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But we have a choice...
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From a solar cell
to a PV System
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Solar PV Is growing as fast as cell phones
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Positive feedback loop

c The more you ship 3
The cheaper It gets
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3 characteristics of solar generation

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

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

2. 20-25 year nearly maintenance-free

3. Amount of generation over lifetime ©
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L evelized Cost of Energy



L evelized Cost of Energy

Eﬁ:eCtiVe COSt per kWh (units of energy)



Levelized Cost of Energy

CAPEX

- $/kWp

N (Dollars per 1000 watts)



Levelized Cost of Energy

Average cost per unit of energy over 20y lifetime
$/kWh

CAPEX
- $/kWp

$1000

*Assumes a fixed equipment lifetime



Levelized Cost of Energy

Average cost (over lifetime)

$/kWh
1000 KWh produced
over lifetime
$1/KWh
CAPEX
~ $/kWp

$1000

*Assumes a fixed equipment lifetime



Impact of CAPEX reduction
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Impact of geography
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Compare to conventional

Average cost Insolation
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CAPEX trend
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Conventional energy trend
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Solar wins! Everywhere!




The solar revolution ...
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.. Will be led by the accountants
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Unfortunately...




Solution: use solar by day and grid by night
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Problem 2: excess solar generation

Power Prices, Generation and Consumption
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Problem 3: Variability

normalized values
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Solution: storage

Storage decouples supply
and demand




Storage is hot...

Global investment in energy storage technologies to reach $122
Billion by 2021

Source: Pike Research
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LITHIUM-ION EV BATTERY EXPERIENCE CURVE Bloomberg

COMPARED WITH SOLAR PV EXPERIENCE CURVE NEW ENERGY FINANCE

100 Tq4aQ7e 4 |

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

-------------------------------------------------------------------------

m=24§.3%
m=21§.6%

| H1 2014
- Li-ion EV battery

Historical price (USD/WVY, USDAYH)

. .  pack . .
| 1 10 100 1,000 10,000 100,000 1,000,000 10,000,000
Cumulative production (MW, M\Wh)
MNote: Prices are in real (2014) USD. Source: Bloomberg New Energy Finance, Maycock, Battery University, MIT

i
Cal YK

| ML iebreich

- ik 1
L I 2 o =L LT |

AT Bl =




Positive feedback loop

c The more you ship 3
The cheaper It gets




Why?
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Tesla gigafactory

Gigafactory Projected Figures

2020 Gigafactory Cell Output 35 GWhiyr




Figure 22: EV, H/EV and PHEV competitiveness versus ICE
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Annual EV sales
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Positive feedback loop

c The more you ship 3
The cheaper It gets




EVs in Canada
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N other news...




Building lighting accounts for 30% of building
electricity use

Cost: S230
Billion/year

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



CFL: LED

Incandescent




dollars
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Positive feedback loop

c The more you ship 3
The cheaper It gets




Tosum up...

Solar, storage, and
LEDs are all declining
exponentially in price
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But something is
missing...




Sensing and control




Why?

Generation

Load

67



Conventional gria

Asset Prices Simulated using the Heston Stochastic Volatility Model
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Simulated Asset Price

Future gria

Asset Prices Simulated using Brownian Motion
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Simulated Asset Price
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Need to forecast, monitor and control...

Asset Prices Simulated using the Heston Stochastic Volatility Mode]
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Internet of Things



MIicro sensors
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loT allows pervasive
communication,
sensing,
computation, control




The 50 billion question

Worldwide number of internet-connected

devices, forecast, bn

B Fixed communications
B Mobile communications

B Computers oy 50)
I Consumer electronics

and medical devices
- 1ndu5tria| dEViCES* ........................... 40

0 Automotive
+30

Source: Cisco *Includes military and aerospace




Positive feedback loop

c The more you ship 3
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.
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Renewable generation

Renewable generation to reduce carbon Whes abtud

SOrVices
footprint 1 .
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Demand-side management

Demand side management to reduce Vol s
peak/average ratio S




Storage management

Storage to decouple supply and demand - oL
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Sensing, communication, and control

Pervasive sensing, communication, - oL
control o
Forecast
Information
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*displaced over 20 years and very approximate numbers



Global transport expenditure estimates to 2050
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Fuel cost of transportation: $3.5 Trillion/year



1.05

Trillion/yr 30% solar-powered transportation




Ranking of the world ‘s largest electric utilities in 2014, based on sales (in
billion U.S. dollars)
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SRS Utilities 50% solar/wind supply

1.05

. ] .
Trillion/yr 30% solar-powered transportation




The 50 billion question

Worldwide number of internet-connected
devices, forecast, bn

B Fixed communications
B Mobile communications
B Computers

2 Consumer electronics
and medical devices

B (ndustrial devices™
2 Automotive

loT spending
40 = 10% of revenue
= 0.1 Trillion/year

++30

Source: Cisco *Includes military and aerospace




0.1 Trillion/yr 0T spending

SRS Utilities 50% solar/wind supply
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Trillion/yr 30% solar-powered transportation




S.2 Trillion/year
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Cost reduction from LED |




0.2 Trillion/yr

0.1 Trillion/yr

Demand-side savings from LED lighting

loT spend

SRS Utilities 50% solar/wind supply
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51.85 Trillion/year of economic disruption

0.2 Trillion/yr

0.1 Trillion/yr

Demand-side savings from LED lighting

loT spend

0.5 Trillion/yr Utilities 50% solar/wind supply

1.05

0 ] .
Trillion/yr 30% solar-powered transportation




*over 20 years



'm lying...
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Well, perhaps not

time

end
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Buffett Ready to Double $15 Billion
Solar, Wind Bet

China Aims to Spend at Least $360 Billion on Renewable Energy by 2020

Apple Invests $3 Billion in Solar
Energy

By Bill Gates: Why I'm investing $1 billion of
my own money into clean energy research

Japan to Invest $20 Billion in Indian
Solar Power




Power minister Piyush Goyal and French environment minister Segolene Royal

announced the solar finance programme that aims to lower the cost of finance and

facilitate the flow of more tha /Mnvestment to members of the International

Solar Alliance (ISA).




Information Systems
and Science for Energy
Laboratory



Mission
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To use information systems and science
to

o increase the efficiency
o reduce the carbon footprint

of energy systems



Contexts

Smart homes and
buildings

Distribution networks

Distributed

generation

New
technologies

Solar and wind
Storage

Electric vehicles

LED lighting

Pervasive computation
and communication

Approaches

Internet-inspired
Energy system design
Data-driven analysis

Optimization



ISSAE

http://issde.ca



A pond fills with pond scum.

The scum doubles daily.
The pond fills on the 30t day.

When is the pond half full?
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