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Mitigating climate change is one of the formidable challenges of our fiteee than 190 nations

¢ induding Canadag have agreed and committed to take doh to significantly reduce
greenhouse gas (GHG) emissions to stabilize the global temperature @ahévepre-industrial

levels. As announced by a joint fedepabvincial declaration (Vancouver Declaration), Canada is

to undertake efforts to reduce I8G emissions by 3fercentd St 246 wnnp  S@Sta oe@
2050 reduction targets are set at §tkercent below 2005 levels. Achieving these emissions
reduction goals require transformational changesha way we procure and consume energy.

Electrcity as an energy carrier has a pivotal role in achiegt@mnomywide deeper emissions
reductions. It is a highly versatile form of energy and converting electricityeimdeuse energy
services can be done at high efficiencies. As suctecanomywide transition from current
energyend-use fuel mix to one dominated by electricity i @ption to satisfy future energy
demands, while achieving deep GHG gas emissions reducltommsigh electrificationemissions

can be moved from some millions of spatiadigpersed sources such as vehicesl building
sources to several hundred point sources (igectric power generating units), making the
emissions reduction more manageable. Furthermore, commercially proven technologyxists
for example wind, solar tidal, geothermaland nuclear powerg to produce electricity with zero
GHG emissionslransitioning to an energy system with electricity as the domiremd-use
energy source requires changing the existing infrastructure stoaicle fleets, buildingsand
equipmentc acrcss all sectors of the economy. Furthermore, it requires much larger electricity
generation and transmission infrastructure than today. That would inevitably have significant
economic impacts resulting from new investments, strandedetss and changes to energy
markets.As such, to set up a realistic technology and policy road map to deploy electrification as
a climate change mitigation strategy, it is important to gain insights into those complicating
factors through analyses that ebigitly model those factors with sufficient spatial, sectoral, and
temporal granularity.

The objective of this study is to provide such insights by assessing energy system, environmental,
and economic implications of transforming energy erst conversionechnology mix into one
dominated by electricity in the residential, commercial, and passenger road transportation
sectors of the 10 Canadian provincd$e study does not include thehiree territories, the
industrial sectoyor the freight transportatiorsector. These are questions for further work.

We focus on energy erdse services that can be electrified by utilizing commerciadear to
commercialization equipmentn the analysis, we focus on three key questions:
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1. What major transitions in energgystems are required to electrify the ene energy
services ofhe residential, commercial, and passenger transportation sectors?

2. What level of emissions reductions can be achieved through electrification of energy
services?

3. What would it cost?

In thisanalysis, we did not assess implications of electrifying indusiri@eight transportation
end-use energy demands. However, we estimated the total energy demand of those two sectors
to make economywide energy and emissions estimates.

OurBusiness asJsual (BAU¥cenariato 2050showsthat total energy demand in the residential
sector growsfrom 5 percent (in Quebec) to almost 6Bercent (in Alberta) depending on the
province. In the Atlantic provinces, however, residential sector dengmopsby 13percent over
the same period.

As enduse energy services are electrified unaer electrification scenario, in most provinces
electricityreplacesnatural gasas a residentiadheatingfuel. In AtlanticCanadaelectricity mainly
displaces heating oilhe residential sector electricity demand across all provinces increases by
45 percentby 2030 and 6@ercentin 2050.The act increase depends on the region (highest
in Alberta andlowest in Quebeq. At the same time, combined natural gas demaindpsby 48
percentby 2030 and 7@ercentby 2050. Similarly, in the commercial sector, electricity displaces
natural gas in most provinces and displace heating oil in Atl@aiada

In the passenger transportation sector, electricity displaces gasoline and dieggbyment of
electric vehicles starts at a slow rate as it is constrained by full scale availability of electric
vehicles.

Electrification will improve the efficiency ehd-useenergy conversions significantly. This is due
to the higher efficiencies ddlectrical device. We find that under electrification, energy intensity
of household energy usagiopsby up to 30percent More profound efficiency improvements
are observed irthe passenger transportation sector, where energy inten&is by up to71
percent
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Figure EL shows the relative growth in electricity demand comparedhe BAU scenario in all

provinces. Ontario sees the highest relative electricity demand growth cordgarBAU wherge
by 205Q the electricity demand is almost 2.5 times that of BAU. This is mainly due to the higher
population and associated building and transportation energy demand. Ontario is followed by

Alberta, where 2050 demand is 2 times that of BAbe lowest demand growth is observed in
Quebecandhe! (Gt I YA O LINRJAYOSa®

v dzS 6 S O Qeicerthiglper

St SO

than the BAU and this increase is driven predominantly by passenger transportation sector
demand. The estimated cost obuilding and operating electric power systems undie

electrificationscenarias1.5to 3timesthanthe BAUscenario. The highest total electricity sector
cost was observed in Ontario and the lowest in Quebec.

GHG emissions reductionfsom electrificaion of residential, commercial, and passenger
transportation sectors over the analysis period (2250) in all Canadian provinces are

depicted inTableE 1.
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Table EL: GHG EnssionsReductionsAchievable byHectrifying End-use Energy Demand of
Residential, Commercial andPassengefTransportation Sectors of CanadiaProvinces

Emissions reduction Cumulative GHG
(% of 2005 GHG emissions reduction: emissions
emissions) in the period 2020
2050 abatement
cost
In 2030 In 2050 % of study BAU ;
( emissiorils') ($1COZq)
Atlantic Canada 7% 13% 16% 14
Quebec 9% 35% 11% 36
Ontario 14% 31% 20% 114
Manitoba 11% 24% 17% 8
Saskatchewan 8% 16% 13% 58
Alberta 6% 16% 8% 176
British Columbia 9% 16% 10% 13

iThebusiness as usual (BAU) scenario assumes titatise energy demands would be satisfied by current technology and fuel
mix
i Abatement cost is calculated based on cumulative emissions reduction in the perio€2@5@0

Source: CERI

The exact level of achievable reductions varies byipae (Table E). The GHG emissions
reduction achievable in 2030 igp@ércent(in Alberta) to 1$ercent(in Ontario) below 2005 levels.
In 2050, the achievable GHG emissions reductions varies in the rangeefcehit(in Alberta)

to 31 percent(in Ontario) below 200fevels. Details of the sector results are shown in Tabke E
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Table E2: GHMEnissions andRelative Magnitude of Avoided Emissions bySector

