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Summary

This poject investigates the proportioning aftermittent renewablewind, solar andtidal electricity
generation, and the use of engy storage, td) shape intermittentenergy outputto meet Nova Scotia
electrical load, and)ireduce the ramp ratémpact that intermittent generation has on conventional
generating assets iNova Scotia. Eachtermittent generator (IGyaries at different timescales due
different causegwind=weather system; solar=daily and seaalptidal=6 hour and lungr This
uncorrelatednatureand the use of energy storage (ES) as a buffer enables increasatethsapacity
without destabilizing theeonventional dispatchable gerating (DG)assetssuch as thermal (fossil) and
hydro. The objective of this projeavasto create newmodels of IGndESandnew control stratedges
to parametrically assesgerformarce of a range dhstalled capacitieby multiple metrics The projet
consists of 4 tasks: data collection/preparatiomodelingand control strategiegparametric evaluation
andpresentation and interpretation of theesults

Hightimestep-resolution intermittent resource and |G data wedlected, organized, and valigatfrom

14 Sep2016 through 13 Sep2018 Wind power datavere provided by Nova Scotia Power§R}that
aggregated largetelemeteredwind farms. Solar power dataere provided by Halifax Regional
Municipality (HRM) from the Solar City 2 project consistifngd distributed photovoltaicsolar systems
that are netmetered Tidalflow speeddatawere provided byFundy Ocean Research Center for Energy
(FORCHYr aperiod ofthree months from a measuremenmackagdocated in the Minas Passagbey
were conveted to power using @ublishedin-stream tidal turbine power curve. Atbdatawere
normalized by peak powdr.e.,conversion capacitytp create ascalable datasefor use in modeling a
range of installedG capacities Additionally, NSP providedjgre@te provinciaload power data.

New models olGoutput andESoperationwere created ThelGmodel operates in two ways: (1) a

proportioning method vhich varies eachGtype from 0100% of installed capacity, the balarmeing

made up of the other twadGtypes (2) usingre-definedmagnitudes ofnstalledIGcapacityfed tothe

Nova Scotia electricédad, ranging from 1500 MWfor each IG typeBoth methods sum thescaled

valuesfor each resourcéo create alO-minuteli A YS & G SLI a4 SNAG®EwerZTwo a LI G SY G AL f ¢
corresponding E&ontrol algorithms were also developetheESmodek initially assumenfinite

capacity (MWh) angower MWE | ¥ ROFPRSND G KS vy S ddrenmbdeMperadof OF LI 0 A f
TheESs initialized, from which it cagither charge, discharge, or standby in each timestep.

Two control strategiesvere applied The first control strategy Isoadfollowing, whichuses ES such that
the combination of IG- ESoutputsis asmoothedlG resurcepower valuemodified to mimicshorter
timesale variations inthe Nova Scotia electrical loathe magnitude of the output power profile nae
scaled by installed capacity to reach the Nova Scotia electrical load if deBredmooting and
shapingtime period rangsfrom 1 hour (energy markeilockg to months(seasonal storage This
control strategy is used to investigate optinpaibportioning of IG and ES to achieve high penetration
rates of installed |G capacityhe results of this control strategy are scalable to axpectedoad or
genaation growthor reduction in Nova Sc¢ia.

The second control strategyX¥sramp control, whichuses the ES to limihe power ramps
(nMW/minute) placed uporexistingDG This iso that additional amourgof IG may be installed
without de-stabilizing theelectricity systemwhen the wind or solar resource varies dramaticaila
short time period(e.g.fastmovingcloudsfor solar or fontal systems for wind powgrtidal generatio
variability is highly regular arfdrecastable buhas continuoughange in power output This control



strategy is used to investigate the installed capacities §M®&) and battery sizéMWh)within the
present Nova Scotia electrical load (MWkeep the DG ramp within a limit @0 MW per 18minute
period (representing oughly the 99" percentileof existing ramp rates)his analysis was based e
present load of Nova Scot{a0162018)rather thanprojected future loads, about which there is
considerable uncertaintyThe model can be fexecutedto examine future loadscenarios or future
ramp rate limit scenarios as DG retirements occur

The models were executed parametricaly compared the performanceof the range of systemssing

both control strategies. Performance metrics inclutie installed IGapacity (MWaed) per average MW
output, the size of E@VIWh) to achieve the control objectivéhe quantity ofthe NovaScotiaload

supplied by IG + ES (% quantity of curtailed 1G%) and the capital costs of the system in entirety

(IG + ESWithinthe first contol strategythese are each evaluated across a range of smoothing periods
(hours to monthspand installed 1G capagi{proportions or MWed). Figures composed t¢iimeseries

and summanparametricd Y I LJA grovitleNdBillustrate the resukts of this multidimensional analysis

in a meaningful manneo supportpolicy development andecision malng.

The results of thé.oadfollowing control strategysuggest thahdding energy storageapacityto achieve
hours of smoothing/shaping mesently lesseconomicthan installingadditional 1G capacitgnd
curtailing The quantity of ES capacityois the order of 1 MWh pel average MW output of IG. To put
this in conventional terms, a 100 MW rated wind farm would require approximately 35 M\EB of
capacity for 1 bur smoothing/shaping. Amoothed/shaped I@ver several hoursrould allow more IG
capacity tointegratewithin the electricity grid and not cause control issu&dnd capacity (80+%yith
storagerequiresthe least total system capitalod to achieve 1 03 hour shaping to loadnd have a
price premium of 20% over those without energyrsige.As the focus shiftto much higher renewable
electricity penetration rates, with correspondingly longer smoothing, the consistent cycling bf tida
becomes a more emomic choice when combined with ES.

