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Motivation — The Time-Bomb is Rapidly Ticking to TW Scale PV

- ‘Net-zero’ emissions required by 2050 to give | 60 TW of PV by 2050 means an
us the chance to limit warming to 1.5°C average of 2.1 TW/yr STARTING

_ i
* PV/Wind >20 TW installed by 2050 [1] ISRZ OZISZéT:?;O;f:IIast;C':C)),‘IVth to

* 'Broad electrification’: 60 TW (69% of primary | 3 Tw/yr by 2030
energy demand) by 2050 - (ITRPV 2022)
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[1] IEA — Net zero by 2050. 2021. https://www.iea.org/reports/net-zero-by-2050 = UNSW
Adapted from 2022 ITRPV — www.itrpv.net. Graphic from https://www.istockphoto.com/illustrations/time-bomb 2 SYDREY


https://www.iea.org/reports/net-zero-by-2050
http://www.itrpv.net/
https://www.istockphoto.com/illustrations/time-bomb

« Sustainability covers three key pillars (below)
* For sustainable TW scale PV deployment we need:
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Solar Cells and Panels are Now a Low-Cost Commodity

M.E. Mondejar et al. Science of The
Total Environment (2021) 1485309.
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Solar Cells and Panels are Now a Low-Cost Commodlty
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Solar Cells and Panels are Now a Low-Cost Commodlty

« Dramatic cost reductions enabling multi-TW markets

» Cost of solar panels heavily driven by material costs

« Module price increase from $0.20/W to $O 30/W in 2021 due to

material/shipping increases [1]

Figure 3: Evolution in solar PV module costs by quarter, 2018-2022*
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Price surges push up solar costs,
threatening half of 2022 pipeline

Solar power shines a guiding light for expensive, newly-emerging
renewables. After a spectacular fall in cost, what barriers will solar
need to overcome for greater affordability?

By Matt Farmer
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- China solar module prices dive to

- record low

0.1 In a new weekly update for pv magazine, OPIS, a Dow Jones company, provides a

quick look at the main price trends in the global PV industry.

0.1
SEPTEMBER 8, 2023 OPIS

M.E. Mondejar et al. Science of The
Total Environment (2021) 1485309.
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PV electricity ~$0.01/kWh
Petrol and diesel ~AU 12c/km #

PV for transport (EV & PV2H) ~AU 0. 3c/km
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Shifting Primary Focus from Efficiency or Cost to Material Consumption

Consumption per power (tonne/GW)

« TW Scale PV will require massive quantities of materials/metals !
* Need careful technology choices without adding new challenges 5 OR 5 \4
« Sustainable supply: define SMC as capacity using 20% of W kWh 1\
global primary material supply (US Geological Survey [1]) \ 4
« 30-year module life — can’t use secondary supply
« BUT also need to consider environmental impact (mining/purification,
manufacturing, transport, etc..
% of 2020 global prima ; :
 orial Sug | fp 3 TVr\}// Total emissions (kg CO,) Focus on reducing material
pply for | = : : :
T 8 S R consumption for larger savings!
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[1] U.S. Geological Survey, Mineral Commodity Summary. (2021). https://www.usgs.gov/centers/national-minerals-information-center/

Left figures use some data from M. Azadi et al. Nature Geoscience 13, pp. 100-104 (2020). 7 UstnéW
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Material Consumption in Silicon Solar Cell Technologies
~160 mg Ag/pcs
Ag: 10-20 mg/W

Screen-printed |
[— AglAl contacts —l

~85 mg Ag/pcs
Ag: 5-10 mg/W

Screen-printed

r Ag contacts ‘l

PERC/PERL
Cell Eff=23.5%
Mod Eff=21.5%

SiN,:H
passivation

L4

n* emitter

p-type Cz silicon
Si in finished cell: ~1.5-2 g/W

AIO,:H/SiN,:H
passivation Local Al
stack L Screen-printed J alloyed back
Al contacts surface field

AIO,:H/SiN,:H

TOPCon
Cell Eff=24.5%
Mod Eff=22.5%

passivation stack
p* emitter
n-type Cz silicon

Tunnel-oxide Si in finished cell: ~1.5-2 g/W

layer ,—»’r
n* polysilicon | Screen-printed | SiN,:H
layer Ag contacts passivation