Electrification

(million tCO2eq)

Emissions reduction
(% of 2005 provincial

emissions)
Region Sector 2020 2030 2050 2030 2050
Residential 7.6 3.9 2.4 3.6% 6.3%
Commercial 1.8 1.3 1.4 2.6% 3.4%
Alberta Passenger Transportatior 7.5 8.2 0.9 0.1% 3.7%
Freight Transportation 221 284 40.5 0.0% 0.0%
Industrial 1499 163.6 169.9 0.0% 0.0%
Electricity 17.3 171 16.0 0.2% 1.3%
Residential 2.1 0.7 0.3 4.4% 4.9%
Commercial 0.3 0.3 0.3 1.8% 2.0%
Atlantic Canada Passenger Transportatior 5.8 5.4 0.4 0.0% 7.1%
Freight Transportation 6.0 6.0 6.0 0.0% 0.0%
Industrial 11.7 11.0 10.9 0.0% 0.0%
Electricity 2.2 2.3 1.6 0.5% -1.3%
Residential 3.9 2.3 15 4.8% 8.4%
Commercial 0.8 0.6 0.5 3.4% 3.6%
British Columbia Passenger Transportatior 7.8 7.7 0.8 0.6% 11.1%
Freight Transportation 14.1 16.4 21.2 0.0% 0.0%
Industrial 20.1 24.1 24.3 0.0% 0.0%
Electricity 0.1 0.3 2.0 -0.3% -2.9%
Residential 1.2 0.7 0.5 4.4% 6.9%
Commercial 0.4 0.3 0.3 6.3% 7.6%
Manitoba Passenger Transportatior 3.1 3.0 0.3 0.3% 13.3%
Freight Transportation 3.2 3.7 4.7 0.0% 0.0%
Industrial 4.9 4.8 4.9 0.0% 0.0%
Electricity 0.2 0.2 1.0 -0.1% -4.1%
Residential 16.8 8.7 5.2 7.2% 10.8%
Commercial 3.8 2.9 3.6 6.2% 9.2%
Ontario Passenger Transportatior 29.5 27.4 2.7 0.4% 11.6%
Freight Transportation 27.9 32.6 43.3 0.0% 0.0%
Industrial 48.4 49.0 49.8 0.0% 0.0%
Electricity 6.5 6.5 7.0 0.0% -0.2%
Residential 4.5 25 1.7 3.4% 4.4%
Commercial 1.6 1.3 15 4.5% 6.3%
Quebec Passenger Transportatior 26.1 23.9 24 1.4% 24.2%
Freight Transportation 17.1 19.9 25.5 0.0% 0.0%
Industrial 22.9 22.8 23.0 0.0% 0.0%
Electricity 0.1 0.1 5.0 -0.1% -5.5%
Residential 15 0.7 0.3 1.9% 2.4%
Commercial 04 0.3 04 1.8% 2.5%
Saskatchewan Passenger Transportatior 3.4 3.3 0.3 0.0% 4.2%
Freight Transportation 6.8 8.1 10.2 0.0% 0.0%
Industrial 18.4 18.6 17.7 0.0% 0.0%
Electricity 6.5 32 1.6 0.2% 3.1%
Source: CERI
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Although a considerable amount of emissions reductions is achieved by electrifeng
residential, commercial and passenger transportation secgtarg&arger amount of emissions
would still be produced by industriattivities, and freight transportation. Mitigation actions are
required in those sectors to achieve deeper emissions reductions.

Higher investment and operating costs will inevitably lead to higher averags aosiectricity.

We estimated the increase in averagest to be 1677 percentin 2050 depending on the
province. GHG emissions abatement cost of electrification is lower§$84CO2eq) in Quebec,
Manitoba, British Coimbia andthe Atlantic provinces. Abatement castarehigher in Alberta,
Ontario, and Sas#tchewan. It is well over $100/tCO2eq in Alberta and Ontario. Availability of
natural gadfired generation with carbon capture and storage leads t&88percent lower
abatement cost compared to an electricity supply without that technology in those three
provinces.

Electrification of eneluse energy services will make transformational changes in energy systems
and will change the way we source and consume energy. However, the leamd-abeenergy
services will remain unchanged. To achieve emissions rietiscthrough electrification requires
both transforming theend-useenergy conversion infrastructure stock as well as decarbonizing
the electricity supply. This requires coordinated efforts in policy, technology develoggremd
energy infrastructureleployments.
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In Parisn November of 2015, 195 natiormgreedto reduce their greenhouse gas (GHG)
emissions and do their best to keep global warming to well below 2 degrees Celsius compared to
pre-industrial levels. Wittasigned@SNEA 2y 2F GKS FF3AINBSYSyidz 0O2YY
| AINBSYS¢aaylr ag8”ASa Ffaz2z AINBSR (2 GLMHzZNBERdZS STF
1.5 Cabove preindustrial levelsThe Paris agreement allows the ratified nations to set their

own targets and mechanisms to achieve emissions reductiGasada is one of the signatories

of the Paris agreement and the Canadian House of Comfoomsilly ratified the agreement on

October 520161

As announced by a joint federptovincial declaration(Vancouver Declaration)Canada is to

undertake joint efforts to reduce GHG emissions byp8écent below 2005 levels by 2030 to

meet or exceed Paris agreement commitmeffs. Y I R Q& Hnpn NBRdzOGAz2Yy
percentbelow 2005 levels.

Electriciy as an energy carrier has a pivotal role in achieergnomywide deeper emissions
reductions. It is a highly versatile form of energy and converting electricityeimieuse energy
services can be done at high efficiencies. As such, an ecewaaytrarsition fromthe current
energyend-use fuel mix to one dominated by electricity i @ption to satisfy future energy
demands while achieving deep GHG gas emissions reductions.

Through electrificationemissions can be moved from some millions of spatidispersed
sources such as vehiclesd buildings, to several hundred point sources.( electric power
generating units), making the emissions reduction more manageable. Furthermore,
commercially proven technology exigt$or example wind, solar, tidl, geothermalndnuclear
power ¢ to produce electricity with zero GHG emissions.

