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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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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

llustration by Al Hicks, NREL Photo from https://www.energy.gov Photo by Dennis Schroeder, NREL 56318 Photo from istock, 932140864 Photo by Dennis Schroeder, NREL 60073 Photo from iStock, 1128871378

Solar and Storage Project Pro Forma Analysis

Levelized Cost of Electricity (LCOE) Metric Internal Rate of Return (IRR) Metric
Any applicable incentives _
f FIT or PPA Revenues Residual Value (+/-)
I A TTHTHHTvem
>
v VvV VvV VY v *t¢+¢¢ *+¢+l
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



https://www.nrel.gov/solar/solar-cost-analysis.html

Scope of Crystalline Silicon (c-Si) PV Module Cost Models
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Manufacturing and Delivery Cost Model Structure

COST OF OWNERSHIP
(COO) INPUTS

GAAP AND IFRS
ACCOUNTING STANDARDS

7

.

Inputs For Calculations of Direct Costs

* Tool throughput including downtime

* Equipment price and training

* Facilitation and building

* Materials and consumables

* Utilities (Electricity and Water)

» Waste disposal (Wastewater and exhaust air)
* Labor: Direct operators and supervisors

* Maintenance

* Account of yield loss

—>

\

Varlable (cash) costs within the cost of
goods sold (COGS)

* Input materials

* Direct labor

* Utilities

* Maintenance of equipment and facilities

J

Fixed (non-cash) costs
* Equipment

* Building and facilitation
* Installation and training

(

\.

Location Specific Costs Considerations

* Local wage rates: Direct operators and supervisors
* Local utility rates: Electricity and water

* Leased or purchased building

* Local considerations for CapEx and materials

J

Source of figure: NREL. Please see: https:// www.nrel.gov/docs/fy190sti/72134.pdf

7

\.

COGS to Delivered MSP

* Research and Development (R&D)

* Sales, General, Administration (S,G, & A)

* Profit across the supply chain

* Taxes, tariffs and import/export duties
(Input per destination)

* Sea- and land-based shipping, port
entry fees, warehouse, and insurance
(Input per destination)

Delivered

Minimum

Sustainable
Price

(MSP)
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July 26, 2024

*NREL Historical Cost Model Results for Solar PV Module Manufacturing
O Famorming Everey Factory Gate MSP For Each Subcomponent. Results Reflect Production in Asia.
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1. Module Efficiency m Module

Improvement:
14% to 17% Assembly
% 2. Cell metallizaiton 1. Module Efficiency
1 improvements Improvement:
= . 17% to 20%
3. Polysilicon: - = Solar Cell
h $45/kg to $21/kg 2. Transition from olarCe
W full-area Al BSF to .
— PERC 1.Module Efficiency
a 3. Implement diamond Improvement: 1. Module Efficiency
- $0.88 wire wafer slicing 20% o .22% Improvement:
= 2. Transition to 22% to 22.5% 4
8 monocrystalline 2. Transition from PERC W Ingotan
o~ wafers with M10 or to n_type cells Wafer
G12 geometry (TOPCon, SHJ, x-BC)
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See References on Slide 38: SunShot Vision Study (2010), On the Path to SunShot (2015), Solar Futures Study (2020), 2023 Benchmark, DRAFT 2024 Updates in Progress



Solar PV Module Price Learning Curve
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Global Module Pricing
Trends:

2010: $2.0—2.5/W-dc
2022: 50.20—0.25/W-dc
2023—2024:
$0.10—0.15/W-dc

Manufacturing Capacity:
> 1 TW-dc for polysilicon
through module assembly
in 2024

Installations (IEA):
402 GW in 2024

(https://www.iea.org/energy-system/renewables/solar-pv)

Source: International Technology Roadmap for Photovoltaic (ITRPV), 15t Edition, 2024. Available online: https://www.vdma.org/international-technology-roadmap-photovoltaic



Annual Tracking of System Capital Costs (S/W-dc)
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Please see the interactive dataset and archive of NREL Benchmark Reports here: https://www.nrel.gov/solar/market-research-analysis/
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Where Things Go From Here Part |: The Module
Silicon PV Workshop

st

Source of Photo: The NREL Flatirons Campus, where Solar, Wind and BESS components are tested and integrated into new energy systems



