Using Energy Storage to Maximize Wind and Solar Electricity Generators Effectiveness
in Dispatchable Generation Replacement

by

David H. Kiefte

Submitted in partial fulfilment of the requirements
for the degree dflaster of Applied Science

at

Dalhousie University
Halifax, Nova Scotia
August 2021

© Copyright byDavid H. Kieftg 2021



Table of Contents

LISt Of TabBIES... e e eaens v
LISt Of FIQUIES ... ittt eeene e e e e e ennennen e V)
Y 0L = T PP Vil
List of Abbreviations and Symbols Used.............ccooviiiiiiiiiiiiniiiiii e vl
ACKNOWIEAGEMENTS ...ttt IX
Chapter 1. INrOQUCTION ........i it 1
1.1. ReSearch ODJECHIVES ........coiiiiiiii et 2
Chapter 2. Background............coouuiiiiiiiiiii e 5
2.1.  Electrical GENEratiON..........coeviiuiieieiie e eee e e e e e e eaee e e e e e eees 5
2.2, Capacity ValUe.........ccoouuieiii e 11
2.3, ENEIQY SEOrAgE.....uuuiiiiiiieieiie ettt e e 15
2.4, SUMMIAIY .ttt r et et et e et e e et e e e ae e e et e e et e e et e e eaneeeens 17
Chapter 3. Literature REVIEW. ........ccouuuuuiiiieiiiiiie e e 19
3.1. Capacity Value of Renewables..............cccooeeviiiiiiiiiiiie e 19
3.2. Renewables and Storage Modelling............cooovviiiiiieenneniiiiiiinee, 21
3.3, SUMMAIY ..t 24
Chapter 4. Dat@ SOUIMCES.........uiieiiiieeeeie e e e e e e e eeer et e e eaan s 26
ot VL o To LSRR 26
.2, SOIAI i 33
N J I T- To PSPPSRI 38
4.4, AmDIient CoNAItIONS.........uuiiiiiiiiiiii e e 39
Chapter 5. Capacity Value of Wind and Solar Generatars......................... 41
5.1, MENOUS. ..uiieceeee e 41
5.2, RESUIS ... e 47
5.3, SUMMAIY ... et e e e e e e e ena e 13
Chapter 6. Modelling of Wind and Solar Generation with Energy Storage...74
B.1.  MELNOM. ... e 74
6.2.  DEMONSIIALION. .. ...uiiieiiieiii et e s 17
6.3, SUMMAIY ...ttt et et e e e e e e e e e e e e ea e eeens 81
Chapter 7. Dispatchable Generation Reduction...............cccuvivieenreiiiiinnnnnn. 82
7.1, MEENOM... e s 82
7.2, RESUIS ..ot e 85
7.3.  Optimal Combinations............cooiiiiiiiiiiiee e 93



T4, SUMMAIY . ettt e et e et e e e e e e e et e e et e e een e aeanaeeens 107

Chapter 8. Conclusions and Recommendations..............cccuvveeieenineeennnnnn. 108

8.1. ReCOMMENUALIONS......cccuuieiiiiiee i ieeer e e e e e e e eees 110
(] (=] =] o PP 112
APPENTIX A PeIMISSDNS.... . ciiiiiiiii et e e 118
Appendix B Wind+Solar+Storage model code.............coovvviiiiiinneiiiiiiinnne. 122
Appendix C Parameter Index Controller Cade...........ccooovvviiiiieiniiiiiiiinneee. 124



List of Tables

Table 1
Table 2
Table3
Table 4
Table 5

Table 6

Table 7

Table 8
Table 9
Table 10

Table 11

Table 12

Table 13

Table 14

Table 15

Table 16

Major wind farms telemeted for extrapolating aggregate production27
Weather stations used for City temperatures............ccoevvvvvieeeneeeeennnns 40
Load and aggregate production at various load levels...................... 50
Data significance of each confidence level at various load levels......53
Comparative loads between years and differences between high load

[EVEIS ... e 57
Capacity value of wind farms per year for 80%, 90% and 95%
confidence levels at the 1610 MW load threshold................cc......... 59
Capacity values with 80%, 90% and 95% confidence for each timestep
at notable POINTS.......cooi 61
Depletion model validation run parameters...........ccoooeevveevieuiineeeeennns 77
Capitalcost of each technology...........ccuuuiiiiiiiiiiii e 85
Storage requirements for 300 MW DG reductiomaious

combinations of wind and Solar...............ccccoeeviiieriii 87
Energy/Power ratio for 300 MW DG reductiahvarious combinations

Of WINA @NA SOIAL.........uiieiii e e e e e e e e ees a8
Discharge equivalents for 300 MW DG reduction at various
combinations of windrmd SOlar...............coeuiiiiiiiiieere e 89
Additional curtailment Amounts for 300 MW DG reduction at various
combinations of wind and Solar..............ccccoeeviiiieri i Q0
Costs for 300 MW DG reduction at various combinations of wind and
50 ] =T 92
Optimal combination of wind, solar and storage capacities for 400 MW
DG reduction vs 450 MW DG reduction............ccceeeeevuieeeeenineeeennnnnn. 96
Optimal combination of wind, solar and storage capacities for 600 MW
DG reduction vs 650 MW DG reduction............cccceceevveeeeeennneeeennnn. 102



List of Figures

Figure 1
Figure 2

Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8

Figure 9

Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22

Figure 23
Figure 24

Figure 25
Figure 26

Figure 27

Figure28
Figure 29
Figure 30
Figure 31

Minimum maximum and average electrical load each month.............. a
Minimum maximum and average electrical load for each hour during
the Winter and SUMMEL..........ovi i 7
Wind farm locations in NS [21].......coouuiiiiiiiiie e 9
Hydroelectric plants in NS [23]........uiiiiii e 10
Effect of generator addition on LOLE during an ELCC calculation....12
Cumulative frequency analysis demonstratian.................ccceveeeeeenn. 14
Timestep data processing flowchart...........cccoooeiiiiiiiiiniiiii 27
Aggregate wind as estimated by NSP using extrapolation of nine major
1YL T I = 4 28
Aggregate wind as a percentage of totaldoiction using estimated

7= 1010 [ or=T o = Tod 1 YA PSP 30
Individual wind farm production...............coeeiieiiiiceer e, 32
Individual wind farm production as a percentage of rated capacity...33
Solar array data availability by COUNLY............ccoeviiiiiiiiiiii s 34
Solar array data availability by date..............cccoooeiiiiei i 35
Solar data processing flowchart.............ccooviiiiicciiic e 36
Resulting solar resource data...........cc.uoveeeeeiiieeeviii e 38
Provincial load data..............oooviiiiiii e 39
Cumulativefrequency analysis flowchart..............ccc.cviiiieennnnnn 42
Annual capacity value analysis flowchart.....................ccccoeeeiieennnn 43
Data resolution analysis flowchart.............ccccoeiviiieeiicviinncvn 44
Ambient temperature analysis flowchart.............cccooooviieeiiiiinnennnnn, 45
Hour of the day analysis flowchart................cccoooeveeeiiiiin el 46
Energy demand per month, and energy production per month for wind
aNd SOIAr IN NS e eeaend 47
Capacity value with 80%, 90% and 95% confidence level................ 49
Nuttby Mountain and Sable wind farm production and NS demand time
K] 1= SRR 52
Median wind production and load datatedrby load........................... 54
Capacity value of wind farms per year for 80%, 90% and 95%
CONfIdENCE [EVEIS.......uiieiie e 56
Resolution variations in capacity value of wind with 80%, 90% and
95%0 CONFIABNCE.....un it 60
Load distribution with temperature iIN NS.............cccooeiiiiiieeeeiee, 62
Distribution of windspeeds across temperature in.NS...................... 63
Capacity value of wind depending on temperature................cceeeeveenn. 64
Capacity value of solar with 80%, 90% and 95% confidence............ 66



Figure 32
Figure 33

Figure 34
Figure 35

Figure 36

Figure 37
Figure 38
Figure 39

Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46

Figure 47
Figure 48
Figure 49

Figure 50
Figure 51
Figure 52
Figure 53

Figure 54

Median solar, wind and load data sorted by load..............cccoeeeeee. 68
Capacity value comparison between wind and solaiguset load with
80%, 90% and 95% CONfIdENCEA........veieiii e 69
Solar, wind and net load data sorted by net.load..............................70
Hourly capacity value comparison of wind and solar using peak net
load with 90% CONFIAENCE........ccvuiiiiii e 71
Monthly capacity value comparison of wind and solar for peak net load
and total load with 90% confidencCe.........c.ccvvviiiiiiiiieieeeie e, 72
Wind, solar and storage model flowchart..............ccccccoeoiieiiiiiinee 45
Power flow and energy storage time series for demonstration.......... 18
Power flow and energy storage time series demonstration focused on
period of peak StOrage USAQE.........cvvuuuieeeeuiieeeeiiieeeeeiee e e e eeannae el 80
DG reduction parameter index controller flowchart................cc......... 83
300 MW DG r@luction reSUILS.........uiieiiiieeeee e 86
300 MW DG reduction component costs and total capital caosts....... 91
Wind, solar, and storage lowest COSt CULVE..........coeevvviiiivieeniieeeennnnn, 93
400 MW DG reduction storage capacity and COSt..........ccceuvviirereenss 95
450 MW DG reduction storage capacity and COSt............ccevuierenenn! 96
Power flow and energy storage time series for lowest cost 400 W D
(=10 (3 od1 0] o TSP 97
Winter 2019 and winter 2020 power and energy flow comparison for

400 MW DG reduction with lowest cost wind and solar capacity....... 98

Winter 2018/19 and winter 2019/20 power and energy flow comparison
for 450 MW DG reduction with excessive wind capacity.................... 99
Winter 2018/19 and winter 2019/20 power and energy flow comparison
for 450 MW DG reduction with optimal wind and solar.................... 100
600 MW DG reduction storage capacity and COSt..............ccccvunnennn. 101
650 MW DG reduction storage capacity and COSt..............ccccvunnenne. 102
Energy storage time series 600 MW DG reduction......................... 103
Winter 2020 peak power and energy flow for 600 MW DG reduction
with lowest cost wind and solar capacity.............cccccvviiiienreeieeiinnnnn. 104
Winter 2020 peak power and energy flow for 650 MW DG reduction
with lowest cost wind and solar capacity.............ccccoeeevivieeeeiiinineeen. 106

Vi



Abstract

To aid in the replacement of foskilel-basedelectricity generation with renewable
generation this thesis us@mestep wind and solar generation data with load data to
determineghe required storage demands for dispatchable generation retir@iment
capacity value of wind and solalectricity generatiois also calculatetb determine the
effectiveness of currénvind and solar capacity at reducing dispatchable generation
demand

The @pacity valusfor wind and solar generatongeremeasured using the cumulative
frequency analysis method, which determined the reliable generation at high load times.
The dataanal/sedcovess three yearsittwo-minutetimestepdor wind, and fiveminute
timesteps for solail he first analysis includedll the data in the calculationBhe next

part ofthe analysis focused on each year individually to determine how muchsbks

varied from year to yeaf he impact of data resolution was determined by averaging the
data over wider timesteps to calculate ¢hpacity value at a lower resolutiarhe data

was sorted by temperature and analysed to determine how the capagtghvanged at
various temperature¥he next analysisortedthe dateby hourof-day and montiof-year

to determine how solar compared to wind dudaglight hours and summer months.

Then an energy storage modelsed which determines the requiredataipes of solar,

wind and storage to retire vast amountslispatchable generatiofhe energystorage
requirements fovariousdispatchable generation retirement levels were used to calculate
costs The lowest cost combinations of wind, solar astdraye were plotted based on
dispatchable generation retiremerar the first 200 MW of dispatchable generation
retirement the most economic combination is stoedgee;between 200 MW and00

MW only storage and wind are needed for the lowest cost contninbétween 400

MW and 750 MW solar, wind and storage are all needed for the lowestispatchable

generatiorstorage howeverafter 750 MW solar is no longer econonait
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Chapter 1. Introduction

Reliability of the electricity system isaspamount for human comfort and hedlth As it

Is used for manpecessitiesuch as lightingcooking,heating, and refrigeratipmany
pieces of equipment and appliana@slved in dayto-day life require electricity. This
means losing power, even temporardgndisrupt the lives of peoplén extreme cases
power outagesesult in injury or mortality through th@isuse ohon-electrical equipment
such as using charcoal gasolinepoweredgenerators indooysr loss oflife-support
equipment such asxygen concemators [2]. Historically, using fossifuel based
generation has been a very popular method to generate this elef3ficity

With the dangers of climate change becoming more {#auntilities are attempting to
transtion away from fossifuel based generatotisat emit high amounts of greenhouse
gases (GHGs)n terms of GHG emissionsoal is thenighestemittingsource ofenergy
available Coal releases 90Qy . (MJ, which is higher than other electricity sources
such asatural gas49.88C, . fMJ) [5], and much higher than carbénee sources such
assolar, wind hydroand nucleaf6]. In responséo the growingdanger of climate
change and the impact coal has othig, government of Canada has legislated that coal
will be phased out by 2030]. For Nova Scotia (NS)this means that250 MW ofcoat

power capacity neado beeitherretired and replaced or conver{&(l.

Shifting away from fossifuel based generation towards reaéVe generatiohas
drawbacks athe renewable generatimsuallyvaries independentiifom the demand.
While renewable generators can produce sufficeergy they do noalways produce
power at the right timeéDneway tomeasurdahe ability of agener#or to meet demand is
capacity valueThis thesigpresents new evaluation afapacityof renewable generating
sourcesn NS andalsopresend a new energy storage model to enhaheeability of

renewables to meet the loadNIs.

! https://www.fda.gov/consumers/consurugrdates/pulseximetersandoxygenrconcentratorsvhat
know-abouthomeoxygentherapy



1.1. ResearchObjectives

The focus of this research is to create a mod&iaifS electricity systenwith known
historical values of wingenerationsolargenerationandelectricalload Using the
historicalwind and loadlata thecapacityvalue of certain windarms can be judged to
determine the impact of various factors onrlebility of theirproduction.Then a new
model is developed whialiseswind andsolargenerationwith storageto improve the
effect wind and solar generation have on reducing the lo

These two modelgrovidenew insight intduture renewable energy builds, energy
storageadoption, andlispatchable generatioBG) retirementAs the primary source of
DG inNSis coal, this will helpwith coal retiremenin NS asmandated by the fedal
government, without the need for conversion to naturglwgaish, in turnwill reduce
GHG emissions and the need for imported fossil fuels

The objectives othis thesisarelisted below ObjectivesA throughD focus on the
generatorcapacity value analysis, whitijectivest throughG focus onthe energy

storage modelling and DG reduction analysis

A. Annual analysis The wind resource available in a single locatioay be
predictable on an annual scaledimperfectforecasting is podsle a fewdays in
advancg9]; thelong-term variability, the specific speed (power) of wixich
specific time is not consisterdt comparative years and cannot be predicted over a
long timeframg10]. With new data sources the value of each faugryyear can
beassessedumericdly with statisticalconfidenceThis part of the analysis will
compare howthe samavind farms perform ithe winters 0201718, 201819,
and 20120 with the expected outcome being thabd farms are more dependent

on location placemerthanvariations beween years.