The results of th&©Gramp control strategy suggs thathigh penetratiorrates of IGnecessitates

energy storage. ThES power capabilityecessary to maintain DG power ramps within the presefit 99
percentile valuemay need to equal 50% or more of the installed generating capacity of IG.0VMD@

and solathave less impact on ramp thamél which hashorter cycling naturéhat often runs counter

to the load variations and exacerbates the-BEnp. Without a costoptimizing curtailment analysis, this
model finds thaupwards of a 1 GWh of energy storage nbayrequired to integrate 1000 W of tidal
generation and remain within ramp limitévhilethe addition of energy storage increases energy dost

is not an ordeof magnitude, and indicates that with cost evolution of the different resources, all
optionsmight be considered in the comt of supportive energy policies to achieve a range of objectives
(energy, security, local manufacturing, sogial

This new modelwaluateslong-term future renewable electricity generating scenarios in Nova Scotia
when conbined with energy storag&he modelwill aid the industry and Government in support of new
renewable policies with expected technical performarnd simplified csting estimates. These policies
might be aimed at particular resources, the inclusion of neghnology (energy storage), s or local
aspectsThe modet areready to conduct additional analysis or have additional capabilities, fich a
peak shaving contl strategy added.



1 Introduction andObjective

1.1 Background

With our increasinginderstanding of the immediacy and the sete of the impacts of climate change,
the urgency of transitioning away from carbbased energy sources is becomar more apparentin
addition to aggressive efforts at energy efficiency, the deployment oferuitting electricity generation
capacity $ a key enabler of a laaarbon economy. This effort has historically been complicated and
limited by theintermittent nature of the mat widespread renewable energgsources such as wind
andsolar. It is also th case with tidal flow, which while not wadpread around the globe, has enormous
potential in Nova Scotia as well ather jurisdictionswvhere the tidal excusion is large andaastal
geometry is suitable.

Installation of significant capacity oftermittent generation(IG) has several consequeegandthis has
limited its uptake First, it may not reduce the necessary quantity of installed conventional i
generating DG) asset@MW) such as thermal (fossil) and hydro, as all IG may be at Igpubu
simultaneously. Second, it requgthat DG modulate power output up and dovaincreasedamp
rates(MW/minute) to compensate nbonly forchanges in lad,but also to compensate for changes in
IGoutput which will sometimes trend opposithat of load.Finally, excess IG may require curteght

S0 as not to destabilize the electricity grid, which is to say the renewable resource goes uncelietted
the potential is lost

Eachof the IGresources examined in this studyperiences different timesles of variabilitywind =
weather system; alar =daily and seasongiidal =6 hour and lunar)lt is proposed thaproportioning of
the installed capacity afach |G type so hat the combination of the three totals 100¥ay be
complementary at reducingowerintermittency (peaks, valleys, rampdue to the different cyclic
times. Additionally,energy storage (B8omposed of an installed capacity (M\ahd MW may be used
to buffer the intermittent fluctuations to smoothhe aggregatedGoutput and lessen the impact it has
on DG.

1.2 Objectives

Theobjective of thigorojectwasto investigate the proportioning of wind, solar, and tidal electricity
generation capaity (termed Intermittent Generation, oilG), and the use oEnergy Sorage(ES)to meet

the electrical load of Nova Scotia. To achieve thjective newmodels of IG and Bfere created,and

two control strategiesvere developed toparametrically assagperformance of aange ofinstalled
capacitiesThe first shaps the output of IG capacity twoth reduce the rate of IG output variati@nd
partially mimic the variability of loadt is focused on determining optimal proportions of IG and the
necessay ES size foarbitrary penetration rates of renewable electrigi The second aims to minimize

the ramp rateimpacts of IG on conventionBIG; in doing so it enables further increases of IG capacity in
concert with existing DG assefhe projectconsistof 4 tasks:

1. Datacollection/preparation Key to this projects the use of measuredtermittent resource IG
power, and loadlata. Dalhosie University has measureenewable energylata sources
available viadata sharing agreement#dditionally, we hae several energytsrage provider
technical documents showing the range of operatsord performanceWe haveupdated,
colleced, and prepared the data for this projectising measured data frortd Sep2016 to 13
Sep2018



2. Modeling We createl new modelsof IG and ESsundamental to thelGmodelis that it mixes
various proportion of wind, solar, and tidal IG capacity to create an aggretfatadput. Inthe
first control modetthis is by proportions (%) andtine secondt is by rated capacity (MW)
within the Nova Scotialectrical loadcontext. The sum of thescaledvalues createa 10minute
GAYSAGSL) aSNASa 27T SmdaeliStiglly Assuines infinite capicisy SWID) ¢ KS 9
and that power (MW) is not the limitation. The ES is initialibean which it careither charge,
discharge, or standby in each timestep. Two control strategiese implemented (1)Load
following control, which outputsa combined IG ESpower valuethat is shapedo resemble
Nova Scotia electrical loanver aperiodranging from 1 houfenergy market) t@ yeas
(constant outpuj; (2) DGramp control, which constrains the power ramfgW/minute) placed
upon DG so that additional amount of IG may be installed withotgtdeilizing the electricity
system.

3. Paramdric evaluation: The modet are used to evaluate 1G proportiors each of the three
resourceganging from 6100% of installed capacity, and ramgifrom ¢1500 MW of installed
capacity Performance metrics include the installed IG capacity per averageMt, the size
of ES irMWh to achieve the control objectivéhe quantity of load supplied by the 1G + Efe,
quantity of curtailed IG, and thcapital costs of the system in entirety (IG + ES). These are each
evaluated across a range of smoothingipds ar installed |G capaty (proportions or
MWiaaedd @ CA T dzZNB& O2YLIRASR 2F GAYSaSNARSa FyR adzyyl
results d this multidimensional analysis

4. ConclusionsThe results are examined in the context of the future angdtaxg dedricity grid of
Nova ScotiaFrom a future perspective the optimal proportions of each 1G eecompared
with necessary ES to achieveetobjective. This is done in terms of shaping period. Significant
transitions from one resource to anothereanoted. From an existig electricity gricherspective,
the impacts of increasing the IG on conventional generators is deterniinsitow how much I1G
capacity can be increased while remaining within the ramp limits.



2 Datacollection and preparation

Measuredrenewableresourcedatais used for this project. It must be collected and prepdi@dscaling
use in the model. It isompo®d of wind, solar, and tidal data. Details for each renewable resource are
given below, complete with source, location, jmet, descriptionand illustrdive representation.

