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Executive Summary

This studywasperformed byAstrapeConsultingat therequesbf Pacific Gas & Electric
Company (PG&ERs part of dargercollaboration effort taeview various planning models available to
studythesystem reliabilitywithin the California Independent System OperatBA[(SO) to meetthe 33%
RPS This study was conducted using assumptions consistentheiBBase Scenario (without San
Onofre Nuclear Generating Statianls ed i n t he Cali fornia Publ2ic Util:]
Longterm Procurement Plan (LTPP) proceedingZ@?22. Boththe ability of the system to meet peak
load as well as the ability to ramp inttay and intrehourto accommodate wind and solar generation

were assessed.

Analytical Approach

The study wagerformed using the Strategic EneagydRisk Valuation Model (SERVM) Astrape
Consulting has taken a stochastic approach in modeling the uncertainty of weptws on load and
renewable generatipecaomic growth, unit availability, and unit comtmient Two separate analyses
were conducted. The first analysis uses only the single load, solar, and windfsirapks 2012 LTPP
scenario assumptiong he second analysis uses 32 load, wind, and solar shapes representing 32 years of
historical weatbr. The second analysis which utilizewltiple weather yearperformedl6,000yearly
simulationsfor the 2022 study yeat 5 min intervals. Fdooth analysed.oss of loadExpectationand
Expected Unserved Energye togenericcapacity shortfallsSOLEgen, EUEseN) Was reported as well as
Loss of Load Expectatiomnd Expected Unserved Energy dosystentlexibility deficiencies

(LOLEf.ex . EUErex) LOLE and EUE due to generic capacity shortfalls (L@t EUEseN) are
calculated ignoring the flexibilitgonstraintof resources such as start times and ramp rates, while

LOLEr ex ,EUEr g arethe difference between the total LOLE/EQ&culatecconsidering these

! Astrape Consulting is theeveloper an@xclusive licensor of the SERVM Model. SERVM is a chronological
hourly and intrahour unit commitment andispatch model that is used to analyze system reliability and production
cost analysis.
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flexibility constraints less LOLE:n, EUEsen, Renewale curtailment was also reported for every

simulation. The following address the largest drivers of uncertainty.

1. Weather uncertaintyf he firstanalysis uséthe single load, wind, and solar shapes scenario used
in the 2012 LTPPTheannualoadprofiles arescaled up and down bgad multipliers, which
capture the long term weather uncertastyl economic growth uncertaintyhe multipliers are

applied uniformly across all hours of the annual profile.

The multi weather shape analysipresentethe uncertainty in weather by simulati@g
different shapes based on the last 32 years of historical weather for load shapes, wind shapes, and
solar shapes. The 32 shapes were developddtrape Consultings part of theurrentELCC

study being perfaned by the CPUEEach shape was given equal probability of occurrence.

2. Economic Growth Uncertaintytn the single shape analysietainnualload profiles arescaled up
and down byoad multipliers, which capture the long term weather uncertainty amwego
growth uncertainty over a 4 year time horizdrhe multipliers are applied uniformly across all

hours of the annual profil® scale the load shape up and down.

Forthe multi weather shape analysach of the 32 load shapes wscaled up and den with
multipliers that only reflected tHeur year ahead load growth uncertaisiyce weather
uncertainty is represented in the separate load shBEpesoads in all hours are scaled by the
same multiplier. Each multiplieris given adistinctprobability of occurrence and each load
shape was assumed to have equal probability in the stidensitivity was performed with the

economic growthuncertainty component excluded.

3. Unit availability uncertaintyor conventional generatias modelecusing aMonte Carlo

approach which captufeequency and duratigmarameters The model is providetime to fail

2 Documentation of the process and shapes will be made public by the CPUC once finalized. Further discussion
regarding methodology is included in Input Assumptioati®e of this report.
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and time to repair distributiorier each unit as well as an availability percentage for initialization
purposes. At the start of tear, SERVM draws from an availability distribution for each unit to
determine whether the resource is available at the start of the year. If the unit is available,
SERVMthenrandomly draws from the time to fail distribution to determine how long the

resource carun before it is forced out. Once the unit is online for its time to fail draw, then
SERVM draws from the time to repair distribution to determine how long the resource will be
unavailable. This continues until the entire year is simulated. Typi&HRVM is used to

model more detailed outage events such as partial outages, start up failures, and maintenance
outages. However, due to the inputs included in the 2012 LTPP dataset, only full forced outages
and planned outages were modeled. Plannedemaincas based on rates in the 2012 LTPP
dataset. Based on the annual load profile, SERVM schedules these planned maintenance events

although fixed schedules can also be captured.

Unit commitment uncertainty imodeled using forecast errors at diffiet time intervals to ensure
the model doerot have perfect knowledge when performing timét commitmentForecast error

is drawn separately for gross load, wind, and solar and aggregated into net load uncertainty for
each time intervalThese time intesals include week ahead, day ahead, rhdtir ahead, and
intrachour time periods. SERVM allows for recourse at each of these time intervals by allowing
thecommitmento adjustsubject to physical resource constrasganore certainty is gained

about tke net loadas the prompt hour approachéstra-hour, the only recourse option available

is to start up quick start resources within the region that has the need. Outside regions will not
start up quiclstartresources intraour to serve a neighboring region, but will provide this

support for all other time interval§his assumption could be changed in future simulations.
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Key Findings

The loss of load metrics and renewable curtailment results in Taklecp&senthetwo analyses
developed from the 2012 LTHRase scenario witut SONGS The removal of economic forecast
uncertainty was also shown to understand its impact on results. The following key findings were

observed.