« Solar cell power: 7.6-7.8W (182 mm solar cell)
« ~39 billion solar cells manufactured in 2022 (~300 GW)

e Contribution towards Broad

Elec. is technology dependent

| PERC TOPCon

SMChg (W) 570-1100 290
SMC,, (GW) N/A N/A
SMCg (GW) N/A N/A
SMC (GW) 570-1100 (Ag) 290

-570 230-340

~18

528 (MBB),

250 (SmartWire)
-570 (Ag) 18 (In)

Y. Zhang et al. En. Environ. Sci. 2021 https://doi.org/10.1039/D1EE01814K

Values also extracted from ITRPV 2023 and consultati

on with solar cell manufacturers

SHJ
Cel =24.
Mod Eff=22.5%

Indium-tin-oxide
TCO

a-Si:H (n)

Screen-printed
Ag contacts

~200 mg Ag/pcs
o, Ag: 17-25 mg/W

10 mg ITO/pcs
(replaced 2-3 years)

Smart Phone
[;’ av
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Material Sustainability Issues for PV in This Talk

« ALL material are of potential concern for TW scale PV deployment

* This talk primarily focuses on.....
Wafers Cells

Silicon Silver Aluminium 26
14 47 13
. A -
S I G A I Iron
28.086 107.87 26.982 55.84




Silicon
Silicon Supply Chain Issues
« ~4 kg silicon ore required for 0.6 kg of Si wafers S I
- Polysilicon shortage: $7/kg (2020) > $45/kg in (2022) [2] 28.086
* PV to overtake Al industry for MG Si use with ~500 GW/yr Polysilicon prices rise over 200% in 2022
« Learning rate of ~29% for Poly-Si amid supply shortages
+ Scope to reduce Poly-Si consumption by > 50% L el N TR By
Ethical supply chain issues JULY 6,2022 RYAN KENNEDY
Siin finished |2022 Poly-Si| 2022 Poly-Si | Poly-Si Required | 2022 global Si
modules usage Production for1 TW production [2] ‘ " " Historical / Projected
1.4-17g/W 2.1-23g/W ~450 kt [1] 2.2 Mt ~8.8 million tons 5 10" [-Remoaue CPPrgusry @ [ —— ¢
o = 7.6+ 0.7% \CPPCeWMoame A | —
z -
Ingot casting and/ — .
fer sli L Lot oo ST MmN . T ST T ST
Mng + "5_ S e M R e A, el
€ 10°
?
c 170 um/20%/70%
Silicon Ore MG Silicon Solar Grade Wafer 3 = = =170 um/20%/100%
4.02 kg 1.4 kg Silicon 0.62 kg %) 150 um/20%/100% LR gustry = 29.3 £ 2.0%
1 1.0 kg 3 ~-—- 170 um/25%/100% v
} E 1 ~--=-150 pm/zs%moo%
Steel industry uses ~6 Mt Si || Aluminium industry B. Hallam et al. Solar RRL 10102 ' 101 — 100 — 101 T
in Si Ore (ferrosilicon) uses ~1 Mt Si in MG Si 2022, 6, 2200458. Cumulative PV installed capacity [ TW]

[1] https://www.pv-magazine.com/2021/10/26/whats-next-for-polysilicon/
[2] hitps://pv-magazine-usa.com/2022/08/30/polysilicon-price-relief-in-2023-as-industry-scales-to-500-gw-capacity/ 10 # UNSW
[3] U.S. Geological Survey, Mineral Commodity Summaries 2022

SYDNEY
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The Emissions Issue for Silicon Purification

Coal: (USA/Germany) 0.650
Silicon purlflcatllon/wafer prf)dL.JCthn is energy/emissions intensive Hydro: (Norway) -~
 Large contributor to emissions at module level (~50%) _
o o _ PV: (Trina Solar) 0.014
» Scope to significantly reduce emissions with RE
PV: (future) 0.005

* A circular economy using PV to make PV materials
» ~90% reduction in emissions intensity for wafers

) On a mission to accelerate the adoption of sustainable
* ~50% reduction at module level P

energy solutions, US$30 billion Chinese tech firm Longi is
iii A A @ not just selling solar — but using it

18 KWh 45 kWh 40 kWh

0.024 kWh

103 kWh/kg wafer

24| Ingot casting and/!

