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The Electrification Strategy

“The most plausible way to reduce global CO, emissions is ... to increase the role of
very low carbon technologies in electricity generation and to increase the use of
electricity in transportation and heating.”

Schmalensee, Energy Economics, 52 (2015)

“..there is no single technology that can be said to be the cheapest under all
circumstances.
[...] system costs, market structure, policy environment and resource endowment
all continue to play an important role in determining the [value] of any given
investment."

IEA, Projected Costs of Generating Electricity 2015 edition
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Canada’s Advantage

ELECTRICITY SECTOR EMISSIONS FOR SELECT COUNTRIES (gCO,/KWh)

India i _ 1333
Australia 992
Germany 672
United States 547
Russia | 513
Ukraine 501

Mexico | 452

Venezuela 208
Canada 180
Colombia 111
Brazil 93

0 300 600 900 1200

M coal-dependant countries [l natural countries [l countries

SHARE OF ENERGY GENERATION (2013)

Canada EU China India USA Japan Russia (2012)

M Renewables (including hydro) [l Coal M Oil & Natural Gas Nuclear
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Of course it will work...
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Regional
Characteristics

Resources
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Energy System Pathways

The Future

Scenario Analysis Resiliency Analysis

Economic  Technology Policy Risks Uncertainty
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Electricity System 101
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Electricity Demand

* Whatis at the end of the line and how does it behave?
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FEBRUARY 21, 2020

Hourly electricity consumption varies throughout the day

and across seasons

Average hourly U.S. electricity load during typical week, selected months =
million kilowatthours cla
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Source: U.S. Energy Information Administration, U.S. Hourly Electric Grid Monitor
Note: D 0 erage aggregate U.S. hourly load (Eastern Standard Time) by day of the week for the

months d 2019
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1 H California Mid-DAr:I::atis: January
Regional Demand Profiles |20
Texas October
* Air-conditioning equipment  © " - “
is used in 87% of homes in AR ’
. (o] - \j/\’ \ . % % % 30 ﬁ
the United States. . . . .
* The daily U.S. load cycle in . ’ ) )
the summer has a much Ucatomin soutwent toas Soummt
wider range than in the .

winter because of the “ "

widespread use of air IS 7N e RIS Zad
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Source: U.S. Energy Informat minis n, U.S. Hourly
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The Goal — instantaneous supply matching demand

’ -
Supply g Technology B Demand
a Energy a = Energy b
Costa=Costb

Q
Value of b > Value of a ‘/\

Control demand?
Integrate with another region? Time
Curtail supply
Time Introduce storage?
(Impact on cost?)

* How does the addition of one option affect the entire system?
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Low Carbon Supply Options to Serve Demand

|| Demand |

| Resources | | Reservoirs | | Generators | | Grid

Hydro 2
Hydro 3

Hydro 4 Run-of-river

Industrial
Residential

Mill Waste

Forest Debris Electricity

Timber

Geothermal

==
T
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Solar 1
Solar
Solar 2
Natural Gas
0
Other Other
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Alberta (AESO) Electrical Supply

Figure 4: Aggregate Merit Order, Q2 2017
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Transmission and Interconnections

AC-DC-AC tie M

http://www.eia.gov/beta/realtime_grid/#/summary/about?end=20160724&start=20160625&regions=01
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Electrification Step 1 — decarbonize generation
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Renewable Resources - Variability

(April 1, 2017 — May 30, 2017 - Video)

CAISO Solar
9K

BK

2 5 B8 11 14
Daily Generation - April 1, 2017

Courtesy of POWEREX
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Solar vs. Wind Generation — One Year

Each line represents one da:

CAISO Solar

line colors by month, Feb 8, 2017 — Feb 8, 2018

BPA Wind

mg.

oorsw.