§ Given the 2012 LTPP assutigns for 2022, théargetreserve margftfor the CAISO system
including imports is approximately 17%his counts the renewable portfolio which includes all

biomass, biogas, small hydro, solar, and win8586 of nameplateapacity

1 When simulating ucertainty around load forecasts, weather, and unit performance, the
traditionalLOLEggy is greater than the 1 day in 10 year standard of 0.1 LOLE in events per year.
LOLEgey for the single shape analysis wa34and 077 events per yedor the multiple shape
analysis. The simulations showed thalimost allof the LOLEggy events occurredfter hour 18
of the dayas demand response availability and renewable resources decréfisetiour 18,
demand response is limited to approxima#I9 MW versus 2,600 MW across the paakl the
reliability contribution of renewable resources drops from an average of 35% tolR@étnand
response is allowed to provide 2,600 M@Y all hoursin the summerthen the single shape
LOLEcgy shifts from 034 events per yedo 0.13events per yearThe multi shape analysis shifts

from LOLEgey shifts from 0.77 events per year0.32events per year.

1 The total LOLE LOLEgenrex) €quals G126for the single shape analysis ah@64when
incorporatingall 32 load, wind, and sotsshapes.Again, allowing demand response resources to
provide 2,600 MW for all hours of the day in the sumrh€ Egen+rex reduces to 0.158 for the
single shape analysis and 0.478 for the multi shape analysgsmajority of LALEg gx events

occurred intrghour during higHoad, but not during annual peak load periassOLE during

% The target reserve margin is calculated based on the forecasted peak load for 2022.
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annual peak periods woule: represented HyOLEgen. As previously noted, SERVM allows for
additional CT commitment intraour with the assumptiaihat quick start resources can start in

10 minutes. However, if load patterns are such that resources are only needed for a few hours, it
is possible that CT resources are committed and some intermediate resources are not committed
based on uncertain nielad projections. During these higher load periods, if the-lnita net

load materializes substantially higher than projected during commitment, the region will not have
recourse opportunities since the CTs were committed prior and the intermediateeagsannot
startup quickly enough. This situation primarily occurs in regions which are relatively short
capacity. Regions with excess capacity typically have some spare CT capacity even on days when
some intermediate resources are not committed. Eaetfions which did produce LOKEyx, a
significant portion of these events could potentially be eliminated if neighboring regions could
provide intrahour support. Currently, there is no market purchase recourse method available
intrachour in SERVM SinceLOLEF ex eventsOCCUr when additional capacity is available but not
committed additional load following requirementsided during the commitment processuld

also remove most of the intheur flexibility problemsHigher load following requiremest

could also reduce some of th®LEggy since purchases would be made when available to

preserve load following capability for unexpected changes in net load.

Curtailment was substantial in the 2022 scenduie to significantnusttake generation
including renewable, hydro artkdicatedmportsand due to a restriction on exports to 0 MW
from CAISQ  Curtailment is highly dependent on thexibility assumed for hydro and
dedicated importacross the peak hmiof day during shoulder months. For this analysis, the
dedicated importwaere treated as mutdke generatioso there was no flexibility to curtail these
resources. Thkydro was forced to meet weekly generation amoasgsmed in the 2012 LTPP
data etwhich meant a substantial amount of hydro was still being dispatched during peak

renewable hours for the shoulder months.
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1 Analyzing multrweather years versus a single shape had a significant impact on results. Loss of
load metrics increased dteemore severe net load shapes seen across all the weathéhgears
are not recognized in a single shape anal@imeration curtailmentecreased substantiallihis
is likely due tolower capacity factorenewable shapdsveduring offpeak periodsiong with

loadshapesvith more energy during offeak periods

1 As expected,amoving economic load forecast uncertastyfted loss of load events down.

Table ES1. Summary of Results

Multi
Weather
Year
Hourly
Single2012 Shapes
LTPPHourly Multi No
Shapes No Weather | Economic
Single2012 Economic Year Load
LTPPHourly | Load Growth| Hourly Growth
Shapes Uncertainty Shapes | Uncertainty
Reserve Margin % 17% 17% 17% 17%
LOLEgen Events/Yr 0.343 0.238 0.771 0.543
LOLEf e Events/Yr 0.083 0.025 0.293 0.260
LOLEgen+FLEX Events/Yr 0.426 0.264 1.064 0.803
EUEgen MWh 141 51 211 69
EUEq ex MWh 92 9 68 31
EUEGen+FLEX MWh 233 60 279 100
Generation
Curtailment
(MWh): Inflexible
Hydro and
Dedicatedmports MWh 1,738,919 1,693,088 385,785 377,795
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While there are several solutioagailable that would shithe CAISO systenreliability back to a 0.1
LOLEgen+riex, Table ES2 shows sensitivitigswhichquick start CT capacity was added to each
scenario irk% reserve margin increments. Using the single load shape analysis, approximiately
MW are needed to achieve BOLEgen.rex Of 0.1. For the multiyear weather shape analysis,
approximatelyl,900MW are needed to achiet®LEgen.rex Of 0.1. The incremental capacity
requirements result ireserve margins df%%-20.5% needed to achieve the omeentin 10 year standard

from boh a peak and flexibility standpoint.

Table ER2. CT Capacity Additions Needed to Meet Day in 10 yearIndustry Standard (0.1

LOLE cen+rLex) Assumingno Load Growth Uncertainty

Analysisl.:
Single Hourly Base +1170 Base +2340
Shapes MW MW
TargetReserve
Margin % 17% 19% 21%
LOLEgen Events/Yr 0.238 0.065 0.015
LOLEF ex Events/Yr 0.025 0.016 0.000
LOLEGEN+FLEX Events/Yr 0.264 0.082 0.015
Analysi<:
Multi-Year Base +1170 Base +2340
Weather Shape MW MW
TargetReserve
Margin % 17% 19% 21%
LOLEgen Events/Yr 0.543 0.123 0.042
LOLEF ex Events/Yr 0.26 0.068 0.005
LOLEGEN+FLEX Events/Yr 0.803 0.191 0.047

Given the physical reliability results, supplemental econ@nalysisusing the same SERVM setup

should be performed tetermire the costeffectiveness of alternativés achieve a specific reliability

*This analysis assumes that target reliability is equal to 0.1 LOLE whether due to capacity deficiencies or flexibility
deficiencies. Traditioml LOLE metrics do not typically include LOIEex as parOf the total
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metric such as 0.LOLEgen+riex. These should include increased load following, increase in capacity of

different generation typesxpansion of DR programand the replacement of inflexilkdgeneration.
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l. Input Assumptions

A. Source Data and Study Year

Al l i nput data (i.e. | oad forecasts, generator
year 2022 unless otherwise specified infdiwing Input Sectios. Two analyses we developed from

the 2012 LTPP case.

