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Executive Summary
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Energy FutureThe report is intended to help inform the public regarding the types efidions and

GNI RS2FFa ySOSaalNeE G2 Fdz FAE{E (GKS [ dzl2yQa ySSR F2NJ
continued economic growth and developmerdsed on meehgthe following objectives:

1) Provide acontextfobo SEG DSy S NINGHE Prgjects, dyRokeRentibgimpacts and tradeoffs
of a variety ofalternative supply options

2) Promote a facbased conversation around thgotential solutions and alternatives

3) Provide a consistentpplesto-apples comparison betweddGHand alternative energy sygby
options.

To inform the tradeoffs and decisions facing the Yu&siit meets its growing electricity needanulti-step
process was followetb:

1) Define the electricity need~{gure2 & Tablel)

2) Define the factors of interest and evaluation criterfragure3).
3) Compare the resource optionggble2).

4) Create energy development scenaridglfled)

5) Summarize the scenariesults Tableb)

After evaluating the scenarios on the basis of the evaluation crit&dhle5 shows that all of the generation

scenarios have the potential to meet the forecast average energy and capacity needs of the Yukon in a

socially acceptable manner. However, all of the genemnagcenarios also have certain advantages and

disadvantages that make the decision about which generation types to pursue a selection among tradeoffs.
Therefore, after evaluating the scenarios Next Generation Hydro remains a viable candidate for further
consideration because NGH has similar economic cost when compared to other generation options, zero
DNBESYyK2dzaS DI & o04DI Dév SYAaarzya FTNRY St SOGNROAGeE 3¢
winter energy and capacifyom 2035 to 2065

It is important to state and emphasize that this review is not a utility resource plan and it does not, in any

g e NBAGNROG (GKS dziAfAde NBaz2daNOS LA FyyAay3d ySoOSaall
electrical grid for the Yukon. Bear, this report is a discussion of the different supply options available in the

Yukon and their tradeoff terms of high level economics, usage, and environmental and social

acceptability

Electric generation assets are often grouped by their attelsutith respect to capacity and energy. Assets
GKIG KFE@S RSLISYRIFIFofS OFLIOAGe o6Fftaz2 OFffSR AGFANNE 21
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called on at any time to generate powgs.g. hydroelectricity with storage, natural gas, and diesé$sets

that generatepower only when their fuel supply is available, and not necessarily when the energy is required
by the load, are called intermittent generatdoecause theyypically rely on less predictable natural

resources to provide fuel for geration (e.g.wind turbines solar paneland rurof-river hydro assefs Since
electrical system operators must constantly match the instantaneous demand for electricity with the supply
of electricity, intermittent resources are more difficult to work twibecause they cannot be counted on to
provide energy as requirg@nd may also provide excess energy when it is not want&étgrefore,

dispatchable generators (e.g. base loatb&d following play an important role in helping system operators
matchelectricity generationto remainin step with the rise and fall dfoth intermittent generation and
electricitydemandas shown irFigurel.

Figurel: TypicalBase Load, Intermittent and Load Following Generation
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When viewed on a monthly basisietenergy gap forecast (sdégure2) shows alargerneedfor energy
during thecolder weathemonths of November throughpril, and a much smaller need for energy during
the warmer months of May through October. Therefoilge fundamental energy challenge that new
generation in the Yukon must address is the demand for winter energynatahtaneous peak winter
capacity as summarized Trablel.
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Figure2: YukonBaseline Case Monthly Electrical Energy Gap (2035, 2045, 2055 & 2065)
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Tablel: YukonBaseline CasAnnualElectrical Energg PeakCapacityGapsfor 2035 & 2065

AnnualEnergyGap PeakCapacityGap
2035 2065 2035 2065
FoéchaSt 103GWh/Year 265GWh/Year 21 MW 53MW

In Tablel the annual energgapis theforecast total annual energy gap measured in GWh/yedrereas
peak capacity is the once a year instantaneous peak electrical demand that typically occunsimehand
is measured in MW (Megawatts).

¢KS FdzidzZNBE Sy SNHe& &adzZlli e 2LIA2ya | @FAtlFoftS F2NJ dasS
four areas of interest: Technical, Economic, Social, and Environmental. The areas are ddétajla@3n
below.

Figure3: Factors of Interest

Economic SocieEconomic Environmental

wEnergy wFull Utilization  wPotential wLand Use
wCapacity LCOE Social Impact Footprint
wForecast wGHG
Utilization Emissions
LCOE

! Energy = Power x Time. Therefore, 1 M{Megawatt hour) is 1 MW (Megawatt) x 1 hour GWh (Gigawatt hour) is equal to 1,000MWh.
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The four areas of interest are explained further below:

1) Technical:

a. Energy Ameasure of electricity used over tim&or examplel MW of loadfor one hour (h)
requires1 MWh ofenergy

b. InstalledCapacity Installed capacityneasure the maximumability of an electrical
generator to produce electricityn a given momenttypicallyY S & dzZNBR Ay ¢l (G&a o a
1Af26F 0G4 6a12¢0xX 2N YSAlLglaha o0aGaz2évod

c. Firm CapacityFirm capacity measures the dependable (or reliable) ability of a generator to
produce electricity when called upon in timef greatest neede.g. to dependably generate
eledricity during peak winter demand)

2) Economic:

a. TheFullUtilization Levelized Cost of EnerggFull UtilizationL.COE) comparesthe cost of
different energy supply options, and is calculataddividing the totalifetime projectcost
by themaximumelectricalenergythat can beproduced by the projectlt is assumethat a
project is built at its full size and capacity, that the projects generate at their maximum
potential, and that all of the generated energy is consume@OEs typically expressl in
$/MWh (dollars per megawathour).

b. TheForecastUtilization Levelized Cost of Ener@g-orecast Utilizatioh COE) provides an
applesto-apples way to compare the cost of differegriergy supplypptions ForecasLCOE
is calculated by dividing the tothfletime cost of the project by thelectrical energy it
provides to Yukon load$ COBHs typically expressed in $/MWh (dollars per megawmtdtr).

3) Social:

a. For the purposes of this report, tHeotential Social Impet has been simplified tassume
that projects arepotentially socially acceptabkssuningthat stakeholder concerns and
issuesare addressed.As a result, Social Acceptance is not a criterion that is assessed
further.

4) Environmental:

a. LandUseFootprint refers to the area which is directly affected or occupied by the energy
supply project.

b. Greenhouse Gags GHG@ Emissionsnclude Carbon Dioxide (g&nd Methane (CHL GHG
emissions were evaluated on the basis of electricity generation only. A fudydfe GHG
emissions estimate, including upstream fuel processing and component manufacturing,
transportation, construction and decommisgaing has not been considered.

The energy supply options available in the Yukon are summarized, by fadtahbl@2 below:
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Table2: YukonResource Type Summary

) ) Socie )
Technical Economic ) Environmental
Economic
Resource | Max.2065 | Max. Max. Full Social LandUse | Production
Energy 2065 2065 Utilization | Impact Footprint | GHG
(GWh) Installed | Firm LCOE (ha/MW) | Emission$
Capacity | Capacity| ($/MWh) (kgCQe/M Wh)
(MW) (MW)
wind 65 21 0 157 Potentially | 36 +22 |0
Acceptable
Wind + 88 28 0 192 Potentially | 36 +22 |0
Battery Acceptable
Storage
Solar 13 14 0 192 Potentially | 0-3.5 0
Acceptable
Next 557 57 57 92 Potentially | 313 0
Generation Acceptable| (Range:
Hydro® 187¢
545)
Runof- Unlimited Unlimited | 0.6MW / | 116+ Potentially | f m m 0
River (@23.4GWh| (@4.7MW | project Acceptable
Hydro / project) | project)
Small Unlimited Unlimited | 4.2MW /| 126+ Potentially | 390 0
Hydro with | (@43.6GWh| (@6.5MW | project Acceptable| (Median)
Storage / project) / project)
Pumped -10* 20 20 183 Potentially | 145 0
Storage *PS does not Acceptable
Hydro produce
energy
Natural 710 Unlimited | 141 229 Potentially | 0.280.42 | 708
Gas Acceptable

As an electrical island withoatconnection to its neighbourshe Yukon must at all times match electricity
seltsupply and electricitdemand in oder to keep the electricity grid from blacking outioreover

electrical energy needs must be met over the longer term (e.g.: energy on a monthly basis) and the shorter
term (e.g.: capacity to meet daily amdnter peak demands)To fulfill theserequirements, a series of

2 GHG emissions are based on the energy production phase only and are not-yitlifemissions.

% The reported values (Energy, Installed Capacity, Firm Capaaitytilization LCOE, Land Use Footprint, and GHG Emissions) for Next
Generation Hydro are the average of the respective values for Granite Canyon, Fraser Falls, Two Mile Canyon and Detoltri€asyomed
only one Next Generation Hydro projectiMie constructed and installed capacity is expandable up t2@MW if required.
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scenarios was evaluatemh their ability tomeet the forecast 2065 energnd capacitygaps identified in the

Baseline Scenario of théukon Electrical Energy and Capacity Need Foretabte3 is asummary of the

ability of different energy supply options to meet the forecast Y uddectricityneeds

Table3: YukonResource Typec Ability to Meet Forecast Electricity Needs on a Standalone Basis

Resource Standalone | Rationale
Resource

Wind® No The integration limit for wind (plus utility battery support) is 28 Mw2065
(20% of installed capacity), and this is insufficient tSnie G K S | dZ]
forecast energy and capacity needs. Must be combined with other
generation types.

Solar No The integration limit for solar is 14MW in 2065 (10% of installed capacity
FYR GKAA A& AYyadzZFTAOASY(d GcapadisSi
needs. Must be combined with other renewable generation types.

Next Yes Next Generation Hydro provides sufficient dependable winter energy an

Generation capacity (57MWexpandableup to 96107MW as requiredo meet the

Hydro L dzl 2y Q& &gy Mdsl Cepatity neSds.

Runof-River No Practical limits on easily developed RafrRiver projects limit the winter

Hydro energy and capacity economically available from this resource type. On
standalone basis, over 80 RoftRiver projects would beequired to meet
the winter energy and capacity needs in 2065. Hence;d®River hydro is
an expensive source of winter energy and capacity.

Small Hydro No Small Hydro Storagenergy shapdimitsthe winter energy and capacity

with Storage economicallyavailable from this resource typ@n a standalone basis,
approximately 14 projects would be required to meet winter energy and
capacity needs in 2065 o reduce the overall costs Small Hydro Storaije
likely be combined with other generan types and is preferred over Ruf-
River as a source sfmall hydrowinter energy and capacity.

