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1 Summary Report

1.1  Project Overview

The PanCanadian Wind Integration Study (PCWIS)syaerformed to assess the implications
of integrating large amounts of wind in the Canadian electrical system: Specifically,

A To develop a consistent database of chronological wind data for potential wind sites
across Canada

A To provide an improved understading of the operational challenges and opportunities
associated with high wind energy penetration in Canada, and

A To provide an improved understanding of the operational and production costs and
benefits of high wind penetration in Canada.

This study aimedto develop an understanding of the operational implications of how
variable wind energy resources would affect the existing and future electricity grid, and what
environmental and economic costs and benefits may be associated with integrating large
amounts of wind energy in Canada. System operators have a desire to understand how
much wind energy can be reliably integrated onto the electricity grid and at what cost.
Opportunities for greater penetration and more cosgffective integration are enhanced
when these issues are considered on a regional or national basis. While the benefits of wind
energy are widely known, the results of this study will help ensure that the benefits of wind
energy are most efficiently realized.

Project Team

The project team, ledby GE Energy Consulting, consisted of five companies providing a
broad range of technical analysis required for this study.

A GE Energy ConsultingOverall project leadership, production cost simulation and
reliability analysis

A Vaisala- Wind profile and brecast data

A EnerNex- Wind plant data assembly and management, statistical analysis,
regulation/reserve requirements

A Electranix- Transmission reinforcement design
A Knight Piésold Canadian hydropower resource data and modeling

Figure 1-1 shows a flowchart of the major project tasks and indicates the team members
who patrticipated in each task. Several tasks also involve the project Technical Advisory
Committee (TAC) review and feedback.
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| . o
Develop Grid-Cell Wind Profil Identify Transmission
WZ‘;:a?; rig-Lelvinarroties Data and Assumptions(GE, CanWEA, TAC) Reinforcements
I > I »1 | (GE, Electranix)
Construct Wind Plants Define Study Scenarios(CanWEA, TAC, GE) l
(EnerNex) | Design Transmission
Reinforcement
I Create Generation Expansion Plan (GE) (Electranix, GE)
Develop Reserve Requirements |
(EnerNex) - - -
Aggregate Wind Data into Wind Plants (EnerNex)

Select Locations for FutureWind (GE, Vaisala)

v v

Scenario Definitions and Complete Simulation Datasets

_ | canwEA/ TAC

Meeting
A 4
4 - System Studies & Scenario Analysis 5 - Additional Analysis
GE MAPS Hourly Simulation and Production Sensitivity Analysis (GEJ
Cost Analysis(GE)
. Sub-Hourly Analysis (GE, EnerNex)
GE MARS Reliability Analysis and Wind
Capacity Valuation (GE)
pacity Statistical Analysis (EnerNex)
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6 - Reporting & Knowledge Transfer
Draft Study Report (GE and Team) Final Report
Presentations for Conferences and Workshops (GE and Team) = Car;q\l:gﬁr{ TAC > &
Develop Website (GE, CanWEA) 9 Website

Figure 1-1: Flowchart of Project Tasks

Data Sources

This study used a combination of publicly available and confidential data to model the
interconnected power grids covering the majority of Canada and the USA (Eastern
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Interconnection, Western Interconnection, and Quebec). The hourly production simulation
anal ysis was perfor med usArgadrodadid sSim@Gationd®@Er d a
MAPS) model. In order to protect the proprietary interests of Canadian grid operators, the
production simulation analysis was primarily based on publically available data, reviewed
and in some cases modified by the grid operators to assure consistency with the operating
characteristics of the provincial power grids and the power plants under thewntrol.

Wind speed and meteorological data were provided by Environment and Climate Change
Canada and were the basis for developing wind power profiles for both existing and future
wind plants in Canada. This wind data set included 54,846 individual 2kopare grid cells at
10-minute time intervals for 3 calendar years (2008 to 2010). Vaisala processed the-geitl
wind speed data into power output profiles by applying composite wind turbine power
curves and also accounting for the effects of dynamic tudtence/wake losses, icing effects
due to temperature and humidity, and turbine lowtemperature cutoff2. EnerNex
aggregated the gridcells into a large number of wind plants across all Canadian provinces,
ranging from 16 megawatts (MW) to 448 MW in capégci GE then selected appropriate
combinations of these wind plants to create the required simulation models for each of the
study scenarios.

Wind plants in the USA were modeled using publically available wind profile data from the
National Renewable Energlaboratory (NREL).

Monetary Unit Used

The economic data and results are expressed
symbols represent 2016 Canadian dollars in all text, tables and figures. The United States
Dollar (USD) and Canadian Doll®€AD) exchange rate was assumed to be 1USD:1.385CAD
based on the market exchange rate as of January 1st 2016.

1.2 Novel Features of the PCWIS Project

The novel features of the PCWIS project include the following:

a) The geographic footprint of the study inclued all of Canada and 47 US states,
covering 4 time zones from east to west. The size of the model and the massive

1 Turbine power set to zero when relative humidity is abe 88% and air temperature at 100 metre tower elevation is less
than 0°C.

2 Turbine power set to zero when air temperature at 100 metre tower elevation falls bele@5°C. Restart when
temperature rises to-30°C.
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b)

1.3

amount of data (generation, transmission, load profiles, wind profiles) posed new
challenges of scale that exceeded previous wind integratictudies.

This is the most northerly wind integration study, which required taking into account
various wind loss components, including losses due to icing and leswnperature
cut-out. New procedures were developed to calculate these losses from the
meteorological weather and wind speed datasets.

The study utilized production cost analysis to determine economically justifiable
levels of transmission reinforcement between balancing areas. Given the variable
nature of the wind resources that require increasedransmission capacity, this
method balances the ratings (and therefore costs) of the reinforcements with their
potential level of utilization.

Study Scenarios

The study considered four scenarios with wind penetration levels ranging from 5% to 35% of
annual system load energy.

5% BAU

20% DISP

20% CONC

35% TRGT

GE Energy Consulting

The 5% Business As Usual (BAU) reference case includes existing wind
plants as well as new plants under construction as of 4/25/2015. This
case serves as a benchmark for how grid operations will change as
wind penetration increases.

The 20% Dispersed (DISP) wind resources, refers to 20% wind
penetration in the study footprint and in each Canadian province. This
scenario includes the sites in the 5% BAU scenario and selects the best
additional sites within each provincéo achieve 20% of annual energy
demand.

The 20% Concentrated (CONC) wind resources, is also a 20% wind
penetration for the entire study footprint, which includes the sites in
the 5% BAU scenario, but concentrates additional wind plants in
regions with the highest capacity factor wind resources resulting in
some provinces with more than 20% wind energy penetration and
other provinces with less.

The 35% TRGT scenario refers to wind resources concentrated in
selected, or targeted, provincesTRGT), with 35% wind penetration
across Canada, targeting more wind plants in provinces with high
thermal generation. This scenario builds on the 20% DISP scenario,
with additional wind locations targeted to achieve thermal generation
displacement and emisions reduction in Canada, subject to 25%
minimum and 50% maximum limits of penetration in any given
province.
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The highest level of available wind penetration considered by the study was 35% of annual
system electrical energy. The study could have considdrhigher penetration levels but 35%
presented a reasonable final scenario for study and does not represent a technical limit on
wind penetration. The 35% scenario considered the case where wind generation resources
are installed in provinces where thermajeneration can be reduced or where large hydro
resources can operate flexibly and in concert with the wind generation to serve the energy
needs of both Canada and the USA.

Figure 1-2 shows the geographic location®f the wind plants in the study scenarioslable

1-1 summarizes the load and generation mix by type for each province, and nationally. The
numbers highlighted inbold near the top of Table1-1 show that the installed wind capacity

in the two 20% scenarios is nearly the same. This is because the quality (capacity factor) of
wind power resources is fairly consistent across most of the provinces. Hence, placing wind
plants in regions with higher capacity factors results in a reduction of only 820 MW in
capacity (about 2% of the total).

This suggests that there is |little incentive
marginally better wind resources. Instead, thiwork demonstrates thatit may make more

sense to install wind plants near where the energy would provide the most benefit to the

power grid. In other words, there is no significant incentive to transport wind energy from

slightly better wind locations ovelong distances (likely requiring new transmission facilities)

when wind resources of almost equal quality are located closer to the provincial load
centers where the energy would be used. This observation is discussed further in the key
findings of thisstudy.

Figure 1-3 graphically illustrates the installed wind capacity by province for the scenarios.
Most of the wind resources are installed in Alberta, Ontario and Quebec, the provinces with
the higher levelsof system load. In comparing the two 20% scenarios, it is evident that some
20% DISP wind resources in BC, SK and QC are replaced with slightly higher capacity factor
resources in AB, MB, ON, NS and NL for the 20% CONC scenario. However, as mentioned
above, this represents only a 2% change in total installed wind plant capacity. The lower plot

in Figure 1-3 illustrates the reason; wind plant capacity factors are very similar across most
provinces in Canada, regardks of the scenario.
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Figure 1-2: Locations of Wind Plants in Study Scenarios
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Table 1-1: Summary of System Load and Generation by Province for Studgcenarios

Summary Report

Region Scenario Load Peak Thermal Hydro  Wind Cap Available Available

(GWh) (MW) Cap Cap (MW) Wind Wind

(MW) (MW) Energy  Energy (%
(GWh) of Load)

CANADA 5% BAU 609,618 108,421* 51,835 70,037 10,970 34,717 5.7%
CANADA  20% DISP 609,618 108,421* 51,835 70,037 37,131 122,054 20%
CANADA 20% CONC 609,618 108,421* 51,835 70,037 36,311 121,584 20%
CANADA  35% TRGT 609,618 108,421* 51,835 70,037 65,225 212,734 35%
BC 5% BAU 63,433 11,622 780 13,385 685 1,751 2.8%
BC 20% DISP 63,433 11,622 780 13,385 4,270 12,592 20%
BC 20% CONC 63,433 11,622 780 13,385 2,221 6,520 10%
BC 35%TRGT 63,433 11,622 780 13,385 5,445 15,734 25%
AB 5% BAU 116,234 16,318 16,700 445 1,438 4,527 3.9%
AB 20% DISP 116,234 16,318 16,700 445 6,944 23,148 20%
AB 20% CONC 116,234 16,318 16,700 445 9,840 32,874 28%
AB 35% TRGT 116,234 16,318 16,700 445 17,728 57,879 50%
SK 5% BAU 29,626 4,444 4,013 902 451 1,471 5.0%
SK 20% DISP 29,626 4,444 4,013 902 1,749 5,923 20%
SK 20% CONC 29,626 4,444 4,013 902 915 3,077 10%
SK 35% TRGT 29,626 4,444 4,013 902 4,407 14,804 50%
MB 5% BAU 30,149 5,261 400 5,915 258 859 2.9%
MB 20% DISP 30,149 5,261 400 5,915 1,781 6,008 20%
MB 20% CONC 30,149 5,261 400 5,915 2,789 9,495 32%
MB 35% TRGT 30,149 5,261 400 5,915 2,213 7,502 25%
ON 5% BAU 143,670 24,358 22,985 6,035 4,103 13,610 9.5%
ON 20% DISP 143,670 24,358 22,985 6,035 8,440 28,640 20%
ON 20% CONC 143,670 24,358 22,985 6,035 10,056 34,162 25%
ON 35% TRGT 143,670 24,358 22,985 6,035 16,124 53,651 38%
QC 5% BAU 200,736 41,171 2,255 41,9% 2,960 9,074 4.5%
QC 20% DISP 200,736 41,171 2,255 41,956 12,275 40,118 20%
QC 20% CONC 200,736 41,171 2,255 41,956 6,128 20,100 10%
QC 35% TRGT 200,736 41,171 2,255 41,956 15,490 50,128 25%
MAR** 5% BAU 25,770 5,247 4,701 1,899*** 1,074 3,426 13%
MAR** 20% DISP 25,770 5,247 4,701 1,899*** 1,673 5,626 22%
MAR** 20% CONC 25,770 5,247 4,701  1,899*** 4,361 15,356 35%
MAR** 35% TRGT 25,770 5,247 4,701 1,899%* 3,819 13,035 50%
Notes: All thermal and hydro capacities are provided for winter capaliliteriod.

*

*%*

*k*k

Peak for Canada is the sum of nenoincident peaks of the provinces.
MAR = Maritimes region, including PEI, NB, and NS.

Maritimes hydro capacity includes 500 MW Maritime Link (Muskrat Falls).
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Figure 1-3: Total Installed Wind Capacity and Average Capacity Factor by Province for Study Scenarios

1.4  Study Assumptions and Modeling Approach

The Canada and USA power grids were modeled to represent year 2025. System load for
year 2023 was deived from NERC LTRA 2@1and escalated upward for an additional two
yearst. GE MAPSvas used for the production simulations (hourly commitment and dispatch
for a year) and GE MAR®r the reliability simulations (capacity value analysis). The model
included the two major NorthRAmerican interconnections with full transmission systems

3 Based on data from theNorth American Eletric Reliability CorporationNERGLong-Term Reliability Assessmerft TRA)
December 2013

4 Representatives of BC Hydro, AESO and IESO provided additional load growth data for those three grids.
5 Multi-Area production Simulation program

6 Multi-Area relability Simulation program

GE Energy Consulting 33 Final Report



Pan-Canadian Windintegration Study (PCWIS) Summary Report

represented; WECC/Western Interconnection (WI) and Eastern Interconnection (El). The
geographic footprint of the model is shown inFigure 1-4. All Canadian provinces
interconnected with the North American bulk transmission system were included, with
renewable energy penetrations defined by the four study scenarios. Renewable penetration
in the USA was based on existing Renewable PoliticStandard (RPS) levels projected to year
2025, and was held constant for all study scenarios.

-ABritisplcalimbial Alberta ISasKatchewan)
M(EC]HYdo) (AESO) [(SaskRower) NS

IMARE

[ROCKS

IMIS©ZS

Map Source: ABB Velocity Suite

EASTERN INTERCONNECT =
WESTERN INTERCONNECT -

Figure 1-4: Model Topology of the Eastern and Western Interconnections

Although full integrated resource ginning (IRP) type analysis was beyond the scope of this
study, a heuristic generation expansion planning approach was used to add enough new
generation capacity so that all balancing areas would meet their installed reserve margin
requirements with anticipated 2025 system load levels in the 5% BAU scenario.

All existing conventional generation units were included in the system model, as well as new
units currently under construction. Units with announced retirement dates prior to 2025
were not included he model. A combination of new generic combined cycle gas turbines
(CCGAS) and simple cycle gas turbines {&68S) were added to the system in the 5% BAU
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scenario to meet the reserve margin requirements in 2025 consistent with the assumed load
growth for a total of about 7 gigawatts (GW) of CGAS and 1.6 GW of SEAS. These
generation units were added to provide firm capacity requirements; however, there are
other forms of firm capacity that can be considered, that would not necessarily have the
same emissons as the CAGASs or SGASSs, but would provide the same firm requirements.
For consistency across scenarios, these new generators remained available in all higher
wind penetration scenarios, regardless of changes to reserve margin due to additional wind
capacity.

Fuel price estimates were derived from the following sources:

A Natural Gas: Monthly price forecast, by region (Henry Hub + Differential), from Energy
Information Administration (EIA) 2014 Annual Energy Outlook

A Coal: Annual price forecast, bype, including bituminous coal (Bit), subbituminous coal
(Sub) , l ignite coal (Lig), and oOpowder rive
Annual Energy Outlook and some provinespecific sources of proprietary data.

A Oil: Annual price forecast, ybtype (distillate, residual), from EIA 2014 Annual Energy
Outlook.

Proprietary hydro plant data was provided by BC Hydro, SaskPower, IESO, Manitoba Hydro,

and Hydro-Quebec, including monthly energy targets for large dispatchable pondage hydro

plants and daily fixed generation targets for rurof-river facilities. Monthly energy targets for

other Canadian hydro plants were derived from published historical data. While seasonal

and annual variation in hydro resourog#s i s e
operating conditions. The normal hydro conditions were based on historical average
monthly generation and capacity factor profiles from 2003 to 2012, unless normal
conditions were explicitly specified by technical advisory committee members.

Each prownce was modeled as a separate balancing area with its own reserve requirements
for regulation and contingencies, its own daghead unit commitment and its own hourly
real-time dispatch. Imports/exports between neighbouring provinces or between provinces
and neighbouring USA operating areas were determined by regional price differentials and
constrained by interarea flow limits.

7 http://www.eia.gov/forecasts/aeo/pdf/0383(2014).pdf
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1.5 Key Findings

The study findings indicate that the Canadian power system, with adequate transmission
reinforcements and addition& regulating reserves, will not have any significant operational
issues operating with 20% or 35% of its energy provided by wind generation.

1.

In the 20% and 35% scenarios, wind energy displaced more expensive gas and-fioadl
generation in both Canada ad the USA. About half of the total displacement occurred in
Canada, resulting in economic benefits for the Canadian systems. This study did not
include any carbon tax. If a carbon tax were implemented, then more of the energy
displacement would shift fronnatural gas to coal generation.

. Canada has high quality wind resources in all provinces. Capacity factors of potential

wind plants range from 34% in British Columbia to 40% in Nova Scotia. The study results
indicated that there is no significant advantageto concentrate wind resources in
provinces with slightly higher wind capacity factors. Instead, it is more beneficial to add
the wind generation in regions where the energy can be partially used within the
province and partially shared with neighbouring USstates.

Hydro generation, particularly hydro with pondage, provides a valuable complement to
wind generation. Canada has several hydrach provinces. The combination of wind and
hydro provides a firm energy resource for use within Canada or as an oppmity to
increase exports to USA neighbours. Canada is unique in this regard. With 20% wind
penetration, annual hydro energy is still twice the annual wind energy and far exceeding
that of the USA.

In addition, the study highlighted a value for ensurindekibility in existing hydro
resource utilization. While hydro resources typically have significant technical
flexibility, other operational, political, and environmental constraints can limit this
support. These potential constraints should be investigatén more detalil.

Inter-area transmission reinforcements are required to accommodate the increased
levels of wind generation in order to limit curtailment. The 20% scenarios require 4.6 to
4.8 GW of new intelarea transfer capacity with a total estimated ost of C$2.7B. The
35% scenario requires about 10 GW of new transfer capacity with an estimated cost of
C$3.7B. Production simulation results show that operating cost savings in all of North
America (USA and Canada) from these transmission reinforcemenguld pay for the
capital investments in approximately 4 years in the 5% BAU scenario and 3 years in the
35% TRGT scenario. This is an approximate straight line payback analysis, and does not
account for interest, financing costs, etc.

The production cost aalysis shows that wind energy has a value (avoided cost) of about
C$43.4/megawatt hour (MWh) in 20% DISP scenario and about C$40.5/MWh in the 35%
TRGT scenario. Recent projects in North America at sites with similar capacity factors
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have been developed wvih levelized cost of energy (LCOE) in that same range. This
indicates that the wind energy postulated in the study scenarios is very likely to be
economically feasible.

6. Even in hydrerich provinces, natural gas prices are the primary driver for the econami
benefits of wind. This is because natural gas is the marginal fuel for the system, and
increased exports from hydro systems will ultimately displace gas generation.

7. The study assumed that hydro energy would be scheduled a day ahead, based on-day
ahead lcad and wind energy forecasts, and that those schedules would be held constant
for reaktime operation. However, some hydro resources may have the capability to
adjust output during real time operation, thereby compensating for forecast errors in
wind energy. Production simulation results showed that rdispatching hydro resources
during real time operation would reduce annual operation costs by C$228M in the 20%
DISP scenario for all of the Eastern Interconnection (El). This essentially removes the
negativei mpacts of wind forecast error, as the &
of the wind resources.

8. Regulation reserve requirements to mitigate wind variability appear to be a small
fraction of the additional installed wind capacity. For example, tf2% scenarios require
slightly less than a 40% increase in load alone regulating reserves. The 20% CONC
scenario requires a 38% increase in the average load regulating reserves without wind.
The 20% DISP scenario requires 34% increase in the average loegllating reserves
without wind; and the 35% TRGT scenario requires a 68% increase in the average load
regulating reserves without wind. Overall the additional regulation across all of Canada
was less than 1.7% of the installed wind capacity across alesarios.

9. The Canadian power grid is tightly interconnected with the USA power grid, and
operations are interdependent. In fact, most Canadian provinces have more
interconnection capacity to USA states to their south than to their neighbouring
Canadian prownces. Therefore, when wind penetration increases in Canada, impacts and
benefits are shared by both Canada and the USA. For every 1 MWh of additional wind
generation in Canada (relative to 5% BAU scenario), energy exports from Canada to the
USA increase y about 0.5 MWh.

10.Power plant emissions are reduced significantly with increasing wind penetration in
Canada. Those reductions are shared by both Canada and the USA.Tdxel-2.
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Table 1-2: CQ Emissions Reductions Relative to 5% BAU Scenario

CQ Reductions (MMT)

Scenario Canada USA Total
20% DISP 12.3 25.6 37.9
20% CONC 17.0 22.7 39.7
35% TRGT 32.3 46.5 78.8

11.There is only a modest amount of curtailed wind ergy in the study scenarios: about
6.5% to 6.9% energy curtailment with 20% wind penetration in Canada. The amount of
curtailment is higher in the scenarios with more wind energy. S€able1-3. Curtailment
is primaily due to transmission congestion in Alberta, Ontario, Quebec, and the
Maritimes during periods of high wind generation. Options for reducing curtailment to
lower levels include:

1 Additional transmission infrastructure, which would relieve congestion andable
access to load centers by more renewable energy. The optimum level of
transmission reinforcements would depend on the value of additional recovered
renewable energy versus cost of additional transmission.

1 Shifting of hydro energy usage, with hydro palage acting as storage of
potentially curtailable energy by reducing hydro generation and shifting
discharge by hours, days, weeks, months, or seasons. This would involve changing
the monthly hydro energy dispatch schedules to be more compatible with shor
term variability as well as seasonal patterns in wind generation. Several Canadian
provinces have large hydro resources with loatgrm pondage, so this option for
mitigating curtailment offers significant opportunity to reduce energy curtailment
with higher penetration of wind power.

1 Providing more operational flexibility in thermal generation, such as increasing
ramp rates, decreasing unit minimum run time and down time, and lowering the
minimum operating load of units.
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Table 1-3: Wind Energy Curtailment in Study Scenarios

Wind Energy Wind Energy Total Curtailed

Scenario Available (TWh) Delivered (TWh) Energy (Twhyx  CUrtaiiment (%)
5% BAU 347 343 05 1.4%
20% DISP 122.1 117.4 8.5 6.9%
20% CONC 1216 114.6 7.9 6.5%
35% TRGT 212.7 196.1 23.6 11.1%

* Total curtailed energy includes curtailed wind, solar, and hydro energy to account for displacement of all zero margirstl co
resources. Therefore the sum of total curtailed energy and delivered wind enerdy mot equal available wind energy.

1.6 Statistical Characteristics of Load and Wind Profiles

A wide variety of statistical evaluations were performed on the load and wind profiles to
build understanding on how they would impact the annual, seasonal, daiéynd shortterm
operation of the Canadian provincial power grids. A few examples are presented here.

Figure1-5 shows duration curves of load (top trace) and net load for the study scenarios. Net

load is the portin of the system load that must be served by generation resources other

than wind. Total 2025 load in Canada ranges from a maximum of about 100 GW to a
minimum of about 45 GW. For the scenarios with 20% wind penetration, the net load ranges

from 85 GW downto 20 GW. With 35% wind energy, there are a few hours of the year when

t he amount of wind generation is nearly equal
approaches zero. This does not mean t hat Can
those hours, as there are significant exports to the USA and curtailment of a portion of the

wind generation. However, this plot provides a useful visual indication of the amount of wind

energy in the scenarios relative to the load energy.
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Figure 1-5: Duration Curves of Canada Load and Nef_oad for Study Scenarios

Figure1-6 shows average daily load and wind profiles by season for the 20% DISP scenario.
The load profilesshow that Canada has higher load in the winter than in other seasén3he
daily peak occurs between hours 18 and 21. The wind profiles show more wind energy in fall
and winter. During the peak load hours, there is more wind energy in winter than in other
seasons. This is a positive influence on the capacity value of the Canadian wind resources
(see the section on Reliability Analysis and Wind Capacity Valuation).