\ 4

4. MG Production |, #= . ‘ wafer slicing
I Vi - : : + b\
PV: 10.8 kg
Silicon Ore MG Silicon Solar Grade Wafer Presentation b
4.02 kg 1.4 kg Silicon 0.62 kg COz/kg water Li Wang at thiSy
A 4 \ 4 o 1.0 kg v
\ \ 116 kg CO./kg / conference
0.017 13.1 29.6 29.4 wafer
kg CO, kg CO, kg CO, kg CO, Estimates from Life Cycle Analysis (LCA)

[1] https://www.pv-magazine.com/2021/10/26/whats-next-for-polysilicon/. [2] U.S. Geological Survey, Mineral Commodity Summaries 2021. [3] Z. Liu et al., Energy Environ. Sci., 2020,13, 12-23. [4] 4] S. 1 1 E UNSW

Bhattacharya & S. John, Scientific Reports 9, 12482 (2019). [5] Fan et al. LCA of Crystalline Silicon Wafers for PV Power Generation. Silicon 13,(2021). [6] https://www.recsilicon.com/technology/rec-silicons-
fluidized-bed-reactor-process/. https://www.epd-norge.no/getfile.php/1317087-161235267 1/EPDer/Byggevarer/NEPD-2651-1357 NorSun-mono-crystalline-silicon-wafer.pdf e
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The Critical Material Issue for Cells - Silver
* In 2022, PV industry used ~15% of global Ag supply (~4kt)

* Ag learning rate of ~20% (insufficient)

« Shift to TOPCon/SHJ technologies will increase Ag demand
« Sticking with PERC will reduce silver supply risks

« Estimate of 4300 tons in 2023

B. Hallam et al.
Prog. Photovolt. 31,

IEA21 SDS

IEA21 NZE
£E-11IRV21 Prog
598-606 (2023). IRN18 REMap——IEA21 APS IRV21
IEA17 B2DS—=4775n5 1 Broad
10° o lEA2RTS— BRI [T
g ; "IRV21 Low- '
(@)] BDV19 m
é [ ‘A SHL18 Sky IRV21 Elect
= 102 3 \AA\ NEO21 Green e 5
O § ., * Sy PSM19Q———— |
=2 : ha TOPC
E | LRy=187£13% 2010 o
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S 101 Al g 2020 -y
O | A Industry N
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104 10° 102 1o1 1o° 101 102
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[1] 2023 World Silver Surveys from the Silver Institute. www.silverinstitute.org
[2] USGS 2023. https://pubs.usgs.gov/periodicals/mcs2022/mcs2022-silver.pdf

[3]1 Y. Zhang et al. En. Environ. Sci. 2021 https://doi.ora/10.1039/D1EE01814K
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Cost Impact of Silver

« Silver is the largest non-silicon cost for making a solar cell (1.5-2¢/W for TOPCon)

» Reducing Ag consumption down to 5 mg/W could save 1-1.5 ¢/W — $10-15M GW
- per

» Routes for Ag reduction

* Plating
Current industrial SP Bi-facial Plating _ Silver-lean SP (Smg/W)
Total: 0.021 $/W  |[Total: 0.020 $/W [ Maintenance

B Equipment and
Facilities Depreciation

$0.0013 Electricity
soos B |
Remaining Matenals
| Consumables

|Total: 0.010 W

* Needs new production tools (Capex) ’§o.ozs
» Adds process complexity
« Screen-printing

0.020

» Fast path to market
* Needs new pastes and innovation

=

0.015

Conversion Cost - Cell CN

Cell Conversion Costs (U.S. Dollars per W

Silver Paste 1 5 m Iw 0.00064
0.010 L iy . $0.0084 g’
Jotal 0.005 et
usD /W 5 mg/W
Depreciation Other ¥ $0.0013 $0.0013 ]
Electricity 0.000 I L I T T
TIPS LCO Agand Al Firing Laser ablate Plating  NiSi LCO Agand Al Firing
verneaqs
Labour SP & wet chemical Anneal SP

13 UNSW



Ultra-Low Silver Consumption with Screen Printing

* Multi-TW scale PV requires <2 mg/W Ag
* Relationship between Py finger Rs @nd mass of Ag used (Mpg) favours PERC

.me Pnl‘Pf"AGtu
Plossy; Rs = . 3|
finger Rs Vmp 12 . NEB ] MAg

'5 mg/W' ' _ '
8 ——PERC
12 10 ——TOPCon| 3
(7)) [ 3
~13
< o0
5.8
E o 1
%1 5 ;
(/)
s g
S X 01 !
O o I
g 2 |
» WL |
|
001 N | L 1 s | . | 2
0 o 10 15 20 25
Finger Silver Usage (mg/W)
Y. Zhang et al. En. Environ. Sci. 2021 https://doi.org/10.1039/D1EE01814K 14 UNSW
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Current (A)