Pumped No This 20MW resource is a net energy consumer; therefore it must be

Storage combined with other generation types as part of a generatiortfpbo.

Hydro

Natural Gas Yes Natural Gas Generatigorovides sufficient dependable winter energy and

capacity

As shown imable3 abovex
forecast electricity needs on a standalone basis. The other generation typedencsimbinedogetherto
LR GSYaGAl e

2y (@

YSSi

bl GdzNI? f DIF& DSYSNIGAz2Y

*Wind integration is supported by a utility scale battery.

® Wind resources are added in 7.2 MW (4 X 1.8 MW turbines) steps for the purposes of scenario development.
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Natural Gas, Next Generation Hydro, Renewables Portfolio (with No Pumped Storage), and Resnewable

Portfolio (with Pumped Storage). The portfolaye detailed below iTable4.

Table4: YukonEnergy Development Scenarios

Scenario

Description

Resources Included

Scenario X Natural Gas

Build out natural gas generation

Natural Gas

Scenarid® ¢ Next
Generation Hydro

Build a singl®&lextGeneration Hydro
project

Next Generation Hydro

Scenari® ¢ Renewables
Portfolio (No Pumped
Storage)

Build a combination of renewable
generation resourcegxcluding pumped
storage hydro) to satisfy energy needs. If
required to satisfy residual capacity need:
add natural gas generation

Wind (with utility scale

battery), solar, rurof-river
hydro, small hydro with storaggq
and natural gas (capacionly)

Senario4 ¢ Renewables
Portfolio with Pumped
Storage

Build a combination of renewable
generation resourcemcludingpumped
storage hydro to satisfy energy needs. If
required to satisfy residual capacity need:
add natural gas generation

Wind (with utility scale
battery), solar, rurof-river
hydro, small hydro with
storage pumped storageand
natural gas (capacitynly)

The four energy development scenarios were compared according to the following parameters:

1) Technical: EnergyAnnual energy measured in GWh

2) Technical: Capacityinstalled capacity measured in MW
3) Economicforecast LCOBeasured in $/MWh.
4) Environmental: Landse footprint measured in hectares (ha)

5) Environmental: GHG emissions measured in tenoieCQequivalent (Cge) per year.

After evaluating the scenariam the basisof the evaluationcriteria, Table5 shows that all of the generation

scenarios have the potential to meet the forecast average energy and capacity needs of the Yukon in a

socially acceptable manner. However, all of the generation scenarios also have certain advantages and
disadvantages thamake the decision about which generation types to pursue a selection among tradeoffs.
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. ) Socie )
Technical Economic i Environmental
Economic
Scenario Meets Meets Forecast Social Impact | 2065 Land | 2065GHG
Yukon Yukon Utilization Use Emissions
Energy Capacity LCOE Footprint (tonnes
Needs? Needs? ($/MWh) (hectares§ CQe)
Scenario k Yes Yes 250 Potentially 22 190,000
Natural Gas Acceptable
Scenario z; Yes Yes 240 Potentially 18,000 0
Next-Generation Acceptable
Hydro
) Yes Yes (with 360 Potentially 29,000 fo
Scenaria3 ¢
Natural Gas Acceptable
Renewables )
capacity)
Scenariod ¢ Yes Yes (with 270 Potentially 20,000 fo
Renewablesvith Natural Gas Acceptable
Pumped Storage capacity)

The results iMable5 contain findings that deserve additional explanation as follows:

1) Meeting Yukon Capacity NeedBoth renewables scenarios (#3#) use natural gas generatiam

the years leading up tB065to meet winter peak electricity demandgecausenatural gas

generation is currently théeast cost method of providing capacitythe Yukon Although the

5

dz] zZcgp&ciy needs could theoretically be met with renewabéeg.vith additionalsmall hydro

storageprojecty, the cost would be prohibitiveompared to using natural gas generatidbee

Figured and Figure5 for a breakdown of energy and capacity for Scenario 3 and Scenario 4

respectively.

2) Forecast Utilization LCOEhe Scenario #8orecast Utilization LCOE is highest because fully glosin

the winter energy gap with renewablessults in low utilization factors for the last few renewable

assets added to the scenario (thus driving up the cost of this option). The addition of pumped

storage in Scenario 4 provides winter energy that reddlcesiumber of small hydro storage

projects needed taneet winter energy needs, thus reducing the cost for Scenario #4.

® When compaing the scenario footprints it must be recognized that the impact of the different footprints are different for the differeiett
types. For example, the majority of thhext Generation Hydrfootprint is general land use and creating a nekeld water storage reservoir
where a river previously existed, whereas the renewable portfolios (Scenarios 3 & 4) are a combination of new lakeddrageereservoirs,
modifying existing lakes, and general land use. Therelane, use impacts cannot be directly compareithout evaluating the types of

impacts as well as the footprint.
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3) Land Use FootprintWhen comparing the scenario footprints it must be recognized that the impact
of the different footprints are differenfor the different project types. For example, the majority of
the Next Generation Hydro footprint is general land use and creating a new lake / water storage
reservoir where a river previously existed, whereas the renewable portfolios (ScenariosaBelad)
combination of new lakes / water storage reservoirs, modifying existing lakes, and general land use.
Therefore, land use impacts cannot be directly compared without evaluating the types of impacts as
well as the footprint. Additionally, the land usfootprintsfor the renewable scenarios are large
because the small hydro storage projects in the Yukon typically impact lakes which result in large
area impacts.

4) Greenhouse Gas Emissiodthough, Scenario 3 and Scenario 4 fill the forecast capaciting4j85
and the energy gaps up to 2065, they fail in practice to meet the capacity needs in 2065 and as a
NEadzZ G oAttt ySSR GKSNX¥YIf 3ISYSNIGAZ2Y oOyahdidzNI € 3l &
therefore the direct generation GHG emissions kélllow, bu not actually zero in practice

The energy anthstalledcapacites required foleach scenarid 2 YSSG (G(KS |, dz1 2y Q& T2 NBOI
firm capacity requirementg 2065are listed in theTable6 below.

Table6: YukonScenario Summarg Energy and Capacity in 2065

Scenario Energy (2065) Installed Capacity 2065

Scenario 1: 444 GWh Existing Hydro 92 MW Existing Hydro

Natural Gas 265 GWh Natural Gas 53 MW Natural Gas
=710GWh =145 MW

Scenario 2: 444 GWh Existing Hydro 92 MW Existing Hydro

NextGeneration 265 GWh NGH 57 MW NGH

Hydro =710GWh =149 MW

Scenario 3: 444 GWh Existing Hydro 92 MW Existing Hydro

Renewables 88 GWh Wind 29 MW Wind with Battery Integration (7.5MW

Portfolio (with No 5 GWh of Solar 5 MW Solar

PumpedStorage) 172 GWh Small Hydro Storag{ 72 MW Small Hydro Storage

8.8 MW Natural Gas

=710GWh =207 MW
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Scenario Energy (2065) Installed Capacity 2065
Scenario 4: 444 GWh Existing Hydro 92 MW Existing Hydro
Renewables 88 GWh Wind 29 MW Windwith Battery Integration (7.5MW)
Portfolio (with 5 GWh Solar 5 MW Solar
Pumped Storage) | 180GWh Small Hydro 39 MW Small Hydro

-8 GWh Pumped Storage 20 MW Pumped Storage

8.8 MWNaturalGas
=710GWh =19 MW

Figured and Figure5 belowgraphicallyshow the quantities of energy aridstalledcapacityneededfor each
seenarioin 2035 and 206%Note: Existing Hydro has been removed from the graphics so that the relative
generation additions can be seen more easily)

Figure4: ScenaricEnergyAddition ComparisonChartsg 2035 &2065

Scenario Analysis - Energy Generation

300
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150 O NGH

GWh

@ Pumped Storage

100
B 5mall Hydro

B Wind + Battery
50
0O Solar

2035 2065 2035 2065 2035 2065 2035 2065
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Scenario 1 Scenario 2 Scenario 3 Scenario 4
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Figure5: Scenaridnstalled CapacityComparisonCharts¢2035 &2065

Scenario Analysis - Installed Capacity
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Table7 below summarizes the pros and cons of each scenario.

Table7: Pros and Cons of Generation Proposed Generation Scenarios

Scenario Pros Cons
A Similar economic cost when A Highest GHG emissions of all the
compared to Scenarios 2 & 4. energy supply scenarios

A Dispatchable (as in, can be turned ¢
and off) as required

Scenario 1: A Can reliably supply power during

Natural Gas winter months

A Meets Yukon electricity needs
throughout the planning period

A Has the smallest land use fooipt of
all the energy supply scenarios

A Similar economic cost when A Smilar land use footprint when
o compared to Scenarios 1 & 4. compared toScenario 4
Scenario 2: A Zero GHG emissions
Next . A Dispatchabldas in, can be turned or
Generation :
Hydro ] and off) as required

A Meets Yukon electricity needs
throughout the planning period
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Scenario Pros Cons
A Zero GHG emissions A Highest cost option
Note: Inpractice thermal (natural A Fails to meet the forecasted capacit

Scenario 3: gas) generation is needed to provid gap in 2065 and will redre
Renewables dependable winter capacity to additional capacity resources (e.g.
Portfolio (with support the intermittency, or natural gas or diesel generation).
No Pumped variability, of the renewables A Large footprint and transmission
Storage) generation assets. line infrastructure requirements

compared tathe otherrenewables
scenario §cenario %

A Similar economic cost when A Fails to meet the forecasted capacit
compared to Scenarios 1 & 2. gap in 2065 and will require
Scenario 4: A Zero GHG emissions additional capacity resources (e.g.
Renewables Note: In practice thermal (natural | Natural gas or diesel generation)
Portfolio (with gas) generation is needed to providi A Similar land use footprint when
Pumped dependable winter capacity to compared to Scenario 2.
Storage) support the intermittency, or

variability, of the renewables
generation assets

In summary after evaluating the scenarios on the basis of the evaluation crit€able5 shows that all of

the generation scenarios have the potential to meet the forecastayeenergy and capacity needs of the

Yukon in gotentially socially acceptable manner. However, all of the generation scenarios also have certain
advantages and disadvantages that make the decision about which generation types to pursue a selection
amongtradeoffs (se€Table7). Thereforeafter evaluating the scenaridéext Generation Hydro remains a

viable candidate for further consideration becadd&H has similaaconomic cost when compared to other

