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Climate Change Is the
Driving Force
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I Pcc . Re ce nt View Cumulative emissions of CO2 and future non-CO: radiative forcing determine
the probability of limiting warming to 1.5°C

a) Observed global temperature change and modeled
responses to stylized anthropogenic emission and forcing pathways

Global warming relative to 1850-1900 (°C)

Observed monthly global
mean surface temperature

Likely range of modeled responses to stylized pathways

bal I net zero in 2055 while net
ac cing is reduced after 2030 (grey inb,c&d
igher

probability of limiting gt

persture change
1935-2005,

No reduction of net non-C(
results in a lower probability o

) L T b) Stylized net global CO2 emission pathways ¢) Cumulative net CO2 emissions d) Non-COz radiative forcing pathways
- ;. Ghod  Lagescae 7° Billion tonnes CO: per year (GtCO2/yr) Billion tonnes CO2 (GtCO:2) Watts per square metre (W/m2)
1900 1950 2000 2050 = e = O
— Observed CO:z emissions
- gcpslsu high-emission scenario) Level of additional risk due to climate change decline from 2020
werlap I Crts Non-CO: radiative forcin;
= RCP26 ( lowmison mitgron scnai) e to reach netzero in S bl

or
not reduced after 2030

\ Cumulative CO2
emissions in pathways
reaching net zero in

and 2 ——

Source: IPCC Reports (2014, 2018)

Faster immediate CO2 emission reductions  Maximum temperature rise is determined by cumulative net CO2 emissions and net non-CO2
limit cumulative CO2 emissions shown in radiative forcing due to methane, nitrous oxide, aerosols and other anthropogenic forcing agents.
panel (c).
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Gerhard Richter

Existential Global Challenge
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Rock Solid Evidence

Annual temperatures for Switzerland (1864-2017)

Annual global temperatures from 1850-2017 ||
PR P, “he colour scale goes from 3.0°C (dark blue) to 6.5°C (dark red) ]
Annual temj s in Toronto from 1841-2017
Annual temperatures in Germany from 1881-2017

The colour scale represents the change in global temperatures covering 1.35°C [d

o

The colour scale goes from 5.5°C (dark blue) to 11.0°C (dark red) [dat

UK warming slripes (1883-2017
OWAY

Annual temperatures for the contiguous USA from 1895-2017 UI II. I H"
ARMAG The colour scale goes from 6.6°C (dark blue) to 10.3°C (dark red)
|WLIIWI|III I-I | Hl ) Annual temperatures in Vienna from 1775-2017
SHEFFIELD a0
1910 1950 1970 0
The colour scale goes from 50.2°F (dark blue) to 55.0°F (dark red) [data]
Source: Ed Hawkins, Climate Lab Book, 2018

The colour scale goes from 7.5°C (dark blue) to 12.0°C (dark red) [data]
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THE GLOBAL ENERGY CHALLENGE

85/15
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ALL NEW GROWTH MUST BE MET BY NON-CARBON SOURCES
s




CLIMATE CHANGE & EMISSIONS REDUCTION
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PROJECTED GROWTH IN ENERGY DEMAND

Global population divided into income
groups:

Primary energy
= Developed (GDP>$12,000)
Population rise to 9 billion + by = oo (O h0d)
2050, mainly in poorest and RCCER(CRERSL200)
developing

countries.

i

suoljjiw ‘uoneindod

double by 2050

Shifting the development
profile to a “low poverty” |
world means energy needs

Shifting the development profile

further to a “developed” world Base case Low e
means energy needs triple by 2050

2050
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Emissions on an Upward Trajectory

Total Annual Anthropogenic GHG Emissions by Gases 1970-2010
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FOSSIL FUELS CONTINUE DOMINANCE

600 -~
Nuclear
500 4 Gas
Oil Nuclear ————>,
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Source: Data compiled by J. David Hughes. Post-1965 data from BP, Statistical V4

Review of World Energy. Pre-1965 data from Arnulf Grubler, “Technology and Global g nvasiny or WISE ‘.
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http://bp.com/statisticalreview
http://www.iiasa.ac.at/~gruebler/Data/TechnologyAndGlobalChange/

The Global Disparity in Carbon Footprints

Per capita CO, emissions in the world's largest economies in 2016" (in metric tons)

United States S5 | 1 4.95t
Canada e} | 1 491t
south korea 2o [N ot
R "
Jjapan o | | o.04t

—
Brazil - 2.01t

4.35t 9.02t
India mim N 1.57t OECD

* countries chosen based on 2017 nominal GDP =
':O:ldgi)dC@ls Sources: International Energy Agency, International Monetary Fund StatlSta 5
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IPCC: Pull the Emergency Brake on Global CO, Emissions
Global CO, emissions to 2017 and reduction recommendations of IPCC (in billion tonnes)
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https://infographic.statista.com/normal/chartoftheday_15737_global_co2_emissions_ipcc_targets_n.jpg

Global Energy Transition Needed — But How!