1. The firstanalysisused only the single load, wind, and salhapesvithin the2012
LTPP studywhich would albw more direct comparisomith the CAISO

deterministic method.

2. The secon@nalysisincorporates 3years of weather history by simulating 3
synthetic load shapes, wind shapes, and solar sfapgs CAISO system This is
the recommended approaa$ the historical frequency and duration of severe weather

is captured more accurately

B. Study Topology

Figurel shows the study topology that was used forShely While SERVM provides the
capability to model the entire WECC Reglpdue tovarious reasons includirsgheduleonstraintsthe
focus was on the CAISO region and the remainder of Wiz&@€modeled in a simplified approach to
approximate the imports into CAISO.SERVM represents the regions in Figure 1 with a pipe and
bubble representation allowing for regions to share capacity based on ecoaisiesject to physical

transmission catraints. Each of the extern&®ut of State (OOS)egionswasmodeled with ndoad. All

® SERVM has been used to model large portions of the eastern interconnect and will be used to model all of WECC

for the CPUC6és ELCC analysis.

® Astrape Consulting recommends a magerous approach for future studies which would incorporate most or all

of WECC. Only by modeling a more detailed representat.
accurate representation of imports be developed.
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OO0S RPS andedicatedmports (Dl)were captured separately and were treated astakesbn the

C Al S gyétambubbles Additional availableapacitywas modeled teapture the amount of imports
expected into the CAISO systerithe ramp rate of imports was controlled by the ramp rates of the
externalunits. The maximum instaaneous import capability into CAISO was modeled as 13,000 MW.
Additional minimum gearatian requirements were modeled in SDG&E and Sf@Spectively, 25% and

40% of load in these areass required to be served by conventional getieet

Figure 1. Study Topology

O0S PG&E

No Load
Units:
+ DI_SanJuan4 (unit w/outages)
+ DI O0S RPS PG&E (fixed profile/must run)
+ 3200 MW CC w/ 5,000Btu/kWh in April-June and 10,000 Btu/kWh
in July-Mar, no outages, RR=2.0 MW/min (12.77 MW/min for
system 3hr. Historical * 3200/20423)

Path limit 3,200
MW (COI — COTP)

A

Path limit 4,000 MW

OO0OS SCE

No Load
Units:
+ DI_Hoover (ISO)_SCE, DI_PaloVerd 1-3_SCE, DI_RdGrdnr4_SCE,

DI_SanJuan3_SCE, DI_SanJuan4, (units w/outages)
+ DI OOS RPS SCE (fixed profile/must run)
+ 2,000 MW CC w/ 5,000Btu/kWh runs April-June only, no outages, RR 2.0
MW/min
+ 13,000 MW CC w/10,000 Btu/kWh year round, no outages,
+ RR=8.1 MW/min

OOS SDG&E

No Load
Units:
« DI OOS RPS SDG&E (fixed profile/must run)
+ 4,223 MW CC w/10,000 Btu/kWh year round, no outages, RR=2.6 MW/min

Path limit 13,000 MW

B

Path limit 4,922 MW

Path limit 4,223 MW

U

C

Additional Constraints:

+ Sum of imports on Lines A,B and C not to exceed 13000

« 25% of SDG&E load to be met by CCGT/CT/Cogen/Steam,
40% of SCE load to be met by CCGT/CT/Cogen/Steam,
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C. Load Modeling

Figure 2 displays the variance in peak load based ge&3 of historical weathéThis
represents theimulatedsummer peak load for 2022 by weather year. The normal weather peak is
assumed to be the average peak across all shagdms been scaled to the peak seen in the 2012 LTPP
Compared to a normaleather year, peak loads across all three regions can be as high as 7% above
normal and as low as 5% below norraalshown in the figureThis does not include any mujiear
ahead economioad growthuncertainty but only shows uncertainty duew@ather being more severe or
mild in a given year The loads were developed using neural nets to develop a relationship between
recent load and recent weatli@reach CAISO regionNext the relationship was applied to historical
weather to developwltiple load shapes. This process not only captures the variability in peak but also
captures the frequency and duration of severe weather seen in actualdmdtanyoss each seasdrhis

type of modelingalso captures theeatherdiversityamong theegions within CAISO.

" Even though the viance in peak load was based on 33 years of historiy, SERVM only simulated 32 years since
1980 was inadvertently omitted from the simulation.
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Figure 2. CAISO (PG&E, SCE, SDGE)Summer PeakLoad Variance®
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D. Multi Year Ahead Economic Load Growth Uncertainty

Economic load forecast erromultipliersweredeveloped tasolatetheeconomidoad growth
uncertaintyinherentin four yearaheadload forecastsBased orhistoricalCongressional Budget Office
(CBO) GDP forecasts 4 years aheathparedo actual data, aormal distributiorof economic forecast
errorwas calculated. Because electric load growssédwaer rate than GOR40% multiplier was
applied to the raw CB®conomicforecast erroto produce an economic load forecast error distribution
Tablel shows the economic load forecast multipliers and associated probabiliiesable shows that
7.9 of the time, it is expected that load will be unétmecasted by% four years outFor the multi

weather shape analysis, tBERVM modelutilized each of the Bweather years and applied each of

8 Ranking of years by peak load will not be perfectly correlated to the ranking of years by peak temperatige. Thi
due to the possibility of peak temperatures falling on a weekend which would result in lower relative loads. That
explains why the 2005 peak load in the mahape analysis is less than the normal peak load.

