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PV is at TW scale

• PV global installed nameplate capacity has reached 1 TW
• Combined PV and wind in 2021 was comparable to nuclear

2900 TWh (PV and Wind)    2800 TWh  (Nuclear)
• Global Non-CO2 emitting electricity generation 2021:  38% 

Primary energy 
(all fuels)

2018           2021
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Average power 18.4 TW 18.9 TW

Electricity 
Energy delivered
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Solar PV for electricity:  Large system, rapid rate of change

2021
Electricity generating 

capacity 
(GW)

N. M. Haegel and S. R. Kurtz, IEEE J. Photovoltaics, early online, 2022.

2021
World electricity 

generated 
(TWh)

2021
Added electricity 

generating capacity
(GW)



4

New global electricity generating capacity  (2017-2021) 
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2019
~41% new capacity 

2017
~35%  new capacity 

2018
~40% new capacity

2020
~39% new capacity 

N. M. Haegel and S. R. Kurtz, IEEE J. Photovoltaics, in press 2022.

2021
~39% new capacity 
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Major decadal transformation in newly installed capacity in the US
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Decreased costs and volume are strongly coupled

The average annual 
production rate and  
cumulative 
installation have 
doubled every 3 
years over the past 
50 years

Cumulative Global Shipments (MWp)
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The big picture – potential for future electrification and efficiency gains

N. M. Haegel and S. R. Kurtz, IEEE J. Photovoltaics, in press 2022.
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Don’t extrapolate on log plots, but….

• Increased electrification is not only 
desirable (efficiency gains) but doable

• That said, growth must be sustained
• Coupling to storage is key

A new era for solar:  Establish a 
sustainable, circular PV industry that 
addresses embodied energy and carbon, 
sustainable manufacturing, 
reliability and resiliency and
national and global security
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Challenges at multi-TW scale  

Promises fulfilled  
• Cost competitive
• Efficiency
• Reliability

Promises unfulfilled/pending 
• Mechanisms to exceed the 1 junction (SQ) limit
• Impact of emerging technologies
• Lower cost tandems
• Low cost or concentrating III-Vs
• Low cost solution-based processing

Challenges at TW scale 
• Continued pressures on cost and reliability
• Materials availability and manufacturing at scale
• Circular economy for PV
• Reliability and yield with increasing materials efficiency
• Coupling with storage
• Major sector coupling with transportation, buildings, fuels
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Focus on challenges at multi TW scale  

How much PV do we need?
PV in the circular economy
Need for continued technology innovation
PV as a key enabler to electrification and H2 economy

Assuming continued global development, electrification, 
and PV and wind as majority energy sources:
• We will need > 50 TW of PV installed by 2050.
• The next 10 years are critical.
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How much PV do we really need?   - Choices to be made

• Degree of 
electrification

• Demand 
management

Revisiting the Terawatt Challenge

S. Kurtz et. al., MRS Bulletin 45, 159 (2020).

Vehicles

Heating systems
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How much PV do we really need?   Either way, we must continue recent growth.

• Degree of 
electrification

• Demand 
management

Vehicles

Global 100% RE Scenarios for 2050
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Breyer, et. al. “On the History and Future of 100% Renewable Energy Systems Research,”  IEEE Access 10, 78176, 2022.      
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PV in the circular economy: Design for long lifetime and recovery  

Areas of focus and discussion:
▪ R&D and policy to support PV recycling (Heath et. al. Nature Energy 5, 502 (2020).
▪ Modeling to explore lifecycle management factors and interactions (Mirletz et. al. PLOS One, Sept. 2022)

e.g., lifetime and closed loop recycling

Mirletz PLOS One, 
Sept. 2022

R&D Suggestions
▪ Emphasize R&D on high silicon value recovery
▪ Investigate characteristics of and approach to 

purification of recovered silicon
▪ Understand environmental/economic trade-offs
▪ Design adaptable PV recycling infrastructure to 

accommodate PV changes
▪ Recognize major impact of lifetime and 

reliability
▪ Increase manufacturing scrap recovery
▪ Perform cross-industry material flow analysis
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PV “Waste”  

Estimated cumulative PV waste by 2050, 
assuming 4.5 TW global installation 
(Heath et. al. Nature Energy 2020) Yearly and cumulative E-waste based on 2019 values

2019 values from Globalewaste.org

207 
Mt

6.9 
Mt

1.6 
Mt

300 
Mt

75 
Mt

48 
Mt

2.5 
Mt

10 
Mt

3.4 
Mt

102 
Mt

So
▪ Growing volume, but good news is that 1) there are broader related challenges and potential 

value streams that can engage, 2) we have time (30 years),  3) R&D should accelerate now

USA

China

Germany

India

Japan
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Wickoff, Reese and Reese, “Embodied energy and carbon from the manufacture of CdTe and Si photovoltaics,” Joule 6, 1710, 2022.