B. Data Resolution:Wind turbine generatiois available at various resolutions.
Different sources that supply data im#@inute,5-minute, and dhour timestepare
used in this thesid.ower resolution dates less computationallyntensive and
results in smaller file sizes which can be shared more eBsilyever,it is

important that the results ofpacity valuenaly®s are accurate as error could



result in failures to provide electricityhereforethis analysis aims deternine

how the capacity value results vary depending on the resolutionTissgart of

the analysis comparesminute,5-minute,10-minute and hourly timesteps to
determine whethehe resolution has an impact on the calculated value of a wind
farm. It is expected thathere will be a significant difference in resuisross
timesteps, as thethirty times thedata points in the original@inute timestep

data than for the hourly timestep

. Ambient Conditions: In NS, electrical demand higher during the winter due to
electricheating[11][12]. This meanshatelectricity generated during cold days
has greater valuthan during warmer day$his analysis determines halosely
load iscorrelatedo temperature andleterminesiow wellwind capacity values
correlatedwith temperaturelt is expected that load fEghly correlatedwith
temperaturerad that as the winshcreasesluring cold daysthe heating load

should increasas a result

. Comparison of wind and solar generation: Presentlythere is a higher capacity

of wind generation installed in NS than solar generaiibiese two technologies

are being considered for further producti®herefore this objectivecompares the
capacity value of thewo andlooks at different factors thaffectthose resultdt

is expected thawvind generation will have a greater capacity value than solar
during the initial capacity value analysis becasde generation performs

optimally during the summer and daylight hours, which is not when the load is the
highest in NSBut when the analysis is adjusted to focus on the summer or
daylight hours to account for potential summer load pdaalksexpected thasolar

generation will have a higher capacity value

. Create Energy Storage ModelThis model will test various capacities of solar,
wind and storage to achieve desired DG reducttomill simulate an energy
storage system usirtbeinputs of I1G limited DG, andenergy storageapacityto
determine if there is a failure to provide electricity to meet the loadwaind
measure curtailment, total DG usagad minimum state of enerd@OE) for the

storage.



F. StorageRequirement: This will build on the energy storage modeldmnulating
it usingload,normalizedG inputs and DG maximum to output the required
storagefor multiple combinations of wind and solar generatibnis part of the
analysis willreview the storage requirements in energy capacity (MWh),
energypower(hours),andcosts ($)These values will be presented aatour
plot to show the varying results based ondtierent wind and solar levels at

given DGretirement amounts.

G. Technoeconomidviodel: To determine thédowest costombination forachievng
given DG reduction amounts, the optimum combinatiowiofl, solay and
storage will be analyzed at various DG reduction levigiss will inform what
trends occur asiore DG isretired andcan be used aspdanfor future DG

retirement.



Chapter 2.Background

This chapteprovides information on the various types of electrical generation in use in
NS, themethoddy whichrenewablegeneratiorcan be evaluated, and the types of
storage being considered for NS

2.1. Electrical Generation

2.1.1. Electrical Load

The majority of home appliances require electricitpperatethis includesanything
plugged into an electrical outlet, as welllighting and eletic heatingWhen one of
theseis turned onit draws power from the electrical gridndthe combined draw dll
these appliancas the load on the power griihe total power fronall the loadson the
grid must be met at a given timéherwise a blackout or brownout occurie integral of
the timevarying load ighe electrical energy required by a systumng a given time
period.In 2019 NS used10.82 TWh (38.95 PJ of electricity,approxinately 2% of
Canadads tot al e | €18}t Whiledhis tagcoumtsefanthenetectricdl a t
energy demanadinother necessary metric is the varymagverdemandof the province

with time.

NSis described as a wint@eaking province, due to high spdwatingneedq11][12].
This means that momoweris requiredduring the winter than duringarmer months
becauselectricity is being used to operatkectricd heating systems (electriesistance
heating or heat pumps)yith comparatively lower air conditiamg (AC) loads occurring
in the summefl14]. Thisis observablén Figurel, which showsa much higheaverage
powerdemand during winter months than warmer montimss demananustbe met

usinga resourcehat is capable dfigh production duringhosetimes of the year.
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Figure 1 Minimum maximum and average electrical loadeachmonth

Figurel shows that theninimum, maximum and averagéads are alltypically higher
during the winter months than the summer montlzde the months Figurel read
July-June, rather than Januadgcemberthis is tofocus onthe higter loads in the

winter. While there are seasonal changes to the load, there are also hourly changes.
Typically, the peak loads occur in the mornings (071@M00) and in the evenings (16:00
23:00), with lower usage when people are asleep or away at woskirénd can be seen

in Figure2.
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Figure 2 Minimum maximum and averageelectrical load for each hour during the
winter and summer

Figure2 shows that the load changes based on the ¢fediay, with the largedifference

in theaverage hourlyoadsbetweerwinter months (Januario March)to summemonths
(July to September)Not only is the average load lower in the summer months, but the
loadfor each hour is lower during the summ#&t.no hourof the dayduring the summer

is the average load higher than the average load of any bitlve dayduring the winter
Due to tlese timeof-day peals, Nova ScotidPower (NSP)is planning to offer timef-

use rates based on atitime oftheday power is usedith the goal of shifting some of
the power usage to thdf-peak timeg15][16] similar toother regionsin response to the
load, NSPmusteithergenerate or import enough electricity to match the demand at any
giventime. Thismeans generators that can either be controlled or tend to pnoduee
during these timeframes are more valuable than ones that produegoweduring the

off-peak hours.

2.1.2. Fossil Fuels
Most of theelectricity inNSis generatefrom fossil fuel generatorén 2019 5344 GWh

(70%) of electricity generation in NS was from fossil fuglse makeup of fossil fuels



can be separated furthepal makes up7% of fossil fuelsused forgeneratingelectricity
in NS, natural gas makes @#6%, andoil 7%[13]. NS hasusedcoal for electricity
generation since the 19@0aftertransitioning away from imported aduring a time of
high price volatility[17]. Recently NS has been reducing it cgaherationn favour of
renewablesHowever, there is still252MW of installed capacityacross four generating
stationg8][17].

Thedisadvantagef coalis itsvery high GHG emissionasit is the absolut@ighest
GHG emitter of any electrical power generatouse(90.9G z fMJ) [5]. Due to the
shift away from GHG emitting resources to mitigate climate chasagjs now being
replacedo comply withfederal regulatios[7]. Although tere are multipleandidates
with whichto replace coathe current plan is to convert the cpldnts to the less
emitting natural gas, artd increase renewable productifiv]. However, this still has

thedrawbackof using the GH@Gmitting source of natural gas

Natural gas emits 49.88, a gMJ, which is 55% bthe GHGs emitted bgod on a per

unit energy basidHowever,it is still greater than the emissions froon-carbonrbased
resourcessuch as solar, wind, hydrand nucleaf5]. Natural gagienerates electricity by
expanding during combustion to operatgaa turbineand like coal this can be

controlled to generatglectricity when needed.

Coal, natural gas, and aill have the benefit of being sourcesdidpatchable generation
(DG), which means thegroduce electricity when desired because the fuels can be stored
[11][12]. DG also includesionfossil fuelsourcessch as hydroeledt damsand

nuclear. The benefits of a DG resource is that there is some flexibilitatch the

demand requested by the users, so that as ikelectricity available when desiradd

excess electricity is not produced when unnegtied

2.1.3. RenewableGeneration
In its current sti@, renewable electricity generatigapacityin NSis not agplentiful as
fossil fuel generatiorhowever it iSncreasing In 20192318 GWh ofelectricity was

generated from renewable resourater achieving its goal of generating 30% of



electricity from renewable sourgesompared to 1473 GWh in 2011B]. The main
sources of renewable electricity generation in&&wind andhydro.

Wind turbines produce electricity lmpnverting kinetic energy from air particles in the
wind to rotational energy in th@tor using turbine bladebkatspin ageneratorUnlike a
thermal generatorhich uses steam, or other gas expansion caused by combustion of
fuel, wind turbines use winghich cannot be controlledVithout the need focarbon
basedfuel, wind turbines have a much lower carbon footprint tuesil-fuel based
generators, with the majority of GHG emissi@tsurringin the initialmanufacture,

transportation and installatigh9].

NSPinstalledt h e p r frst wimd cuebidesin 1981, and now has@VW of wind
generatioracross the provinosith more than 300 wind turbines either owned by NSP or
operated independent]$7][20]. Figure3 shows the locations of the wind farms currently

operating inNS.

Sable Wind

South Canoe Wind Farm
Nuttby Mountain
Glen Dhu

A WONBR

Figure 3 Wind farm locations inNS[21]

Figure3 shows the placement of tB@ wind farms throughout the provindeheycover
all parts of the provincallowing for a diversity of locationg.hecircledicons are major
wind farms that collectively represent 64% of the installed capacity across thecgrovin

The data from the labelled wind farms is used in this thesis.



Hydroelectric power is the oldest source of electricity in the provimbhigh wasfirst
installed in 1903There is currently 400 MW of generating capacity in the province

across 33 hydroelectric plarj&2], shown inFigure4.

Annapolis Tidal .m
Lequille -
FEIIN
Boar River [ Avon 7 Fall River
St. Margaret’s Bay
m Sheet Harbour [, Pickie Brook
P Tusket]

Figure 4 Hydroelectric plants in NS[23]

A hydro plant can be operated using a store of water behind andach, isreplenished
by a river.Using this methodhydro can be considered a DG resouk@wever,many
hydro plants in NS use are mafi-river hydro, which do not store excess water and simply

use the water as it is supplied by the rjweinich would not be considered a DG resource

Another renewable resource option is sglanerationwhich like windand tydro
generationdoes not require fuel and thus msGHG emissionsSolar photovoltaic
systems are used for generating electrieibidunlike wind turbinesand most other
generatorsthey do not use moving parissteadjt convertsenergy from theunlight to
electricity using semiconductor materiaolar inNS is mostly found on the roofs of
residential or commercial buildingSommunity buildings can generate up to 75 kW of

solar electricitywith residences being limited by th@innual energyansumptior{24].

While these types of renewable generationnot produce GHG emissigribey have a
disadvantage that they are dependent mmermittentphenomeato produce electricity.
Wind turbinesneed wind to produce electricity, sofzanes need sunlightMeaning the

electricity produed cannot bencreasedy theoperator ifit is not windyor not sunny

10



when the electricity is needed/hen there is no wind or spte size of the wind farm or
solar array does naid the ability of the system to meet a loddkewise,if it is an
especially windy or sunny day and the load is,lthe wind or sun cannot be saved it
must either be used to produce electricity and staftedvards, or it must be curtailed
and wastedBecause they generate electricity intermittemidgources such as these are
typically called intermittent generation (IG)nlike dispatchable generation (DGhe IG
resources cannot store ithieiel if there is a lower generation demamnadsteadif the
excess electricity cannot be stordtey must curtail their production, wasting potential
electricity rather than saving it

2.2. Capacity Value

In section2.1, various types of generation were describedigigatchablgDG) or
intermittent(1G) generationThe benefit oDG is that thefuel can be stored and used
when the electricity is needed, whaswith |G, electricityis only generated when the
intermittentphenomenon beingxploited occursTo prevent a blackout or browngotite
combined output of all the generators need to meet the electricllmadequirement
results in DG resources, suab coal, being considered more valudbén |G resources
like wind, for the samenstalled capacity$00 MW of winccapacitydoes not matter if it

is not windy when customers want to use electricitye parameter used to define the
value of these resowes is called capacityvalue d ef i ned as the amount
load that can be served due to the addition of a gengvaide maintaining existing

| evel s o fl25]rAsimplifet explandtign @f this is & 100 MWwind farm is
installed, but it only generatd2 MW of electricity during the peak load time, it actually
only allows for12 MW of additional load to be served, indicatindgpés a capacity value
of 12 MW (or 12%%).

There are two methodologies used to calculatetieetive load carrying capacity

(ELCC) and the cumulative frequency analysis

2.2.1. Effective Load Carrying Capacity
The ELCC method usatata provided from each generator in a systechthe electricity

demand on the systemdetermine théaourly likelihood of afailure to provide electricity

11



which iscalled thdoss ofload probability(LOLP). LOLP is calculated usingquationl
[26]:

n voon 5 JOBRY 4 5 Bb

VLULDUL VI ¢/lw Bo 1
Whered i &/ is the probability of given capacity outagehe probability that a coal
plant is under maintenance dratwind at a wind farmis below a certain production

level). The sumBo s thetotal time thatthe load is greatdhan the remaining capacity

andBois thetotal time of theanalysis.

The LOLPis used to calculate the loss of load expectation (LGL&luethatrepreserd
the expected number daysduring which the load will not be mg5]. This is done by
multiplying theLOLP by the number of houis a year.The load is adjusted iteratively
so that the LOLE matches theliability target for the systenThis process can be seien
Figure5: as the load increases so does t@d E. Then the new generator is addedhe
system which results in an improvement in the overall reliabilig new maximum load
achievable is found for thgivenreliability target The difference between this load and

the original maximum load is dekd as the capacity value.
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Figure 5 Effect of generator addition on LOLE during an ELCC calculation
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In the examplen Figure5, the initial system LOLE is calculated for various lo&als
determine the load at which the LOLE is 0.1, in this cas® 20/. Then thenew
generator is added which reduces the LONExt theLOLE at various loads has to be
determined again to find the LOLE of Guhichis nowshifted to 2080 MWiIn this
examplethedifference in serviceable load at the same reliability is 80 MW, sELGC
capacity value for the added generat@0sVIW. If, in this examplethe installed
capacity is 800 MW wind farm it would have a 20% effective capacity.

Nova Scotia Power hadel.CC study performeadh NS [27] for their Integrated Resource
Plan[17]. The results from this determindthtwind generation haa capacity value of

19%, compared to coal whit¢tasa capacity value of 92%. Thisparity is typical when
comparing a IG resource to a DG resource. Coal is not expected to have a 100% capacity,
as there are occasions whardispatchable generator fails when needed.

The ELCCmethod is limited because of the extensive data required to carry Tthaut.
calculaton requires information on the reliability each of the generators in the system

in orderto know theprobability ofany ofthem failing, angdfrom this,the probability of a
given amount of capacity failingt also requires a long history & data to determine

the probability it has of meeting a giverad a single year of data could be misleading
since the timing of wind production could be completifferent from one year tthe

next It is also computationally intensive because the model needs to be run iteratively to
determine the LOLE at different load leved® calculating the ELCC capacity value for a

single installation can beerytime consiming.

2.2.2. Cumulative Frequency Analysis

The cumulative frequency analys$ssa statistical analysis whialses historical data
pointsof generatiorio determine how often a specific value is exceallgthg a given
load period28]. This method has the benefit that the only data needaddsiction data
from the new generatoas well adoad dataThe capacity value is then calculated as

follows:
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I.  The high-load time is determined the time at which the load is high is
determined and loggedhe definition of high load can vary, but one method is
finding the 98" percentile load.

II.  Determine generation at high load timesthe generation at these high load times
is then isolated and set aside for further analysis.

[ll.  Determine reliable production at high load times:the reliable production from
the dataset previously set aside is determined.cHmde done bgtetermining a
low percentile value of the generation data.

An example of this method iustratedin Figure6:
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Figure 6 Cumulative frequency analysisdemonstration

In Figure6, theload and normalized generation data is shole. steps described for

performing tle cumulative frequency analysis are carried out

I.  The high load times are determined by finding any time when the load is above

the 90" percentile. This ishown in the dadblue dashed line.

[I.  The wind generation is isolated for these high load times, isihoywurple.
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[ll.  The reliable generation from these high load times is determined by calculating
the 10" percentile wind generation from this isolated datastedwn in the dashed

purple line.

The result is a capacity value of 8.2%hich means that if thexgere 100 MW of wind
capacityinstalled,it will reliably provide8.2 MWduring peak load periodg he

reliability level chosertan beadjusteddepending on the confidence level desired, but
there will never be 100% certainty tlreagenerator will provide power when needed, as
even a DG resouraeay not provide power at every time.