Crystalline Silicon (c-Si) Module Evolution

Busbars —
Bad(—l__-
encapsulant J—
(same as front) o
Polymer 7|
backsheet
Junction box

Fixed-tilt structure One-axis tracker
Example emerging module technology

Typical recent module technology

Typical module technology of the past

. . L]
=
1.7m? 18% 2.0m  100% 0.7 22% 25+m2 101+% 09+  25+%
. Average module power (Wp) . Module size (m?) B Cell to module (CTM) power ratio (%) . Bifaciality factor (-) . Cell efficiency (%) Souce: [TRPYV 2014-2022
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Looking Back and Where Things Might Go From Here

1980 | 2000 ] 2010 L2020 | 2025 | 2030s | Beyond2030s
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=l m @ =
Shape and | I T C::::>1 I 150-160um
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I 125 mm ‘ 156 mm 156 mm 156 mm 166 mm WZDQW"‘T
Relative oemn,
Ingot and o
Cell Size ‘II'
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Module
Format,
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Cell Count,
and Power
Rating
Fiqure by Alfred Hicks and 30- 40 cells, 0.5- 1.0 m? 72 cells, 1.2- 1.5 m? 72 cells, 1.8 - 2.0 m? 72 cells, 1.8-2.0 m? 72 cells, 1.9-2.1m? 72 cells, 2.1-2.5 m? 72-78 cells, 2.5 - 3.0 m? 25-3.0m? 25-30m?
Michael Woodhouse, NREL 40-100W 140- 180 W 250 - 300 W 280- 340W 380-420W 400 - 550 W 600- 700 W 800-1,200W 1,000 - 2,000 W
I S S | ]

Figure source (NREL): https://www.energy.gov/eere/solar/solar-futures-study
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https://www.energy.gov/eere/solar/solar-futures-study

Efficiency Benefits Total System Costs and LCOE

PV System Capital Costs (S/Wp) as a Function of Module Efficiency and Size
100-MWbpc Utility-Scale PV System with One-Axis Tracking.
Fixed $0.41/W. Module Cost and $0.24/W . Soft Costs excluding labor.
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Source of figure: https://www.energy.gov/eere/solar/solar-futures-study NREL | 14



https://www.energy.gov/eere/solar/solar-futures-study

Four-Terminal Perovskites on Silicon

Test wafer, remove Silicon Perovskite
saw damage and Wash and load
oxidize with wet TCO-coated front glass
chemistry. LPCVD -; and P1 scribe through TCO.
n+ a-Si/poly Si.
Thermally oxidize, POy Slot die coat
remove single L . g ©OHTL perovskite
side of SiO, using d , PETOVSE
wet chemistry. glass  TCO : and passivation.
Meo 2PACz \ /perovsklte
Laser structure C N encapsulant
rear SiO,, texture SN\ e —— = Evaporate first
2 SnO R ———— ETL and ALD
Sove SI0, TCO— —si second ETL
remove SiO,. SiO ' : '
i n+ poly Si
PECVD AIO, NS SiN, P2 scribe,
surface Encapsulate and stack cells. z sputter TCO
passivation. Attach frame and junction box, ==_/—/ and P3 scribe.

test and sort.

PECVD SiN :H for -
ARC, passivate H A
surface and laser __J P4 scribe.

open contact space.

Screen print and co-fire busbars.
Measure J-V and bin cells.

i
Source of Figure: J Cordell, M Woodhouse, E Warren, “Technoeconomic

Analysis of Perovskite/Silicon Modules, Submitted to Joule



LCOE Breakeven in the U.S. Considering Reliability

_ 0—Negative Negative
e -- 3¢/W - 6—9¢/W

Degradation Rate Degradation Rate
0.25%/year 0.50%/year  0.75%/year 1.0%/year  1.5%/year 0.25%/year 0.50%/year  0.75%/year 1.0%/year  1.5%/year