Intergenerational Obligations




Global Transitions:
Understanding Time Scales




Alternate power generation technologies:

Impact on emissions

... CO2emissions from the

Global installed a power sector will still not )
generation capacity start to decline before 2030
GW \
8000 J Even if...

* All new coal stations capture and
store carbon or nuclear/
renewable capacity is built

instead

6000 1 * Natural gas is the principal
fossil fuel

4000 -

 CO: emissions
Mt per year

10°000
9’000
8’000

2000
. . . because of the large

existing base of power stations
and their long lifetimes

Additional capacity needed
. Declining current capacity

2000 2010 2020 20

30



Transport and Mobility

A

2000 A

1500 -

1000 -

500

2000

2500 - ToFa_I vehicles,
millions

Total alternative vehicles
. Total traditional vehicles

Annual total vehicle growth of 2% p.a.
Annual vehicle production growth of 2% p.a.

Large scale "alternative" vehicle manufacture
starts in 2020 with 200,000 units per annum
and grows at 20% p.a. thereafter.

2010 2020 2030

2040

2050



The lifetime of energy infrastructure

o
The rate of >

.- Buildings 45+++ years
technological change
IS closely related to the
lifetime of the relevant
capital stock and
equipment

Hydro 75+ years

ol
E Coal power 45+ years

Nuclear 30 — 60 years

l‘ Gas turbines 25+ years

® @ Motor vehicles 12 — 20 years

A 4



Energy transitions take generations
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Percent Share

100%

Nuclear
90%

80%

18701880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200020102020 2030 2040

w

Residual Economic Asset Value of Energy System
Determines Longevity




The central global energy challenge: how to de-carbonize




SOLUTIONS

Disruptive Innovations
Global Scale
Time Scale
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Low-carbon energy ecosystem:
WGSl.org

ADVANCED
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THE Billions with no access to modern energy services:

WORLD Does it matter?

AT
NIGHT




ENERGY INEQUALITY

PEOPLE

e Q VER 95%
| _e
a9

Credit: IEA World E Outlook 2013 B LN vERsir S /)
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Global Population with Energy Deficient Services is
much higher > 5 billion

Figure 2: TF provides several levels of disaggregation of access data to guide
policy-makers, development partners and investors in the energy access space
% of population with and without , g
ac:eszopu e e e Technology break-down by tier Reasons why grid connections have not
70% met higher tiers requirements

Ters N '
el m Without any service M Day duration

Tier 4 - Off-grid Tier 5 Evening duration
50% b MGrid — Tiers IR M Reliability and quality
e =) tiees | Affordabilty

WTier 4 Tier s |
30% WTers (™ Yier2 I
Tier2 |
458 W Tier 2
= TR0 Tier0 _ - Tiero N
0% 4
No access (tier0)  Access (tiers 1-5) 0% 10% 20% 30% 40% 0% 5% 10% 15% 20%
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ENERGY’S LINK TO LIFE QUALITY

ENHANCED WELL BEING

LE: 80+ 15,000 kWh? -
10°

PROVED LIFE QUALITY
68% World : 3000 kWh; EU 6000 kWh

——————————————— 103

BASIC QUALITY OF LIFE 4
ZS LE/60y; 750 kWh .;'

—————————— 102

1% | _<GrvivaL

LE: 45y; 25 kWh

Annual Annual
SGDP/capita kWh/capita
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THE POWER OF INNOVATION TO SAVE LIVES
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OPERATING ROOM AT NIGHT
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SOLAR SUITCASE

Source: We Care Solar 2012 ' uuuuuu SITY OF \A’ISE ‘
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Homework Under Dismal Health Impacts
Streetlight
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POWER LINES BUT
NO POWER



ENERGY = ECONOMIC
EMPOWERMENT
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ENERGY ACCESS = Improved Life Quality

INDUSTRY
INNOVATION &
INFRASTRUCTURE
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ENERGY ACCESS TIERS

TIERO TIER1_ TIER2__  TIER3 TIER 4
>3W >50W >200W >800W >2000W
Task + General + low-power + medium power + high power appliances
Lighting, Lighting, TV, appliances appliances
Radio, Cell Fan
Charging
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TIER 1 -
SOLAR LANTERNS & PICO-POWER
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TIER 2-3 -
SOLAR HOME SYSTEMS
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TIER 4-5 —
RENEWABLE MICRO-GRIDS
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AFFORDABLE & UBIQUITOUS ICT
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CONNECTING SYSTEMS FOR EFFICIENCY

| Step 3: Establish a local low voltage DC nanogrid |
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Credit: One Billion & Boond