In summary, the renewable resource or IG power data was collectediffdependentpartiesbased
solely on measured data. It is critical to use measured data to accurately represent the Nova Scotia
resour@ and the conveisn efficienges of the IG. The datauig-to-date Epanningl4 Sep2016through
13Sep2018)to account for recenthanges in technology and load, and spansnge of tweyearsto
account forinterannualvariability (to reduce the riskiatasingledK A 3 K ¢  Zedblirce fyeandiscuseil)
The data was collected from as many measurement locatisrsossiblecoveringthe widest

geographic span across Nova Scotia that is available today.

Data was provided in a variety of formats, withtatie-step vales at resolutios ranging from 2
minutes to B-minutes.Other than the HRM Solar City Il data,igfhare public,le dda are provided by
independent parties under data sharing agreements with Dalhdugigersity for research purposes

The dtawere evaluated for qualitycontrol purposes by examining mingmaxina, standard

deviations and timeseriegnd applying engingimg judgement (e.g. solar should be zero at night). The
datawere synchronizethto a unified timestep format of éninute intervalsover a2-yearspanfrom

14 Sep2016 to 14Sep2018 Thismaximizel coincident data collection betweethe three resources.
Datawas normalizedo a range oD ¢ 1 bydividing by thd G capacity at the timeach value was
collected(installed capcity of windand solaidG inceased during this period)his allows the dat# be
scaled to any capacity ofterest. The resultat unified data file is useih the model

2.1 Wind
Wind power is well established in Nova Scotia, with almost 600 MW instigacityrepresenting
dozens dwind farms around the province. These wind farms are shoviigarel.



Kentuiile

View locations: CINS Power and IPPs D COMFITs A, 55 500t

An Emera Company

Figurel Map of wind farms in Nova ScotidRedcircles indicate large telemetered wiridléls that ae the primary dea sources
for developing a wind resource timeseries

The farms indicated iRigurel range in sie from less than 1 MW to over 100 MW and have come into

service over the course of the lasto decades. Those markeéh pink arepare ¥ G KS da/ 2YYdzy A G @
In Tarif¢ & O BEnSareSconnected to the distribution system and are genlgridss than 5 MWThose

marked in blue may be any size, the largest being 101 Bvhe public wind power data is available

the Nova 8otia Power webe?.

Nova Scotia Powarovided aggregate-thinute timestep datdor a period of 3 yearBom telemetered
wind farmsthat arecircled in redn Figurel. These wind farms agenerally the largest ithe network,
and together repesent more than 75% of the installed capacilany ofthe smallest wind farms are
not independently netered. Nova Scotia Power estimates production from the knomstalled
capacitiedbased on the performancef the large tebmetered farns. Those estimateareincluded in
the wind resourcedata used for thistudy. The raw wind power output data are shoasa blue line in
Figue 2 top plotand demonstrate the changing installed capacity over the gfdhe invesigation.

1 https://wvww.nspower.ca/en/home/aboutus/how-we-make-electricity/renewableelectricity/wind-farm-

map.aspx
2 https://www.nspower.ca/en/home/aboutus/todayspower.aspx#%20
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Figue 2 Timeseries of provincial wind power datzown in top plgtwith inferredinstalled capacity (orange line) and bounds of
2-year study period (yellowRottom plot shows normalized winmbwerusedin subsegent andysis

To extact a normalized aggregate wind resource, the instantaneous power output (blue Higuia 2
top plot) must be divided by the existing wind converstapacity. Since historical installed capadsty
not known precisely the timeseries of wind power output was used: For eaghiBute timestep,
installed capacity was inferred tme 2% greater than thenaximuminstantaneous power output seen in
the periodpreceding that timestep. This methodology résd inan inferred installectapacity of wind
generators shown athe orange line iop plot of Figue 2. The 2year period of investigation for this



study is indicated by the yellow dotted vertical lines. Note that while trst fewdays ofcalculated

capacityl N f A1 St & AYyO2NNBOG RdzS (2 GKS aK2NI LIEBNA2R 2
is available to inform the estimated installed capacity at the start of the study pd¥io that

inaccuracies in the 2%ssumpion would lead tesmal differences in wind capacity factor, but would
haveminimalimpact on ramp rates, and no impact dt an wind power correlation with other

resources.

The resultant normalized wind power dataset is showRigue 2 bottom plot. Data was dowrsampled
using averagingechniques to achieve a Ifinute timestep seriesThe resultahcapacity factor of the
wind time series i87.4%(annual average power divided by rated power).

2.2 Solar

While there is litte instaled photovoltaicsolarpower in the province, the rapidly falg prices of
equipment, along with aecently announcegrovincial incentive prografand a municipal loan
progrant are resulting in rapid increases in installed capacity.

Solar resoure data br this study came fnm Halifax Regional Municipality (HRMpich has a Solar City
program to support the adoption of restdtial and small commercial rooftop solar photovoltaic systems
around HRM, provided participants share output dafhe soladata s publicly availabkeOperating
conditions at each installetn include power production and number pfiotovoltaic modules
generatingwhich are reported on #ninute timesteps when power is being generated. HRM comprises
a little more than 10% ofhe land area of the provincef Nova Scotia and is located on thentral
southeastern Atlantic coast.

Installation locations arprovided in the Solar City data in the form of Forward Sortation Area (FSA)
values. The FSA comprises the first three dligita @nadian postal code hEre are 31 FSAs represented
within HRM and 21 of those have Solar City installations. The FSA boesidad the number dsolar
Cityinstallations within each are shown ligure3. On the left, tle largerand morerural FSA

installation counts are indicated, while on the right those in the core of the city are shown.

3 https://www.efficiencyns.ca/service/solarhomes/
4 https://www.halifax.ca/homeproperty/solarprojects/about-solarcity-halifax
5 http://cat aloguehrm.opendata.arcgis.com/datasets/0360f99bea8e471d98d789045d08447¢c_0
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Figure3 Halifax Regionallunicipalitymaps with numbers of reporting solar sites in each Forward Sartatieagblue lines)

Figure3indicates a good distribution of Solar Grty'systemgahroughout HRM at least within a region
spanning ~80 km eastest and~40 km northsouth While it is desirable to have representation across
the wholeof Nova Scotia, therare presently no data sources availablerfwore distant locations
(Yarmouth, Amarst, Sydney)We exgct that with the recent provincial incentive data will become
available across Nova Scotia in year 2019 and beyond.