8 This is true for all provinces except Ontario, where average daily peaks in the summer are similarogetin winter.
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Figure 1-6: Average Daily Load and Wind Préiles by Season for all of Canada (20% DISP Scenario)

Figure 1-7 shows 1Gminute variability (i.e., the change in 3@inute wind production from
one 10-minute period to the next) as a function of total wind powegroduction for the four
study scenarios with increasing wind penetration (5%, 20%, and 35%). One significant
observation is that the maximum 1@minute variations occur when wind production is about
half of total wind capacity. Variability is lower near maum production levels, partly

0 fpeweractirvenwhered a b o v e

because

changes in wind speed do not affect electrical power output (séégure 1-8) .

many

W i

nd

pl ants are

OAbove

k n e efars ta tiee flat power curve region above a certain wind speed where power output
remains unchanged as the wind speed increases. This characteristic of variability is relevant
to the regulation requirements, which is discussed later.
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Figure 1-7: TenMinute Wind Variability as Function of Production Level for Study Scenarios

The data patterns inFigure1-7 show (a) that wind variability covers a narrow regid(i.e., the
vertical thickness of the solid area) for a wide range of wind production levels, and (b) that
the oOtrendd6 that variability is higher in
ends, which justifies having the regulation requireméie a function of wind production as
shown in the next section.

Figure 1-8 shows the wind turbine power curves that were used to develop the wind power
profiles, which in turn determines their variability charaetistics. In the figure, Class 1, 2,
and 3 refer to different classes of oishore wind turbines based on the average annual wind
speeds that the turbines must be designed to withstafdThe wind classes are defined by an
International Electrotechnical Commission Standard (IEC). The three wind classes are 1: High
Wind, 2: Medium Wind, and 3: Low Wind.

9http://cvi.se/upIoads/pdf/Master%ZOLiterature/\Nind%ZOTurbine%20Technoquy/Turbine wind _class.pdf
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Figure 1-8: Composite Wind Turbine Power Curves for PCWIS Study

1.7 Regulation and Reserves

With increasirg levels of wind generation, it will be necessary for the balancing areas to
carry higher levels of reserves to respond to the additional variability and uncertainty in the
output of those resources. Statistical analysis of wind and load data was employ&xd
determine how much additional regulation capacity would be required to manage the
additional variability in each of the study scenarios. The regulation requirement for wind was
combined with the regulation requirement for load to calculate a total regation
requirement.

The analysis illustrated that the variability of wind power output is a function of the total
production level.Figure 1-9 shows an illustrative example for Alberta. Wind variability is

higher when total production is at midlevel (on the steep parts of the turbine power curves

in Figure 1-8). Variability is lower when wind production is low or near full output. Therefore,

more regulating reserves are neestl when wind production is at midevel and less

regulating reserves are needed when production is very low or very higlproportional to

the shape of the curves irFigure 1-9. Previous studies have establisheddha statisticaly

high | evel of confidence for reserve is achie
mi nute wind variability. This conservative 3]
means that the regulation requirements are designed to cover 996 of all 1Gminute

variations. This criterion is very conservative and above requirements in most regiémgure
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1-10 shows the regulation reserve required for wind variability in Alberta (as an example) for
the study scenarios.
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Figure 1-9: Wind Power 10minute Variability as a Function of Total Wind Production in Alberta
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Figure 1-10: Regulation Requirement forWind Variability as a Function of Total Wind Production in Alberta

In the production cost simulations, the amount of regulation reserve was adjusted hourly as
a function of the total wind energy production in each province in each hour. The total
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regulation reserve requirement was calculated by combining the load and wind regulation
requirements using this equation.

RA2 where,
3 * (—l) + 02 R = Load regulation in MW
3 o = std deviation of wind variability in MW

Table 1-4 summarizes the estimated average amounts of regulation required by each
province for eat scenario. For example, in the 20% DISP scenario, Alberta requires an
average of 117 MW of regulating reserve for load alone. This increases to an average of 282
MW of regulating reserve to cover the variability of both load and the 6944 MW of wind plant
capacity in that scenario. These are annual average values. The total regulating reserve
requirement in Alberta for the 20% DISP scenario varies from 149 MW to 352 MW, depending
on wind production in each hour of the year.

Table 1-4: Estimated Regulating Reserve Requirements by Province for Study Scenarios

5% BAU BC AB SK MB ON QC MAR CAN
Wind Capacity MW 685 1,438 450 258 4,101 2,959 1,074 10,966
Average Load Regulation MW 180 117 132 110 442 528 82 1,591
Average Load + Wind Regulation MW 183 138 139 115 471 535 90 1,671
Change in Regulation MW 3 21 7 5 29 7 8 79
Increase Regulation % 2% 18% 6% 4% 6% 1% 10% 5%
Increase Regulation as % of Capacity 0.4% 1.5% 1.6% 1.8% 0.7% 0.2% 0.7% 0.7%
20% DISP BC AB SK MB ON QC MAR CAN
Wind Capacity MW 4,269 6,944 1,748 1,781 8,438 12,274 1,673 37,127
Average Load Regulation MW 180 117 132 110 442 528 82 1,591
Average Load + Wind Regulation MW 216 282 201 172 539 622 100 2,131
Change in Regulation MW 35 165 69 62 97 94 18 540
Increase Regulation % 20% 141% 52% 56% 22% 18% 22% 34%
Increase Regulation as % of Capacity 0.8% 2.4% 3.9% 3.5% 1.2% 0.8% 1.1% 1.5%
20% CONC BC AB SK MB ON QC MAR CAN
Wind Capacity MW 2,221 9,840 914 2,789 10,054 6,127 4,361 36,307
Average Load Regulation MW 180 117 132 110 442 528 82 1,591
Average Load + Wind Regulation MW 195 365 153 196 572 556 156 2,193
Change in Regulation MW 15 248 21 86 130 28 74 602
Increase Regulation % 8% 212% 16% 78% 29% 5% 91% 38%
Increase Regulation as %of Capacity 0.7% 2.5% 2.3% 3.1% 1.3% 0.5% 1.7% 1.7%
35% TRGT BC AB SK MB ON QC MAR CAN
Wind Capacity MW 5,445 17,728 4,406 2,213 16,122 15,489 3,819 65,221
Average Load Regulation MW 180 117 132 110 442 528 82 1,591
Average Load + Wind Regulation MW 231 545 273 185 638 652 143 2,666
Change in Regulation MW 50 428 141 74 196 123 62 1,075
Increase Regulation % 28% 366%  107% 67% 44% 23% 76% 68%

Increase Regulation as % of Capacity 0.9% 2.4% 3.2% 3.4% 1.2% 0.8% 1.6% 1.6%

The following approach was adpted to assess the adequacy of the regulating reserves, on
a sub-hourly basis:
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A Simulate hourly operation using GE MAPS, with regulation allocated in each province per
the criteria described above and contingency reserves per present practices.

A Using the haurly results of the GE MAPS simulations, compare the ramping capability of
the committed units each hour with the suthourly variability of wind production in that
hour.

A Quantify the number of periods where ramping capability is insufficient.

The results 6 the analysis showed that with 5% and 20% wind penetration, all provinces
have adequate ramping capability to follow variations in wind and load during 4fin
dispatch periods. At 35% penetration, all provinces have adequate ramp capability, but
Alberta may experience dowpramp (or minimum power) constraints on conventional units
about 5% of the time. However, this could be mitigated by curtailment or-sgmp rate limits
on wind plants.

There are relatively few periods in a year when wind ramps exceggeoating area ramping
capability by a small amount, and those few events would not likely result in an
unacceptable decrease in Control Performance Standard (CPS) measures as defined by
NEREC. A ramp rate limitation would result in unintended tie flow fahat 10-minute period.

The CPS2 standafd allows for such events in up to 10% of the 3@inute time periods in
each month.

1.8 Transmission System Reinforcement

Increases in new wind generation resources will result in new flow patterns in the grids and
will therefore require new transmission in regions on paths with increased flows. This study
examined the need for transmission reinforcements in each of the four study scenarios
using the following process:

1. Selected transmission projects already in the plaimg stages were included in the 5%
BAU scenario (per guidance from the technical advisory committee):

A Alberta to British Columbia: Increased existing interface capacity to 1,200 MW.

A Manitoba to USA: Included proposed 500 kV -tiees between Manitoba ad
Minnesota.

10(‘)Balancing amd rForledgu ePrceypaCoed by the NERC Resource Subcommit

11 cps2 (percent) = 100 * (periods without violatioh&ll periods in the month)CPS2 is a monthly standard intended to

limit unscheduled flows. The minimum allowable CPS2 score ig@€cent. This means that on the average, a Balancing

Authority may have roughly one violation ever other hour and still pass CPS2Sour c e : oBal ancing and Fr
prepared by the NERC Resources Subcommittee, January 26, 2011, Page 37.
http://www.nerc.com/docs/oc/rsINERC%20Balancing%20and%20Frequency%20Control%20040520111.pdf
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A Quebec to US: Included Northern Pass (1,200 MW), New England Clean Power Link
(1,000 MW), Champlain Hudson Power Express (1,000 MW) proposeévhltgige
direct current (HVDC) additions.

2. Perform production cost simulations to identify coregtion. Increase intesarea
transmission capacity to level where the average annual shadow prices fall below
C$10/MW.

3. Identify specific physical transmission line additions that would provide the necessary
inter-area flow capacity (substations at eachred of the line, voltage level, circuit type,
phase shifters, etc.).

It should be noted that this study did not evaluate the intrprovincial transmission required
to connect the additional wind plants to the local higlvoltage transmission system, or any
potential localized transmission reinforcements.

The approach used in this study is adequate for determining the appropriate levels of inter
area transmission reinforcements for the bulk power system. Doing a more detailed long
term regional transmission &pansion planning study was beyond the scope of this project.

Historically there has been a strong and active energy trade between USA and Canada that
drives significant power flows. In fact, many provinces have more transmission capacity to
the USA thanto neighbouring Canadian provinces. Some of the new transmission lines
identified by the above transmission reinforcement process were between provinces; others
were between Canadian provinces and USA states.

Figure 1-11 shows the existing transmission capacities (in gray) between the various
provinces and states. The coloured segments on top show the incremental capacity
additions for the study scenarios, as determined by the process described above. Three of
the largest capacity paths (on the left) are between Canada and the USAble 1-5 also
summarizes the incremental transmission capacity requirements for the scenarios, serving
as the basis for defining the specific trasmission lines and costs shown iffable 1-6.
Detailed information for each transmission line and its interconnection points are presented
in the full project report.

The 5% BAU scenario is a benchmark case thatlides existing wind and transmission as
well as wind plants under construction and transmission projects in the planning stage.
Hence, the five transmission reinforcements shown for the 5% BAU scenario (all involving
Ontario) indicate opportunities to réve nearterm congestion that is not related to
increased penetration of wind generation (shaded blue ifable 1-6). Three of the paths are
within Canada and two paths are between Canada and the USA (see the Fighihd column

of Tablel1-6). The cost of these reinforcements is estimated to be C$2,130M.
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Production cost results indicate that the annual operating cost savings with these
reinforcements is C$565M, indicating ampproximate investment payback period of about 4
years (not accounting for interest, financing costs, etc.).

The middle (green) section dfable1-6 shows incremental reinforcements for the 20% wind
penetration scenarios. Four of six projects are within Canada, although the two USA interties
have the highest costs. The bottom (red) section of the table shows that essentially all of the
additional transmission capacity for the 35% TRGT scenario is between CanadatardJSA.
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Figure 1-11: Existing and New Transmission Capacity for Study Scenarios

Table 1-5: Incremental Transmission Capacity Additions for Study Scenarios

INCREMENTAL INTERFACE ADDITIONS (MW)

INTERFACE 5% BAU 20% DISP  20% CONC  35% TRGT
AB TO BC: PATH 1 0 0 0 300
AB TO MT: PATH 83 0 0 0 235
SKTO MB: TOTAL FLOW 0 200 0 550
SK TO ND: BOUNDARY TO TIOGA 0 110 0 585
MB TO ON TOTAL FLOW 200 300 300 300
ON TO MN 275 275 300 275
ON TO MI 1600 1900 1950 3000
ON TO NY: NIAGARA 0 0 0 1100
ON TO NY: ST LAWRENCE 0 0 0 100
ON TO NY: TOTAL FLOW 0 0 0 1100
ON EWTE EASWEST TRANSFER 500 600 600 650
ON FN/FS NORTHSOUTH TRANSFEF 600 600 600 800
QC TO NB: TOTAL FLOW 0 120 120 120
NB TO ME: TOTAL FLOW 0 500 550 650
NS TO NB 0 50 150 200
NS: CBX INTERFACE 0 0 300 0
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Table 1-6: Summary of Inter-Area Transmission Reinforcements and Costs (C$M 2016

Inter-Area Transmission Path o% 20% 20% 35% Description CAN or

BAU DISP CONC TRGT USA
MB TO ON $491 $491 $491 $491 1 -230kV line, 280 km, with phase shifter CAN
ON TO MN $188 $188 $188 $188 1 -230KkV line, 149 km, with phase shifter USA
ON TO MI $672 $672 $672 $672 2 -500 kV lines, 220 km USA
ON EWTE EAST-WEST TRANSFER  $306 $306 $306 $306 2 -230kV lines, 130 km CAN
ON FN/FS NORTH-SOUTH TRANSFER$661 $661 $661 $661 1 -500 KV line, 330 km CAN
SKTO MB $332 $657 1-230KkV line, 195 km CAN
SK TO ND: BOUNDARY TO TIOGA $272 $516 ; ) ;38 x :::zszzljc;oklr(nmp ﬁgzzesi?figrég%}gg USA
QC TONB $66 $66 $66 1 - Back-to-Back DC at Madawaska, 120 MW CAN
NB TO ME $358 $358 $358 1 -345KkV line, 250 km USA
NS T N8 S8 S207 207 51501 iines 130 km (20 CONG, 5% TRG O
NS: CBX INTERFACE $292 1-230kV line, 170 km CAN
AB TO BC: PATH 1 $16 150 MVAR series capacitor CAN
AB TO MT: PATH 3 $273 1-230kV line, 160 km, with phase shifter CAN
ON TO NY: NIAGARA $25 1 - 345 kV overhead line, 5 km USA
ON TO NY: ST LAWRENCE $34 1-230kVline, 17 km USA

Total (C$M 201€) $2,130 $2,696 $2,695 $3,724

1.9 Impact of Renewables on Annual Grid Operations

This section summarizes the results of the production cost simulations (héyrhour
operations for an entire year). The hourly production cost simulations were performed for a
chronological, 8,760 hour @patch of the Canadian power system. This analysis takes into
account the commitment and dispatch of both conventional thermal generators and wind
generators to serve the system load in a least cost manner. Included in the optimization are
constraints on system operations including transmission constraints, fixed operating
schedules of some baseload units (mustin status), spinning reserve provision for
contingency events and wind variability, minimum run times, down times, and generator
outages.

Figure 1-12 shows the annual generation, including generation by plant types such as
nuclear (NUCLEAR), cogeneration (COGEN), coal steam turbin€QAIM), natural gas
combined cycle (CG3AS), natural gas steam turbine (&IAS), peaking units such as simple
cycle gas (SGAS) and internal combustion (IC) engine (PEAKER), solar (SOLAR), hydropower
(HYDRO), wind (WIND), and other (OTHER), broken down by province and for all of Canada,
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expressed in percent of total annual Iah energy. The figure shows that Canada is a net
exporter of energy in all scenarios. As wind penetration increases from 5% to 20% to 35%,
coal and gas generation decreases and exports to the USA increase. Hydro, nuclear and
cogeneration resources remain castant.
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Figure 1-12: Generation by Type for Individual Provinces

Figure1-13 and Table1-7 show further details of exprts from Canada to the USA. The bar
chart on the left shows exports in TWh for the four study scenarios. The plot and table below
show the relationship between increased wind production and increased exports. The trend
shows that exports increase by 54% foincremental wind generation in the 20% DISP
scenario and 46% of the incremental wind generation in the 35% TRGT scenario, as
compared to the 5% BAU scenario.
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Figure 1-13: Increase in Exports with Ingeasing Wind Penetration

Table 1-7: Increase in Exports with Increasing Wind Penetration

5% BAU  20% DISP 20% CONC 35% TRGT

Total Available Wind (GWh) 34,717 122,054 121,584 212,734
Total Generation (GWh) 678,833 726,222 718,180 760,495
Incremental Wind (GWh) - 87,337 86,867 178,017
Incremental Exports (GWh) - 47,389 39,347 81,662
Exports/Wind Ratio - 54% 45% 46%

Figure1-14 and Table1-8 show the same information by province. In the provinces that are
dominated by hydro generation (BC, MB, QC), exports increase nearly the same amount as
increases in wind energy. In thermaich provinces, wind energy primarily displacesoal

and gas resources and there are smaller increases in exports relative to hydiah
provinces.
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Figure 1-14: Increase in Exports with Increasing Wind Penetration, by Province
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Table 1-8: Exports to Wind Ratio

20% DISP 20% CONC 35% TRGT
BC 99% 98% 98%
AB 19% 23% 14%
SK 32% 7% 39%
MB 100% 100% 100%
ON 19% 41% 61%
QC 83% 85% 74%
MAR 13% 38% 38%

Figure 1-15 shows a highlevel summary of what other North American generating
resources are displaced by the additional Canadian wind resources in the 20% and 35%
scenarios, relative to the 5% BAU scenario. Wind primarily displaces gas, coal, and
cogeneration resoures in both Canada and the USA. There is also a small increase in energy
from peaking units in the USA, a consequence of coal and gas units beingcdenmitted
during some time periods. A portion of the of the available wind energy that cannot be used

is therefore curtailed; 5 terawatt hour (TWh) (4%) in the 20% DISP scenario, 7 TWh (6%) in the
20% CONC scenario, and 18 TWh (9%) in the 35% TRGT scehRagioe 1-16 shows this
same information for individual Canadiaprovinces.

It should be noted that the reason that natural gas is displaced over coal is because natural
gas is presently more expensive than coal within the current policy contéowever, if the
price of coal or natural gas were to change due to eitheshifts in policy or due to pure
economic reasons, the study results would be impacted. For instance, if coal were more
expensive than natural gaso perhaps due to some future high carbon taxes or GHG
emission allowance prices then coal would be displacd first (This may not be the case with
the Maritimes, since in Maritimes, the little gas they may have is actually very expensive).
Accordingly, under the current policy context/environment, gas is displaced over coal.
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Figure 1-15: Thermal Generation Displaced by Additional Canadian Wind Resources, by Country
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Figure 1-16: Thermal Generation Displaced by Additional Canadian Wind Resources, by Province

Figurel-17 illustrates total wind energy available, delivered, and curtailed by province. There
is no significant curtailment in the 5% BAU scenario. Ontario, Quebec and the Maritimes
show some curtailment in the 20%scenarios. At 35% wind penetration, most curtailment
occurs in Ontario and Quebec. Note that in this figure, total curtailed energy includes
curtailed wind, solar, and hydro energy to account for displacement of all zero marginal cost
resources. Thereforehe sum of total curtailed energy and delivered wind energy will not
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equal available wind- i.e., the heights of some bars exceed the total available wind energy,
because curtailment is shared across the resources.
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Figure 1-17: Available and Delivered Wind Energy and Total Curtailed Energy by Province

Figure 1-18, Figure 1-19, and Figure 1-20 summarize the annual economic benefits of the
wind resources in the study scenarios. The benefits have two components:

A Reduction in production costs in Canada (displacement of thermal generation and
consequential reduction in fuel costs and vable O&M costs).

A Revenues from increased exports to the USA, calculated as the product of energy
delivered and the Locational Marginal pricing (LMP) at the receiving area.

These components are shown irfrigure 1-18 and Figure 1-19. Adjusting the production
costs, by taking account of the revenue from increased exports to the USA, results in the
adjusted production cost, shown ifrigure1-20.

Higher penetration of zero cost wind has two main consequences: (a) it displaces higher cost
fossil fuel based generation, resulting in reduction of the systewide production costs in
Canada, and (b) it increases the supply of zero cost energanada, which competes with
higher cost fossifuel generation in the USA, thus increasing exports to the USA, and
resulting in higher export revenues.

When increasing net export revenues are taken into account, then the adjusted production
cost (i.e., prduction cost minus net export revenue), is further reduced, to the extent that the
adjusted production cost becomes negative in some of the provinces under some of the
study scenarios.
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Table 1-9 presents the change in productions costs and delivered wind energy in each
scenario relative to the 5% BAU scenario. The production cost analysis shows that wind
energy has a value (avoided cost) of about C$43.4/MWh in 2095® scenario and about
C$40.5/MWh in the 35% TRGT scenario. Recent projects in North America at sites with similar
capacity factors have been developed with levelized cost of energy (LCOE) in that same
range. This indicates that the wind energy postulatad the study scenarios is very likely to

be economically feasible.

If incremental wind penetration was based on linear increase of wind capacity at the same
locations as the 5% BAU scenario, one would expect an ever decreasing value of wind with
higher wind penetration. In other words, the marginal value of wind (based on production
cost savings and increased export revenues) would be expected to decrease as more wind
capacity is added to the system. An estimated marginal value of wind can be the basis for
the energy portion of power purchase agreements (PPA) and bilateral contracts with wind
capacity owners, and even potential price ranges for renewable energy credits (RECSs).

Table 1-9: Value of Wind

Changes Relative to 5% BAU Scenario 20% DISP 20% CONC 35% TRGT

Reduction in Adjusted Production Costs (C$M) 3,786.5 4,098.7 7,211.8
Incremental Wind (GWh) 87,336.5 86,866.6 178,016.4
Value per MWh of Added Wind (C$/MWh) 43.4 47.2 40.5

Table 1-10 summarizes the estimated costs for transmission reinforcements as well as the
annual reductions (savings) in systeiwide (Canada and USA) production costs that directly
result from those transmission additions. Export revensieare account for, since export
revenues in one country are import costs in another. These values were calculated by
performing production cost simulations on each of the scenarios both with and without the
transmission reinforcements listed ifable1-6. The results indicate that the payback periods
for the added transmission are in the range of 2.4 to 3.8 years.

The reductions in production cost are in both Canadian and USA operating areas, and about
half of the transmission reinforcements are between Canada and the USA. Implementing
such projects would necessarily involve entities from both sides of the-O&nada border, as
multiple entities would share costs and benefits.
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Table 1-10: Cost and Value of Transmission Reinforcements

Summary Report

Estimated Cost of Transmission Annual Reduction in SystemWide Payback
Scenario Reinforcements Production Cost Time
(C$M 2016) (C$M/Year) (Years)
5% BAU $2,130 $565 3.8
20% DISP $2,696 $758 3.6
20% CONC $2,695 $882 3.1
35% TRGT $3,724 $1,523 2.4

As more wind generation is added to the power system, it displaces energy that would have
been otherwise generated by gas and/or codired generators. Figure 1-21 shows the
reductions in CQ, N&xand SQemissions for the 20% and 35% scenarios, relative to the 5%
BAU scenario. Given that the Canadian and USA grids are highly interconnected and that the
USA has a much higher penetration of gas dncoal resources than Canada, most of the
emission reductions occur in the USA. This is expected since exports from Canada to the USA
increase significantly with increasing wind penetration in Canada (e.g., increases from 5% to

20% to 35%).
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Figure 1-21: Reductions in Emissions Relative to 5% BAU Scenarios

1.10 Capacity Value of Wind Resources

The reliability of a power system is governed by having sufficient generation capacity to
meet the load at all tines. There are several types of randomly occurring events, such as
generator forced outages, unexpected deatings, etc., which must be taken into
consideration during the planning stage in order to ensure sufficient generation capacity is
available. Sincehe rated MW of installed generation may not be available at all times, due
to the factors described above, the effective capacity value of generation is normally lower
than 100% of its rated capacity. This effect becomes more pronounced for variable
resources such as wind. As an example, a 100 MW gas turbine will typically have a capacity
value of approximately 95 MW, while a 100 MW wind plant may only have a capacity value
of approximately 20 to 30 MW. It is therefore important to characterize the capgacitalue of
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variable wind resources so grid planners can ensure sufficient reserve margin or generation
capacity is available at all times under a projected load growth scenario.