-Two -Two
Std Dev Std Dev

-One -One
Std Dev Std Dev

Mean Negative Mean

Solar -6to-9 Solar
Resource ¢ /W Resource

Oto
Negative
+0One
Std Dev -3 ¢/ W

+Two
Std Dev

Results from the NREL System Advisor Model (https://sam.nrel.qgov/), reV Model, and Online LCOE Calculator (https://www.nrel.gov/pv/lcoe-calculator/)
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Where Things Go From Here Part II: U.S. PV Systems
Silicon PV Workshop

st

Source of Photo: The NREL Flatirons Campus, where Solar, Wind and BESS components are tested and integrated into new energy systems



Inflation Reduction Act (IRA) 45X Credits for Solar Manufacturing

Modules

Polysilicon Ingots Wafers Solar Cells

> Aluminum Frame

.. Front Glass
~ +— Front Encapsulant
+— String Connector Ribbons
- Back Encapsulant
_a Back Glass or Backshest
S Half-Cut (HO
Technalogy
2022—2029 2022—20229 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
$0/kg $0/m? S0/W 2033: S0/W
PTC credits (45X) are shown in the tables. NREL | 18

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



The Additive Possibilities Within the IRA for PV Systems

30% ITC or 2.8¢/kWh PTC

40% ITC or 3.1¢/kWh PTC

>50% ITC or 3.4¢/kWh PTC

Up to 30% ITC or 2.8¢/kWh PTC

1. Under 1 MW-ac in size or meets
prevailing wage and apprenticeship
requirements

2. Only 6% ITC or 0.6¢/kWh PTC if
prevailing wage and apprenticeship
is not met

3. Direct pay options for tax exempt
entities (e.g., schools)

4. Credits can be transferred
between eligible taxpayers

Up to 40% ITC or 3.1¢/kWh PTC

All requirements are met for
30% ITC or 2.8¢/kWh PTC

AND

Domestic Content Bonus

OR

Siting in an Energy Community
OR

Low- and Moderate-Income (LMI)
census tract or on Indian land

Up to and beyond 50% ITC or 3.4¢/kWh

All requirements are met for 40% ITC or
3.1¢/kWh PTC

AND

Domestic Content Bonus

AND

Siting in an Energy Community
AND/OR

LMI Community
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Factors That Bring Additional Value for the U.S. Market

Efficiency. Higher solar cell efficiency lowers balance-of-module and balance-of-
system capital costs.

Energy Yield. More kWh equals more PPA revenues (utility) and electricity savings
(C&I and Residential).

Reliability. Improved durability improves lifetime energy yield. Unreliable modules
and systems erode project IRR and should be avoided.

Products that Qualify for 45X Production Credits. These credits help to offset higher
manufacturing costs for domestic production.

Products that Contribute Toward the System Domestic Content Bonus. Having a
Domestic Module supplier (or combination Domestic/Imported) helps to reach the
minimum 40% threshold. Having a Domestic Solar Cell really helps the numerator.



Where Things Go From Here Part Ill: Solar + Storage
Silicon PV Workshop
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Source of Photo: The NREL Flatirons Campus, where Solar, Wind and BESS components are tested and integrated into new energy systems



Annual Capacity Additions: Standard Scenarios

Mid-Case Mid-Case
Current Policies 95% CO, Reduction by 2050

Electrolyzer
Storage
Distributed PV
Utility PV

csp

Offshore Wind
Onshore Wind
H2-CT
BE-CCS
Biopower
Geothermal
Canada

Hydro
NG-CT/OGS
NG-CC-CCS
NG-CC
Coal-CCS
Coal

Nuclear SMR
Nuclear

Capacity (GW)
Capacity (GW)

. .
(=
o o

2022 2030 2040 2050 2022 2030 2040 2050

2024 to 2050 2024 to 2050
Solar PV: 188 GW-ac to 1,090 GW-ac per year (6X) Solar PV: 188 GW-ac to 1,323 GW-ac per year (6X)
Wind: 152 GW-ac to 710 GW-ac per year (5X) Wind: 152 GW-ac to 910 GW-ac per year (5X)
4- and 8-Hour Storage: 4- and 8-Hour Storage:
12 GW-ac to 368 GW-ac per year (30X) 12 GW-ac to 447 GW-ac per year (40X)

Figure source: P Gagnon, A Pham, W Cole, et. al., “2023 Standard Scenarios Report”. https://www.nrel.gov/docs/fy240sti/87724.pdf



Conclusions




Conclusions

Manufacturing. 2024 PV module MSP is calculated to be approximately 10% of the
2010 benchmark.