ISYSNr A2y 2LIiA2yas 1 SN DNBSyK2dzaS DIFI& 64aDI Dé0O SYA:
dz1 2y Q&4 ySSR FT2NJ St SOU NIMR036 02065y 4 SN Sy SNH& | yR OI LI O

B
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LIST OACRONYMS

ROR Runof-Rver

LNG Liquefied Natural Gas

MAD Mean Annual Discharge

NGH Next Generation Hydro

PSH Pumped Storage Hydro

LCOE LevelizedCost of Electricity

YDC Yukon Development Corporation
YEC Yukon Energy @goration

GHG Greenhouse Gas
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1 Overview

CKS ,dzl2y 5S@St2KDESY (Kl 2 NOBRWY A RN2WHR aARIFNR / 2y adAt
OMidgarde 0 2 GeAtedatvés &Next Generation HydBeport This overview discussion is

AYGSYRSR (2 KStLI AYF2NY GKS Lzt AO0 NBIIFINRAYy3I (GKS Gel
YSSR FT2NJ ySg St SOGNAROAGE a2dzNDOSa FyR (2 adzZlJR2NI GKS
The Yukomsfadng challenging decisiorabout how it willmeet a growingorecastenergyand capacitygap,

FYR O2yaSlidsSyidte yS¢ IASYSNIrGA2y LINR2SOGa 6A0GKAY (KS
growth and development. Generation investments Willp addresshe Yukof2 &  dzghallgndeSincluding,

but not limited to:being anislanded grid, the uncertainty of increased industrial (e.g. mining) loads, and the

need for winter energy and peaking capagcithile simultaneouslyninimizingenvironmenal, cultural and

sociceconomic impacts.

Midgard has prepared this review of energy development scenarios for the Yukoa SR 2y , 5/ Qa ARS
need to meet the following objectives:

1) Provide a context foNextGeneration Hydro MGH projects, by presnting impacts and tradeoffs of
a variety of energy developmestenarios

2) Promote a facbased conversation around these potential solutions and alternatives

3) Provide a consistent framework with which to compare NGH and other potential energy
developments

It is important to state and emphasize that this review is not a utiigourceplan and does not in any way
NBEAaGNROG (GKS dzliAf AGe NB&a2dzNDOS LI I yyAy3a ySoOoSaal NE (2
electrical grid for the Yukon. Rath this report is a discussion of the different generic generation

technologies available in the Yukon and the tradeoffs that are ertén each of these generic technologies

in the Yukon context.
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The Yukon interconnectedigrcurrently has 132MW of installed capadity follows:
92MW Hydroelectric: Wkehorse(40MW), Aishihik37MW),and Mayo(15MW)’

1 39MWThermal Generation: Diesel and Natural Gas
T 0.8MWWind: wo wind turbines on Haeckel Hill

Figure6: Map of Yukon and its Electrical Infrastructute
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"The 1.3 MW Fish Lake hydro scheme is not a YEC facility and is not included in this report.

8 The existing turbines on Haeckel Hill will hasached the end of their service life by 2035 and are not included as resources in theGBE5

energy development scenarios.

° Map courtesy of Yukon Energy Corporation.

828¢ 1130 West Pender St.
Vancouver BC, Canada




Midgard Consulting Inc. 828¢ 1130 West Pender St.

WMI DGARD +1 (604) 298 4997 vancouver BC, Canada

midgardconsulting.com V6E 4A4

2 Methodology

2.1 Midgard Approach

Midgard undertook the work assignment with a mwdtepapproachas shown irFigure?:

Figure7: Methodology

Step 1: Establish Baseline Assumptions

!

Step 2:Summarize Energy and Capacity Needs

!

Step 3: Compare Resource Options

!

Step 4 Create Energy Development Scenarios

!

Step 5 Summarize Impacts and Trae#fs

NGH ALTERNATIVES REPORT

The steps are described as follows:

1. Establish Baseline AssumptiorReview of initial assumptions and analytic approadbesstablish a
set of assumptions that are consistent with long term planning objectivesd dzY Y| N® 2 F aAR3l
assumpions can be found itppendix A:

2. Summarie Energy and Capacity Needsom theYukon Electrical Energy and Capacity Need
Forecastextract the forecast energy and capacity gaps based oB#seline 2065cenario

3. Resource Optionddentify generationresource options available in the Yukon arene available
use Yukon based data to develop generic resourcengtior Wind, Solar, Small Hydro (with and
without water storage) Natural Gas, Pumped Storage and a representative Next Generation Hydro
project.

4. Energy Development Scenaridstentify dfferent energyandcapacitygap closurepproacheghat
could be followed such as developing therrtredtural gas)generation only, Next Generation Hydro,
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or mixed generation portfolios that include wind, solar, and serdliydro, plus additional resources
needed toaddress theemaining gap after these renewable resources have reached natural,
technical or economic limits.

5. Summarize Impacts & Tradeoff& matrix summarizing the results of the work.

¢KS FdzidzZNBE SySNHe NBaz2dz2NDSa | GFAflFIo6tS F2NJ dzaS Ay YS¢
primaryfactors:

Figure8: Factors of Interest

Technical SocieEconomic Environmental

wEnergy wFull Utilization wPotential Social wLand Use
wCapacity LCOE Impact Footprint
wForecast wGHG Emissions
Utilization
LCOE

2.2 Technical Factar
2.2.1 Energy and Capacity

Electricity generation is measured weo related but different measures: energy and capacity. Capacity is a

measure of the instantaneous ability of a given generator to produce power, typically measured in watts
6a2¢03x (Af2alG0a 06412603 2N YS3II g Idovérdimedandaépiesents 9y S NI
the work thatis done by the electricity A 1 MW plant that operates for 1 hour is said to have produced 1

megawattK 2 dzNJ 6 & a 2 K ¢ The dfféren&e\b&vieéBhé&dergy and capacity is important to understand

and key to thinkag about therequirements of a utility.

Electric generation assets are often grouped by their attributes with respect to capacity and energy. Assets

GKFd KF@S RSLISYRIFIofS OFLIOAGe oFrftaz OFfftSR AFANNE 21
called on at any time to generate power. Assets that genepateer only when their fuel supply is available

and not necessarily when the energy is required by the load are called intermittent generators. Therefore

the critical difference between a geration resource being firm and dispatchable versus being intermittent is

GKS 3ASYSNIG2NRa FoAfAde G2 OFff 2y Ada FdzSt adzZlli e |

Intermittent resources typically rely on less predictable natural resources to provide fuel for generation.

Examples of intermittent resources include wind turbineslar panelsind runof-river hydro assets.

Although the amount of energy that intermittent resources will generate in the long term (e.g. annually) is

often predictable, instantaneous capacity oloshterm energy generation can hepredictable In general,

GKS GFENRFOAfAGE 2F AYGSN¥YAGOGSYyld 3ASYSNIGAZ2Yy &2d2NDSa:x
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generation source which is able to quickly respond to changing levels of generatiocaJédu#y firming is
LINE JARSR 0& 3ASYSNIGA2Yy SKAOK Aa 2ytAYyS FyR NBIRE
present, the only practical technologies which can meet this need are hyitiistorage(including pumped
storage) and thermal (natal gas or diesel) generation.

Another important characteristic to consider when comparing different generation options is the speed at
which variougyenerators are able to turn on and off, and to change generation levels (e.g. ramp up and ramp
down). Gereration assets that run at a constant output (or slowly varying output levelguarto meet

GolFasS t2FrRa¢xI 6KAOK Aa (2 al & {KS eneratibdptians)Sudttas S R
storage hydrodiesel generatorgr natural gas reiprocating engingscan be dispatched quickly as required

G2 YSSO aK2NI GSN¥Y OKFy3aSa Ay RSYlyYyR TieadNbloidng S NI
capability and change their output levels in response to short term $e@pnd by second, minute by minute,

or hourly) changes in demand.

As previously mentioned, intermittent resources will generatgaaisi when their fuel supplies are available.
Since electrical system operators must constantly match the instantaneousndefmiaelectricity with the
supply of electricity, intermittent resources are more difficult to work with because they cannot be counted
on to provide energy as requirddnd may also providexcessnergy when it is not wanted)Therefore,

load followinggenerators play an important role in helping system operatoaschelectricitygenerationto
remainin step with the rise and fall dfoth intermittent generationandelectricitydemand.
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Figure9: TypicalBase Loadintermittent and Load Following Generation
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2.3 Economic Factors
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economically comparing generation projects. The LCOE calculation accounts for both the enemgtgdene
and the total capital and operating costs, for a generation facility over its expected lifetime.

Several inputs are required to calculate Levelized Cost of Energy, including annual energy production, costs
(in the form ofcapitalcosts fuel costs and operating costs), and economic assumptions (discount rate and
project lifetime). These inputs are applied in the following LCOE equation:

Y& OUNAQI MODOOE T O

V00 00— e, -
Y OUAQI MO DdHVE QITBD N 6 O

2.3.1 Full Utilization LCOE

The full wilization LCOE, expressed in $/MWh, is calculated assuming that a project is built at its full size and
capacity, that the projects generate at their maximum potential, and that all of the generated energy is
consumed.

The full dilization LCOE is themmfe calculated as follows:
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Y& OUWIAQI MBDHOE [ O

00 G QU QO OO Vbt T
‘ YE OIGQi MAdDO T RHTIL T i SAHHITHO

Because the Yukon is an islanded grid with nbtald export surplus energyi, it is not practical that all
generation assets on the Yukon grid will be able to fully utilize their generation oufetefore, although
the full uilization LCOE is an indicator of economic costnitage suited for coparing resource options on a
generic basis, rather than as part of a full resource mix.

Full utilization LCOE is used when summarizing generic generation resources (as in Section 4); the purpose of
full utilization LCOE is to discuss resources indivigduathout the context provided by a complete

generation scenario. Full utilization LCOE therefore describes the cost of energy assuming ideal resource
usage without taking into account the role a generation resource plays when working in combination with

other generation resources.

2.3.2 Forecast LCOE

The brecast LCOE does not assume that the entire energy output from any generation source is fully
consumed, but rathethat the generation assdtllfills a role as part of a larger Yukon generation supply
scenard. For example, some Yukon generationst be kept in reserve to meet peaks in electricity demand
and therefore does not always produce at its full output. Similarly, at certain times of year the Yukon has
more generation potential than is consumed iretifukon (e.g. in the summer), and generation assets are
under-utilized As a resultthe forecast LOE willtypicallybe higher than the fullitilization LCOEas it

accounts for the actual cost of operating the entire generation mix.