° Four year ahead forecast uncertainty assumed for this analysis. It is noted that it likely takes more than four
years to secure procurement authorization, procure competitively and actually license and build a powerplant in
CA.
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thesefive load forecast error points to cred®d different load scenarios. Each weather year was given

equal probability of occurrencerhe multipliers are applied to every hour in the year

Table 1. 4 Year Ahead Economid.oad Growth Uncertainty used inMultiple Weather
Year Analysis

Load Forecast Eor Multipliers Probability %
0.96 7.9%
0.9 24.0%
1.00 36.3%
1.02 24.0%
1.04 7.9%

For the analysiperformed usinghe 2012 LTPP singll®ad shapesTable 2was developed to
represenboth weatherand economic load growth uncertaisigce multiple weather years
wer en o0t . Jhepeaklloadstatigdics around thé3 years of loagdhapes were used to
create the weather uncertainthichwas combined with the Tableeconomic load growth
uncertaintymultipliers. The peak load aspercentage of normal peak for each shape was
multiplied by each of the probabilities from the values in Table 1. The resulting distribution
including 165 points was simplified to a distribution of 10 points by combining points with

similar multipliersrestuting in the values in Table 2 below
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Table 2 Weather Plus4 Year Ahead Economic Load Forecast Error Uncertaintyused in
Single Load Shape Analysis Only

Load Forecast Error Multipliers Probability
0.93 7.20%
0.96 12.40%
0.98 10.20%
0.99 12.40%
1.00 12.40%
1.01 11.70%
1.02 12.40%
1.03 8.00%
1.05 9.10%
1.08 4.30%

E. Unit Outage Data

Unlike typical production cost models, SERMWMes not usanEquivalent Forced Outage Rate
(EFOR for each unit as an input. Instead, histor@aheratingAvailability Data SystemGADS) data
events areypically entered in for each unit and SERVM randomly draws from these events to simulate
the unit outages. For this Studlge mean time to repair aikdFORvalues from PLEXOS were utilized
and a mean timm failure value was calculated. Distributions around these values were then developed
to be input into SERVMo represent the unit outage uncertairiData is typically entered into SERVM
for the following variables However, partial outage data andinteanance outage data was unavailable
from the PLEXOS dataset so only the full outage inputs and planned outages were captured.

Full Outage Modeling

Time-to-Repair Hours
Time-to-Fail Hours

Partial Outage Modeling

Partial Outage Tim#o-Repair Hours
Partial Outage Derate Percentage
Partial Outage Timéo-Fail Hours

Maintenance Outages
Maintenanceutage Rate % of time in a month that the unit will be on maintenance outdgERVM
uses this percentage aschedules the maintenance outages durihgeztk periods
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PlannedQutages
Specific time periods are entered for planned outages. Typically these are performed during shoulder
months.

As anexampleof how SERVM developand usesinit outage statisticassume that from 281
2014, Unit A had 15 full outage events and 30 partial outage events reported in the GADs data. The
Time-to-Repair and Timédo-Fail between each event is calculated from the GADS data. These multiple
Time-to-Repair and Timéo-Fail inputs are the distributions used®gRVM. Because typically there
is an improvement in EFOR across the summer, the data is broken up into seabtre there is a set
of Time-to-Repair and Timeo-Fail inputs for summeshoulder monthsand winter based on history.
Further assumeJnit 1 is online in hour 1 of thgearlyiteration SERVM will randomly draw a Tim#o-
Fail value from the distribution provided for both full outages and partial outages. The unit will run for
that amount of time before failing. A partial outage wélthiggered first if the selectqzartial outage
Time-to-Fail value is lower than the selected full outage FimEail value. Next, the model will draw a
Time-to-Repair value from the distribution and be on outage for that number of hours. When this repai
complete it will draw a new Timto-Fail value. The process repeats until the end of the iteration when it
will begin again for the subsequent iteration. The full outage counters and partial outage conirters
parallel. This more detailed mdihg is important to capture the tails of the distribution that a simple

convolution method would not capture.

The most important aspect of unit performance modeling in reliability studies is the cumulative
MW offline distribution. Mostservicereliability problems are due to significant coincident outagjés.
following figure shows the distribution of outages f0AISO basedon the 2012 LTPP Dataséthe
figure demonstrates that in any given hour,@dSO system can have betweBdand4,000MWs of its
generators offline due to forced outag@se figure showshatduring10% of all hoursthroughout the

year, CAISO has greater thar2,000MW in aforcedoutage conditionThere are approximately 28,000
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MW of conventional generation modeledhin in CAISO which is made up of nuclear, combined
cycle,CHP,and peaking resourcesAdditionally, the figure shows that 50% of the time, approximately

1,000 MW areon outagevhich equates to 3.5% of the conventional generation.

Figure 3. Conventional Resources on Forced Outagas a Percentage of Time
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Figure 4 shows how SERVM tak#s planned maintenance ratesed in the 2012 LTP&nhddevelops

planned outagechedules across the year based on projected load periods.

9 The figure does not include imports, pump storage, hydrother renewable resources.
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Figure 4. Planned Maintenance
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F. Hydro Modeling

Hydro resources aisplit into 3 categories within SERVM.

1.

Run of River Hydro Dispatched as a fixed profile for the entire yeased on the 2012 LTPP
assumptions.

Scheduled Hydro Dispatched to shave tipeak but is forced to meet minimum gen requirements
and max capacity levelsA weekly hydro generation is provided that must be fully used within
the week.The hydro energies were based on the 33 historical hydro yEa@snax capacity

levels were bagkon the realized hydro dispatched across the peak in the 2012 LTPP
assumptions.