I I R S S T A I I AT

Courtesy of POWEREX
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Hour Beginning
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Aggregated Effect on System

Figure 2: The duck curve shows steep ramping needs and overgeneration risk

Typical Spring Day
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CAISO -d d mi | d wind
f] 0310272020 ~ Net demand trend Data ~
33,000
28,000
23,000
z
18,000
Avg. ramp
13.000 ~14,682MW in 3 hrs
8,000
o 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22 23 24
-@ Hour ahead forecast @ Demand @ Net demand
{5 min. avg.)
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Challenges of large VER additions

Load
(W)

F. Ueckerdt et al., Energy 63 (2013)

Low capacity credit

--- Load duration curve Hours of one year (sorted)

— Residual load duration Overproduction
curve

* Low capacity credit, cannot reduce conventional capacity
* Baseload hours reduced — low cost generation hours
* Excess supply — curtailment, negative prices

® University | Institute for Integrated

) of Victoria Energy Systems UVRA Living Without Oil Oct 17, 2020 21
Denmark’s wind power surplus ~ \Wind power generates 140% of
Denmark's electricity demand
9 July 10.44pm
Energy capacity in MW
Central power stations 316
Local Combined Heat & Power plants 182
Aalborg Wind turbines 3,768
| Solar cells (0]
L Net energy being exported 1,030
Energy demand 3,236
CO2 emissions 65 g/kWh
Denmark
® Arhus Sweden
® Copenhagen
T
. b: | The Great Belt
s S90MW
<http: jan.c 2015/jul/10, ind-windfarm-p eed-electricity-demand
KI5 University | Institute for Integrated UVRA Living Without Oil Oct 17, 2020 22
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@ 28 July 2015 0:02 am

Jutland - Sweden
Imports: 271 MW

Power right now
Measured in MW:

Central power stations

Local CHP plants

Wind turbines

Solar cells

Net exchange import 1.319
Electricity cansumption 2.699

€02 emissions 80 g/kWh

LEGEND v

Zealand - Sweden
Imports: 758 MW

Bomnholm - Sweden
Imports: 15 MW

Zealand - Germany

Exports: 340 MW

. Last updated 28. juli 2015 0:02

Jutland - Germany

Exports: 43 MW
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Imports are 50% of
Denmark's electricity
demand

23

Curtailment and Negative Electricity Prices
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* Europe negative
power prices first nine
months of 2020,

— excess power in the
market resulting in
consumers being paid
rather than charged to
use electricity.

* Frequency of negative
day-ahead prices three
to four times higher
than those seen
between 2015 and
2018, and more than
twice those in 2019.

The total number of hours of negative day ahead prices in the markets in 2020.

24
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CAISO —supply and flexibility

03/02/2020 ~ Supply trend Data ~
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| Resources | | Reservoirs | | Generators | | Grid | | Demand |
Hydro 3
Hydro 4 Run-of-river
Mill Waste
Forest Debris Electricity
Timber
Solar 1
Solar 2
OCGT
CCGT-CCS
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2013 Secondary Energy

Alberta B.C.
120 Other
200 Other M Aviation
B Heavy duty gasoline = Navigation
m Off road dieS(_eI 100 B Off road diesel
2150 B Heavy duty diesel = H Heavy duty diesel
E M Light duty gasoline E 80 M Light duty gasoline
- W Electricity demand ~ © M Electricity demand
5 5 0
£100 £
© ©
& &
5 g 40
f= [ =4
] 20
0 0
Transportation energy use Electricity demand Transportation energy use  Electricity demand
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Electrified . . d
...  Transportation in Canada
50 TWh \ Total Transportation GHG Emissions (2013) (Mt of CO2e)
400 g
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Natural Resources Canada
3 gf"\',‘::;;'rg :E"::’g';es)rf:";;fg'a‘e‘j UVRA Living Without Oil Oct 17, 2020 29
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Electrifying Heat — Energy Demand

* US Heat Demand S Corresl ]
— equivalent ~50% of other A o ey e e
electrical demand. B et e Gl | Frecess
1or B Food Industry Steam
* End-use technology —ta i
efficiencies could make
electrical demand similar to
current electrical demand. 4 I ]
* Temporal patterns make the , e oy |
required electrical capacity -
much higher.

Space Heating

" Air Conditioning

Refrigeration

Thermal Energy Demand (EJ)

o
E
)

0 2040  40-60 60-80 80-100 100-120 120-140 140-160 160-180 180-200 200-220 220-240 240-260

Utilization Temperature Range (°C)

D. B. Fox et al., Energy and Environmental Science, Issue 10, 2011.
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Future Electricity Demand

- ~,

([ ALOAD \ LOADS

-ln 'r’\— ResPV || _ /U“\ _ Load I:attern (
\_/ Rise ‘ Load Patt
| st Storage i « (S8 atem
e — — f—\ \ 2 Residential
— Electrific- ‘ — >
ation 4
-— Net ] =
Load Load Pattern
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Capacity, Energy, Flexibility

