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Country Overshoot Days 2023
When would Earth Overshoot Day land if the world’s population lived like...
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Source: https://www.overshootday.org/newsroom/country-overshoot-days/
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PV learning curve 'Z//VDMA

S
st w45 62 10°  Agt 408 196 1o Shipments/avg. module spot market price a::ela-;-:::v
E T " w T TEm T TIT T TYITETTY --n-p---? YT i aK
100 900 GWp_ | 100 | 2020: 135 GWp/0.21 US$/Wp
§ N 3 2021: 183 GWp / 0.24 US$/Wp
~ = ]
a > - : i
@ & o/a shipment: =972 GWp
= = o/a installation: =940 GWp
g 10 {10
g ' Production capacity end of 2021: = 470 GWp
[ 1] ~ 95% is c-Si based
& storic price data
- 24.1% (1976 - 2021) 44
B 39.5% (2006 - 2021) : LR~ 24.1 % (1976 .... 2021)
E LR = 39.5 % (2006 .... 2021)
o _— —_— —_— —_— —_— —_— —_— —_— -_—
© J
g ” 12/2020 ..o i~ - Significant shipment increase in 2021 despite Covid19
i 10° 16! 2 43 158 (g8 1bs \ 107 - change in module size continued

- PERC stays PV workhorse

cumulative PV module shipments [MW]

- Price increased significantly
- Further burden due to increased logistic cost

Source: ITRPV Roadmap Webinar, 14 Apr 2022
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1.185 GW
Solar PV Global Installed Capacity by end of 2022 o
Gigawatts ‘0
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REN21 Renewables 2022 Global Status Report
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Latest IPCC report (4 Apr 2022)

Many options available now in all sectors are estimated to offer substantial potential to reduce
net emissions by 2030. Relative potentials and costs will vary across countries and in the longer
term compared to 2030.

Potential contribution to net emission reduction (2030) GtCO;-eq yr'

Mitigation options 0 2 4 6
[ Wind energy ——
Solar energy S
Bioelectricity
Hydropower _ Net lifetime cost of options:

a Geotherma' energy e - Costs are lower than the reference

z 0-20 (USD €0 -¢q'}

& | Nuclear energy - I 20-50 (USD 1CO-eq")
Carbon capture and storage (CCS) I 50-100 (USD 1€0,¢q")
Bioelectricity with CCS I 100-200 (USD 1€O;-eq')

s . W B Cost not allocated due to high
Reduce CH, emission from coal mining i variability o lack of data
' issi i | =
Reduce CH.: emission from oil and gas £ ittty gt Sl o
the total potential contribution
Carbon sequestration in agriculture to emission reduction. The
el - individual cost ranges are also
Redu(e CH.: and NJO emission in agn(ulture =3, associated with uncertainty
= | Reduced conversion of forests and other ecosystems i =]

— . . »

© | Ecosystem restoration, afforestation, reforestation =

S Improved sustainable forest management i
Reduce food loss and food waste &

L Shift to balanced, sustainable healthy diets L —

Source: IPCC Report: “Mitigation of Climate Change”, 4 Apr 2022
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Q?ifﬁ’_",f?fiif ETIP PV Vision for PV .
Solar Energy: Big and Beyond

Solwe BV
= Wind
e Vision and claims of the
& Geothermal

* Blomas/Waste ology and Innovation Platform for Photovoltaics (ETIP PV)

® Fosad Coul

= Fossd O4f .

= Fomt Gas Published 2019
= Nuclear

® Othen

www.etip-pv.eu
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Science Policy

Science .