Emergency Hydro Dispatched only in emergency events when prices meet a specific threshold
and is energy limitedThe assumed price threshold for this study was $2,500/MWkikese
resourcesrelinked to a scheduled hydro resource. When called, energy from the scheduled
hydro resource is reduce@hese estimated capacity levels were based on taking the total
nameplate without the scheduled or run of river portions.

Figure 5 shows the total nameplate capacity of the hydro system medgtddis based on the 2012

LTPP DatasetBased on 33 years of historical hydro energies the annual energies were deaetbped
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shown in Figure 6. Depending on the weather year, hydraag@rewithin the simulations varied

significantly.

Figure 5. Hydro Capacity
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G. Operating Reserve Requirements and Operating Reserve Demand Curve

Table3 shows the assumptions that were used by SERVM for regulation, spiapimand load
following Targets'* Thesevalues represetarget volumes which SERVM tries to provide if cost
effective when comparing the value of regulation and load followinghagtie unit commitment and
dispatch costsAs noted in the table, theodel will shed firm load to maintain 1.5% of regulation and
1.5% of spin.During peak periods, the load following requirements from SERVM represented load

following requirement methaduse in the modeling collaboration effort.

Table 3. Operating ReserveTargets™

% of Load Shed Firm Load to Maintaih
Regulation Up/Regulation Down 1.50% Yes
Spin 3.00% Yes for 1.5% of theotal 3%
On averge totals approximately
4%- 5%

Calculate based on the differeng
betweerinstantaneoupeakwithin

the hour and average across th
Load Following hour plus 1% of load No

Non Spin 3% No

Figure7 displays the operating reserve demand curve thatwasused SERVM6és untdét commi t
determine how muchdditionalspin and load followingbove theequired3% thatis provided in any

given hour. The prices in the curve represecementakcarcity pricingabove the marginal cost

resource that meets the 1.5% regulation plus 1.566j reserve The curve is assumed to be flat for

the first 3% at a value representing the Value of Lost Load (VOLL). At these prices, all resources in the

system would be utilized to maintain the required 1.5% regulation and 1.5% spinning reseeretheTh

" The major distinction between SERVM and some of the other approaches used in modeling CAISO is that the
load following target in SERVM is calculated based on the variability across the hour rather than a set value from an
8760 profile.

2T he wo r disuBed i thig mhlecto prepresent the desired amount of different reserves, which is purchased
by SERVM if costeffective.
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curve drops down significantly and as long as the marginal cost resfthesnext unit is below the

operating reserve demand curve, then the system will achieve the full operating reserve requirement.

Figure 7. Operating Reserve Demand Curve
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H. Unit Commitment Uncertainty & Recourse

SERVM6 s f u | | uniecoromitrmentioccurs over several time intervasach unit commitment is

based on a forecastedt teadthat is calculated based on the uncertainty distributions at each time
interval First, a weekly commitment is done for the entire week. Then each dayaheky

commitment is performed making adjustments to the original commitimeéaie into account

unexpected outages that occurred since the weekly commitment was performed. Net load uncertainty is
not redrawn at this stageSubsequent unit commitment decisiansmadesubject to resource

constraintg} hours ahead, 3 hours ahead, 2 hours ahead, lamar aheadsing new draws of forecast
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uncertainty Finally intrahourcommitment & quick start resources is allowed as the moar load

varies. As the actual hour is approached, the uncertainty is narf@aueddSERVM is allowed to make
adjustmerg at each stagsubject to physical constraints of the resourcésgure8 provides an example

of how the model adjusts its commitment each hour and how the uncertainty expands for long time
intervals. At hour 0, SERVM draws from correlated load dwand solar forecast error distributions for
intra-hour, 1 lour ahead, 2 burs ahead, 3durs ahead, and 4olars ahead micertainties. SERVM then
makes commitment ardispatch adjustments based on the uncertain forecast, but ultimately must meet

the net bad shape that materializés

Figure 8. 1-4 Hour Ahead Forecast Eror

53,000

52,000

51,000

50,000

Net Load MW

49,000
=4 Actual Net Loa

48,0000

=== [Forecast Error

Range from
47'000 T T T T T T T 1 Hour 0

0 0.5 1 15 2 2.5 3 3.5 4

Current
Position: t=0

Forecast data one hour ahead, four hours ahead, and day ahead for aggregated wind and solar profiles for

California along with corresponding actual wind and solar data was developed by EPRI and was used by

13 The net load shape that materializes is always the original input shape into SERVM
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Astrape to develop uncertainty distributibier each of the same time intervalie following figures

represent samples of the distributions.

Figure 9. Intra-Hour Solar Uncertainty Example (Represents Hour 12)
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Solar forecast uncertairtyis represented asfunction of time of day and the actuabfile percentage of
blue sky dayBSD). Blue sky day represents the theoretical maximum output given ideal weather
conditions at each period throughout the year. At values equal to the theoretical maximum output, it is
impossible to oveforecast the outputSimilarly, at lower output valuethe forecast error will be

asymmetrical on the undésrecast side.

SERVM uses a similar technique of utilizing the actual profiles (wind, solar, and load) to select random

draws of uncertainty that are reflective of the appropriate system conditliagioes not result in

"It is recommended that these distributitvesupdated in refined for future analysis.

> Uncertainty as used in this report only represents the deviation from the actual profile. The expected variability
or ramping of load, wind, and solar is excluded from the uncertainty distributions for both inter-hour and intra-
hour periods.
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perfect knowledge bias since the distribution of forecast errors from the simulations match the forecast

error distributions from actual history that were input into the model.