Castro and Ferreif29] compared these two techniques for determining capacity value.
Theyobserved thatumulative frequency angdis was a representation of what has
happened, whereas the ELCC metia@$ a representation of what is expected to happen.
Thecumulative frequency analysisa quickway to determine capacity value for a
particular resource, whereas EL@0moreaccura¢ but much more computationally
intensive.In comparing result&om the twoanalysesthey found that results were often

similar between the two methqdkepending on the penetration level of tesource.

Anotherbenefitof the cumulativefrequency analysimethod is the ease of calculatias
it does not require iteration like the ELCC methibdilso requires less datanly needing
information on the load and the actual generator heitged.However, the method is
also limited becausie capacity value calculated does not directly translateaibtalget
for increasing load or retiring capacity like the ELCC method does, it only works for

comparing generatars

2.3. Energy Storage

Energy storage systems can be used to eavesslectricity generatedor when it would
be more usefulThis mitigates thentermittency of the generatiandload by effectively
shifting the load to times when it is lower or the generation is higiésimprovesthe
ability of a system to reliably serve a haglpeak loadvithout adding more production

NSP expects to use battesfor energy storagas energy storage in N57][30].
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2.3.1. Battery Storage

Batteries use chemical reactions to allow the flow of electrons through a connected load.
Typically, a battery is made up pbsitive and negativelectrodesWhen power is

required the battery can discharge supply a currentAlternativelythe battery can be

charged by flowing a current through it in the opposite direction to supply energy.

Batteries are highly usefak energy storage because of their flexibilltyeir initial size

can be lowvoltage cells (2-3.6 V lithiuntion), but they can be combineata larger

multi-cell modules (60 V)which in turn can be used together to form a larger pack or
site-sized systenfior both higheipowerandmore energy capacityrhis means that rather

than building one large utilitgcale site, requirebly other forms benergy storage

smaller packs can be distributed among customers reducing the capital cost for the utility.
Oftenhousehold battery packs are the size of filing cabinetsandye used to reduce

power usage during peak hours to reduce the dsekctricity usage during peak hours

by discharging during these hours d@hdncharging during ofpeak hoursthereby

helping the owneto save money on their powbill andto help theutility reduce peak

loads.

2.3.2. Energy StorageFacilities in Canada

In NS, there is an intelligent feeder project underway in EImsadierebattery
technologyis being testetb use renewable energy more efficiently émceduce the
frequency of power outag¢31]. This is made up of a single griized Tesla Powerpatk
with 1.225 MW power output and 2.45Wh storage, designed for peak shaving, load
shifting, emergency backupnd demand responskhe project also provided ten homes
with residential Tesla Powerwaksach with 5 kW power and 13.5 kWh storagee
residential batteries can power $ebomes during power outages, or shift their load
during off peak hours to reduce the thmeusebill. Thegrid-sized battergan be used to
store power from a nearby wind fafor usewhenit is needed moreandto powerthe

town during power outages

2 https://www.tesla.com/en_CA/powerpack
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In Alberta, TransAlta is operating a utility scale lithidion battery storage facility in
Pincher Creek32]. This uses Tesla battery technologyh 10 MW of power and 20
MWh of capacity.This is located near a wind farm, to allow it to operate more
effectively: by storing excesgroduction for when it is neededoreandby providing

more reliability to the nearby community in case of failure somewhere else on the grid.

Saint JohrEnergyin New Brunswickinstalleda 1.25 MW power2.5 MWh storage
capacity Tesla Megapaak 2020[33][34]. This has the objective of peak shavibyg,
dischargingduring timesof the monthwhenthe electrical load is peakingndthen
chargingwhen the loads low. This prevents the need for mageneratiorcapacityto be

installed agpeak loads rise, or generation capacity is retired.

New BrunswickPower isdeveloping autility-scale solar farm paired with battery storage
in Shedac[35]. It will have 1.63 MW solar capacity, with 1 MW power, 4 MWh capacity
batteriesAs the power provider advertises, the solamfaould produce enough energy
to power 100 homedHowever thesehomes would still need power at nighgo,the
batteries will helghe solarfarmrun more effectively by storg power forthose times
whengeneration is less availablehis will alsohelp power two netero community

buildings nearby

Ontario currently had0.75 MWof power and approximately 162 MW energy
storage contracted by thedependent Electricity System Opergt@]. This can be used

for peakdemandeduction, grid reliability, anédffectivenes®sf I1G.

For the most part, energy storage systemstieiheécombined with some form of
intermittentgenerator olocated nearraintermittent generatoil his helps control the
effective output of thentermittent generatoby shifting the timing othe productiorio
times when it is more necessafhis smaliscale view may need to change in order to

serviceanentireregionrather than simply optimizing argjle wind or solar farm.

2.4. Summary
This chapter reviewed the needs for electricity generation in NS, and some of the sources

of generation usedoal and other fossfliel basecdelectricity generatiorhas the benefit
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thatthe fuel can be saved when the laatbw, however the drawback is tHatsilfuel
based generatiarleass greenhouse gases (GHG) into the atmosphere

Wind and solar generation are twotentialsources ofSHG-free electricity generation.
They are referred to as intermittent generafl@) because #operatorcannot freely
increase or decrease generatiGapacity value is oneetric for assessing |Ghis

measures the amountadditional load thatan be servedith the addition of new
generatorCumulative frequency analysistls®e method which will be used in this thesis

it is a statistical method which determines the reliable production of a generator at high
load timesEnergy storage can be used to store electricity generdtea iad times and
save it for times when tHead is high, increasing the amount of load that can be served

for a set amount of generation capacity.
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Chapter 3. Literature Review

This chapter reviewand evaluaterelevantiterature studying capacialue analysis,

and energy storage modeling withewable geeration.

3.1. Capacity Value of Renewables

Simoglou et al. studied capacity value of renewables extensively in G8Féc€hey
evaluated the capacity valuefofir renewdle energy sourceszind, PV, run-of-river
hydro,andbiomass They also evaluated the capacity valueageneration plant&\s
biomass has a consistent output it had the highest capacity value, follolwedrby
solar, and windyhile the cogenerationlants had the lowest capacity value as they only
run during the winterThey also looked closelgtchanges in capacity value after
incremental addition® capacity for both solar and wind generation. As more wind or
solar is added, subsequent additions have less impact wathehich means each
addition has less capacity value then the previous. Simoglou et al. found thiabghis
was greater in sotayeneration than in wind generation in Greece. They did findntimak
had a higher capacity value if there vedreadysolargenerationandthatsolar had a
higher capacity value if there was already wind generainalicatingthatwind and solar

geneationare complementary and should both be used to provide power.

It is important to note that the complimentary nature of wind and solar generation is
region specificMosadeghy, Yan, and Saf&8] found the opposite result in South
Australia Their study used windpeed and solarradiance data to appriowate wind and
solar generationespectively which they used to evaluate the capacity value of each.
They found that when wind and sotggneratiorwerecombinedtheyeach resulted in a
lower capacity valueT heydid confirm thatincremental additions afind or solar

generation had depreciating capacity values.

Yafezet al.[39] studied the depreciating impact of incremental additions of wind
generation further. They compartuleedifferent regionsvith 31 potential sitem

Mexico toevaluate the capacity value of potential wind generation in those regions
Because most wind geration in Mexico is concentrated in one region, they also used

wind-speed data tsimulate wind generationThey determined the capacity value as the
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penetration of wind generation increased from 1 to bs%esystem capacityl hey
determined that thuevo Leon region of Mexicbhadthe slowestecline in capacity
value asnore wind generation was adddtheyalsofound that tle decline was lowest
when they used generation coming from all three regions, rather than focusing the

generation in one area.

Yafiezet al. are not thenly researchers to compare potential locatidnsgensort al.

[40] did thisas well using data estimated using meteorological data frogdl30

potential sites across the western United States. They also coropahente and offshore
wind. They found that offshore turbines had the highest capacity value, but that there
were many potential larbased sites in Wyoming, Montana, Colorado, and New Mexico
with high-capacity values. They did not account for the co$edihce between land

based and ofhore windHowever, hey also found that wind farms with higher average
capacity factor had higher capacity values, indicating that performing better on average is

a potential predictor of reliable instantaneous germratt high load times.

Somerecent researchas examinethe impact energy storagan have on capacity value.
Schramet al.[41] and Sodano et g¥2] investigate the capacity value of combining solar
with storage using two differetechniques for calculating capacity val&ath groups
determined thaintroducingstorage had a significant impact on thpamwity value as the
storage allowedthe electricity generated from solar to be used optim@tram et al.
focused on a sma#icale, residential neighbourhood from Utrecht in the Netherlands
using electric vehickecharging and discharging to grid indédn to residential storage;
while Sodano et aktudy included a case study of tatates in the United Statasing
utility scale battery systemSodano et al. also looked at how incremeimisthllations
changed in capacity value when consideringiqgact each subsequeaddition of solar
capacityhad on the systenhe resultsndicatedthat he residual load is reduced when

more solar is addechusing the impact ;fubsequeradditions to be lower.

Most of the literature reviewed focusesdartermining the capacity value of a resource in
a certain regiongomparing two or more resources in a regiorgrocreating a new model
for performing a capacity value analysitiere isalsoincreasing interest in theapacity

value when storage is usédthere is a gap in the literature lookingo#ter factors that
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impact the capacity valusuch as timeframe, resolution of data, or ambient conditions
Much of the literaturdnasused predicted data based on models using meteorological data,
rather tharactual production data, meaning that there is some error caused in converting

wind speed, or solansolationto actualgeneration

3.2. Renewables andstorage Modelling

Johlas, Witherby and Doy[d3] determinedhe storage requirements for high penetration
of wind and solar in central USA. The goal of this research wastieve a nearly 100%
solarwind portfolio by energy. The model used a control strategy that charged the battery
when there was excess.|Ghe battery size was determined before the simulation was
run, with the output being required power and energy fr@n This method has the
drawbackthat it needs to be run iteratively to determinaiaknown storage size but has
the benefit that the parameters of the storage can be more finely adjitbtedch
simulation. They found thatvith no DG they required appximately 100 times the
energy capacity than if they produced 5% of their energy from DG. This is an energy
demand, not power demand, whisltoncentrated in a few short tirperiods. For much

of the year this DG would beactive and would theneed taramp up considerably to

help the storage when it is insufficieftis succeeds ireduéng GHG emissions but

does not allow foas muchDG generator retirement.

The biggest differensbetween their research atige presenthesisarethe region, the
focus on reducing DG energy, rather than power thadact that theost of the system

is ignored hereThis minimization of energy from DG is repeatedBudischaket al.

[44] who combine inland and offshore wind with solar and storage to power the grid in
the eastern USA. Ithat study, theyseal simulated wind and solar data from thational
Renewable Energy Laborayoto estimate production in this region aodptimize the

best combination for reducing energy needed from THey thenfound the difference
between IG and loado thathe storage was either used to supply the difference or
charged if there was exceagsneration. As witlthe previous groughe storage energy
capacityand power were input before the simulation was run, with the output being the
amount of system coverage achievEhklis doesot focus on power from DG, but instead

reducingenergy, whichwill reduceGHG emissions, but requires dispatchable sources in
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standby. This strategy has the benefit of limiting storage and IG to realistic combinations
but has the downside that it requires iterative simulations to find the optimal
combinations. In tis case they had to evaluate 28 billion combinations of IG and storage.

Weitemeyer et a[45] also considered cost, but focused on the storage cost. Their study
assumed a higtenewable penetration and considered the different forms of energy
storage technologies and backup power to achieve electricalio#s casetheir model

ran by charging the energy storage wh@nrenewable generation exceeded the, laad
dischargng when the renewable generation was insufficient to meet the load. The energy
storage capacity anditial stored energy were predetermin&tiey concluded that the

lowest cost combinations were dependent on the main source of renewable generation.
Solargeneration results in daily storage demands, which requires battery storage, while
wind often results in longer term storage, which led to hydrogen and ptimgpeal

storage performing better.

Regional differencearemost evident witlestebanZhang and Utamd46]. Their

research focused on Japan, whichlégh summeidaytime peaking regioim contrast to

NS. They combined solar and wind with storage to provide load using a timestep model.
They used biomass, pumped storage, and battmgge to supply power when the IG

was insufficient to meet load. Their model set a limit on the biomass and pumped storage,
prioritising their usefirst, then used the battery storage as needed. This has the benefit of
maximizing the use of capacity thateady exists in the system before installing new
storage capacity. This assumes the system would use one source of DG or storage at a
time rather than balancing all three. Due to the high surdangime loads the optimal
combination involves a large sok® wind ratio However, the need for wind is not zero

as there is still load during the nighttime hours.

Much of the research reviewed used a model that chamggy storage when thé
exceeded the load. This works whte only form of generation renewable, but many
used some D@nergyas backupwhich means the DG haditamp up to a large power
output for a short amount of timklany of the models also selected the storage capacity
before simulatingwhich would mean they would hate iterate tdind a combination

that had sufficientapacity The literature also shawdifferent results depending on the
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region indicatingthatsome of the results are not applicable to the NS system. The
following section reviews some literature on storage madglh the NS system.

3.2.1. Nova Scotia Analysis

Few researchers assessed combined renewables and storage in a NS context. One
example of this is a focused study Manchester ¢473).did on combining tidal, winénd
storage for avoiding curtailment. This study focused on a potensaldgam tidal

generator in NS that was limited by the energy demand of a nearby substation that already
had a wind turbine nearby. The combined output of the turbine and thgdrdaiator had

to remain below a 0.9 MW limit set by the substation. Manchester et al. modeled an
energy storage system to determine the necessary power and energy capacity required to
prevent curtailment. They used wisgeed and tidgelocity data as thproduction from

the wind turbine and tidal generator was unavailable. The study used an iterative
approach which simulated multiple combinations of power and energy capacity to see
which ones would successfully prevent curtailment. This method would esgxéessive

computation as it simulates slight differences until it finds the combinations that work.

Pearre and Swgd8] analysed this in 2013 for the purpose of introducing wind and
storage to the province to meticoaffired generation. The goal of this research is similar
to that in this thesis; however, the methods differ. In their resglhuse windspeed

and load data from 208 2010 to estimate the needs and production for 2015 and 2020,
by convertingwindspeed to wind generation using a wind turbine generator power curve.
At that time there was a required generation for these dates setrpvireial

legislature, so rather than having a variable wind generation capacity, it was estimated
based on tis requirement. The timestep storage model uses set storage capacities that
charge and discharge as needed, and retwssd of load. In this way storage capacity and
DG retirement are varied to output the number of hours per year with a failure to meet

demand.

Pearre and Swan also did two more recent sets of research in thiBhardest in 2020
[12] combines windsolar, and instream tidal with storage to reduce load perturbations in
NS. Thisstudyspanned two years from 2016 until 2018, using normalized wind and solar

based onggregate wind, and aggregate solar, as well as the actual load during this time
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period in-stream tidal is estimated based on the water velocity and tidal turbine power
curve. The storage model sets the starting energy to 0 and depletes and recharges the
storage as needed, using the minimum depletion amount to determine the needed
capacity, with the resulting storage capacity varying depending on the wind asalar

tidal capacities. This was done for different perturbation timescales.

Subsequemntesearcldone by Pearre and Swan in 2Q2Q], uses the sameath and time
period to test a different model for rarmgte control. As IG varies like load, it can result
in a severe change in perceived load as the renewable generation falls as load rises
Thereforethis research uses storage to flatten this chartgecontrol strategyor this
studyset a limt on the ramp rate of the D@itially the load was met by the IG and DG
resources, however if the variation of load or IG caused the ramp eateded this limit

it would either charge or discharge the steragreduce the ramp rafehey then tried to
return storage back to the neutral point when possithlestoragewas initializedat 0 and
charged and discharged as needed, determining the capacitydifjetfeance between

highest and lowest pointa/herethe 0 point it began at was the approximate middle.