Transitioning to an energy system with electricity as the domiramd-use energy source
requires changing the existing infrastructure stockehicle fleets, buildings, aneuipment

across all sectors of the economy. Furthermore, it requires much larger electricity generation and
transmission infrastructure than today. Thabuld inevitablyhave significant economic impacts
resulting from new investments, stranded assets] @hanges to energy markets.

! Liberal government formally ratifies Paris climate accord, Globe and Mail, Oct. 25, 2016.
http://www.theglobeandmail.com/news/politics/ttawa-formally-ratifies-parisclimate-accord/article32267242/
2Vancouver Declaration on clean growth and climate change.
http://www.scics.gc.ca/english/conferences.aspewdocument&id=2401

3 Canada sets 2050 emission target as Trump Presidency Apprdathiégolitics.ca/2016/11/17/canadasets
2050emissonstarget-astrump-presidencyapproaches/
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Figure 1.1: Electricitghare of theResidential Sector EnergyMix in CanadiarProvinces 2014
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In Canadaelectricity share of theend-use energy mix varies by province and final consuming
sector (esidential, commeral, etc.). Figurd.l depictsthe shares of electricity in the final end

use energy mix in different provinean 2014. As can be seen froigufe 1.1, the electricity share
varies from Qercentin Alberta and Prince Edwarddst to as high as Gxercentin Quebec. In

the same year, electricity share in the commercial and institutional sector energy mix varies from
32percent(in Alberta) to 5Ipercent(in Quebec). Therefore, if electrification of ende energy
services is the used as a climate change mitigation strategy, the levamfiredchanges varies

by province.

The viability of electrification as a GHG emissions reduction strategy depends on the electric
LI26SN) aSOG2NRA oAt AlGe % emidsReetadiSityd ChrrrdaRRt A @S NJ
primary jurisdiction over the electricity supply lies at the provincial leVee level of changes

required in the electricity supply tdecarbonize the power supply varies greatly by province

Figurel.2 shows theGHG emissions intensity of Canadian provincial electricity generation mixes

in 2014. It is evident that some provinces (mainly Alberta, Saskatchewan, New Bruasdick

Nova Scotia) require significant changes in the generation mix to reduce emissiongh&om
electricity sectorOther provinces, although currently with low emissive electricity supply, may

face challenges in sustaining those lower lewlemissionsunder increasinglemandresulting

from economywide electrification of energy services.

4NRCan Comprehensive Energy Use Database
http://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/data/query system/querysystem.cfm?attr=0
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Hgure 1.2: GH@&nissionsIntensity of Hectricity Generation Mix of CanadiarProvinces 2014
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Study Scope and Objectives

Decarborzing the electricity supply and electrifying ende energyservices is a technology
option to achieveeconomywide deeper emissions reductions. However, the viability of that
option is complicated by existing infrastructure stock, path dependencies, resource constraints,
and technology availability. As such, et up a realistic technology road map to deploy
electrification as a climate change mitigation strateys important to gain insights into those
complicating factors through analyses that explicitly model those factors with sufficient spatial,
sectoral and temporal granularity.

The objective of this study is to provide such insights by assessing energy system, environmental,

and economic implications dfansforming energy endise conversion technology mix into one
dominated by electricity in the red¢ntial, commercial, and passenger road transportation

sectors of the 10 Canadian provinc&ge territories were not included in the analysfSne key

guestion we investigate ithe level of emissionsreductionsthat can be achieved through
electrificatonO2 YLIF NER (2 /I yI RI Qa &étahaticasty \de fodls BrdzO G A 2
energy enause services that can be electrified by utilizaggnmercial omear commercial (i.e.

within 10 years) technologies

Notable exclusionsn this studyare the industrial sector (including agricultural) and freight
transportation sector. Two main reasons leadth@ exclusion ofthesetwo sectors. First, the
level of publicly accessible data to track the existing infrastructure and energy consumption
details in thog two sectors remains limited. Without such datayésnot possible to build robust
models to track current energy use patterns and required transitions. Second, without full
insights into the current operations it is not possible to make reliable judgeson technologies

that can be used to electrifhe enduse services in those two sectors.

5 Environment and Climate Change Candudims://www.ec.gc.ca/gesihg/default.asp?lang=En&n=83A34ATA
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Furthermore, the maturity of the technologies that can electrify the loagl freight
transportation and thermal energytensive industrial processgesuch asement production or
bitumen extraction is unclearWithout reliable technology detail®(g, cost, performance) it is
not possible to make reliable energy and economic assessniEmesthree sectorsve assessed
are important in terms of their contribubns to GHG emissions as well as their ability to electrify
end-use energy services by utilizing proven technologies.

Inthe residential and commercial sectors, effectively what is being assessed is the energy use in
buildings. Buildings represent a arél piece of a lovearbon future. In 201(uildings accounted

for 32 percentof total global final energy usand 19 percentof energyrelated GHG emissions
(including electricityrelated)®

Building emissions showed little change between 1990 and 20&Q@alcounterbalancing trends.
Population growth, increased floor space from larger house sizes, increased use of air
conditioning, and increased uptake of computers, photocopiers, and other equipmextit
contributed to upward pressure on energy and enuss. However, improvements in energy
efficiency (such as increased uptake of hajficiency gas furnaces) and changes in fuel mix (such
as reduced use of coal and heating oil as fuels) resulted in downtvendls on energy
consumption and emissions (Eroriment Canada, 2015c¢). The net result was a modest increase
in energy consumption but a slight decline in emissions from residential buildings (NRCari, 2013).

Residential and commercial sectors have been the focus of current and previous federal and
provincial efforts to cut GHG emissions as well as reduce energy demand. Several federal
programs are addressing emissions in the building sector, such &ctenergyEfficiencysuite

of programgincluding theEcoenergy Efficiency for Buildiragsl Ecoenery Efficiency for Housing

programs) which contributes to improving energy efficiency across CanddaNR2 dzZ3 K / | y I Rl
Energy Efficiency Act (1992), regulations are in place for minimum energy performance standards

for energy consumingproducts. These energgfficiency regulations are effectively reducing
emissions in key sectors including buildings and industry.