This report presents the analysis on the capacity value of wind resourcedaar scenarios
with increasing wind penetration. The analysis was conducted using GE MAitga Reliability

Simul ation (GE MARS) Softwar e, and the capaci

Load Carrying ThabpLedadfadr resbuycsiefitel as@€ihcrease in peak load

that will give the same system reliability as the original system without the resource. Consider a
system where the existing Loss of Load Expectation (LOLE) is 0.1 days/year. When 4,000 MW of
new wind generation is aded to the system, the LOLE drops to 0.001 days/yekigure 1-22
shows that the new wind generation allowed the peak load to increase by 1,000 MW in order to
bring the system reliability back to the original desigcriteria of 0.1 days/year. Therefore, the
ELCC of the new wind generation is 1,000/4,000 = 25%.

This approach was used to calculate ELCC for new wind generation added in each of the
four study scenariosFigure 1-23 shows the results by scenario for all of Canada. The plot
shows wind has acapacity valuel2 of 36% in the 5% BAU scenario, an impressive result
given that the averagecapacity factor'3 of the wind generation is also near 35%. This is
significantly highe than the values observed in previous studies of USA operating areas. One
|l i kely reason is that wind generation tends
load is also typically higher in the winter (with noted exception of Ontario, which expeces

a summer peak as well as a winter peak). The USA power grids are predominantly summer
peaking, and wind generation tends to be lower in summer than in other seasons. The figure
also shows that the capacity value of wind generation decreases as thena penetration
increases.

Capacity value of wind resources is highly correlated to the output of wind plants during the
peak load hours of the year. Given that both wind and load are driven by weather, there can
be significant variation between yeard-igure 1-24 shows that variation over the three years
of data that were analyzed for this study. There is also significant variation in capacity value
across the different provinces, as illustrated iRigure 1-25. Wind resources in the Maritimes
and Quebec have consistently higher capacity values than the other provinces. Alberta and
Saskatchewan have significantly lower capacity values for wind.

12The capacity value of a generator is the contribution thatgiven generator makes to overall system adequacy

13 The capacity factor of a generator ishte ratio of actualannual energy producedby the generatorto the hypothetical
energy produced from continuous operation at full rated power.
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Scenario Wind Capacity Capacity
capacity value value

20- (MW) (MW) (%)
5% BAU 10,966 3,987 36.4%
20% DISP 37,114 8,251 22.2%
10- 20% 36,312 8,118 22.4%
CONC
35% 65,222 11,214 17.2%
TRGT
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Figure 1-23: Average Capacity Values of Wind Resources across Canada
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Figure 1-24: Capacity Value Variations over Three Years of Wind Profile Data
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Figure 1-25: Capacity Value ¢ Wind Resources by Province

1.11 Sensitivities to Changes in Study Assumptions

Sensitivity analysis was conducted to determine if and how much the results of the four
study scenarios would change if some of the fundamental data assumptions were changed.
The ®nsitivity analysis considered:

Extent of transmission reinforcement to accommodate new wind resources
Market price of natural gas

Types of wind forecasts used in unit commitment and dispatch

Extent of coal plant retirements

Operational practices for schedling of hydro generation resources

Different historical weather years with different load and wind patterns
Penetration of wind energy in the USA

To To Do To Do Io Do D>

Distributed energy resources including PV solar generation, preensitive demand
response, energy storageand electric vehicle charging

Reduced reserve requirements from conventional generation

Additional transmission interconnection between Alberta (Western Interconnection)
and Saskatchewan (Eastern Interconnection)
The sensitivity analysis is performed byhanging one or two variables at a time, and
comparing results to the base case scenario. The intent is to isolate, in so far as possible,
specific factors that will influence operations or costs. The differential approach tends to
filler out much of the inpact of assumptions that are unimportant to the specific
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investigation, while providing insights for stakeholders. Many of the sensitivities presented
are aimed at providing guidance on the efficacy of various strategies or options aimed at
improving system performance.

The discussion presented here is intentionally brief, only presenting selected significant
findings from the sensitivity analysis. Many more details are presented in the full project
report.

1.11.1 Additional Transmission Reinforcement

Sensitivity analysis examined changes in system performance with unconstrained
transmission capacity between Canadian provinces, unconstrained transmission between
Canada and the USA, and unconstrained transmission everywhere. The results indicate that
the transmissian reinforcements assumed in the base scenarios are adequate. Additional
inter-province transmission capacity (Copper Prov Figure 1-26) would provide very little
change in provincial generation patterns. For ABK and ON, more transmission capacity to

the USA (Copper USA) would enable more exports of coal and gas resources that are
displaced by Canadian wind generation in the base scenarios. For BC, MB, QC and MAR,
adding more transmission to the USA provides sggnificant benefit.
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Figure 1-26: Sensitivity of Energy Production to Additional Transmission Reinforcements

1.11.2 Price of Natural Gas

Natural gas generation is on the margin in both the USA and Canada for edgaly all hours

of the year, and therefore determines the hourly price of electrical energy. The gas price
sensitivity analysis (+20%) shows that the energy price in Canada and the USA goes up and
down with the price of natural gas. For example, a 20%cnease in the price of natural gas
results in a 20% increase in the avoided cost of wind energy. But otherwise, there are no
significant changes in generation commitment, dispatch, or utilization of wind energy.
Variations in gas price do not affect therfdings and conclusions from the base scenarios.
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1.11.3 Wind Energy Forecasts

The base case study scenarios assumed that dajead wind forecasts are used for unit
commitment and hydro scheduling. The sensitivity analysis consideredhdur-ahead
forecasts and, asa bookend for maximum achievable performance, perfect wind forecasts.
Table 1-11 shows production cost results. If unit commitment and hydro scheduling
practices are changed to use 4our-ahead wind forecasts, its possible to reduce energy
production costs in North America by C$73M/year to C$198M/year for the study scenarios.

Table1-12 shows that the operation of expensive PEAKER units would decline by 8% to 15%.

Wind enegy curtailment would also decline slightly with-hour-ahead forecasts.

Table 1-11: Production Cost Reductions with Improved Wind Forecasts

Scenario Change in Production Cost (C$M/year)

4-Hr Ahead Perfect

Forecast Forecast
5% BAU -73 -287
20% DISP -124 -517
20% CONC -119 -425
35% TRGT -198 -772

Table 1-12: Change in PEAKER Energy Production withour-Ahead Forecasts

PEAKER Energy PEAKER Energy Change in Change in
Scenario with Day-Ahead with 4-Hour Ahead PEAKER Energy PEAKER Energy
Forecasts (GWh) Forecasts (GWh) (GWh) (%)
5% BAU 1,684 1,549 135 8 %
20% DISP 1,550 1,345 205 13 %
20% CONC 1,404 1,208 196 14 %
35% TRGT 2,003 1,707 296 15 %

1.11.4 Coal PlantRetirements

The base study scenarios accounted for coal plant retirements that are already planned.
Additional coal unit retirements were examined as sensitivities.

A A oFdmatl 6 sensitivity where coal pl ant
capacity value of the wind plants (only in provinces that have coal plants). The oldest
plants were selected for retirement. This scenario is realistic in that the installed
reserve margin of the remaining generation satisfies the system reliability
requirements.
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A An -€AkRI1 6 sensitivity where al/l coal pl ants
not realistic unless additional capacity is added to satisfy reliability requirements. It
was analyzed as the extreme bookend sensitivity.

Table1-13 shows the MW capacity of coal plants retired and the corresponding changes in
production costs for the sensitivity cases. For the Pa&bal sensitivity in the 20% DISP
scenario, it was assumed that 402 MW of coal capacity was retir (all in Alberta). Coal
energy is replaced by increased utilization of natural gas generation (cheapest option) and
decrease in exports to the USA. @@missions decline by 3 million metric tons in Canada and
increase by 0.5 million tons in the USA (dtee USA replacing Canadian imports with local
coal and gas generation). Production costs increase as the coal energy is replaced by
higher-cost natural gas resources.

For the AliCoal sensitivity, it was assumed that all 7,215 MW of coal capacity was retire
(4,857 MW in Alberta, 1,111 MW in Saskatchewan, 458 MW in New Brunswick, and 789 MW
in Nova Scotia). In all scenarios, €@missions decline by about 30 million metric tons in
Canada and increase by about 8 million tons in the USA. Adjusted productiostean
Canada increase by C$780M to C$1,819M depending on how much wind energy is available
in the scenario. In the AlCoal case, it is highly likely that during many hours, some provinces
such as Alberta will experience significant shortages resulting umserved energy or
application of demand response. In practice, additional resources will be added (e.qg.,
additional wind, natural gas units, demand response, or firm imports, etc.) to ensure resource
adequacy.

Table 1-13: Changes in Production Costs for Coal Plant Retirement Sensitivities

Scenario Part-Coal Retirement All-Coal Retirement

Coal Change in Coal Change in
Retired Adjusted Retired Adjusted
(MW) Production (MW) Production

Cost Cost
(C$M/year) (CM/year)
5% BAU 0 0.0 7,215 1,818.7
20% DISP 402 37.7 7,215 1,168.9
20% CONC 713 0.3 7,215 892.4
35% TRGT 1850 137.3 7,215 780.0

1.11.5 Hydro Scheduling

The base scenarios assume that hydro energy is scheduled according to a-dagad wind

and load forecad, and that hydro dispatch cannot be changed during real time operations.
Sensitivity analysis revealed that if wind forecasts are not used in hydro scheduling (i.e.,
hydro is scheduled against the daphead load forecast, ignoring any anticipated wind
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energy), then adjusted production costs in Canada increase significantly (C$100M/year for
5% BAU scenario and C$494M/year for 20% DISP scenario). This indicates it is economically
inefficient to ignore forecasted wind energy during the daghead unit commitment process.

On the other hand, if hydro resources are operated in a more flexible manner by adjusting
their dispatch in realtime to compensate for errors in the day ahead wind forecast (i.e., real
time net load), then adjusted production costs in Canadareareduced. This benefit is
relatively small (C$16M/year reduction) with 5% wind penetration in Canada, but increases
substantially (to C$144M/year reduction) with 20% wind penetration. As wind penetration
increases in Canada, there is a substantial inceve to use flexible hydro generation to
compensate for the inherent errors in dayhead wind energy forecasts.

Table 1-14: Changes in Production Cost for Different Hydro Scheduling Practices

Scenario Change n Adjusted Production Cost (C$M/year)
Hydro Scheduled Against  Hydro Scheduled Against
Day-Ahead Load Only RealTime Net Load
5% BAU 100 -16
20% DISP 494 -144

1.11.6 Different Weather-Years

The base scenarios used load and wind profiles from year 2008. Fesfifrom years 2009
and 2010 were analyzed as sensitivities. The results show that 2008 had highest wind
energy. 2010 was lowest year with about 5% less wind energy than 2008, and 2009 was
about halfway in between. The value of wind energy was relativelgnstant over the three
years (seeTable 1-15). Curtailment was slightly lower in 2010 with less wind energy
available. No significant changes in hourly operations were observed.

Table 1-15: Value of Wind Energy for Different Weather Years ($/MWh)

Year 20% DISP  20% CONC  35% TRGT
2008 (Base) 43.4 47.2 40.5

2009 44.0 46.7 40.9

2010 41.3 44.0 39.2

Note: Value in $/MWh is calculated as the change in annual
Adjusted prodiction cost divided by the change in Available
wind energy.
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1.11.7 Penetration of Wind Energy in the USA

Summary Report

In the base scenarios, it was assumed that wind energy penetration in the USA was at a level
that satisfied all existing RPS requirements. This sensitivikarained the impact of a 20%
increase in USA wind energy penetratioRigure 1-27 shows Canadian energy production by
province for the 20% DISP scenario for the base case and with increased USA wind

penetration.

The hydro-rich provinces are not significantly affected.

In Alberta,

Saskatchewan, Ontario and the Maritimes, there is a small decline in production from
combined cycle gas generation due to decreased exports to the USA.
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Figure 1-27: Sensitivity of Canadian Energy Production to Increased USA Wind for 20% DISP Scenario

1.11.8 Distributed Energy Resources

1.11.8.1 Distributed Photovoltaic (PV) Solar

This sensitivity assumed that distributed solar photovoltaic (DPV) resourcesewadded with

sufficient capacity to

s e Table1-16 slhows the iSkllech d a 6 s

capacity of DPV resources by province. With these increased generation resources, Ontario,
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Quebec and the Maritnes provinces experience a generation surplus during some periods.
And when transmission capacity is insufficient to share the excess energy with neighbours,
curtailment occurs.Table1-17 shows DPV energy and ctailed energy with and without the

DPV resources. In the 5% BAU scenario, the Canadian grid is able to absorb all the DVP
energy with only a slight increase in curtailment. In the 20% DISP scenario, 30.5 TWh of DPV
energy results in an additional 5.2 TWH gurtailment (about 17%). Curtailment increases to
nearly 36% of the DPV energy in the 35% TRGT scenario. These results indicate that while
DPV resources can be complementary to wind resources, changes to operating practices
and transmission reinforcementwill likely be required to minimize energy curtailment as
penetration increases.

Table 1-16: Distributed PV Capacity in Canada for DPV Sensitivity Analysis

BC AB SK MB ON QC MAR
DPV Capacity (MW) 2617 4,110 963 1,032 5,416 7,657 985
DPV Capacity Factor (%) 13.8% 16.1% 17.6% 16.7% 15.1% 15.0% 14.9%

Table 1-17: Total Energy Curtailment for DPV Sensitivity Cases

DPV Solar Base Case Curtailment Change in Change in
Scenario generation  Curtailment with DPV Curtailment Curtailment
(TWh) (TWh) (TWh) (TWh) (% of DPV)
5% BAU 30.5 0.5 1.4 0.9 3.1%
20% DISP 30.5 8.5 13.7 5.2 17.0%
20% CONC 30.5 7.9 10.9 3.0 9.8%
35% TRGT 30.5 23.6 34.4 10.9 35.7%
1.11.8.2 Price-Sensitive Denand Response

A two-step demand response (DR) resource was analyzed in the four study scenarios. 5% of
system load was available for curtailment in the first step and another 5% in the second
step. Table1-18 showsthe dispatch prices for the DR resources. The results show no change
in wind curtailment since DR is used during peak load periods when more generation is
needed. DR is essentially engaged as an alternative to using gistkrt gas turbines (GTs)
during peak load periods or to cover shotterm dispatch shortages in committed
generation. DR utilization and its impact on GT operation is summarized able1-19. In the
20% DISP scenario, DR reduces system load enebgy2,147 gigawatt hours (GWh)/year,
and reduces GT generation by about 537 GWh/year. Corresponding reductions in 35% TRGT
scenario are 2,444 GWh/year of load reduction and 536 GWh/year of GT generation
reduction.
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Table 1-18: Dispatch Prices for Two Steps of Pric&Sensitive Demand Response

BC AB SK MB ON QC MAR

First Step of DR (5%) $71.50 $72.90 $78.10 $86.80 $77.40 $76.60 $92.50
Second Step of DR (5%) $82.80 $85.70 $84.00 $100.50 $88.40 $94.80 $175.70

Table 1-19: Change in PEAKER Utilization with PrieBensitive Demand Response

Scenario DR Energy DR Energy PEAKER PEAKER Change in
(GWH) (% of System Energy Energy PEAKERTtergy
Load) without DR With DR due to DR (GWH)
(GWH) (GWH)
5% BAU 2,305 0.38% 1,684 1,152 -536
20% DISP 2,147 0.35% 1,550 1,012 -537
20% CONC 1,857 0.30% 1,404 951 -453
35% TRGT 2,444 0.40% 2,003 1,467 -536

1.11.8.3 Energy Storage

The 5% BAU and 20% DISP scenarios were analyzed with the additbri083 MW of
storage (equivalent to 1% of peak load in all provinces) with 10 hours of capacity. In the 20%
DISP scenario, wind energy curtailment was reduced from 8,467 GWh to 8,205 GWh (3.1%
reduction). The assumed storage resource is of marginal beihddr reducing curtailment
and would not be an economical i nvest ment
increasing flexibility of hydro operations would likely provide far better performance
improvements at much lower cost.

Table 1-20: Change in Total Energy Curtailment with Energy Storage

Scenario  Curtailment Without ~ Curtailment With Change in Change in
Storage (GWh) Storage (GWh)  Curtailment (GWh) Curtailment (%)
5% BAU 469 412 57 12.2%
20% DISP 8,467 8,205 262 3.1%

1.11.8.4 Electric Vehicles

Another sensitivity that was examined is the impact of electric vehicle (EV) charging on grid
performance, assuming 20% of automobiles and busses in Canada were EVs. A simple
charging pattern was assumed, where mdscharging occurred overnight and a small

amount during midday hours. Total annual EV charging energy was 17,804 GWh, which
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increased total Canada load by 3%Tlable 1-21 shows the impact of EV charging on total
generation and curtailment. Most of the EV load is served by increasing generation, a portion
of which is from wind plants that were curtailed in the base scenarios (without EV). The
remainder of EV load is balanced by reductions in exports. These results highly
dependent on charging profile (time of day, if centrally controlled by grid operator, etc.).
Further study would be needed to better understand the implications of EV charging and to
improve grid impacts.

Table 1-21: Impact of EV Charging on Generation and Curtailment

Increase in Curtailment Curtailment Curtailment

Generation with EV  without EV with EV Reduction due

(GWh) (GWh) (GWh) to EV (GWh)

5% BAU 9,251 469 544 -75 (+16%)
20% DISP 9,270 8,467 8240 227 (3%)
20% CONC 8,943 7,929 7361 568 (7%)

35% TRGT 10,022 23,562 20787 2,775 (12%)

1.11.9 Reduced Reserves from Conventional Generation

This sensitivity examined the impact of reducing the level of spinning reserves obtained from
conventional generation resources (thermal and hydro). Instead the reserves could be
obtained from demand response, storage devices, or other nonconventional resources. This
approach could reduce curtailment during periods where conventional generation resources
are digpatched to their minimum output limits. The sensitivity cases assumed zero variability
regulation reserves in each province, relative to the base scenarios which included
additional calculated hourly variability reserve requirements in each province to igéte the
variability of net load.

Production simulation results show no significant reduction in curtailment. This indicates
that the system is not constrained by the commitment of conventional generation units for
reserve services.

1.11.10 EastWest HVYDC Tie

Ths sensitivity examined changes in system operation with a 1000 MW HVDC transmission
tie between Alberta and Saskatchewan, enabling energy exchanges between the

asynchronous Eastern and Western Interconnections which were modeled separately in this
study. The main objectives were to confirm the reasonableness of that necessary modeling

approach and to identify potential operational or economic benefits from such an intertie.
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Figure 1-28 shows flow duration curve on he HVDC tie for two scenarios andlable 1-22
summarizes its utilization. The results show that utilization of the tie is relatively small. It is at
full capacity only a few hours of the year. Utilization increaseesmewhat with increased
wind penetration. Production cost results indicate that the Eastern and Western grids have
similar operating costs and similar operating patterns, with only occasional opportunities to
economically exchange energy. Therefore, modali the Eastern and Western
Interconnections separately for this study does not significantly affect the results. There may
be more elaborate related scenarios or sensitivities, not studied here, that would show other
benefits to this increased interchangeapacity.

1000 Table 1-22: EastWest HVDC Tie Utilization
—5BAU
750 —20D1SP 5% BAU 20% DISP
S 500 AB--> SK Energy (GWh) 941.12 222087
% 250 AB--> SK Hours 2242 5113
3 AB--> SK Utilization 11% 25%
w 0
2 SK--> AB Energy (GWh) 1274 795
g -250 SK--> AB Hours 2887 2247
= 500 SK--> AB Utilization 15% 9%
750 Total Energy Flow 2215.50 3015.50
1000 Total Hours of Flow 5129 7360
0 2500 5000 7500 Total Utilization 25% 34%
Hours of Zero Flow 3631 1400

Figure 1-28: EastWest HVDC Tie Flow Duration
Curve

1.12 Topics for Further Study

The results of the study suggest several technical areas that would justify further
investigation.

Seasonal Hydro Scheduling:Canada has substantial hydro generation resources, and some
facilities have large pondage reservoirs capable of storing energy for months or years. Wind
power varies seasonally due to climatological weather patterns (i.e., more wind in winter and
less in summer). Coordinated seasonal scheduling of hydro generation that@mts for
seasonal wind and load profiles could significantly improve overall system operational
efficiency, reduce costs, and reduce energy curtailment.

Another 20% Penetration Scenario: Results of the four study scenarios suggest that
another 20% penetation scenario could warrant analysisd a scenario with a higher
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concentration of wind resources in provinces with more thermal generation and less wind in
the hydro-rich provinces. This would be similar to the 35% TRGT scenario.

Regional Province Collabeation: A regional analysis where operations of a hydnach
province could be more integrated/coordinated with a neighbouring province that has more
thermal generation (e.g., British Columbia and Alberta, or Manitoba and Saskatchewan). It is
likely that shared hydro flexibility could relieve some of the balancing area constraints that
lead to wind curtailment and operational inefficiencies with increased renewable energy
penetration.

Impacts on Canadian Energy Markets: This analysis could be done wherapplicable, in
Alberta and Ontario and would address questions like; what will be the energy market
impacts of additional wind? Will thermal generators recoup enough revenue in the energy
markets to cover their fixed operating costs or will there likelg lyenerator retirements? Is a
capacity market or other form of payment required to maintain reliability?

Grid Frequency Response:With additional wind energy penetration, system inertia will be
reduced, fewer thermal units with governors will be operating and t he systemofs
loss of generation events may deteriorate. This type of analysis would quantify the impacts

and, if necessary, explore mitigations.

Transmission Options: A more rigorous examination on how transmission affects the
integration of new renewable resources, including intrprovince resource connections to
the bulk grid and intefprovince transfer capacity to enable better collaboration of grid
operations.

Solar Energy: This study examined one case of adding solar energy in Caaadvith
promising results for some scenarios. Further analysis could investigate where (in which
provinces) solar energy fits best into Canada

Electric Vehicle Charging: This study considered in a limited way the impadif electric
vehicle (EV) charging on grid performance, with narrow assumptions and a simple charging
pattern, which showed a measurable increased total Canadian load. Further analysis could
help improve understanding of the grid impacts of EV charging.

1.13 PCWIS Full Report Sections

This summary report presents a brief overview of the project and its key findings. The full
PCWIS Final Report includes much more comprehensive information about the input data,
scenarios, modeling assumptions, analytical technigs, and technical results. The final
report includes following major sections:
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2 Introduction and Scope

2.1 Project Objectives

The PanCanadian Wind Integration Study (PCWIS) was performed to assess the implications
of integrating large amounts of wind irthe Canadian electrical system: Specifically,

A To develop a consistent database of chronological wind data for potential wind sites
across Canada,

A To provide an improved understanding of the operational challenges and opportunities
associated with high wind energy penetration in Canada, and

A To provide an improved understanding of the operational and production costs benefits
of high wind penetration in Canada.