100% ELECTRIC TRANSPORT IN BC BY 2055
¥ =
&) EHP(EBHE
Additional
236W e £ INCREASE
2055 37GW REQUIRED pu(zrpjaté\:nand inaverage unit cost of electricity
[Proposed Scenariol installed electrical generation enonosrmcgruwth :zstuifm;;jﬁ;:\ls clean energy
capacity for future population and Y] p gng
economic growth PLUS 1007% EV O 8%
) () (1
2015 15.6GW BusTie et
[Baseline] installed electrical generation capacity
PICS
2L
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Electrification Step 3 — gas and chemical fuels

Electricity
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Electrification Step 4 — make it work

* Control Supply
— curtail
— excess capacity
— dispatchability
— flexibility
* Control Demand
— constrained resource, uncertain
— acceptance?
* Trade
— use transmission system
* Storage T BT

IBROKEIT
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Charting feasible pathways to sustainable energy systems

o

WWW.iesvic.uvic.ca
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Decarbonization Pathways — Electrification and Storage Part Il

Living Without Oil Seminar Series

Andrew Rowe
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The Energy System Architecture

.
Demand Service Energy Transformer Supply
AN Technologies . Currencies . AN Technologies
x(t) \ N\ y(t)
| ~ N

q

1
@ 0 ©

Stored sources allow temporal and spatial decoupling between steps in energy chain
— Storage always there, but somewhat hidden as Nature has taken care of this for us...
— Now want to use dynamic sources

Spatial and temporal connections as well as transformations

[=wW University
&) of Victoria

Institute for Integrated . .
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Where can we get flexibility?

Increased interconnection

capacity within/between
regions POWER SYSTEM
FLEXIBILITY

N~ A |
‘:"A‘ ﬁ ‘f + RES curtailment
/ \ P X4 \

Flexible
power plants

ﬂ DSM/DR Storage
P New technologies Electric
(heat pumps, ... ) vehicles
Figure 14 - Flexibility options in the power system

DNV GL White Paper 2017, Flexibility in the Power System
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Grid Storage
Reserve & Response Transmission & Distribution Bulk Power
1,000 Services Grid Support Management
10 Hours
Storage
. "
100 T and D Facility Deferra H Hydrogen & Fuel Cells
Customer Energy [\l Res 1 Hour

Management egulati

10 ——
i " Area Control
Renewable and Frequency
Energy E—— KEY
Management 1m aﬁlﬁmﬁ (EEmbataiide Types of Storage

Storage Time (min)
=]

Power Quality

DISCHARGE TIME AT RATED POWER
Minutes

and Reliability 1s
0.01
100 ms E nu..a,,.
0.001 & )
10 kW 100 kW 1MW 10 MW 100 MW
Storage Power Requirements for Electric Power Utility Applications
kW 10kW 100kW MW 10MW 100MwW GW
Data from Sandia Report 2002-1314 SYSTEM POWER RATING, MODULE SIZE
Ali Nourai and Chris Schafer, IEEE Power and Energy Magazine, Jul 2009
University | institute for Integrated o ) ’
E of Victoria | Energy Systems UVRA Living Without Oil Oct 17, 2020 4




Pumped Hydro

* Efficiency includes both
conversion efficiency and
storage losses.

— Storage losses due to
evaporation and seepage

— Most modern PHS plants operate
with round trip efficiencies of
75-80%

* |deal PHS sites are often well
away from load centers

— resulting in transmission losses.

(Wb Unijversity

Institute for Integrated
of Victoria

Energy Systems

Pumped storage hydropower systems are generally one of two types. An open-loop system has a continuous
source of downstream water that is pumped uphill to an upper storage reservoir. Typically, an open-loop plant
pumps water that has already passed through the dam up to the storage reservoir above the dam. By contrast,
closed-lcop systems pump water from a lower storage reservaoir, which is not continuously filled with water and is
generally not connected to a flowing source.

