# Fraunhoter < Comparative Global PV

) Manutacturing Cost and
RCT+ | Sustainable Pricing Assessment:

»: il y China, Southeast Asia, India,
NREL & - USA, and Europe

NATIONAL RENEWABLE ENERGY LABORATORY - d 3 = u

I S. Nold', B. Goraya’, R. Preu’, J. Rentsch’,
J. Reichle?, W. JooR3?, P. Fath?, M. Woodhouse?

&! TFraunhofer ISE, Freiburg, Germany
2 RCT Solutions, Konstanz, Germany

3NREL, Golden, United States of America

415t EU PVSEC, Vienna, September 27th, 2024

] Ty




Comparative Global PV Manufacturing Cost and Pricing Assessment
Motivation and Objective

Motivation
Photovoltaic Component Manufacturing Outside of China
Total Capacity Commissioned and Under Construction by Country H1 2024

= Production locations for PV manufacturing are diversifying
globally from dominating China and Southeast Asia

= Incentive programs available e.g. in India, USA, Turkey, and
in-sight for Europe e

= Question of investors and governments in PV manufacturing: ‘

1. Which are the main cost drivers at each production stage
along the PV value chainz

Manufacturing Capacity (MW)

2. What are the cost differences for PV production in | R A - S % Y . S

B Wafers

different global regions? 0 1 I i
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Analyzing production cost differences along the PV value
chain for different global PV manufacturing regions

Map by NREL based on capacity data from BNEF.
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Comparative Global PV Manufacturing Cost and Pricing Assessment
Analyzed Product and Manufacturing Stages along the PV Value Chain

Analyzed Products _ SEEE Stage 2 ~ Stage4 Production
& Production Stages Siemens-based n-type Bifacial Glas-Backsheet Capacity
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Comparative Global PV Manufacturing Cost and Pricing Assessment
Data Input and Methodology for Calculating of Averaged Minimum Sustainable Price (MSP)

Cost of Goods Sold (COGS)
Input Factors and Location Dependent Cost Drivers

Equipment
Depreciation

Building
Depreciation

Materials

Maintenance

Graph: © NREL
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Methodology
Overhead and Profit

Aggregated and anonymized data input
by NREL, RCT and ISE for each
manufacturing stage in joint cost model.

1. Calculation of direct Cost Of Goods
Sold (COGS) for greenfield production

2. Inclusion of overhead costs, debt
payments and “sustainable” profit*

Research and
Development

Sales, General,
and Administrative

Factory-Gate Price

Partners averaged

Minimum Sustainable Price (MSP)
= COGS + Overhead and Profit
for each production stage

(not including direct subsidies

or transport of products!)

Profit

*Net profit margins of ~5% assumed
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NREL/RCT/ISE Averaged Cost Modelling Results

Analysis of “fully-local” PV Manufacturing along the Value Chain in Different Global Regions

Relative Comparisons of Cost Drivers for PV Manufacturing

Weighted Average Cost Difference over all stages

Equipment CapEx

Facilities CapEx

Labor costs

Utilities Rates

Materials Costs

Overhead, Financing, and Profit
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Key Cost Drivers in Europe and US in
comparison to China

Equipment CAPEX
= 40-70% higher (w/ Western Equipment)

Building and Facility CAPEX
= 2.1-2.6 x higher construction costs

Labor costs
= 3-4 x higher: wages & working hours

Utility (Electricity, Water, ...)

= 20-60% higher

Material Costs:

= 50-80% higher (with local BOM)

Overhead, Financing, and Profit
= Same margin adding more to MSP
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Polysilicon Production: Siemens Process — n-type Material

Manufacturing Cost Results in €/kg

Polysilicon

Impact on “fully-local” in Europe or US manufactured
Polysilicon n-type Material MSP

Main cost difference in EU/US to CN:

1. Depreciation 1.4 - 1.9 €/kg
2. Production Labor 1.0 - 1.1 €kg
3. Materials 0.8 - 0.9 €/kg
4. Utility (Energy, Water, ...) 0.2 -0.9 €/kg

Low energy price locations in Europe and US assumed!