This study aimed to develop an understanding of the operational implications of how
variable windenergy resources would affect the existing and future electricity grid, and what
environmental and economic costs and benefits may be associated with integrating large
amounts of wind. System operators have a desire to understand how much wind energy can
be reliably integrated onto the electricity grid and at what cost. Opportunities for greater
penetration and more costeffective integration are enhanced when these issues are
considered on a regional or national basis. While the benefits of wind energye avidely
known, the results of this study will help ensure that the benefits of wind energy are most
efficiently realized.

It should be noted that the wind penetrating scenarios evaluated in this study (up to 35%
nationally) do not represent technical, grational, or economic limits or constraints on wind
integration, but represent the study scenarios selected by the Technical Advisory
Committee.

2.2 Project Team

The project team, led by GE Energy Consulting, consisted of five companies providing a
broad range of technical analysis required for this study.

A GE Energy Consulting Overall project leadership, production cost simulation and
reliability analysis

A Vaisala- Wind profile and forecast data development,

A EnerNex - Wind plant data assembly and managemen statistical analysis,
regulation/reserve requirements

A Electranix- Transmission reinforcement design
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A Knight Piésold Canadian hydropower resource data and modeling

Project team is shown ifFigure2-1 with members of each partner team listed alphabetically

by their last names. In addition to the five company team, other entities supporting the
project include DNV GL, acting as advisors to CanWEA, and Environment and Climate
Change Canada, which performed the mesoale atmospheric modeling and provided the
raw wind related data to Vaisala.

To fulfill the objectives of the study, the GE team quantified the impacts of increasing wind
energy penetration on the operation and reliability of the Canadian power systems,

evaluated system performance and operating costs, and identified methods and

approaches to mitigate the potential adverse impacts of renewable energy integration. The
results of this study are intended to provide guidance and quantitative metrics to aid

Camadian power systems in future development decisions.

The GE team has had deep subject matter expertise and experience in assessing the
impacts of increased wind and solar generation on power grid operations and markets. For
instance:

A GE has conducted sirtar studies for Ontario, Nova Scotia, New England, PJM, New
York, California, Texas, Western USA (WWSIS), Hawaii, Barbados, and Vietnam.

A EnerNex has deep experience in methods and tools to quantify the effect of wind
resource variabi | i foyancilary services,yircludingr 8pinning e e d
reserves and regulation.

A The Electranix team, based in Winnipeg, Manitoba, has extensive experience
performing analysis and design of transmission systems, both AC and HVDC,
including transmission for wind powe(including large scale offshore wind).

A The Vaisala team prepared wind power output profiles and wind power forecasts for
simulation in the study scenarios. Vaisala is previously developed a similar dataset for
NREL for the US.

A The Knight Piésold team cdributed hydropower expertise and hydrology analysis to
the project to ensure that hydro power is accurately included.
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Figure 2-1: Project Team

A Technical Advisory Committee (TAC) provided suppamnd guidance throughout the
project, including review of the data and assumptions and the development of study
scenarios and selection of sensitivity analyses to be performed. While members of the TAC
were instrumental in ensuring the successful deliveyf this work, the findings, opinions,
conclusions and recommendations presented herein do not necessarily reflect those of the

TAC members or the organizations they represent. TAC member organizations are presented
in Table2-1.

GE Energy Consulting 76 Final Report



Pan-Canadian Windintegration Study (PCWIS) Introduction and Scope

Table 2-1: Technical Advisory Committee (TAC) Members

Alberta Electric System Operator (AESO)
BC Hydro
Hydro Quebec
Independent Electricity System Operator (IESO)
ISGNew England (ISDIE)
Manitoba Hydro
Midcontinent Independent System Operator (MISO)
National Renewable Energy Laboratory (NREL)
New York Independent System Operator (NYISO)
SaskPower
Utility VariableGeneration Integration Group (UVIG)
Western Electricity Coordinating Gmcil (WECC)

2.3 Project Tasks

2.3.1 Major Tasks

The Study performed a detailed analysis of the operational, planning and market impacts of
high penetration of renewable generation on the Canadian power systems. The Study
divided the work into 6 major tasks.

Task 1 defined 4 study scenarios and developed a generation expansion plan for
each scenario.

Task 2developed wind profiles for the Study with sufficient accuracy and flexibility to
allow for simulation of power system and renewable generation operation and
interaction over the time scales of interest.

Task 3focused on the development of the transmission reinforcement to support
generation expansion.

Task 4focused on a detailed evaluation of the impact of wind generation variability

and uncertainty on Camdi an power systemsd operations
reliability analysis of the affected systems.

Task 5 considered additional sensitivity analyses determined later in the course of
the study.

Task 6 produced a final report including a set of recomendations based on the
results of the study. This task also included development of a study website to
provide access to the study reports.

Figure2-2s hows a fl owchart of GEG®&s igehtihestheapsopad t 0o e
tasks, primary contributors to each task, and how work product and results flowed from task
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to task (indicating critical task interdependencies). An overview of the project plan is
described below. Details of each task and subtaskeapresented in Section 3.

Task 1: Generation Expansion

In Task 1, study data assumptions and scenarios were defined by CanWEA, DNV GL, and the
TAC, and provided to the GE Team for review and feedback. The GE Team developed a
generation expansion methodoloyg, created the generation expansion plan for each
scenario, and selected specific locations and ratings for wind resources to build the study
scenario datasets.

In addition to Tasks 1.1 through 1.5 specified in the RFP, the proposed scope included Task
1.6. The Knight Piésold team contributed information for the Canadian hydro power
database and assisted the GE Team in appropriate modeling of hydro power in the
production simulation analysis.

Task 2: Wind Generation

In Task 2, the Vaisala team developed aetimodology for developing hourly wind power
production data using the data provided by Environment and Climate Change Canada,
executed the methodology to generate the wind profiles, and developed hourly wind power
forecasts. The wind power output profileaere used in Task 1.5 to select wind locations and
build wind generation datasets for each study scenario.

Also in Task 2, EnerNex developed hourly regulation reserve requirements to account for net
load (i.e., load minus wind generation) variability based the developed wind power profiles
and load assumptions. These hourly wind variability related regulation reserves were
incorporated into the production cost modeling in Task 4.

In addition,EnerNex performed statistical analysis on the load and windtd to characterize
wind resources, to provide insights on the load and wind variability and understanding study
results obtained in later tasks.

Task 3: Transmission Reinforcements

Task 3 identified the need for additional transmission reinforcements umdée study
scenarios needed to maintain a reasonable level of congestion caused by higher penetration
of wind energy in the system. The size of the transmission reinforcements were determined
by the GE MAPS modeling, based on which recommendations andtcestimates for
transmission upgrades across modeled transmission interfaces were developed.

Based on the analysis of Task 4 (described below) GE determined the additional modeling
based transmission reinforcements needed to keep the transmission congestiat a
reasonable level at different wind penetration levels. Electranix used that information to
develop the actual new physical transmission elements that would provide the additional
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transmission capacity identified by the model. Electranix also progtla high level estimate
of the cost of additional transmission.

Task 4: Scenario Analysis

In Task 4, the GE Energy Consulting team performed production simulations of hourly
operation of the Canadian and the U.S. interconnected systems for each of th&cénarios.
The output of the simulation provided generation dispatch, annual production cost,
locational marginal prices (LMP), congestion, emissions etc.

Also as part of Task 4, GE used the GE Maitea Reliability Simulation (GE MARS) model to
evaluate resource adequacy, reliability, LOLE and wind capacity value for each of the study
scenarios.

Task 5: Sensitivity Analysis

GE performed additional Sensitivity Analysis in Task 5, based on new objectives and issues
that were raised over the course of thenitial work, which were determined based on inputs
from CanWEA, GL GH, and the Technical Advisory Committee.

Task 6: Reporting and Website Development

Finally in Task 6, the entire project team worked on preparing the presentation material for
the later Technical Advisory Committee meetings and drafting of the final report. GE worked
with CanWEA to develop a website for distributing the study findings that can be accessed
and downloaded for review and further studies.

A highlevel overview of the key conibutions of the GE team members, the software tools
employed and how they fit together is depicted iRigure2-2.
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1 - Model Development

Establish Methodology and Model Setup (GE)

2 - Wind Data I
Develop initial Canada and USA Data (GE)
Develop Wind Speed Data I 3 - Transmission
(Environment Canadal) i
I Review Canada Hydropower Data (Knight Piésold) Reinforcement
| - o
; . Identify Transmission
Develop Grid-Cell Wind Profil
Nz\::u?cl:l ri-teflivinaFroties Data and Assumptions(GE, CanWEA, TAC) Reinforcements
I > I 1 | (GE, Electranix)
Construct Wind Plants Define Study Scenarios (CanWEA, TAC, GE) l
(EnerNex) | Design Transmission
Reinforcement
I Create Generation ExpansionPlan (GE) (Electranix, GE)
Develop Reserve Requirements I
[Epetie Aggregate Wind Data into Wind Plants (EnerNex|
I
Select Locations for Future Wind (GE, Vaisala)
v Y v
Scenario Definitions and Complete Simulation Datasets I CanWEﬁEl TAC
Meeting
v
4 - System Studies & Scenario Analysis 5 - Additional Analysis

GE MAPS Hourly Simulation and Preduction e

Cost Analysis(GE)

4

Sub-Hourly Analysis(GE, EnerNex)

GE MARS Reliability Analysis and Wind
Capacity Valuation (GE)

Statistical Analysis (EnerNex)

Y v

6 - Reporting & Knowledge Transfer

Draft Study Report (GE and Team) Final Report
Presentationsfor Conferences and Workshops (GE and Team) > cuﬂ:\sﬁ; LS - &
Develop Website (GE, CanWEA) 9 Website

Figure 2-2: Study Process Flowchart

2.3.2 Additional Analysis

Statistical and Reserve Analysis

Impacts on systemlevel operating reserves were also analyzed using a variety of techniques
including statistics and production simulation. This analysis quantified the effects of
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variability and uncertainty, and riated that information to the system's increased need for
operating reserves to maintain reliability and security.

The results from these analytical methods together with the additional analytical work on
operating reserve requirements, cycling analysis,nd emissions analysis complemented
each other and provided a basis for developing observations, conclusions, and
recommendations with respect to the successful integration of wind generation into the
Canadian power grid.

Sub-Hourly Analysis

Additional anaysis included analysis of sulhourly reserve by quantifying the adequacy of
available capacity of dispatchable generation resources to cover -Hinute variability of
wind generation and load in the study footprint subject to unit ramp rates and ramp range
constraints.

2.4 Analytical Approach

2.4.1 Methodology and Modeling Tools

The core analysis of this study required detailed production simulation analysis and reliability
analysis. The study utilized the GE Concorda Suite MAifga Production Simulation (GE
MAPS)model for production costing analysis, and the GE Mu#tiea Reliability Simulation
(GEMARS) model for reliability analysis and wind capacity valuation. Brief overviews of these
models are presented below, and more extensive descriptions are presented the
Appendix.

The power grids represented in this study are extremely large and complex systems,
covering most of North America. The underlying model included representation of both the
entire Eastern Interconnection (El) and the Western Interconnectiort)(W other words, the
representation of the power systems was not limited just to the Canadian provinces, and
included the entire U.S. regions, other than ERG&®dovering most of Texa which is an
isolated interconnection and not synchronized with dier ElI or WI. Simulation of hourly
nodal security constrained unit commitment and economic dispatch of the entire North
Ameri can power system wa s-Perfoambece QlustersConpltiag by
capability. This was an important asset to enable fulodal simulation of the combined US

and Canada power grids.

2.4.2 Hourly Production Cost Analysis (GE MAPS)

The GE team utilized GE Concorda Suite MAlg&a Production Simulation (GE MAPS) model
to perform simulation of the selected four scenarios and the gaisite sensitivities. GE MAPS
is a proven tool that has been used in previous renewable (wind and solar) integration
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studies performed by GE and its partners in the course of the last 10 years. GE MAPS is a
nodal, securityconstrained, unit commitment andeconomic dispatch model with detailed
realistic representation of all generation types and the underlying transmission grid.
Generation of all types, including existing and future thermal, hydro, wind, and solar plants
were represented as connected to nags or buses (substations) on the grid. The model
provided detailed hourly outputs of operational and economic performance of all generation
units. The modeling results also provided hourly information on transmission flows, binding
transmission constraints shadow prices, and congestion costs.

For the purposes of this study, the GE MAPS model covered both U.S. and Canadian
interconnections. Hence, the modeling provided detailed information on intesuntry power
flows, based on a nodal based realistic repsentation of the neighbouring power systems in

the U.S. The model was run for each modeled interconnection (i.e., both El and WI), with the
degree of detail based on additional information that the GE team was able to collect and
incorporate in the existipf GE MAPS database of U.S. and Canada.

The production simulation results quantified numerous impacts on grid operation under
different scenarios on an hourly basis, including, but not limited to:

A Electricity generation by each defined generation resourced unit type
Operational performance of generation resources

Curtailed energy due to higher penetration of wind and congestion
Environmental emissions (SO2, NOX, and CO2)

Systemwide operational costs (sacalled production costs)

o o Do Do Do

Power flows and congestino on monitored transmission tidines

2.4.3 Reliability Analysis and Wind Capacity Valuation (GE MARS)

The GE team utilized the GE Concorda Suite MAfea Reliability Simulation (GE MARS)
model to perform reliability analysis (loss of load expectation, LOLEY avind capacity
valuation (effective load carrying capability, ELCC).

A sequential Monte Carlo simulation formed the basis for GE MARS. Chronological system
histories were developed by combining randomigenerated operating histories of the
generating unts, with interarea transfer limits and hourly chronological loads.
Consequently, the system was modeled in great detail with accurate recognition of random
events, such as equipment failures, as well as deterministic rules and policies which govern
system operation. GE MARS does not require simplified or idealized assumptions often
required for other analytical methods.

The following reliability indices were produced on both isolated (zero ties between areas) and
interconnected (using the input tie rating between areas) basis:
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Daily LOLE (daysl/year)

Hourly LOLE (hours/year)

LOEE (MWh/year)

Frequency of outage (outages/year)

Duration of outage (hours/outage)

To o Do o Do Po

Need for initiating emergency operating procedures (days/year)

2.4.4 High Performance Computing Faility

The GE team leveraged its High Performance Computing (HPC) Center capabilities to perform
the analysis in a timely and efficient manner using parallel computing techniques. GE Energy
Consulting uses a Linuwbased High Performance Cluster to signifintly reduce runtimes of

the GE MAPS and GE MARS models. Each of these programs is highly suited for parallel
processing and the GE Energy Consulting software team has developed customized code to
maximize the HPC benefit.

2.5 Study Limitations

Heuristic-Based Generation Expansion Plan

The focus of this project was to determine the various impacts of wind energy additions in
Canada. It was not intended to be an overall integrated resource plan (IRP). The study makes
no effort to establish the overall adequagc of the Canadian power grid, nor does it attempt

to determine exactly what resources are necessary to meet system performance and
reliability objectives.

Although full integrated resource planning (IRP) type analysis was beyond the scope of this
study, aheuristic generation expansion planning approach was used to add enough new
generation capacity so that all of the balancing areas would meet their installed reserve
margin requirements with anticipated 2025 system load levels in the 5% BAU scenario.

Transmission Reinforcements in lieu of LongTerm Regional Transmission Expansion
Planning

In addition, this study is not meant to be a lonterm regional transmission expansion plan.
The approach used in this study is adequate for determining the appropriaevels of
transmission reinforcements. Doing a more complex lostgrm regional transmission
expansion planning study was beyond the scope of this project.
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Limited Focus of the Economic Analysis

The study scope did not include evaluation of the economigalility of the generation
resources that would be significantly impacted by the higher penetration of wind and their
downward pressure on electricity costs caused by displacement of fossil fuel based
generation. Economic viability of generation resourcegeded to meet the required installed
reserve margins may require additional sources of revenue (such as those from ancillary
services and capacity markets) to compensate for revenue short falls due to lower utilization
and downward pressure on prices cawexd by additional wind in the system.

Furthermore, the production cost simulations quantifyariable operating costs only. These
are the costs that determine which units, of the ones available to the system operator,
should be utilized to serve load in @&st cost manner. These costs include fuel consumption,
variable operations & maintenance, and unit startup. The production cost analysis does not
include costs related to new capital expenditures required for new wind additions or fixed
operations & mainenance or power purchase agreements for new generation resources.

Production/Reliability Simulation

The modeling used is highly sophisticated, and the tools (GE MAPS and GE MARS) are industry
standards - widely used for economic and operational evaluatiorof power systems.
Nevertheless, they are still simulations. Reality is even more complex, and successful grid
operation includes the action of experienced human operators. There are limits to our ability

to exactly replicate present, and even more so, taccurately predict possible future
operations of the Canadian grid. GE has extensive experience and has exercised care and
applied engineering judgment to make sure that the simulations are reasonably accurate,

and that they provide the quantitative insighnecessary for Canadian stakeholders to make

good investment and operational decisions. Perfect accuracy is neither possible nor
necessary.

Engineering Analysis

This study included a technical evaluation of the economics, operations, and reliability of
increased renewable penetration, but it did not include an evaluation of system stability
associated with those changes. Technical engineering analysis related to dynamic frequency
response, grid strength, poweswing stability, and transmission related ietconnection
studies and transfer analyses should be evaluated in future study work.
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3 Wind Data Development

Section Acknowledgement:
Sub-section 31 was written by the Environment and Climate Change Canada ted#m

Sub-section 32 and the following subsections were written by the Vaisala team.

3.1 Mesoscale Modeling of Wind Speed Time Series

3.1.1 Introduction

The objective of this project was to generate mulyiear time series of surfacdayer
meteorological fields as part of the Pa€anadian Wind Integration StudyPCWIS). The
Canadian Wind Energy Association (CanWEA) h a s
electricity by 2025 from wind energy. In this regard, CanWEA will analyze the time series
generate by this project for devising a viable strategy for suchrdg-scale integration of

wind energy within the Canadian power grids.

The project was mandated to generate the relevant time series using a thréienensional
mesoscale atmospheric model with Zxm horizontal grid spacing and 10 min time resolution,
over allof Canada (south of 70° N). Mandatory outputs for the project include wind speed
and direction, air temperature, specific humidity at 80, 100, and 120 m above ground level
along with surface pressure.

3.1.2 Methodology

Mesoscale simulations for this project wercarried out using the limiteearea configuration

of the Global Environmental Multiscale (GEM) atmospheric model (GEM hereafter). In
general, the GEM model works by first solving a set of dynamical equations directly on the
model grid. Physical proceses including atmospheric radiation, fluxes from different land
surface components, boundarayer turbulent mixing as well as clouds and precipitation
are not directly resolved at the grid scale. These subgsdale processes are accounted for

in the modd by supplementing the solutions of the dynamical equations with parameterized
tendencies associated with the pertinent physical processes.

14 "Mmesoscale Modeling DWind Speed Time Series, A Summary Report”, Prepared by: W. Yu, S. Z. Husain, L. Separovic, and
D. Fernig, Atmospheric Numerical Weather Prediction Research Section, Meteorological Research Division, Atmospheric
Science and Technology DirectorateEnvirorment and Climate Change Canada2121 TransCanada Highway, Dorval
(Quebec), Canada H9P 1J3, "Funding for this project (RENI 546) was provided by the ecoENERGY Innovation Initiative (ecoEll)
of Canada, March 16, 2015
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Large-scale atmospheric features in the meteorological fields simulated with limitedea
models are susceptible taleviations from the generally coarseesolution driving fields over
time, particularly for large continentalscale spatial domains. A major scientific challenge for
this project was, therefore, to determine the appropriate strategy to address the issue of
large-scale deviations for multiyear simulations.

In order to minimize the impact of largescale deviations associated with a large spatial
domain over extendedrange simulations, the problem may be separated into multiple
periods of sufficiently short the-frames. Construction of a final continuous timseries of
any meteorological variable in this approach however suffers from abrupt changes due to
temporal blending. Furthermore, individual shorter integration requires time for spip of
clouds that arenot analyzed in the regional analysis files from the Meteorological Service of
Canada (MSC). The spup issue would therefore increase the computational cost of the
project.

Dividing the problem into multiple mesoscale simulations over smaller domainschka
running for extended timeperiods (from weeks to months) followed by spatial blending of
the end results on the other hand results in spatial discontinuities in the meteorological
fields, particularly along the lateral boundaries of the smaller domairfurthermore, existing
literature shows that the nested simulation domains cannot be arbitrarily small in order to
permit proper development of small scales.

Based on the aforementioned adverse implications associated with temporal and spatial
blending, acontinuous temporal integration over the entire spatial domain appears to be the
most suitable approach for this project, provided a mechanism is put in place to restrict
large-scale deviations in the simulated fields. Larggcale atmospheric deviations a&
controlled by spectrally nudging the model outputs to the driving fields. Spectral nudging of
the atmospheric large scales, as implemented in this project, is found to effectively control
any undesirable deviation without considerable suppression of themall scales. The
research conducted during this project have shown that simple temporal interpolation to
derive the reference fields, in between two analysis hours, can lead to mesoscale variance
deficiency in the spectrallynudged simulated fields. Two itferent strategies have been
proposed and examined during this project to deal with such variance deficiencies. One
option is to use a timevarying nudging coefficient that puts the maximum weight on the
analyses fields only when the simulation time is me close to the time for which valid
analyses fields are available. The other approach, which has been demonstrated to be more
effective, is to produce hourly estimates of analyses by runningh6ur forecasts initialized
with the analyses and assuming arear growth of forecast error within the first 6 hours of
model simulation. The later approach is found to effectively eliminate any variance
deficiency associated with the temporallynterpolated analysis fields. Furthermore, different
spectral nudging approaches, including the appropriate nudging length scales as well as the
vertical profiles and temporal relaxations for nudging, have been investigated to determine

GE Energy Consulting 86 Final Report



Pan-Canadian Windintegration Study (PCWIS) Wind Data Development

the optimal nudging strategy. Analysis conducted during the course of this project has
shown that specific humidity is well constrained during extendedhnge simulations when
only temperature and wind speed are controlled by nudging. As a result, only the simulated
temperature and horizontal wind speed fields were selected for nudging in thisoject.
Further details regarding the spectral nudging approach developed for this project are
provided in (Husain et al., 2014).

Although controlling the evolution of the atmospheric large scales generally improves the
outputs of high-resolution mesoscalesimulations within the surface layer, the prognostically
evolving surface fields can nevertheless deviate from their expected values leading to
significant inaccuracies in the predicted surfacéayer meteorology. A forcing strategy based
on grid nudging ofthe different surface fields, including surface temperature, sailoisture,

and snow conditions, towards their expected values obtained from a higésolution offline
surface scheme was therefore developed to limit any considerable deviation. The offline
surface scheme used to downscale the surface fields (surface temperature, soil moisture,
snow depth, and snow density) is known as the Surface Prediction System (SPS) which is
based on the ISBA (Interactions between Soil, Biosphere, and Atmosphere)-darfece
scheme. The standard implementation of the SPS scheme was considerably modified in the
course of this project to include weighted blending of the driving forecasts fields to remove
abrupt changes during switching between the driving forecast fieldBurthermore, a large
scale relaxation scheme for the evolving soil moisture field towards its regional analysis
counterpart was implemented to restrict intermittent largescale deviations. Additional
details on the landsurface component of this project a provided in (Separovic et al., 2014).

3.1.3 Simulation Strategy

The basic simulation followed a twstage strategy. First, the MSC's regional analysis fields,
available every 6 hours (0000, 0600, 1200 and 1800 UTC, where UTC denotes the
Coordinated Universal ime), were used to initialize and drive a GHMM simulation
involving 15 km horizontal grid spacing over the entire simulation domain over the entire
time period (20082010). The 15%m GEMLAM (LAML5 hereafter) simulation included large
scale nudging ofhorizontal wind speed and temperature toward the operational regional
analysis fields. The relevant surface fields in LAM simulation were also nudged towards to
SPSgenerated reference fields. The purpose of the LAM- simulation was to produce
three-dimensional meteorological fields with large scales features closely resembling those
embedded in the driving analysis fields, but available more frequently (every 20 min) to force
the secondstage 2km GEMLAM (LAM hereafter) simulation. The LA simulaion also
involved atmospheric and surface nudging towards the appropriate reference fields to
produce the final desired outputs.
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3.1.4 Verification of Strategy

Outputs of the LAML5 and LAM2 simulations were extensively analyzed to verify the
validity of the drategy developed during the course of this project. The verifications that
were conducted during this project are provided below.

