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Carbon budget limits and essential solution

CO, emissions, the main climate change contributions, has been increasing in the past decades [1]
Reducing emissions is essential to mitigate climate change

One of the main emissions contributions is electricity generation [2]

Using PV is one of the most effective way to cut the most significant portion of emissions factor [3]
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[1] https://www.csiro.au/en/research/environmental-impacts/emissions/Global-greenhouse-gas-budgets/Global-carbon-budget
[2] Ember. Global Electricity Review (2024, May) 2
[31 Schlomer S., et al., 2014: Annex III: Technology-specific cost and performance parameters. In: Climate Change 2014: Mitigation of Climate Change
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PV market is growing but what about emissions

 The PV industry has grown over 10x in less than 10 years 51600
[1] - ~1.6 TW cumulatively with ~0.42 TW installed 2023 © 1400
(86% higher YoY) — projected over 2.2 TW with 0.57 5 1200

TW/year (~1b modules)by the end of 2024

 To reach Net Zero by 2050, the world first needs over §
10 TW by 2030 with >2 TW/year or +60 TW by 2050 z
(3b modules/year or 60 Mt of modules/year) [2] E

« Assume 0.5 kgCO,/W (or Gt CO,/TW), reaching road
electrification scenario estimates 10(+60) TW by
2030(2050), meaning the emissions to produce will be 3- 5000 -
10 Gt CO, by 2030 and 18-60 Gt by 2050.

 Consider significantly small amount of carbon budget
remained before +1.5°C, we need to reduce emissions
even from PV!
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Example of Environmental Product Declaration from a PV manufacturer

« Many companies report their environmental impact through
Environmental product declaration (EPD)

« EPD first in 1998 for a hydroelectric plant in Norway
« Example of one of the latest EPD reports (Sep. 2024 by DAH

Solar)

« EPDs that have PV modules are: International, Italy, Norway

Environmental Product Declaration

In accordance with IS014025:2006 and EN15804:2012+A2:2019

DAH PV bifacial module

CO, emissions/W

holderand publisher:
DAH Solar Co, Ltd ‘The Norwegian EPD foundation

Product name: Declaration number:
PV bifacial module NEPD-7614-6996-EX

Registration number:
NEPD-7614-6996-EX

DY\\\solar

Validte: 20092029

== =EPD’

THE INTERNATIONAL EPD® SYSTEM

@ epd-norway

Global Program Operator

A
Sweden B YoLCcA
e —
Australia - | .
66.6% International Fpp
L] PD Syst: |
95% Australasian  Fpp) Norway wl= CrRLSyen
EPD system - e '
90% EPD Norge & H
. 2 3 Finland B
) : No single program has
Denmark == half of the market
¢ | | 80%EPDDenmark ¥ |
v = e e

............................

Belgium [ B

33.3% B-EPD "f-:
50% INIES |
nes |

Ireland il

90% EPD Ireland {73 EPD

UK = —

50% International EPD"

Germany

No single program has

EPD System il half of the market
A —_—
E I I 7 ' Austria —
No single program has
90% INIES inies half of the market
- s
Spain oo _ Italy il
66.6% International EPD No single program has
EPD System - half of the market
=
LB
4



System boundary in EPD

« System boundary covered from
raw material productions to
disposal

« Some reports included recycling,
reuse, recovery, and repurpose,
which would underestimate the
emissions

« In order to compare equally,
those steps were excluded
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PV technology trend

« Both dominant cell and module technologies are
changing rapidly

« Cells: PERC - TOPCon - SHJ - XBC
« Modules: bifacial (90% of the market)
« Frame — Al > steel or composite/plastic frames

» Origami Solar and Risen Solar showed emissions

using steel frames
« How will these technology trends impact the emissions?

i

Bifacial

ITRPV 2024

| Monofacial

2023 2024
B monofacial

[1] ITRPV 2024

2026

2028

2031
M bifacial

2034

World Market Share [%]

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

100%
90%
80%
£ 70%
£ 60% = T4
2 5 ]
£ s0% 5 TOPCon >
m© =]
= O [v4
T 40% - =
= o3
o w
= 30%
20%
10%
%
SPGI2023 2023 2024 2026 2028 2031 2034
EBSF ®PERC on p-type mono-Si B TOPCon on n-type mono-Si
SiHheterojunction (SHJ) on n-type mono-Si - ™ Back contact (p and n-ype) u Si-based tandem

ITRPV 2024

Aluminium

2023 2024 2026 2028 2031 2034

®aluminum  ®frameless (incl. comer protect) ®plastics  Wsteel

composite-based frames (e.g. carbon fiber)