POLICY FORUM RENEWABLE ENERGY
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SCIENCE - 6 Apr2023 - Vol 380, Issue 6640 « pp.39-42 . DOI: 10.1126/science.adf6957

Q[]"ou

A
A major renewable-energy milestone occurred in 2022: Photovoltaics (PV) exceeded a © ) i o )
global installed capacity of 1 TW,.. But despite considerable growth and cost reduction Transfomnifg fhe triderstancing of beat immirity
(;') BY GIULIA CASTELLANI, TOMMASO CROESE, ET AL.

over time, PV is still a small part of global electricity generation (4 to 5% for 2022), and
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Photovoltaics at multi-terawatt scale: Waiting is not an
option

25% annual PV growth is possible over the next decade

Source: https://www.science.org/doi/10.1126/science.adf6957
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PV installations and growth toward 75 TW by 2050

Modeled cumulative capacity going forward is based on sustaining 25%
production rate growth over the next 7 years and then reducing slowly to steady
state. Replacement needs are included by simple subtraction of installations

25 years before the modeled date.
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Installed PV power in Wp/capita in EU (2021)

EU-27: 355 Watts per capita

Netheriands 815.4 France 2185
Germany 706.2 Poland 202.7
Belgium 544.7 Czechia 198
—— slovenia v -> 300 Wp/capita @2022 -> 400+ Wp/cdp
Mailta Bulgaria 1715
italy Partugal 160
Creece Sweden 154.6
o I -
Austria Lithuania
Estonia Finland
Spam Romania
Denmark Irefand
Hungary Croarla
Latvia
https://www.statista.com/statistics/612412/installed-solar-photovoltaics-capacity-eu/ ‘ : : ‘ : it
) © © © © e © © © o o o o o o o o o o o o
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!lllzen science: Empowering and upskilling citizens
towards a climate neutral aigd S - e

3-11 June 2023

#EUGreenWeek
PARTNER EVENT

Skills for sustainable,
resilient, and socially
fair communities

Taking Action
on Climate
Change

Empowering a new
generation of near
zero-emission citizens
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Metrics of solar cell performance limits —

normalized J-V characteristics electronic losses
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Performance Limits and Status of Single-Junction
SRl Wl BRp B SO TS Status and Potential of CdTe Solar-Cell Efficiency

Marko Topil, Seniar Member, IEEE. Russell M. Geisthardt, and James R. Sites
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Experimental and Simulation Cycles

Cell optimization

Measurement
reSUItS ° Knowledge

Characterize

Input parameters | Refine model | * Understanding
<€
l, | * Design rules
[ { * Better solar cells
)~
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Annual relative efficiency, c-Si

Relative Efficiency
as percentage of
the STC Eff. value
for free-standing
PV modules

Available onlne at www . sciencadirect com

2 SOLAR
k, .~ ScienceDirect ENERGY

ELSEVIER Sobur Energy 54 {2010y 324338
ww el comdlocateholener

Mapping the performance of PV modules, effects of module
type and data averaging

Thomas Huld**, Ralph Gottschalg™', Hans Georg Beyer®, Marko Topic®*

* Evrapeaw Commission. Jownt Kesvarch Cemwre, TP 430, 12027 Ipra, Draly
onphdovosgh Crersiny, Losgebdorgel, Lescomtershore LET) TTU, Unood Kwgsdom

ke Mogdebyrg-Stemdal, Broleschontvirasse 2, D391 14 Mapdedw g, Germmy

tog. Uversity of LA mw. Trzacka 25 S50 Lishloma. Skaoenia

" Ceurre fir Reonewadle Energy Systomu Tec
Trearine v Edekrvsechind
" Focuby of Ekecrric
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Numerical Modelling and Simulation

= Optical and electrical simulation of solar cells and other optoelectronic devices
= Combination of different modelling techniques (TMF, FEM, RCWA, RT)

= Development of specialized software for accurate design and optimization of inorganic and organic solar cells and
photovoltaic modules (SunShine, FEMOS, CROWM, ASPIN2)

y incident light rays

— VA surfage-textured

A > front icomponent
(geometric optics)

PILC TR
Y pa i (16 )

o a5t (200 nm)

o

-lm solar cell

{ (wave“ optics)
j l substrate
v v v

(geometric optics)

—en-a5M {20 o)

In0 (4D rem)
-

" Ag (200 nm)

- gulstrate ol

STRUCTURE MESHING RESULTS

FEM simulation of a thin-film solar cell

(results show A in each layer) {Von-cqnforma/ layer growth mode/ for accurate Combined geometric QPtICS/ wave optics model
simulation of nano-textured multi-layer solar cells (CROWM) for simulation of micro-textured TFSC
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Optical modelling of modern PV devices

» |Interface textures

33

100 um fO“ ‘ [HT-MLA-09, Holotools, Germany |
4 R ','a"'c T T
3 mm glass g ‘/. , " o " ¥,

500 um EVA '\ 6 ‘; \.