The implementation of building codes is the responsibility of provinces and territories, and the
federal government establisldea national energy ate that provinces and territories can adapt

2NJ adzNLJ da G2 adzaAd G§KSAN OWNoNdlday stahdagdiorawd C 2 NJ
houses exceeds the recommendations included in the national model building? ¢oelezero

8 http://www.ipcc.ch/pdf/assessmenteport/ars/wg3/ipcc_wg3_ar5_chapter9.pdf

’Council of Canadian Academics, Technology and Policy Options forEmission Energy System in Canada.
http://www.scienceadvice.ca/uploads/eng/assessments%20and%20publications%20and%20news%20releases/ma
gna/energyuse_fullreport_re pdf

8 Environment and Climate Change Canada (2016), Canada's Second Biennial Report on Climate Change.
https://www.ec.gc.ca/GE&EHG/default.asp?lang=En&n=02D095CB
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carbon building code in Ontariand financial incentives for net zero buildings in Quebec and
British Calmbia can be considered as the leading provincial electrification poficies.

In terms of GHG emissions reductiothe transportation sector remains one of theain
challenges. Canads a vast country with 5,187 kilometers (3,223 miifegpm east to westthe
transportation industry is one of the major economic sectors peitentof GDHn 2010Y). It is
also the second largest energy consumer withpZscent of the total energy derand (2620
petajoules in 201%) and 24percent (in 2012}3 of the overall GHG emissions. As such,
transportation sectorelectrification is se@ as oneof the climate mitigation tools to meet
Canadl ®fortsto reduce GHG emissisto 30 percentbelow 2005y 2030

In terms of electrifying passenger transportation, two main technologies can be deployed. First,
Plugin hybrid electric vehicles (PHEV) can act as a bridging option. A PHEV is powered by two
sources an internal combustiorengine (gasoline, die§ and/or biofuekfired) and electric
motors. Batteries that power the motorare being recharged while the vehicle is driven (i.e.
during idling, coasting, and braking)cénalsobe recharged by plugging into the grid.

Tablel.1: BatteryHectric VehiclesAnnounced byMajor Manufacturers

Vehicle Energy intensi . :

Manufacturer Model (kWEr]m)//lookm)ty CapitalCost FuelCost
Smat Fortwo 19.6 $25,750 $ 470
Nissan LEAF 18.6 $32,698 $ 442
Ford Focus Electric 23 $34,725 $ 990
BMW i3 16.8 $43,350 $ 403
Tesla Model X 22.6 $95,500 $ 542
Chevrolet Bolt 19.9 $35,170 $ 653

iBased on annual driving distance of 20,000 km and average Canadian electricity prices

Source: CERI

In contrast battery electric vehicle (BEV) operate solely on electricityr this case, lectric
motors are the prime moverthat utilize electrical energy stored in a battery bank contrast

to internal combustion engine, electric motors are highly efficient, leading to some significant
fuel cost savings. Some recent experimentation acr@ssiada shows electric sahave
significant fuel cost savisg

For example, a test conducted by Hydro Quebec @301 of annual cost saving$or 20,000
km/yearof usagg. In addition tothe saving, an electric car requires less energy per kilomgter

® NaviusResearch (2016), Mitigating Climate Change through Electrificdttitm//cleanenergycanada.org/wp
content/uploads/2016/1@NaviusElectrificationModelling TechnicaReport092016.pdf

10 Natural Resources Canada

11 Statistic Canada

2 National Energy Board

B Environment and Climate Change Canada

ibid
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0.65 MJ/km {8 kwh100 km), far less than 2.8 MBin (equivalent to gasoline demand @f1l
L/100 km) forconventional internal combustion engine sdf BEVs are going through rapid
developments and several vehicle manufacturers are now selliagean the process of rolling
out fully electric vehicles. Costs and performances, (fuel economy) are listed in Tabld.1

In this study, we assess the implications of electrification of-@esel energy servicesf
residential, commercial, and passenger trpogation sectors in ten Canadian provinces. In the
analysis, we focus on three key questions:

1. What major transitions in energy systems are requirectkectrify the enduse energy
services ofhe residential, commercial, and passenger transportations@set

2. What level ofemissions reductions can be achieved through electrification of energy
services?

3. What would it cost?

To gain insights into these questions, we develop a stoli&ver model to simulate the changes

in physical infrastructurean electricpower generation unit investment and operations model,
and then construced scenarios to assess electrification as a climate change mitigation option.
We then estimate the magnitude of the physical changes required in the energy systems and
changes irenergy flowswithin the economy.

We measure theGHGemissions reductions that are plausible through this option against an
established baseline.€., an energy system mix with fuel mixes tiasimilarto current levels)

as well aghe 2005 emissions levaf respective provinces. In alhseswe estimate the total
cost, fuel cost savings, average cost of electricity, and GHG emissions abatement cost.

% Hydro Quebec (2016), Transportation Electrificatibitp://www.hydroguebec.com/electrification
transport/transportindividuel/coutenergie.html
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In this analysis we divided the respective Canadian provincial economievmtaain energy
demand sectors residentia] commercial,passenger transportatigrfreight transportation and
industrial. We deployed large scale electrification in the first three sectors as a climate change

mitigation strategy. To conduct systematicadysis of costs and emissions under large scale
electrification, scenarios are constructed.

Scenario Development

The analysis is developed around three main scenarios that represent twaisendemand
scenarios and three electricity supply scenarioesehscenarios are listed Table 2.1 andare
described in the remainder of this section.

Table 2.1: Scenario Btrix

Electricity supply scenarios
Business as| High%of Hydropower Scenario Slips Carbon

Usual and Renewablesplus Capture and Storage
Senario Natural Gas
Generation
Business as BAU

usual scenario scenario

Electrification
scenario

Demand side
scenarios

Source: CERI

BAU This senario assumes that the technology stock that is being utilized to satisfyisand
energy servicege.g.,spaceheating, water heating, passenger transportation, etc.) will folllogv
currentlyobserved technology transition trends, and minimum cost approach. Electricity supply
will follow minimum cost approach or, where applicable, integrated resoplaes of respective
provinces. This scenario is set to be the reference or business as usual scenario (BAU).