I.  Similarity between the largescales of the driving and the simulated field were compared to
determine the impact of differentatmospheric nudging configurations and to identify the
most appropriate nudging strategy. Similarity of largecales is compared for both LAMS5
and LAM2 simulations that were forced with the operation regional analysis and LAl
outputs, respectively.

II.  The ratios of spectral variance between the driving and analysis fields for different length
scales and at different vertical levels were compared to study the impact of different nudging
configurations. It helped to identify the appropriate nudging lengtbcales. Variance spectra
ratio was analyzed for both LAMS5 and LAM2 simulation outputs. It was also useful in
determining the impact of surface nudging.

lll.  Simulated fields are compared at the screen level2 temperature and dew point, and 10 m
wind speel) against those obtained from groundased stations spread all across Canada. In
addition to the entire domain, screefievel statistical scores (bias, roehean-square error,
standard error) were compared for individual regions. The results have showntthath LAM
15 and LAM2 simulations coupled with atmospheric and surface nudging resulted in
improved screenlevel temperature compared to the operational regional forecast while wind
speed scores were also found to be equivalent. Over complex terrain,.,eayer British
Columbia, LAM2 simulations were found to result in improved scores for wind speed.

IV. Simulated fields were also compared against the limited wind turbine data that were
available. For those limited number of stations, the simulated fieldsnaenstrated improved
statistical score compared to the operational forecasts. Moreover, the results for the optimal
LAM2 simulation were found to clearly outperform the optimally configured LAM
simulation.

3.1.5 Conclusions

A dynamical downscaling strategy bsed on highresolution mesoscale simulations over a
large continentatscale spatial domain and an extended timgeriod has been developed
within the course of this project. Continuous temporal integration over the entire domain, as
opposed to extended intgrations over smaller spatial domains or multiple simulations with
shorter time periods over larger domains followed by spatiotemporal blending, was found to
be the most suitable approach for accomplishing the higresolution downscaling objectives
of the project.

The developed scheme was employed during the project to generate the muykiar time
series of meteorological variables for CanWEA as a contribution to the broader PCWIS.
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In order to improve the impact of spectrahudging two novel methods have ben developed
that reduces or eliminates variance deficiency in the simulated fields. This includes the
concept of time-varying nudging increment and the method of computing frequent analysis
estimates. Extensive sensitivity studies have been carried ouidentify the optimal nudging
configuration in terms of the shape of nudging vertical profile, nudging lengitales and
the type of temporal relaxation.

Large-scale spectral nudging of horizontal wind speed and temperature was found to
adequately control large-scale deviations in specific humidity. In order to overcome
intermittent deviations the surface fields were nudged towards some reliable reference
dataset obtained from the modified SPS external surface model. Results show that
compared to the coarseresolution regional analysis fields, the SPS fields when used as
reference for surface nudging clearly led to improved scredevel scores for both
temperature and dew point. Nudging of the surface fields was however found to be neutral
for the screenlevel wind speed. Increasing the strength of surface nudging was found to
improve screenlevel scores further.

Meteorological fields obtained through high resolution LAR simulations following the
nudging strategy adopted in this project is able to maintaitarge-scale similarity with the
driving LAM15 fields, while adding substantially increased spatial variance for the smaller
scales (less than 200 km). In terms of screlavel score, LAM simulations were, in general,
found to be equivalent compared to he LAMI15 simulations over the entire domain,
although over BC and the North, where orograpkinduced spatial variance is more
influential, LAM2 simulations were found to improve both screetevel temperature and
wind speed. Performance of different atmgheric nudging configurations for both LAMS5
and LAM2 simulations was also evaluated against 8th wind and temperature data
obtained from three wind farm locations. For all three stations, LAMsimulation with its
optimal nudging configuration was foundo deliver better statistical accuracy for both wind
speed and temperature over its LANS5 counterpart.

3.1.6 References

1 Husain, S.Z., Separovic, L., Yu, W., and Fernig, D. (2014): Extandedhigh
resolution dynamical downscaling over a continentadcale spatial domain with
atmospheric and surface nudging. Journal of Geophysical Resea@tmospheres,
119(24): 137213750.

1 Separovic, L., Husain, S.Z., Yu, W., and Fernig, D. (2014)resbition surface
analysis for extendedrange downscaling with limitedarea atmospheric models.
Journal of Geophysical ResearahAtmospheres, 119(24): 136513682.
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3.2 Wind Integration Dataset

3.2.1 Introduction

Vaisala was retained to produce an integration dataset in support of the PCWIS. An
integration dataset provides the simated raw production and forecasts that act as inputs

to the models and scenarios used in an integration study. A primary focus of integration
datasets is to attain realistic properties of wind energy generating facilities, and realistic
forecast levels offorecast skill in the simulated retrospective forecasts.

The PCWIS is an integration study intended to cover a broad swath of southern Canada. The
main components of the dataset delivered by Vaisala are a synthetic history for more than
50,000 hypothetica wind energy locations consisting of simulated fhinute production,
and simulated hourly energy production forecasts for the howghead, four hourahead, six
hour-ahead, and 24 houwahead forecast horizons for each of the locations over a three
year perbod from 2008 through 2010. The wind production dataset uses the meteorological
dataset described above as provided by Environment and Climate Change Canada as its
basis, with algorithms to convert the meteorology into time series of synthetic energy
generation developed and applied by Vaisala. The production estimates include losses
specially formulated for the Canadian domain and parameters of the wind integration study,
and include dynamic wake losses, icing losses, and low temperature losses.

Because ¢ the importance of transmission interconnects to the United States, attempts
were made where possible to follow the procedures established during the creation of the
US Wind Integration National Dataset (Draxl et al, 2015), which Vaisala created in
collaboration with the U.S. National Renewable Energy Laboratory.

3.2.2 Meteorological Datasets

Two independent meteorological datasets were used for the creation of production and
forecasted production data, and these were produced by Environment and Climate Change
Canada and Vaisala, respectively.

3.2.2.1Simulated Production

Environment and Climate Change Canada generated the meteorological dataset that
provided the basis for simulated energy production, using a limited area mesoscale
numerical weather prediction (NWPnodel, run at a horizontal grid resolution of 2km as
described previously. Variables provided at each of the cell locations were: wind speed at
80m (m/s), 100m (m/s), and 120m (m/s), wind direction at 100m (degrees), temperature at
80m (Celsius), 100m (fSaus), and 120m (Celsius), humidity at 100m (kg/kg), and surface
pressure (hPa). The output interval was 10 minutes, and data was delivered for the period
from January 1, 2008 through December 31, 2010.
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3.2.2.2Simulated Forecasts

Vaisala produced a second, indegmdent meteorological dataset that provided the basis for
the simulated energy production forecasts. The fundamental tool employed in the creation
of the meteorological dataset was the Weather Research and Forecasting (WRF) modeling
framework. WRF is matained by the U.S. National Center for Atmospheric Research (NCAR),
but includes contributions from institutions worldwide. Specifically, version 3.4.1 of the WRF
Advanced Research and Weather (ARW) model was used.

Vai sal ads base s édlnullktaleveloand hadithre $ollowihgeahfigoration:

1 Planetary Boundary Layer SchemeYSU model

1 Surface Parameterization Monin-Obukhov similarity model
1 Land-surface optiond NOAH LSM

1 Scale selective nudging

Nested domains of 54km, 18km, and 6km weused. The model was initialized once per day
at 0000 UTC, with no sptap period. The ddegree NOAA GEFS Reforecast 2 (Hamill et al,
2013) control simulation was used to specify initial and lateral boundary conditions. Each
forecast simulation was runout 48 hours to ensure that the dayahead (i.e. next day) period
was covered. The output interval was 60 minutes.

3.2.3 The Wind Hourly Production Dataset

3.2.3.1Cell selection

The initial target for the total number of sites in PCWIS was 50,000, distributed across th
various provinces in proportions determined in coordination with the steering committee.
Varying proportions of onshore and offshore sites on a pprovince basis were specified,
depending on the feasibility of offshore production and quality of windseurce. A maximum

of 15% offshore penetration was considered for the Maritimes, Ontario, Quebec, and British
Columbia, leading to an overall offshore penetration of roughly 10% for all of Canada.
Hudson Bay was considered unfeasible. Provinces with no assdo large open bodies of
water had zero offshore sites.

In total, 54,846 onshore and offshore cells were prescribed. A cell in the context of this
project refers to a point location and hypothetical wind development site in the Canadian
domain collocated with a numerical weather prediction (NWP) grid point. Each cell
represents four square kilometers, with a presumed maximum installation capacity of eight
2MW modern utilityscale wind turbines. Each cell therefore has a maximum rated capacity
of 16MW. Te turbine density specification was identical to that in the US Wind Integration
National Dataset, and is based on examination of turbine density within modern North
American wind projects.
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While each cell has a maximum rated capacity of 16MW, individuzll power curves are
one of four available classes, based on the simulated 2008 annual average wind speed at
each cell. Specifics of the power curves are described below.

The strategy for cell selection was to grossly oversample the potential number oflce
required for the integration study, in order to provide maximum flexibility during the
selection of scenarios. Due to technical restrictions at Environment and Climate Change
Canada, all cells needed to be selected before any modeling could begin. tBiguwith a list

of all cells within each province, many cells were excluded according to criteria developed in
collaboration with the steering committee. Specifically, areas that were excluded from the
site selection process met at least one of the follamg conditions:

1 An area with a terrain slope of greater than 20°
Surface elevation of greater than 2000m

Area within a Provincial park or Wilderness
Populated areas

Aboriginal and Indian Areas

1 Major lakes and rivers

= =4 =4 A

After these areas were excluded, the remming cells were sorted by annual mean wind
speed at 80m, and the windiest cells were included. In order to meet the target numbers for
each province, different lower threshold values for wind speed were developed for each
province. These, along with ghresultant number of grid cells, are shown ifable3-1.

Table 3-1: Initial Set Of Onshore Site Selection by Province

Province Wind speed cutoff (m/s) Selected onshae sites
British Columbia 8.2 4,935
Alberta 7.1 9.314
Saskatchewan 7.9 2,949
Manitoba 7.4 2,987
Ontario 6.9 9,511
Quebec 7.9 13,663
Maritimes (NB,NS, PEI) 8.7 2,203
ALL CANADA ONSHORE 45,562

Working from this initial list, additional sites weradded to represent all existing known and
planned wind energy installations, and handelected offshore locations. Offshore sites are
situated between 10 and 50 km from shorelines, and locations were chosen in coordination
with the steering committee. e final set of 54,846 selected cell locations is shown in
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Figure 1, and the full list of locations, along with their geographic coordinates, is available as
a comma separated values (CSV) file (to be made available through CanWEA PCWIS website).

Figure 3-1: Selected PCWIS Sites.

3.2.3.2Power production profiles

Power production profiles were generated for each site by applying a power curve to the
100m winds for every 1Ominute time period in the meteorologicadataset. The power
curves used were taken from the Eastern Renewable Generation Integration Study (ERGIS)
(Bloom et al, 2015), and are shown in Figure 2. There is a different power curve for each of
the IEC classes 1, 2, and 3, and a special power cuwes applied for offshore locations.
These power curves represent composite curves for existing anddevelopment utility
scale wind turbines. A density correction (proportional to the cube root of the ratio of the
modeled density to the turbine referencelensity) was applied to estimate an effective wind
speed at the turbine reference density. A high wind speed auit of 20 m/s was used for
class 3, and 25 m/s for the other classes. Hysteresis-gntvalues were set to be 5 m/s below

the high wind cutout values.
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PCWIS Power Curves
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Figure 3-2: PCWIS Power Curves

3.2.3.3Production losses

Several loss types were implemented in the simulated production dataset. These were array
losses, icing losses, and low temperature losses. Ltagets were established by the PCWIS
steering committee. Losses were tested and formulated on the simulated production data,
then applied consistently to both simulated production and simulated forecasts.

Array Losses

Array losses depend on the size arldyout of the array. Based on industry experience, the
combined turbulence and wake loss factor was estimated to be 10% for the average size in
plant used in this study (270MW). The same loss factor was applied to all wind plants in all
study scenarios. fie PCWIS steering committee identified a target array loss that would
result in systemwide power reduced by 10%. To achieve this loss, a factor was applied to
wind speed at each cell. This modified wind speed was used to generate-sp#cific power
profiles that were summed to calculate the differential impact on the power at the system
level. Applying a correction to the wind speed allows wind turbines to still reach rated power.

The process of identifying the appropriate wind speed correction factor svan iterative one
that first determined the baseline systeawide annual power production with no array
losses. Subsequent iterations, as shown ifable 3-2, applied progressively conservative
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correction until sysem-wide power production for all hours of 2008 had been reduced by
10% of the baseline. It was found that a loss factor of 6.5% applied to wind speed at all times
resulted in a 10% reduction in systemvide power. This loss factor was then applied in a
similar manner to 2009 and 2010 wind speeds.

Table 3-2: Iterations of Array Losses

PWCIS Array Losses Iteration Experiments

Wind Speed Correction Factor 0.93 0.94 0.935
System Wide Power Production Reductic  11% 9% 10%

Icing Losses Overview

Icing losses are complex in nature, and there are significant differences between operational
and meteorological icing conditions. For the PCWIS dataset, only simple icing losses that
depend on relative humidity and tempeature were considered. Nonetheless, this represents

a novel consideration for an integration study.

Icing losses in PCWIS wind hourly dataset

Based on a review of previous icing studies and the meteorological fields available from
Environment and ClimateChange Canada, Vaisala recommended modeling the energy
reduction as a function of time during which temperature was below zero (T < 0 °C) and
relative humidity exceeded a threshold value (RH > 88%). This value is quite low as a
threshold for icing, and maybe a result of biases with Environment and Climate Change
Canadads model . Whenever these conditions wer
was set to zero and a data flag was set to indicate that icing was in effect. This ensured that
periods ofcold conditions, and no production, would not be mistaken for icing if the relative
humidity criterion was not met. In addition, it allowed for simple accounting of the system
wide number of icing hours. The PCWIS steering committee suggested a targetet loss

in terms of systemwide icing hours per annum of between-20%. An iterative approach to
threshold selection was used. The iterative process took place on the simulated production
meteorology for 2008 provided by Environment and Climate Changanada. Temperature

at 100m, pressure at the surface, and the specific humidity were used to produce a value for
relative humidity. The temperature criterion was held constant at 0 °C, while the relative
humidity threshold was varied. After several iteratig, it was found that a relative humidity
threshold of 88% resulted in 8.1% hours affected by icing conditions annually. This value is
quite low as a threshold for icing, and | was flagged as an issue that was not further
investigated. Figure3-3 shows the seasonal variation in the percentage of hours affected by
icing. Naturally the numbers peak in winter, though there was no obvious reason for the
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sharp difference between December and January. The relative humtydthreshold was

applied to simulated production and simulated production forecasts for the remaining years.
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Figure 3-3: Percent of SystemWide Hours Affected By Icing per Month

Low Temperature Losses

A wind turbine will shut down when the air temperature falls below a threshold value, to
avoid risk of mechanical system damage. For this study, wind turbine generators are
assumed to have cold weather operation packages with a letemperature cutout of-35°C,
including 5° of hysteresis. Therefore, the wind turbine generators will shut down when the
air temperature falls to-35°C and return to operation when the temperature rises t80°C.
For this study, Vaisala set generation to zero for each cell amyé that the temperature
dropped below-35°C, and production was kept at zero until the temperature for the cell
returned to -30°C. However, while the 100% shoff may not actually happen, this
assumption was deemed satisfactory.

3.2.4 Simulated Wind Energy Poduction Forecast Data

A key requirement for wind energy integration work is the availability of wind energy
forecasts to go with the modeled estimates of production. These forecasts were designed to
have error characteristics similar to the current stateof the art of operational wind
forecasting.

Power forecasts at 1, 4, 6, and 2dour lead times were produced to correspond to each
hour of the wind power production dataset. A mesoscale NWP modased approach was
used to realistically capture the naturbspatiotemporal correlations between the wind sites,

GE Energy Consulting 96 Final Report



Pan-Canadian Windintegration Study (PCWIS) Wind Data Development

i.e. to ensure that neighbouring sites have forecast errors in the same direction and of
similar magnitudes. Each power forecast contains a deterministic, besdtimate value.

3.2.4.124-hour lead-time forecasts

The WRF model was used to create the meteorological data set to achieve reasonable 24
hour leadtime forecasts. The model was run over Canada with progressively finer nested
domains of 54km, 18km, and 6km. The model was initialized once per day at 000C, with

no spinup period. The ddegree NOAA Reforecast2 GEFS Control simulation was used to
specify initial and lateral boundary conditions. Each forecast simulation was run out 48
hours to ensure that the dayahead (i.e. next day) period was coverethe output interval
was 60 minutes.

Due to computational limits, the forecast NWP simulations were initialized only once per day
(at 00Z). Forecast errors are relatively flat during the-28 hour period, but there is a
discontinuity in the forecast proprties as a result.

Forecasts of simulated actuals are often overly skillful, because many of the same
observations go into both the global reanalysis datasets used to create the simulated
actuals, and the global reforecast datasets used to create the hisical forecasts. In this

case, the use of GEFS boundary conditions and reduced resolutions resulted in forecasts that

had sufficient error to proceed. To adjust this error further, as described below, Vaisala used

a combination of time series smoothingmd ot rut hé bl ending, whi ch
average of the raw forecast and the simulated actual value at a given time. This mimicked
operational model output statistics (MOS) by reducing bias and improving skill, but not by too

much. At the same tire, it was computationally efficient relative to running full MOS at all of

the sites.

Vaisala used an iterative approach to the statistics; adjusting smoothing and blending
amounts upward until forecast time series and error histograms appeared reasonalaad
bulk error metrics were similar to statef-the-art day-ahead forecasts.

From experience with previous integration work, the Zdour-ahead noise and error

statistics were deemed appropriate when the forecast was a result of an 80%/20% mixture

of a 13-hour centered moving average of the raw NWP forecasts and 13 hour centered

moving average of the simulated actuals, respectively this context, the simulated actuals

were treated as otruthdé. The mixture whhéat si mul
i's meant by oOotruthodé bl ending.

Table 3-3 describes the subjective characteristics of forecast error tuning throughout the
iterative process of choosing the right weighting of smoothed raw NWP forecast and
smoothed oOotruthfulé simulated actual s. With the
typical operational forecasts, Vaisala tested various configurations of raw NWP forecast
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smoothing windows, simulated actual smoothing windows, and blending weights. Basau
industry experience with operational forecasts, Vaisala identified appropriate error statistics.

Table 3-3: Iterations of Day-Ahead Forecasting Smoothing

Forecast  Observation Observation  Subjective Subjective Subjective
Smoothing  Smoothing Weight Character Bias Skill
3h N/A N/A Too Noisy Too Large Too Low
3h 1h 10% Too Noisy A Bit Large Too Low
3h 3h 10% NEIE, [0 A Bit Large Too Low
Less So

7h 7h 10% A Little Noisy A Bit Large A Bit Low
13 h 7h 10% About Right A Bit Large About Right
7h 7h 30% A Little Noisy Much Lower Too High
13 h 13 h 20% About Right  Acceptable About Right

Forecast Production Bias Correction

One of the potential effects of conducting analysis on datasets produced lyfferent
numerical weather prediction models is systematic bias arising from differences in model
physics and discretization. A unique challenge for PCWIS was that Environment and Climate
Change Canada used a model for the simulated actuals that was navailable for the
simulated forecasting.

Initial comparison of the simulated actuals and simulated forecasts for a selection of
aggregated sites for the year of 2008 by the project team showed significant forecast bias in
the day-ahead forecasts. In indepndent analysis, Vaisala was able to reproduce the bias on
the same selection of aggregated sites. Since bias was found in the aggregated sites it was
assumed that the bias applied system wide.

To correct for the systerrwide bias between the simulated actals and simulated forecasts,
Vaisala implemented a celbased wind speed scaling of the forecast wind speeds, based on
the ratio of the mean 2008 wind speeds in the production and forecast datasets. In other
words, for each cell the 2008 annual mean winspeed ratio between the simulated actuals
and simulated forecasts was applied to the simulated forecast. This etime cellbased
correction was applied across 2009 and 2010. In other words, new annual wind speed bias
correction factors were not reproducedor 2009 and 2010. However, the project team was
able to confirm that this correction had a satisfactory effect.
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Correction of UnderForecast Production Due to Conservative Icing

During a secondary phase of the dataset creation, after losses were applisdbsequent
analysis found that the forecasted production for an aggregation of cells was again showing
under-production. The simulated forecasts were, on an annual basis, predicting significantly
less power than the simulated actuals. Vaisala found thig be due to an excess amount of
icing losses in the forecast dataset. The likely reason for the differences in icing conditions
between the simulated actual production and simulated forecasted production is due to the
different manner in which atmosphericmoisture content is derived by the different NWP
models. WRF alone has more than 6 moisture models to choose from.

Vaisala addressed the difference in icing losses by applying a correction that eliminated the
condition where it was possible to have zerforecasted production and norzero actual
production, retaining the conditions where zero forecasted production and zero actual
production existed, and where notzero forecasted production and zero actual production
existed. This had the effect of eliminatyy false positive icing conditions and suitably
corrected the forecasted undemproduction.

3.2.4.2Short lead-time forecasts

Statistical forecasts were generated for each site for the short ledithe (1, 4, and 6 hour)

forecasts, based on a dispersive persistencee t h o d . Vai sal ads -timper at i c
forecasts outperform a simple persistence forecast through sophisticated statistical

methods not employable for this dataset, therefore special approximations were used with

the simulated actuals to approximatethe error statistics of operational short leadime

forecasts. The selected mechanism used shortened persistence lead times to increase the

skill of the forecasts to the desired level, using the two parameters of persistence interval

and leadtime, as described below.

The most basic persistence forecast uses the current value as a prediction for some future

value. The length of the time between the observation and the predicted time is referred to

as the o6l ead ti med, and dghifeantlingpacgadn the skii of theh e | e a
forecaster. In the present convention, periednding time was used. The enhanced skill of
operational forecasts can be approximated using lead times shorter than would be available

in a real time system, but using @onstant lead time does not properly characterize the
distribution of events in timed the errors are not properly dispersed.

For this dataset, the leadime parameter was randomly sampled from a normally
distributed population of 8,760 1@minute intervallead times, with a range of 880 minutes

and a mean of 40 minutes. In other words, the population contains lead times of 0, 10, and
20 minutes, and so on up to 80 minutes. The most common lead time is 40 minutes. The
effect of the mean 40minute lead timeis to improve average forecast skill.
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The second parameter was the persistence interval. The persistence interval is the length of
time over which the simulated actual (observed) data is averaged, and in the case of high
resolution (e.g. dminute) observadions can be used to resample the observed data to a
longer period, for instance from 1 minute to 10 minutes. However, for this study since the
simulated actuals were only available every 10 minutes, the persistence parameter was held
constant.

Two exampés along with figures of the algorithm are given below:

Example #1: As shown irFigure 3-4, if the present time is dfand we are tasked with
producing a forecast valid from Jeo to T+120 and a 40-minute lead time § sampled, then the
algorithm takes the value at Tooand selects this value as the forecast.

NOW
T+0 T+60 T+120
Persistence Forecast Lead Forecast Interval

Interval

Figure 3-4. Graphical Example of Forecast Algorithm: 40min Lead Time

Example #2: As shown irFigure 3-5, if the present time is dfand we are tasked with
producing a forecast valid from Js0to T-120and an 83-minute lead time is sampled, then the
algorithm takes the value at o and selects this value as the forecast.