Further “greening” a green technology at scale

▪ Energy “mix” for production is critical
▪ Thin film technology (CdTe) has lower embodied energy and 

carbon impact
▪ Increased renewable grid penetration leads to “greener” PV

Embedded energy and carbon in PV manufacturing  



16

Need for continued innovation and reliability work:  PV is not standing still  

Recent Innovation:

▪ Continued efficiency gains
▪ Diamond wire saw
▪ Changes in busbars
▪ Half cut cells
▪ Increased wafer size
▪ Poly to mono
▪ PERC

And now
▪ Increased tandems efforts
▪ Perovskites
▪ Fleet monitoring capabilities
▪ Plant automation
▪ …. https://www.nrel.gov/docs/fy22osti/82871.pdf

J. Zuboy, et al., Getting Ahead of the Curve: Assessment of New PV Module Reliability Risks 
Associated with Projected Technological Changes, (in preparation)

https://www.nrel.gov/docs/fy22osti/82871.pdf
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CdTe 25% of large (> 1 MW) installations in the US 

Copyright First Solar
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Pushing limits:  PV is not standing still  

Victoria et. al. Joule 5, 21 (2021). 

Weiss, Tandem solar cells beyond perovskite-silicon, Joule 5, 2247, 2021.

Perovskite-CIGS, CdTe-CIGS, CdTe-silicon

PV Si Roadmap
Courtesy P. Verlinden
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Degradation science and lifetime prediction for PV at scale 

Jordan et. al.
Nature 600, 215, 2021.

Reliability agenda
▪ Boost science
▪ Strengthen standards
▪ Monitor changes
▪ Track materials
▪ Educate the community
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PV as a key enabler to electrification and sector coupling

Haegel et. al. Science 364, 839 (2019). 

H2@ Scale;  US Dept of Energy
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PV is uniquely versatile and scalable – utility, community, commercial, residential, …. 

Triad + :   efficiency, cost, reliability, specific power, aesthetics

Advanced Solar Power
advsolarpower.com

Webasto solar sunroof

Sonata Hybrid  22.8% panels
direct charging

A day care center in Marburg Germany

Solar as primary satellite power
Space station getting new roll out 
arrays  spacenews.com   Jan 2021 

Colorado Agrivoltaic Learning Center

Offshore Magazine 
Aug. 2022
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Feedback loops now driving rapid growth in storage

Grid operation with inverter-based 
resources and storage are key to 
operation with high renewable fraction

Hoke et. al., IEEE Electrification Magazine, March 2021.
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Addressing physics limits on efficiency

Promises unfulfilled 
• New physics to exceed the single 

junction (SQ) limit
• Lower cost tandems

By Sbyrnes321 - Own work, CC0, 
https://commons.wikimedia.org/w/index.php?curid=13347845

From:  The Physics of Energy
Jaffe and Taylor, 2018
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Hard to beat thermalization

The realization of advanced concept solar cells that circumvent assumptions inherent in the 

Shockley–Queisser limit depends strongly on a competition between carrier energy relaxation 

processes to the lattice and high energy processes that do useful work.

R Hathwar et al 2019 J. Phys. D: Appl. Phys. 52 093001

Hot carrier solar cell Intermediate band 
solar cell

Multiexciton generation 
(MEG) in quantum dots
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Extracting work from heat – local entropic control

Physics Today 67, 8, 60 (2014); doi: 10.1063/PT.3.2490
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Grid of the Future:  Coupling Work and Information

Billions of new energy devices

Decentralized control

Energy from variable resources

NREL: Designing a Decentralized Power System
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PV will be a major part of the solution to the Terawatt Challenge 

▪ R&D and continued innovation are 
coupled to large scale deployment

▪ Delay is not an option



www.nrel.gov

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency
and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.

Thank you

Nancy M. Haegel

Materials Science Center