Scenario S1Scenario S1 assumes thiat each Canadian province, ende energy service
demand of residentiacommercia) and passenger transpation sectors is satisfiedy a device

stock that converts electricity into energy servicesg(espace heating, water heating,
commuting). The electricity supply is decarbonized by deploying technically feasible low/zero
GHG emissive power generatioptmns available in respective provinces. New nuclear power
and fossil fuefired power generation with carbon capture and storage (CCS) are excluded.
Existing nuclear power units (in Ontario and New Brunswick) and CCS units (Boundary Dam coal
CCS unit ibaskatchewan) wereperateduntil their retirements.
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Scenario S2Scenario S2 assumdéise same demand sidéechnology stock asc8&nario S1.
Electricity supply isalso decarbonized using the resources available in respective provinces.
However,natural gagpower generation with CCS was allowed to be deployed after 2025. New
nuclear power deployments are excluded.

Under all scenarigsmacraeconomic factors such as populatiand provincialgross domestic
product GDP) are assumed to bee same. Consequent] the final energy service demandde
level of space heating, total passenger kilometres traveliéd) is set to be the same.

Underthe electrification scenarios, energy system transitions are assumed to take place in the
period from the presenti.e. 2016) till 2050. The engse energy conversion device stoclkg(e
furnaces, boilers, vehicles, etar) each electrified sectois adjusted as new infrastructure is
needed or as existing ones retir@ue to the lead time required to plan and deplelectricity
generatingunits, new units were added imgear intervals startingn 2020.

General Model Structure

The model that was developed for the analysis consiststatkrollover modules electricity
supply module, energy and emissions assessmeadules and economic cost estimation
modules. The generaiodel structure is depicted indure 2.1. The general modeling framework
was developed by following a previous study by Williams et al., 2012 explored deep
decarbonizing pathways for Calihia. The model was developed and calibrated within CERI.

Theend-useenergy demand over time (201850) and space.é., 10 provinces) are estimated
using astockrollover model. Utilization ofstockrollover methodology allows simulation and
trackingof physical infrastructure a disaggregated level. Through individual sector models, the
demand for different fuel types by space and time are determined. In the case edlaotricity

fuel demands, estimation of total fuel demands and associated GH&siems is straightforward

and is a function of the total final energy service demand and conversion efficiencies of the device
stock that converts fuel into energy services (lighting, heating, mobility, etc.).

In case of energy services that are satfusing electricity, primary energy demands and
associated GHG emissions are calculated by the electricity sector model by taking into account
the installed generation capacity, conversion efficiencies, resource availability, and
transmission/distributiolosses. Economic cost calculation submodules calculate the investment
and operation costs associated with different sectors.

T williams, J. H. et al. The Technology Path to Deep Greenhouse GaerEn@sas by 2050: The Pivotal Role of
Electricity. Science 335, &89 (2012).
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Figure 2.1: General Model Structure

enduse demand

Socioeconomic driving factors of energy
(population, GDP)

(retrements ) Investment .m>

Gergy demand by fuel type and ti@

Operating

- Investment and
C GHG Emissions ) Cope rating

Residential Sector Model

Currently, the main fuel used the Canadian resihtial sector for space heating is natural gas.
Few exceptions do exist however. For example, in some Atlantic provinces heating oil is used as
the primary space heating fuel. In Quebetgctricity is already being used for space heating.
Under electrifiation scenario, the natural gdseled equipment systemare mainly substituted

with electric onegi.e., electric baseboards and heatimpsg. To analyze the effects of this change

in the equipment stock anth the residential final energy demand, one nee track the stock

of different vintages of each equipment over time.

Source: CERI
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A stockrollover model of the energyend-use servicess developed toconstructprojectionsof
residential sector energy demand in the analysis peribais approach requiregata oninitial
composition of equipmentiiicluding vintage, fuel type, efficiencies, etof each stock of
equipmen) as well as estimates of the useful lives of each type of equipment. The mechanism
tracks buildingstockand equipmenstockvintagec the year inwhich a building was constructed

or a piece of equipment purchasegby province andy housing type (i.e., singléetached,
singleattached, apartmentsand mobile homes).

In this model, each equipment stock retires following an assumed retirement furttitat takes

into accountthe expected lifetime of equipmenype. Newequipment additionsn each year has
two parts: 1) equipment stock thatreplaces any retiring equipmengnd 2) additions to the
equipment stockthat are installed ilmnew houses. Firsttotal new additionsfor each year is
calculated using the retirement function and the estimated housing swithin the analysis
period. Then, these new sales in each year is decomposed to different equigyped(e.g.,
medium efficiency natural gaBigh efficiency natural gas, electric baseboards, heat pumps, etc.)
under different scenarios.

Underthe BAUscenario, the new sales of each equipment followhitgtoric trend. However,
underthe electrification scenario the new sales follow ast&aped doption curve and reaches
a mixin 2050that is dominated bylectrical devicesFor exampleynder electrification scenario,
the new sales of hegtumps and electric baseboards for space heating reagher€ntand 20
percent respectivelyof total new euipment sales for space heatieguipmentin 2050.

Currently the most common type of heat pump found in Canadian houskes &r-source heat
pumps. An airsource heat pump absorbs heat from the outdoor air in winter and rejects heat
into outdoor air insummer. However, geothermal heat pumps, which draw heat from the ground
or ground water, are becoming more widely used, particularly in British Columbia, the Prairies
andcentral Canada.

Although heat pumps have lower energy costs, they are more expetigwethe conventional
space heating methods. It is also important to realize that heat pumps will be most economical
when used yearound. Investing in a heat pump will make more sense if they are going to be
used for both summer cooling and winter heating

Today@ heat pumps can reduce the electricity use for heating by approximatelyebnt
compared to electric resistance heating such as furnaces and baseboard heaters. In recent years,
air-source heat pump technology has advanced so that it now o#fdegjitimate space heating
alternative in colder regions. Furthermore, for homes without ductssaurce heat pumps are

also available in a ductless version called a4spiit heat pump. In addition, a special type ofair
source heat pump called @everse cycle chillérgenerates hot and cold water rather than air,
allowing it to be used with radiant floor heating systems in heating mode.
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In this study, the current naturglas equipment systems for all endes are substituted with the
abovementioned technologies under the electrification scenario and the final energy use is
calculated accordingly. The residentiaéctor module projectsi K S & Sidali endkgya
consumptionby type of fuel andby provincen eachyear ofthe analysis periofbr four end-uses
shown in Tabl€.1. The main driver of the equipment stock changes over time is the housing
stock,whoseprojection is explaineth Appendix A

Final energy consumptiomnder each demand side scenario (Table & Tplculated for all end

uses show in Table 2.Zor all home types in each province by taking into account the total
service demand (g., space heating, water heating, space cooling, etc.) and equipment stock that
is available to provide the energy serviée. described above, equipmestock at any given year

is estimated using the stock ralver model For examplefFigure 22(a)depicts the space heating
equipment stock in single detached houses in Albemaer the electrification scenario. This
equipment is utilized to satisfy the ape heating service demand of single detached houses
(Figure 2(b)) resulting in a total fuel mix that is depictedrigure 22(c).

