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Net load

+ Introduction of variable
renewables has shifted

the capacity planning L N—
paradigm § s g -

+ The new planning problem = “%&i®h) \
consists of two related - S
questions: SRR e

1. How many MW of dispatchable resources are needed to
(a) meet load, and (b) meet flexibility requirements on
various time scales?

2. What is the optimal mix of new resources, given the
characteristics of the existing fleet of conventional and
renewable resources?
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1. Downward ramping capability 3. Upward ramping capability
Thermal resources operating to serve loads at Thermal resources must ramp quickly from
night must be ramped downward and potentially minimum levels during daytime hours and new
shut down to make room for a significant influx of units may be required to start to meet high net
solar energy after the sun rises. peak demand occurring shortly after sundown.
2. Minimum generation flexibility 4. Peaking capability
Overgeneration may occur during hours with high The system will need enough resources to meet
renewable production even if thermal resources the highest net-loads with sufficient reliability

and imports are reduced to their minimum levels.
A system with more flexibility to reduce thermal
generation will incur less overgeneration.
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= 40,000 - @ mwm Qvergeneration
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g 30,000 s Thermal
E 20,000 s Imports
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& s Hydro

10,000 s Nuclear

0 m— : Load
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Many Resource Characteristics €
Help with Flexibility Needs

e o9 I

Characteristic

Upward ramping capability on
multiple time scales:
e 1 minute, 5 minutes, 20 minutes, 1
hour, 3 hours, 5 hours

Downward ramping capability on
multiple time scales:
e 1 minute, 5 minutes, 20 minutes, 1
hour, 3 hours, 5 hours
Start time
Shut-down time
Minimum run times

Minimum down times

Minimum generation levels
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How it helps with system flexibility

Helps meet upward ramping demands

Helps meet downward ramping demands

Faster start times help meet upward ramping
demands

Faster shut-down times help avoid
overgeneration

Shorter minimum run times help avoid
overgeneration

Shorter minimum down times can help meet
upward ramping needs

Lower minimum generation levels can help
meet upward ramping needs while avoiding
overgeneration



Relationship between flexibility"

violations

+ Flexibility violations in each of the four types are
direct substitutes for one another

e Upward ramping shortages can be solved using over-
generation

Strategy to Minimize Downward Violations

Strategy to Minimize Upward Violations
Unserved Energy o

3 25000 4
Limited ,
23,000 + i / : 23,000 +
Ramping / / \
Rl Capability 7 7 A /
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\ - —— | _L 000 \ . .
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E . —_— ramp g . - ;
17,000 + . 17,000 + Ramp| ng
2o Significant change \ ; S Significant change Capablllty
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Renewable Curtailment Will Be

Necessary for Reliability

+ Scheduled curtailment will be a necessary tool for

system operators as renewables increase up to and
beyond 33% of load

e The benefit comes from relaxing the

demands placed on dispatchable
generation

e Takes the foot off the gas. Taken to the
extreme, renewable curtailment returns us
to the “vintage” power system (i.e., the
system without renewables).

e Renewable dispatch is already being used

to deal with renewable variability in other
jurisdictions

e Largely restricted to within-hour at present

EneE+Environmiatial Ecoromics http://www.ieso.ca/imoweb/consult/consult se91.asp
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http://www.ieso.ca/imoweb/consult/consult_se91.asp

@ Renewable Curtailment is a Ces
Reliability Strategy ..

+ Costs of curtailment include:

* Replacement cost of the renewable attribute

e May also need to pay the curtailed generator

+ Policy question: How does the cost of
renewable curtailment strategy
compare to other strategies:

* New flexible generation
e New DR programs
o Market structure changes

e Etc.
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Implications for Flexibility

Planning & Modeling

+ It may be difficult to derive a

satisfactory flexible capacity .,\/_QM
“standard”