Raw daa from the Solar City projeéhclude power production and number of pané&tivemicro-
inverters)reporting per installation, od-minute timesteps Thisis shown irthe top plot ofFigured. The
guotient of these two numberssithe power being delivered pganel. Normalizing this by the panel

size produces the effective solar resource of the HRM, whidbdes realworld impeffections such as
non-ideal panel alignment (tilt and azimuth), shading, dirsnowon the panels, &. Theresulting
normalizedand synchronizegroduction data are shown ithe bottom plot of Figure4. Nae that the

first reporting Solar City panels came online in November 2016, two months after the start of the period
of thisinvestigation. To gain a cortgie two full years of data for analysis, data from those twonths

in the following year were replated and prepended to the raw data (shown in blackigure4 bottom

plot).

Data was dowssamplel usng averaging techniquéds achieve a 1®ninute timestep seriesThe
resultant capacity factor of the solar time seried4s4% (annual average power divided by rated
power).

11
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Figure4 Raw power datand panel counfrom Sola Cty shown in top plot. Becasethese data daot cover the full Zear

study periogthe normalized solar power dataottom plof include 2 months ofprependediata taken from the same dates the
following year black.

2.3 Tidal

Tidal resource data have be providedby the Fundy OceaResearch Center for Energy (FORCE). The
provided dataare from an acoustic doppler current profilezapturing a column of water velocities
15-minute timesteps, with each point representing average of the precedirggminute of high

frequency measuments. The nature of the data collection and instrumentation require averaging of at
least 2 minutesd reducerandomerrors.Some public tidal flow dat@though not these data) are

availablé.

6 https://data.oceannetworks.ca/DataSearch
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FORCE operates test sites foatiflow turbines in the Mina®assage off Parrsboro NS. The location of
this test site is indicated iRigure5, with the border of HRM included for referenaad comparison to
the solar resource data

66.00 W 65.0 W 64.0 W 63.0 W
46.0 N ™
HRM Boundaries
® FORCE Sensor Location 7]
455 N
0 20 40 60 80kmh-
440 N

Figure5 Location of Fundy @an Research Center for Energy in the Minas Passage

The tidal flow data come from two separate deplogmts ofseabedmounted sensors at approximately
the same locatiorfpositional errors of ~1én are unavoidable when deployimguipment in 50m depth

of highly turbulent water) The sensor package includes an Acoustic Doppler Current Profiler, which
providesthree-dimensionalelocity data from various depths above the sensor up to the free surface of
the water. The RMS value difie three directional componets gives a water sg&l, which varies
throughout the day in response to periodic tidal forcing funeioThe raw data from the two
deployments at the FORCE site, fgrasition30 m above the sea floor, are showrHgure6.
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Fgure 6 Raw tidal flow data from the Minas Passage taken from two deploynadrite groundmounted sensor array.

Because of the separate sensor deployments, the raw data are intermétehincomple¢. They also do
not cover thefull extent of thetwo-year period of interestfor this study In order to match thestudy
period covaed by solar and windhe in-stream tidal data was extrapolated using the Matlab function
UTid€. UTide useshie measured peeddata and the latitude amputs and performs harmonic analysis

7 https://www.mathworks.commatlabcentralfileexchange/46523utide--unified-tidal-analysisand-prediction
functions
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to determine the tidal constituents using an ordinary least sgga(OLS) fitting method. Thismade
possibleand reliableby having data for several complete lunar cyctsce the luar g/cle is the longest
largeperiodic constituent TheUTidefunction outputs new speed data for the time range specified by the
user, in this casd 4 Sep 2016hrough13Sep 2018on 18minute time steps

Agreement of the modeled ancheasured speed dataasfound to be quite good wifh respect to flow
timing and average speedhy using a training and test sd®recise values and shdimescale variability
(probably associated with turbulence in the tidal stream and highly locatependent) were often ot
captured butare of little concern if a large array of tidal generators is to be deployed over a significant
areg i.e., short tmescale and short spatial scale turbulent features would average out over a generator
array spanning hurméds o thousands © meters. The period of inveggationincludesthe span of data
measurement. For the analyses in this report only the modelled deds used to avoid minor
discrepancies at the edge of the block of measured datz highlylocationdeperdent shorttimescaé
features

The principle mesurement of interest to this study is the (directionless) horizontal speed of the flow at
a fixed20 m depth down fromthe free surface, emulating the resource available to a turbine mounted
below a passivglyawing floating fatform.

The fulltwo years of extrapolated instream tidal flow speed data was converted from speed to power
usinga power curve fo the 4.0 m diameterrotor Schottef turbine given inFigure7. It was assumed tha
the turbineswould alwaysbe perpendicular to the flow (passive yawhe resultant capacity factor of
the tidal time series i50.2% (annual average power divided by rated power).

Capacity)
2528

o
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o
w

et
[
T

01|

Power Output (MW/MW

I 1 1
0 1 2 3 4 5 6 7

Flow Velocity (m/s)

Figure7 Normalized idal turbinepower curvefrom data published b$choteP for their 4.0 m diameter rotorin-stream turbine

8 https://doi.org/10.1016/j.ijome.2015.04.002
9 http://www.blackrocktidalpower.com/fileadmin/data BRTP/pdf/STaasheet.pdf
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2.4 Load

Nova Scotia Power supplied the Nova Scdgatecity load data on 2ninute timestepsas shown in
Figure8. Public data on a-thour timestepis available'®. Loadduring theheating seasotypically
displays two peaks per day, one in morning and one in evening, idktening ormoderatedip during
midday andalow overnight. Nova Scotia is a winter peaking province due to the use of ekgudie
heating and relativelyolw penetration rate of space cooling (i.e. air conditionidg)nual peak values of
just over2000 MWare achieved, with minimums of approximately 650 MW

Data was dowrsampled using averaging techniques to achieve-mitute timestep series.

2000 Provincial Load

Span of Investigation

1500

Load (MW)

1000

500 : '
Jul 2016 Jan 2017 Jul 2017 Jan 2018 Jul 2018

Month and Year

Figure8 Provincial Load data

10 http://oasis.nspower.ca/en/homasis/monthly-reports/hourly-total-net-novascotiaload.aspx
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3 Modeling

Models of IG and ES were created in the sofeyaackage Matlablhe codeoperates ontime series
arrays of resurce data and in accordance with the parameters and gowvericontrol strategy.