The forecast tilization LCOE is calculated as shown below:

"YE OUAUQI MADOOE [ O
OUIAQI WA dHQT "I HHHT T i AHHITHOS

O 1 'QAYD IOl Qb & 6 "Q,;"Yéé

In this report the erphasis will be on the Full Utilization LCOE, but it should be understood that for an
islanded grid such as the Yukon without the opportunity to trade surplus energy to its neighbours, the actual
cost of generation in the Yukon is higher than the FullZdtibn LCOE and is represented by the Forecast
Utilization LCOE.

2.4 SociecEconomic Factors

For the purposes of this report, theco-economic factorhiave been simplified tesimplyindicate whether

or not a project might potentially be socially accalple, assuming thastakeholderconcernsand issuegould

be addressedsatisfactorilyp .S0lFdzaS GKA& NBLEZ2NI Aad RA&aOdzaaAy3a a3Sy
specific projectsit does not attempt to assess social acceptance, but ratidicatewhether a not it might

be possible that a project could be socially acceptable

Page?9



Midgard Consulting Inc. 828¢ 1130 West Pender St.

WMI DGARD +1 (604) 298 4997 vancouver BC, Canada

midgardconsulting.com V6E 4A4

For example, coal firegenerationand nuclear generation were considered to be socially unaccepthlde

to the typically high social barriers to adoption of these resources. Howaweind farm, solar farm or
hydroelectricgenerationcould possibly be acceptable givanappropriateproject andaccommodations
Therefore, the following projects types were considered to be potentially acceptable assuming concerns and
negative impactsr@ adequatdy mitigated or offset by positive benefits:

1) Wind

2) Solar

3) Hydroelectric Run Of RiveiStorage and Pumped Storage)
4) Natural Gas

5) Diesel
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2.5 Environmental Factors
2.5.1 LandUse Footprint

Landuse footprint refers to the area of land which is dire@ffected or occupied by the generation
resource. For the purposes of this report, lamse impacts were estimated on the basis of the direct
footprint associated with generatioactivities only Indirectland-useimpactsfor items such as construction
(e.g transportation laydown areas, componemanufacturingetc.), offsite management (e.g. head office),
andpublicfacilities(e.g. road improvemesst other public infrastructure, ettwere notconsidered
Additionally, secondary impactscuas the cumaitive inpact of land fragmentation wergot considered.

2.5.2 GHG Emissions

Greenhouse gases (GHGSs) include Carbon Dioxidgd@®Methane (ChHi whichare commonly produced
by the extraction and burning of fossil fueojectGHGemissions were evaluated on the basist#ctricity
generationonly. A full lifecycleGHGemissionsestimate including upstreanfuel processing andomponent
manufactuing, transportation, construction and decommissing has not been considereor this reason,
generation resources such as wind, solar and hydro are considered to hav@l&smissiondor
generationpurposesalthoughit is recognized therare GHGemissions associated with thegeneration
resourcever their full life cycle Fosd fuelresources such amatural gas generation and diesel generation
are similarly evaluated on the basis of GHG production resulting fluehcombustion onlyand not the GHG
impacts of fuel production and delivery.

¢CKS | dzl 2y Qa OdzNINEB sllisoudds, incliliigihaadiniy, rghapori@tah and industrial
emissiongincluding electricity generatigrare approximately400,000tons of CQe per yeat’.

1 carbon Dioxide Equivaler€Qe) based on 2013 emissions. Soursational Inventoy Reportl990-2013: Greenhouse gas Sources and Sinks
in CanadaEnvironment Canada, 2015.
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3 Yukon Energy and Capacity Needs

3.1 Energy Need ForecastBaseline Scenario

Yukon is an islandagtid that must selsupply all its own electrical energy and capacity. The need for
electrical energy and capacity is growiagd is expected to continue growing throughthe end of 2065
and beyond.

As part of theNext Generation Hydrstudy, Midgard hs forecasthe supply and demand of electricity in the
Yukon for the period 2038065 as part of it¥ukon Electrical Energy and Capacity Need Foréeasthe
purposes of thiseport, the Baselinescenarioenergy and capacity gap was selected as theade to
evaluate for the 2035 to 206&indow. The forecast gap between currently availab&neration
(hydroelectric)supply and future energy demamplows continuously over the perid2D352065andis
summarized irFigurel0. The totalforecast energy demands in the Baseline scenario are tabulat€aliles.

FigurelO: Baseline Case Electrical Energy Demand and Supply ForecastB20885B, 2055B & 2065B)
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Table8: Table of Baseline Case Monthly Electrical Energy Demand Forecast for 2035, 2045, 2055 & 2065

Month 2035 2045 2055 2065
(MWh/Month) (MWh/Month) (MWh/Month) (MWh/Month)
Jan 57,200 62,900 68,600 74,300
Feb 48,500 53,300 58,100 62,900
Mar 49,300 54,200 59,100 64,000
Apr 41,900 46,000 50,200 54,300
May 39,800 43,700 47,600 51,600
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Month 2035 2045 2055 2065
(MWh/Month) (MWh/Month) (MWh/Month) (MWh/Month)
Jun 37,500 41,200 45,000 48,700
Jul 37,700 41,400 45,200 48,900
Aug 38,900 42,800 46,600 50,500
Sep 40,300 44,300 48,300 52,300
Oct 45,300 49,800 54,300 58,800
Nov 52,100 57,200 62,400 67,500
Dec 58,100 63,800 69,600 75,300
Total 546,600 600,600 655,000 709,100

When viewed on a monthly basifietenergy gap forecagseeFigurell andTable9) shows alargerneedfor
energyduring thecolder weathemonths of November througApril, and a much smaller need for energy
during the warmer months of May through Octobérherefore, he fundamental energy challenge that new
generation in the Yukon must address is the demand for winter erandycapacity

Figurell: Baseline Case Monthly Electrical Energy Gap (2B3%045B, 2055B & 2065B)
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Table9: Table of Baseline Case Monthly Electrical Endgggypsfor 2035, 2045, 2055 & 2065

Month 2035 2045 2055 2065
(MWh/Month) (MWh/Month) (MWh/Month) (MWh/Month)

Jan 17,635 23,312 28,978 34,655
Feb 13,362 18,168 22,965 27,771
Mar 23,524 28,416 33,299 38,192
Apr 14,801 18,954 23,100 27,254
May 6,892 10,834 14,769 18,711
Jun 4,110 7,831 11,545 15,265
Jul - 2,991 6,721 10,458
Aug 498 4,358 8,210 12,070
Sep 878 4,876 8,866 12,863
Oct 2,221 6,715 11,202 15,697
Nov 7,934 13,095 18,248 23,409
Dec 11,639 17,397 23,144 28,902

Total 103,494 156,947 211,047 265,247

3.2 Capacity Need ForecagtBaseline Scenario

Along with a need for energhere is a need for sufficient capacity on the Yukon ¢pidheet peak electricity
demand(e.g.cold winter days Sufficient generation capacity is required on the Yukon grid so that when
electricity demand peakoccur, there is sufficient generation to meet that need (otherwise the Yukon grid

will black out). Figurel2 and Table1l0 showthe growing forecasBaselinecapacity gap from 2035 to 2065.

Figurel2: Yukon Baselin&Vinter Capacity Gap
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Tablel0: BaselineWinter Capacity Gap, 2038065

Year Capacity Gap (MW)
2035 21
2040 26
2045 31
2050 37
2055 42
2060 47
2065 53

Capacityneedschangeas consumedemandsincrease and decrease response ta@hanging activities over
the day. Energy demand is typically lowest during the rlighen people are asleepand begins to ramp up
as people wake up and use energy for heattmpkingand lighting. The peak demaneéniod is typically
early evening when people return from work aimtrease their energysagefor heating,cookinglighting,
chores,and entertainmentA sampledemandcurve for the Yukon, scaled to t2©352065 capacity forecast
gapsisshown inFigurel3.

Figurel3: SampleYukonWinter Capacity Deman&Gap 20352065
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4 GenerationResourcs

¢tKS SySNHE& NBaz2dz2NOSa | gFAftlFoftS ¥F2 NJid&rss ofifolr factsr§ G A y 3

Figurel4: Factors of Interest
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4.1 Wind Generation

Wind-driven electric generation converts the kinetic energy of wind into electrical energy, and this
conversion is most commonly done using a wind tugbifihe blades of a turbinare forced to spin by the
wind, the drivetrain transfers the rotational energy to an electric generaamd he electricgenerator
generates electricity Wind energy resources are characterized as-fion (intermittent) resources because

electrical energy is only generated when the wind blows within a suitable range of spetdsq(fast and
not too slow).

Figurel5: Wind Turbines on Haeckel Hift

" Image SourceYukon Development Corporation/Yukon Energy Corporation.
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4.1.1 Wind- Technical Factors

Figurel6 compares the typical trend of wind power availability in the Yukon as compared to the forecast
future energy needs on month-by-month basis. The trenfd NJ & & K LIS ¢ &/dilabityAintit Sy SNH &

Yukon is a reasonably goothtch for the shape of the forecast future energy gap, with more energy

generated in the winter and less energy generated in the summer.