SOLAR PROJECTORS FOR EDUCATION

STITUTE
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SOLAR-ENABLED OFF-GRID INTERNET

Credit: HITCH by flexfinity




ENERGY - WATER - FOOD

Pathways to Self-Suff

iciency

Source: Courtesy Kethworks Inc, [K.Taylor]



pC Initiative bY nt

le =
ing lives of peo;.) i
Tuumv:fational at Rajasthan , Ind

Pilot p

43V DC POWERED
REFRIGERATOR

48 VDO POWERED ATR CONDITIONER i \ A @

\L=>/SYSTEMS

INNOVATE PO (TERE HOW

VOLTAGE 4¥ VDO
POWER 300W - 900 W
COMPRESSOR BLDC
J
48 VDC POWERED REFRIGERATOR
VOLTAGE 48VDC
POWER wow -
COMPRESSOR BLDC




INNOVATIVE APPLICATIONS



DESIGN SUCCESS FOR ENERGY ACCESS -
TEN COMMANDMENTS

LOW COST

ROBUST

DURABLE

COMPACT

EASY TO INSTALL

EASY TO TRANSPORT

MODULAR & SCALABLE

LOW TECH ENTERPRISE

LOW MAINTENANCE - EASY TO OPERATE
LIMITED ADDITIONAL INFRASTRUCTURE
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Radical action needed to deliver clean energy,

affordable and accessible to all

Executive Summary

IPCC

http://www.iea,org/Textbase/npsum/ETP2014SUM.pdf

Massive diffusion of new technologies for meeting thermal energy,
motive power and electricity needs is required to meet the grand
challenge of improving energy access....This requires innovation on
both technological and institutional levels. Providing universal
access to electricity is not just a moral imperative. ..it delivers
substantial social, health and environmental benefits.” GEA, Chapter
19, pp- 1401-1457

ElObal
nergy
Assessmegnt

Toward a Sustainable Future

0.




The coming energy revolution...
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...will be led by scientists, innovators and entrepreneurs

INNOVATION FOR
UNIVERSAL ACCESS
TO CLEAN AND
AFFORDABLE ENERGY

“ES ST e+

'V

Credits: Nokeroi University of Waterloo UNIVERSITY OF ‘.
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Rapid Urban Population Growth = Increasing Mobility Needs

2015 3 Billion

2050 | 6 Billion

Additional 3 Billion People

¥

Air Quality E,,‘,ii:'s?on Congestion




Emerging Innovations

P N
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We Want Access to Services:
Not Ownership, Necessarily



Smart Urbanization Drives Smart Energy Networks

SMART ENERGY NETWORKS COMMUNICATION
TECHNOLOGY

ENERGY
STORAGE
SUPP MYAZ,;%
Eﬁ‘é&'&ﬁ DEMAr’SD DATA
PRICING
’ ADVANCED
om ®.
4oy pwv g ; 5,
ENERGY A/ ENERRY
GENERATION o
DELIVERY AND CAR

USE
DATA
n

APPLIANCES |
AND EQUIPMENT

INFORMATION FLOW: In Smart Energy Networks, advanced
technology systems use information from different sources to

make better decisions: how much energy to use, when to use
it, and what sources to tap at any given moment. The result?
Consumers and businesses get the energy they need as
efficiently as possible.

COMMUNICATION

A

PHOTOVOLTAIC

»

y v
- o 0
HYDROGEN
GAS \
00 e \
00 oisTRIBUTION
ELECTRICITY

NETWORKS

D HOMES, BUSINESSES

AND INSTITUTIONS

ENERGY :
STORAGE
A0 CorvERION
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CRITICAL TECHNOLOGIES

Revolution...Now
Accelerating Clean Energy Deployment

-
-

- LAND-BASED WIND
g Wind accounted for 41%

oY of all new generation capacity installed in the US in 2015

EVS

o I,fm 490,000 cvshave

been sold through August of 2016

Sensors / Internet of Things
Artificial Intelligence / Machine Learning

e I B
@‘- b ﬂ\:;;\‘ Robotics
. Solar PV
Energy Storage
3D Printing
3D Visualization
Mobile Internet & Cloud
Big Data / Open Data
Unnamed Aerial Vehicles / Nano Satellites
eMoney / eFinance

TP NG RGGNNS

- O

» > 7 3‘

Source: US DOE, 2016 ‘The Future Arrives for 5  UniveRsiTY OF ‘.
Clean Energy Technologies E,?}\;? WATERLOO ﬂ!ﬁgw
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Solar costs are falling dramatically Battery price are also falling

i cin 6 2008
_since ; T
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Future Arrives for 5 Energy Technologies