NREL/RCT/ISE Averaged MSP Results for "fully-local"
Polysilicon Manufacturing
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Materials (incl. mg-Si)
Maintenance
B Overhead (R&D, SG&A)
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M Direct Production Labor
W Bldg. & Fac. Depreciation
- Factory Gate MSP

Utilities (Energy,Water,...)
B Equipment Depreciation
Financing and Profit

MSP for Polysilicon in Europe and US ~5 €/kg higher.

Current <5 €/kg Poly-Si market prices in China
are not sustainable (negative net margins®)!

*In H1/2024 negative net margins for all large Polysilicon manufacturers in China.
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Polysilicon Production: Siemens Process — n-type Material
Manufacturing Cost Results in €ct/Wp

Polysilicon

NREL/RCT/ISE Averaged MSP Results for "fully-local" Impact on “fully-local” in Europe or US manufactured
Polysilicon Manufacturing Polysilicon n-type Material MSP

4.0

Difference in Europe & US in comparison to China:

30 2.7 2.7 ) :
)a Poly-Si MSP difference ~1.1 €ct/Wp
. 0.4

for "fully-local” manufactured n-type Polysilicon.

Polysilicon MSP average (2024 €ct/Wp)*

0.0
China SE Asia India United States  Europe

B Polysilicon COGS Polysilicon Overhead and Profit
*with 22.5% PV module efficiency and 2.1 g/Wp silicon consumption
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Ingot and Wafer Production: n-type Wafer ﬂ w

Manufacturing Cost Results in €ct/Wp
— Ingot -

NREL/RCT/ISE Averaged MSP Results for "fully-local" n-type Impact on “fully-local” in Europe or US manufactured
Wafer Manufacturin _
: 10 g n-type Wafer
S g [
b - - -
@ [ 7 7.6 Difference in Europe & US in comparison to China:
< 8 P
0.6 .
S8 7t co - = Polysilicon ~1.1 €ct/Wp
() I .
oo | o
g 61 e 4.9 0.4 = Polysilicon-to-Wafer 2.0 -2.2 €ct/Wp
5 5 : o . . . .
S, 0.4 : Main cost differences for Labor, Materials, and Utility.
z i
;% 3 1 - . Wafer MSP difference 3.0 - 3.3 €ct/Wp
(4] 2 r i
ER “ l for "fully-local” manufactured n-type Wafer.
c 0
0 _ _ , : In Southeast Asia similar, in India slightly higher MSP.
China SE Asia India United States  Europe
M Polysilicon COGS Polysilicon Overhead and Profit
Ingot and Wafer COGS Ingot and Wafer Overhead and Profit

*with 22.5% PV module efficiency and 2.1 g/Wp silicon consumption
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Solar Cell Production: TOPCon
Manufacturing Cost Results in €ct/Wp

NREL/RCT/ISE Averaged MSP Results for "fully-local" TOPCon
Cell Manufacturing
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Ingot and Wafer COGS Ingot and Wafer Overhead and Profit
Solar Cell COGS Solar Cell Overhead and Profit

*with 22.5% PV module efficiency and 2.1 g/Wp silicon consumption
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Impact on “fully-local” in Europe or US manufactured
TOPCon Solar Cell

Difference in Europe & US in comparison to China

= Polysilicon ~1.1 €ct/Wp
= Polysilicon-to-Wafer 2.0 -2.2 €ct/Wp
= Wafer-to-Cell 1.6 - 2.3 €ct/Wp

Main cost differences for Labor, Materials, Depreciation.
Cell MSP difference 4.7 - 5.6 €ct/Wp
for "fully-local” manufactured TOPCon Solar Cell.

