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Photovoltaic (PV)

Technoto
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éegricity supply in future

renewable production capacity to
meet the COP targets

PV technologies:

1St

2n

3rd

generation (thickness> 150um)

Monocrystalline-Si, polycrystalline-Si

¢ generation (thin-film PV, thickness< 10um)

CIGS, CdTe, CIS, a-Si, etc.

generation (emerging PV, thickness < 10um)
Organic materials, perovskites, Dye-sensitized, Quantum dots,
multi-junction, tandems

PSCs reached >26% efficiency in single junction devices and 33.9%
in tandem (Si) devices

Cell Efficiency (%)
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Perovskite solar cells (PSCs)..._._._____.__.__ _
B A

= Infinite space for the chemical composition (ABX3) ' 9
optimization I !
B Active area :Interconne_ction area P g .
= Complex manufacturing process with a plethora of cell 1 ' ' Spiro-OMeTAD .
architecture options . < perovskite 1
) X . i . o :.;g\ Scaffold + perovskite i
= Range of materials and fabrication processes for all active 1 %BL'Tioz .
. ; FTO
layers | ‘ Glass '
'\ Fig. Typical perovksite substrate (Jacobsson et al., 2015) 1
[ T1 (Laser scribing), 1 1 T1 (thermal annealipg) |
» T2 (Mechanical scribing), . - T2 (vacuum anngalmg)
1 T3 (chemical etching) etc. ' 1 T3 (laser annealing) etc. .
Cleaning Deposition Lamination
Final
e N U ® e module
:-C;e;n;ng oute 1,1 Scribing |T1. (:ollutl_on. based d;z;;)s.m;n. -Post-depositi M Polvmer based encapsulation. i
) olymer based encapsulation, |
. Cleaning route 2, etc. © Itechnlques) lon treatment I Glass-glass based encapsulation, |
b s o s e e e s s 1 . T2 (vacuum-based deposition I " etc I
I techniques), . I e e e e e —. -
* M1 (Active materials), 1
I . .
. M2 (Passive materials), etc. J Fig. Representative manufacturing route for Perovskite Solar Cells
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PSCs Recipes

FAIR database of perovskite solar cells recipes
(Jacobsson et al. 2022)

Ccmosmon

Dlmensmnalny

@ { Bandgap

_ Thickness

Doplng

- >42400 cell recipes
- >100 deposition process sequence for each layer

- > 1000 stack sequence for each of the active
layers (i.e., Electron transport layer (ETL),
Perovskite, Hole transport layer (HTL))

ETL Deposition techniques ETL STACKS

A

P>

Spin-coating Ti02—c | TiO2-mp
(E:\éaDporatlon PCBM:60 | BCP
Screen printing £ SnO2-np
Hydrothermal C60 | BCP

ALD Sn02-c

- S 511
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Key performance indicators
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CO, budget and Environmental impacts of

PV Technologies
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Impact categories
Fig. Comparison of normalized environmental impacts of different
classes of PV technologies based on Recipe method (Bhati et al.
2024)

On a median values basis (shown as bar)
perovskite solar cells are having relatively less
impact in all categories except HH and EQ

On average (shown as scattered plots with error
bars), PSCs are not significantly better moreover
can be worse than si cells in categories like HH,

EQ and NR
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Hotspots in PSCs manufacturing

Hotsopts |n the fabrlcatlon process [ Back c?ontact [ ETLlayer » [ Etching [ Perovskite layer
[ Cleaning [ Encapsulation I HTL layer I Substrate + TCO
- Based on hotspot analysis, on average, the etching Tk - -
stage contributes minimum to the overall fabrication I
process except in FETP, METP, HTPnc, EQ, and HH I I | I I I I I I
indicators 80 L 3

- Substrate+TCO selection and preparation stage has
maximum impact in human health category

- Cleaning stage has maximum impacts in almost all
categories

- Among active layers, perovskite layers have slightly
higher values than ETL and HTL which are comparable
to each other
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Strategies to reduce impacts: J al gl 5=l
xSEEE R pLL S5 EREEOEE
- Recycling of solvents used in the cleaning process FagpupEitisk E =330 =9 Q=

(acetone has the maximum impact) |mp§:ct categories

- Electricity consumption during ultrasonication also have
high impact in certain cases

- Gold and gold-based electrodes should be avoided

- Certain ETLs like PCBM and perovskite layers like CsPbBr
should be avoided to reduce the impacts in HH category

Fig. Relative environmental impacts of different fabrication steps for
perovskite modules based on Recipe method (Bhati et al. 2024)




Mapping effects on absolute scale

Based on the results of LCA, PSCs have
the potential to reduce the impacts of PV
technologies significantly

However, the results are still relative and
cannot be taken as guiding measures for
designing or fabricating PSC

For the same, the Environmental footprint
method can be used to estimate the
impacts under different categories

Finally, these impacts can be translated
into contribution to different planetary
boundary (PBs) budgets

However, there is still a need to allocate
the budget for this technology against
different PBs so the transgression can be
measured specific to these technologies

Sustainable Development Goals

Environmental Footprint ’
impact categories

Links with Planetary boundaries

*SDGs: Sustainable development goals
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Fig. Connection between the LCIA impact categories of Environmental Footprint (EF) method, PBs and SDGs (Sala et al. 2020)
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Trade-offs between various objectives
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- Multiple criteria for designing these cells
(like different PBs) and hence we need a
mathematical framework to design the
optimal recipes

Decision
variables

1

1

1

1

1

1

1

- For the same, we can use multi-objective :
optimization to generate the optimal ;
recipes by balancing the weights of g
1

1

1

1

1

1

1

1

1

1

Materials,
Technologies,
Process parameters'

different recipes

[ A p s

. Experimentation trials
only for predicted

i optimum combinations _‘|

High-throughput
experimentatio

- Finally, with the generated recipes we can
do a screening and evaluate the most

Sampling

potential candidates in the experimental MULTI- | techniquues, | .

setting to reduce the time in finding the 5 %ﬁgﬂﬁ%N . Opt:]n;:tion 2 (o

optimal solutions FRAMEWORK I Termination |  ERCE
\_ Criterion I °

Fig. Framework for optimizing PSCs based on multiple objective functions
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Decision variables and design
space

.

Manufacturing Cost : MC = Costpateriais
+ Costeper + CoStequip + CoStpyiia

+ Cos tlabour + Cos tutil + Cos tautomate

+ Costyaste

WP, COST, ENERGY

Fig. Perovskite solar cells manufacturing process with objective functions and decision variables
(Bhati et al. 2023)
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Decision variables affecting the Key performance | dosgn | ot senbo. @demm
indicators of perovskite solar cells/modules include: 1 D
0 Perovskite absorber layer composition I .
substrate deposition
. I with
0 Charge transport layer materials (ETL, HTL) . = i
|
0 Manufacturing techniques , §\ K%
0 Post-deposition treatment technique . o S g b) Doctorbacing c) screenprining
0 Solvent composition . R < :>
. ; e =
0 Overall cell architecture I o O A\ Y \5
e =—
| Electrode ; 05000 —
. processing § lot-die coating e) inkjet printing ) Spray coating
I p3 scribe
I
|
\
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