Scenarig are defined by the particular mix (proportional or absolute, depending on the model) of IG
resourcesn use.The models execute each scendri@a loopandstore the resilts for comparison.

3.1 Model hyout

The modeladyout is gmilar forthe two control sytems.A graphical representation is shownRigure9.
For theLoadfollowing control strategy, only the black components are present. FoC@e&amp
control strategy, the brown components (DG and@sated power flows) ariecluded In both cases
the model is composed of generation, storage, and load. Blagkrown arrows shav the power flow
paths and proceed from generation on the left to dban the right.

Thegeneration consists of two componts, Intermittent Generation G composed of wind, solar, and
tidal, andDispatchable GeneratioD@ composed of thermal and hydr8oth the IG and DG can
directly feed the Load. Alternatively, th& land DG can charge th@ergy Storagee§; the latteris
necessary when mitigatirigrge negative ramp rates on the DG that occur whemutputrapidly rses
(e.g. clouds expose thesuor loads are fallingThe ES caonly discharge to the Load. Fimglif excess
IG potential is available which cannot bged for the Load or to chagghe ES, then it curtailed.
Curtailment means that the renewable msce goes uncollected and tipmtential is lost during that
timestep.We assumehe electrical traasmission backbone and electrical substations can sufpe
power flows around Nov&cotiabetween the IG, ES, DG, and Load

s ‘ N\
\

WIND

.\

I 1G2C
| J/
4 n A |GPmentiiaI

._IGZL

\ ) IG2ES
\

CURTAILMENT

, sy ENERGY STORAGE ES2L

\ " 7 DG2ES @ >

DG2L

/

Figure9 Schematic of model corapents for the D@amp-control strategy.

The model is data drivenh& knowns for any timestep are the Load, L (MW) andotbtential IG (MW)
determinedby the combination of resources being evaluatéddtionally, all values from the preceding
timestepare known.The direction of the power flow arrows and their connensdeadio governing
equations.An example of the amenclatureusedis IG2L, which ithe power flowing from the IG to the L
(Load)
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ThelLoad must be satisfied by generation and ES digeha
oW o0 oYy O EF 7
The I1G flows must equal the potential:
OW OM"Y OWB O 641 Beal
The ES system can beoimy one of three modes during a timestep:
#EAOCA O@'Y 0OQOY n
$EOAEAOCA 0¥
30AT AKRO"Y mOQOY mOJYP0 1
Note that either ES2L or (IG2ES + DG2ES), or both, must equal zero in every tiliesfeantity of
stored energ of the ESs equalto that in the previous timesteftime t-1) and the net exchangef
powerduring thattimestep (timet) multiplied by the appropriate efficiency Eff
O AocuR Y Aocun ODY 0'Q0Y %L o X0 _0% Yo
PACCURMHTAOCUR O wEMAeAdCA
Energy storage systems are not 100% enefjgient. The input charge energy is grerathan the
energy contained in the storagand the contained energig greaterthan the output discharge energy.
A typical energy storage systemaeiving widespread deployment worldwide is a lithion battery
rated for 4 h discharge duration. We ue energy efficiency of a prototypickthium-ion battery
system in the model. The charge efficiency is a combinatidhe converter and theledrochemical
battery and equals 92%. All electrochemical inefficieis applied to the charge directionaa in
determining battery stateof-charge in the model. The discharge efficiency is only that of the converter

and eguals 96%. The product of theséficiencies gives 88%, which is the round trip energy efficieficy
the ESand has been confirmed by sevef Y I ydzF I QG dzZNBENBRQ &aLISOAFAOF A2y a

Thegoverning equations are insufficietat fully define all power flows. To accongi this, a control
strategy § applied. The control strategy prioritizes or alters certain @oflows to achieve the objective,
while dbserving the governing equationBwo control strategies are utilizedpadfollowingandDG
ramp control.

3.2 Loadfollowingcontrol strategy

Loadfollowingis defined as the use &3o smooththe combinedoutput of wind, solar, and tidaland
to re-shape hat smoothedoutput to vary according to thehort time scalevariations inthe electrical
load. ThelG output can beidected to the load, used toharge the ES, or curtaileBG isot included in
the Loadfollowing control strategyas it assumethat the existing DG isufficient to makeup any
deficiencies of the IG + BSis is the present case in Nova Scotia.

The ES$s operated such that theomhined output oflG2L and ESZIG + ESjorrespond tahe
smoothed aggregate 16 & O | by tBeRvariabilityof the Nova Scotia electrickdadabout the similarly
smoothedelectricalLoad. This is achieved by the following Erare:

1. Instantaneous load is@ided by smooK SR f 2+ R (2 LINE RdzOSmdothal[ 2 R t S
provincial loads computed byirst finding theaverage load in blocks of specified smoothing
timescale and interpolating between those averagdues using lgcewise splined quadratic
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interpolation. The instantaneous timestep valuebva Scoti@lectrical load is dided by the
smoothedloadto createa newperturbationsignal

2. Smoothel IG output multiplied byLoad Perturbationi 2 ONXBS I (i Sme&dniekiHaldzi &
smoothed|G resourcés computed by the same procedure used to find smoothed |dizd
timestep valudas multiplied by thdoad peturbation timeseriesof Step 1 to create a desired
shaped IG- EQutput.

3. ES makes up difference between IG and Outplitecontrol signal to the ES calculated by
subtracting the instantaneous IG generation value from thepedoutput curve. Positive alues
(overgeneration) result in charging of the ES or curtailment of the IG. Negative values result in
discharging th&S.