3.3.  Summary

The literature regarding capacity value covered many techniquealéoiating capacity
value.Researchemnake conclusions on the capacity valuelifferentlocatiors or on
combining variousdcations however there is a gap when it comes to the characteristics
of the data used. Thikesis will review how analysing data from a spegrar and

using datawith different resolutiongmpact the capacity value results. This thesis will

also take a closer look hbwthe capacity values impacted by the ambient conditions

Modelling storage used f@G reduction is lacking in the NS region. There are
researchers who have done storagelelling in NS, however, the goal of their model

was not DG reductiorThis thesis will focus on the goal of reducing the need for DG.
Research has been done outside of NS with the goal of DG reduction, however in many
cases they do not use actual productiata, instead they udata modelled from
meteorological datéAdditionally, storage modelling domegardingDG reduction often

result in low DG energy usage, but do not limit DG power, meaning there is still a need

24



for a high DG capacity, that remaiitde for long periods of the year. This thesis limits
the DG power output rather than energy to allow for complete retirement of DG facilities.
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Chapter 4. Data Sources

This chaptedescribeshetypes andsources of data used, and thaysthe data was
processed tbe useable in the modeWind andsolargeneration data, provincial load
data, and mvironmental data were all used in the analysith various timesteps

4.1. Wind
There ardwo sets of wind turbine data used in this praject

1 Provincialaggregate wingower the total wind generation across the whole
province, available in-Pninute timesteps from 2016, andrbnute timesteps from
20122016.

1 Individual wind farmpowerfrom four NSPowned or partially owned wind farms

in NS, available in 2ninute timesteps from 2015.

4.1.1. Provincial Aggregate Wind Generation

As of 2021 NS has309 wind turbinesacross the province witl6 MW of installed
capacity While these wind turbines are spread out amongst dozens of windtfems
majority of the production comes from a small number of large fai8B.uses the
timestep data from nine wind farraad extrapolates the production to estimate the total
productionof the provinceThe wind farms used are listedTablel and are circled in

Figure3.
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Tablel Major wind farms telemeteredfor extrapolating aggregate production

Installation Number of Installed Capacity

Wind Farm Yeal(s) Turbines (MW)
Ambherst 2012 15 31.5
Nuttby Mountain 2010 22 50.6
DalhousieMountain 2009 34 51
Digby Neck 2010 20 30
(Gullivers Cove)

South Canoe 2015 34 102
Pubnico Point 2004, 2005 17 30.6
Glen Dhu 2011 27 62.1
Point Tupper 2010 10 22
Sable Wind 2015 6 13.8
Total 185 393.6

The ninewind farms have a total capacity 3#3.6 MW, which is 64% of the installed

capacity across the provinCehe data was extrapolatday NSPto match the full

capacity of NSand provided by theras an aggregate production, in a{mmute

timestep Each daapointrecordedhe average power production by the proviaceoss
the previous two minutes megawatts (MW)This datawas provided frondanuary 2012
until the end of 2020with only the periodf July 2017 to July 2020beingused for the

analysis.There were multiple wind projects in 2017, so it is expected the installed

capacity is not as high in the beginning as it was at the end.

The data was prprocessed to account for gaps and errors in the TOa¢gprocess for this

is shown inFigure?:
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Figure 7 Timestep data processing flowchart
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Figure7 showsthe generic way the data was processed for most sets of data used in this

analysisThis was implemented for the aggregate wind data by:

1 Defining outliersasany valueabove theknown capacity of installed wind turbines
(616 MW).

1 Changing the timeone of the dateolumnto Atlantic Standard Time (ASTtp

keep theime zoneconsistent across all datasets
1 Deleting repeated dafawo or more datapoints at the same time)
1 Filling gaps in timewith nonnumber (NaN) values.
1 Replacing NaN values byterpolating between nearby datapaints

Theresultingdata during th usederiod is showin Figure8:
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Figure 8 Aggregate wind as estimated by NSP using extrapolation of nine major
wind farms

For most of the timeframe used, the production tends to peak close to the known installed

capacity for the provinc&16 MW, however, for the first few months the production is
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significantly lower most likely before the point in which a major wind farmswa

connected to the grid he lowerproductionduring thesummer thathe winter is
expectedThroughouthis analysisthe normalized production, production as a

percentage of capacity, is used rather than production in units ofTWiM/is so the
capacityvalue can be compared between different sized farms, and so that the production
can be scaled for the storage modellifige equationusel to normalize the power output

is given below:

Thenormalized productign i, IS the percentage of ratpdwerachieved at any
given time, t0 is thepower productiorat any given time;and0  , is the rated
capacity of thegenerator at that time, Eor an individuabevice orfarm therated
capacityis oftenconstant over its lifespaBut for the total aggregate production across
the entire province, the rated capacity changes as newfavimg are commissioned, or
old ones decommissiongldarms can also change their rated capacity if new wind

turbines are added to the farm, or are decommissioned¢ i ng t he f ar més | i

The normalized productiomalue isdisplayed orFigure8 as the orange linat present

NS has 616 MW of windso the more recent times are treated as having a rated capacity
of 616 MW.This normalizing value is used from February 20h8| the end of the

analysis, the power production is much lower in January Zal#his is likely the point
when a new farm was connected to the grid and NSP began scaling the aggregate
production by a higher valu&herated capacity before this poistestimated by

comparing the maximum production before and after February to be approxiiz¥ely

of the current capacity, or 447 MWWhis results in the following timseries:
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Figure 9 Aggregate windas a percentage ofotal production using estimatedrated
capacity
After correction, the productiomccasionally reaches a maximum valuafund 94% of
its rated capacityl'he failure to reach 100% capacityeigpectedit is unlikely all 300
wind turbines in the provinogould ever be producing #teir maximum capacitgt the
same timeThere are various reasons some wind turbines could be producing less than
others at anygiven moment@me may be undergoing maintenarszmne maye down
due to icingsome maybe blockedecause of the direction of the wirat,some may
simply be in a less windy argthey may even have the potential to generate maximum
power but be curtailed because there is already too much genefaigoaggregate
productionalso rarelyhits 0% prodution, as it is rarelycompletely windlesacross the
wholeprovince.The summer shows lower production than the winter, as it is typically

less windy during this time

4.1.2. Individual Wind Farms
This analysis also used data from fofithewind farms from the nine major farms listed

in Tablel. The farms used are:

1 Sable Wind in Guysborough County
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1 South Canoe \Wd Farm in Lunenburg County
1 Nuttby Mountain in Colchester County
1 Glen Dhu in Pictou County

The locations of these wind farraselabelled inFigure3. Thedata is prowed in twe
minute timesteps, in the form of average power over the previous two mihbigesvas
providedfrom January 2015 tduly 202Q howeverSouth Canoe Wind Farm was only
operationain June 2015so it has zero production until June 21, 201 analysis using
these four wind farms only coverddly 2017 until July 2020, so the availability of data
was sufficient.

The data was processasing the same method the aggregate wind datanytime

power outpuivas 20% higher than thrated capaty of the wind farmt was considered
an error and deleted@hen the time zone was corrected to A8iiid the data was sorted
chronologically.Gaps in time were filled and interpolated betwew®ie thasince South
Canoe was not operationahtil June 2015the gap between January and June of that
were was notfilled in, it was left at zero productioffheresultingdata available for these

wind farms is showin Figure10:
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Figure 10 Individual wind farm production

This shows theotal output of each from in terms of MVWhe y-axis for each wind farm
has a different scale, depending on the size of the wind farm, so thag@rgarablen
terms of MW output, as South Canoe far exceeds the capacity of the othefMarms.
make them more comparaltleeyareconverted tgperentage of rated capacityhisis

done usingquation2, using the rated capacity for each wind farm foun@iahlel. The

resultis shown in the followindrigure11l:

32



South Canoe
100 ] T T | T

50|

L A

O L I T L St R Y O DRV U P T 0 9 11 T
Jul 2017 Jan 2018 Jul 2018 Jan 2019 Jul 2019 Jan 2020 Jul 2020

100

(%)

Ll i

O boo daadbi Uy OLE [y J| 1 |1 RNy | i i [ Lt al 1
Jul 2017 Jan 2018 Jul 2018 Jan 2019 Jul 2019 Jan 2020 Jul 2020
Nuttb
100 y

LA A '

. | | o e |
o LN L..Hﬂtl MJL,““ “th “M Ll K,d.l.h..lhj w A.)u‘.hl.l.llllm d.l..lm.“‘.h..ml. .ﬂlhmnlmll 1| Wl Bl n_m.l.u}LLMh.

Jul 2017 Jan 2018 Jul 2018 Jan 2019 Jul 2019 Jan 2020 Jul 2020
Glen Dhu

Production

b o

.. /11 | 1 T | L | | ] il UL L
Jul 2017 Jan 2018 Jul 2018 Jan 2019 Jul 2019 Jan 2020 Jul 2020

Figure 11 Individual wind farm production as a percentage ofrated capacity

This shows thg@ercent production for each individual wind farm. This data is used for
analysis when comparing wind farrodifferent sizesThe data shown iRigurellis

too broad to see instantaneous differences between the farms, but seasonal differences
between the farms is observalable is the most obvious, with a data gap in spring of
2018, indicating somiss of data collection, or farm shutdo. There is a similar gap in

late summer 2019, and either curtailment or a single turbine failure in fall ROf®y

also appears to have a gap in the data in early 2020, which could be from a farm

shutdownor a data recording failure

4.2. Solar

A solar aray typically has multiple solar PV panels connectechtmeerter or a set of
micro-inverters that convert the DC output from the panekirtaonditioning(AC) that

can be used by the home or the electrical giekproductionoutputdatafrom these
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arrays is collected at the inverter as@mmmunicated to the HalifaRegional Municipality
Solar City 2 prograf which is databased on an open data pdd@ava Scotia
Community Colege Applied Energy Researdias built adatabase to make this data
available to researchérsn this case there agd0arrays with data used in this analysis
the majority of which reside iHalifax County Thenumber of solar arrayis shownin
Figurel2
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Figure 12 Solar array data availability by county

As with thewind data thesolar production is shown tapower value, in watts (W),
representing the average power produced during the preinoestep For the case of the
solardata,it is provided in Sminute timestepslhe solar data did not have the benefit of

as long a data histogs the wind turbines, with many solar arrays bemgmissioned

comtps://www.halifax.ca’/hom@roperty/solaiprojects/abousolarcity
4 https://data.solardatans.ca/communitysolar/signin.php

34



during the span of the analysishe followingFigure13 shows the data available across

the range of solar arrays
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Figure 13 Solar array data availability by date
While many arrays onlgrovide data for a limited timeafter July 1, 2018 there are
always at least 90 arragsitputting dataThearrays providing a limited timeframe were
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used when available, but most of the data was used from the more available arrays.
Because many of trerays are only available during this limited timeframe, the analysis
involving solar only covered July 2018 to July 2020.

The solar data wassedto estimate a single set timestegrmalized powedata for the
province To do this the 200 arraygerecombined in some way that would provide a
realisticprediction ofthe solar resource in the provindde following flowchartand
equationshow the method in which the solar datpriscessed:

Process as Divide production
Input solar , A
timestep data sr_mown in in each array by
Figure 7 its peak (eq 3)
A 4
Sort Find average Find average county

arrays by —» capacity factor of > production of
county each county (eq 4) province (eq 5)

Figure 14 Solar data processing flowchart

The data from the arrays was first processed to remove errors using the same method
shown inFigure7. In this case the peak production was the ®9p&centile produt@on

value, with anything significantly higher being removed as an ouflien the solar

arrays were organized by county, so that each county had a set of arrays representing its

production.

The first step is normalizing the arrays as a percentageeofaagpacity however, the
rated capacity for each array is unknown, so instead of using eq@atinrated

capacity is replaced by the masum production:

As with equatior2, 0 i IS thenormalized generatigror thegeneratioras a

percentage of thetedcapacity,0 is the solar productioat a given timet. 0 is the
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maxmum power outpubf thesolar array, used to estimate the rated capalditig
maximum power output is often limited by the inverter rather thanuh&er of arrays
so this maximum is assumedtie the maximum M\t rather than MWc.

Next thecapacity factor of the county is estimated by finding the averagerof the

arrays in that county:

In equation4 O M i IS the averagaormalized productioacross the whole
county,0 ki IS the capacity factor of each array in the county,éand s the

number of arrays in the coun@nce this is done, theverage capacity factor for the

whole province is found, by calculating the mean capacity across all of the counties:

Using this method each county is weighted equally as long as it has at least one

operational solar arrgyroviding datalf the average capacity factor of all solar arrays
wasfound,thenthe resulting data would be heavily weightgdHa | i f ax Count yds
sol ar arrays r at h e solatrdsaumelhisisimulates a serieseof pr ov i n
utility -scale solar arrays, if the only solar in the province continues to be on residential

buildings than simply finding the average of all the data would be a better estimation

Figure15 shows theesulting data from the described processing
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Figure 15 Resulting solar resourcedata

As expected, the solar production is highest during the summer, and lower during the
winter. It typically peaks around noon each dayfted depending on when solar noon
occurs.Notably it never reaches Q% production, because there is never a point when all
solar arrays are producing at their peak producfibie. peak production is also stretched,
rather than the peaks following a sine curve, this is likely a result of the various
orientationsacross alkolar arrays in the province, so each array peaks at a slightly

different time of year.

4.3. Load

The provincial load represents the total power demand of the prdhiaictne electric
utility, in this caseNSP, seesThis would ignore any load that is met étgnsumer owned
generators, such as solar panels, that wprddide power to appliances before they pull
electricity from the gridthis is considered to be insignificant to the loBlis value is
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provided in thesame format as the aggregate wind by N8Bvided in 2minute
timesteps and available from 2012 until the end of 2020.

The load is processed using the same method shown in the flowcheytiia7. Any
value that was significantly larger than the $9o@rcentile value was considered an

outlier in this processl he resulting data is shown Figure16:
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Figure 16 Provincial load data

For the most part the data follows the typical seasonal and hourly pattern expected for
NS. The load iighestin the winter due t@paceheatingrequirementsThe load is

lowestin the late spring and early fallhere is a slight bump in the summer as there may
be some cooling, but not nearly the magnitude ohttaing load in the wintem
September 2019 there wabwaricane whicltaused a blackowicross the provircwhich

explains the dropn demand near the end of the 2019 data.

4.4. Ambient Conditions
The ambientlimateconditions data was downloaded diredtlym the environment

Canada websgtusing the historical weather repSrt8 script was running using

5 https://climate.weather.gc.ca/climate_data/daily_data_e.html?StationID=50620
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MATLAB to downloadfrom this website for every dayhe data was downloadéwm
stations near the largest population centrds®fThese stations and the cities they reside
near are listed ifable2:

Table2  Weather stations used for city temperatures

Station City

Halifax Dockyard Halifax
Sydney Sydney
Debert Truro

Caribou Point New Glasgow
Yarmouth A Yarmouth
Kentville CDA CS Kentville
Nappan Auto Amherst
Lunenburg Bridgewater

The data from each weather station listedable2 was used to determine the average
temperature expemceal by Nova Scotians, by calculating a weighted average

temperature across all the stations based on the population of the city theyjosete.

BY, 0én
BO € N 6

Equation6 shows the calculation used for provincial temperature, whgre the

temperature at each ciéy a given timeand0 ¢ fis the population of that city.
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Chapter 5. Capacity Value of Wind and Solar Generators

Historicallyin NS, expansion of wind generation has been prioritized over Sdiar.

scale of wind projects NSis typically larger tharthat ofsolar projectsn the province

Most of thesolarpower output is generatédr om i nst al |l ati on$s. f ound
Section4.2 describeda new wayto estimatea potentialaggregatedargescaleproduction

of solar electricity in NSising the data from the small installations across the province.

