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The world in my student time

1984: nuclear threat19741972: Club of Rome
Limits to growth

1973 1979



The world today

2023

1947

1981



PhD research @ AMOLF Amsterdam
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1981-1985
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History in big steps

NL: 1992
Industrial production (1982): 

Solarex factory, USA - 200 kWp/jr

The technology breakthrough (1954): 
Pearson, Chapin & Fuller @ Bell Labs

The policy breakthrough (≈1990):
Hermann Scheer, DE († 2010)

The discovery (1839):
Edmond Becquerel 2020

2023



100x
lower

in
40 yrs

Prices of solar modules
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ITRPV 2022



Generation cost (LCoE)
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utility-scale
PV systems



Energy yield of cells, modules
and systems
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doubled
in

40 yrs

Solinso/ BIPV Nederland

Efficiency
10%

1981 1989

Efficiency 
≥20%

Lightyear



Systematically underestimated growth
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2022 1.2 TWp





Nancy M. Haegel et al., Science, Vol 356, Issue 6334 (2017) 141

2020



Annual and cumulative market

10.000x
bigger

in
40 yrs

World:

6% of all electricity
from solar

1.2 TWp installed

268

2022

14% (2022)



Applications
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Grid-connected system, Petten, NL
(1 kWp; ECN, 1989)

City of the Sun,
Heerhugowaard, NL
(4 MWp; Municipality
Dijk en Waard,
status 2020)

Solar park 
Dorhout Mees,
Biddinghuizen, NL
(144 MWp; 
Solarfields, 2022)



Applications
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Grid-connected system, ECN, Petten, NL, 1989

Biggest plant worldwide:
Bhadla Solar Park, Rajasthan, India, 2020 

(2.25 GWp, total site area 57 km2; bid 0.03 USD/kWh)



Energy pay-back time (EPBT) of systems
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10x
shorter

in
40 yrs

NRC, 27 10 2016



Energy pay-back time (EPBT) of systems

17

17

Monocrystalline silicon technology

@1700 kWh/(m2⋅yr)

Learning rate 13% 

EPBT a.o. dependent on irradiation
and grid efficiency at point of use
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From niche to cornerstone:
we need a lot and we need it fast

100% RE scenario: contributions to global primary energy 2015 and 2050 
2050: 60 TWp solar PV

http://energywatchgroup.org/new-study-global-
energy-system-based-100-renewable-energy

• Double digit growth (this example: ≈15%/yr; historically realized: 25%)
 Energy system integration

http://energywatchgroup.org/new-study-global-energy-system-based-100-renewable-energy
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From electricity to energy:
from power to all sectors

• Energy system integration: flex, storage, conversion & electrification
• Beyond electricity only: P2X

Michael Lippert, Saft
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From niche to cornerstone:
thinking big and bold

100% RE scenario: contributions to global primary energy 2015 and 2050 
2050: 60 TWp solar PV

2023 update: 80 TWp to also serve industry  up to 4 TWp/yr
2100: 170 TWp

http://energywatchgroup.org/new-study-global-energy-
system-based-100-renewable-energy

• Energy system integration: flex, storage, conversion & electrification
• Beyond electricity only: P2X

http://energywatchgroup.org/new-study-global-energy-system-based-100-renewable-energy
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Storage: Li-ion battery cost decline

https://about.bnef.com/blog/lithium-ion-battery-pack-prices-rise-for-first-time-to-an-average-of-151-kwh/ https://ark-invest.com/articles/analyst-research/wrights-law-2/

https://about.bnef.com/blog/lithium-ion-battery-pack-prices-rise-for-first-time-to-an-average-of-151-kwh/
https://ark-invest.com/articles/analyst-research/wrights-law-2/
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Cost of solar electricity incl. storage
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Cost of solar electricity incl. storage

Impact of WACC on PV LCoE, Vartiainen et al, PiP (2020)

Electricity from the grid (wholesale)

https://onlinelibrary.wiley.com/doi/10.1002/pip.3189
https://onlinelibrary.wiley.com/doi/10.1002/pip.3189


From renewable to sustainable:
circularity, climate, people, and more
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https://electricalconnection.com.au/dont-let-solar-go-to-waste/

https://electricalconnection.com.au/dont-let-solar-go-to-waste/


From renewable to sustainable:
circularity
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TNO, 2022



From renewable to sustainable:
carbon footprint of solar electricity
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TNO, 2021



From renewable to sustainable:
EU approach and policy-in-the-making

28 Nieves Espinosa, EC JRC @ ETIP PV Conference 2022



From renewable to sustainable:
a broad approach
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Environmental
Human and labour rights
Governance and business ethics https://solarstewardshipinitiative.org

https://solarstewardshipinitiative.org/
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From addition to integration:
efficient use of  available areas, jointly with other challenges

• Integration and multiple use of space 
• (Aided by) higher energy yield
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From addition to integration:
efficient use of  available areas, jointly with other challenges

• Integration and multiple use of space 
• (Aided by) higher energy yield

Higher efficiency (>30%) and energy yield:
tandem modules + (option) bifaciality

Courtesy Gianluca Coletti (TNO)



From addition to integration:
new technologies and applications

• E.g. solar foils, semi-transparent, coloured and 3D elements
• Customized solar: every surface can generate electricity

TNO Solar Lab @ E&HC, Petten (with Solar Visuals) Click-&-Go™ gevel, Waalwijk (BIPV.world) Terracotta PV (Exasun)

Solar Highways, Uden, NLSolinso/ BIPV NederlandECN (now TNO)



From addition to integration:
new technologies and applications

• E.g. solar foils, semi-transparent, coloured and 3D elements
• Customized solar: every surface can generate electricity

Solar foils on floating system (project Solar@Sea, NL) Project Sunbiose (NL)

Bifacial agri-PV (Solar park Stal den Heuvel Culemborg, NL)

Solar carport Lowlands, Biddinghuizen, NL (photo: Solarfields)

Project SolarEcoPlus (NL) SolaRoad



From addition to integration:
new technologies and applications

First-ever offshore solar PV system, NL (Oceans of Energy)



Manufacturing:
from champion to niche player…

35

Snapshot of photovoltaics –
March 2021,
Arnulf Jäger-Waldau, 
EPJ Photovoltaics 12, 2 (2021)

2008

IEA PVPS –Trends in Photovoltaic
Applications 1992-2010



Manufacturing:
from champion to niche player… and back?
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• A ‘fair share’ of global manufacturing: bring solar PV value chain back to 
Europe



‘Freedom energy’
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• A ‘fair share’ of global manufacturing: bring solar PV value chain back to Europe
• Fast and large-scale, but responsible deployment

https://www.politicalcartoons.com (2016!) https://pressnetwork.de/erneuerbare-energie-ist-jetzt-freiheitsenergie/

https://www.politicalcartoons.com/
https://pressnetwork.de/erneuerbare-energie-ist-jetzt-freiheitsenergie/


Summary
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From solar to solar
in all its (direct & indirect) forms



Thank you for 
your attention!

www.wallpaperflare.com
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