The above methodologyroducesa scaled IG + ES output curve tfalows the smoothed trends of the
IG resource and load perturbatis of the provincial loadver the period of interestByscaledwve mean
that the IG + ES output may meet a portionfully meet the load, dependinupon the magnitude of
installed IG generating capacity. 8yapedwe meanthat IG + ES outpuénds topeaklocallywhen the
load peaks, valley when the load valleys, and follows the other perturbations of load shape thubugh
the period of interestThe smoothing/shapingeriod ranges from th& hour up to thefull two years 6
available datausing awo-yearsmoothing windowmakesthe IG+ESehavelike adispatchable
generatorproviding a fixed (doitrary) proportion ofthe provincial load

The aboe methodology is illustrated iRigurelOfor a 3day smoothing/shaping period, wit7 days of
data shown for clarity. The top plot shows ttignamicelectrical load (blue solid) is smoothed over the
3-day periodto a smoothed loadblue dashed). The smoothed load can be seen to rise througheut th
week with the average load profile. ding the load (blue solid) by the smoothed load (blue dashed)
produces the load perturbatiosignal(orange), which nages+20%. The IG will be shegbusing this load
perturbation signal.

FigurelObottom plot shows the IG resour¢green dashed) is highly dynamic throughout the week and
is smoothed over the-8ay perial to a relatively constaramoothed IG(black solid) due tthe lack of
correlation between wind, solar, and tidal resourc&he smoothed IG profile (black solidjtien

multiplied by the load perturbation signal (orange, top plot) to create the dedigedl ES
smoothed/shaped outpti(red dashed, bottom plot).

Jose examination oFigurel0shows that G smoothingblack, bottom plot)s achieed, which in a
practical sase would greatly reduce the power ramp rates imposed on the DG which makes up
deficiencies The |G shapingsults in tle IG + ES output (red dashed, bottom plot) extdhitnal
variations similar to that of load, withoutying to achieve very longudation storagesuch asvould be
requiredto shape to the smoothed load (blue dashed, fiipt). This means that the modedlies on DG
to makeup gross average power deficiencies, swctvauld occur during a cloudy windlesysel days.
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3 Day smoothing, 50% Wind, 30% Solar, 20% Tidal.

Load, Smoothed Load, and Perturbation
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Figurel0Example of the smoothing and shaping of the IG (bottom plot) to thealynamics of the load (top gjorhis
example is for 50% wind, 30% solar, and 20% tidal,dgily (3day) smoothing.

TheLoadfollowingcontrol st 4§ S3& 2LISN) 61S&8 GKS 9{ Ay I AaRSLI SiAzy
initialized toafully chargedposition. The finalO s p 4 A & 6@ i A ocudhe ES capacity is necessarily
very largefor longer smoothing period® avoidexcessivecurtailment of the 1G.

Total system costs are calculated as the sum of installed IG capacity costs and E®stastsumptions
are presented in Sectia®4 on page24). To minimize capitatosts curtailmentof IGis allowedif it is

more economic that purchasing increased ES capdaitachieve thigffed, the IG capacitys

iteratively increased by a multiplier. The model is therfexecuted to determine the new ES capacity,
which will ke reduced fromprevious iteration because of more IG resource potential; correspondingly
the amount of IG curtailment il¥ also increaseThis process of increasing |G capacity, computing ES
needs, and computing total capital costs is iterated until totgdital costs stopecreasingvith

increased IG capacity.

The ES energy depletion strategy is showRigurell for an example of 50% wind, 25% solar, and 25%
tidal IG capacities. The storage depletion begins at O and progrdssasvard (discharge) to
smooth/shape the®. Two Goverproduction values are showntine top plot: 1.02 (orange, 2%
overproduction) andL.042 (blue, 4.2% overproduction).is evident that the blue ES energy depletion
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line stays higher than the orangeelto increased IG capacitynportantly, this also reduces the
guantity of ES required (seen from the increased mimmualue of theblueline relative to the orange
line). It often reaches zero energy depletion, at which point IR curtailment occuro(bgitot). Each
unique proportioningand smoothingshapingperiodhas a different result.

=
% 0 | MWWNW
Z W
L
2 100 | W\W |
@
% Final Overproduction (1.042)
o Overproduction = 1.02
£ -200 ;
& Jul 2016 Jan 2017 Jul 2017 Jan 2018 Jul 2018
) Curtailment = 2.5%
E T T
=3
i
w0 I
=
=]
O, 1L |,
Jul 2016 Jan 2017 Jul 2017 Jan 2018 Jul 2018

Figurellincreasil Wh @S NLINE RdzO0GA2y Q ST¥FFSOGAGSte AyOfAaySa (GKS adaz2Nr3s
charged) G curtailment occurs. Overproduction is incremented by 0.001.

Theresults of this iterative processe shown irFigurel2for a representativesystem, and clearly
identifies apex points that minimizeSwithout causing grosks airtailment. Using this Loadbllowing
control strategy a broad range t& proportions can be tested. And each of thesenique to the
smoothing duration specified (1 hour to 2 years). The output of this model and the control strategy is
the necessary cantities of IG generation (MW/MWgoupy) @and maximum storage depletion
encountered during the ¥ear modeling periodyhich dictates theO Y4 p 4 AMWD) specific to the
generation mix and smoothing periotihese values are thanultiplied by the capital cost (Secti@,
page24) and summed to create a total IG + ES capital Easally, results of each IG proportion scenario
and smoothing/shapingeriod are presented based on the least capital cost optimization, which can
trade increased IG capacity (and curtailment) for reduced ES capacity if it is more economic.
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Figurel2The 'Overproduction' parameter is incremented up for each combination of IG until the spilled fraction reaches 2.5%.
This example is for 50% wind, 25% solar, and 25% tidal, with seasonah{{3) smoothing.

3.3 DGrampcontrolstrategy

Theworstramp ratestMW/minute) of DG are increaseldy adding the uncorrelated ramps & output

to the existing ramps ibhoad.An example is a condition in which load is increasing while IG power is
decreasing. In this case the output of the DG mustpap to higher power gickly,at a ratewhich may
be above its limits, otherwise a brownout/blackout will occliternatively, load can be decreasing
while IG output increasesequiringthe DG to ramp down quickly. This situation is very inefficient for
DG, can reduce its opit below contingency levels, or result in curtailment of IG.