Cost Reductions Since 2008
2008 2009 2010 2011 2012 2013 2014 2015

-20% - ~

L

_400/0 n
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o Utility-Scale PV (-64%)

-80% -
-100% -
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Information and Communication Technologies (ICT):
Performance and Costs

Sensors: 1,000X changes in 7 Years (2007 - 2014)

UNIT CHANGE COMMENTS
Number of 4
Sensors up 1.000x From 10 million to 10 billion
E.g., from $250/axis for gyros
Cost DOWN 1 ‘OOOX v to $0.75 for three axis
Power From W to mW and mW to
consumption DOWN 1 '-OOOX v MW, depending on sensor
Physical E.g., gyro from 2,000 mm?3to
Size powN 1,000x v 2 mm?/axis
Number of 4 From 1,000s per sensor to
Transistors up 1,000x 1,000,000s/sensor

On the road to trillions of censors: Exponential Unit Growth

Copyright @ 2016 Tony Seba Source: Janusz Bryzek, TSensors
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Homes As Virtual Power Plants?

POWER.HOUSE VPP launched sfﬁ;zzme_"r
March 2016

IESO Conservation Fund for 20 homes:
e 20 targeted homes in PowerStream territory

* 5 KW solar array; Sunverge unit- 6.8 KW/11.4KWH battery and EMS
* Aggregation of distributed assets to create a Virtual Power Plant

¢ Technology partner: Sunverge
* Installation partner: RBI

N

HOUSE

Solar

A Outage
Integration

Management

Behind the
meter solution

'owerStream .- Grid Interactive
Smart k<4
Technulolies%




SONNEN SMART COMMUNITY

-~ OMos
Llp to 80%

energy surplus

autonomy +feed in of “_‘j e

Peter in Munich

A

Energy supplier

i\
A | Without Sonnen
) Dependent on ]
> m energy utility Com mun |ty

Paul in Flensburg

Peter in Munich

AN

|

Paul in Flensburg

AR With Sonnen
/\ ooo .
I_I_Lil §§ﬁ Community
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Power Plants on Wheels:
CARS CONTROLLING THE GRID?

Electric Vehicles Sell Power Back to the Ealamce ok Posr

The numbers behind the University of Delaware program using cars

o as a money-making reserve for the electric grid
Grid
Cars used 23 (19 all-electric Mini E's, 3 modified
Delaware Test Fleet Makes Money by Serving as an Electricity Reserve Scion xB’s, 1 experimental Honda

Accord plug-in hybrid)

What they do Store or discharge electricity
according to grid needs

Special equipment needed  Control board, $200-$300 per car
Power of car batteries 12 kilowatts per vehicle*

Minimum capacity needed 100 kilowatts/9 cars
for a grid “bank”

Time connected to grid 24/7 except when being driven

Average daily driving time About an hour per car

—

NIVERSITYor Monthly revenue per car About $150
EIAWARE from grid operator
Monthly electricity cost/car  About $40
Grid-integrated Research Vehicle
Monthly profit About $110 per car/$2,500 total
“For Minis and Scions. Honda power not disclosed.
Source: University of Delaware The Wall Street Journal
1
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Lightyear One: Solar
Car Charges by itself

Car as a Power
Station:

Nissan Leaf Qualified
by the German TSO




UWaterloo Autonomoose




TaaS and Baas:
CHARGING STATIONS as Gateway Infrastructure:

30 kW EV Charging Shade Structure 300 kW EV Charging 'V 4
BWwikice WISE“L

WATERLOO INSTITUTE
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O

WO 2 o
S 525

< @
s T S




4,
L =
=
A

\
ll ’"i ré)/

: A m

pot—

5th AVE NYC

19713

Where iIs

the

-

’.‘,“‘-‘ & i

aster 1913, New York FIfin Avenue looking nortn.

Copyright © 2016 Tony Seba




401 Toronto

2017

Where is §

the
EV.
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401 Toronto

2030

Where iIs
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Gasoline Car? g
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Low-carbon energy ecosystem:
WGSl.org

ADVANCED
NUCLEAR POWER

SMART URBANISATION

OFF-GRID
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HOT SEDIMENTARY AQUIFER

ENHANCED GEOTHERMAL SYSTEM

The Krafla geothermal power plant in
Iceland produces 60 MW of energy.
Iceland's five major geothermal power
plants produced approximately 26.2%
of the nation’s energy in 2010.