Flexible
e The problem has too many dimensions Capacity $

+ It is more helpful to think of the

need for flexible capacity as an yson

economic problem -
X 20% -
e Use renewable curtailment as the 2 35% - llustrative
“default” solution to maintain reliability § 30% -
()
e Value investments for their ability to E 25%
reduce curtailment ‘g 20% -
_ é 15% -
+ Upward ramping shortages cannot . ,,, | IS Sttt
be characterized without -LEE) ,
- 8 N - |nflexible System
accurately modeling downward oo
M 0 10 20 30 40 5C

Installed Renewable Resources (GW)
10
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E3’'s RENEWABLE ENERGY
FLEXIBILITY (REFLEX) MODEL



(&) REFLEX: Stochastic Production

Simulation Modeling

+ REFLEX answers critical questions
about flexibility need through
stochastic production simulation

o Captures wide distribution of
operating conditions the system is
likely to encounter through Monte Carlo
analysis of a large sample of alternative
load, wind, solar and hydro conditions

 Illuminates the significance of the
operational challenges by enabling
calculation of likelihood, magnitude,

duration & cost of flexibility violations Implemented as an
] add-on to Plexos for
e Creates an economic framework to Power Systems

guide choices between operational
strategies and investments

12
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@ REFLEX Modeling Process

N “Pure
Monte Carlo LOLP Model Capacity”
Day Draws (RECAP) Needs
Stochastic & %
Deterministic
Input Data  er et Operating
P Map Flexibility Parameters Flexibility 24 Ho:r* 0 Cost &
: - violation ) pS. o8
For Commitment Decisions - PLEXOS w;/ REFLEX Flexibility
A\ Cost
Input Data Includes:
* Load, wind & solar data .
. Cost penalties
1-min over 1 year & hourly over a s
for flexibility
larger set of years violations
* Hydro and import data
. (hourly qver multiple years) User-defined Cost per MWAh for: *QOptimization actually runs
Converlmt‘lonal generator data * Unserved Energy (USE) for 72 hour blocks. The first
(Capacities, costs & outage schedules + Reserve shortage and third day are discarded

from deterministic case) to remove edge effects.

* Overgeneration

* Renewable Curtailment

* Upward Ramping shortage

* Downward Ramping shortage

+ Parallel calculation of conventional capacity needs & flexibility
impact for use in 24-hour operations model

Energy+Environmental Economics
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@ Example Draw:

oo 00089

High Load Weekday in August

©oeo o008

Day-Type Bins - Load Day-Type Bins - Wind Day-Type Bins - Solar
i Low High Low High
tg:é [Icl,gz Load Load Load Load

Weekends/Holidays / 7

Weekdays

Jan
Feb
Mar
Apr

May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
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@ Example Draw:

High Load Weekday in August =

+ W.ithin each bin, choose each (load, wind, and solar) daily
profile randomly, and independent of other daily profiles

e 24 hours before and after each draw are included in the optimization

Load Bin Wind Bin Solar Bin

A

10000 -
80000 - ~ 5000 - s
S | ‘L 8000 -
S 60000 - ‘l' 54000 ‘f’
= 5 3000 - 2. 20055
~ 3 (=]
5 40000 S 5000 - & 4000 -
9 o 0
20000 - é 1000 - & 2000 -
0 . : 0 . . 0 .
0 10 20 0 10 20 0 10 20
Hour of Day Hour of Day Hour of Day
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@ REFLEX extends conventional

capacity planning

+ REFLEX extends conventional framework to include
within-hour and downward flexibility violations

+ Cost penalties provide a flexibility violation “loading
order”

+ Flexibility costs are calculated as the product of the
expected flexibility violations and the penalty value

Upward Unserved energy Load following up Regulation up
(EUE) (EUEyy) $1,100/MW
$50,000/MWh $50,000/MWh

Downward Overgeneration Load following down Regulation down
(EOG) (EOGyy) $1,100/MW
$250/MWh $300/MWh

Energy+Environmental Economics
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Cost (Million $ per year)

‘ Optimal Flexibility Investment

+ REFLEX provides an economic framework for determining optimal
flexible capacity investments by trading off the cost of new
resources against the value of avoided flexibility violations