Figure 10. Multi -Hour Wind Uncertainty
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The error bouds for forecast uncertainty are more strongly correlated to output level for wind resources

as shown in the figure above. Again, some portions of the distribution are asymmetrical based on actual

forecast error data.
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Figure 11. Day Ahead Solar Urertainty
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Figure 11 compares the input distribution for day ahead solar uncertainty with simulated solar forecast

uncertainty.

I. CT Startup Times Intra-Hour

For this study, 10 minute startup times were assumed for quick start resources to ldanitidieur.

This is the onlyunit commitmentrecourse option available intreour to each regigrmowever online

units can also be dispatched subject to ramp rate constraifiise model does not allow an external
region to startup a quick start resource Hitoar to assist a neighbor; however, this can be done on all
other time intervals (i.e hourly, day ahead, efthe quick startassumptioimport rulescan be a

significant driver in bhe intrahour flexibility deficiency results
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J. Overgen Penalty

Theovergen penalty arost of renewable curtailment is an inptihis economic assumption can affect
the particular mix of resources selected for commitment. The commitment algorithm penalizes the
selection of resources that would push minimum generation online above load by the gyt
amount. The lower the pemglthe more likelythese situations occur.For this studythe overgen

penalty wass200/MWh

K. Demand Response Resources

Figure 12 shows the demand response assumptions used for the study. SERVM has the ability to model
availability periods acrogbe day as well as limit run hours across the day, month, season, or year. These
assumptions are based on the 2012 LTPP. An import item to note in these is assumptions is that nearly

1,700 MW of the total 2,595 MW are unavailable after hour 18. Thisrgs#on has a significant impact

on reliability results as solar profiles are declining during this period.

Figure 12. Demand Response Assumptions

Daily Energy  Monthly Energy

Available — ;, it(GWh)  Limit (GWh)
| PG&E Low Cost 137 265 H12-18 1.08
|_PG&E Mid Cost 600 265 H12-18 5.37
| PGRE  HighCost 1,000 136 All Hours B I
[PGEE Total 665 1.08 5.37
| SCE Low Cost 137 612 H12-18 251
| SCE Mid Cost 600 612 H12-18 12.43
| 'SCE High Cost 1,000 572 All Hours = ~
|SCE Total = 1,797 2.51 1243
|_SDG&E _ LowCost_ 137 82 H12-18 025
| SDG&E __ Mid Cost 0 - . H12-18 125
| SDG&E _ High Cost 1,000 —CL AllHowrs S — i
\SDG&E Total 133 0.25 125
‘Sum 2,595 3.85 19.06
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II. Simulation Methodology

A. Case Probabilities

Analysis 1: As discussed previouslgetfirstanalysisused the single load, solar, and wind shapes from
the 2012 LTPP Dataset. To capture uncertainty in load for this analysis, the hourly load shapes were
scaled up and down by 10 uncertainty multipliers which covered both weather and econontovitlad g
uncertainty. For each of the 10 scenarios, 100 iterations were simulated which totaled 1,000 total

iterations at 5 min intervals. The following table shows how the probabilities were calculated for each

scenario.

Table 4. Case Probabilities forSingle Weather Year Analysis

Load Multipliers
due to Load Load Multiplier
Weather Year Forecast Error Probability
Single Year 93% 7.20%
Single Year 96% 12.40%
Single Year 98% 10.20%
Single Year 99% 12.40%
Single Year 100% 12.40%
Single Year 101% 11.70%
Single Year 102% 12.40%
Single Year 103% 8.00%
Single Year 105% 9.00%
Single Year 108% 4.30%

Analysis 2: The secon@nalysis useB2 load, solar, and wind shapes based on 32 years of actual history.
SERVM utilized 32 years of historical weathandloadshapes5 points of economic load growth

forecast error, antiOOiterations of unit outage dravigr each scenarito represent the full distribution of
realistic scenarios. The number of yearly simulation cais&min intervals that were simulated equates

to 32 weather years 5load forecast errors 100 unit outage iterations 6,000 total iterations for the
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base caseFor the multiweather shape analysisy axample otalculatedprobabilitiesfor afew cases is

shown in Tablé&. Each weather year is given equal probability and each weather year is multiplied by

the probability of each load forecast error point to calculate the case probability.

Table 5. Case Probability Examplefor Multi Weather Year Analysis

Load Multipliers
Weather Year due to Load Load Multiplier
Weather Year Probability Forecast Error Probability Case Probability
1981 3.03% 96% 7.90% 0.239%
1981 3.03% 98% 24.00% 0.727%
1981 3.03% 100% 36.30% 1.100%
1981 3.03% 102% 24.00% 0.727%
1981 3.03% 104% 7.90% 0.239%
1982 3.03% 96% 7.90% 0.239%
1982 3.03% 98% 24.00% 0.727%
1982 3.03% 100% 36.30% 1.100%
1982 3.03% 102% 24.00% 0.727%
1982 3.03% 104% 7.90% 0.239%

B. Physical Reliability Metric Outputs

The following reliability metrics are produced by SERVM for each of the 5 min interval simulations.

1. Loss of Load ExpectatioBeneric(LOLEggn) T Events per year and only represents outage

events that occur due to capacity shortfalpeak conditionslIf a resource is available but was
canot

not
counted.

commi tted

and

me et

| oad due

t o

2. Loss of Load Expectationotal (LOLEgenriex) T Events per year and represents capacity

shortfalls plus events causdm system ramping deficienciasd net load forecast error.