ENVIRONMENTAL TECHNOLOGIES

Goothermal Energy

Ener
the E%}I/'th

Clean Power from the Deep

Practically endless energy
potential lies in the depths of the
Earth: heat, stored within the
rock. Drilling technology from
Germany makes geothermal
energy economically feasible

By Rainer Stumpf

Firstyou leave the autobahn, drive a few kilo-
metres down a country road and turn sharp
right at the small sign with the blue GFZ
logo. The journey then continues down a

bumpydirttrack foralmost 400 metres, past
the trucks at the gravel pit, and finally the
white top of the drilling derrick becomes
visible over the tops of the trees. On 19 Feb-
ruary, more than 100 geologists, engineers
and energy experts from all over Europe
took this route from Munich to the tiny vil-
lage of Ditrrnhaar in order to gain nothing
less than an exclusive insightinto the future
of geothermal energy. It bears the some-
what unwieldy name of InnovaRig, is ncar-
ly 52 metres tall and, with a 2,700-horse-
power drive unit, is powerful enough to
drill up to 5,000 metres into the ground.
The operators do not aim to extract oil or
gas, but are instead raising a very special
treasure: hot water, From the end of 2008
this natural resource should be driving a

five megawatt power plant that will simul-

54 tschland )

from

tancously generate both electricity and
heat - around the clock and independent-
ly of the wind and the sun. The drilling in-
stallation in Dirrnhaar is unique. In col-
laboration with the Herrenknecht tunnel

cialists, the German Re rch

drilling sy

Centre for Geosciences (GIZ) in Potsdam
has developed a deep drilling system
packed full of innovations. On this sunny
February day the guests stand crowded to-
gether in the Bavarian countryside stretch
s in the direction of the der-

ing their he:
rick. Yet there is no sound and no smell.
That is precisely what makes InnovaRig so
ys Martin Herrenknecht, CEO of

the business of the same name: “The in-

unique, s

stallation operates waste-free and so silent-

ly that it can even be used in populated ar-

S¢
eas.” That is an important advantage for
geothermal energy, because its use is only
cconomically viable where there is suffi-
cient demand in the immediate vicinity.

The assembly of the drills is carried out

fully automatically, various drilling tech-
niques can be used - as required = and this
“technological masterpiece”, as Herren-

knecht puts it, can drill up 1o 100 metres a

day. The expert onlookers nod apprecia-
tively and busily take notes. By the summer,

150 litres of water per second will be flow-

ing to the surface at a temperature of

140 degrees Celsius,

The CEO saves the best until last: “When we
reach the water, we will realign the system six

metres to drill a second hole.” Enthusiastic
applause. After all, that's never been done
before either. Extracting geothermal energy

always requires the drilling of two holes: the

hotwaterispumped outofone hole, the heat
isused to produce energyand the cooled wa
ter is pumped back into the hot rock forma-
tion through a second hole, This used to be
an expensive business because the drill had

to be dismantled and reassembled at anoth-

erposition =notany more. Using the mobile
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Advanced Nuclear :
Challenging your assumptions about nuclear

2020 2030 2040

* Nuclear waste is fuel ‘
» Avoids long-term storage \

* Closing the fuel cycle

> Inexhaustible supply Nuclear

* Inherent safety waste

» Public acceptance

 Decarbonizes base load
> Eliminates coal

2050




Comparing three nuclear fuel cycles

Three major approaches to burning nuclear fuel and handling its wastes can be employed; some of their features are noted below.

Fuel is burned in thermal reactors and is not Fuel is burned in thermal reactors, after which Recycled fuel prepared by pyrometallurgical
reprocessed; occurs in the U.S. plutonium is extracted using what is called PUREX processing would be burned in advanced fast-
processing; occurs in other developed nations neutron reactors; prototype technology
5% used 6% used Less than I 5% used in
1% wasted thermal reactor
——95% wasted 94% wasted
More than
94% used in
UNBE- PI.'IT“NIUH Fl.“.l. fast reactor
Fuel utilisation
Uses about 5% of energy in thermal- Uses about 6% of energy in original Can recover more than 99% of energy
reactor fuel and less than 1% reactor fuel and less than 1% in spent thermal-reactor fuel
of energy in uranium ore (the original of energy in uranium ore
source of fuel) After spent thermal-reactor fuel runs out,
Cannot burn depleted uranium or can burn depleted uranium to recover more
Cannot burn depleted uranium (that part uranium in spent fuel than 99% of the rest of the energy
removed when the ore is enriched) or in uranium ore

uranium in spent fuel
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DRIVING A REVOLUTION
IN AFFORDABLE ENERGY FOR HUMANITY