By following a similar procedure, time series data of total energy demands are constructed for
all enduses in all housmtypesunder each scenario within the analysis peribdr example,tie
residential final energy demand for space heating-eisd for singledetached houses in Alberta,

in the first (2014)and the last yeaf2050)of projection is shown in Table2under the two
scenarios. Similarly,final energy consumption for water heating single detached houses in
Alberta (in 2014 and 2050) $sown in Table 2.4

Different time series data sets pertain to energy demand of differenteses and housing types
andare then aggregated to construct the full residential sector energy demand (by fuel type and
by year) of each provincé&ull detailsand mathematical relationshipsf the residential sector
models are presented in Appendix A.
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Table 22: Residential Secor End-uses andDevice Sock

Enduses EquipmentType

Heating Oik Normal Efficiency
Heating Oik Medium Efficiency
Heating Oik High Efficiency
Natural Gag Normal Efficiency
Natural Gag Medium Efficiency
Natural Gag High Efficiency
Electric

Space Heating Heat Pump

Other

Wood

Dual Systems

Wood/Electric

Wood/Heating Oil

Natural Gas/Electric

Heating Oil/Electric

Space Cooling Electricity

Electricity

Natural Gas

Heating OiIl

Steam

Wood

Other

Refrigerator (Electricity)
Freezer (Electricity)
Dishwasher (Electricity)
Clothes Washer (Electricity)
Clothes Dryer (Electricity, Natural Gas)
Range (Electricity, Natural Gas)

Water Heating

Appiances

Source: CERI
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Figure 22: Space Heatingcnergy Demand dbingle Detached Homes in Ontaro
Electrification Scenario
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Table 23: Residential Final Energy Demand for Space Heatjddperta
Single Detached Huoes(petajoules)

First Year of Electrification

Projection BAU Scenario Scenario
Year 2014 2050 2050
Total 113 192 116
Qil 0.7 1 2
Natural Gas 104 176 23
Electricity 5 9 91
Wood 0 0 0
Dual 1 2 1
Others 2 4 0

Source: CERI

Table 24: Residential Final Energy Demand for Water Heatqwlberta
Single Detached Huoes(petajoules)

First Year of Electrification

Projection BAU Scenario Scenario
Year 2014 2050 2050
Total 34.7 753 68.4
Electricity 2.2 4.3 57.9
Natural Gas 31.2 67.5 9.4
ol 05 1.7 1
Wood 0.1 0.2 0
Others 0.7 15 0.1

Source: CERI

Commercial Sector Model

Since the equipment stock data is not available for the commercial sector, just the energy mix of
each subsector is used to project the future energy uBee @mmercial sector includes 10
subsectors: Wholesale Trade, Retail Trade, Transportatmh\Warehousing, Information and
Cultural Industries, Offices, Educational Services, Health Care and Social Assistance, Arts and
Entertainment and Recreation, Accommodation and Food Sendod®ther Services.

Total energy use for each subsector will\gravith the same growth rate as the average of its
annual growth rate over the last 10 years. This total energy use is then decomposed under two
demand side scenarigcenarios:

1 Business as Usuahare of each fuel will be equal to its share in 2013
1 Electriication ScenaridS1 & S2)share of each fuel follows ansBaped adoption curve
to reach a fuel mix in 2050 which is dominated by electricity
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Passenger Transportation Sector Model

Development of passenger transportation sector model was challengingodiiraited data on
vehicle stocks, vintages, and driving patterfis develop tis model, we primarilyrelied on two
federal databases: Natural Resousdganad® ENRCanlCompehensive Energy Use database
andKS bl dA2ylf 9y SNHE .yFRituNRO1® kPOt (NEB EnergylFRulirdd a
2016 updaté).

9y &

The modeling framework we designed for the transportation sector is presented in Fidure 2.
and Table &. TheNRCarOffice of Energy Efficien¢@EEpublisheshistoric transportation data

by transportation mode by fuel type, and by provincelhe most recent year is 2013 attte OEE
does not provide longerm transportation energy use projectionshe NEB energy futures report
provides projections ofcombinedtransportation energy demandi.e., pasenger and freight
transportation) for the period 2015040. Projections are aggregated by fuel type and by
province.From OEE data we constructed historic trends in type of transportatmnpg@assenger
and freight transportation) and mode of transportan (see Table 3) as well as consumption
trends (eg., passenger kilometers driveffhese tends are used along with NEB transportation
energy demand projections to establish the passenger transportation energy demand in the
period 20262050 under BAUral electrification scenarios. Under both BAU and electrification
scenarios, transportation service demane (itotal kilometers travelled) was kept constaSee
Appendix A for further model details and mathematical relationships.