DRIGAMI{
SOLAR

&risen

solar technology

90%+

GHG REDUCTION
PER FRAME

&

Steel
US Recycled

Aluminum
China




Methodology

« EPD from over 19 manufacturers, over 55
reports, and >200 products were compared and
assessed

« While some products would have more market
share, all modules were weighted equally

« Main comparisons
« Module weight
» Emissions
« Material usage
- Different technologies
* Cell technology
« Frame material (Al or steel)
« Mono or bi- facial
« Module power

 All metrics are compared per unit of rated power
in Watt (Wp)

Note: emission intensities of electricity were different

Environmental product declaration (EPD)

EPD series

EPD- 0014214, 0015109

|ES-#

MR- 0050, 0051, 0067, 0069, 0072, 0076-2, 0082, 0090,

EPDITA | 0252, 0340, 0341, 0426, 0437, 0438, 0439, 0440,

LY# 0470, 0501, 0042, 0043

NEPD- |3087-1726, 3420-2033, 3421-2033, 3422-2033,

#-EN 4464-3725, 4907-4258, 4909-4258, 5352-4071,
5362-4071, 5523-4819, 5712-4981, 5713-4981,
5714-4981, 6162-5427, 6420-5635, 6585-5846,
6586-5846, 6728-6052, 6730-6052

S-P-# ]02181,02182,03425,03811,04780,04781,06192,090

79,09965,11242,11630, 12377




Industry is racing towards emissions free modules!

« Over 19 different companies, the emissions are mostly in the range of 0.3-0.8 kgCO,/W
« The peak was as high as 1.4 kgCO,-eq/Wp
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Comparison of module weights and material usage
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The bifacial modules are about 12% heavier than monofacial
Comparison of 4-5 heaviest components in modules

Bifacial modules have more usage of glass (+20%) compared to glass + backsheet from monofacial
Note: Silver usage was not reported in any of the EPDs
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Emissions comparison between cell technologies

Generally, SHJ] technology is known to have low electricity usage (hence embodied energy) [1] and
hence expected to lead to lower environmental impact

When embodied energy is compared, no significant difference was shown.
Probably due to embodied energy primarily from other processes like the refinement and purification

Even the differences in the global warming potential (CO, emissions) were similar, meaning the
impacts from cell processing are unlikely to make a significant difference
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[1] China PV Industry Development Roadmap, in 2022,




Module weight and emissions

« When mono and bifacial (heavier) are compared, GWP was not significantly different — bi slightly lower

« When we consider typical +10% bifacial gain, GWP per yield is probably going to be even lower
with bifacial modules, bifacial is likely to be a better option to minimise emissions per power/yield

« Comparing module power which would consider efficiency, module area
» No strong correlation. Steel ones had relatively lower GWP
« Module weight per power did not have strong correlation.
» The lightweight module was close to 0.7 kg CO,/W — efficiency plays larger role

1.4 . (b) LA Frame Type - 1.4, . (@) |
B Al-bi
—_ ] —~ 1.2 Al - mono - —~ 1.2
‘;3' 1.2 g m  Steel - bi g .
= . = o Steel - <10 .
8 1.01 51.0' ] e) eel - mono | g 0 — e
N S : . 0.8
o 0.8 O e
B “{‘ f?o's_ ;')’o 6
2 04] T | 3% i 50
o W
0.2 0.4-( ) y = DL'E}_,! ! e = 0.2
a
: : - : 0.0 - - - ‘
0.0 : : 400 500 600 700 20 30 40 50 60 70
mono bi Module Power (W) Module Weight (g/W)

Submitted to a journal for review




Correlation between embodied energy and GWP

« When GWP is compared to the total embodied energy, a strong correlation is observed.

» Despite the significant role of indirect emissions in PV modules, it does not seem to have much
correlation with % of renewable energy (RE) as embodied energy

« But more assessment needs to be done to conclude this
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Conclusion

« Despite PV is one of the environmental electricity, companies are
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still environmentally conscious to report their emissions through 1.50
Environmental product declaration (EPD) reports ;.;1.25-

» Using companies’ EPD reports over 55 reports, an assessment is 51.00-
done to compare the environmental impact with different S 0.75]
technologies (cells, bi/monofacial or frames) ;%0 o i

« There is no strong dependence between cell types, module weight %0'25

O 0.

 Despite lower electricity demand, the overall 0.00
« Bifacial modules, ~ 12% heavier than monofacial modules .
showed lower median GWP 1.41
« Module weights do not play an important role towards = 1.2
emissions =N

« When we consider bifacial gain, the bifacial will have 8“
further reduced emissions per power. 08
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