10-100 nm
[H. Savin et al., Nature

250 pm f Nanotechnology, 2015]
10 =100 nm

500 um EVA

500 Km baCk Sheet [C. Trompoukis et al., PIP, 2015]
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Coupled modelling approach
- CMA

RCWA
3D
rigorous
Optical modelling
for high efficiency
solar cells

TF optics

N

to take
the advantage of
accuracy and speed

f ng
onv.

)

Ray optics

M. Topi€ et al., Solar Energy Materials and Solar Cells 135 (2015) 57-66 CROWM

M. Topi¢ — Dvorak Lecture at Czech Academy of Sciences FZU, 13 June 2023




- University of Ljubljana
PVQ ; ; G
Faculty of Electrical Engineering

Sl Mu Iato I CRDWM http://lpvo.fe.uni-lj.si/en/software

(Combined Ray-Optics Wave-Optics Model)

RAY TRACING
- textured superstrate
* * - 2D geometric optics
- incoherent propagation
2 - periodic boundary condition

.5< y. \ /v ~10 - 10000 pum (layer thickness,
‘ texture features)

TRANSFER MATRIX FORMALISM

M W - flat multi-layer optoelectronic device
- 1D wave optics
- coherent propagation
34 5454540

v ~0.01 - 10 um (layer thicknesses)

B. Lipovsek et al., Informacije MIDEM 41 (2011) 264-271.
B. Lipovsek et al., IEEE Journal of Photovoltaics 4 (2014) 639-646.
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Tandem perovskite/Si solar cell

* Monolithic perovksite/silicon heterojunction (SHJ) tandem solar cell

= Bottom cell: back-side textured SHJ with nc-SiOy:H front surface field

= Top cell: p-i-n type design with ,triple cation” absorber
Cso.os(MAouFAo.s;)Pbx.x('o.azBru.n)s

» Light Management (LM) from textured foil on a glass substrate” -
resembling module integration

___m——

Perovskite

nc-‘:

Silicon

M. Jost et al. Energy & Environmental Science 11 (2018) 3511-3523.
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EQE, 1-R

lllumination conditions Jsc Voc e PCE  PCEwrr
[mAcm?]  [V] [%]  [%] [%]
Mask area= W/o LM foil 17.3 1.76 764 234 234
active area  With LM foil 18.5 1.76 785 255
Maskarea> W/olMfoil 171 176 786 237 )
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Tandem perovskite/Si solar cell

= Texture position comparison A
: Perovskite

o Flat device (A) —

o Back-side c-Si texture (B)

= Back-side c-Si texture

with LM foil (C)

o Both-sided c-Si texture (C)
= Perovskite thickness fixed at 1000 nm, . .

altering perovskite bandgap to reach the current- matchmg
* Voc = Vioesi + Vioc pero = 710 MV + E/q - 400 mV ©!
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Device Eg opt. Jsc_sim Voc FF PCE
design [eV] [mA cm?] [V] [%] [%]
(A) 1.69 19.07 2.00 80 30.5
(B) 1.65 20.01 1.96 80 31.4
(C) 1.66 19.97 1.97 80 31.5
1.66 20.56 1.97 80 32.5

M. Jost et al. Energy & Environmental Science 11 (2018) 3511-3523.
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Tandem perovskite/Si solar cell

EPFL AND CSEM SMASH
THROUGH THE 30% EFFICIENCY
BARRIER FOR PEROVSKITE-ON-
SILICON-TANDEM SOLAR CELLS—
SETTING TWO CERTIFIED WORLD