The Problem: v
1.3 Billion People Small Business/Agri Production
Without Electricity >:oow
ierq
: ( 5.0
Community Needs
(Hospitals, Schools, Clean Water) Off Grid
>200W B 1 i ety High Value|
Tier3 ( H Sovete
03
T N
* Micro-Business/Entrepreneurs % 10
o
v
4 ssow| L gl
/ / Tier2 ( 05
Individual Productivity o | On Grid
>3W u
Tier1 1 t }
25 750 3,000 6,000
/ Basic Access Q1 Q2 Q3 Q4
Tier0 (Human Development Needs) Quantity (kWh)
t Tier1 - Basic Access: Stand Alone System
o] 6 Years 20 y

1t Tier 2 - Tier 4 - Integrated Mini Grids (Pico-nano-micro)

Deliverables:
300 Signature Projects
Next Generation Solutions
ICT Enabled Distributed Energy

Diffusion Pathways for Mass-Scale Adoption Affordable Clean Energy -Fully Accessible

LV
Bwthc, WISETL

1 WATERLOO INSTITUTE
FOR SUSTAINABLE ENERGY




WHO WE ARE

AE4H

Global Change Initiative

A consortium of institutions and experts committed to
enhancing research and development of innovative solutions

to end energy poverty
* Co-Directors:

= Dr. Jatin Nathwani, Ontario Research Chair in Sustainable Energy and Public Policy, Executive Director of
the Waterloo Institute for Sustainable Energy, University of Waterloo

= Prof. Dr. Joachim Knebel, Head of Division lll: Mechanical and Electrical Engineering, Karlsruhe Institute of
Technology
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Universal Energy Access:

Meets the Test of Climate Change + Human Betterment v

Affordable 4 Humanity

Can it be Done?
v

0
s \WISETU T

@ WATERLOO

WATERLOO INSTITUTE
FOR SUSTAINABLE ENERGY



g@ SUSTAINABLE S,
52 DEVELOPMENT s,

GOOD HEALTH QUALITY
AND WELL-BEING EDUCATION

]

DECENT WORK AND 1 REDUCED
ECONOMIC GROWTH INEQUALITIES

1 6 PEACE, JUSTICE
AND STRONG
INSTITUTIONS

'ALS

J  AND SANITATION

@
SUSTAINABLE
DEVELOPMENT
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World Energy Outlook 2017

“ ... $69 trillion”

Total cost of the International Energy Agency’s
Sustainable Development Scenario
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“$99 trillion ...”

That’s how much money the US government estimates
was in global cash and bank accounts on Dec. 31, 2017

4] UNIVERSITY OF
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Guideposts: shaping future directions

|. Scale and complexity of change
suggests transition to a low carbon
economy will take a long time

2. Compelling global need for a non-
carbon based source of high quality
energy

3. Global dimension of energy

poverty is an even larger and deeper
social and economic problem

EFFICIENCY
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Advanced Nuclear

Employment Sustainable
Mobility

Climate & GHGs

GDP Smart Wealth

.. Smart )
quity Urbanization Creation
Access

znergy Network:

Land Use

Buildings Innovation
Digital World

Geothermal/Bioenergy/Hydro/Tidal

Air Quality

Power
Generation

&
Transmission

Natural
Gas +

Hydrogen

o>

Security

Coal + CCUS




THE SOLAR HOURGLASS

TEAM: Santiago Muros Cortés

ENERGY TECHNOLOGIES: concentrated solar power (thermal beam-down tower with heliostats)
ANNUAL CAPACITY: 7,500 MWh

A submission to the 2014 Land Art Generator Initiative competition for Copenhagen

L\ V
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FOR SUSTAINABLE ENERGY




FRESH HILLS

TEAM: Designer: Matthew Rosenberg; Structural Engineering Consultant:
Matt Melnyk; Production Assistants: Emmy Maruta, Robbie Eleazer
ENERGY TECHNOLOGY: WindTamer™, Carbon Dioxide Scrubber, SmartWrap™
ANNUAL CAPACITY: 238 MWh

A submission to the 2012 LAGI competition for New York City

UNIVERSITY OF
4 WATERLOO
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ENERGY DUCK

TEAM: Hareth Pochee, Adam Khan, Louis Leger, Patrick Fryer

ENERGY TECHNOLOGIES: photovoltaic panels (Panasonic HIT or similar), hydraulic turbines
(Kaplan, Francis, or similar 100-500 kW capacity)

ANNUAL CAPACITY: 400 MWh

A submission to the 2014 Land Art Generator Initiative competition for Copenhagen

N

UNIVERSITY OF

WATERLOO

'V
WISE” ("

WATERLOO INSTITUTE
FOR SUSTAINABLE ENERGY



THANK YOU

Jatin Nathwani, PhD, P.Eng

Professor and Ontario Research Chair in Public Policy for Sustainable Energy
Executive Director, Waterloo Institute for Sustainable Energy (WISE)

