Solar + Storage + loT + LED =
$30 Trillion

S. Keshav

School of Computer Science
University of Waterloo
Waterloo, Ontario, Canada

http://iIssde.ca

All images from Wikipedia unless otherwise specified



Global energy consumption 2013

0%
1% 1% 0%

Fossil Fuels = 87%

®Oil
¥ Gas
% Coal
Nuclear
® Hydro
® Wind
W Solar
B Geothermal &

biomass
W Biofuels






But we have a choige
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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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Module Cost $/Watt
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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!
A Nearzero OPEXall cost is CAPEX
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3 characteristics of solar generation

1. Sunlight is free!
A Nearzero OPEXall cost is CAPEX

2. 20-25 year nearly maintenanefeee lifetime

3. Amount of generation over lifetime depends gaography

o




Levelized Cost of Energy



Levelized Cost of Energy

Eﬁe Ct|VeCOSt per kWh (units of energy)



Levelized Cost of Energy

CAPEX

- $/kWp

HO0 (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
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Impact of CAPEX reduction
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Impact of geography
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Compare to conventional
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CAPEX trend
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Conventional energy trend
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Solar wins! Everywhere!
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Solution: useolar by day and grid ioyght
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Problem 2: excess solar generation

Power Prices, Generation and Consumption
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8 May 2016, Germany (from Agora Energiewende)
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Problem 3: Variability

© —

m

normalized values

time of day

Barnhart et al, Proc. Energy and Environment, 6:2804, 2013



Solution: storage

Storagedecouplessupply B
and demand



Storage 1 s hot é

Globalinvestment in energy storage technologies¢ach$122
Billionby 2021

Source: Pike Research



2014 US$ per kWh
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LITHIUM-ION EV BATTERY EXPERIENCE CURVE Bloomberg

COMPARED WITH SOLAR PV EXPERIENCE CURVE NEW ENERGY FINANCE
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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
2020 Gigafactory Pack Output 50 GWhly
. Up to |OM fi?
Space Requirement vf/ 12 level

Employees




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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Building lighting accounts for 30% of building
electricity use

Cost: $230
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
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LED experiencing
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Positive feedback loop

c The more you ship 3
The cheaper It gets
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Solar, storage, and
LEDs are all declining
exponentiallyin price
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But something IS
YAaaAy dX




Sensing and control




Why?

Generation

Load
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Conventional grid

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

Future grid

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



MICro sensors
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Pervasive control
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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 peopile't.

ACT V SCENE II, THE TEMPEST, W. SHAKESPEARE
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Renewable generation

Renewable generation to reduce carbon
footprint

Source: European Technology Platform Vision Document
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