Systems. 2023 Utility PV system MSP is calculated to be approximately 20% of the
2010 benchmark, and 2023 Residential PV system MSP is calculated to be
approximately 30% of the 2010 benchmark.

Module Technology Advancements. (1) There is still quite a bit of room for single-
junction c-Si efficiencies to improve: Approximately 10% absolute efficiency remains
available between theoretical maximum and commercial production averages. (2)
Beyond module price, energy yield and reliability impacts LCOE. (3) Tandem
technologies may provide the leapfrog for true technology differentiation.

Market Growth. Storage deployments needs to catch up with PV deployments for the
wholescale energy transition to occur.
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Energy Yield Measurements From The Field
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mam SH)
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Source of figures: NREL (Silvana Ovaitt ad Cris Deline) 2
Energy bifacial
Bifacial Gain (%) = gy bif — —
Energy monofacial
D_
Full Year Results from the NREL Bifacial Test Bed: o 0 i 4 A & & R A o
PERC bifacial gain: 6.1%, SHJ bifacial gain: 7.6% YRR T YR TS

PERC TOPCon
Passivated Emitter and CdTe Tunnel Oxide Passivated

Rear Cell Cadmium Telluride Contacts

IBC
Interdigitated Back
Contact

Bifaciality 0.65—0.80 -—-- 0.85—0.90 0.80—0.95 0.40—0.70

SHJ

Silicon Heterojunction

Temperature Coefficient 0.35—0.40 %/°C 0.25—0.35%/°C 0.30—0.35 %/°C 0.25—0.30 %/°C 0.25—0.30 %/°C




Performance Modeling: Overview of NREL's SAM and reV Capabilities

Resource Data Set
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O= Advisor

oS
Z/INS Model
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Source of LCOE Figures (Right): “R&D Priorities to Advance Solar Photovoltaic Lifecycle Costs and Performance”, DOE Solar Futures Study
For access to the SAM and reV tools, please see https://sam.nrel.gov/ and https://www.nrel.gov/qis/renewable-energy-potential.htm/
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https://sam.nrel.gov/
https://www.nrel.gov/gis/renewable-energy-potential.html

Results from SAM and reV

1106 - 1303
1303 - 1500
1500 - 1697
- 1697 - 1884
= 1894 - 2091
= 2091 -2288
« 2288 - 2485
« 2485 - 2682

Source of figures: NREL.
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How the U.S. IRA Applies to Solar Systems

—> Option 1: Investment Tax Credit (ITC) For Installed Systems
* Monetized as a percentage of original system capital cost after the first full year of operation
* 30% construction ITC until 2033, then stepping down to 22.5% in 2034, 15% in 2035, and 0% in 2036

* Credit could be extended if greenhouse gas emissions targets are not met.
* There are bonus credits for using domestic content, siting in an energy community, or targeting low-

income communities.

Revenues from electricity sales and/or use
Residual value (+/-)

C
<
I EERNEREREREREN Pttt o
MR AR *w;¢¢¢¢¢v++;wl
_2 Any preventative and routine Any corrective O&M including battery and inverter repairs or
R o&M, replacements and unplanned weather-related events
< including asset management
\/
Upfront Capital Cost for System
Installation
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How the U.S. IRA Applies to Solar Systems

= Option 2: Production Tax Credits (PTC) for Installed Systems
* Projects must choose either the ITC or the PTC
» 2.75 cents/kWh from 2023 to 2033, 2.0 cents/kWh in 2034, 1.3 cents/kWh in 2035, ending in 0.0
cents/kWh in 2036. These 2023 reference currency points will be adjusted annually for inflation.
* There are bonus credits for using domestic content or siting in an energy community.

Revenues from electricity sales
Residual

EEIRRIRNRE
5 | Pttt et ttttegrt o
H+&;&+w&&&&&&&;;;;;;v&&;&l
3 Any preventative and routine Any corrective O&M including battery and inverter repairs or
'(Cmu o&M, replacements and unplanned weather-related events
o including asset management

v

Upfront Capital Cost for System
Installation
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