Faculty of Engineering and Faculty of Environment

Fellow, Balsillie School of International Affairs (BSIA)

University of Waterloo, Waterloo, ON

Email: nathwani@uwaterloo.ca
Personal Webpage: https://wise.uwaterloo.ca/about/exec
Websites: wise.uwaterloo.ca and https://aedh.org/
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Additional Background




ROAD MAP FOR A LOW CARBON
ENERGY FUTURE
WGSl.org

TER{Q0

OPEN ACCESS
ENERGY

f ed in the UNIVERSITY OF WATI GAZINE |

ending
. Energy
Inequities

WATERLOO

Source: Nathwani, et.al WGSI (2012)

Contact: Nathwani@uwaterloo.ca %\ WATERLOO
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Karlsruher Institut 0r Technalogie

AE4H Global Program:

Knowledge Creation — Knowledge Transfer

Building human
capital

rning lessons

. in the field
Training futu.

innovators

Transferring
knowledge

uuuuuuuuuu

WATERLOO

LV
WISE %™ B



Fossil Fuels as Stranded Assets?
Financing Intergenerational Burdens of Energy Transitions

7,000 -
B Beserves
6,000 1 @ Non-reserve resources
G 5,000
0 .
c Fossil Reserves
% 4,000 oil: 1300 bb
E B,DDD ] Gas: 190 TCF
@ Coal:1000 Gt
o 2,000 -
O
1,000 +
0- N \ 2900 Gt CO2 Emissions
Py, O F P N 900-1000 GT CO2 is Budget
S & \}Q’ emission limit for 2 deg C scenario
$ & @
o2 O
° 5®
o
‘O\}
'V
Source: McGlade, C and Eakins, P, Nature, v 517,187, Jan 8, 2015 WA?ESIIQTI:OO(F) wLS.NE.UT ‘W.




Billions with no access to modern
energy services:

3000

2500

[ ]
o
—_
—

1500

Millions of People

fa—
o
—_
—

500

B Utban WRural

||| ”I[

<§2aday Noelectricity <$1.25aday <§2aday  Nomodem Noelectricity <§1.25a day
1993 1990 1993 2002 fuels 2003 2005 2002

Source: GEA 2012, data from IEA 2002, 2007, Revlon et al 2007



Meeting Future Needs:
A Balanced Mix of Options

Rapid economic
growth and rapid

Intermediate growth, introduction of new A

local solutions, less and more efficient

rapid technological technologies. Low energy / carbon

change. 0 () () intensity development,

M M M enabled by societal and

() () technology changes.
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Cost of Energy Services: Time vs Fuel vs Capital

70 ‘ 80
N l
v o
\ /
60 — \ /
\ 4
N\ + 60
50 —
_ / —_
S N / &
> \ / 2
1]
9 N / o
o r’ 40 br—1
= ~ [
g 30 N\ / - 2
2 N\ // Capital costs o
= Stove efficiency N\ P
0 \ ,
20 — — y
N\ P 20
N7
P
10 7N
- ~ ~, Time costs
- SN _—
- ~So
0 - S 0
Animal  Agricultural Traditional Traditional Improved Improved Kerosene LPG Eletric  Electric
dungin  wastein  wood charcoal wood charcoal  wick stoves  stoves  hot plate
traditional traditional stoves stoves stoves stoves stoves
stoves stoves
<2 Y 1 f 1 I 1 I 1 >
Traditional Traditional Improved Improved Liguid Electricity
Dung Wood Charcoal Wood (Rocket) Kerosene
(11%, 12 kg,18.69)" (18%, 6.5 kg,10.4g) (25%, 4.6 kg,4.1g) (38%, 3.0 kg,6.0g) (9% 1.6 kg.0.39)
Ag. Waste Charcoal Ag. Waste Wood (Gasifier) LPG
(15%, 8.9 kg, 8.50)  (18%, 6.6 kg,5.89) (35%, 3.8kg,369)  (43%, 2.6 kg, 2.0g)  (55% 1.4 kg,0.29)
Coal Wood (Turbulent Air)

(14%, 8.0 kg, 25.1g)

70%, 1.7 kg, 0.69)

Minutes per day for fuel gathering

*Avg. thermal efficiency (%), GHG emissions (kgCO ,-e/day assuming 11 MJ delivered/day), Particulate matter emissions (g/day

assuming 11 MJ delivered/day.