Setting hard limits on thenaximum allowableamp ratesof DG provides the basis foaGramp-
control strategy. This model requires incorporation of existing changésad, sahe two yearsof Load
data are usedand the absolute power scale of the investigation is dictated

The rapidity with whicibGcan increase or decrease their output to accommodate variatiohs émd
Load is critical to the operation of the syste To determine the abty of existingDGin Nova Scoti&o
ramp their output, the provincialevel aggregated load arekistingwind IGdata were used. By
subtracting thewind IGfrom the provincial load, an historical record of they Batk supplied ly DG
was createdHstorical solar and tidal output was neglected as beingiy smalcomponent of
historical generationA scatterplot of this historicddGramp ratesignal as a function afet loadis
shown inFigurel3.
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Figurel3 Generation ramp rates (MW/kfin) as a function of quantity of generation (MW)

The blue dots ifrigurel3shows individual O-minute data points ofDGramp rates(nMW per10-
minutes) on the primary y-axisvs.Net LoadMW) onx-axis for the 10900points of data in the study
period. Additionally, black lines corrpsnding to the 99, 90", and 5@' percentile rampsip and down
are shown.The overalhistogramof levels ofnet load isshown by he orange line, read on the
secondary yaxis.Figurel3 suggests that the ability of the existing system to ramp is langaia
function of how much load is on the systesuggestinghat specifichermal generators or hydro is
conducting the lege ramps.

It was determinedrom Figurel3that limiting DG ramps ta50 MW per10-minute period lies within
the 9™ percentile and represents nomihaperating envelope of the existing DGhismeans that the
control strategy makes power rarmates imposed on the DG less than they are today, which is
conservative and accousfor short-term DG retirements which reduce rampinbility.

The DGramp control strategyperates to keep the DG ramps tiit £50 MW per10-minute period
using thefollowing procedure

1. Energy storage imitialized to neutral energy sition (zerg. It can thenrangepositive
(charged) and negative (disarged).

2. ESoperationsare determinedin response to the I@&nd DG generdon and Loadinsuring that
loads can be met hile keeping DG ramp rategthin the limit of+50 MW per10-minute period.
For example, if Load is increasing and IG is decreasing, the &Schdrge. Alternatively, if
Load is decreasing and IG is insiag,the ES will charg® absorb the difference

3. DGoutput isrampedwithin its envelopein an attemptto return the ESto a neutral energy
state. This best prepares the ES to respond tonidnet rampeventby having maximum charge
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or dischargecapabilty. Note that DG isiot ramped to account formbalance between Loaahd
IG

The DG is rampedithin anenvelopeusing a proportionatierivativecontroller, with a magarrived at
through trial and errogiven inFigurel4. This isatwo input (four-quadrant)DGramp control method
by which the DG ramp rate is decided based upon the immediate@a¥t 4 cadd thepresentnet
charge or discharge rate of the ES. As can be sdeigumel4, the DG ramjis limited to+50 MW per
10-minute period and igeducedin magnitudeas the ES approaches the energy neutral jpmsit

DG Ramp Ma
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Figurel4 TheDGramp control strategyuses a proportionalerivative response mapsingthe quantity of @ergy in storage
and the rate at which the storage is filling / emptytogdetermine how to ramp the DG

The net éfect of the DGramp control strategy is as follows:

9 1G output goes to Load firssubject tominimum turndown ability of the DG.
1 Anyremainng |G goes to E®rovided ES is at below nominal (0) state of energy.
o Ifthe ES is above nominal stateamergy, addional |G is curtailed.
1 Anyremaining Load is met with the ES (no ramp or poliveit)
1 The DG respondsy attempting position the ES tthe neutral energy position by ramping up or
down
o DG output is capped astantaneous Loatb avoid neessitating inceased DG capacity
due to ES management

The output of this model and the B@mp control strategy is the maximuipositive and negative sted
energy deviations of the ES, specific to each quantity of installed IG type. The final requireityczpa
the ESsystem is the difference between maximum and minimum val@E¥s p 4 A E@ i AOCUR | A

O Aoc®r i el
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3.4 Capital cost

One mdric of evaluation is total system capital cost. Assumed instalestis of each system component
(three 1G types and stage)are provided to the model for evaluatioof total system capital cost as a
function ofcapacityof wind, solar, and tidal, alongith the sie of the ES

The followingndustry standard Canadian doli@AD)yaluesare used

Wind $2.2M/MWiateq (based uport?)

Slar $1.8M/MW rateq (based upory)

Tidal $.0M/MW ated (based uporaverage of the widely varyirtg!4,%)
{ Lithium-ion batteries$0.54M/MWh (based upor’)

=A =4 =4

A simplified capital cost assessment is completed to create an additiwetalc and provide gidance on
G201t LD b 9{ -otylady X iAGIRS & thisiinstalRNBsSvilllie is dividedthy
energy produced eran assume@Q-yearoperating lifetime to determine one cost component of the
effective electreity ratein $/MWh produced by he IG + ES systed.detailed costing study or lifetime
cost of electricity analysis (includibgrrowing, profit, O&M, and deommissioning) is not completed.

11 Stehly T, Heimiller D, Scott G. B8@ost of Wind Energy Review. 2017;NREGAZG70363.
https://www.nrel.gov/docs/fy18osti/70363df

2y R, FElman D, Margolis R, Woodhouse M, Ardani K. U.S. Solar Photovoltaic System CosaBer@l 2017
NREL 2017;NREL/BR2068925.https://www.nrel.gov/docs/fy170sti/68925.pdf

13 Allan GGilmarin M, McGregor P, Swales K. Levelised costs of Wave and Tidal energy in the UK: Cost
O2YLISGAGADGSYSaa FyR GKS AYLRNIFIYOS 2F ol yRSR&B9.wSySgl o
https://doi.org/10.1016/j.enpol.2010.08.029

14 Segura E, Morales R, Somolinos &t &ssessment methodology and economic viability of tidal energy projects.
Energies 2017;10:1806ttps://doi.0rg/10.3390en10111806

15 TidalStream Limited. Costs. 2018.
https://web.archive.org/web/20180814043127/http://www.tidalstream.co.uk/Costs/costsilh

16 Energy Iformation Administration U. U.S. Battery Storage Market Trends. 2018.
https://www.eia.gov/analysis/studies/electricity/batterystorage/
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4 Results angarametricanalysis

The range ofG capacityroportions (Loadfollowing control) or installediGcapacitiefDGramp

control)is parametrically evaluated using the models andrésultant metrics oES capaatt total

capital costproportion of load serviced by 1@nd curtailment of IG are giveResuis arepresented
sepaately for the two control strategies. Example timestep results are given to illustrate model logical
decision makingResultsand szes ae then given based on the performance throughout the en#ire
yeardata period.