2,000
1,800
1,600
1,400
1,200
1,000
800
600
400
200

OCurtailment & Overgen
@ Intrahour Flexibility

B Addt'| CT Fixed Cost
B Wood Block Fixed Cost
OVariable & Fuel Costs

Q

Q L L O O L O L L
Q- QO (O O L 0 O QO 0
RN IR A RO
Additional CT Unit Size (MW)
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920 .
¥ Economically-
~ justified
h - LY L]
t $915 - flexibility
Py procurement
c
o
=  $910 -
=
e
W $905
g ¥ '
o
$900 T . .
800 1000 1200 1400
Additional CT Unit Size (MW)
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Load Following Reserves in

Deterministic Runs

+ Load following constraint imposed in each hour

e Step 1 approach based on statistical analysis of deviations
within the hourly time step

e Ex: 95% of the time the net load falls within £2,100MW of the
hourly average - system is constrained to hold £2,100MW of
load following reserves

+ The issue is that we do not know if/how these
MW constraint violations translate into real
operational problems

e System operator is unlikely to shed firm load to maintain full
load following stack

e Thus, how much investment should be motivated?

18
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Load Following Reserves in

REFLEX

+ REFLEX replaces CAISO’s “"Step 1” approach with an
exogenous, high resolution (1-minute) simulation of
sub-hourly system behavior

+ Provides expected violations (in MWh) as a function of:
e Load, wind and solar variability
e Load, wind and solar forecast error
o Level of load following reserves carried (in MW)

e Speed of load following reserves carried (in MW/min.)

High resolution load, renewable data and forecasts

Exogenous Subhourly REFLEX
Sub-hourly violation 24-hour
Simulation function Simulation

Energy+Environmental Economics



@ Exogenous Sub-hourly Simulatia

+ Approach:

o If the system holds X
MW of reserves, with
resources that can ramp
atY MW/min¥*, how
much unmet demand
(MWh) is there
expected to be within
the hour?

e Repeat for a wide range
of load following levels,
wind, solar, and load
conditions (detailed on
next slide)

*Ramping limits not shown at right for simplicity

Energy+Environmental Economics

| Load Following

| @X MW)

Hourly Net Load Forecast

Unmet Demand
(MWh)

Reserves

Net Load

Overgeneration

(MWh)
[ [ ]
0 20 40 60
Minute within the hour
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Steps for Building the Within-F

Violation Function

1. Select load following reserve level (in MW) and ramping
ability (in MW/min.)

2. Conduct sub-hourly simulation for multiple hours to
sample various load, wind, and solar conditions

e Used two years of load and weather-matched minutely data

3. Track total unmet demand (sub-hourly unserved energy
(EUE,,4) and overgen (EOG,,,) in MWh) in each hour

4. Select new reserve level and ramping ability and repeat

e Trace out full range from 0 to highest level that results in no shortages

Each simulation provides a point along two curves:
EUE,, = f(LF+(MW), LF+(MW/min), wind, solar, load)
EOG,,,= f(LF-(MW), LF-(MW/min), wind, solar, load)

21
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Within-Hour Violation Function

+ Separate curves
generated for upward
and downward
directions

+ Shape of curves
changes with load,
wind and solar
forecast

+ Cost penalties applied
to violations

+ Free pass on within-
hour violations up to
level that would occur
at CAISO Step 1 Load
Following requirement

Energy+Environmental Economics
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Load following
requirement from
Step 1 analysis

/

Expected Subhourly Unmet Demand (MWh)

900

800

700

600

500

400

300

200

100

_ iJ

Violations are logged |
(EUEy,,, EOGy,) if LF
reserves fall below

Step 1 level

Violations are ignored
that occur despite the
procurement of Step 1
LF requirements

Area Control Error

0 T— .
0 1,000 2,000 3,000 4,000
Load Following Reserves Held (MW)
(Example hour)
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Deterministic vs. REFLEX Treatme

of Within Hour Violations

Deterministic PLEXOS
+ Objective function

e Minimize production cost

+ Constraints A
e Meet LF requirement
e Meet Reg. requirement

e Etc.