Source: GEA 2012, Chapter 2



Consumer benefit per watt

VALUE & COST OF ENERGY

CONSUMPTION:
THE VALUE OF USING ELECTRICTY

/ Highly valued watt

Off-grid
supplied
electricity Low valued
watt
On-grid
supplied
electricity

Credit:
2011

Quantity of watts supplied

Waterloo Global Science Initiative

Production cost

AT DIFFERENT TIERS

PRODUCTION:
COST EFFICIENCY OF TECHNOLOGIES

Low efficiency
technologies

Small scale

production

High efficiency
technologies

Large scale
production

Efficiency



omparison of carbon intensity of electricity
roduction

Average yearly decarbonization rate from 2010- 2015 (Table 3)

Potang 40B414T1D 367732850 11288 -41.1
Slovakla £64892940 £1415090 £910 299
Czech Republic 140558690 128820670 B96.9 -28.1
Romania 21402540 17810040 9578 -26.8
Iretang £4029690 62425330 262.1 -24.1
Turkey 412712830 484235900 7103 -223
Finland TI 321450 413 -21.0
Hungary 56122340 £69.1 -204
Bulgaria £0811330 15906 -17.6
Unhted Kingdaom 43921270 us4 -17.3
Belgum 136842480 743 -15.6
Denmark £5842610 50983420 700 -14.4
swedan 84889510 55385800 1807 -89
Germany 545967 7ED 26477010 Mik -87
Metherlands 224451910 206712600 2554 -82
Erance 527482100 474405630 240 -15
aly 514135770 442777 620 10 -13
Austria 27130050 1000490 945 1.1
Swizeriang 58764280 53072870 1232 -45
Horway 54501690 55444740 1744 -5
spain 349564740 350403200 219 -29
Graete 120915100 8608620 5349 0.1
Partugal 72120450 72085210 4008 28
Countries that are successful in metric 3 have put in place the right policies to quickly reduce their carbon
emissions. While maestly countries with high GHG emissions per GOP are in the upper end of the ranking,
countries that stand sut as pesitive examples are Ireland, Finland, UK, Belgium and Denmark with an al-
ready low ratio of GHG emissions per GOP but still a high average decarbonization rate.
Total GHG emissions per GDP 2010 baseline (Table 1)
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https://www.electricitymap.org/?page=map&solar=false&remote=true&wind=false

Smart micro-grids create a
consumer surplus

Batteries

Kerosene lamp Consumer surplus from

microgrid energy
services (Area B+ C +

Solar lamp
D+E)

Solar home system
Demand curve for

enargy senvices

Micro-grid
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Central grid

B
Cell-phone Lighting Entertainmant Comfort and Commercial

Charging (Radio/TV/DVD) Productivity (Fans; Activity (Ag.
Refrigeration; Irons) Processing; lce
Production)
Energy Service

Apt et al, 2014




Solar Home System + Super Efficient Appliances
= Affordable Service

But, what if the
appliances

themselves
. 2009 - SHS with standard
generate income? appliances

Lights ™Battery %PV Balance of System ™ Appliances

v Irrigation pumps for  2014- sHs with standard

apgliances

farmers
v'Fridges for cold Negative costs
beverage sales over time?
v'Hair clippers for s s s s g g
barbers ” Retail Pfce by Cofponem (éfus; ; ;}
v TVs for local
cinemas
Source: “Powering A Home with Just 25 Watt solar PV with Super Efficient Appliances,” Phadke ~
et al, LBNL 175726, April 2015 WA\:FEETIIOO(F) gﬁ!&%u&f




Super Efficient Appliances —
Make the Most Out of Every Watt!

Table 2: Ranki of H hold or SME Appli by Region

.._. S Global LEAP Awards

e Outstanding Off-Grid

East Atrica @ D ﬁ i Appliances
Tied for 4th 2014 Buyer’s Guide

—— @ [ S

s P [ & B g

3 4 5

et eplances mmmtiring Teleisons Global
KEY @ @@@@ D mmmmm : - *ﬁ @"V\N“-"Wv"’ LEAP
Radios @ Fans . Refrigeration D Usig d nrsy Accss atnarsip
= vy
'V
Source: CLASP/Global LEAP 51 UNIVERSITY OF
WATERLGO ~ WISE &
. FOR SUSTAINABLE ENERGY




World Energy Outlook 2017

“ ... $69 trillion”

Total cost of the International Energy Agency’s
Sustainable Development Scenario

@ WATERLOO




Climbing the Access Ladder for Life Quality

The Energy Access Ladder

Products & Distribution | Service & infrastructure

Grid
connection

iti [ | ¢ ty,  (LPG
Traditional fuels & , . (O-?fr_gr::;mty,
Systain Household systems,

Solar system

Cook Stoves & |
Solar Lanterns !

* Cheaper * Higher efficiency
* Higher price perunit  * Moreefficient |+ Higher choice of uses
* Higher health issues * Cleaner * Modern forms of fuel

Costto Customer $2 /KWh 60¢/KWh 20¢/KWh 10¢/KWh

Source:Acumen Fund, 2012