Table 25: Passengefransportation Vehicle Types andFuels

Transportation type icnspoualoliiods Fuel type

Road Marine Rail Air

Passenger Car Ferries Light rail transit  [Aviation Natural gas
Light trucks Recreational boats|Passenger trains Motor gasoline
School buses Diesel
Urban transit buses Ethanol
Intercity buses Biodiesel
Motor cycles Propane

Freight Light freight trucks Freight vessels Freight trains Air freight Electricity
Medium duty trucks Aviation gasoline
Heavy duty trucks Aviation turbo fuel

Off-road Military vehicles Heavy fuel oil
Snowmobiles

Source: CERI

2/ by I RF QA

9y SNHE&

one.gc.ca/nrg/ntgrtd/ftr/2016updt/indexeng.html

-Enkzigyl Buiply and Demdind ProjiRtiors $o 2040s://www. neb-
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Figure 23: Passengeiiransportation Sector Model
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Freight Transportation Sector Energy Use and Emissions

Electrification was not deployed in the freight transportation sector. Howeug order to
estimate full provincial energy demands and associated GHG emissions, freight transportation
sector energy consumption in the analysis period was modeled using regression relationships. In
this case, the provincial GDP was assumed ta firedictor of total transportation fuel demand

in a given province. Simple linear regression models were fitted to historical passenger
transportation data obtained from NRCQ@@omprehensive energy use databa¥¢ith R values

of over 0.85, sufficient prediive power was observed under this modeling frameworkeGDP
forecast we used for the reference scenarios is then used to predict the total freight transport
fuel demand within the analysis period (262050). The fuel mix was assumed to be the same
asthe 20092013 period.
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Industrial Sector Energy Use and Emissions

The ndustrial sector was not electrified in this analysis. We used the industrial energy use outlook

under the reference casedieb 9. Q& / I yI Rl Qa4 9y SNHE& CdtimdsNBE H 1M
the total energy demand and GHG emissiolse NEB outlook onlgxtendsto 2040. For the

period 20412050, we assumed that the total industrial energy demand and energy mix to be the

same aghe last 5 years of the NEB outloale(, 20362040).

Electricity Sector Model

The electricity sector model determines how the electricity demand in different provinces are
satisfied over time. The modelonsidersthe existing generation capacity and transmission
infrastructure and determines which units ardilized to satisfy the time varying electricity
demand. The model also tracks the retirements of existing capacity and required new capacity
additions. When determining new capacity additipriie following factors are taken into
account:

1 Generation expansn plans/integrated resource plans as announced by provincial power
system operators

Provincial energy and climate policies

Applications submitted by private investors to provincial regulators

Resource availability

Study scenario

= =4 -4 -4

A cost minimizing genetian dispatch unit is used to determine which units are utilized to satisfy
the demand. Use of dispatch modeallow us to determine both energy and capacity
requirements to satisfy future demand. For example, that allows us to capture the implications
of changes to demand profiles due to higher usage of electricity under electrification scenarios.

We also develop data sets of generation resources available in different provinces. This includes
both renewable and nomenewable resources.

Using this datase and the aforementioned factors, we developed an optimal generation
investment and dispatch model. In the model, when requjmew generating units are added
every 5 years starting from 2020. Generating units were dispatched to satisfy the power demand
of each province in the period 202ZD50. Addition and operation of generating units was
determined so that the total discounted cost of satisfying the electricity demand is minimized.
The discount rate was set to begpBrcent

In the dispatch model, eleatity demand in each yearnsodeledby 25representativeime slices
as follows:

1 A referenceday in a given seasort (seasonswinter, spring, summerand fall) is
representedby 6 demand slice@l seasons/year x 1 day/season x 6 demand slices/day =
24 cemand slices/year)
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1 Another demand slice was added representing the peak demand pétiodemand
slice/year)

Most Canadian provinces have winter peaking electricity systems. However, Ontario is currently
a summer peaking systerAs such,lie peak time slicavas adjusted accordinglgepending on

the province Electricity demand profiles in each province is estimated using historic demand
data® Use of these time slices allows us to take into account diurnal and seasonal changes in
electricity demand andariable resource supplieg.g, wind, solar, hydro availability).

Capital and operational costs assumed for different generation technologies are listadlen

2.6. When adding generating units, resource availability in respective provinces was taken into
account. CCS wadlowed to be built only undercgnario S2 and only after 2025. Ttakes into
account thatCCS technologies are still under active development and not commerciallyfoeady
widespread deploymentThe electric power generation investmemtodel also ensures that
sufficient amount of supply reserves is maintained. In this analysis, we set the required supply
reserves to be 1Percentof the annual peak demand. When operating power systems with large
amounts of variable generating sourcesichas wind and solar, power systenvdl have to carry
sufficientrampingreserves to manage variability in supplRetermination of the exact reserve
requirements and alternative technology optioffer example, electricity storage technologies)

to manage this variability requires power system operations models with high temporal
resolution, which is beyond the capabilities of the models developed for this study. Therefore, by
following previous analysesve require that the investment model ensurssfficient ramping
capabilities of the overall system where that ramping capacity is at leagtei€ent of the
capacity of interntitent resources

3 Alberta Electric System Operatioitps://www.aeso.ca/download/listedfiles/Hourk oadDatafor-Yeas-2005to-
2015.pdT LYRSLISYRSyid 9t SOGNRO { &ai s Yatg/wd@Wadgié2 NI 2F hydl NAR2T
energie.qc.ca/audiences/Suivis/Suivi HQE2AD9-107.htmt NBPower
https://tso.nbpower.com/Public/en/op/market/data.asgBC Hydrdttps://www.bchydro.com/energyin-
bc/our_system/transmission/transmissiesystem/balancineauthority-load-data/historicattransmission
data.html Manitoba load shape was assumed to be the same as that of QuBhskatchewan load shape was
assumed to be the same as that of Alberta central and south region

4Brouwer, A. S., van den Broek, M., Seebregts, A., & Faaij, A. (2014). Impactssdfdidetermittent Renewable
Energy Sources on electricity systemg] Aow these can be modeled. Renewable and Sustainable Energy
Reviews, 33, 443166.

5Brouwer, A. S., van den Broek, M., Seebregts, A., & Faaij, A. (2014). Impactssddsrdetermittent Renewable
Energy Sources on electricity systems, and how thesdeanodeled. Renewable and Sustainable Energy
Reviews, 33, 443166; Doluweera, G., 2011. Assessing the effectiveness of wind power and cogeneration for
carbon management of electric power systems, Doctoral dissertation, University of Calgary.
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Table 26: Capital andOperating Costs of Generating Whits®

Overnight Connection

Capital Cost' Financing Cost HeatRate  Variable Cost
Technology (2014$CAD)  Multiplier (2014$CAD)  (GJ/MWh)  ($CAD/MWh)
NGCC 1483 1.35 137.94 7.1 4.2
NGSC 1000 1.34 137.94 9.8 4.2
NG Cogen 1900 1.35 137.94 7.1 4.2
Hydro 5289 1.34 274.67 - 6.2
Wind 2100 1.18 137.94 - 2
Solar 3700 1.18 137.94 - 2
Biomass 3775 1.49 137.94 14 4.2
Coal SCPCCCS 5367 1.64 274.67 11 31
NGC@CS 2537 1.49 174.24 8.3 19

iCapital cost of new generating units

iICCS variable cost of CCS units includes CO2 transport and storage cost thatimwed &sde $15/tCO2. CCS capture rate was
assumed to be 90%.