Figurel6: Wind EnergyGenerationShape vsForecast Demanap
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Unfortunately,the maximum contribution of wind energy to the Yukon grid is limited by tli@yabf the
Yukon grid to intgrate (or accommodate) wind generatioBeyond a certain poininstalling more wind
generation onto the Yukogridis not technicallypracticalbecausehe systemwill not be able tchandle
short term fluctuations in wind generath outputwithout causing stability problems. An example of the

variation in wind speedt the Whitehorse Airports shownin Figurel7*2

21t is acknowledged that the wind speed at the Whitehorse airport may not accurately reftetpotentially overstate, wind speed variability
for actual wind farm locations in the Yukon, but sutiurly data for sites under active consideration by YEC is not publicly available at this time.
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Figurel7: Whitehorse AirportWind Speedsamplé?
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Wind generation from one or two project sites (as would be the daiee Yukon) is variable and depends

on localized changes in wind speeds and conditions. Although fluctuations in wind output on aloyinute

minute or hourby-hour basis may be mitigated by technologies suchrakscale battery storagéonger

periods wihout windwould cause the output of a wind farm to drop to zero. As a result of this variahility

lack of geographic diversfy g A YR L}2 4 SNJ R2S 4

y2i

Kl &S

idKS

FoAtAGS

An example of a daily wind energy pattern,@sing maximum wind integration in 2065, is showirigure

18. The available capacity varies throughout the day as the wind picks up and dies down.

¥ For July 15, 2015. Source: Environment Canada, 2015
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Figure18: Wind Daily Capacity Examplé*
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mmm \Wind Output (2065 Integration Limit) =—2065 Capacity Gap

Extending thdimits on wind integrations an area of active research and development, particularly in the
area ofutility scale battery installations. As a result, although current wind integratiorsliané estimated at
10%15% of installed capacity for an islanded grid, for the purposes of this report the integration limit for
wind has been increased to 2@Bsoughthe addition ofemerginggrid scalebattery storage technologies
that make wind easier to integrate into the grid (SE&ble11 for a summary, andppendix Band Appendix
H:for additional details

Tablell: Assumed Maximum Windntegration with Battery Support

Year ForecastPeak Maximum Wind | Maximum Wind | Capacity Maximum
Demand (MW) | Penetration(% Installed Factor (%) Annual Wind
of Peak Demand) Capacity(MW) Energy(GWh)
2035 109 20% 22 35% 66
2065 141 20% 28 35% 88

Therefore, although thevind generation shape is @asonablematch to the shape of the forecast future
energy gan an average monthly basiwind integration limits cap the maximum energy available from

“Based on Environment Canada hourly measurementé/fiitehorse Airport orduly 15, 2015 and power curve data for 21x1MW WWD
turbines. Actual wind generation variability for Yukon wind sites will be different than at the Whitehorse Airport.
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wind as shown ifrigurel9. Moreover, as a consequence of wind integration limits, wind is not able to close
the forecast energy and capacity gaps without the support of other generation rescamdetherefore must
be considered in combination with other generation resources when meeting future energy and capacity

needs.

Figurel9: Wind Energy Monthly AverageGeneration & Gap
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In summaryaccounting forthe limits on instdled capacitythe firm (dependable) capacity and energy that

can be provided by wind power to the Yukon grid are showrainlel2.

Tablel2: Wind TechnicaFactors-

Year Maximum Maximum Capacity Factorl Maximum
Wind Installed | Wind Firm (%) Annual Wind
Capacity(MW) | Capacity (MW) Energy(GWh)

2035 22 0 35% 66

2065 28 0 35% 88

4.1.2 Wind-Economic Factors

Using assumptions for capital cost, operating cost, transmission and project lifetimes detailgakindix B:
and based upon previous studies of wind power inYuon the current full utilization LCOE of wind power
without battery storagen Yukonin this report is estimatedt $157/MWh and the full utilization LCO&
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wind powerwith battery storage i$192MWh. It is noted that the cost of wind turbines hasdre
decreasing over time, however, the equipment and labour costs required to erect, operate and maintain
wind turbinesthat make up the majority of the cost of wind generatiare based on Yukon pricing.

Tablel3: Wind Economidractors

Levelized Capital Cost Fixed O&M Fuel Cost Total Full Utilization
($/MWh) ($/MWh) ($/MWh) LCOE$/MWh)
Without Battery | 119 38 0 157
Storage
With Battery 151 41 0 192
Storage

4.1.3 Wind- SocieEconomic Factors

For thepurposesof this study it is assumed thatsuitable wind generigon project site could be developed.
Therefore wind generation is considered potentiafipciallyacceptable

Tablel4: Wind SocieEconomic Factors

Acceptability

PotentiallyAcceptable

4.1.4 Wind - Environmental Factors

The landuse impact of wind generation can be thought of as either the direct land requirements of wind
turbine foundations, access roads and electrical works, or as the total area of the wind farm, including the
areabetween turbinesAlthough the space between turbines often remains usable for other purpos#ssi
report the total landuse requirement isonsidered for the purpose of consisten@his treatment is similar

to that usedfor transmission linewhere the entire right of way is consideredthe footprint (rather than

just the tower/pole locations)

There are no GHG emissiamssociated with wind power durirdjrect energygeneration
Tablel5: Wind Environmental Factors

Impaa Intensity
LandUse 36 + 22hectares/MW
GHG Emissions 0gCQe/kWh

4.1.5 Wind ¢ Summary

As a consequence of wind integration limits, wind is not able to close the forecast energy and capacity gaps
without the support of other generation resources, and therefore must be considered in combination with
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other generation resources when meeting frgtenergy and capacity need$he contribution wind makes to

closing (at least partially), energy and capacity gaps as a resource option are |Edxdelb6.

Table16: Wind Resource Summaty

Technical Economic socie ) Environmental
Economic
Max.2065 | Max. Max. Full Social LandUse Production
Energy 2065 2065 Utilization | Impact Footprint GHG
(GWhlyear) | Installed | Firm LCOE (hectares/MW) | Emissions
Capacity | Capacity | ($/MWh) (9CQel/kWh)
(MW) (MW)
Without | 65 21 0 157 Potentially | 36 + 22 0
Battery Acceptable
Storage
With 88 28 0 192 Potentially | 36 + 22 0
Battery Acceptable
Storage

4.2 SolarPV Energy

Solarelectric technologies use the energy of the sun to generate electranitgt he most common
technologyisLIK 2 (i 2 @2 f | A ,@hiah éré plagedl in lotatjoiss ithat get good exposure to the sun (in
the northern hemisphere this means sotfficing areas)When sinlight hits solar panel arraysleetricity is

produced inside individual photovoltaic cedisd theelectricity is then cllected and aggregated for

conveyance onto electrical wires for use by a ldadhe majoity of installations solarpanels are installed in

fixed orientations, but in some installationsotors and actuators are added to the system so that the panels
adzy 2 @SRV parkl§cadi dutidies in 8nfall distiliitedrakedsfome
or commercial buildingooftops) or in large arrays, known as solar farms or PV power stations.

at2 206¢€

idKS

!5 SeeAppendix Bfor more detail.
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Figure20: Yukon Solar Engy Pilot®

4.2.1 Solar- Technical Factors

Figure21 compareghe typical trend of solar power availability in the Yukon to the forecast future energy
needs on a montiby-month basis.The shape of solar energy availability in the Yukon ismatealmatch

for the shape of the forecast future energy gap becamsee solar energy is produced during the summer
when demand is lowestandlessenergy is produced irhe winter when the demand isighest. There is a
potential overlap between incresd generation levels and higher energy demand in the time around the
months of Apriland May

®Image SourceYukon Energy Solutions Centre, 20Http://www.energy.gov.yk.ca/pdf/report_solar pilot monitoring feb2014.pdf
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Figure21: Solar Energy Generation Shape vs. Forecast Demand Gap
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mmm 2065 Energy Gap = Solar Energy Generation Shape

Energy Shape

Similar to wind, he maximum contribution of solar energy to the Yuolkgrid is limited by the ability of the
system to accommodate the variability of solar generation. Solar energy prodwetiovarythroughout the
day with changing sunlight and cloud cover conditjalepending on the number and geographic diversity of
sdar panel locationsAn example of this variation is shown for a rooftop solar installation in Whitehorse for

July 15, 2015 ifigure22.
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Figure22: Whitehorse Daily PV Enertfy

25

N
o
p

=
(3]

(=Y
o

Energy Production (% of total)

5
0 T T T T T 1 T T T T T T T T T T T T T T T T T 1
S S>S=>S>S>S>S=S>S>S===2=2=2=2=2=2=2=2===3=
L = < G~ < G~ G < G~ (< G~ G~ G & M o N o N o N o N o N o MY o I o B a I a B 0 S
O O OO O OO OO0 OO0 0O 00O O OO0 OO0 OO 9O 9O
© 0 0 OO0 00000 Q 9 2 o0 0 00 o9 oo o2
N d A W IO 6N O®H® O A NAdNMITInD O~ o O -
- a9 A - = -
Time of Day
= (07/15/2015

The limits on solar integration are estimatedTiablel7, based on assumptions detailedAppendix C:

These assumptions may change when pairing solar with an energy storage option such as a battery bank (for
more detail, seé\ppendix H), but for the purposes of resource option planning a 10% integration limit has
been assumed

Tablel7: Assumed MaximunSolarintegration

Year AssumedPeak | Maximum Solar Maximum Solar | Capacity Maximum
Demand (MW) | Penetration(% of | Installed Factor (%) | Annual Solar
Peak Demand) Capacity(MW) Energy (GWh)
2035 109 10% 11 11% 11
2065 141 10% 14 11% 13

TKS YIFEAYdzy G201t 02y i Nlededginkels/is |@Tluedoechnidbsl integratiork S | dz] 2 v
limits and a relative lackfalirect sunlight in the Yukoduring many months of the yeals shown irFigure
23, theaverage monthly energy for solar generation is noidealmatch to the shape of the forecast future

Y For July 15, 2015.
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energy gap because solar generation is highest in the summer months when demand in the lowest, and
lowest in the winter months when demand is the highest

Figure23: Solar Energy, Monthly Average Generation & Gap
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As one might expect, the greatest amount of solar energy is available during the middle of the day, with
energy production falling off with the setting of the si@lar energy is not always available to be called on
when required to meet peak demanthereforesolar energy has fam capacityof zerofor the purposes of
this report As shown ifrigure24, after accounting for integration limitshe maximumcapacity available
from solar is small compared to the overall need, arsigaificantly reduceduring the winter months.
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Figure24: SolarDaily Capacity- Example*®
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In summary, the limits on installed capacity, firm (dependable) capacity and energy that can be provided by
solar to the Yukon grid are shownTiablel8.

Tablel8: Solar Technical Factors

Year Maximum Maximum Capacity Factorl Maximum
Solarinstalled | Solar Firm (%) Annual Solar
Capacity(MW) | Capacity (MW) Energy(GWh)

2035 11 0 11% 11

2065 14 0 11% 13

4.2.2 Solar- Economic Factors

Using assumptions for capital cost, operating cost, transmission and project lifetimes detdilgakindix G:
Midgard estimags the current fullitilization LCOE of solar power in Yuko$E2/MWh, mainly due to the
reducedenergy vyield of solar panels at hgghatitudes. The cost of solar pandlas decreased dramatically in
recent years and continues to faliowever, the costs associated wittonstruction labourmounting
hardware, foundations and ettrical works i:ot decreasing and is subject to northern price premiums
compared to other jugdictions in southern Canada and the USA.

®Solar PV dateourtesy of John Maissan and Environment Canada. Summer data from 15/07/2015; Winter data from 15/01/2011.
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Tablel9: Solar Economic Factors
Levelized Capital | Fixed O&M Fuel Cost | Total Full Utilization
Cost($/MWh) ($/MWh) ($/MWh) | LCOE$/MWh)
181 11 0 192

4.2.3 Solar- SocieEconomic Factors

For the purposes of this study it is assumed that a suitable solar generation project site cdelekchmped.
Therefore solar generation is considered potentiadigciallyacceptable.