The resulting data from this ivhow be used for a capacity value comparison between

wind and solar.

Comparisons betweevind and solageneratiorhave been done before, ewds. The
unique bcusof this analysiss on various factors that impact capacity values for the two
generatiortechnologiesFirst analysing how timeframe or resolution of data affects the
capacity value results fovind, thendetermininghow the capacity valuef wind changes
with ambient conditiongAfter this,the capacity value &folar is compared to winasing

all the data available, themalysingbased on montbf year orhour of day.

5.1. Methods

The calculation of capacity value isriousing the cumulative frequency analy$ise
general technique for this is described in sec®@2, but this sectiorprovidesspecific
details of how it wasdculated using the data available addition,this section describes
the steps madm isolate the specific factotbatimpactcapacity valueCumulative
frequency analysi®as chosen over the ELCC method becaiuaibows better isolation

of differenttimeframes of data, which enables twenparison of different factars
Additionally, the cumulative frequency analysis meth®tess computatiatly intensive,
somultiple studiesan berunin a shorter timespamnhich allows for easier comparison
The flowchartin Figure17 shows the steps used for calculating the capacity value using

the cumulative frequency analysisethod:
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Input Merge load | sortdata
and generation
data by load
dataset
Initialize Create bins Isolate production Determine production
bin size »| ofchosen || data in highest with desired
to 1% size load bin probability level
J

Increase No Has full
range by | range been
1% analyzed?

Figure 17 Cumulative frequency analysisflowchart
The data required for this analysis is

1 Provincial load data
1 Normalizedwind or solar generatiotiata

The load andjeneratiordataaresynchronizedo that any given time has both a known
loadandIG production This production data should have already been normalized, so it
is a percentage of the rated capaciliige data is sorted by load é@aminethe high load

times.

After this initial preparationa loop beginshatcontinuously increasthe amount of data
analyzed taraphthe changes ireliable productionas the load increase&fter each
iterationthe rame of data increase$he production datevithin this new range of loads
thenreviewed to find atvhat percentage of its total capacity it will produce at a given
confidence levelThis is doneby determining th€0", 10" and %" percentileproduction

duringthese times of peak demarithe5™ percentile represents the value which is lower
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than95% of thedatapoints, indicating there is a 95% confidence that the generator will
produce more power than that vallieewise the 2t percentile corresponds to a 80%
confidence, and T0percentile corresponds to a 90% confider@ece the loop is
completed theutput shows how theeliablegeneration of each farm changes as the load
thresholddecreases.

The way these factors were iat#d is descritzkin the following sections.

5.1.1. Annual Capacity Value Analysis

Theannual capacity valuanalysis compares how edenm changeshe capacity value

from one year to anotherhis analysis simply bins the ddig year before sorting it by
load.However, sinceall high load timesn NS occur during the winteeach year centres
around the wintefSo each year of analysis begins in July and ends in June, to keep a
continuity of each wintei-or examplethe 2018/19 analysis included the data frauty

1, 2018 to June 30, 201Bhe process for this analysis is shown in the flowchart shown in

Figurel8:
Analyze range of
Input Initialize | data from July of
data start year | active year to
June of next year

Have all
years been
analyzed?

Increase
one year

Figure 18 Annual capacity valueanalysis flowchart

This analysis uses a single lomprepeathe cumulative frequency analysis described in
Figurel7, after isolating one year of data at a tiffiee output is three sets of capacity

value data, one for each winter analysed.
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5.1.2. Data Resolution
This analysis reviewed the change in capacity vatuthedataset resolutiodecrease
To evaluate thighe timestep waaveraged across multiple datapoints to create a more

coarse analysighe process is shown the following flowchar:

Input Analyze
data dataset

A

Have all
resolutions
been
analyzed?

Yes

Match selected
resolution by Decrease
averaging across [¢ resolution
multiple one stage
datapoints
QOutput
data

Figure 19 Data resolutionanalysis flowchart

In this case the loophanges the resolution every iteratidhe initialtimestepwas two
minutes, so it was increased to match timesteps typically availabtiata.These values
were5 minutes 10 minutes and hourlylT o best simulate the data being naturafigorded
at these longer timesteps tlvalues measured that occurred during these timesteps are
averaged ancecorded at the following intervdtor examplethe 0120 valuein a 10-
minutetimestepwould usethe average windspeersingall datapoints fron01:12 to

01:20. Then the capacity value of this new dataset was calculated normally.

5.1.3.  Ambient Conditions

The ambient condition data was analyzed using a different method than the other two sets
of analysis.To start off the correlatiobetween load andmbienttemperature, and

windspeed and temperature was analyfed.the load and temperatwerrelation a

scatterplot was made showing temperature on4pdsxand load on the-gxis.To

compare windspeed and temperattinewindspeedwvas categorized into high, medium
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and low windspeedsvhere the high windspeeds were in the top &rcentile, medium
were between 38and 67" percentile, and low were below the'8gercentile This was

used to examine any correlation betweendspeed and temperature or load.

Then an analysis of capacity value depending on temperature was performed, as

described in the following flowchart:

Inout Separate high Sort data into
dgta load data (top »| temperature
10%) bins
y
Calculate reliable
wind generation (10- Qutput
20" percentile) of data
each temperature bin

Figure 20 Ambient temperature analysis flowchart

This uses a different methdlanthe previous analysis, rather than performing iterative
capacity value analysafter manipulating the dathn this analysis the high load data
above the 10percentile load is separatatien sorted by temperatufithese temperature
bins, each have theliable windgeneratiordetermined by calculating the1.@nd 2¢"

percentile wind generation based on the data insideithe

5.1.4. Comparison toSolar

To compare the solar to winfikst the cumulative frequency analysis, describedrigure

17, was performed othe solar datalhen aannual capacity valueomparison was

performed, by separating the solatalby yeaandapplyingthe saméechnique used for

wind. Due to the high penetration of windN&, an analysis on thacremental value of

each intermittent resource was performed, to see if adding new solar would perform better
than new windThis wasdone using the same cumulative frequency analysis described in
Figurel7, except instead dhe total load for the province, first the current production of
intermittent resources was subtracted from the load to calculate the néthisad

calculation is Bown inequation?:
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Whered j andd  j are the power output from wind and saj@neratiorat a given
timet, respectivelyd  j is theelectricalload at time t, and f is the net load.
This net load determined tihesidualload experienced b®G in the provinceThe
purpose of looking at the net load is becauseishahat needs to be targeted by
subsequeniG installationsto reduce the need for DG.

Next ananalysis comparing the hourly capacity value was drseparate data based on
the hour of daynvestigate the times at which solar generation is producaingglthe

day. The steps taken for this analy@sshown in the following flowchart:

el Initialize Bin data for that
P hour to —> hour and <
data .
review analyze
Step to
next
hour

Have all
hours been
analyzed?

Qutput
data

Figure 21 Hour of the day analysis flowchart

In this analysis, the data is separated by hour of the day (in AST), and the cumulative
frequency analysiwas performed on each hourly datasethis case the results were
plotted against time, so a single load level was selected to di§pfagercentile loads
was used, as the top 10% load level was often used in literBinadly, an analysis on
each month of the year was dofais examineathe capacity value of each during the

summerto see if solar generation is the best option for matching AC loaaiscounting
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for lower production from run of river hydr@he only difference in method between the
month of year analysis and hour of daalysis, was that the month of year analysis
initially binned the data by month rather than hour.

5.2. Results

An initial analysis is done to determine the basgireluction anadapacity valueThe
relative demand and productiondsterminedFigure22 shows the energy demapdr
month, and the monthly energy production for wind and gaerationlt is important

to notethatsince there is not sufficient utility scalelar to be comparable the solar data
has been scaled up to match ithetalledcapacity of windn MW.
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Figure 22 Energy demand per month, and energy production per month for wind
and solar inNS
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Figure22 shows that thaverageelectricalloadis higher inthe winter, whichs the same

for wind, however, this is the time twfwest average power outgiar solar.This high

winter load is typical foNS, as it requires more space heating in the winter, than cooling
in the summerThe low production of solar is expectellie to the strter days and the
lower solar radiatia in the winter.Using this, a higher capacity value for wiisd

theorized as solahas a lower average productionisiless likely to be producing a high
yield during the high load times

Due to the higlaveragdoad inthe winter months, it itheorizedthat instantaneous load
will be higher during these months than in the summer mo8thse the winter season is
more relevant to the analysis, ty@ar has been split halfway, rather tlenJanuary 1
Eachdyeabanalyses the data from Julyne. This wayhigh load events that occur in the

samewinter, but two different calendar years are not separated.

Next, to set a baseline for the analysis, the capacity value ofgeimetatioralone is
determinedthatcan be usetbr comparson This was done for the aggregate wind

production, as well as the individual fareasd is shown in thEigure23:
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Figure 23 Capacity value with 80%, 90% and 95% confidence level
The capacity value reflects theliable production of eaclwvind farm at high loadsT'he x

value on the graph shows -‘tbhaeddoavwidliche eshel:

shows the reliable production when the province is at or above that loadtdp ty@ph
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of Figure23, the production is considered relialflét is producing abovéhe plotted

level 80% of the timein the middle graph it requiresproduction over that level 90% of
the time and for the bottom graph the wind farm or aggregate needs to be above the
displayed level 95% of the time

There is alear upwards trend in most of the wind farms, and aggregate, as the load
increases the reliable wind production increasbgs means that a farm will reliably
produce more electricity as load increa3ése three vertical lines on the figure indicate
different specific load level3.hey are top 10%, 5% and 1% loads, which are equivalent
to 90th, 95th, and99th percentile loadhe capacity value at these levels is listed in the

following table:

Table3 Load and aggregate producton at various load levels

Parameter 90" percentile load 95" percentile load 99" percentile load
Load (MW) 1615 1710 1852

20" percentile 15 17 28

production (%)

10" percentile 7.2 8.3 16

production (%)

5 percentile 3.3 4.1 7.8

production (%)

The 20" percentile production at the top'®percentile loadesults in a wind capacity
value of 15% which isomparable to the 19% ELCC capacity value folondNS
Power 6s i nt e g r[Z]t Taadifferensedetweendhe fwb resudisiue to

the difference in methods usd&dlumulative frequency analgsdetermines the statistical
reliable production of historical generation, while ELCC uses probabilities to fotheast
future load carrying capability of a generator. While the results are differechadnge is
not drastic, indicating there ssmeageement on the magnitude of capacity value using

each method.

Thetrend of reliable production increasing as load increases is evident in the table as
well. At each confidence level, the productiapproximatelydoublesfrom the 9¢" and
99" percentile lad, indicating that windyeneratiorbecomesnore reliably higher as the

load increases.
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Anothernoticeable feature in these results in the distinct difference between the aggregate
wind capacity value, and each individual farm capacity vdiu¢hetop gaph, the

individual wind farmsbeginat approximately 5660% the value of the aggregate but rise

to match the aggregate at the peak Ibathe middle graph the individual wind farms

begin at only 285% of the aggregate amide to no more than 70% of the aggregate,

while the final graph theleginat approximately 1:05% of the aggregatnd end at

30% of the aggregat&his indicates thahey perform much worse, proportionally, than

the aggregate as theliability demandd increases.

As described in sectiof 1.1 the aggregate wind an estimate of the total wind

production of the provincgeneratedising the top nine wind farms the province.

These nine wind farms are located across the province, while each individual wind farm
is comprised of wind turbines concentrated in one localibis means that there may be
times that the wind resource is low in one area at a givenwiieh would result irall

the wind turbines in a single farm having low productibis less common that the entire
provincewill experience a low wind resource at the same time, resulting in the entire

province having low production.

Due to thedispergedwind productionthe aggregate sees fewer minimums, which results
in greater reliable productiofhis has an inverse effect tpib is unlikely that the wind
speedwill be highacrosghe wholeprovince, sdNS would experience its maximum wind
production less frequently than any individual fafirhis drawback is not seen tinis
analysis because the capacity vaiien using theumulative frequency analysisasly
impacted bytheworstcasescenariosandrewardsmore reliable but potentially lower,
generatiorover moreintermittentfarms that see 100% and 0% productgpuially. This
shows that adding new wind farms in new locations will improve diverggulting in

more reliable production, and thus gexatapacity value.

The farm that is mogienalized by beingoncentrated in one location is Nuttby
Mountain.It hasno reliable production at the high load thresholds at any of the displayed
confidence leveldrigure24 shows the production of thveind farm, as well as a

comparison wind farm and load for reference:
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Figure 24 Nuttby Mountain and Sablewind farm production and NS demand time
series

In the top graph frorfrigure24 Nuttby Mountainhas azeroproduction period during
January2020.This could have been caused by icing, a failurthatinverter, a data
collector failure,or transmission failurel'he reason does not matter when considering the
effectit has on the analysi$he zereproduction period takesvo weeks, out of three
yearsor 1.3% of the datddowever, this occurduring the load peak of the 2019/20

winter, which means that most of thigroproduction timehappens during the peak

loads While it may produce greater than zenmst ofthe time, when the analysis focuses
on the high load times, it will appear to havenuch lower reliability, if a substantial

period of high load times made up of a continuous zegooduction period.

By contrast Sable had much larger zefaroduction periodén summer 2018 and summer
2019 despite this Sable has a much greater égpeaalue inFigure23. This is due to the
load being much lowexrhen Sable had zeqaroduction than whethe zereproduction
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period occurred at thduttby Mountain windfarm. Indicating the clear importance of

reliability when the load is high to the capacity value analysis.

In this analysis, three years of data was ugéith two minutes timesteps this resulted in

a significant amount of data, as described inTihgle4:

Table4 Data significance of each confidence level at various load levels

Load Threshold All Data 80% confidence 90% confidence 95% confidence

All Data 789120 157824 78912 39456
Top 25% loads 197280 39456 19728 9864
Top 10% loads 78912 15782 7891 3945
Top 5% loads 39456 7891 3945 1972
Top 1% loads 7891 1578 789 394

At two-minute timesteps, there are 789120 datapoints over the three years worth of
analysis.The leftmost datapoint iRigure23is the top 25% loads threshold, which
accounts for 197280 datapoinighiich means at the 80% confidence level there dfe st
39456 datapointthat occur under thearked production leveBy contrast, the top 1%
loadsaccounts for 7891 datapointsith the 95% confidence levehly having 394

datapoints falling under.

Out of 789120 total datapoints 394 seems insignificaotyvever, this accounts fag
hours worth ofow powerproduction at high load$éndicating that even at the strictest
measurements, there are still 13 hours at which the turbines piledadkan the marked
amount when peak loads are occurringoking at each year individually will break this

down further, reducing each value to a third of what is shown

5.2.1. Annual Capacity Value Analysis

This analysis determines how the capacity value clsayeh yearTo begin, the data
was split up by year, & m July of thefirst year to June of theext. Thenthe datavas
sorted by load, rather than chronologicalfe resultareshown inFigure25, the
production shows #hmedianvalue across 1% of the data points, rather than shaaling

the data points, as there are two mamplot individually.
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Figure 25 Median wind production and load data sorted by load

Figure25 showsthe variation in the trends occurrirduring eactyear. In 20%/18,

production is relatively flat as load decreases, rising and falling slightigndng
approximately the same as it begahis isvery different for 208/19, where the

production is highest at the peak loads then decreases as the load detheatserd in
201920 isa between these two years, with a slight peak at the highest hohdsen
decreasing right after this very highest load, before leveling out and slowly decreasing as

the load falls.