Source: CERI

When dispatching generating units to satisfy the electricity demand, GHG emissions limits were
enforced as neededo decarbonize the electricity supplyrhe emissions limit was itively
determined so that meaningful emissions reductions are obtained, while minimizing the average
and total cost. For examplé)e emissions cap progressively increased, until marginal emissions
reductionrsdiminish with increasing cost. However, gestésn additions and operations in some
provinces (mainlfQuebec and Manitoba) @re not impacted by the emissions cap as sufficient
low emissive generation sourcage available even undahe BAU scenario.

Fuel prices in the electricity sector model ars@sed to be the same as the industrial fuel prices
in respective provinces under the reference scenarithefNE Q& / | y I Rl Qa 9y SNBHE&
report.

The dectricity sector model did not explicitly deploy transmission and distribution infrastructure.
Instead we assumed that the average cost of transmission and distribution to be $20/MWh. This
inevitably varies by province and needs further investigation. In cases where high aobunt
variable generating sources are deployed, it is plausible tfatransmission system may be
underutilized, increasing the average cost. In such situations, the transmissios voers

8 Data soures: AESO. (2015). Letegm Transmission Plan. Alberta Electric System Operator. Retrieved from
https://www.aeso.ca/grid/longterm-transmissiorplan; NETL. (2015). Cost and Performancsehiae for Fossil
Energy Plants Volume la: Bituminous Coal (PC) and Natural Gas to Electricity Revision 3. US National Energy
Technology Laboratory. Retrieved frditip://netl.doe.gov/research/energy
analysis/publications/details?pub=b50504¢&f2-4aefbd01-146638252f67EIA. (2013). Updated Capital Cost
Estimates for Utility Scale Electricity Generating Plants. U.S. Energy Inforddtionistration. Retrieved from
http://www.eia.gov/outlooks/capitalcost/pdf/updated capcost.pdf
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adjusted accordingly depending on the amount of variable supply in the generation mix (in the
range of $25830/MWh). This too requires funer refinement. This assumption impacts the cost
estimates but not energy or emissions estimatesthe dispatch model, electricity transmission
losses are assumed to bepé&rcentin all provinces.

Two generation technologies that are assessed in thuslystare currently undergoing rapid
development.The nost prominent ones are solar and CCS technologies. It is plausible that these
technologies would sea reduction in capital costs and improvements in performance, (i
efficiency) within the analysis ped of this study. Therefore, we applied exogenous technology
learning, where the capital costs woulé reduced at a rate of IJpercent(for CCS) t@.5percent

(for solar) per yeaover the analysis period

Data Limitations and Regional Aggregation

Poor data availability in technology stock was a main challenge throughout the model
development. We utilized the best possible data available and made assumptions as needed
while checking the impacts of such assumptions. Model results were compared wihichis
trends to check for robustness.

In Chapter 3,the four Atlantic provinces; Newfoundland and Labrador, Nova Scotia, New
Brunswick, and Prince Edward Islaqwlere aggregated and reported as a single regibime main
reason was the aggregated natunéthe data set we used to model the commercial sectors of
the four provinces. Furthermore, the transmission developments that are currently being
deployed with the Muskrat Falls generation project will lead to higher integration of electricity
systems othe four provinces.Prince Edward Islar@ready imports most of its electricity from
New Brunswick.

”Muskrat Falls Projechttp://muskratfalls.nalcorenergy.com/
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Total Energy Demand
In this chapter, wealiscuss the main results of the analydtggure3.1 depict the residenial
sector enduse fuel demand under the BAU scenario and two eliécdtion scenarios (S1 & S2).

The share of electricity as a residential sector-esd energy under the BAU scenario vabgs
province. It is lowest in Albert® (percenf andhighestin Quebec (6percen)) in 2020.From

2020 to 2050, under the BAU scenario, the total energy demand in the residential sector grows
by 5percent(in Quebec) to almost 6Bercent(in Alberta) In the Atlantic provinces however,
residential sector demandrops by 13percentover the same period.

Asthe end-use services are electrifieth most provinceselectricity displacesatural gas from
the residential sectorenergy mix.As such the combined electricity demand (across all
provinces/regions) increasesy 15 percentby 2030 and 66ercentin 2050. Exact increase
depend on the region (highest inb&rta and bwest in Quebeq. At the same timgcombined
natural gas demandirops by48 percent by 2030 and 7Qpercent by 2050. Inthe Atlantic
provinces, elecicity mainly displaces heating oil.

An important observatiois that totalenergydemandis lower under the electrification scenarios.
This is due to the higher efficiencies of electrical device stock. This is fdifveissed later in
this chapter
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Hgure 3.1: Residentiafector Energy Demand underthe
BAU andHectrification Scenarios
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Figure 3.2 depicts the commercial sector total energy demand under the two demand side
scenarios. In this sector, electricity displaces natural gasost provinces and displaséeating

oil inthe Atlantic provinces. The relative decrease in total energy demand under the two demand
side scenarios is lower compared to the residential sector.
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Figure 3.2: Commercial S®r EnergyDemand underthe
BAU andHectrification Scenarios

Source: CERI

Figure 3.3 depicts the passenger transportation sector energy demand uhdeBAU and
electrification scenarios. As expected, electricity displaces gasoline andfdieséhe passenger
transportation sector aslectricity vehicles are deployed. Deployment of electric vehicles starts
at a slower rate as it is constrained by full scale availability of electric vehicles. Profound
reductions in total energy demanglin the order of 70percent¢ is observed in the pasenger
transportation sector. This is primarily due to the high efficiency of electric vehicles. This is further
discussed later in this chapter
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