'OPEN-LOOP PUMPED-STORAGE HYDROPOWER CLOSED-LOOP PUMPED-STORAGE HYDROPOWER

Projects that g

Energy Efficiency and Renewable Energy i

Source: U.S. Department of En:

Historically, most U.S. pumped storage plants were installed on rivers as open-loop systems. However, more of the
recent applications filed with the Federal Energy Regulatory Commission? (FERC) for pumped storage hydro
project licenses have been for closed-loop plants. One reason for the increase in closed-loop plants is that they
capture streams of runoff water from agricultural irrigation systems that would otherwise go unused

UVRA Living Without Oil Oct 17, 2020 5

US Pumped Hydro

OCTOBER 31, 2019

Most pumped storage electricity generators in the U.S.

were built in the 1970s

U.S. operating hydroelectric pumped storage capacity

by intial ti by stat cia)  Table 1
Y n I?t operating year V S g Modern dedicated PHS facilities evaluated in this study
glgawa S i gigawatls Facility Location Completion date _ Power (MW) __ Storage capacity
alifornia
(MWh)
5 Virginia Bad Creek Salem, SC 1991 1000 24,000
South Carolina Balsam Meadow Shaver Lake, CA 1987 200 1600
4 Michigan Bath County Warm Springs, VA 1985 Uprated z+es 3000 23,100
Georgia Clarence Cannon Center, MO 1984 31 279
g Fairfield Jenkinsville, SC 1978 512 4096
3 Massachusetts Helms Shaver Lake, CA 1984 1206 184,000
Tennessee Mt. Elbert Leadville, CO 1981 200 2400
2 Pennsylvania Raccoon Mtn. Chattanooga, TN 1978 1530 32,130
1 New York Rocky Min. Armuchee, GA 1995 760 6080
Missouri P. Denholm, G. Kulcinski, Energy Conversion and Management 45 (2000) 2153-2172
0 restof US
1960 or 1970 1880 1980 2000 2010
before 0 1 2 3 4
Source: U.S. Energy Information Administration, Annual Electric Generat
(Wb Universit i
Y | Institute for Integrated UVRA Living Without Oil Oct 17, 2020 6
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Pumped Hydro Storage

3
%

Qpper pond /
12:mio m35A .

Brinkman, Eberle, Formanski, Matthe, “Vehicle Electrification — Quo Vadis”, GM Global R&D, April 2012

\whw University | institute for g
) of Victoria | Energy Systems
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Pumped Hydro Storage

This much could be fed
into a large pump storage:

8,000 MWh

ot —_— -_
Qct 1 Oct 3 Oct 5 Oct 7 Qct 9 Oct 11 Oct 13

=> Buffer capacity for some minutes / hours

Figure 14 — Fluctuating wind energy in October 2008 in the grid operated by TenneT
compared to biggest German pumped hydro storage Goldisthal (a Vattenfall installation
in the state of Thuringia) [10].

Brinkman, Eberle, Formanski, Matthe, “Vehicle Electrification — Quo Vadis”, GM Global R&D, April 2012

Institute for d . ) .
Energy Systems N UVRA Living Without Oil Oct 17, 2020
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Compressed Air Energy Storage

* Consumes less than

40% of the gas used et .
. . xpander
In a Comblned_cycle A‘ COmpressor MOtor IIIIIIIIIIIIIIIII:-
and 60% less gas )
than is used by a e il
single-cycle gas
turbine
* Can bein service in [ HeatRate Ta810
. | Energy Ratio | 0.70
15 min
(=) 2008 Electric Powsr Ressarch Instituts, Inc. All rights reserved. Source: EPRI EPEI'
@2&‘5{%{ 'E’:;ir‘g‘;ms;‘::;:‘;fg’a‘e" UVRA Living Without Oil Oct 17, 2020 9
Power to Gas
H,0 o,
Electricity e m H, e
H2
Digester/ 0% cHy ,
Landfill Gas CH,
H,0 Heat
* Power to gas (P2G): make fuel and,
a) inject H2 into NG system (up to 15% requires minimal changes)
b) Methanization of H2 to CH4 — inject into NG system
@2&‘5{%{ 'E’:;ir‘g‘;ms;‘::;:‘;fg’a‘e" UVRA Living Without Oil Oct 17, 2020 12




Cavern Storage (CH,, H,, air)

o == * Benefits
t?—-@‘

~— +thick natural safety barriers
> high tightness

| *large volumes @ high pressures
. *low cost (kg H, / m?)

|« minimum need for surface plant

= very high safety
against blow out & damage / attack

’{ga

sity | Institute for d

Energy Systems B

UVRA Living Without Oil Oct 17, 2020

Cavern storage of H,

T1 This much power could
in be fed to a single H2
2 storage cavern facility
(240 GWh)

Includes e — H2 conversion eicieﬁéy
of 65%

Octl Oct 3 Oct 5 Oct 7 Oct 9 Oct 11

=>» Buffer capacity for some minutes / hours

An average salt cavern can be charged at over 1 GW for 10 days. As of 2010 there
were over 170 caverns in Germany (for natural gas.)