4.1 Loadfollowingcontrol

In Loadfollowingcontrol, all parameters are normalized by the average smoothed output of the
combinedlG+ESystem(MWavgoupw). The installed @pacity (MW/MWaygourpu) Of each IG type (wind,
solar, tidal) is calculatetd producethe average output (MWavgoups) based on the2-year capacity
factors of each resource. For example, in a 100% tidal scenario, if tidal has a capacity fac@oof 50
then 2MW of tidal capacity will be required to produ@eMWayvgourputOf the IG + ESSf solar tas an
average capacitfactor of 4%, then in a 100% solar scenafiMW of installed solar capacity will be
required to produce the same& MWavgouputOf the IG + ESThese are initial estimates and both

jdzt yGAGASA | NB adz aS| ddbofiay Qe LI RD dodjieSsBiE for@neigkK S Wh @S N.
consumed by rourdirip-inefficiency of the energy storage system.

The parameterization of the differeh® typess thus constrained to a scale okQ.00% for each
resource, as indicated ihablel.

Tablel Parameterizatiorof relative quantities of Wish, Solar, and Tidal capacftyr Loadfollowing

Evaluation Matrix Min Proportion Value | MaxProportionValue| AnnualCapacity Facto
Wind 0% 100% 37.4%
Solar 0% 100% 14.4%
Tidal 0% 100% 50.2%
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4.1.1 Loadfollowing timeseries results

An example result for theoadfollowing control strategy is shown iRigurel5. This is for IG consisting
of 50% wind30% solar, and @6 tidalwith a 6hour smoothingas describedh section3.2. Afive-day
period of operation is shown to illustrate varioascurrences anthcludes Mar 7 \Wwere the ES capacity
is set (the most energy depletion).

Figurel5[A] shows the IG resourggreen) which is smoothed (black) and then shaped (red) to match
load. Each mdday experiences a significant IG peak caused by solarajere Becausdhe output
function isshapedat short time scale® load fluduations; a double peak can be seenMar 6, and
evening peaks can be seen on most déiythe smoothing/shaping period ieduced (e.g. 1 hour) the
output is shaped more likthe IGresource; if the period is increased (1 day) the outpwshiaped more
like the load. This is because the BSaurce varies significantly over short timescales (minutes, hours)
while the loadvaries diurnally with a morning and evening peak.réfwe, the choice of
smoothing/shaping duration is a matter of fo¢ssope.The choice of short durations (hours) méigs
power variability in IG for electricity system control purposes. The chdimmger durations (days)
485514 G2 &adzZlJgyreadiuki®yIE 21 RQa Sy S

Figurel5[B] showghat the output (red) is met ispart directly from G (green) and ipart from the ES
discharging (bluever thetwo-yearperiod 91% of thdGgoes directlyto the output, with the balance
chargng the ES and being released at a later tififteeES is discharging principally in the morning
evening, and overnight periods, and does nistctiarge middapecause of the solar powéas it is
chargng, see plot [D])The choice DIG proportions strongl affects the ES operatiofisharge,
discharge, standbyyith respect to time of dague to the significant IG resource dynamics (e.g. solar
requires charging during daytime). Load has a much lessafi@influence on ES operationsth
respect to time oflay.

Figurel5[C] shows the components of the IG resource (greatted). The directly used IG output (light
greensolid) constitutes the majority. A portion goes from IG to ES for charging (plus sigrejrae |G

is curtailed(dark green solid). Charging of the ES principally occurs in the morning due to solar,talthoug
it also occurs in other periods due tama-up of wind and tidal. IG curtailment occurs in the afternoon

and reduces as the sun sets.thlthat charging and ctailment are exclusiviethis is because the ES

power is not limited. This is reasonable beaatise ES size in MWh/MMWoupuiS large(see eergy

depletion of Plot [D]. Overall the curtailed fraction for thevo-yeardata periodis 1.3%In general,

mog of the IG either directly supplies load or is curtailed; with only a smaller prmpopiassing

through the ES regardlesssife ofsmoothing/shaping duration.

Figurel5[D] showsES operation aaposed of positive charging powby IG to ES (green), negative
discharging power to load (bls®lid) and the integred energy depletion position (blue dotted,
secandary yaxis) caused by the net charging and discharging. Charging is exclusive tadigchar
Energy depletion becomesare positive when charging and more negative when dischargiegr N
midday the energylepletion reaches zerat which the ES is fultharged, goes into standby mode, and
IG curtailment occurs. The lowest energy depletibthe 2-yeardata period occuren Mar 7 at-3.9
MWh/MW avgouput(red circle) Because the totdtS operating span 339 MWh, this is the necessary
rated capacity tasupport the smoothing and shaping of IG to achieve an annual averagealy8dW
thatis shaped tdoad. Because the EBarging and discharge power reaches maximum values of
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+1MW/MW, this ES would be refeed to inthe energy storagendustry as ad-hour energy storage
systerré (4 MWheapacity/ 1 MWoower rating= 4 NOUEssysten).

The resuks of Figurel5[DJA Y RA OF G4 S G KI G GKS 9{ kantahmdh G3WA &SRE o8&
capacity) each daduring this period equal to hundreds of cyclequivalents per year. Shorter

smoothing/shajing period will cause greater cyckquivalents of the ES and longer periods will cause
less.Theuncarelated nature of thethree IG resources (wind, solardél) and their coincidence with

Nova Scotia electrical load are such that 6 hemoothing and shapingga 6 S | OKAS@SR o6& |
system. The results presented kigurel5are valid only fothis IG proportioning scenarioser the6-

hour smoothing and shaping period. A broad range of proportions and periods were analyzeda&nd e

produced timestep resultsmiilar to Figurel5, but for the complete 2 yearsf data. Tk summary

results of these parantgc variations are presented in the following section.
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