Trade Data Obtained Using HTS Codes from US. Census Bureau USA Trade Online
Ching, G, Mt of Werld, 175
Toast® Lovwa, 0 %

2024 Benchmark U.S. Utility-Scale Solar PV Module Supply
Around &0 GW -dc Projected for U5, Utility-5cale Solar Development in 2024

m U5 Module Assembly With
Camibmihia, | 0%
Cells Imported From Asia
U.5. Module and Cell United States,
iy, 4 M 53%

(200 MW -dc)

Palysilicon to Modue

All-U.S, (0 MW-dc)
s Thin Film Modules Made in
the L.5., ASEAN, and India .
m Imported Finished c-5i
Modules (Mostly ASEAN]

U.S. Solar PV Installations
In 2023: 41 GW-dc total, 30 GW-dc in Utility
In H1 2024: 22 GW-dc total, 18 GW-dc in Utility
Projections for Full-Year 2024 Based Upon Historical Trends:
Alshama, & ™R

>44 GW-dc total, and >36 GW-dc in Utility P Yok, 0 0% Firaarageyem

iniliara, O %

Wathingien, 10K /ysmresots. | o M Corofing, 1.7%

Data Sources: DOE and NREL analysis of trade data, HTS codes, and individual company disclosures. NREL | 39

Please see: https://www.energy.gov/eere/solar/solar-manufacturing-map and https://www.energy.gov/eere/solar/quarterly-solar-industry-update



2024 Module Solar PV Module Supply For the U.S. Market: 2025 Projection for Utility and Distributed Projects
Includes Total Commissioned Capacity Plus Capacity Under Construction in the LS. in 2024,

2024 imported Module Trade Data Obtained Using HTS Codes from U.S. Census Bureau USA Trade Online
Assembly

Ohinn, 0.0%  Mest of Workd, 1.7%

Capacity
2010

*China: 18 GW-dc
*ROW: 7.7 GW-dc

Cambadia, 1 I

~, United States,

Malaysia, & ™% 53I%

2015
*China: 93 GW-dc

Imported, J TS
*ROW: 32 GW-dc Thailand, B

2020
*China: 288 GW-dc
*2020 ROW: 80 GW-dc

2024 i o
*China: 1,013 GW-dc wamman il | \acaemion
«2024 ROW: 237 GW-dc '

Data Sources: DOE and NREL analysis of trade data, HTS codes, and individual company disclosures. NREL | 40
Please see: https://www.energy.gov/eere/solar/solar-manufacturing-map and https://www.energy.gov/eere/solar/quarterly-solar-industry-update




Analysis Disclaimer

The analysis and cost model results in this presentation (“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 regarding 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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