Table20: Solar Socid=conomic Factors

Acceptability

Potentially Acceptable

4.2.4 Solar- Environmental Factors

The landuse impact associated with the solar PV resource is the area covered by the solar farm, including the
panels themselves as well as associated mounting hardware, access roadsdrical infrastructure. In the

case of rooftop solar installations, solar PV can take advantage of otherwise unutilized roof area, eliminating
the need for incremental landse change Solar panels do not emit any GHeisingdirect energy

generation

Table21: Solar Environmental Factors

Impact Intensity
LandUse 0-3.5 hectares/MW
GHG Emissions 09gCQe/kWh

4.2.5 Solar¢ Summary

Similar to wind generation, sol@rtegration limitsmean that solar generatiors inot able to close the

forecast energy and capacity gaps without the support of other generation resources, and therefore must be
considered in combination with other generation resources when meeting future energy and capacity needs.
The contributionsdar makes to closing (at least partially) energy and capacity gaps as a resource option are
listed inTable22.
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Technical Economic socio . Environmental
Economic
Max. 2065 Max. 2065 | Max.2065 | Full Social LandUse Production
Energy Installed Firm Utilization Impact Footprint GHGEmissions|
(GWhlyear) | Capacity Capacity LCOE (hectares/MW) | (gCQe/kWh)
(MW) (MW) ($/MWh)
13 14 0 192 Potentially | 0-3.5 0
Acceptable

4.3 Hydreelectric- Storage

Hydroelectricity is generated from the gravitational force of falling or flowing watdroelectric facilities

with energystorage havevater storagereservoirs, whicliequire dams that modif{jakesor river valleys

Larger hydroelectristorage facilities often store water from one season for use in another season.

Operators manage reservoir storage leva@sthat theystore water when it iplentiful, anduse the stored

water when it is needed and/awater is scarce

Figure25: WhitehorseHydroelectric Plant®

9 SeeAppendix Cfor more detail.

2 |mageSource: Yukon Water, 20118tp://yukonwater.ca/understandineyukonwater/water-use-and-conservation/industryand-naturak

resourcesectors
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4.3.1 StorageHydro- Technical Factors

Figure26 compares the trend of hydro power availability in the Yukon as compared to the forecast future
energy needs on a mordby-month basidased on the hydroelectric facilities being evaluated for the Next
Generation Hydro projecfAs can be seen Irigure26, the shape oftoragehydro generation can matclhe
shape of the forecast future energy gap becatrese hydro projects areapableof storing water in the
summer for the times of need in the wintéFhere is typically excessergy(not shown)compared to

demand during the summer omths when stream flows are higher and demand is lower.

Figure26: StorageHydro Energy Generation Shape vs. Forecast Demand Gap
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Energy Shape

mmm 2065 Energy Gap — Storage Hydro Energy Generation Shape

The Yukon grid is able tolly integratestoragehydro generation becaudgydro with storagds a
dispatchablegeneration sourcevhose output can be managed to exactly meet demand on both a
monthly/seasonal basis anttiroughout the dayas daily demands chang&herefore, here are no technical
limits on the integration oftoragehydro generation on tb Yukon grigseeAppendix Dfor detail).
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Year AssumedPeak Maximum Storage | Maximum Storage | Maximum
Demand(MW) HydroPenetration Hydro Annual Large
(% ofPeak Demanyl | Installed Capacity | Hydro Energy
(MW) (GWh)
2035 109 Unlimited 38 393
2065 141 Unlimited 57 557

As shown irFigure27, the annual energy output of storagehydro plant can be matched to meet seasonal

requirements in demand. Such a project would be able to fully meet the winter energy gap without

additionalresources such awmatural gaor diesel generationStoragehydro is therefore able to meet 100%

of the YukorforecastBaselineenergy needsip to the end of 2065

Figure27. StorageHydro Energyc Monthly Average Generation & Gap
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plant can be continually adjusieo meet variations in demand, storaggdro generation is a dependable

source of capacity and is able to meet foeecastcapacity needs of the Yukamtil and beyond 206%see

Figure28).
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Figure28: StorageHydro Daily Capacity
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In summarythe storage hydro projestbeing considered for Next Generation Hydro héweability to meet
the forecast energy and capacity gaps up o beyond 2065 The maximumlimits on installed capacity,
firm (dependable) capacity and energy thahdze provided bytoragehydrofor the purposes of this report
are shown irrable24.

Table24: StorageHydro TechnicaFactors

Year Maximum Storage Maximum Storage Maximum Annual
Hydrolnstalled Capacity| Hydro Firm Capacity StorageHydro Energy

(MW) (MW) (GWh)
2035 38 38 393
2065 57 57 557

4.3.2 StorageHydro- Economic Factors

Using assumptions for capital cost, operatoogt, transmission and project lifetimes detaileddppendix D;:
andbased on a average of théNextGeneration Hydrprojects with thefour lowestestimatedcosts™,
Midgard estimates the average full utilization LCOR@{t Generation kdro at$92/MWh .

Z Fraser Falls, Granite Canyon, Detour Canyon and Two Mile Canyon.
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Table25: Large Hydro Economic Factors

Levelized Capital | Fixed O&M Fuel Cost Total Full Utilization
Cost($/MWh) ($/MWh) ($/MWh) LCOK$/MWh)
77 15 0 92

4.3.3 StorageHydro- SocieGEconomic Factors

For the purposes of this study it is assumed that a suitillebet Generation Hydnoroject site could
potentiallybe developedTherefore, storagehydrogeneration is considered potentiakpciallyacceptable.

Table26: StorageHydro SocieEconomic Factors

Acceptability

Potentially Acceptable

4.3.4 StorageHydro- Environmental Factors

The landuse footprint of astoragehydro development isypicallydominated by the water res&pir required

for the purpose of storing waterThe land area flooded as a result of a hydroelectric development is
dependent on the characteristics of tipeojectsite, including the local topographyater flows (hydrology),
water storage requirementgroject head and ability to draw down the reservoir (e.g. permissible water level
fluctuations) Floodinghas social, cultural and environmental impacts that include, but are not limited to,
sites of cultural, recreational or historic significanaguaticecosystemsterrestrial ecosystems and riparian
ecosystems

There are n GHG emissions associated wdttect generation from storagbydro. Emissions due to the
decomposition of organic matter in reservoirs are considered to be part of the constrysttase in this
report, and are not includeth the analysis

Table27: StorageHydro Environmental Factors

Impact Intensity
LandUse 313hectares/MW (Ranget87- 545 hectares/MW)
GHG Emission 0 gCQe/kWh

4.3.5 StorageHydro¢ Summary

As a generation resource, storage hydro provides the dependable energy and capacity required to meet the
forecast energy and capacity gaps needs of the Yukon as shdvable28.
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Table28: StorageHydro Resource Summay

Technical Economic socie ) Environmental
Economic
Max. 2065 Max. 2065 | Max.2065 | Full Social LandUse Production
Energy Installed Firm Utilization Impact Footprint GHG Emission
(GWhlyear) | Capacity Capacity LCOE (hectares/MW) | (gCQe/kWh)
(MW) (MW) ($/MWh)
557 57 57 92 Potentially | 313 (Rangd:87 | 0
Acceptable | ¢ 545

2 5eeAppendix Dfor more detail.
# Expandable up to 9007 MW if required.
2 Expandable up to 9007 MW if required.
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4.4 Hydroelectricg Run-of-RiverHydro

Hydroelectric facilities withouvaterd G 2 NI 3 S | NB-ofNK Zpfojddts-aid thiedediajécts
produceelectricityonly when water isnaturallyavailableandwater flows areaboveminimum ecological
threshold leved because somevater is always reserved for einonmental (e.g. fish) flowsThe primary
advantage of a ruof-river hydro scheme is that it floedess area than a storage hydroelectric project
because a ruof-river hydroproject does not needb create an active {.e. regularlyrising & fallingwater
storagereservoir However, it is important to note thafixed levelheadpond is necessary to create
hydrostatic head andover the intake wittwater (seeFigure29 below of a 10MW project headpond in
British Columbig)and headponds can k&gnificantdepending on the local topography. For example,
Schwatka Lake tee head pond for the Whitehorse generation facility where a natural river course once
flowed.

Since rurof-river hydro projects do not have water storage, they are at a disadvantagen it comes to
dispatchablgfirm) generation Smilar to wind and solar generationjm-of-river hydrohasintermittent
resourcecharacteristicbecausegeneration ouput depends on naturaiver flows,andis notdispatched to
matchchanges irelectricity demand. This issue of ndispatchability is particularly important in the Yukon
context becausehere are significant seasonal variations in stream ftbat result in low water flowgi.e.

low fuel supplypccurring in the winter when electricity demandhigh.

Figure29: Runof-RiverHydro¢ Intake Headpond for 10MW Facilify

% |mage Source: Midgard Consulting Inc.
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4.4.1 Runof-RiverHydro- Technical Factors

For the purposes of thieport, run-of-river hydro will be modeleds generatind<15MW)the maximum
possible based on a typical Yukon hydrology for smaller river, typical ecological flows and typical installed
generation capacity (se&ppendix Efor a description of these typical value$jigure30 shows the

generation for a repgsentative rurof-river hydro project on a monthly basis and illustrates that expected
generationis not a geat matchto the forecast future energy gap The mismatch occurdecauseYukon
run-of-river hydro is characterized byndancreasedjeneration duing the springsummerfreshet(i.e. snow

melt period)when demand is lowe and lover generation during theolderivinter monthswhen demand is

the highest.
Figure30: Runof-RiverHydro Energy Generation Shape vs. Forecast Denfaap
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The maximum contribution alun-of-river hydroto dependable capacity otine Yukon grid ialsoconstrained
by naturalfluctuations in daily generation outputhese fluctuations must be accommodateddiher
generation resources otine Yukon grid becausen-of-river electricity outputfollows changes in available

water, rather than following changes in electricity demand

®aAR3IINR KIFa aAal §R -offrieShydiolpojedt sO thdt it emphdmiizésythe prathyction of winter energy rather than
maximizing annual energy because the Yukon has a need for winter generation and little/no need for additional summeogeres &ti

result, it is assumed that a typicaigpect has an installed capacity of approximately 0.9 x MAD (Mean Annual Discharge), rather than the 1.5
1.7 x MAD that is more typical for projects that value summer energy more highly than in the Yukon context.
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The limits orrun-of-river hydrointegration areless than for wind or solar generation because wéiaw
variabilitytends to be moderate anthore predictable For example, the noon day sun melts snow more
rapidly thanat other times of dayandthis snowmelt increase moves through the watershed and arrives at
the run-of-river facility some hours later. Tpattern often repeats on a daily basis and is predictably
modified by events such as cloud covair temperatureand rairfall events As a result of this forecast
generation predictabilityfor the purposes of this report no technical liswtill be paced uporrun-of-river
hydrointegration However, in practicdimits on run-smallhydro generatiorwould bedue to economic
constraints becauseun-of-river hydro produces most of its energy during theshet (snowmelt period)
when demand is loer, andthe electricity produced haétle economic value (se&ppendix Efor more

detail).