REFLEX
+ Objective function

e Minimize production cost +
hourly flexibility costs +
within-hour flexibility costs

+ Constraints

e Meet Reg. requirement

e Etc.

of the objective function

 Load Following moved from a MW constraint to part

* Flexibility cost = EUE and EOG times cost penalties

Energy+Environmental Economics
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@ REFLEX Cases

+ Today’s results show 3 cases, each with system
conditions progressively more constrained

e 33% Replicating TPP Case
e 33% Reduced Flexibility Case
e 40% Reduced Flexibility Case

+ A fourth, illustrative case demonstrates the need to
include renewable curtailment as a solution

+ Results are preliminary and indicative, not definitive

o Intended to illustrate the types of flexibility challenges
California will face under high RPS and to beta-test a new
methodology

25

Energy+Environmental Economics



@ REFLEX Case Details

33% 40%
33% Case Reduced Reduced
(Repl. TPP) Flexibility Flexibility
Renewable A Lt
2022 TPP 2022 TPP Additional in-

resources .
state solar/wind

Track 1 inflexible

AUE LB 2022 TPP Track 1 inflexible & 2,000 MW of

capacity gas gen. retired
Cost of
renewable $250/MWh $250/MWh $250/MWh

curtailment

+ Additional demonstration case is the same as 40% case
but with very high curtailment cost

26
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@ Additional case comparisons

33% Case
Violation Type (Repl. TPP)

Renewable Penetration (%)
Maximum instate solar production
Maximum instate wind production

Dispatchable Capacity (MW)
CCGT
GT
ST
Storage (pumped and battery)
DR

Inflexible Capacity (MW)
Nuclear
CHP
Inflexible*

+ Instate wind and solar scaled for 40% RPS

32%-33%
13,320 MW
5,250 MW

16,600 MW
6,926 MW
848 MW
1,846 MW
2,673 MW

2,240 MW
3,744 MW
0 MW

33%
Reduced
Flexibility
32%-33%

-900 MW
-397 MW

-50 MW

+1,347 MW

LI

L &

40%
Reduced
Flexibility
40%
+5,320 MW
+2,100 MW

2,296 MW
1,016 MW

-50 MW

+1,347 MW

+ Inflexible generation modeled by setting Pmin=Pmax and
requiring each generator to either be on or be off for the entire

three day commitment window

Energy+Environmental Economics
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Additional Key Input Assumptio

CA Conventional Generators

Nuclear

Conventional Hydro

Existing Pumped Hydro

Imports/Exports (ramping,
minimum & maximum)

Imports (heat rate)

Local reliability (LCR)
requirements

Fuel & AB32 Permit Prices for
2022 Scenario

Behind-the-meter PV

Energy+Environmental Economics
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ISO deterministic case parameters; Monte Carlo outages

SONGS retired; Diablo as must-run

Modeled as single statewide aggregate resource; max
based on NQC; energy, min & ramp modeled
stochastically based on historical data

Helms (3 units), Eastwood, & Hodges-Olivenhain
dispatched by model with same parameters as
deterministic case

Ramping capability based on historical path flows
(Min = 0, Max = 13,308)

Specified by month & hour based on ISO deterministic
run (default = 10,000 Btu/kWh)

LA basin: 40% local (40/60 Rule)
SDG&E: 25% local

$4.3/MMBtu, $24/metric ton CO2
(From ISO Case parameters)

33% cases: 1,364 MW max production
40% cases: 1,910 MW max production
Modeled as must-run (non-curtailable) resources
28
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+ Hydro and import ramping constraints set by the 99th
percentile of historical (2010-2012) hydro and net-intertie
ramps

+ Hydro has Pmin and daily energy budgets that vary by month

Hydro

742
1,143
1,410
1,618
1,841
2,067
2,290
2,484
2,678

Energy+Environmental Economics

-775
-1,292
-1,704
-2,040
-2,304
-2,501
-2,690
-2,847
-2,956

O O NOOUTL DA~ WN -

Imports

Duration | Max Ramp | Max Ramp Duration | Max Ramp | Max Ramp
(hrs) Up (MW) | Down (MW) (hrs) Up (MW) | Down (MW)