In Southeast Asia similar, in India slightly higher MSP.
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NREL/RCT/ISE Averaged Cost Modelling Results

Analysis of “fully-local” PV Manufacturing along the Value Chain in Different Global Regions

NREL/RCT/ISE Averaged MSP Results for "fully-local" TOPCon

PV Module Manufacturing
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M Polysilicon COGS Polysilicon Overhead and Profit

Ingot and Wafer COGS
Solar Cell COGS Solar Cell Overhead and Profit

*with 22.5% PV module efficiency and 2.1 g/Wp silicon consumption
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Impact on “fully-local” in Europe or US manufactured
TOPCon PV Module

Difference in Europe & US in comparison to China

= Polysilicon ~1.1 €ct/Wp

= Polysilicon-to-Wafer 2.0 -2.2 €ct/Wp
= Wafer-to-Cell 1.6 - 2.3 €ct/Wp
= Cell-to-Module 4.8 - 7.3 €ct/Wp

Main cost differences for Materials and Labor.
MSP difference 9.5 - 12.8 €ct/Wp
for "fully-local” manufactured TOPCon PV Module.

In Southeast Asia similar, in India slightly higher MSP.
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Impact of European Cost Delta on the LCOE
What is the Impact of a “fully-local” manufactured PV Module on Utility Electricity Production?

S
ElsS
= BN

NREL/RCT/ISE Averaged MSP Results for "fully-local" TOPCon LCOE sensitivity with increase of PV module cost
PV Module Manufacturing
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China SE Asia India United States  Europe 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
® Polysilicon COGS Polysilicon Overhead and Profit LCOE nominal (€ct/kWh)
Isr:)glg: 22;? (\:/\C/)aégr coke Isr:)glg;c (a:gl(lj g\\llzfrehregt\jlear:j?)?:f?td ol LCOE assumptions: Multi-MWp Utility PV System, Irradiation 1,700 kWh/m?a,

System lifetime 30 a, WACC 6.5%, System Degradation rate 2.0%/a (1st Yr.),
*with 22.5% PV module efficiency and 2.1 g/Wp silicon consumption 0.5%/a (Yr. 2-30), Bifaciality: 85%
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Comparative Global PV Manufacturing Cost and Pricing Assessment
Analysis of “fully-local” PV Manufacturing along the Value Chain in Different Global Regions

(rystalllne Silicon Module Production

Summary and Conclusion A ’ = r
= Comparison of PV module manufacturing costs in global regions with —
collaboration of cost modelling experts from NREL, RCT & ISE = -m 04
40 my
= Minimum Sustainable Price (MSP) analysis results in 9.5 €ct/Wp
higher MSP for “fully-local” European PV Module production S =
B
= |In Europe and US low financing costs, low energy prices and high
automation degree (to reduce labor costs) preferable S e B

NREL/RCT/ISE Averaged MSP Results for "fully-local" TOPCon
PV Module Manufacturing

= Scaling of European materials supply chains could lower material costs A g

= Impact of “fully-local" European PV module supply chain on
Utility-scale LCOE of PV is 0.3 — 0.4 €ct/kWh

12

©Fraunhofer ISE '-“ N R E L RCT+ % FraunhOfer

NAT\ONAL RENEWABLE ENERGY LABORATORY solutions ISE



Thank You for
Your Attention!

Contact

Dr.-Ing. Sebastian Nold

Head of Team Techno-Economic and Ecological Analyses
Tel. +49 172 463 22 74
sebastian.nold@ise.fraunhofer.de

Fraunhofer ISE
Heidenhofstrasse 2
79110 Freiburg, Germany
www.ise.fraunhofer.de
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Link to Fraunhofer ISE
contributions of the

41st EU PVSEC:
https://ise.link/eupvsec2024

available as of 25.09.2024
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Ingot and Wafer Production: n-type Wafer ig w