RECORDS.
nooo

Device Eg opt. Jsc_sim Voc FF PCE
design [eV] [mA cm?] [V] [%] [%]

(A) 1.69 19.07 2.00 80 30.5 https://www.csem.ch/page.aspx?pid=172296
(B) 1.65 20.01 1.96 80 31.4
(C) 1.66 19.97 1.97 80 31.5

1.66 20.56 1.97 80 32.5

M. Jost et al. Energy & Environmental Science 11 (2018) 3511-3523.
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Tandem perovskite/Si solar cell |
, sl Emerging PV

Perovskite/Si tandem (monolithic)

Researchers in the KAUST Photovoltaics

Laboratory (KPV-Lab) of the KAUST Solar ~ — o KAUST D

Center have produced a perovskite/silicon e e — %:‘.?i-i‘?;’v”" P

tandem solar cell with a power conversion s o/l
. o e el 33,7/3

efficiency (PCE) of 33.2% — the highest e o

tandem device efficiency in the world to date, - A

surpassing that of Helmholtz Zentrum Berlin's
(HZB) record at 32.5% ... 16.apr. 2023

Device E; opt. Jsc_sim Voc FF PCE ;
design [eV] [mA cm?] [V] [%] [%] i
(A) 1.69 19.07 2.00 80 30.5 }
(B) 1.65 20.01 1.96 80 31.4 MEEEEEE NN .
(C) 1.66 19.97 1.97 80 31.5 2000 2005 2010 2015 2020
1.66 20.56 1.97 80 32.5

M. Jost et al. Energy & Environmental Science 11 (2018) 3511-3523.
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Method for subcell analysis in 2T tandem solar cells
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Subcell Operation and Long-Term Stability Analysis of
Perovskite-Based Tandem Solar Cells Using a Bichromatic
Light Emitting Diode Light Source

Marko Jost,* Gasper Matic¢, Eike Kohnen, Bor Li, Bostjan Glazar, Marko Jankovec,
Steve Albrecht, and Marko Topic*

M. Jost et al., Solar RRL, Aug. 2021, 2100311, str. 1-8. doi: 10.1002/s0Ir.202100311.
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Koppen-Geiger-Photovoltaic (KGPV) Climate Classification
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J. Ascencio-Vasquez, K. Brecl, M. Topic, Solar Energy, 2019
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M. Jost, Zan Ajdi¢ et al. submitted for publication.
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Outdoor monitoring of PV cells and modules
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Laboratory of Photovoltaics
B O Ot h E 5 ; and Optoelectronics

550 W MPP TRACKER

24 channel system 216 channel system 16 channel system
for tandem cells for single cells for full-size PV modules
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Solar company!

Rok Kimovec

R&D Engineer Julian Ascencio-Vasquez

Sr. R&D Consultant - PV Expert | Modelling |
Big Data | Member |IEA PVPS

Dr Uros Merc - st
President at BISOL Group
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Dr. Gregor Cernivec
Head of R&D at Bosch Rexroth d.o.o., Skofja
Loka

Tine Andrejasic

Head of Developement @ REC d.o.o. Stefan Mitterhofer

Guest Researcher at National Inst
Standards and Technology (NIST)

Andrej Campa =
R&I Manager at ComSensus, PhD in Electrical
Engineering

Miha Filipic =

- e Programmer | Researcher | Electrical Engineer
l,)

Martin Sever

Development Engineer at RLS Merilna tehnika . Berginc Marko 2n¢ David Jurman
d.o.o. Matic Herman = : Senior metrologist and head of research in  R&D electronics engineer at Win Systems
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Univerza v Ljubljani
Fakulteta 3o elektrotehniko
Laboraterij 3a fotovoltaiko in gptoelektroniko
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Slovenian triple helix photovoltaic cluster
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EUROPEAN TECHNOLOGY lnnovaﬁon Agenda on
Photovoltaics

& INNOVATION PLATFORM

-55% emissions by 2030 | v
climate neutrality | v
reduced energy dependency | v

We need to act NOW!
We need to act FAST!

www.etip-pv.eu/publications/sria-pv/
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