Therefore, despitaot havingtechnicallimits onrun-of-river hydro integration therelative absencef

dependable winter energy render this resoumeorly suitedformed A y 3 (KS | dzZl 2y Qa F2NBOI
For exampleas shown irFigure31, as the number of rwof-river hydro projects increases, the quantity of

spilled (and thertore wasted) energy increases dramatically with relatively little of the winter energy gap

being satisfied.Therefore, rurof-river hydrois another generation resource that is not able to satisfy (at

least in a practical and economic seffée (i K S foredzist2yefynd capacityars.

Figure31: Runof-RiverHydro Energy Monthly Average Generation & Gap
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" Runof-River could technically meet therecast gap, but the quantity of ruof-river projects would be so large (ex#0 projects)that the
economics and practicality of such a solution would not be reasonable. Thereforef-rwer hydro must team up with other generation
resources that ppvide firm winter energy and capacity.
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Similarly, when considering the capacity attributes of aetmiver facility, énce the output of a rurof-river
facility can be forecast with someertainty,run-of-river generation has more dependable capacity than
either wind or solar generation. For example, during the summer with the backing of a melting snowpack,
minimum stream flowg can be reasonably predidetherefore, a reasonable percentage of the installed
capacity may be considered dependable capacity. However, stream flows during the winter are yandlow
in practice many rwof-river hydro plants shut down entirely during the winter due to fregzamd the need

to maintain minimum environmental flows (which take water away from energy generation). As a result,
during winter/colder periods, there s comparativelysmalker contribution to dependable winter capacity
because there ilesswater relialdy available for generation.

In summaryalthoughthere are no technicdimits on installed capacity, firm (dependablenter capacity
andthe annualenergy that can be provided laytypicalrun-of-river hydro projectto the Yukon gridthe
technical fators for a typical rurof-river projectare asshown inTable29.

Table29: Runof-RiverHydro Technical Factors

TypicalRunof-River TypicalRunof-River TypicalAnnual Run-of-
HydroInstalled Capacity | Hydro Firm Capacity | RiverHydroEnergy
(MW/project) (MW/project) (GWHproject)

4.7° 0.6 23.4

4.4.2 Runof-RiverHydro- Economic Factors

Using assumptions for capital cost, operating cost, transmission and project lifetimes datdilgaendix E:
Midgard estimates the current full utilization LCfoEa representativeun-of-river hydro project in the
Yukonat $116+/MWh . However,it should be noted thathis estimate is based on the development of the
most economically viable potential proje@ssuming they are located relatively close to the existing
electrical grid. This assumption may hold true for the first few projects developed in the Yukon, but is
unlikely to hold as the quantity of projects increases and project remoteness increadesailed resource
assessment would be required to determine how many sites exist atathisableprice pointand what the

cost increases are as additional projects are addeattling more and moraun-of-river hydro developments

in Yukon would incur imementally higher costs for each project, as the best sites would be developed first
and subsequent projects would likely cost considerably more $#id6+/MWh.

BaAR3IAINR KIFa &A1 SR -ofriebhydiolpiojedt 90 thdt i emphdgizésythe priidyction of winter energy rather than
maximizing annual energy because the Yukon has a need for winter generationlahtbliieed for additional summer generation. As a
result, it is assumed that a typical project has an installed capacity of approximately 0.9 x MAD (Mean Annual Dis¢herder¢éhe 1.5
1.7 x MAD that is more typical for projects that value sumerergy more highly than in the Yukon context.
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Table30: Runof-RiverHydro Economic Factors
Levelized Capital | Fixed O&M | Fuel Cost | Total Full Utilization
Cost($/MWh) ($/MWh) ($/MWh) LCOKS$/MWh)
97 19 0 116

4.4.3 Runof-RiverHydro- SocieEconomic Factors

For the purposes of this study it is assumed that several suitahlef-river hydro projectscould be
developed Therefore run-of-river hydro generation is considered potentiafigciallyacceptable.

Table31: SmallHydro SocieEconomic Factors
Acceptability

Potentially Acceptable

4.4.4 Runof-RiverHydro- Environmental Factors

Arun-of-river hydro scheme generally has a very small fasd footprintwhen compared to storage hydro
projectdue to theabsenceof a reservoirbut a headpondand potentially shorter transmission and road
distances to the electrical grict least for the first fewprojects) Typically the largest lardse impacts
associated witlrun-of-river hydro development are not the direct impadts water impoundment (e.g.
intake weir and headpond), water conveyance (e.g. penstock), and powerhoutsather ae the lands
required forroad and transmission rightsf-way.

As with other forms of hydropower, the GHG emissifumglirect generatiorare zero.
Table32: SmallHydro Environmental Factors

Impact Intensity
LandUse 11 hectares/MW
GHGEmissions 0gCQe/kWh

4.4.5 Runof-RiverHydro¢ Summary

Although ths report has imposedo technical limits on the quantity of ruaf-river projects that could be
implemented in the Yukon, in practice the poor match between generation supply (i.e. high summer
generation) and demand (i.e. high winter demand) means that similar to wind and solar generatioff, run
river hydrogenerationmust work with other generation types to economically (and practically) meet the
forecast Yukon demands for energy and capacity
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Table33: Runof-RiverHydro Resource Summaiy

Technical Economic socie i Environmental

Economic

Typical Run | Typical Run | TypicalAnnual | Full Social LandUse Production

of-River of-River Runof-River | Utilization | Impact Footprint GHG

Hydro Hydro Firm HydroEnergy | LCOE (hectares/MW) | Emissions

Installed Capacity (GWhproject) | ($/MWh) (9CQe/kwh)

Capacity (MW/project)

(MW/project)

4.7 0.6 234 116+ Potentially | F11 0
Acceptable

4.5 Hydroelectricc SmallHydro Storage

Similar torun-of-river hydroprojects small (<15MW) hydrstorageprojectscanalsobe found across the
Yukon. Small hydro storage projectare found inareaswith suitable topography andre generallydivided
into two types of hydro storage projects; thotfeat dam lakesto make amodified lakereservoir and those

that dam rivergo create anew reservoi CNRBY (GKS LISNBLISOGAGBGS 2F AYT2N¥NAY

hydro storage project looks like, Midgard reviewed past studies of small Isyoirgeprojectsand

RSOSE2LISR |y dal GSNIF IS¢ LINE 2 SAppendik®. dzaS F2NJ Af f dza G NI G

Achallenge faced by small hydro storage is that there will be a limitedtiy of projects that provide
significant winter energy and winter capacity while being located close enough to the grid that they are
economicand have small environmental footprintSimply put, becausesinglesmall hydro storageroject

is smallethan a Next Generation Project, small hydro projects Hass ability to absorb the cost of

GNI yaYArAaarzy ySoOSaal NeB (2 Ayl smdbayyigréMparader G K (K S
aggregatecenvironmental impacts

4.5.1 Small Hydro StorageTechnicaFactors

For the purposes of this repogmall hydro storage&vasmodeled as generating the maximum possible based
on a typical Yukon hydrology for smaller rivandtypical ecological flows (se¥ppendix Ifor a description

of these typical values)-igure32 shows the generation for a representatigmall hydro storage prog on a
monthly basis and illustrates that expected generati@s winter energy and capacity to mehe forecast
future energy gap.

» seeAppendix Efor more detail.
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Figure32: Small HydrdStorage- Energy Generation Shape vs. Forecast Demand Gap
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Since small hydrstorageprojects havewater storageand contribute to dependablewinter capacity for the
purposes for this reporthere are ndimits onsmall hydro storagetegration. In practicehowever, the

limits on small hydro generation would liee to economic constraints because small hystarage projects
will require significant transmissianfrastructure(relative to project size) to connect to the griekpecially
as any easily constructed projects are developed and the remaining prbpmtsne more challenging:
costly)to develop Assessing which projects are suitable for developnieotitside the scope of this report
and ispart of a utility resource planning exercisdonetheless, s an illustration, if the Yukon forecast
demand vas met only wittthe typicalsmall hydro storage projectthe Yukon would require approximately
14 small hydro storagprojectsduring an average watgmrearto meet the forecasenergydemand
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Figure33: Small Hydro Storag&nergyc Monthly Average Generation & G&p
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In summaryalthough there are no technical limits @mstalled capacity, firm (dependable) capacégpdthe
annual energy thatan be provided bg typical small hydro storage projetctthe Yukon gridthe technical
factors for a typical small hydro storage projace shown irTable34.

Table34: Small Hydro StorageTechnical Factors

Typical Srall Hydro Storage Typical Small Hydro Storage Fir| TypicalAnnualSmall Hydro
Installed CapacityMW/project) Capacity (MWproject) StorageEnergy(GWHhproject)
6.5 4.2 43

4.5.2 Small Hydro StorageEconomic Factors

Using assumptions for capital cosperating cost, transmission and project lifetimes detailedppendix |
Midgard estimates the current full utilization LCOE for a representative small bymageproject in the

Yukon a$126+ MWh. However, it should be noted that this estimate is based on the development of

small number ofhe most economically viable potential projects, and a detailed resource assessment would

*®Based on the economical limit for 2065 in Scenario 3 (30MW)
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be required to determine how amy sites exist at thiype of price point. Adding more small hydstorage
projectsin Yukon would incur incrementally higher costs for each project, as the best sites would be
developed first, and subsequent projects would likely cost considerably thans$126+/MWh.

Table35: SmallHydro StorageEconomic Factors
Levelized Capital | Fixed O&M | Fuel Cost | Total Full Utilization
Cost($/MWh) ($/MWh) ($/MWh) LCOE$S/MWh)
106 20 0 126+

4.5.3 Small Hydro StorageSocieEconomic Factors

For the purposes of this study it is assumed that suitabiallhydro storageprojectscould be developed.
Therefore, small hydretoragegeneration is considered potentially socially acceptable.