Most of the farms are grouped close together,smmgeare actually greater than the
aggregate at time3his is different than ifrigure23 because this is displaying the
median power production, not t8&", 10" or 5" percentile productioNuttby Mountain

is the exception which stands out withor performance each year, especiall2019/20
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whichis likely due to the gap in production shownFigure24. Even inprevious years
Nuttby did not perform well,it is expected to have the lowest capacity védueach
year.

This variation between the years shows the importance of investigating multiple years. If
a singleyear worth of dataverepicked the results could be drastically different

depending on whityear was analysed. Thisll be greater emphasised by tbapacity

value analysis performed for each ye@hnich isshown in the following figures
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In Figure26 the capacity value for each farm is plotted aBigure23, however thelata
was first seprated by yea The nine graphs are made up of different combinations of
year, ancconfidence level: laof the leftmost graphase data fronduly 2017June 2018,
the middle column is 2018/2019, and the right column is 2019/26@Qop row is 80%

confidence, the midd row is 90% confidence, and the bottom row is 95% confidence.

The yaxis remains constant between each column for comparison between years,
however they-axis changes maximum betweenvsas the reliable production is
expected to decrease as the configdevel increasefue to the different load profile
each year, thg-axis ofeach figurehas the same range, showing how the actual data
shifts depending on the year, this is related to the load experienced during th@hgear.
distribution of loads beteen years isxploredin Table5. Also included inTable5 is the
difference between tr@d" - 95" percentile load, and 99 90" percentile loads, to show
how these change depending on the year.

Table5 Comparative loads ketween yearsand differences betweerhigh load

levels

ggh g5th oo

percentile percentile Delta99" ¢ percentile Delta99" g
Year load(MW) load(MW) 95" (MW) load(MW) 90" (MW)
2017/18 1766 1623 143 1525 241
2018/19 1898 1786 112 1700 198
2019/20 1803 1673 130 1602 201
Three year 1852 1710 142 1615 237

analysis

The 99" and 98" percentile loads are higher fibre 2018/19 datasgthanthe other two
years Additionally the difference between the'®9and 9%' or 90" percentildoadlevels
is lower for2018/19than inthe other two yearsndicatingnot only are the top loads
higher, but that there is a greater concentration of these higher Asadsesult the
2018/19 must dominatetal analysis of three yeaas it would havehe most high load
times.This explains why the magnitude of the three year anahsien inFigure23is
closer to the 2018/19 result, and the upwards trend occthie three year analysis
matching 2018/19.
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Thetrend of capacity valugcreasing at®adincreasespbserved in the full analysis,

only occurs irthe 2018/19 analysishen the years aseparatedn the 2017/18 dataset

the capacity value does eventuadlgike after a decregseesulting inashape like a

hockey stick obackwardsheck markin the 2019/2020 dataset tba@pacity value
consistently decreases as the load threshold incrédssshows that on a long scale
analysis this trend of increasiegpacity value as load threshold increases may occur, but
on a single year analysis the trend is not guaranfeethe multiyear analysis was

driven by the high loads in 2018/19, it cannot be concluded that this trend would occur

consistently, it may be unique to that year.

Not only is the shape of the trend differethie scale is noticeably different between the
three years and the total analysisthe multi-yearanalysis the peak capacity value was
27.4%, while inin 2017/18 it was11%, in 2018/19 it was41% and in 229/20 it was
15%.This wide variation shows the difference betweanh year, indicating that in
2018/19 wind production matchddad much more closely, while in 20/18 wind
productionoften failed to produce atricity at high loadsThe dramatic differencie

both shape and magnitubdetween years could be the result in mechanical failure due to
weather conditions, such as icinfjthe 2019/20 winter has significantly more freezing
conditions this would explaiit. Another cause could hibat thewind eventsare out of

sync with the load and acecurring at lower load times as opposeth®2018/19ear.

To compardike load to like loadthecapacity value at a single load threshold can be
comparedRather han comparing peak load capacity value, where the 2018/19 peak is
132 MW higher than 2017/18, this can compare the capacity aathe same load
threshold by selecting 1610 MW610 MW is chosen because it is thd' p@rcentile

load for the fullthreeyearanalysis shown ifrigure23. The capacity value when using

this load threshold is shown Trable6:
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Table6  Capacity value of wind farms per year for 80%, 90% and 95%
confidence levelsat the 1610 MW load threshold

2017/18 2018/19 2019/20
20" percentile productiorn(%) 7.88 2038 126
10" percentile production(%) 4.44 10.0 4.96
5t percentile production%o) 2.07 4.86 2.38

While 2017/18 and 2019/20 are closgithe 90% and 95% confidence levels, 2018/19

still exceeds thenThisindicates that there is not an issue related to the range of loads
being observed.ower average production cannot be blamed for theréiable

productionat peak load times, either, Bgure22 showed the energy produced by wind
was consistent for each ye&his confirms that capacity value is not consistent each year,
even when looking at theame load threshold and confidence lekiat not clear from

this dataf 2018/19 was an especially good yeartfoe correlation ofvind generation to

high load, or if the other two winters were especially. Bedsuch a single year cannot be

selected to be representative of timaviourof wind generation in the province.

The conclusion of these results is that a single year is not representdtige of
performance of wind in terms of capacity vallieonly a single oa of these years were
chosen it would provide wildly different resutteen any other year, or the aggriegaf
three yearsFigure26 showed the difference in trend between each year, different
conclusions about winds relation to load could be made if only a single year were
reviewed.Table6 shows the difference in capacity value at the same load threshold
between three yean$,only a single year were reviewed it would have dramatically

different results.

5.2.2. Data Resolution

Many sources vary in the resolution of data. The literature reviewed in s€ttagier 3
often used data in hourly timesteps, this thesis has datmin2e and Sminute
timestepspften data also comes in-b@inute timestepsThe following figure shows a
calculation using each tifiese timestep® show the variation of results caused by the

variation of resolutions:
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Figure 27 Resolutionvariations in capacity value of wind with 80%, 90% and 95%
confidence

In Figure27 there idittle observablalifferences betweecapacity value in the-thinute,
5-minutes, and Mninute timesteps, however there is a slight difference between the first
three timesteps anddal60minute timestepk-or easier reading, the values at various

points aradisplayedbelow:
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Table7  Capacity valueswith 80%, 90% and 95% confidencefor eachtimestep at
notable points

Capacity Value for each timestep (8006 confidence level

Load (MW) 2-minutes 5-minutes 10-minutes 60-minutes

1852 29.4 29.4 29.6 29.7

1710 17.6 17.7 17.7 17.7

1615 16.1 16.1 16.2 16.2

1571 16.4 16.4 16.5 16.8

Load (MW) Capacity Value for each timestep (906 confidence level
2-minutes 5-minutes 10-minutes 60-minutes

1852 16.5 164 16.7 17.1

1710 8.9 8.9 8.9 9.0

1665 8.0 8.0 8.0 8.6

1615 7.6 7.7 7.7 7.8

1571 7.9 7.9 7.9 8.2

Load (MW) Capacity Value for each timestep (9506 confidence level
2-minutes 5-minutes 10-minutes 60-minutes

1852 8.3 8.0 8.3 7.9

1800 7.3 7.3 7.4 6.9

1710 4.4 4.4 4.4 4.4

1615 3.5 3.6 3.6 3.6

1571 3.8 3.8 3.8 4.0

At the 80% confidence level all the values are close to each othénelyudare ordered
based on their resolution, the larger timesteps result in larger capacity Vélises. also
the case at the 90% confidence le¥len at théd5% confidence level the @finute
timestep ishigherthan the other valuder most of the fjure indicatingthat there is a
minor perceivedmprovementsn capacity value as the resolution decreaddesvever,
there is adrop at the endat which point the hourly timestep has the lowest capacity

value This indicates that theapacity value is alays better at the higher timestep

The expected result was that at finer resolutilbe intermittency of wind would have a
greater impagctresulting in more frequent low production amouws#ssing a lower
reliability. Whereas at a lower resolution, the wind generas@moothed, causing the
peaks to drop and the valleys to rise, resulting in greater reliabitity did not resujt
while there was a change in capacity value as the timestep chérgdidference was

insignificant.
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5.2.3. Ambient Conditions

As NSis a winter peaking province, it is expected thatdleetricalload in the province
has a negative correlation to the temperattigure22 previewedthat wind tended to be
higher in the winter monthshich supports the theory that losdNS ishigherwhen it is
colder. This sectiorexamineghe correlationbetween ambient temperature and load, and
investigatesherelationshp betweerwind resource, wind energy production, and wind
capacity valugwith ambient temperature.

The relationship between ambient temperature, windspeed and load is shégurén
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Figure 28 Load distribution with temperature in NS

Figure28indicatesthere isa negative correlation with temperature until approximately
10°C or 15°C After this pointthe correlation reverses to a slight increase in load as
temperature increasebhis indicates théoadrisesas space heating is needadth a

smallamount of cooling from AC at the warmer tim&s.e datapoints below the 600
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MW line are all from the mass power outage that occurred across NS after a hurricane in
2019 predictably therare no low windspeed times that occurred during this period.

The low windspeeds appear to be remain closer to the median temperatures, rather than
approaching either extremghis is relevanat the colder side as it shows a strong
potential forgreater wind production at the colder temperaturas is shown more

clearly inFigure29 which provides a histogram detailing the windspeeds at various
temperatures:
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Figure 29 Distribution of windspeeds across temperaturén NS

The top part ofFigure29 shows theamount of time per year thhlS experiencegach
windspeed ad each given temperature range in the analy$is. bottom figure shows the

makeup of each bin in terms of percentagjace it is a stacked bar graph, the top figure
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also shows the number of occurrencesaxth set of temperatw&Vhile morecases of
high wind speed occur during above zero temperattivasisa result of there simply
being more occurrences of that tesrgiture during the timeframe.

Thebottomchart inFigure29 showsa clear bias of high wind speed at the lower
temperaturesThe three hours per year at the coldesipemrature do not experience any

of the lowest wind speed, and only 8.8% of the 160 hours at the next temperature range
experiences the lowest windspegd that temperature ran@b%the wind is at the high
windspeedAs the temperature gets warmer gfegentage of high windspeed decreases,
which indicates wind energy production is more likely to produce higher at these colder

temperatures.

The next figure shows the capacity value across various tempeyatutes case the data
is first filtered by loadto only include th@0" percentile loadshen it is sorted into
equally sized bins based on temperahefore performing theumulative frequency

analysis.
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It is important to notéhe inconsistent temperature difference in the bins usegjure
30, this is a result of the bins being sizmlthat there was an equeimbe of datapoints
in each binEach bin is equally sized in terms of datapoints so thaimbas too few
datapoints to perform the analysis.

The 80% confidence analysis showsigh capacityvalue at the lowest temperatures,

with a decrease as tbemperatire increase, before a sudden jump in capacity value as the
temperature goes above 0°This higher capacity value at the very coldest temperatures
is consistent with the windspeed findingg=igure29. Thetrend is not the same for the

90% confidence level, at this level the capacity value incresstsmperature increases

to the-9°C t0-8°C bandthen decreases again, before jumping back up at the above 0°C
band.There are much fewer datapoints in each of these temperature bands than in
previous analysis, as the resolution is lower for temperature, and then the dataigs split
This difference in result is likely due to the low data count at thesgs causingthe

results to be lessignificantthan othermnalysesSo,no conclusion can be made from the

change ircapacity value acroske two coldest temperature ranges.

The largeincreasen capacity valuatthe warmest temperature range is much more
significant than the differences betwetre othertemperaturdins ands consistent
between the two confidence levelsis issignificant enough to warrant analysine
explanation is icingf the turbine blades causing them to be less reliable below 0°C, as
this could not happen abo®&C. Icing of the bladesouldresult in asubstantial

difference in reliability if this were happening frequentfymass icing were happening

that would warranintroducing more ardicing technology to thaw turbine blades.

Anather explanationhat the loadelow 0°C is always high, independent of the
windspeed, so the wind farms need to always produce and any drop in production will
show up in the capacity value analy®sit at the warmer temperatures the only tloe

is high, is when the windspeed is high resulting in a grdassrin heat and more space
heating requirement3 hese high windspeeds would result in more generation from
turbines, which would make them appear more reliable at these temperatures, while in

reality they are only being measured when the wind is high.
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5.2.4. Comparisonof Wind to Solar

Solar is expected to have a much lower capacity value than Simek the load is
typically higher in the winter and the evenings, both of which are times ofppoocr
output from solarEven ifthere are high load times occurring during the dapacity
value focuses on the worst 20% or 10% of production at the high load whies
means the occasional high production time from solar willrbeutlier The initialresults
for solar capacity value are shownFigure31:
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Figure 31 Capacity value of solar with 80%, 90% and 95% confidence
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As expectedfFigure31 shows anear zera@apacityvalue for solar ilNS. Evenat the80%
confidencdevelthe solar capacity value far less than 1% across the high loddsing

the same method wind generation resulted in a capacity value2&%8hown

previouslyin Figure23. The appearance of an increaseapacity value as load increases
in the top graplms negligible as the magnitude of the change is 6rdy%of installed
capacity Additionally, this trend does not continue for the 90% or 95% confidence levels
S0 no conclusion can be made fronLiboking strictly at the capacity valusglar

providesan insignificantamountof reliable productiorat high load times, and is much

worse, in terms of capacity value, than wind in NS.

The low capacity value folarin NS is not surprising based on what was already known
about thehigh load times in NSThe goal is not to just look at tipeire capacity valud.o

look further into the dataanannual comparison between wind and solar can be made.
Like Figure25, in this case the data for wind and solar is displayed in an order sorted by
load. Since there is too much production daite results are the mediantbé nearby
datapointsso for each dot therme500datapoints above, and 500 datapoints betwav

production.
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Figure 32 Median solar, wind and loaddata sorted by load

As expectedFigure32 showsa substantially lowesolarproduction tharwind during

high load times. Whil€&igure31 graphed reliable production, in this case median
production is plottedif only the previous figures were reviewe)areffectively
contributesno powerduring high load timed-igure32 shows there is some production
occurring at theshkigh load times, however it is unreliabMost ofthe solar generation
occurs atower loads duringhe summerThis is enphasised b¥igure22, which showed

a that solar is contributing the energy demand of the province over time, it just does not

help meet the power demand at high laetes.

NS has a high penetration of wind in the province already, so while wind may contribute
more reliably taheelectrical load of the province, there is a question of whether
subsequeradditions of wind willhelpmuch, or if thewind production that exists

currently has already shifted the residual load away from any times that have a high wind
resource in NSTo determine this, the net load is used instead of the totalBgad.
subtracting thexistinglG from the loadthis estimatethe benefit new additions would

contribute
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Figure 33 Capacity value comparisonbetween wind and solasing net loadwith
80%, 90% and 95% confidence

While thewind capacity value has decreased using when using the net load as compared
to the results ifrigure23, the solar is still significantly lower thamnd, at effectivey

0% capacity valueThis indicateghat even when considering the high wind penetration
currently inNS, it does noteduce the capacity value of wind enough to make solar

preferable.
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One notable aspect 6fgure33is comparing thevind results to thosseen inFigure23
using the gross loath Figure33, thewind capacity value decreasesnasload
decreasesThis behaviour ipredictableasthe times of high wind the net load would be
reduced enough to no longer be the high lcaes.Consequentlyby the definition of

0 n et thérecardodly be high net load timelsen wind is low enougto not impact
the load significantlySolar does not have this problem because of the low solar
penetrationhowever,it still has a low capacity value becaubkese high load times still
occur during the winter, when solar Hass performanceé\s before the data can be
sorted and displayeid see how the median production changes depending on load:
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Figure 34 Solar, wind and net loaddata sorted bynetload

Solarhasslightimprovement betweehigure32 andFigure34, the performance of solar

is slightly flatter with the middle peak lower and the high load side slightly greater than in
thetotal load exampléWind has a drastic reduction generatiorat high net loadsAs

with the capacity value charthe trendseen inFigure32is reversed, now wind aneases

as net load decreasédsis is most likely because the times of high wind production

reduce the net load, so the higher the net load the lower the wind definitiakeHhy616
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MW of installed winda high wind time could result in@eak load droping from 2000
MW to 1400 MWpushing its position below the high load times.