NOW
T+0 T+60 T+120
Persistence Forecast Lead Forecast Interval

Interval

Figure 3-5: Graphical Example of Forecast Algorithm: 80min Lead Time

An iterative procedure similar to that of the 24our leadtime forecasts was followed,
starting with a 1-hour forecast comprised of 16min persistence at 40min lead. This was
adjusted until the improvement over persistence was similar to current operational
forecasts, as shown imable3-4.
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In practice, the longterm statistics of short leadtime forecasts show a greater skill than a
simple persistence forecast, however at any given time, it is possible for such a forecast to
be more skillful than normal, or less skillful than normal. A range of leades ensured a
varying measure of success ithe 1-hour forecasts.

Table 3-4: Iterations of Short-Term Forecast Parameters

Persistence Mean Lead Lead Time Auto- Subjective
Interval Time Range Correlation Skill

10 min 40 min N/A N/A A Bit High
10 min 45 min 0-90 min 0.9 A Bit Low
10 min 40 min 0-80 min 0.9 Barely High
10 min 40 min 0-80 min 0.9 Just Right

After parameters for the thour forecasts were determined, the 4hour lead-time forecasts
were computed using an 80% to 20% blending of the Zdour and 1-hour forecasts, and the
6-hour leadtime forecasts were computed using a 90% to 10% blending of the-bur and
1-hour forecasts. The equations used to calculate 4)Rnd 6 () hourahead forecasts are
as follows:

O ™0 ® O
0 10 ™ O

3.2.5 Epilogue

The objective of the wind data production task was to generate synthetic wind production

data and associated forecasts in support of the PCWIS. Where possible, methodologies
consistent with the creation of the US Wind Integration National Dataset were employed.
Several challenges emerged during the work described above: notably consistency issues
between the meteorological dataset created by Environment and Climate Change Canada

and the forecasting dataset created by Vaisala. Nonetheless, good communication between

the project team, CanWEA and its consultants, and the Technical Advisory Committee made

it possible to address issues as tthegesultingr 0s e,
production and forecasting datasets address the needs of the integration study.
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3.2.6 References

1 Bloom, A., A. Townsend, and D. Palchak (20E&stern Renewable Generation Integration
Study: Flexibility and High Penetrations of Wind and SoMREL (National Renewable Energy
Laboratory), Golden, CO (US). NREIGRR)-64795.

1 Draxl, C., BM. Hodge, A. Clifton, and J. McCaa (20Th)erview and Meteorological Validation
of the Wind Integration National Dataset ToolkiNational Renewable Energy baratory
(NREL), Golden, CO (US). NREOT®61740.

Hamill, T. M., G. T. Bates, J. S. Whitaker, D. R. Murray, M. Fiorino, T. J. Galarneau, Jr., Y. Zhu, and
W. Lapenta (2013)NOAA's secondeneration global mediunrrange ensemble reforecast
data set BullAmer. Meteor. Soc., 94, 1551%65.

GE Energy Consulting 102 Final Report



Pan-Canadian Windintegration Study (PCWIS) Assumptions and Scenarios

4  Assumptions and Scenarios

The production cost and reliability modeling conducts a detailed simulation of the North
American power grids and incorporates highly detailed inputs and assumptions for
generators, transmssion lines, loads, fuels, and emissions. This section outlines the key
inputs and assumptions required to accurately simulate system operations across Canada.
The underlying data source for most of the inputs and assumptions discussed in this section
was either from the Technical Advisory Committee (TAC) members, Statistics CadRada
from ABB Velocity Suité. In instances where data was unavailable GE Energy Consulting
utilized engineering judgment and past experience where necessary. The inputs and
assumptions were validated through TAC member review and detailed benchmarking of
model results to historical operations.

4.1 Study Assumptions

4.1.1 Model Footprint

While this study was focused on the Canadian power system, it is critical to accurately
incorporate imports and exports of power between provinces and systems in the United
States. The North American power grids are large interconnected systems and changes in
one region can impact operations in another. In order to capture flows of electricity between
the different balancing areas the modeling incorporated a full nodal representation of the
Eastern and Western Interconnections (two of the three asynchronous power grids, with the
third being the Electric Reliability Council of Texas). Figdrd provides a gographic
representation of the model topology utilized in this study and represents the largest
renewable integration study performed to date.

The Eastern Interconnection (ElI) and Western Interconnection (WI) have limited HVDC
interconnections and therefoe were modeled as two isolated and separate models. In

addi tion Quebecds grid is asynchronous with t
connected through HVDC ties. However, given the large number and size of interconnections

with neighbouringsystems, the Quebec system was incorporated directly in the El model.

The footprint in Canada was again subdivided
States, the pool boundaries directly correspond to provincial boundaries. In some cases
inputs and results are aggregated in the Maritimes region. This is consistent with reserve

15 hitp://www.statcan.gc.ca/start-debut-eng.html

16 http://new.abb.com/enterprise software/energy-portfolio-management/market-intelligence services/velocitysuite
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sharing practices between New Brunswick, Nova Scotia and Prince Edward Island as part of
the Northeast Power Coordinating Council (NPCC). While the majority of the teypn this
study focusses on operations in the Canadian provinces, the simulations were performed for
the whole system.

-AButishlColimbial
(BEJHydro)}

Quebec

MIS©ES

Map Source: ABB Velocity Suite

EASTERN INTERCONNECT -
WESTERN INTERCONNECT ‘h

Figure 4-1: Model Topology of the Eastern and Western Interconnections

Note that the Canadian territories of Yukon, Northwest Territories and Nunavut, as well as
the province of Newfoundland and Labrador were not included in the model topology
because they are composed of isolated power grids and not interconnected to the North
American bulk transmission system. In some cases, existing and proposed power plants
(Churchill Falls and Muskrat Falls) located in Newfoundland and Labrador, but connected via
transmission to Quebec and Nova Scotia, were modeled as generators on the terminal end
of the transmission network. Wind sites and selections were also made in Newfoundland
and Labrador to explore the potential of increasing interconnections to neighbouring
systems.
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4.1.2 Canadian Power System Overview

The Canadian power system is a large, intenenected network composed of nine distinct
grid operators and/or utilities consistent with provincial boundaries. Some provinces are
vertically integrated utilities while others are deregulated ISO/RTO markets. Tdblelists
the grid operator and marketstructure in each province, listed from west to east.

Table 4-1: List of Provincial Grid Operators and Market Structures

Province Abbrev  Grid Operator Market Structure

British Columbia BC BC Hydro Vertically Integrated Utility
Alberta AB Alberta Electric System Operator (AESO) Deregulated ISO/RTO
Saskatchewan SK SaskPower Vertically Integrated Utility
Manitoba MB Manitoba Hydro Vertically Integrated Utility
Ontario ON Independent Electric System OperatgfeSO) Deregulated ISO/RTO
Quebec QC Hydro Quebec (HQ) Vertically Integrated Utility
New Brunswick NB New Brunswick Power Vertically Integrated Utility
Nova Scotia NS Nova Scotia Power (NSPI) Vertically Integrated Utility
Prince Edward Island  PEI Maritime Electric Vertically Integrated Utility
The resource mix in each province reflects

structure, and historical development. The British Columbia, Manitoba, and Quebec systems
are predominately hydro based,with over 90% of generation being served by hydro
resources. Alberta, Saskatchewan, New Brunswick and Nova Scotia constitute a mix of coal,
gas, hydro and wind resources. Ontario has a large installed nuclear base, with significant
hydro resources, naturalgas capacity, and recent retirement of all coal capacity. Prince
Edward Island load is served predominately from asland wind and other offisland
generation from New Brunswick. The New Brunswick resource mix also includes the Point
Lepreau Nuclear Gensating Station.

Figure 4-2 and Table 4-2 provide the installed capacity by type across each Canadian
province. Note that these figures include new installations and retirements expected
between now and the study year 2025, but do not include any additionaind capacity
added for the scenarios. The chart and table also include thermal and hydro generic
capacity added to systems in order to maintain reserve margin targets due to load growth
between now and the 2025 study year.
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Figure 4-2: Installed Capacity by Type, by Province (2025, without wind additions)

Table 4-2: Installed Capacity by Type (MW), by Province (2025, without wind additions)

BC AB SK MB ON QC MAR CAN
NUCLEAR 9,865 558 10,423
COGEN 307 3,476 2,624 576 208 7,190
STCOAL 4,857 1,271 1,247 7,375
CGGAS 211 6,020 1,970 6,822 409 15,432
STGAS 116 126 2,331 321 2,894
PEAKER 90 2,039 649 257 1,123 1,053 1,764 6,975
HYDRO 12,942 523 901 5,891 6,711 41,734 1,893| 70,596
OTHER 162 159 65 200 570 152 1,308
SOLAR 490 490
WIND 685 1,438 451 258 4,103 2,960 1,074| 10,970
TOTAL 14,397 18,628 5,307 6,532 34269 46,893 7,626 | 133,653
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In this study, the installed capacity in 202bn t he -ashussuiane@sscase (with
additions after 2015) is 10,970 MW, with wind plants distributed in each of the Canadian

provinces. Wind resources currently supply

demand; and with 36 new windprojects installed in 2015 (1506 MW), wind is the largest
source of new generation capacity in Canada from 2011 to 2095

4.1.3 General Modeling Assumptions

The following list includes the basic features and assumptions used in the modeling of the
Canadian Powe System:

T

The assumed year of the analysis was 2025, reflecting load energy and peak demand in 2025
based on the annual growth assumptions for energy; however, the hourly load shape was
based on the historical years of the hourly patterns of the renewaldaergy, which for all the
base scenarios is based on the year 2008.

All prices and economic inputs and results were quoted in real 2016 Canadian Dollars, unless
otherwise noted.

The United States Dollar (USD) and Canadian Dollar (CAD) exchange rate waat set
1USD:1.385CAD based on the market exchange rate as of Januarg16.

Entire Eastern Interconnect and Western Interconnect systems were simulatea capability
provided by the GE MAPS model.

The PanCanadian model spans 4 time zones (Atlantic, Easte Central, Mountain, and
Pacific). In order to keep hourly load and wind profiles consistent, the Eastern Interconnect
modeling was conducted in Eastern Standard Time (EST) and the Western Interconnect
modeling was done in Pacific Standard Time (PST)eWhhronological inputs or results are
shown throughout this report, they are shown in EST, unless otherwise noted.

Added wind plants were connected to high voltpe busses (0230 kV).
locating of the wind resources in GE MAPS without modeling distribution level systems and
makes the available transmission capacity accessible.

It was assumed that nuclear plants would not cycle to accommodate adidinal variable
wind energy. This is a conservative assumption, noting that some nuclear plants in Ontario
are already cycling to accommodate additional wind. However, this cycling is highly
situational and subject to many constraints that cannot be modeatiepractically.

Existing contingency reserve practices were used in addition to the regulation reserves
calculated to cover the wind and solar variability. Where applicable, the modeling used the
10-minute spinning reserve portion of the contingency reserveonstraints for each
balancing authority.

17 canadian Wind Energy Associatiohttp://canwea.ca/wind-energy/installed capacity/
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1 The production simulation analysis assumed that all units were economically committed and
dispatched while respecting existing and new transmission limits, generator cycling
capabilities, and minimum turndowns, wh exceptions made for any mustun unit or units
with operational constraints.

9 Potential increase in operations and maintenance (O&M) cost of conventional thermal
generators due to increased ramping and cycling were not included.

1 Renewable energy plant O costs were not included. Renewable energy was considered to
be a pricetaker.

1 The hydro modeling did not reflect the specific climatic patterns of 2008, 2009, and 2010, but
rather was based on a 16year longterm average flow per month.

4.1.4 Thermal Generator Modeling

The original source of the thermal generator characteristics was ABB Velocity Suite,
Generating Unit Capacity dataset (accessed on September 26, 2013), and supplemented by
additional data provided by the TAC, where necessary or applicable. Theegating thermal

unit modeling included all capacity that was operating, restarted, standby, or under
construction at the time of the data query, including all thermal generators with a capacity
of 3 MW or larger.

Power plants were modeled by individualnit to ensure proper simulation of operation.
Combined cycle gas units were modeled as a single unit, aggregating the gas turbines and
steam turbine into a single generator. Steam turbine and combined cycle generating units
were modeled with multiblock, hcremental heat rate curves, whereas gas turbines and
reciprocating engines (quickstart units) were modeled with a single power point. Other
parameters that define thermal plants in GE MAPS include the following:

9 Primary Fuel:Each unit was assigned to @rimary fuel type. Although units may have dual
fuel capability, this study only evaluated a single, primary fuel for each unit. The fuel
assignment is used to calculate total fuel cost and evaluate fuel consumption.

I Max Capacity: The max capacity (MW) presents the maximum amount of power a given
unit can produce in the economic production cost simulations.

1 Minimum Rating (RMin Operating): Minimum rating refers to the minimum stable power
output for each unit. The number of MW between the minimum ratirsgnd maximum rating
represents the wunitds operating range. I n add
must operate at least at the minimum rating.

1 Heat Rate CurvesThe incremental heat rate curves provided for each generator are used to
calculate fuel consumption based on loading level.

1 Variable O&M (VOMWariable operations and maintenance cost is also modeled during the
production cost optimization. The maintenance
represents ancillary maintenane costs associated with running a unit that are accrued
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when the unit is running. This includes, but is not limited to, things such as maintenance on
turbine parts, water consumption, lubricating oils, etc.

1 Planned Outage Rate:Planned outage represents th percent of time the generating unit is
unavailable to serve system load in order to conduct planned and scheduled routine
maintenance. These maintenance outages are scheduled optimally by the model.

9 Forced Outage Rate:In order to account for unexpectedand random generator outages,
each unit is assigned a forced outage rate dictating the amount of time that the unit is
unavailable to produce energy. This outage rate is in addition to any planned or scheduled
maintenance or fixed operating schedules.

1 Min Down Time & Min Run Timeln order to constrain the operational flexibility of a unit due
to thermal cycling constraints, each generator is assigned a minimum down time and
minimum run time in hours.

9 Must-run: A unit with the forced commitment (mustun) property must be online at all times,
with the exception of planned and forced maintenance events. When committed, the units
mu st be producing at or above the unitdés mini
This constraint is included for cogenerationnits which serve a local steam host and sell
excess electricity to the grid.

i Start-Up Energy:Start-up energy is the amount of fuel consumption required to start up a
unit. If multiplied by the fuel cost, the resulting value represents the total stadst for the
unit. This cost is applied every time the unit comes online.

4.1.5 Hydro Generator Modeling

Modeling hydro resources is especially important for the Canadian power system, attributing
more than half of the overall capacity. As a result the study teaspent significant effort
developing hydro assumptions for Canadian plants and river systems. The underlying data
source for the hydro modeling efforts was a compilation of sources and the best available
data was assumed based on the hierarchy listed belowhe proprietary data shared directly
from TAC was utilized as the primary data source. Other publicly available data by plant and
by province was used as secondary sources where required.

1. Proprietary data for pondage hydro was provided directly by memiseof the TAC:

a. BC Hydro provided monthly average generation targets for each of the large
reservoir plants, plus aggregated targets for IPP and small hydro generators.

b. SaskPower provided monthly targets for each plant.

c. IESO provided monthly energy targetsof each region (East, Niagara,
Northeast, and Northwest).

d. Manitoba provided monthly energy targets for large dispatchable pondage
hydro, and daily fixed generation targets for each of the ruof-river plants.
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e. Hydro Quebec provided monthly energy targets f@ach plant or plant group.

2. Publicly available historic data is published at plant granularity, accessed via ABB
Velocity Suite, Monthly Plant Generation and Consumption dataset.

a. AESO publicly releases hourly hydro generation by plant. This data was
summarized across multiple years to develop monthly minimum, maximum
and average energy assumptions based on historical operations.

b. New Brunswick releases monthly generation by plant. This data was
summarized across multiple years to develop monthly minimum, mieanum
and average energy assumptions based on historical operations.

3. Publicly available historic data, published at provincial granularity, accessed via
Statistics Canada, CANISM dataset, Table 402 Electric Power Generation, by
Class of Electricity Pducer, Month (MWh), or other applicable public sources.

While seasonal and annual variation in hydro resources is expected, this study assumed
onormal 6 hydro operating conditions. The nornm
average monthly generdion and capacity factor profiles from 2003 to 2012, unless normal
conditions were explicitly specified by steering committee members. Figuk8 shows an

illustrative example of the monthly and annual variation for Alberta. A similar process was

done foreach plant using the underlying best available data source listed above.
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Figure 4-3: Monthly and Annual Hydro Capacity Factor Variation, Alberta Example

In the GE MAPS model each hydro plant is characted, at a minimum, by the following
information:

1 Monthly Minimum Hourly Generation (MW):Minimum power plant rating in MW,

which represents any rurof-river portion of the plant, or water flow that must occur
with or without generating power (spillage). €hdefault assumption was 10% of
Monthly Maximum, unless otherwise provided by TAC feedback.

Monthly Maximum (MW):Maximum power plant rating in MW, usually represents the
capacity of the plant, but can be limited by seasonal, environmental, or other factor
Default assumption was assumed to be winter (October to April) and summer (May to
September) ratings from ABB Velocity Suite, unless otherwise provided by TAC
feedback.

Monthly Energy (MWh)This represents the total available energy that the plant can
produce in the given month. Default assumption was a Iykar average capacity
factor for each month from 20032012, CANISM Table 1A30001, unless otherwise
provided by TAC feedback.

Spinning Reserve Capability (% of UpRange): this number, between 0 and 1
specifies the percent of unused pondage capacit§y or per unit (P.U.) For Spinning
Reserve- that can be used to provide spinning reserve. For example, a 100 MW hydro
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plant with 0.5 P.U. For Spinning Reserve, running at 60 MW, would have 28I x
0.5= 20 MW of spinning reserve capability. If P.U. For Spinning Reserve were, in this
case, 0.1, then the unit will have 4 MW available for spinning reserve. The default
assumption was 1.0, unless otherwise provided by TAC feedback.

Within the bounds of minhourly generation and max hourly generation and the total
monthly energy generation, the dispatch of pondage hydro units is scheduled by the GE
MAPS program against the provinceds net | oad
For the base case stdy scenarios, it was assumed that the scheduling was done against the
day-ahead forecastedwind profiles. This process is illustrated in Figutet, where the hydro
plants would be scheduled against the black dotted line. As a result, the hydro schedules
were coordinated with the forecasted wind resource, but unable to compensate directly
against realtime forecast errors unless previously curtailed surplus energy from the week
was available. This assumption was investigated further through sensitivity aysas. For
some runof-river hydro plants or resources with significant operational limitations, the
plants were modeled with a fixed hourly profile.

—Lload e Forecasted Wind Output ~ ««----- Forecasted Net Load

12000
10000
8000
6000 -, - - : - F B : - SN e R

MW

2000 ‘ LR -

Figure 4-4: Net Load Hydro Scheduling Methodology Examl

Additional constraints were modeled for many plants in the Pabanadian database. In
general these assumptions were based off of data provided by the TAC or research by the
project team. These constraints were modeled on an as needed or as availableisias

1 Sequential Dam Logic:By default, the hydro plants were independently scheduled in an
effort to optimally dispatch against system loads. If hydro plants are part of a hydro system
where one plants operation af f egidgsoupachptanther 6 s,
together to coordinate the hydro schedule.

1 Company, Area, Pool SchedulingBy default, the hydro plants were scheduled against the
pool (provincial) load where they reside. As a result they were only scheduled against that
pool &8s loadnshapes élowever, some hydro plants were also scheduled against a
combined load shape, which aggregated multiple pools or areas together to form a new
composite load profile for scheduling. This was useful for plants in places like Quebec which
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are usedto export into New England, New York, and Ontario markets, or for plants like
Wuskwatim in Manitoba that are used almost exclusively to serve Midcontinent ISO (MISO)
load.

1 Unavailability: Some hydro resources are unavailable during certain periods (hgudays,
months, etc.) due to resource or environmental constraints.

9 Scheduling Order: Hydro units were scheduled against the pool loads based on a preset
priority list. By default this list is sorted from largest to smallest, but was rearranged in some
cases based on system operating rules.

4.1.6 Wind Generator Modeling

All wind units were modeled as hourly load modifiers in GE MAPS and follow adpfaed

hourly generation pattern. Two profiles were modeled for each unit, one forecast profile that

was used dumg the unit commi t me-nt mepd opeebi | eantdhat
during the dispatch process. The base case assumption utilized a ddead wind forecast,

but additional forecast time horizons were evaluated in sensitivity analysis. In the GE MAPS
model, the commitment of thermal units and the hydro scheduling was done off of the
forecasted profiles. Any forecast errors during the dispatch process must be compensated

by surplus uprange on the committed thermal units or by quiclstart units (gas turlines,
reciprocating engines, etc.).

Wind resources were assumed to have zero fuel and O&M costs, and hence are assumed to
be available at no cost in the dispatch stack. The model does not take into account any
power purchase agreement (PPA) based prices inflependent power producers (IPP) in
dispatch of wind and solar resources. However payments to IPPs can be gosicessed.

The hourly wind profiles used throughout the study are discussed in detail throughout
Section 4.3, and represent modeled wind gersgion patterns based on meteorological data
from the years 2008, 2009, and 2010. The year 2008 was the default assumption for wind
and load profiles, with other years evaluated in sensitivity analysis. Each wind plant has a
unique production profile basedn its geographic location and scaled according to the MW
rating of the plant.

It is important to distinguish between the available generation profiles (GE MAPS inputs) and
the actual dispatched generation profiles (GE MAPS outputs). The hourly dispatched
generation is an output from the GE MAPS algorithm that takes into account any necessary
curtailment. Wind generation are the last resources to be curtailed (i.e., spilled) during the
low load and high supply periods. In such times, GE MAPS uses a priorter, whereby the
more expensive thermal unit operations are reduced, but only up to their minimum load
(they are still kept online if already committed). If no more thermal generation is available for
backing down, then GE MAPS uses an assigned pryootder to curtail the remaining wind
and hydro resources. The last in the priority order is typically agnd scale distributed solar
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generati on, assumed to be not responsive to
Another important curtailment inputwas that the study assumed nuclear units would not
decrease generation to accommodate additional wind energy.

4.1.7 Curtailment

Curtailment refers to the reduction of generation from renewable resources below the levels
available in the underlying resource. Fexample, if the wind resource is able to produce 100
MW of generation, but the system operators dispatch the plant at 60 MW, there is 40 MW of
curtailed, or unused, power. There are several reasons why a system operator may choose
to curtail a renewable esource, including transmission congestion, grid stability or reliability
concerns, ramp rate or cycling constraints of other generators, environmental constraints, or
other engineering, economic, or system constraints. The curtailed energy represents an
opportunity cost, because absent storage, the energy is wasted and must be supplied by
other sources.

Throughout this study, curtailment includes unused wind, solar, and hydro resources and are
treated equivalently for reporting purposes. The system opeoat 6 s decision o f
resource, or individual plant, to curtail is based on different environmental, economic,
contractual, and engineering considerations, but the net effect is the sandethe grid is
unable to accommodate a zero marginal cost resourceh@& curtailed energy is wasted and
must be provided by other resources. The alternate resources may have higher operating
costs and thereby lead to reduced system economic efficiency. As a result the project
reporting does not differentiate between differentypes of resource curtailment. For the
sake of modeling assumptions, it was assumed that new wind additions (absent other
constraints) were curtailed before the existing hydro and solar plants, because in this study
they represent the agent of change andincremental additions to the system. This
curtailment order is a practical assumption for this study, but is not intended to represent
existing operational practices or a recommended future practice.

In some cases, pondage hydro resources have the alilito store curtailed or unused
energy. The amount of storage available depends on the size of reservoir, along with
environmental and societal limitations. While the model did assume some curtailed energy
could be carried forward for relatively short peras of time (days), this study did not analyze
the ability to shift energy across seasons or years. This modeling decision was made with
support of the Technical Advisory Committee, with an expectation that longerm hydro
storage would likely be evaluateé in subsequent studies.

