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But we have a choiceΧ
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25 April 1954 

Bell Laboratories 

Chapin, Fuller and Pearson.
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http://free-energy-ltd.com/freeenergy-solar-power.html













Topaz solar farm, California 25.6 km2  9 million panels
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Positive feedback loop
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The more you ship

The cheaper it gets







3 characteristics of solar generation

1. Sunlight is free!
ÁNear-zero OPEX, all cost is CAPEX
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3 characteristics of solar generation

1. Sunlight is free!
ÁNear-zero OPEX, all cost is CAPEX

2. 20-25 year nearly maintenance-free lifetime

3. Amount of generation over lifetime depends on geography
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Levelized Cost of Energy



Levelized Cost of Energy

Effective costper kWh(units of energy)



Levelized Cost of Energy

$/kWp

(Dollars per 1000 watts)

CAPEX

$1000 



Levelized Cost of Energy

$/kWh

Average cost per unit of energy over 20y lifetime

$/kWp
CAPEX

*Assumes a fixed equipment lifetime

$1000



Levelized Cost of Energy

$/kWh

Average cost (over lifetime)

$/kWp
CAPEX

*Assumes a fixed equipment lifetime

$1000 

1000 KWh produced

over lifetime

$1/KWh 



Impact of CAPEX reduction

$/kWh

Average cost

$/kWp
$1000 

1000 KWh produced

over lifetime

$1/KWh 

$800 

$0.8/KWh 

CAPEX

Swansonôs Law



Impact of geography

$/kWh
kWh/kWp.year

Incoming solar radiation
Average cost

$/kWpInitial cost

Southwest US

Saudi Arabia

North Germany

France

$1000 

$1/KWh 

$0.5/KWh 



Compare to conventional

$/kWh
kWh/kWp.year

InsolationAverage cost

$/kWp

Initial cost

Cost of conventional grid energy
$0.1/KWh 

Southwest US

Saudi Arabia

North Germany

France



CAPEX trend

$/kWh
kWh/kWp.year

InsolationAverage cost

$/kWp

Initial cost

Cost of conventional grid energy

$200 

$0.2kWh 

$50 

$0.05/kWh 

$0.1/kWh 

Southwest US

Saudi Arabia

North Germany

France

Swansonôs Law



Conventional energy trend

$/kWh
kWh/kWp.year

InsolationAverage cost

$/kWp

Initial cost

Cost of conventional grid energy Southwest US

Saudi Arabia

North Germany

France

$0.1/kWh 



Solar wins! Everywhere!



¢ƘŜ ǎƻƭŀǊ ǊŜǾƻƭǳǘƛƻƴ Χ
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Χ ǿƛƭƭ ōŜ ƭŜŘ ōȅ ǘƘŜ ŀŎŎƻǳƴǘŀƴǘǎ
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¦ƴŦƻǊǘǳƴŀǘŜƭȅΧ

tǊƻōƭŜƳ мΥ bƻ ǎǳƴ ŀǘ ƴƛƎƘǘΧ



Solution: use solar by day and grid by night
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Problem 2: excess solar generation
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8 May 2016, Germany (from Agora Energiewende)



{ƻƭǳǘƛƻƴΥ ǳǎŜ ΨŦǊŜŜ ŜƴŜǊƎȅΩ ŦƻǊ ǎƻƳŜǘƘƛƴƎ
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Barnhart et al, Proc. Energy and Environment, 6:2804, 2013

Problem 3: Variability



Solution: storage

Storage decouplessupply 
and demand



Storage is hoté

Global investment in energy storage technologies to reach $122 
Billionby 2021

Source: Pike Research



Nature Climate Change: 2014Tesla/Panasonic and GM/LG Chem battery costs are already (in 2016) down to the lowest projections for 2020! 





Positive feedback loop
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The more you ship

The cheaper it gets



Why?
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Nissan Leaf chassis



Tesla gigafactory
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Source: EvSales.blogspot.com

Annual EV sales

*Includes Battery as well as Hybrid Electric Vehicles





Positive feedback loop
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The more you ship

The cheaper it gets



EVs in Canada
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From Fleetcarma.com, Feb 2017



Lƴ ƻǘƘŜǊ ƴŜǿǎΧ
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Building lighting accounts for 30% of building 
electricity use

59
By Kyle Pearce from Vancouver, Canada - Slick Lighting, CC BY-SA 2.0, https://commons.wikimedia.org/w/index.php?curid=36800335

Cost: $230 
Billion/year



Incandescent : CFL : LED
10   :   2    :  1
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LED cost projection
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Positive feedback loop
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The more you ship

The cheaper it gets



¢ƻ ǎǳƳ ǳǇΧ

Solar, storage, and 
LEDs are all declining 
exponentiallyin price
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But something is 
ƳƛǎǎƛƴƎΧ
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Sensing and control
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Why?
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Generation Load



Conventional grid

68

Generation Load



Future grid
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Generation Load



Future grid
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Generation Load



bŜŜŘ ǘƻ ŦƻǊŜŎŀǎǘΣ ƳƻƴƛǘƻǊ ŀƴŘ ŎƻƴǘǊƻƭΧ
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Generation Load



Internet of Things
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Micro sensors



Pervasive communication



Pervasive control



Source: The Economist

IoT allows pervasive 

communication, 

sensing, 

computation, control



Source: The Economist



Positive feedback loop
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The more you ship

The cheaper it gets



O wonder!
How many goodly creatures are there here!
How beauteous mankind is! O brave new world,
That has such people in't.

ACT V SCENE II, THE TEMPEST, W. SHAKESPEARE

79



Source: European Technology Platform Vision Document



Source: European Technology Platform Vision Document

Renewable generation
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Renewable generation to reduce carbon 

footprint


