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PV IS NOW CHEAP…BEYOND EXPECTATIONS 2
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PV has improved 
more than any other 
energy technology



LONG TERM COST REDUCTIONS 3
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RESEARCH QUESTIONS

1. How did solar 
become cheap?   

2. Why did it take 
so long? 

3. How can it be a 
model

4

This study was made possible by a 
grant from Carnegie Corporation of 
New York.  The statements made and 
views expressed are solely the 
responsibility of the author. 
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PROJECT INDEPENDENCE       1ST PV LEARNING CURVE

$7000/MWh



GERMANY: 
CREATING A 
MARKET

7

1. Policy window  

2. Policy diffusion  

3. Demand Pull  

4. “Gift to the world”
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2000-08  scrappy startups 

2009-10 state support  

2011->  compete, automate  

2017->  cheap electricity
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8CHINA: 
MAKING IT 
CHEAP

▸“China’s own gift to the world”

China’s own 
 “gift to the world”

▸ Low-cost expansion 
strategy 

▸ Iterative upscaling 

▸ Used equipment 

▸ US pension funds 

▸ Sell to Germany

▸2009-10: $10s 
billions of low 
cost loans 

▸2011: Chinese 
Feed-in tariff 

▸2013: world’s 
largest market



IMPROVEMENTS IN PV MANUFACTURING 9
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CREATING 
TECHNOLOGY

MAKING IT 
CHEAP

BUILDING A 
MARKET

SCIENTIFIC UNDERSTANDING NICHE MARKETS LEARNING BY DOING

EVOLVING R&D FOCI MODULAR SCALE ITERATIVE UPSCALING

KNOWLEDGE SPILLOVERS ROBUST POLICY SUPPORT DELAYED SYSTEM 
INTEGRATION

HOW DID SOLAR GET CHEAP?



PV AS  
A MODEL FOR  
LOW-CARBON 
INNOVATION

12



WE NEED MULTIPLE MODELS 13



% ELECTRICITY FROM PV 14
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ClimeWorks
Low 
cost
2076

Widespread
adoption

20992017DACCS

15

1st 
commercial

Low 
cost

Widespread
adoption

1957 20402017
PV

ClimeWorks
2017DACCS

Low 
cost

Widespread
adoption

ClimeWorks

2030

Widespread
adoption

20602017
Accelerated

model

Low 
cost

Factor of 4 acceleration!

ACCELERATE INNOVATION DACCS EXAMPLE



ACCELERATE INNOVATION DACCS EXAMPLE 16

Scale-up needed for 1% of emissions by 2025 vs PV actuals



ACCELERATE INNOVATION 17

TECHNOLOGY 
PUSH

DEMAND 
PULL

KNOWLEDGE 
FLOWS

CONTINUOUS R&D TRAINED WORKFORCE
PUBLIC 

PROCUREMENT

CODIFY KNOWLEDGE KNOWLEDGE 
SPILLOVERS

GLOBAL MOBILITY

ROBUST MARKETS DISRUPTIVE 
PRODUCTION POLITICAL ECONOMY
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APPENDIX
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HOW TO ACCELERATE LOW-CARBON INNOVATION

WE NEED MULTIPLE MODELS
20
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REASONS FOR OPTIMISM

1.technology is 
improving  

2. emerging collective 
action 

3. learning from policy 
experience 

4. success in other areas 

5. adaptation incentives 
strong 

6. co-benefits: local and 
immediate 

7. examples of low-
energy, high-HDI 

8. young adults

23
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BELL LABS 1954

Precursors 
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EVOLUTION OF NICHE MARKETS
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TEXTPOLICY DIFFUSION 27



SOLAR PANELS ARE 
NOW EXTREMELY CHEAP

28
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PV COSTS
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“Germany’s gift to the world”

$400/MWh

$220b



BELL 31
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BELL 32
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INDUSTRY CONCENTRATION PRICES

$18/MWh

Creutzig, F., P. Agoston, J. C. Goldschmidt, G. Luderer, G. Nemet and R. C. Pietzcker (2017). "The under-
estimated potential of solar energy to mitigate climate change." Nature Energy 2: nenergy2017140.
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China’s own gift to the world



HOW TO SPEED 
UP INNOVATION
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34THE IRON LAW OF ENERGY POLICY: 
Policymaking in energy always 
involves multiple objectives. 

Cheap
Affordability   -->
macro-economic shocks
energy for the 2 billion

health effects of air pollution -->
damages from unstable climate

uninterrupted supply
domestic/friendly sources -->
negotiating on other issues

Clean

Reliable



TRANSITIONS ARE SLOW35

…and so is removing CO2

wood

coal

oil
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1. Want CHEAP, 
CLEAN,RELIABLE

ENERGY TRANSITIONS ARE HARD 37

3. CO2 in atmosphere 
for >100 yrs

2. Past transitions 
took decades

1850 2010

OilWood Coal