Solar performing worse than wind at high load times is unsurprisimg nextcapacity
value analysisvill be doneo focus on the times when solar should be high, to seetif it a
least performs well when its expected to outpuisis done by categorizing the data by
time before performing a capacity value analgsissach hourly bin of data:
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Figure 35 Hourly capacity value comparisonof wind and solar using peak net load
with 90% confidence

As expectedsolar provides no value during nighttime hours whemdlis no sun, so
wind outperforms during these houffiesolar productioroutperforns wind during the
hours of 1000 and 1100, it is alsovery close to windluring the hours of3:00 and
14:00. Interestingly solar does not hapeak performanceduring thel12:00 hour, when
the sun igypically at its peakThis may not be a result di¢ timing of the loads, rather
than the outpuof solar.There may ba greateproportionof high loadbetween 1M0-
12:00 occurringduring the summer, théor the timebetween 120-13:00.
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While solar may perform better durimgfew hours of the day, overall wind helps reduce
the load moreffectively per MW installedSolar having a greater capacity value
between 1M0-12:00 may mean that if a load shift occurred, pushing peak loads from
morning and evening towards noon, solar may be nedtsimay not happen as the
time of use ratesewad shifting the load further to the nighthichthis may result in an
even worsevalue for solar.

One aspect that may cause solar to become more valuable is the adoptbacnbss
the province, as space cooling loads incrélasgeak loads may bediom occur during
the summerFigure36 shows the capacity value of wind and sdlased on the month:
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Figure 36 Monthly capacity value compaison of wind and solarfor peak net load
and total load with 90% confidence

In Figure36 bothtotal load (top) andnetload (bottom)are presented for comparison, the
colours of each are shown in the legeBdlar has a clear advantage over wimdthe
summer monthg/hen using bt net load and total load@he capacity value using net

load is always higher for solar than when using total load, with the opposite being true for
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wind. The month oMay hasapproximatelyequalcapacity valuavhen using net load,
although is much lowewhen using total load/Vhile Junes much higher when using net

load and slightly lower when using total loddly and August are much higher for both

the net load and total load analysseptemberlike Junehas a significantly higher

capacity valuavhen using net load, but lower when using total lgsidhe current state

of energy usagé\S experiencepeak loads during the winter, due to the demand of

space heatindut if more people begin using heat pumps or AC units to cool their

homes, then a sumer peak may occur, at which pokigure36 shows solar has a clear
advantageAlternatively,as the penetration of wind increastbe additionalinstallations

of wind may become less and less valuable, until eventually solar begins to provide more

value as the net load has shifted away from when wind is producing.

5.3. Summary

The capacity value of wind generation varies from year to year, indicatihg single

year ofdatais not adequate for determining the capacity value. The data reschutithe
other hand had little impact on the capacity value while the timestep remained less than
60 minuteswhich means the hourly timestep can be used tysa#he capacity value.

The capacity value raised significantly when the temperature was above®{@red to

the capacity value at lower temperatuyths could indicate icing of turbine blades at

below freezing temperatures

In NS solar generation hasmuch lower capacity value than wind generation, even when
considering the high penetration of wind generationithalready installe¢ch the region.
Even when isolatinfpr the hourof day, even at its peakolar generation barely
outperforms windTheonly case in which solar has a greater capacity value than wind is
when the data focuses on the summer months, which indicates that if the load were to
shift to a summepeak,then solageneratiorwould have a greater capacity value than

wind.

The precenhg analysis was of the resource and converters digragdingenergy
storagethe value of solar or wind generation would be improved by providing a reliable
backup of energy when they fail. The following chapstuslycombiningwind, solar and

storageo reduce the need for D@ show the effect increasing storage has.
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Chapter 6. Modelling of Wind and Solar Generationwith Energy
Storage

The previous chapter assessed the capacity value of two fot@slbhssessed their
individual reliable contribution to the load during high load peridisng a single
energy source simply becauseésiperceived to be the best based orafsacity \alue,
may not be the best wag reliably supply the loadHaving two independent resources
producinglG improves the likelihood of one producing when the otheotsand
providing power during a peak load evdaspecially if the load profile is alterdecause

of the existingG, resulting in a net load peaking at different times than the load.

To improve this further, storage can be used to capture exieesscity at times of low

net load.The excess electricityan be stored until the net load iglni during a
combination of high load and lol&, thenused to reduce theetload. Reducing the peak
demand on the utility and requiring less installed capadiyG. This canimprove the
energy production of IG if it reduces the curtailmdayt storingexcess generation rather
than wasting itlt can also provide more energy security, by having a reliable source of

electricity saved as a backup.

This chaptedevelopsa model used for determining the storage requirements set for a
given DG peak wind capacity,and solar capacity:-he model is tested using data from

NS, however, can be adapted for any load, and generation inputs.

6.1. Method

The models designedo take timestep data fonormalizedsolarand windgeneration
andelectricalload alongwith userselected marmum DG andsolar and wind capacities
The modebutpusthe requirecenergy storage power and capaatityimit the DG to the
selected amounNormalized wind and solar generation data is used so the model can
haveadjustable capagitfor each This waythe model can be used sgimulate the system
using various proposed installed capacity amounts, to predict what would be needed if

morelG were installed.

Since the storage amount is undetermined in the begitimengnodebperates in a deficit.

This means that the storage is initially fully charged and has unlimited capssitye
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model executeshe depth of the capacity utilized is ngtedd gives the necessary energy

storage capacity to achieve thirformance level.

To do this, theenergy storage capacityset to 0 MWhAs energy is needed the battery
discharges, which makes its stateenérgy(SOE) a negative valuds it charges it is
limited tothe maximum of 0 MWhWhen the analysis is doneet absolute valuef the
lowestSOEis equal to the necessary storage capacity of the energy system.

flowchart used to describe the model is shawhRigure37:

Initialize
Advance
Input timestep o
" timestep [
data model P
Reduce

Is net Load
> Peak
DG?

storage energy
(eq 9)

Has every
timestep
been
checked?

Is energy
storage
full?

Increase storage
energy (eq 9),
limiting by max

storage capacity

Figure 37 Wind, solar and storage modelflowchart
Theinputdataand parametenseeded by this modare

I Provincial load data

1 Normalizedsolar and wind generatiatata
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1 Maximum DG allowed or DG capacity reduction
1 Desiredsolar and windyeneratiorcapacities

The power output from thisvo forms of I1G is determined by multiplying the normalized
generation at any given time by the desired capatitis is done using rearranged
version of equatior2:

Ocar Orvoi hcaloaoan .
Whered  is theresulting generatiofrom either form of 1Gat any time t0; | o hCi®i
thenormalized generatioor generatioras a percentage odtedcapacityfor that type of
IG any time t0 is the userselectedatedcapacity ofthat type ofgenerator in the
province.This equation works for both wind and solar if used separaiigyeach of
their timestep capacity factorbhis model assumes the capacity does not change for

either type of IG, this is a conservative approximation a®tisdikely to be increasing

amaunts of both as time goes on.

The timestep production data is theombinedto determine the total IG production
which is then subtracted from the load to determinendftoad. This is calculated using

equation7, described in sectiob.1.4

Thestate ofenergyis calculated using equati@there are threeptions depending on
whether or not the storage is discharging, charging or if it hits the maximum charge (0
MWh), as shown:

U h rn U j

T YD 30 = MEOAEAOCA
YO S YOO € 300 f 0 7 s PMEAOCA 9

1’y

v, YO H OAOAEAOC

In these equatiofY® and™Y® arethe current and previous stateswfergyin MWh
respectively30is the time difference betweehe current timeg,andt he pr evi ous s

time,0 p.0 5 is theelectricalloadof the province in MWafter accounting for
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IG, whiled  is the pealdispatchable generati@ilowed, set by the uséFhe
difference betweedd ; ;and0d { represents thwad exceeding the DG limit
needed to be met by the storage, or the excess generation that could bechasgktthe
battery £ ande aretheenergyefficiency of thestoragefor discharge and
charge respectivelypoth set t093%to simulatdithium-ion batteres resulting in & 86%
round tripenergyefficiency. With thisroundtrip energy efficiency, for every 1 MWh put
into storage, only 0.86 MWh can be retrievedybeer it requires 0.93 MWh of capacity
to store.

Thecharge is limited to not exceed the nmaMm capacity, which in tb case of a
depletion modeis zero, as it should always be operataigdeficit. Once the energy
storage is at maximum capacity, ityrae required ta@urtail excess generation, however

the storage will reduce this need as it will first store the excess before curtailing it.

6.2. Demonstration
To testthe effectivenes®f the depletion model, wasrun using the followingnput

parameters:

Table8 Depletion model validation run parameters

Parameter Value
Wind Capacity 616 MW
Solar Capacity 300 MW
DG reduction 300 MW
Chargesnergyefficiency 0.93
Discharge energy efficiency 0.93

The wind capacity was set to 616 MW to simulate the capacity of already installed wind,
with solar capacity being set to 300 MW to simulate a new installation of siilile

solar inNS. A 300 MW DG reductionmepresents eetirement of multiple fossil e

burning unitsThe charge and dischargeergyefficiency were both kept at 0.93 to
represent the installation tthium-ion batteries across the province at large sddie

output data results in the following tirseries:
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Figure 38 Powerflow and energy storagdime seriesfor demonstration

Thetop graph inFigure38 showspower flow timeseries whichdisplays the system
power sources amttaws.The red line shows thtetal electricalload of the provincethe
green line shows the combinkd production the black line is th®G response that
picks up the remaining demand within the limit ske&blue line shows the enegrg
storage usagehis dischargewhen the load cannot be met by IG or DG, and charges
when there is sufficient production to da $his graph is from the perspective of the
system, savhen the energy storageweris negative it is pulling from the system

(charging), when iis positive it is outputting to the system (discharging)

As expectedduring the summer montlise load falls well below th&®G limit, which
means the focus of the analysis should be omwthter. This also means that the storage
is not used at all in the summer months, so it could be progedno perform some other
service during these months when they are not needed to reduce the pedhuedds.

the minimumpowerturn down on thermal gneratorsthe availabilityof storage may be
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used taurn off thermal generators during the sumpmmather than forcing them to operate

at minimum power as a backup

The bottom grapim Figure38 shows the input and output power atdte of energy for

the storage devic&here are two yaxes, the left axis indicates power, the dark blue line

and light blue line are read from this axis; the right axis indicates enehngyh wses the

orange dotted linélhe dark blue dashed line shows the charge power, or the
instantaneous power being taken by the battery from the system; the light blue line shows
the discharge power output of the battery, or the instantaneous powelrfoanpthe

battery contributed to the loaflhe orange dotted line indicates the state of energy of the
energy storage device, it is alwaatsor below zeroas the zero poimhaximumis a

placeholder for the maximum ener@jhedelta from maximum toninimum SOEis read

to determine the necessary capacity to perform its role.

As with the power flow timeseries, the activity for the battery is focused on the winter
months, when the load is higheBhe followingFigure39isolates the event the battery

requires the most energy:
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Figure 39 Power flow and energy storagdime seriesdemonstration focused on
period of peak storage usage

When foaised on a weeklong period, the digtaasier to interpreFigure39is organized

the same way dsigure38, with the topgraphshowing the power flow for the system and
the bottom graplfocusing on the energy storage systémom the top graphe peak

power needed from the storage is 209 MM expected this occurs during a periaaf

high load and lowG. Despite aotal reduction of 300 MW irDG output, the energy

storage only needs to supply 209 MW of power because the remainder is reduced by the
IG. The fact there is no IG at the point of pgadwer indicates that originally the peak

load occurred at a different time, but thew@s enough to shift the peak to this point.

The instantaneous difference between loadBdutputis more observablehen
focusing on a single weekor the most parthe difference between load and DG is a

result of helG reducing the load befoi2G is needed; in someasesthe energy storage
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reduces th®G to below the maximurdG line, then once the load drops D& is then

increased to charge the enegggrage system

From the bottom graph iRigure39 the minimum energy state reachedthy battery is
-5 0 @Wh, meaninghat the system needs 500 MWh storage capacityeteent failure
to provide electricity when needadith a power requirement @9 MW and capacity
of 500MWh theenergy/power raties 2.39 hours.

Even thoughthis is the week of highest usage, there are thmge events requiring
electricity from theenergy storage during thieriod Using the sum of the energy
flowing into the energystoragethe wholetwo yeas covered in thanalysishe energy
storage had 2311 MWh flow througheiqual to4.6 full chargedischarge®r an average
of 2.3 dischargeper yearClearlyat this level oDG andIG, storage is only needed
occasionally to fulfill theslectricalload Duringtimes when the load is not high enough

to warrant energy storage use for peak shaving it can be used for other services.

6.3. Summary

In this chapter the model used for simulatamgenergy storage systeworking withIG

to reduce the need for DGhe model works by inputting the wind and solar generation,
load, and peak DG allowable. Theodel uses a depletion technique whickglnot set

the capacity before the simulatidnstead the modehllows the storage toperate at a
deficit anddetermines the required capacity at the end of the simulagidinding the
minimum SOEThe energy storage is only used when the differerteden load and 1G
is greater than thBG capacity limit, which means there is a potential for other services

to be performed at times when the load is low.

The model was demonstrated usingiad capacity of 616 MW, solar capacity of 300
MW, and a DG redction of 300 MW. The resulting storage capacity was 500 MWh, with
a power of 210 MWThis testshowsthatthe model came used to determine tkaergy
storage requirements to meet a given dispatchable amount or redurctios.case the

solar and windvere inpuf when this is run iteratively it can determinew the storage
variesas thecombinationsof wind andsolarcapacity changel his isexploredin the

following chapter.
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Chapter 7. Dispatchable GenerationReduction

The previos chapter used known valueswahd and solaproduction, a known

provincial load, and a pedkG to determine a required storagigergy capacityin this
chapter, garameter index controllés designedhatruns themodeliterativelyto

determine the ophal combination of wind, solar and storage for gl reductionsin

t his case Othepowastroastlcdnbinagoa of svind, solar and storage for a set

amount of DG reduction.

7.1. Method

The purpose of this strategy isgionulatewind, solar and stragein NS, using thenodel
described irChapter &o iterativelysimulae the systenon a widerangeof solar and
wind capacities, for multiple levels &G reduction.This parameter index controllés

shownin Figure40:
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Figure 40 DG reduction parameter index controller flowchart

Themodel begins by loading certain input datal parameters
1 Provincial load data
1 Normalizedwind and solar generatiatata
1 Set rangeand incrementfor wind and solar capacity
1 Set range of DG reduction levels

Theparametemdex controlér has threadjustmentsthe capacity of solathe capacity

of wind, and the DG reduction levélhe initial range of parameter inputs was set to 0 to
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1000 MW for each solar and wind, with 5 MW increments, with the range increasing for
high levels of DG reductionWithin eachiterationa combination of wind, solar armiG
reduction is selected by the index controlteen itis run through the storage model
described irFigure37.