Options for reducing curtailment to lower levels include:

9 Additional transmission infrastructure, which would relieve congestion and enable
access to load centers by more renewable energy. The optimum level of transmission
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reinforcements would depend on the value of additional recovered renewable energy
versus cost of additional transmission.

1 Shifting of hydro energy usage, with hydro pondage acting as storage of potentially
curtailable energy by reducing hydro generation and shifiy discharge by hours,
days, weeks, months, or seasons. This would involve changing the monthly hydro
energy dispatch schedules to be more compatible with shetérm variability as well
as seasonal patterns in wind generation. Several Canadian provincesvédarge
hydro resources with longterm pondage, so this option for mitigating curtailment
offers significant opportunity to reduce energy curtailment with higher penetration of
wind power.

1 Scheduling hydro resources against regime wind and load, whichassumes that
hydro resources are more flexible than the Base Case assumption in the study, which
assumes hydro resources are scheduled against net load and the dalyead wind
forecast. This option was considered and is reported as a sensitivity analysithis
study.

1 Providing more operational flexibility in thermal generation, such as increasing ramp
rates, decreasing unit minimum run time and down time, and lowering the minimum
operating load of units.

4.1.8 Fuel Price Projections

4.1.8.1Natural Gas Price Assumptiors

The natural gas price assumption is one of the most important economic variables in the
model. This is because the marginal generator on the system is typically fueled by natural
gas and thus represents the fuel displaced by wind. This is true even fan&tlian regions
with limited gas consumption because the USA export market is still based on natural gas as
the marginal fuel.

Monthly natural gas prices are based on the Henry Hub prices from the EIA Annual Energy
Outlook 2014 Repotf. Delivered prices eross the Canadian regions provide the additional
oObasis differentialsdé6 reflecting the ti me
natural gas. The basis differentials are the 206813 average monthly differentials relative

to Henry Hub and soured from Enerfax historical data, accessed via ABB Velocity Suite.

The delivered natural gas prices for each province are provided in Figdr and Table4-3
for each province and each month. Prices are quoted in C$/GJ, assuming a conversion
factor of 0.947 MMBtu per GJ. As the table and chart illustrate, prices are, in general, lowest

18 hitp://www.eia.gov/forecasts/aeo/pdi/0383(2014).pdf
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in Alberta and highest in the Maritimes region at the extremity of the pipeline network. The
underlying seasonality (higher prices in winter) also coincides with peak demdad both
electricity and gas heating demand.

—NWP Sumas ——AB NIT (AECO) —— Alliance Delivered

——Dawn Hub Iroquois (Into)

$12
$11
$10
S9
S8
s7
S6
$5
54

2016 CAS/G)

JAN FEB MAR APR MAY JUN

JUL AUG SEP OCT NOV DEC

Figure 4-5: 2025 Natural Gas Price Assumptions by Pricing Node (2016 C$/GJ)

Table 4-3: 2025 Natural Gas Price Asumptions by Pricing Node (2016 C$/GJ)

BC AB SK MB ON QC NB NS
NWP AB NIT AB NIT Alliance Dawn I[roquois Iroquois Iroquois

Sumas (AECO) (AECO) Delivered Hub (Into) (Into) (Into)
JAN 7.64 7.03 7.03 7.95 8.14 9.90 9.90 9.90
FEB 7.19 6.55 6.55 7.47 7.50 9.11 9.11 9.11
MAR 6.83 6.16 6.16 7.03 5.92 8.02 8.02 8.02
APR 6.93 6.07 6.07 6.97 5.80 7.72 7.72 7.72
MAY 7.14 6.37 6.37 7.45 7.76 8.01 8.01 8.01
JUN 7.37 6.63 6.63 7.70 7.97 8.22 8.22 8.22
JUL 6.96 6.38 6.38 7.47 7.77 8.13 8.13 8.13
AUG 5.91 5.59 5.59 6.71 6.98 7.23 7.23 7.23
SEP 5.90 5.37 5.3 6.34 6.71 6.91 6.91 6.91
OCT 6.48 6.22 6.22 6.81 6.95 7.26 7.26 7.26
NOV 6.03 6.29 6.29 6.74 6.98 7.76 7.76 7.76
DEC 7.08 7.09 7.09 7.55 7.74 9.52 9.52 9.52
AVG 6.79 6.31 6.31 7.18 7.18 8.15 8.15 8.15
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4.1.8.20ther Fuel Price Assumptions

The assumed fuel prices for coal, oil, uranium and biomass/other/waste, etc. are provided in
Table 4-4 for the 2025 simulation year. The underlying data source for the coal prices is
based on TAC feedback in Albertand Saskatchewan. This data was supplemented for New
Brunswick and Nova Scotia by using on an average of delivered coal price from EIA Annual
Energy Outlook for New England. The oil prices are also based on the EIA 2014 Annual
Energy Outlook. Since the stapof the study, prices in global oil markets have decreased
considerably. However, given that oil based generation is a very small portion of the overall
generation mix, the oil price assumption will only have a marginal impact on the study
results.

Table 4-4; 2025 Coal, Oil, Uranium and Other Fuel Price Assumptions (2016 C$/GJ)

Fuel Type Data Source 2025 Price
(2016 C$/GJ)
AB Coal AESO $2.40
SK Coal SaskPower $2.14
NB Coal Assumed from US Data (average (8ONE) $6.40
NS Coal Assumed from US Data (average of ISONE) $6.40
Oll (distillate) EIA 2014 Annual Energy Outlook $28.79
Oil (residual) EIA 2014 Annual Energy Outlook $19.20
Uranium GE Energy Consulting $1.10
Biomass/Other GE Energy Consulting $1.10

4.1.9 Load Projections

4.1.9.1Annual Energy and Peak Demand Forecast

The demand forecast used throughout the study is used for two purposes; it is used during
the production cost and reliability simulations and it determines the amount of wind
penetration assumed ineach scenario. For example, a 20% wind penetration assumes that
20% of the annual load energy is served by wind energy. Therefore a higher load forecast
will yield further wind capacity additions.

A 2025 load forecast of the annual energy (GWh) and peaknthnd (MW) was used
throughout the model footprint. The load projections were based on the 2013 NERC Long
Term Reliability Assessme¥t for both the United States and Canada, unless data was

19 http://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/2013 LTRA FINAL.pdf
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supplemented by input provided by the TAC members (BC Hydro, ABSDIESO). Tabke-5
provides the annual load energy (GWh), peak demand (MW), and load factor for each
Canadian province in the model footprint for the forecast year 2025. Load factor is defined
as the annual energy divided by the product of the peak demd and the number of hours in

the year.

Table 4-5: 2025 Load Forecast by Province

Annual Peak Load

Energy Demand Factor

(GWh) (MW) (%)
BC 63,433 11,622 0.62
AB 116,234 16,318 0.81
SK 29,626 4,444 0.76
MB 30,149 5,261 0.65
ON 143,670 24,358 0.67
QC 200,736 41,171 0.56
NB 12,780 2,973 0.49
NS 11,904 2,176 0.62
PEI 1,086 241 0.51

CAN* 609,618 108,564 0.64

*Total peak demand is nofcoincident

4.1.9.2Chronological Load Patterns

The annual energy and peak deand targets shown in Table4-5 are used to scale the

hourly chronological loads for each province. The chronological load patterns were based off

of historical | oad dat a, accessed via ABB Vel
dataset. In orderto maintain weatherlinked correlation between historical load and wind

profiles the 2008 weather year load profile was scaled up to the annual energy and peak
demand targets by the GE MAPS model. This process was repeated for 2009 and 2010
weather yearsin the sensitivity analyses. The hourly data is summarized by month for the
PanCanadian system is provided in Figure6.
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Figure 4-6: 2025 Monthly Load Energy and Peak Demand for Canada

4.1.10 Transmission

41.10.1 Transmission Constraints and Interface Definitions

The GE MAPS production cost simulation included a full transmission representation of the
Eastern Interconnect (MMWG load flow) and Western Interconnect (TEPPC load flow),
including a full configuration of thetransmission grid including all the major transmission
lines and transmission system buses. All load busses were assigned to the appropriate GE
MAPS areas and corresponding load forecast and all generating units were assigned to the
correct generation bus.The solved load flow is used to create the generation shift factor
(GSF) matrix to determine the transmission flows of generation and loads across the
network. A map of the high voltage transmission network across Canada is provided in
Figure4-7.
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Figure 4-7: High Voltage Transmission Network Map of Canada

Based on data availability, the production cost modeling did not include a full representation
of all transmission constraints across the Pa@anadiansystem. Instead the model included
major transmission constraints between each province and neighbouring systems (intra
provincial) in both Canada and USA. In Ontario and Nova Scotia additional iptevincial
constraints were also added to the model toepresent historical transmission congested
interfaces. The transmission interface definitions assumed existing operating constraints
used throughout planning studies in Canada and are provided in Taldlé, Table4-7, and
Figure 4-8. The interfaces includeadditional transmission lines that are currently in
advanced stages of development or under construction and listed below. These added
transmission lines were assumed exogenously based in input provided by the TAC members,
and not part of the transmissionexpansion methodology discussed in later sections of this
report.

9 Alberta to British Columbia: Increased existing interconnection capacity to 1,200 MW based
on TAC feedback regarding plans to increase the WECC Path 1 Rating in the future.

1 Manitoba to Minnesota: Included the new 500 kV transmission project currently under
construction.

1 Quebec to United States:Included three proposed HVDC projects from Quebec to New York
(Champlain Hudson Power Express, 1,000 MW) and New England (Northern Pass, 1,200 MW
and New England Clean Power Link, 1,000 MW)
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Table 4-6: Inter-Provincial Transmission Interface Limits

Assumptions and Scenarios

From Side: Inter-Area Tie Branch T (1) To Side:
. From->To| To->From .
Canada Province r Canada Province
From Bus To Bus CKTkV|[DC| SP| WP | SP | WP
Rainbow Lake Fort Nelson 1 |138/ AC| - - - -
British Columbia Fording Coal Pocaterra 1 |138] AC
Cranbrook Langdon 1 |500[ AC| 1200( 1200( 1200| 1200 Alberta
Natal Coleman 1 |138] AC
Swift Current McNeill 1 {230 DC| 150 | 150 | 150 | 150
Island Falls Flin Flon 1 |115/ AC| ) ) )
Saskatchewan Island Falls Flin Flon 2 (115 AC
E B Campbell Pas Ralls Island 1 |230| AC
Yorkton Roblin 1 [230]AC| O 0 | 150 | 150 .
Manitoba
Bounpary Dam Reston 1 |230] AC
Kenora Whiteshell 1 |220| AC
Kenora Whiteshell 2 |220| AC| 288 | 300 | 288 | 300
Ontario Kenora Seven Sisters 1 |115( AC
Hawthorne Outaoua!s 1 |1230[ DC 1250| 1250| 1250| 1250
Hawthorne Outaouais 2 (230 DC
Madawaska Riviere du Loup 1 (230 DC Quebec
Eel River Matapedia 1 |230| DC| 785 | 785 | 1029| 1029
Eel River Matapedia 2 [230/ DC
New Brunswick Salisbury Onslow 1 (345 AC
Memramcook Maccan 1 |138/ AC| 300 | 300 | 350 | 300 Nova Scotia
Memramcook Maccan 2 (138 AC
Y] COEr || SOt L 1138 DCl 500 | 200 | 200 | 200 | Prince Edward Islan
Murray Corner Borden 2 138 DC
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Assumptions and Scenarios

Table 4-7: International Transmission Interface Limits between Canada and USA

Limit (MW)

From Side: Inter-Area Tie Branch To Side:
. From->To [ To->From
Canada Province r US State
From Bus To Bus CKTkV|[DC| SP | WP | SP | WP
Ingledow Custer 1 [500] AC
British Comlubia Ingledow Custer 2 [S00ACI 3950 | 3150| 3000| 3000|  Washington
Nelway Boundary 1 [230] AC
Waneta Boundary 1 [230] AC
Alberta Marias MATL 1 |230|AC| 315 | 315 | 310 [ 310 Montana
Saskatchewan Boundary Dam Tioga 1 [230]AC| 165 | 165 | 150 | 150
Glenboro Rugby 1 |230 AC North Dakota
Letellier Drayton 1 1230 AC
Manitoba Dorsey Forbes 1 [500[ AC| 2833 | 2833 | 1400 | 1400
Dorsey Blackberry 1 |500] AC .
Minnesota
Richer South Moranville 1 |1230| AC
Fort Francis International Falls| 1 [115{ AC| 150 | 150 | 100 | 100
Keith Waterman 1 [230] AC
Scott Bunce Creek | 1 |2801AC 174 | 1750 1550 1550 Michigan
Lambton St. Clair 1 [(230] AC|
Lambton St. Clair 1 [345] AC|
Ontario St. Lawrence Moses 1 [230] AC 300 | 300 | 300 | 300
St. Lawrence Moses 2 |230[ AC
Beck 2BP76 Packard 1 [230] AC|
Beck 2PA27 Moses N!agara 1 1230 AC 1760 | 2000 1320 1570
Beck A Moses Niagara | 1 |345 AC
Beck B Moses Niagara | 1 345/ AC New York
Les Cedres Denn!son 1 (115 DC| 199 | 180 | 100 | 100
Les Cedres Dennison 2 |115/ DC
Chateauguay Mass!nna 1 [765] DC| 1500 1500 | 1000 1000
Chateauguay Massinna 2 |765 DC
HER735 Astoria 1 |765/ DC| 1000 | 1000 | 1000 | 1000
Quebec HER735 Coolidge 1 |765/ DC| 1000 | 1000 | 1000 | 1000
Standstead Derby 1 (115 AC| 35 35 0 0 Vermont
Bedford Highgate 1 |115 DC| 225 | 200 | 170 | 170
Canton Deerfield 1 |765/ DC| 1200 1200 | 1200 1200 New Hampshire
Cicolet Sandy Pond | 1 1769DC| 1705 | 1700| 1700| o Massachusetts
Nicolet Sandy Pond 2 |765 DC
New Brunswick Keswmk Kea.ne Road 1 1345 AC 700 [ 700 | 500 | 500 Maine
Point Lepreau Orrington 1 |345 AC
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Source: IESO, http://www.ieso.ca/imoweb/pubs/marketReports/OntTxSystem_2012nov.pdf
-_—

Figure 4-8: IESO IntraProvincial Transmission Interfaces

4.1.10.2 Hurdle Rates

In addition to the transmission constraints listed above, the model included economic
oOhurdl e r atanmsocdnomihchdarge pnltransfers between operating areas. This is
used to simulate both the wheeling charges
that may result from different operating rules and procedures in different utilities. It was
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assumed hat the hurdle rate between balancing areas (across both USA and Canada) was
C$5/MWh during the commitment process and C$3/MWh during the dispatch process.

4.1.11 Generation Expansion Methodology

The GE MAPS production cost and GE MARS reliability models were wldated to
incorporate changes in the supply mix to reflect the North American grid in the year 2025.
This process incorporated public announcements of new installations and retirements as
well as generic expansion generators required to maintain resermargin adequacy.

41.11.1 New Installations and Retirement Assumptions

The model included any units that had a unit status of under construction, sgeep, and/or
testing along with planned and proposed plant retirements. The primary data source for the
installations and retirements data was the ABB Velocity Suite, Generating Unit Capacity
dataset as of January %, 2014. In addition, specific proposed installations and retirements
were added based on TAC member suggestions. The study assumptions also retired co
plants that reach the end of their useful life based on federal coal regulation (>=50 years old
or build before 1975) before the study year of 2025. Note that since the start of the study,
some provinces may have changed the coal retirement timeline (stanotably Alberta), but
this new policy was not reflected in the base case assumptions. Instead it was evaluated as
a sensitivity analysis. The list of new generator installations and generator retirements are
provided in Table4-8 and Table4-9.

Table 4-8: New Firm Installations (NorWind)

Plant Name Province  Capacity (MW)
Site C Hydro BC 1,090
Conifex MacKenzie Biomass BC 36

Cold Lake Nabiye GT AB 170
Mustus Biomass AB 42

Kearl Oil Sands Project AB 100
Shephard Energy Center AB 821
Queen Elizabeth Exp. CC SK 205

La Romaine Hydro QC 1,305
Muskrat Falls (Through Maritime Link) NS 500
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Table 4-9: Generator Retirements

Plant Name Province Capacity
(MW)
Burrard Thermal STs BC 900
Battle River Coal Units 3, 4, 5 AB 690
H.R. Milner Coal AB 144
Sundance Coal Units 1, 2 AB 560
Boundary Dam Coal Units 2, 42% SK 339
Landis G#1 SK 78
Brandon Coal Unit 5 MB 97
Dalhousie ST Units 1, 2 NB 300
Lingan Coal Wits 1, 2 NS 306
PT Tupper Coal NS 154
4.1.11.2 Thermal Generation Expansion Planning Process

In order to ensure that the system has enough capacity to maintain reliability given the
expected load growth, the following generation expansion methodology was used.
thermal generation expansion plan used in all study scenarios, including those with higher
penetration of wind, was developed based on the load and capacity assumptions used in the
first scenario, without any additional wind capacity additions. The expaan plan was then
held constant across the scenarios evaluated, regardless of the firm capacity benefits
provided by the incremental wind additions. The consistent thermal expansion plan was
used to ensure that all changes between the scenarios could bétrdouted only to the
addition of wind energy and avoid adding additional changes to the system that could
impact results.

The amount of generation capacity to add was based on the installed reserve margin (RM) in
each pool. It was determined that the resge margin in each pool should be at or exceed
the reserve margin target listed in the 2013 NERC Long Term Reliability Assessment. If the
given load growth, new installation, and retirement forecast resulted in a reserve margin
deficit, then generic expasion units were added to the model so that the reserve margin
target was achieved. The equation for the reserve margin calculation is provided below:

20 According to communication from SaskPowerfinal decision on the retirement or conversion to carbon capture and
storage for units BD4 and BD5 has not been made. BD2 has been retired.

21 pccording to communication from SaskPoweffinal decision on the retiremat of Landis Power Station has not been
made.
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Where:
1 Qualified Capacity is the firm capacity value of generation resources.
1 Firm Net Imports is the net (Importd exports)
1 DSMis the Demand Side Management resources
1 Peak Demand is the annual peak demand for the year under consideration.

For wind and hydro resources the firm capacity may be lower than the nameplate capacity
due to resource availability during peak time perits. It should be noted that the capacity
value for wind resources used in this part of the analysis was the existing firm capacity value
used by each province and not the capacity values calculated later in this report.

In cases where the reserve margirefl below target levels, additional units were added to the
model based on the following methodology, the results of which are providedTiable4-10.
While this is not intended to be an optimal expansion plan, it is sufficient to balance the
system and fa use in a wind integration study.

A Two main types of generic Candidate Plants were selected:

o A future Combined Cycle Natural Gas Turbine {G&S) Type, rated at 500 MW
with an assumed heat rate of 6,800 b Btu/KWh

o A future Single Cycle Natural Gas Turbi(@CGAS) Type, rated at 200 MW with
an assumed heat rate of 10,800 Btu/KWh

0 Although firm capacity was added in the form of hydro natural gafsieled
generation, there can be other, less emitting forms of firm capacity that could
be consideredd e.g., contactual imports, energy storage, demand response,
etc.

0 Note: British Columbia, Manitoba and Quebec TAC Members suggested that
the model should not include any future thermal generation, but instead use
hydro resources for capacity expansion. In addition, gacity additions were
not required for those regions.

A In 5% BAU Scenario, added an initial set of G2Ss & SGASs to meet annual
reserve margin target.

A Ran GE MAPS iteratively to refine-88S and CGAS mix to quantify the expected
utilization of the caacity additions. The technology choice (S&AS vs. GGAS) was
based on a utilization threshold of >30% for CGAS units and <10% for SGAS units.
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If the resulting utilization from the GE MAPS simulation was outside of those
constraints, the technology hoice was switched.

Table 4-10: Generation Expansion Plan by Province

Generic CC  Generic SC

Hydro Firm wind Firm Unbalanced Target
GAS Add GAS Add

Capacity (%) Capacity (%) RM (%) RM (%) MW) MW)
BC 87% 21% 23% 16% 0 0
AB 67% 20% -17% 12% 4,000 800
SK 100% 20% 1% 11% 500 200
MB 100% 0% 20% 12% 0 0
ON 2% 13% 8% 20% 2,500 600
QC 96% 28% 11% 10% 0 0
MAR 100% 31% 20% 20% 0 0

4.2 Study Scenarios

4.2.1 Selected Scenarios

The PCWIS evaluated four main scenariosain effort to understand the operational and grid
impacts of increased wind energy across Canada. The scenarios were selected to provide
insight on both the magnitude and location of wind expansion. The level of wind penetration
ranged from approximately isting 2016 levels (5%) up to 35% of annual load energy
(nationally) in the highest scenario. The locations of wind additions also varied, with some
scenarios having dispersed wind across Canadian provinces, while other scenarios
concentrated wind to thebest resource locations or regions where displacement of thermal
generation (and therefore emissions reductions) could be maximized. The four scenarios
evaluated throughout the study are:

A 5% Businessas-Usual Scenario (5% BAU)The 5% BAU Scenario represenan
approximation of the Canadian power system and includes all wind plants in Canada
that were operating or under construction as of 4/25/2015. Each wind plant was
assigned to the nearest wind profile site and the output was scaled to align with the
current plant capacity (while assuming state of the art turbine technology to be
consistent with other scenarios).

A 20% Dispersed Scenario (20% DISP)The 20% DISP Scenario represents the
Canadian power system with enough wind energy available to serve 20% thé
annual load energyin each province Wind sites were selected, incrementally to the
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sites already included in the 5% BAU Scenario, so that each province had enough
wind locally to serve 20% of the annual provincial load. Incremental sites were

selected based on the best available resources within each province, while

accounting for distance to nearest high voltage transmission. As a result, wind site
selection was dispersed across Canada, in proportion to the load in each province.

A 20% Concentrated Scerario (20% CONC)Similar to the 20% DISP Scenario, the 20%
CONC Scenario represents the Canadian power system with enough wind energy
available to serve 20% of the annual load energgcross CanadaThe site selections
were incremental to the 5% BAU ScenatiAs a result, the annual available energy is
the same as the 20% DISP scenario, but the 20% CONC scenario concentrated the
wind site location in regions with the best wind resources and therefore less installed
wind capacity. This is the only scenario wehe wind sites were allowed to be selected
in Newfoundland and Labrador, based on the quality of the wind resource in the
province. Wind sites were selected based on capacity factor and distance to
transmission only, irrespective of the provincial load ergy.

In addition, the 20% CONC scenario included additional site selection criteria to limit
the geographic concentration of wind sites. The additional criteria included:

0 Minimum penetration limit of 10% annual energy penetration for each
province (appliedo British Columbia, Saskatchewan, and Quebec)

0 Maximum penetration limit of 50% (applied to Nova Scotia)

0 A selection of at least one additional site in each province relative to the 5%
BAU Scenario.

o In Alberta, to avoid an over concentration of wind exparmn exclusively in the
southern region of the province, some wind locations were manually adjusted
to a to 70%/30% split by adding wind to more northern Red Deer area.

A 35% Targeted Scenario (35% TRGTR5% TRGT Scenario represents the Canadian
power system with enough wind energy available to serve 35% of the annual load
energy across Canada, with wind locations targeted to achieve thermal generation
displacement, emissions reduction in Canada. This scenario was developed after
preliminary review of the fist three scenarios. The starting point of the scenario was
the 20% DISP scenario included all of the 5% BAU and 20% DISP sites and added new
i ncrement al wind sites proportional to eac
BAU case. As a result, new wansites were targeted to Alberta, Saskatchewan,
Ontario, and the Maritimes regions.