Polysilicon-to-Wafer Manufacturing Cost Results in €ct/Wp
— Ingot -

NREL/RCT/ISE Averaged MSP Results for "fully-local" n-type Impact on Polysilicon-to-Wafer conversion
Wafer Manufacturing
7
= Main cost difference in EU/US to CN
6 r .
5.2 4.9 1. Production Labor 0.8 — 0.9 €ct/Wp
5 B _ - . .
! 2. Materials (excl. Poly-Si) 0.3 - 0.4 €ct/Wp
4t 3.5 .
2.9 3.1 - H 3. Utility (Energy, Water, ...) 0.0 — 0.2 €ct/Wp
> - = o
m o MSP for Polysilicon-to-Wafer conversion
2 r . . .
- 03 | in Europe and US 2.0 - 2.2 €ct/Wp higher
1 r 1.7 : S .
1.3 14 = L6 In Southeast Asia and India similar MSP achievable.
0
China SE Asia India United States  Europe
Materials (excl. Poly-Si) Utilities (Energy,Water,...) ™ Direct Production Labor
Maintenance B Equipment Depreciation M Bldg. & Fac. Depreciation
B Overhead (R&D, SG&A) Financing and Profit - Factory Gate MSP

*with 22.5% PV module efficiency
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Solar Cell Production: TOPCon
Wafer-to-Cell Manufacturing Cost Results in €ct/Wp

|
NREL/RCT/ISE Averaged MSP Results for "fully-local" TOPCon
Cell Manufacturing
7
5.9
6T - 5.2
5 f ! -
0.2
A L 36 3.6 3.7 -0
: | B . . E D
0.6 . .
2 G | 0.3 | U *
Lrooas 1.6 1.6 2 1.8
0
China SE Asia India United States  Europe
Materials (excl. Wafers) Utilities (Energy,Water,...) m Direct Production Labor
Maintenance B Equipment Depreciation B Bldg. & Fac. Depreciation
B Overhead (R&D, SG&A) Financing and Profit - Factory Gate MSP

*with 22.5% PV module efficiency
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Impact on Wafer-to-Cell conversion

= Main cost difference in EU/US to CN
1. Production Labor 0.5 - 0.6 €ct/Wp
2. Materials 0.3 - 0.6 €ct/Wp
3. Equip., Bldg & Fac. Depreciation 0.3 — 0.6 €ct/Wp

MSP for Wafer-to-Cell conversion
in Europe and US 1.6 — 2.3 €ct/Wp higher

In Southeast Asia and India similar MSP achievable.
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PV Module Production
Manufacturing Cost Results

NREL/RCT/ISE Averaged MSP Results for "fully-local" TOPCon
PV Module Manufacturing
16
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0
China SE Asia India United States  Europe

Materials (excl. Cells)
Maintenance

B Overhead (R&D, SG&A) Financing and Profit - Factory Gate MSP

*with 22.5% PV module efficiency

16 *with 22.5% PV module efficiency and 2.1 g/Wp silicon consumption
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Utilities (Energy,Water,...) ™ Direct Production Labor
B Equipment Depreciation m Bldg. & Fac. Depreciation

Impact on Cell-to-Module conversion

= Materials costs with significant differences among
regions

= Main cost difference in EU/US to CN
3.4 - 5.5 €ct/Wp
0.6 — 0.7 €ct/Wp

1. Materials

2. Production Labor

MSP for Cell-to-Module conversion
in Europe and US 4.8 — 7.3 €ct/Wp higher

In Southeast Asia similar, in India slightly higher MSP.

== +,
“SNREL RCT+ Z Fraunhofer

NATIONAL RENEWABLE ENERGY LABORATORY solutions ISE



	Foliennummer 1
	Comparative Global PV Manufacturing Cost and Pricing Assessment
	Comparative Global PV Manufacturing Cost and Pricing Assessment
	Comparative Global PV Manufacturing Cost and Pricing Assessment
	NREL/RCT/ISE Averaged Cost Modelling Results
	Polysilicon Production: Siemens Process – n-type Material
	Polysilicon Production: Siemens Process – n-type Material
	Ingot and Wafer Production: n-type Wafer
	Solar Cell Production: TOPCon 
	NREL/RCT/ISE Averaged Cost Modelling Results
	Impact of European Cost Delta on the LCOE
	Comparative Global PV Manufacturing Cost and Pricing Assessment
	Foliennummer 13
	Ingot and Wafer Production: n-type Wafer
	Solar Cell Production: TOPCon 
	PV Module Production