3. Loss of Load Hoursseneric(LOLHgey) T Hours per year and only represents outage hours that

occur due to capacity shortfatlsringpeak conditions

4. Loss of Load Hours TotaLQLHgenrex) T HOurs per year and repents capacity shortfalls
plus hoursaused from system ramping deficiencies

ramp
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5. Expected Unserved Energyesource AdequacyEUEgg\) I Expected Unserved Energy only
due to capacity shortfaliduring peak conditions

6. Expected Unserved Ergy Resource AdequacEWEsenriex) | EXpected Unserved Energy due
to capacity shortfalls plus system ramping deficiencies

SERVM6s ability to perform an aatlosvscomprelensiveo mmi t mer
reliability analysigo be performed Whout any seams issues betweaultiple models. All resource

adequacy metrics fromgenericcapacity and flexibility standpoint can be produced from the same
simulations. This avoids any estimation from one model to the next and provides meaningful

incremental analysis betwegenericcapacity shortfalls versus flexibility shortfall$his, however,

is not enough to determine how best to meet any system deficiehdepossible that a flexibility

shortfall can be met with adding nélexible capaty. Only by running several sensitivities to test

the costeffectiveness ohddingdifferent flexible and generic resoura@schanging operating

guidelinesit is possible to tell which alternative is best.
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lIl. Results: 2012 LTPP Single Profile Analysis

As previously discussed, initial simulations assumed single load shapes and renewablenutatied

in the 2012 LTPP caseThe single load shapes were scaled up and down basedldrettenomic

forecast error multipliers discussetdthe input section of the report. For taigalysis1,000yearly

simulations at a 5 min interval were simulated in SERVM. The following table summarizes those results
as well as a sensitivity that remowasd economitoad growth uncertainty TheLOLEggy is 0.343

events per yedpr theexpectedL7% reserve margin casdiich is higher than thedventin 10 year (0.1

LOLE) industry standard. This assumes no loss of load events due to unit constraints such as ramp rates,

startup times, minimum uptimesnd minimum downtimesr unit commitment uncertainty

Table 6. Single Profile Analysis

Base Case
Without Load
Growth
Uncertainty
Base Case Component
TargetReserve
Margin % 17% 17%
LOLEgen Events/Yr 0.343 0.238
LOLERg gx Events/Yr 0.083 0.025
LOLEGen+FLEX Events/Yr 0.426 0.264
EUEgen MWh 155 51
EUEF ex MWh 23 9
EUEzen+FLEX MWh 178 60
LOLHgen Hours/Yr 0.611 0.32
LOLHg ex Hours/Yr 0.10 0.025
LOLHGEN+FLEX Hours/Yr 0.711 0.35
Generation
Curtailment
(MWh): Inflexible
Hydro and MWh 1,738,919 1,693,088
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Dedicatedmports | |

When unit constraints are captured, LQERr ex= 0426 meaning that the loss of load contribufeain
flexibility problems is 0.08%vents per year. The corresponding EUE is small in the Base Case even
including the flexibility constraints. Based on the LOLH val®nts on average aapproximately 1.5
hours. Generation curtailment was seeh.@sillion MWh in the Base CaseThis case assumed that
there was little flexibility in the hydro system across the @eakthat aldedicated imports/ere treated

as musttake generatianAll loss of load events decreased marginally when load growth uncertainty was

removedrom the aalysis

Figure13 shows when EUg:y and EUE gy are occurring by hour of dayThe majority ofEUEggy

events occur in the later hours of the (tB%22) when a significant portion of the demand response is
unavailable and solar generation is decreasing. Demand response is reduced from 2,600 MW to 700 MW
after hour 18.This represents a 3.5% reduction in reserve mdogiall hours after 18 The total

reliability contribution of the renewable resources across the peak load is approximately 35% of
nameplate capacitiput across the later hours of the day the contribution reduces to an average of 20% of
nameplate capacityThis difference between renewahdluring hours 1-28 versus hours 122 represents
approximately 4,000 MW on average which equates to a reduction of 7.5% in reserve iBasgit.on

this information, it is easy to see how a 17% system reserve margin that includes imports in its reserve
margin calculation could become deficient in a few hoifrg.is assumed that 2,600 MW of demand
response is available in all hours of the day, then LLE reduced from 0.343 @133 events per year

which is much closer to theelventin 10 year sindard.

EUEr ex also occurs more in the peak net load hours because the majority of quick start resources which
are the only recourse option available ifticaur area already committedring these pericl If load

following requirements were increasedsurrounding regions were allowed to commit quick start
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resourcesinth our t o meet ,the maprityphBUR % walld likety dbalremoved within

the simulations.

Figure 13. EUE by Hour of Day
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Figurel4 shows the same information by month of ye@gain, the majority of events are seen during
peak periods Because the analysis is based on a single load shape, almost all loss of load events are

occurring in the month of July which is when the systenkpea

Figure 14. EUE by Month
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While there are many solutions to solving the flexibility probletims,solution used for this analysis was

to addCT capacity with a 10 min startup time. Additional solutions would be to over commit resources
or replaceexisting inflexible capacity with more flexible capacity. The results show that when reserve
margin targets move from 17% to 19% the LQkEdecrease® 0065 and LOLEsen.rex decreases to

0.015. To achieve 0.1 fdtOLEgenrLex @pproximately 1,00 MW of additional capacity is needed

resulting in al9% reserve margin for the system.

Table 7. Base Case Results with Additional CT Capacitpssuming No Economic Load Growth

34

Uncertainty

Analysisl:
Single Hourly Base +1170 Base +2340

Shapes MW MW
Target Reserve
Margin % 17% 19% 21%
LOLEgen Events/Yr 0.238 0.065 0.015
LOLEg gx Events/Yr 0.025 0.016 0.0
LOLEGgen+FLEX Events/Yr 0.264 0.082 0.015
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IV. Results: 2012 LTPP Multi Weather Analysis ( 32 Years of Load, Wind,
and Solar Shapes)

The nextset of results introduces a more detailed approach to incorporating weather uncertainty. Load
shapes, wind shapes, and solar shapes were developed based on the last 32 years of historical weather.
To maintain correlation between the three3allyears were simulated within SERVM and given equal
probability of occurrence. As discussed previously, each weather year was also simulated with 5
economic load forecast multiplietastaling 160 load scenariog€ach of these load scenarios was

simulated with 100 iterations at a 5 min interigtbling 16,000 total yearsTable8 shows the results.
Compared to the single load shape results, the loss of load metrics areaidjieenultiple weather

shapes introduce more variability within tead However, the curtailment was reduced substantially

when analyzing all weather years versus the single shape analysiss mibs likelydue to the inclusion

of lower wind and solar shapes as well as higher potential load shapes across thb&2ywaes.