In addition, the 20% CONC scenario included additional site selection criteria to limit
the geographic concentration of wind sites. The additional criteria included:
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o0 Minimum penetration limit of 25% annual energy penetration for each
province (applied to British Columbia, Saskatchewan, and Quebec)

0 Maximum penetration limit of 50% (applied to Alberta, Saskatchewan, New
Brunswick, and Nova Scotia)

o In Alberta, to avoid an overconcentration of wind expansion exclusively in the
southern region of the province, some wind locations were manually adjusted to a to
70%/30% split by adding wind to more northern Red Deer area.

o No additional sites were selected in the Bruce Peninsulayien of Ontario and the
Gaspe Peninsula region of Quebec in an effort to increase geographic diversity and
over correlation of wind output.

A map showing the geographic locations of the wind plants selected in each scenario is
provided in Figure4-9, folloved by additional summaries.
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Figure 4-9: Locations of Selected Wind Plants by Study Scenario
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A summary of the Scenario Development is provided in FigutelO and Table4-11, with
additional details provided for each province in Tablé-12, Figure4-11, and Figure4-12.
These tables and figures provide a detailed overview of the amount of wind capacity (MW),
energy (GWh), and quality of wind resource in each region (capacity factor %). Note ithat
the 20% DISP scenario the annual penetration is slightly higher than 20% CONC for Canada
because Prince Edward Island already has more than 20% annual penetration. In addition,
the wind energy, capacity factor, and penetration values presented in thiscsion represent
available wind energy and do not take into account potential curtailment which was
addressed in the production cost modeling.

5%
BAU

20% 20% wind penetration for each Canadian province in the study footprint.
DISP Includes the sites in the 5% scenario and selects the best additional sites

5% Wind penetration, “Business-as-Usual”, existing wind sites only

within each province to achieve 20% of annual energy demand.

20% 20% wind penetration for the entire study footprint. Includes the sites in the
Ml 5% scenario and selects the best additional sites across Canada, allowing
CONC _Saets regions to exceed 20% load energy, and other regions to have less.

35% wind penetration, targeting provinces with high thermal generation. Wind
additions are based on starting with the 20% DISP and adding wind proportional
to the province thermal generation, subject to 25% min and 50% max limits.

Figure 4-10: Study Scenario Overview

Table4-11: Study Scenario Overview, Canada Total

Wind Number of Wind Wind Average
Scenario Penetration Wind Sites  Capacity Energy Capacity
Level (%) Used (MWw) (GWh) Factor (%)
5% BAU 5.7% 116 10,970 34,717 36.1%
20% DISP 20% 229 37,131 122,054 37.5%
20% CONC 20% 220 36,311 121,584 38.2%
35% TRGT 35% 333 65,225 212,734 37.2%

Note: Totals and capacity factors may not match due to roundinag.
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Table 4-12: Scenario Details by Province

Assumptions and Scenarios

BC AB SK MB ON QC NB PEI NS NL CAN
Wind Capacity (MW)
5% BAU 685 1,438 451 258 4,103 2,960 484 201 390 0 10,970
20% DISP 4,270 6,944 1,749 1,781 8,440 12,275 796 201 675 0 37,131
20% CONC 2,221 9,840 915 2,789 10,056 6,128 796 201 1,587 1,776 36,311
35% TRGT 5,445 17,728 4,407 2,213 16,124 15,490 1,967 201 1,651 0 65,225
Available Wind Energy (GWh)
5% BAU 1,751 4,527 1,471 859 13,610 9,074 1,479 686 1,261 0 34,717
20% DISP 12,592 23,148 5,923 6,008 28,640 40,118 2,559 686 2,381 0 122,054
20% CONC 6,520 32,874 3,077 9,495 34,162 20,100 2,556 686 5,782 6,332 121,584
35% TRGT 15,734 57,879 14,804 7,502 53,651 50,128 6,397 686 5,952 0 212,734
Available Wind Capacity Factor (%)
5% BAU 29.2%  35.9% 37.2%  38.0% 37.9%  35.0% 349%  39.0% 36.9% 36.1%
20% DISP 33.7% 38.1% 38.7% 385% 38.7% 37.3% 36.7% 39.0% 40.3% 37.5%
20% CONC 335% 38.1% 38.4%  38.9% 38.8% 37.4% 36.7% 39.0% 41.6%  40.7% 38.2%
35% TRGT 33.0% 37.3% 38.3% 387% 38.0% 36.9% 37.1% 39.0% 41.2% 37.2%
Available Wind Penetration (% of Load)
5% BAU 2.8% 3.9% 5.0% 2.9% 9.5% 4.5% 11.6% 63% 10.6% N/A 5.7%
20% DISP 20% 20% 20% 20% 20% 20% 20% 63% 20% N/A 20%
20% CONC 10% 28% 10% 32% 24% 10% 20% 63% 49% N/A 20%
35% TRGT 25% 50% 50% 25% 37% 25% 50% 63% 50% N/A 35%
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Figure 4-11: Installed Wind Capacity by Scenario, by Province
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Figure 4-12: Average Available Capacity Factor by Scenario, by Province

Wind capacity factor (%)

4.2.2 Wind Additions in the United States

With significant amount of interconnection and power flows between the United States and
Canada, it was important to include wind expansion in the USA power systems as well. Each
scenario included a build out of wind capacity in the USA to achieve full compliance from
state renewable portfolio standard (RPS) requirements. To do this the study team leveraged
scenarios and wind profiles developed for previous studies lead by the USA Department of
Energy National Renewable Energy Laboratory (NREL), including the EasterewRére
Generation Integration Study (ERGIS) and the Western Wind and Solar Integration Study
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Phase 2 (WWSIS2) studies. As a result, no new analysis for the wind resource, hourly profiles,
or site selection was conducted by the project team for this studjjhe USA portions of the

GE MAPS database were modified to incorporate the NREL wind capacity additions and
hourly profiles for the year 2008. In addition, the same siourly regulation reserve
requirements from the NREL studies were used in the USA popamls.

The wind capacity and available wind energy in the USA remained unchanged throughout
the Scenarios. This was done to ensure that any changes taking place on the power system
were a direct result of the additional wind installations evaluated in eaabf the four
scenarios. However, a sensitivity analysis was conducted to evaluate the impact of a 20%
increase in wind energy availability in the USA system. Ta##é3 provides an overview of
the wind build-out in the USA across all scenarios.

Table 4-13: Wind Build-out for the USA in all Scenarios

Annual Wind Available  Available Available

. wind Capacity Wind
(LGOV?/?]) C?Bl%(\:/')ty Energy Factor Penetration
(GWh) (%) (%)
BAS 87,598 995 2,975 34% 3%
CAL 332,500 7,299 23,212 36% 7%
DSW 167,059 4,174 12,254 34% 7%
FRCC 259,363 0 0 0% 0%
ISONE 133,902 5,218 19,016 42% 14%
MISO 636,222 40,343 156,898 44% 25%
NWP 193,991 10,392 32,875 36% 17%
NYISO 173,294 12,076 43,130 41% 25%
PIM 969,027 15,630 55,680 41% 6%
RMP 78,160 5,040 18,483 42% 24%
SEREE 255,709 3,760 14,098 43% 6%
SEREN 249,537 200 467 27% 0%
SERES 293,229 0 0 0% 0%
SEREW 148,672 0 0 0% 0%
SPP 288,431 28,927 118,873 47% 41%
TOTAL USA 4,266,695 134,054 497,960 42% 12%

4.3 Wind Site Seletions

Wi nd dat a used i n t he study and described
Devel opmentéd consists of numerous (54, 846) 2
spanning the Canadian continent. Each grid cell represents eight 2MW wind turbines.
Figure 4-13, depicts locations of each grid cell provided in this study. Each grid cell has
numerous data types spanning years 2008 through 2010. Of particular interest were the
production data from each grid cell that included profiles of 10 minute vdnpower
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production and hourly forecast data for day ahead,-6our ahead, 4hour ahead, and thour
ahead production.

Figure 4-13: Wind Grid Cell Locations

Given the large amount of data encompassed in th&4,846 grid cell dataset, it was
determined by the study team to group and aggregate the grid cell data to create individual
utility size wind sites for further analysis. These wind sites consist of an aggregation of grid
cells that are located within a @ kn? area. To do this, a grid of 10 km x 10 km square areas
were tiled from east to west and south to north over the region containing the individual grid
cells. The boundary limits in the 10 Kharea are shown in Tablet-14. All grid cells within
the boundaries of each 10 krharea were aggregated into a single wind site and assigned a
unique site ID with a location central to all grid cells making up the wind plant as shown in
Figure4-14. Figured-15 shows additional detail of grid cell to wind plaraggregation. Each
unique grid cell was used only once in the wind plant development. In other words no two
wind plants share any grid cells. The aggregating process consolidated all grid cells into
4984 unique wind sites. Each wind site consists ofdl28 grid cells (Note that technically a
10x10 km grid should only accommodate 25 grid cells. However, during the aggregation
process the central point of a 2 km x 2 km grid cell was used for the aggregation. If only a
portion of the grid cell fell witm the 10 km x10 km grid aggregation, the entire grid cell was
included, thus creating a few sites with more than 25 grid cells included). A distribution of
the number and size of different wind sites resulting from the aggregation is shown in
profiles foreach wind plant were calculated that included I®ninute production and hourly
forecasts for day ahead, éhour ahead, 4hour ahead and th o u r ahead. Site
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selected in the development of each scenario and used in the evaluation of reserve

requirements, statistical analysis and sub hourly analysis described in other sections in the
report.

Table 4-14: Wind Plant Aggregation Boundaries

Furthest point Longitude Latitude
North -136.027 60.000
South -82.297 42.170
East -52.820 47.369
West -136.203 59.979

- Grid Cell
® Wind Site

&

Figure 4-14: Red Dots Represent Wind Plants and Black Dots Represent Grid Cells
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- Grid Cell
@ Wind Site

Figure 4-15: Example of 10 km x 10 km Areas That Are Tiled To Identify Grid Cells To Be Aggregated Into
Wind Plants

Figure4-16 shows the number of wind sites at different rated capacities, which range from
16 MW to 432 MW.
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Figure 4-16: Number of Wind Sites at Different Rated Capacities
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Table4-15 shows the summary statistics for grid cell aggregation by province.

Table 4-15: Summary Statistics for Grid Cell Aggregationby Province

BC AB SK MB ON QcC NB NS PEI NL CAN
; 6,505 9,570 2,379 2,341 12,179 16,441 613 1,686 473 2,659 54,846
Number of Grid Cells
Number of Aggregated 1,033 706 167 187 997 1,382 78 171 44 219 4,984
Sites
Total Site Capacity 104,080 153,120 38,064 37,456 194,864 263,056 9,808 26,976 7,568 42,544 | 877,536
(MW)
Avg. Site Capacity 101 217 228 200 195 190 126 158 172 194 176
(MW)
Max Site Capacity 416 448 432 432 432 448 416 416 416 416 448
(MW)
o _ 16 16 16 16 16 16 16 16 16 16
Min Site Capacity (MW)
Avg. Site Capacity 27.5% 32.4% 37.1% 37.2% 35.4% 35.8% 37.5% 39.1% 39.3% 38.8% 33.9%
Factor (%)
Max Site Capacity 44.5% 42.6% 40.8% 40.5% 43.2% 48.0% 45.3% 48.5% 42.3% 47.1% 48.5%
Factor (%)
Min Site Capacity 8.6% 7.1% 33.3% 23.4% 24.8% 20.6% 28.0% 33.6% 36.9% 26.4% 7.1%
Factor (%)
Total Available Energy 265,962 446,555 123,793 122,735 608,568 817,104 32,860 92,512 25,640 143,273 2,679
(GWh) TWh
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5 Statistical and Reserve Analysis

5.1 Statistical Analysis

This section of the report was developed and prepsd by EnerNex.

5.1.1 Introduction

This section provides information in charts and tables that describe and characterize the
Provincial and Canadian system load and wind resource data. Wind generation is variable
across time scales ranging from 10ninute to hourly resolution and cannot be perfectly
forecast over any time horizon. Balancing Area load also exhibits variability and uncertainty
across many operational time frames. Wind resource variability and uncertainty increase the
overall variability and uncertaity of net load (system load net of wind generation).

The main purpose of the analysis provided in this section is to convey familiarity to the
reader of the chronological load and wind data which are the primary inputs to the technical
analysis described n the report. In general it is not possible to extract quantitative
conclusions about operating impacts directly from statistics of wind and load data. While
certain features may stand out from a system operations perspectiviesuch as a difference

in time when peak and net load peak occud several other factors must be considered to
determine the magnitude of the impact. Production simulations take many of these other
factors into account as they seek to mimic the actual operation of the system againseth
array of operating constraints, and therefore are the better framework for drawing
operational conclusions.

Renewable generation scenarios consisting of different penetrations of wind are defined for
the study and shown inTable5-1. Scenarios were defined in consultation with CanWEA and
the TAC, and selected from the data provided by Vaisala described in this report.
Chronological wind production data at 1@minute intervals over the calendar years of 2008,
2009and 2010 were extracted and aggregated for this analysis.

Table5-1: Wind Installed Capacity (MW) for each Scenario

BC AB SK MB ON QC NB PEI NS NL CAN

5% BAU 685 1,438 451 258 4,103 2,960 484 201 390 0 10,970
20% DISP 4,270 6,944 1,749 1,781 8,440 12,275 796 201 675 0 37,131
20% CONC 2,221 9,840 915 2,789 10,056 6,128 796 201 1,587 1,776 36,311
35% TRGT 5445 17,728 4,407 2213 16,124 15490 1,967 201 1,651 0 65225
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In the GE MAPS production simulatignadividual sites were assigned to existing or planned
network buses. The statistical analysis and characterization of the renewable resources
examine the aggregate production i.e. the total generation of all wind sites in each scenario.

Subsequent sectias examine and characterize the sulnourly and hourly wind production
as well as hourly wind forecasts, and net load data. These data are presented by province
and for the entire country.

5.1.2 Load

In this section load data is characterized by examining hourglues over three profile years,
2008, 2009 and 2010 for each province and Canada. These profile years coincide with the
wind profile years to maintain the underlying weather patterns that affect wind and load
profiles.

Table5-2 provides information showing a general characterization of the load that includes
annual energy, annual peak demand, minimum demand, load factor, average hourly load
and hourly standard deviation for each Province and all of Canada. Hatian to the study
year set the energy as constant for each study profile while attempting to keep the same
annual peak. The peak and minimum demand for each province occurs at different times
over the year. Load factors are based upon each individualpro nceds peak deman:
standard deviations depict the variations of hourly demand from the average. Seeing the
change in standard deviation between profile years gives an indication of different load
patterns that can occur over different time intervis such as daily, monthly or seasonal,
shown later in this section.Figure 5-1, depicts a graphical representation of annual
provincial energy demand and shows the annual demand is nearly the same in each profile
year. Quebec, Ontario and Alberta have the largest demand while Saskatchewan, Manitoba
and the Maritimes have close to the same annual demand.

GE Energy Consulting 140 Final Report



Pan-Canadian Wind Integration Study (PCWIS)

Statistical and Reserve ralysis

Table 5-2: Load Characterization by Profile Year for each Provice and all Canada

2008 BC AB SK MB ON Qc Mar Canada
Annual Energy (GWH) 63,433 116,234 29,626 30,149 143,255 200,736 26,528] 608,961
Peak Demand (MW) 11,622 16,318 4,444 5,261 24,331 41,171 5,247] 100,891
Min Demand (MW) 4,546 10,686 2,392 2,079 10,348 7,356 1,739] 42,255
Load Factor (%) 62% 81% 76% 65% 67% 56% 58% 69%
Average (MW) 7,241 13,269 3,382 3,442 16,353 22,915 3,028] 65,630
Std. Deviation 1,346 1,076 389 643 2,678 5,789 637, 11,169
2009 BC AB SK MB ON Qc Mar Canada
Annual Energy (GWH) 63,433 116,234 29,626 30,149 143,255 200,736 26,528] 609,961
Peak Demand (MW) 11,622 16,318 4,444 5,261 24,477 41,171 5,277] 95,540
Min Demand (MW) 4,524 11,296 2,437 2,243 11,079 10,687 1,688] 46,572
Load Factor (%) 62% 81% 76% 65% 67% 56% 57% 70%
Average (MW) 7,241 13,269 3,382 3,442 16,353 22,915 3,028] 65,630
Std. Deviation 1,338 905 390 670 2,466 5,754 652 10,917
2010 BC AB SK MB ON Qc Mar Canada
Annual Energy (GWH) 63,433 116,234 29,626 30,149 143,255 200,736 26,528] 608,961
Peak Demand (MW) 11,622 16,318 4,444 5,261 24,383 41,171 5,328] 100,949
Min Demand (MW) 4,498 10,995 2,630 2,029 11,032 11,028 1,601] 47,037
Load Factor (%) 62% 81% 76% 65% 67% 56% 57% 69%
Average (MW) 7,241 13,269 3,382 3,442 16,353 22,915 3,028] 65,630
Std. Deviation 1,254 1,042 318 711 2,472 5,430 647, 10,441
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Figure 5-1: Annual Load Energy by Province

Examining the monthly load data for Canada in each profile year shows the monthly
difference in demand. The annual load demand for each ffile year is the same. The
Canada monthly load demand energy for each profile year is shownkigure5-2. Here it is
141
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seen that the months of January and December in each profile year have the greatest
demand whilethe mid-year months have lower demand energy. Individual province monthly
load demand is shown irFigure 5-3. The diversity of the different provinces can be seen in
this figure where Ontario has peak load demanéh winter and summer months while
Quebec monthly demand trends are similar to that of the Canadian monthly demand.
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Figure 5-2: Canada Monthly Load Demand for each Profile Year
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Figure 5-3: Province Monthly Load Demand for 2008 Profile Year
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Examination of monthly peak load for each province and Canada are shownHigure 5-4
and Figure5-5. For Canada the peak load trends like the load demand energy in the winter
months of January and December. Individual provincial monthly peak load shows a different
characterization with Ontario having a summer peak load, while Quebec,tiBn Columbia,
Manitoba and the Maritimes have predominantly winter peaks; Alberta and Saskatchewan
tend to have peak loads as approximately the same for each month.
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Figure 5-4: Canada Monthly Peak Load byrofile Year
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Figure 5-5: Province Monthly Peak Load for 2008 Profile

Seasonal load demand is another aggregation of system loads where the winter months
consist of December, January and February. Spriisgthe aggregate of March, April and May;
summer is the aggregate of June, July and August; and fall is the aggregate of September,
October and November. IrFigure 5-6 the winter season period has the largest denmal
energy while summer is the lowest demand energy seasoRigure 5-7 depicts provincial
demand energy by season; here it can be seen that Quebec demand is the largest
contributor to the Canada demand energy, and ithe determining province for the seasonal
load energy.
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Figure 5-6: Canada Demand Energy by Season for each Profile Year
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Figure 5-7: Province Demand Enggy for Profile Year 2008

A load duration curve provides a different perspective of hourly load over the year by
ordering each hourly load value from high to low. This provides an insight to the maximum
and minimum load values with a perspective of the ngaitude of other hourly load values in

the year. A load duration curve with a sharp initial decline in the first few periods of the curve
indicate a system with fewer peaking values. On the other hand, load duration curve with a
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slow sloping decline in thenitial hours of the year indicate several hours when loads near
the peak load existFigure 5-8 depicts load duration curves for each province and all of
Canada by profile year. Each profile year can be seen gk of the provinces and provide
very similar shapes. The 2009 profile in Manitoba does not have as many low load periods as
the other years, while Saskatchewan has more low demand periods in 2009 when compared
to the other two profile years. These curveaso provide an indication of the range of load
demand over the year. For example, British Columbia load demand is between 5,000 MW
and 10,000 MW, except for a few hours between 10,000 MW and 12,000 MW for each profile
year. With regards to Quebec and th&laritimes, there are more values around the peak
demand which can be seen by the slow sweeping concave decline in the curve. The
remainder of the year gradually declines until there is a sharp drop for the minimum
demand.
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Figure 5-8: 2025 Load Duration Curves for each Province and Canada for all Load Profile Years
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Another way to glean information from a system load is by examining the average hourly
load in a day for each season of the year. This providasggeneral impression of a typical
load shape being studiedFigure5-9 shows the time of the day when load trends high or low
and how different seasons affect these changes,
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Figure 5-9: Average Daily Load by Province and Canada for 2008 Profile
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5.1.3 Wind

Each scenario in the study consists of a selection of wind plants that span Canada. An
analysis of the wind plant production is provided below. Wind plant charact&tion includes
charts and tables representative of each Province and Canada.

5.1.3.1Wind Energy

Figure5-10, Figure5-11, Figure5-12, and Figure5-13 present Scenario annual wind energy
by province for each profile year in each study scenaribigure 5-14 depicts the annual
aggregated wind energy for Canad in each profile year.
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Figure 5-10: Annual Wind Energy Production by Province for 5% BAU Scenario
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Figure 5-11: Annual Wind Energy Production by Provincdor 20% CONC Scenario
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Figure 5-12: Annual Wind Energy Production by Province for 20% DISP Scenario
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Figure 5-13: Annual wind Energy Production by Provire for 35% TRGT Scenario
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Figure 5-14: Canada Annual wind Energy Production for each Scenario

Table5-3 provides the available wind energy by Province and Caraatbr each Scenario and
Profile Year.
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Table 5-3: Available Wind Energy by Province and Canada for each Scenario and Profile Year (GWh)

Scenario P;g‘:f BC  AB SK MB ON QC MAR  CAN

5% BAU 2008 1,751 4,527 1,471 859 13,610 9,074 3,426 34,717
5% BAU 2009 1,768 4,618 1,408 787 12,617 9,394 3,553 34,145
5% BAU 2010 1,640 4,239 1,263 771 12,658 8,794 3,263 32,627
20% DISP 2008 12,592 23,148 5,923 6,008 28,640 40,118 5,626 122,054
20% DISP 2009 12,349 22,968 5,900 5,531 26,526 39,939 5,878 119,092
20% DISP 2010 11,731 21,212 5,413 5,318 26,539 37,346 5,330 112,890
20% CONC 2008 6,520 32,874 3,077 9,495 34,162 20,100 15,356 121,584
20% CONC 2009 6,335 32,903 3,018 8,816 31,696 20,094 16,179 119,040
20% CONC 2010 6,062 30,343 2,716 8,378 31,604 18,963 14,830 112,896
35% TRGT 2008 15,734 57,879 14,804 7,502 53,651 50,128 13,035 212,734
35% TRGT 2009 15,267 58,422 14,505 6,915 50,174 50,257 13,610 209,151
35% TRGT 2010 14,543 53,701 13,055 6,614 50,701 47,04 12,364 198,022

Providing a seasonal perspective on wind energy production allows for insights into
differences in wind production over the year. The 2008 wind profile is selected for provincial
seasonal comparisons of each scenario iRigure 5-15, Figure5-17, Figure 5-19, and Figure
5-21 while the total Canada aggregated wind for each pfile year is depicted irFigure5-16,
Figure5-18, Figure5-20 and Figure5-22.
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Figure 5-15: Seasonal Wind Energy Production for 5% BAU Scenario 2008 Profile Year
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Figure 5-16: Canada Seasonal Wind Energy Production for 5% BAU Scenario imeh Profile Year
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Figure 5-17: Seasonal Wind Energy Production by Province for 20% CONC Scenario 2008 Profile Year
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Figure 5-18: Canada Seasonal Wind Engy Production for 20% CONC Scenario in each Profile Year
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Figure 5-19: Seasonal Wind Energy Production by Province for 20% DISP Scenario 2008 Profile Year
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Figure 5-20: Canada Seasonal Wind Energy Production for 20% DISP Scenario in each Profile Year

Figure 5-21: Canada Seasonal Wind Energy Production for 20% DISP Scenario in each Profile Year
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