This method outputa seriesof arraysdescribingthe following for each combination of

wind and solar
i Storageenergy capacityequirements
1 Storage power requirements
1 Total amount of charge and discharge used in the storage
1 Resulting curtailment from exss 1G

At the range and precision selected there are 40401 parameter combisatiesslts
output as 201x201 arrayThese arrays can be used to calculatetiegypowerratio by
dividing theenergy by the power to gehits ofhours The number of discharge
equivalentss similarly calculated by dividing the total enemdjgcharged from the

storage by the capacity of the storage.
The cost, obtained by using matrix addition and scalar multiplication, is shown below.

0 0 6 5 0 0 LW
10
Each array has identical dimensions depending on the range and precision of wind and
solar.Thetotal cost array is calculated using the cost per unit of each technolofpy,
battery $/kwh),6 for wind ($/kW) andd  for solar ($kWac), multiplied by the
capacity array of each respective technolddys model simulates large scale
installations of eactechnology so the costased are based on utiliscale installations
Due to the large ste of the expected installations (>10 N@/cost factor scaled solely
on the size alone (per MW for generation, per MWh for storage) is tissds

summarized for eadechnologyin Table9. The cost for the energy storage is based on
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the cost of largecalelithium-ion battery system to match the same technology chosen
for the energy efficiencies.

Table9 Capital cost of each technology

Symbol  Capital cost from literature Converted capital cost

Technobgy used (Usy’ (millions CAD)
Utility Scale Solar 06 $900/kW $1.197/MW
Land Based Wind 0 $1250/kW $1.663/MW
Energy Storage 0 $393/kWh $0.523/MWh

The costs shown iable9 areused to calculate the cost of every combination of wind,
solar and storage from each DG capacity reduction r@hdtlowest cost combination
for each carbe determined and plottetb identify what trends persist as the DG capacity

is reduced.

7.2. Results

As the simulation runs it outputise series of arrays described in sectibh Each
dependent datapoirg based othreeindependent variables, wind capacgglar
capacity and DG reductiagras such they are displayed as a contour plbigare4l The
graphgdisplayedn Figure41 (as a demonstratipmarethe 300 MWDG reduction plots,

which can be ompared to thelemonstratiorin section6.2:

®Lazard, fdALevelized CosbfofStEnaggy oar®d2Develized Co
https://www.lazard.com/perspective/levelizeokstof-energyandlevelizedcostof-storage2020/

W. Cole, A. W. Frazier, W. Cole, -Goadl &. BaAtt &Erpwzseo
2020 Update Cost Projections fdtility-Sc al e Battery Storage : 2020 Updat
https://www.nrel.gov/docs/fy200sti/75385.pdf
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Figure 41 300 MW DG reduction results

Thefour graphs shown ifrigure41 showsome ofthetechnicalresults generated based

on thesimulation runtheeconomic resultare shown further ikigure42

Figure41A shows thestorage capacity requirements in for each capacity of wind and

solar at 300 MWDG reduction.The contour lines and colours Bigure41 show the

increase irstorage requirements K3 decreases/Vhen the lines are vertical that

indicatesthe storageequirement is more sensitive to thind capacity when the lines

are horizontathe storage requirement is more sensitive to sAaexpected fomost

combinationsthewind has a greater effect on the storage energy requirethamtsolar
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This makesenseasfound previouslyin Chapter 5the solar capacity value is much
lower, so it does not contributeuch powemwhen the load is higiAfter approximately

600 MW of wind penetration, solar appears to be desirable, as in these cases the high
wind production is shifting the load to times when solar produces well.

The red circle indicates the point of 615 MW of wind, and 300 MW of solar, to
correspond to the poiatt which thedemonstratiorn section6.2was performedThe
contourline for 500 MWh storage capacity passes througldémeonstration point
indicating that it requireS00 MWh ofstorage capacity to achieve the 300 MWD&
reduction.This confirms the results frosection6.2 Some other interesting points are
shown in theTablel0:

Table 10 Storage requirements for 300 MV DG reduction at various combinations
of wind and solar

Scenario Wind Capacity (MW, Solar Capacity (MW Storage Required (MWh

No IG 0 0 3168
Current IG 615 0 574
Max wind 1000 0 516
Max solar 0 1000 1770
Max |G 1000 1000 483

Despite solar having a much lower capacity value than wind, it ibstitficialin
reducing the energy storage requiremeitish nolG, NS would need3168 MWhof
storagewith 1000 MW of solathe need for storage is reduced4#yb to 1770 MWhAs
expected, wind performs much better, reducing the stoegeredat its maxmum by
84% to 516 MWhCompared to the current capacity of pdmxmum wind only resuls
in 10% savings in storagkespitebeing a63% increase wind capacityhisindicaesthat
increasing wind beyond thmurrent install baswill have minimal effecton DG

reduction

Figure41B shows theenergypower ratio.The reference point dose to the 2.4 hour
contour line, whickconfirms the 2.3%ourvalue determined in the demonstration in
section6.2 Typically batteries are available at 2 and 4 hours, which means this would

require more power than a 4 hour battery, but less than a 2 hoiaiablythe storage
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time does not follow theame trend astorage capacifyhe lowest timas not at the point
of maxmumwind and solar capacitfsome key values are shownTiable11:

Table 11 Energy/Power ratio for 300 MW DG reduction at various combinations
of wind and solar

Scenario Wind Capacity (MW, Solar Capacity (MW E/P ratio(hours)

No IG 0 0 9.82
Min E/P 390 320 2.35
Max wind 1000 0 2.57
Max solar O 1000 5.51
Max I1G 1000 1000 2.50

The lowest storage time is 320 MW of solar, and 390 MW of wind, inside the perimeter
of the 2.4 hour contour linglnlike the storage capacity in MWh, which had the lowest
point at the maximum values for wind and solar, this is because aptmties increase
the power requirement decrease along with the engtgyage power and energy
requirements do not decrease evenly as generation is.adaedighesenergy/power
ratiois at the 0 MW wind and solar point, which indicates that at thig pfwere is much

more energy required than power from the battery.

Figure41C shows how much the storage is used, this is thedotalyy dischargebly the
energy stoagedivided by thecapacity of the storag@&he lower numbers indicate thhe
storage idess frequentlyised,because the load is tn@ore oftenThe red circle

indicating the demonstration pointhstween the 4 and 5 contour lines, indicating it is

consistent with the 4.6 value found in sectton

The storage usage is not proportional to the storage capegityementit does not have
the same shape contours as the storage graphtoptheft, howevethe trendhat the
greaten G tends to have lowaroportionalusage than the lower levels of solar and wind

remains This is shown in more detail ihable12:
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Table 12 Discharge equivalentdor 300 MW DG reduction at various
combinations of wind and solar

Scenario Wind Capacity (MW, Solar CapacitMW) Discharge equivalents

No IG 0 0 13.58
Max Use 10 720 14.43
Max wind 1000 0 3.17
Max solar 0 1000 14.26
Max I1G 1000 1000 2.55

At the maximum level of combined wind and solars$te@age use is at its minimuithis
is also the point of minimum capacityhich means not only is there lesspacity, the
total energy discharged has lowered faster than the capBHegymaximum usage is not
at the point of no wind or solar, but with a large amount of solar and 1®@MMhd, the
energy storage experiences its highest proportion of use, this is unlike the stpagéy
graph which is at its maximum at no wind or solxis is due to the increased solar
reducing theenergy demand of the highaste event, but noeducing energy demand

during other storagase time periods.

Unlike solar, wind results in a decreasesiorage use, with the maximum wind, being
close to the minimumumber of discharge equivalenthe trend of more wind resulting
in lower number of disharge equivalents is true excémt a briefperiod betwee00

MW and 400 MW of installed wind generation, at which point the discharge-cycle
eguialentsincreases before continuing to decline as the installed capacity of wind
increasesT his indicates hatbetween 300 to 400 MW of wirttie requiredcapacity is
droppingfasterthan the energy flow for a short periddisis atrendof high wind
generatiorbeing misaligned with theery peak loadbut helping reduce lesser peak
loads This causes thital discharge energy to be reduced, bunth&imumcapacity to

remain the same

Figure41D showsadditionalenergycurtailment Curtailment occurreavhenthe storage
was fully charged, buherewasstill morelG production than loadl here are two
important note regarding thighe storageontrolleris designed to recharge as soon as
possible, rather than waiting for th&é to become excessiyso it is not optimise to

prevent curtailmentAnother note is that in some cases wind is already being curtsaled,
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thedata used has been reduced asind generation approaches the load, these results

represent the extra curtailment required in addition to wieady occurdf the goal was

to maximize the use of wind and sothen the storage could be controlled to only charge

when thelG exceeded load; however that was not the objective of this model, so the

curtailment often occurred whenever tkieexceedd load.Since the storage is often

unused during the summirere is asubstantiabpportunity toreprogramt duringthese

monthsto reducecurtailment

For most of the combinations wind and solar the is no curtailmenflThere begins to

be large amous of curtailment required when there are high capacities of both IG

technologies This can be seen in tA@able 13 which shows the minimum threshold tha

curtailment s required, and the curtailment amount as wind and solar increase

Table 13 Additional curtailment Amounts for 300 MW DG reduction at various

combinations of wind and solar

Wind Capacity Solar Capacity  ExtraCurtailment
Scenario (MW) (MW) (MWh)
Max Wind 1000 0 0
No wind 0 975 >0
Min Solar 1000 330 >0
Wind = Solar | 630 630 >0
Wind = Solar Il 700 700 714
Wind = Solar Il 800 800 7060
Wind = Solar IV 900 900 25709
Max wind and solar 1000 1000 65511
Asmostofthe ombi nati ons do not r eT@bidl3indicatss cur t ai

the poins at whichit begins requiring energy curtailment wtbsitive but near 0 MWh

curtailment.Without solar, even the maximum amount of wimddelled will not result in

curtailmentin excess of what already occutsere needs to be at least 330 MW of

installed solar toesult in curtailmentit is expectedor high solarto result in more

curtailment than wind, as it peaks during the summer, when the load is Whereas

wind was lower in the summer, and higher in the winter when loadlsakigher. Solar

may requirdesscurtailment if loads increase in the summer due to greater use of AC

across the province.
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Curtailment increases dramaticalps thdG increased, from 714 MWh at 700 MW of

both, to 7060 MWh at 800 MW of botfihisis becauseginitially, only the peak

production periods result in excess generatout as capacity increasehe peak
becomegreater andthe amount of time that generatisrabove load increaseso there

is more time to be producing the excess generaBorce energy is the integral of power
with respect to time, greater amounts of time, will have a multiplying effect on the power,
which is also growingFor examplepoth IGs have 630 MW capacitigere is aly one
five-minuteperiod where théG exceed loagwhen both hav&00 MW capacity there is a
cumulative 18 hours where the generation exceeds loadylzemdboth hav800 MW

capacityit is a cumulative 75 hours

Thecost of each capacity by the costath respectiveechnologyis determined by the
capacity of each multiplied by each respective cost fadefmed inTable9. The
resulting costs for the 300 MW redisst level is showrFigure42
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Figure 42 300 MW DG reduction componentcosts and total capital costs

Figure42A shows the cost of the storage and generation separasetiescribed in the
legend, he blackcontourlines representhe storage cost, the redntourline represent

the cost of generatioAdditionally, the changingolours on the plot represent the storage
cost The cost of each type of generation is also shown in the axis for each type.
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Predictably, the storage cost contour lihese the same shape as ftorage capacity, as
the cost is based on capacityhe cost of generatiotontour linegs all parallel, as they
are independent of the storage sthey are not perfectly 45° as wind installations are
slightly more expensive per M\ installed capacityhan solar.

When thestorage cost and generation cost@mmbinedthey equal the totatapitalcost,
which is shown for 300 MVDG reduction inFigure42B. At lower generation costs, the
total cost follows the shape of the storage costs, while at higher generation levels the
generation costs dominafEhe demonstratiofrom section6.2 can be verified using
equationlO:

o) ARCIB 7E vnTI7E A@olB7 @p7
AP ik 7 o Tt/ p Tt

6 Ao ApT& CAO®W pT
0 AT OopT

This aligns with the red circleigure42B. One important note is this assumes a start from
0 MW IG or storage, so the capigcof wind already installed can be negated from the

cost if this were to be usellajor points are shown ihable14:

Table 14 Costsfor 300 MW DG reduction at various combinations of wind and
solar

Wind Capacity Solar Capacity Storage Capacity TotalCost
Units (MW) (Billions$ (MW) (Billons$ (MW) (Billions$ (Billions §

No IG 0O O 0 O 3168 1.66 1.66
Min 300 0.5 0 O 980 0.51 1.01
Cost
Max 1000 1.66 0 O 517 0.27 1.93
Wind
Max 0 O 1000 1.2 1770 0.93 2.12
Solar
Max IG 1000 1.66 1000 1.2 483 0.25 3.11

The highest cosif generation isvhen the maximum amount of solar and waagbacity

are selectedyhich is also the point when storage capacity is at a minimum and thus has
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the lowest costLikewise, when there is n&plar or wind, the generation has no cost, but

the storage requires the maximum capacity, and thus has its maximum cost.

Themoreinteresting trends occur when looking at the combined cost for generation and
storageThelowest costs not at either extreme, but occurs when there is 300 MW of
wind, 0 MW of solar and 980 MW of storage, as showmable9. At this point thecost
contour lines are horizontal, indicating that the cost is most sensitive tpsspidding

any solar will increase costs faster than adding or subtracting Wedeforejt is
uneconomic to adtiirthersolar.

7.3. Optimal Combinations

In the previous sectioan example was shown of the technical and economic results for
retiring 300 MW of DGthe effect of closing approximately ®@noal plant This section
reviews the lowest cost cdmmationsfor a range oDG reductionin 50 MW increments
This optimal cost analysis can be repeated at diff@&iteduction levels, tgraph the

trend adDG gets lower and lower:

3500 MW .
35000 MWh
Cost($ billions)
3000 MW 1 | wind (Mw) iy
30000 MWh Solar (MW)
§ 2500 MW | Storage(MWh) I
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DG Capacity Reduction (MW)

Figure 43 Wind, solar, and storagelowestcost curve
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In this figure, thdowest costombination of wind, solar and storage for each lev&@®Gf
is plotted.There are three different sets of units being pa@ti IG capacity for wind and
solar in terms of power capity with units of MW, energy storage capacity in terms of
energy with units of MWh, and cost in units of $ billions.

Storage alone is optimahtil after 200 MW of DG reduction, at which poinind
generatiorbeginsto contribute enough to counter aigst. The optimalamount of wind
rises as dispatchable reduction increases, aiftéit 350 MW, when it becomes more
economicato increase storag&olar becomes economicdtea 400 MW, which results
in a reduction of windAfter the 400 MWDG reductionpoint thelowest cost
combination begins to requisslar, the demand for solar risesitil after 600 MW of
reduction, at which poirthe lowest costombination requires less sqglantil 750 MW
DG reduction at which point solar is uneconomical

7.3.1. Interplay of Wind and Solar at the 400 to 450 MW DGReduction
Level

Therises and falls ofowest cost renewableapacity aPG reduction increases are a
result ofthe peakstorage usagghiftingto timeswith differentproduction values of
respectivdG. To investigate this furthetheresults for the 400 MVIDG reductionare
shown This is the point at which increasing solar begins being more economical than
wind. To confirm the results frorRigure43, the storage capacity and cést 400 MW

DG reduction are plotted iRigure44:
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Figure 44 400 MW DG reduction storage capacity and cost

Consistent withFigure41, the storage requiremerttscrease as the generation capacity
increasesHowever, the cost is ntwest costt lowest combination of generation, or at
lowest storage, but midway through with a balance of Bdth.red circle is placed at the
lowestcostpoint on the graphwhich is contrasted with the 450 MIDG graph shown in
Figure45:
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