Table 8. Mutli-Weather Year Results

Base Case
without Load
Growth
Uncertainty
Base Case Component
TargeReserve
Margin % 17% 17%
LOLEgen Events/Yr 0.771 0.543
LOLERg gx Events/Yr 0.293 0.26
LOLEgen+FLEX Events/Yr 1.064 0.803
EUEgen MWh 211 69
EUEF ex MWh 68 31
EUEGEN+FLEX MWh 269 100
LOLHgen Hours/Yr 1.30 0.74
LOLHg ex Hours/Yr 1.23 0.66
LOLHGEN+FLEX Hours/Yr 2.53 1.40
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Generation
Curtailment
(MWh): Inflexible
Hydro and
Dedicatedmports MWh 385,785 377,795

As seen in the single profile analydise base case which assurapproximatelya 17% CAISO reserve
margind oes n6t meet a 1 Asaseeninthe plediousyanadydi©lEd=\aoccwsa r d .
mostly in the later hours of the day. Figdfeshows the results by time of day and Figieshows the

events by month of year.

Figure 15. Multi Weather Year EUE by Hour of Day
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Because we are evaluating different load shapes and not the single load shape, the events are more spread
across the sumer months and even some of the shoulder periods. There is a significant difference in

evaluating multiple load, solar, and wind profiles compared to only analyzing a single shape.
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Figure 16. Multi Weather Year EUE by Month
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Figurel7 shows the EUE and LOLE across all scenarios for the CAISO ReWitile LOLEggy is

0.7710n a weighted average basis, there were scenarios modeled where it was a5 biginesper

year. Figure 18 shows the distribution of curtailed generation.

Figure 17. Distributions of LOLE and EUE Metrics
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Figure 18. Distributions of Renewable Curtailment Based on Inflexikd Hydro and Dedicated

Imports
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To achieve ahOLEgenrex Of 0.1, approximatelst,900MW of quick start CT capacity is needethich

equates to an approximat®.5% reserve margin.These results are shown in TaBle

Table 9. Multi Weather Year Results with Additional CT Capacity Assuming No Economic Load

Growth Uncertainty

Analysis2:
Multi-Year Base +1170 Base +2340
Weather Shape MW MW

Target Reserve
Margin % 17% 19% 21%
LOLEgen Events/Yr 0.543 0.123 0.042
LOLEFr gx Events/Yr 0.26 0.068 0.005
LOLEGgen+FLEX Events/Yr 0.803 0.191 0.047
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V. Conclusions and Next Steps

Key Findings

1 Ata 17% reserve margin which includes all 13,000 MW of imports,

LOLEgenrLEX IN €VENLtS per year is higher than6.1

A A significant proportion of the loss of load events occur in late afternoon
hours after solar production has declined substantially and some demand
response capacity has become unavailaflee loss of load metrics
reduce significantly if demand response resources are available in hours
19-23.

A Assuming the no load growth uncertainty casestal of approximately
1,100MW i 1,900MW of CT capacity within CAISO was needed to
achieve an LOLEzn+rex Of 0.1 which guates to approximatelyl®-

20.5% reserve margin.

A Increasing load following or allowing regions to commit quick start
capacityintahour f or a neighborés need

likely removes the majority of the LOIlEx seen in the simulations

A Renewable curtailment exists and can become problematic dependent on
flexibility assumptions omledicatedmports and the hydro system across
solar peaking hours

Next Steps

A Input Data Refinement
A Hydro andDedicatedmportflexibility
A Incorporate restf WECC rather than simplified import method

A Net Load Uncertainty Distributions (inttgour, hourahead , and day
ahead distributions for wind, solar, and load)

10 Relaxing modeling constraints such as availability of intra-hour market purchases could impact this result.

(es|
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A Utilize separate multipliers for peak load and energy to reflectinear
growth.

A The econorit analysis produced by SERVM wilke insightfulwhen determining
the best method to solve the reliability deficiendmsd in these scenarios.

A Increase reserve margin
A Replace existing resources with flexible resources
A Over commit resources

A Change demahresponse program availability
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VI. Appendix

Based on the 2012 LTPP Casithout Songs the generation and capacity factor by unit type were

compared between SERVM and PLEXOS to understand how the commitment and dispatch algorithms

between the two models compared.

Figure A.1. Generationand Capacity Factorby Unit Type

Generation (GWh) | Capacity Factor (%)

SERVM | PLEXOS| SERVM | PLEXOS
CCGT 54,801 | 57,958 | 40.0% 42.3%
GT 2,278 3,261 4.1% 5.8%
Demand Response 3 6 0.01% 0.03%
Nuclear 17,546 | 17,280 | 89.4% 88.1%
Coal 288 267 92.8% 85.9%
CHP 31,483 | 27,372 | 90.4% 78.6%
Renewable 67,012 | 67,008 | 28.4% 28.4%
Hydro* 35,776 | 32,847 | 58.1% 53.4%
Pump Storage 1,520 1,955 10.5% 13.5%
Net Imports 44,344 | 45,577 0.0% 0.0%

*The inputs related ttal hydro generation were slightijgherin SERVM for this case. it expeted that ifthe
correspondingPLEXOScasewassimulated with the santeydro inputs that were used in SERVM, thie# CCGT

and GT generation would likely converge.

Figure A.2. Generatbn by Unit Type

80,000

70,000

60,000

50,000 -

40,000 -

30,000 -

20,000 -

10,000 -

u SERVM Results
B PLEXOS Results