Table36: Small HydrdStorageSocieEconomic Factors
Acceptability

Potentially Acceptable

4.5.4 Small Hydro StorageEnvironmental Factors

In order to deliver winter energy, @mall hydro storage project has a considerdatetuse footprint when
compared torun-of-river projects due to thepresenceof awater storagereservoir. Typically the largest
land-use impacts associated wittydro storageprojectsare the direct impacts for watestorage road
accessand transmission rightsef-way. When compared to Next Generation Hydre (largehydro storage
projects), the footprint of small hydro storage proje@gotentially greaterthan for Next Generation Hydro
projectsbecause the mediatismall hydro storage footprint is 338a/MW compared to the average Next
Generation Hydro footprint 08B13Ha/MW. However, it is important to state that the land use impacts
cannot be directly compared because tingpact of modifying a lakétypically small storage hydrand
creating a new reservoir (Next Generation Hydro and some small hydro praeetdifferent.

As with other forms of hydropower, the GHG emissions for direct generation are zero.
Table37: Small HydrdstorageEnvironmental Factors

Impact Intensity
LandUse Median: 390 Ha/MW
GHG Emissions 0gCQe/kWh

% Median footprintwas chosen for small hydro storage projects because the small hydro storage footprint data is potentially skewed by the
impact of small hydro projects with disproportionately large footprints relative to the installed capacity.
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4.5.5 Small Hydro Storage Summary

Although there are no technical limits on the quantitysofiall hydro storagerojects that could be
implemented in the Yukorproject availability and proximity to the transmission grid will lithé number of
projects suitdle for development in practice.

Table38: Small HydrdStorageResource Summar§

Technical Economic socie i Environmental

Economic
Typical Small Typical Typical Full Social LandUse Production
Hydro Small Hydro | Annual Utilization Impact Footprint GHG
Storage Storage Small LCOE Emissions
Installed | Firm Hydro ($/MWh) (hectares/MW)
Capacity Capacity Storage (gCQe/kWh)
(MW) (MW) Energy

(GWh)

6.5 4.2 43 126+ Potentially | 390 (Median) | O

Acceptable

4.6 Hydreelectric- Pumped Storage

A pumped storage project has an uppeservoiranda lower reservoir(or other source of wate), and can
either operate in the familiar generation modeeleasing water from the upper reservoir and passing it
through turbines to produce electricityor n pumping moddreversing the turbine direction and consuming
power in order to pump water into the upper reservoir

Pumped storage hydro is related to traditional storage hydro and has sianlarcharacteristicsuch as
water storage but the fundamendal difference is that pumped storage hydro iset consumer of energy.e.
it consumesnore energy than it produces)he reason that pumped storage hydro is a net consumer of
energy is that it first pumps water uphill from a lower reseriwater sour@ to an upper reservoir for later
use, and the action of pumping water uphill consumese energy(due to efficiency losses) than is
recovered when the stored water isleasedfor generation purposes.

2 seeAppendix Ifor more detail.
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Figure34: Pumped Storage Hiyo®®

4.6.1 Pumped Storage Technical Factors

A pumped storage asset does not contribute to the overall energy sapplysa net consumeof energy.
Pumped storages, however,able to store energy from other resources when there is an excess of safpply
generation and togenerat energylater whenenergyisin higher demandin the Yukon context this means
that pumped storage can storgurplussummer energy for later use in the winter montlveen generation

(e.g. solarrun-of-river hydro, small stoage hydr) is scarceThe net energy consumption of pumped storage
results from the inefficiencies associated witte ffrocessof pumping water uphill and then releasing it back
downhill. Figure35illustrateshow a pumped storage facility could be used on a seasonal basis in the Yukon
to consume energy during the summer months (i.e. storing water) and progluesyy during the winter

months (i.ereleasingwater).

*|mage Source: Vattenfall, 2011; Reproduced under Creative Commons license.
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Figure35: Pumped StoragélydroGeneration Shape vs. Forecast Demand Gap
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The maximum integration of pumped storage on the Yukon grid is theoretically limited only by the availability
of suitable sites for development. A pumpeadrstge project requires two reservoirs which are located close

to each other, but with a significant elevation difference between thard the ability to pump water

between the reservoirskor the purposes of this study, it has been assumed that a singipgulistorage

facility with20 MW of capacity and 5GWh of seasonal storage could be developed in the Y(fkomore

detail, refer toAppendix B.

Table39: Assumed MaximunPumped Storagéntegration

Year AssumedPeak | MaximumPumped | Maximum Pumped Maximum Annual
Demand(MW) StoragePenetration | Storage Pumped Storage
(% ofPeak Demanyl | Installed CapacityMW) | Energy (GWH}
2035 109 N/A 20 -10
2065 141 N/A 20 -10

Although a seasonally operated pumped storage project would not provide any additional energy to meet the
forecast needs of the Yukon, it is ablestuft energydemandfrom one season to another. In this way,
pumped storage changes the shape of the forecast energy gegdiogingthe demand for winter energy

*Based on an 80% rousdp efficiency, 50GWh of energy for pumping watetthe upper storage reservoir, and 40GWh of resulting
generation potential. Due to losses in the process, pumped storage is an overall consumer of energy on an annual basis.
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while increasing the demand for summer energigure36 demonstrates how the shape of the Yukon energy
gap is changed by th@resenceof a pumped storage project.

Figure36: Pumped Storage Monthly Average Generation & Gap
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A typical pumped storagesource is able to be dispatched to meet instantaneous changes in demand, and is
GKSNEF2NE I af2FR F2ft26Ay3¢E NBA2dZ2NOS LINR JAeBRAY I RSLX
to the load (demand) curve exactly.
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Figure37: Pumped Storage Daily Capactty
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In summary, the limits on installed capacity, firm (dependable) capacity and energy that can be provided by
pumped storage on the Yukon grid are showit &ble40.

Table40: Pumped Storagélydro Technical Factors

Year Maximum Pumped Maximum Pumped Maximum Pumped
Storage Hydrdnstalled Storage Hydrd=irm Storage Hydrddydro
Capacity (MW) Capacity (MW Energy (GWh)

2035 20 20 -10

2065 20 20 -10

4.6.2 Pumped Storage Economic Factors

The full utilization LCOE for pumped storage is calculated differently than for other resources because it is
not asourceof energy. Rather, the LCOE is calculated as the cestraigeof surplusenergy produced from

% Demand curve based on data for January 28, 2013. Source: Next Generationhttpdfe;ww.nextgenerationhydro.ca

% f technically feasible.
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other resourcesand provided to the pumped storage facility for frégased on available literature as detailed
in Appendix F:Midgard has estimated the cost of seasonal pumped storagég@Mwh. %’

Table41: Pumped Storage Economic Factors

Levelized Capital Cost | Fixed O&M | Fuel Cost Total Full Utilization
($/MWh) ($/MWh) ($/MWh) LCOE$/MWh)
149 34 0 183

4.6.3 Pumped Storage SocieGEconomic Factors

For the purposes of this study it is assumed that one suitable pumpegiggt@roject could be developed.
Therefore pumped storage is considered potentiadiyciallyacceptable.

Table42: Pumped Storage Socieconomic Factors

Acceptability

Potentially Acceptable

4.6.4 Pumped Storage Environmental Factors

The total landuse impact of a pumped storage project may be less than for a traditional hydro project if the
lower or upper reservoirs are prexisting (utilizing natural lakebgcause liis ranovesthe need for creating

a new reservoirThe size of theaservoir will be determined by the amount of storage requireguanped
storage project utilized foioad followingwith only a couple of days of storageay only need a small

reservoir pecauset is cycled regularly), whereas a pumped storage projectaipd on a seasai basis(as
would bethe case in the Yukon context) wikked a largereservoir becauset must store water over an

entire season)kor the purposes of this repgrtand footprint was estimated based on previous pumped
storage studie¥.

Direct energy productio®HG emissions of pumped storage, like other forms of hydropower, are zero.

Table43: Pumped Storage Environmental Factors

Impact Intensity
LandUse 145hectares/MW
GHG Emissions 0gCQe/kWh

%" Note: This full utilization LCOE estimate is based on emgnggratecby the pumped storage project only. In other words, it is the cost per
MWh of electricly when in generation mode and includes the cost of previously storing this energy.

®BaARIAI NR LIzY LISR & SeashdalZ@l PampettStorage Hyldrg GppdrtuBitgreh in the Carmacks to Faro Road and Power
Line Corridot 3 W2 KYy C® al Adaalys WdzyS wnmpo
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For the purposes of this study, it has been assumed that a single pumped storage facility with 20MW of

capacity andi0 GWH® of seasonal storage could be developed in the Ywitanyet to be determined

location.
Table44: Pumped Storage Resource Summ&ry
Technical Economic SocieEconomic Environmental
Max.2065 | Max.2065 Max. 2065 FullUtilization | Social Impact LandUse ProductionGHG
Energy Installed FirmCapacity | LCOE$/MWh) Footprint Emissions
(GWhlyear) | Capacity(MW) | (MW) (hectares/MW) | (9CQe/kWh)
-10 20 20 183 Potentially 145 0
Acceptable

¥ 50GWh of available energy for pumping and 80% round trip efficiency yield 40GWh of potential generation.

2 SeeAppendix Ffor more detail.
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4.7 Natural Gas

Natural gas isometimesconsidered a less expensive alternative to diggeglerationfor use in providing
reliable peaking capacitgeveral natural gas combustion technologies exist including reciprocating engines,
simplecycle gas turbines (SCGT) and comdh-cycle gas turbines (CCGT).

Fuel supply for natural gas generatiompisvidedusing either continuous pipeline supply or Ligadf

Natural Gas (LNG) storage. Despite its common usfaggacronymLNGdoes not reflect the underlying
natural gas generation technology but inste@diers tousingliquefiednatural gasas the fuel storage

method. LNG isatural gas that has been comgssed and stored in a liquid forat very low temperatures
(-162°Q. Liquefed natural gads easier to transporind store in remote areas where natural gas pipelines do
not exist.

Figure38: WhitehorseNatural Gas Generation [Edity and LNGStoragé*

4.7.1 Natural Gas Technical Factors

Figure39 compares the potentiahatural gas generation withNGstorageavailability in the Yukon as
compared to the forecast future energy needs on a maogtmonth basis. The shape oétural gas
generation is an exact match for the shape of the forecast future energy gap begatisal gas generation
isfully dispatchable andgpable of meetingrukonenergy and capacityeeds.

! ImageSource: Yukon Energy Corporation, 2015.
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