Ultra-Low Silver Consumption with Screen Printing

* Multi-TW scale PV requires <2 mg/W Ag
* Relationship between Py finger Rs @nd mass of Ag used (Mpg) favours PERC
« UNSW Silver-lean screen printing overcomes this limitation
» ~40% Ag reduction demonstrated on TOPCon
* Roadmap to 2 mg/W using current technology SP Al fingers & BBs

15.7 mg/W [ JReartab -

-
(e}
= I

ol e o I Rear BB 1
:23.5% 14 - Do [ ] Rear finger -
Voc: 699 mV ' %, [ |Fronttab -

8| Jsc: 41.7 mA/cm? 12 B Front BB
FF: 80.5% ol I Front finger |

(o0}

Silver Consumption (mg/W)

0 100 200 300 400 500

Voltage (mV) ° Ref This work Target (2024-2025)
Y. Zhang et al. En. Environ. Sci. 2021 https://doi.org/10.1039/D1EE01814K 15 UNSW
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Annual Al Demand (Mt)

Aluminium

Al

A Key Module Issue - Aluminium

* 400W module uses ~2.4 kg Al frames (~5.3-6 g/W) /
* Dominates Al consumption for centralized PV 26.982
« 1 TW of PV frames will use 7-9% of global Al supply . S
. . . . asting Ining
« Emissions intensity Al: 12- 16t CO, /tAl [1,2] 0.6% 0.2%
. Refining
* 14 MWh elec. / t Al > 40% production cost . —
t 3 | p. 2021 Primary Aluminium ) 16.2%
* Rising electricity prices affecting Al supply/cost Emissions Intensity Anode
(Total 16.6 t CO,/t Al) [2] Production
, 5.4%
A. Lennon et al. Nature Sustainability 2022. Electrolysis (12.9 t CO/t Al) ’
30 — T y T y T y T y T y 500 77.5%
Cells 3 minute read - September 7, 2022 3:12 AM GMT+10 - Last Updated 2 months ago [4] Source: Wood Mackenzie, RBC Capital Markets estimates
25 Module frames 1 =
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Reducing the Emissions of Aluminium Frames for PV

» Locating smelters in renewable energy/PV zones

. A circular economy using PV to make PV materials Lower carbon aluminium for Australian manufacturers

® November 2, 2022 & News

* New green Al options down to 1.6 t CO,/t
 Reduced Al frames/large PV modules clobal Average ([ - o~
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Electricity — a significant cost for PV modules

« At $60/MWh — electricity contribute 15% of module cost
 Impact of electricity often hidden in materials

« Using PV generated electricity at 1c/kWh could reduce module manufacturing cost by >10%

c/W at 6
c/kWh

MG silicon 29
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Polysilicon 110
purification

Ingot/wafering 60
Cell production 50
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Impact of a Carbon Tax at the Module Level

« Essentially all emissions for PV occurs during the manufacturing phase
« $40/ton carbon tax could increase up-front module cost by 10%
« Decarbonising the supply chain can reduce susceptibility by 80-90%

« Extra savings when considering system level improvements

Emissions | Emissions | Impact of
(9/kWh) (t CO,/MW) | carbon tax
(U S CIW) System boundary
Upstream Stage Core Stage Downstream Stage
Cu rrent 6 . 9 O = 350 1 40 ; A3: Solar Cells & C3-C4:Waste
At:Raw material —» PV modules i Ab:Installation C1:De- rocessing &
mOdu Ie production production \ : construction P Diposalg
Decarbonised 1 0.051 0.20 1 l l l ______________
module et B R Cruento R =2 creeton B e [ [ s
Green steel 0.9 0.044 0.18 = = e
frame module
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System Mounting Greatly Impacts Material Consumption Fe
* Module mounting can impact material consumption ' 007 _ o
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Ultra-Low Emissions PV — as Easy as 1, 2, 3

JinkoSolar Awarded the 2023 Global

Sustainable Company Award for Net-2
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Summary

« Cell level: Silver is the most pressing material issue
Silver
47

 Ultra-lean Ag screen printing <2 mg/W - save >$0.015/W

« Decarbonise electricity grid/Si purification using PV - save >$0.01/W

PV can be sustainable at the multi-TW scale with technology available now
« Wafer level: Need to reduce emissions intensity of Si purification
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