Institute for Integrated
Energy Systems

(Wb Unijversity
W& of Victoria
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Power to Gas to fuel...

04/15

Direct air capturing

A facility of the udi cooperation partner
Climewarks filters CO; fram the ambient i

= air and freds it inta the conversion reactor. i

2. Electrolysis
co,

High-temperature electrolysis splits water
heated ta steam inta hydrogen and oxygen &
Tha axpgen is released into the atmosphere,

while th hydragen is fad into a raactar. ey, M -
Orcy :
|co, W <

o, ¥

4. Pro i
1. Ecological power rocessing

generation Depending on the application,

Blue Crude can be processed,
for example, in a refinery.
The proguct of this refining is e-diesel.

The electricity used far the production
of e-diesel comes entirely from
renewable energy sources such as.
wind o salar.

Blue
3. Conversion Crude

Blue Crude is then created from carban 2
dioxide and hydrogen in a two-stage pracess: e-diesel
Gerude ail equivalentl:
+ Carbon mancxide, hydrogen and waber

are created fram hydrogen and carbon diaiide.
+ The synthesis gas (consisting of CO and Hy)

reacts to form a liquid energy carrier (Blue Crude)

comparabile with crud oil

Institute for Integrated e ) .
Energy Systems UVRA Living Without Oil Oct 17, 2020

1. Charge

Liquid Air

—

2. Store 3. Discharge 5 A

>

Stamatios et al., 2017 Applied Energy

University
of Victoria

Institute for Integrated e ) .
Energy Systems UVRA Living Without Oil Oct 17, 2020

To recover power >*(
Liquid air drawn from the




Electrochemical Batteries

Gylindrical  prismatic

Pouch ‘

Cell
production

Material
processing

Companent
production

Module Pack
production assembly

Vehicle
integration

Selected Equipment & Cost Components

+ Racking Frame/Cabinet
SM  StorageModule - Battery Management System (‘BMS")

Physical Energy Storage System * Battery Mocies
e g + conainer (
BESS gos  Balanceof -« Monitors and Controls
1 1 System + Thermal Management
I I ESS « Fire Suppression
il sm |} Bos || pes |
Power * Inverter
1 PCS Conversion « Protection (Switches, Breakers, etc.)
e ey ——— System * Energy Management System (‘EMS”)
Power
o : Project Management ing ¢ .
EPC & - Site i i System

Construction  + Foundation/Mounting
+ Commissioning

Storage Modules
T
Other (notincluded in . anbPnd .
< ar:\oa\‘yns?sk: o . ﬁlﬁ‘e‘,,”gzg’a""" Equipment Lazard 2018 Levelized Cost of Storage Analysis
+ Land
University | institute for Integrated o ) )
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Flow Batteries
Vent
T T Inert
T/couple
water
Cell out
B
g s
8 s
g gs
£ - + SE
] £
£ b Stacks O
Electrolyte Tanks O
Pumps
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Storage Cost and Value

* The recurring question of value is one facing users and developers of storage.

— Value determined by cost, system characteristics, use cases, and other available options
(curtailment, demand response, trade, ...)

— The unicorn of strorage = “value stacking”
* What services, “use cases”. Try to combine/deliver multiple value streams

— Total system cost change for delivery of service
* Is marginal cost of storage less than savings by addition of intermittent supply?

* Storage cost
— Per unit power, per unit energy?...

* What about losses and finite discharge/charge rates?
— Can we predict when it will be needed to dispatch storage effectively?
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Grid Storage Services and Characteristics
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INlustrative Value Snapshots—Methodology

Qur Value Snapshot analysis consists of creating a fi ial model rep ing anill ive energy storage project designed for a specific
use case and analyzing the financial viability of such project assuming commercially available revenue streams and system costs
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Storage

GRID-CONNECTED PV-PLUS-STORAGE: AVERAGE DAILY SUPPLY-
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Experience Curve Effects
Residential energy storage Electric vehicle transportation
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Summary

* Flexibility requirements increasing due to a number of different
supply and demand factors

* In principle, storage provides a range of services

* Can be located near supply or demand

 Availability (storage dispatch), degradation, round-trip
efficiency may reduce to value relative to other flexibility
options

» Cost of storage (investment) and cost of storage not the same,
but difficult to tell them apart
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