1,241
1,890
2,299
2,610
2,802
2,992
3,125
3,220
3,266

-1,206
-1,905
-2,384
-2,803
-3,089
-3,288
-3,402
-3,459
-3,462
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First Step: Determine Pure

Capacity Need

+ This step is necessary to isolate reliability issues
related to flexibility from those related simply to
capacity

+ Analysis is performed using E3’s Renewable Energy
Capacity Planning (RECAP) Model

o RECAP calculates standard reliability metrics such as LOLP,
LOLE, LOLF, EUE, ELCC

+ If RECAP indicates pure capacity need, new resources
would be added before the REFLEX step

Energy+Environmental Economics 31
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‘ RECAP Modeling Methodology

oo 00

e o 0 0

+ The time-sequential RECAP methodology uses the same Monte
Carlo draws as REFLEX

+ Over a 5,000 year simulation the model tests if net-load and a 3%
spinning reserve requirement exceeds the available resources

+ By discarding operational detail, RECAP can quickly assess, with
high statistical confidence, whether the cases have sufficient
capacity, independent of flexibility issues

Available Capacity vs. Load

Markov Chain Forced Outage Model
used in RECAP & REFLEX 50000

Loss-of-load if {_
net-load>available
capacity

Time to Failure 200001\,
Unit ON —>

0 1000 2000 30000
Hours

) . Y

MW

20000 -

Time to Repair — Installed Capacity
€ Unit OFF 10000 - ——  Available Capacity |
! . ) — Net Load
0 100 200 — Gross Load
Hours 0 1 1 1 | | |
3400 3420 3440 3460 3480 3500
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@ Capacity Analysis Results

40% Reduced Flexibility Case

Retirements
Retired Generator _ [Region _ |Capacity |

+ RECAP analysis confirms that: Eik Hills CCL PGRE_VLY 550
Gilroy1 PG&E_BAY 47.25
e All cases met a 15% PRM o~ s
GrnlfPkr PG&E_VLY 59.8
e All cases met a 1-in-10 loss of load Lambie1 PGEE_VLY 48
. . . VacaDxn PG&E_VLY 42.04
frequency standard with 3% spinning E— E—— 5
reserves Oakland2 PG&E_BAY 55
Oakland3 PG&E_BAY 55
- - I Lodi GT1 PG&E_VLY 22.7
+ This step ensures that all reliability Alamedat PGRE_BAY 23.8
= = = gam Alameda?2 PGR&E_BAY 24
issues identified by REFLEX are SClaraGiaPk2 PGRE_BAY 2
H H H H Coalinga25D PG&E_VLY 12.31
related to flexibility, not capacity S — e -
YbaCtyPk1 PG&E_VLY 46
Delta Energy CC1 PG&E_BAY 861

Violation Type 33% Case 40% case with

(Repl. TPP) 2,000 MW removed
Loss of Load Frequency 0.03 events/year 0.07 events/year
Loss of Load Expectation 0.07 hr./year 0.14 hr./year

Expected Unserved Energy 100 MWh/year 240 MWh/year

33
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@ Violations and production cost

summary statistics

+ Annual production cost of $5,800 MM/year

+ Annual flexibility violation costs of $19 MM/year
and startup costs of $149 MM/year

. Expected
Violation Violations Penalty Total Cost
Type (MWh/yr) (S/MWh) (SMillions)

Startup cost, Flexibility
$149

Variable

Reg. Up 1,124 $1,100 S1.2 O&M, $250 48

Reg. Down 0 $1,100 S0.0

EUE,,, 44 $50,000 $2.2

EOG,, 1,908 $300 $0.6

EUE 0 $50,000 $0.0 o
EOG 61,372 $250 §15.3

Total $19.4

Energy+Environmental Economics

35



Interpreting flexibility violation"

costs ...

L N

+ Expected flexibility violations of $3.MM -

$19 MM/year concentrated in Flexibility Violation Cost
<1% of the hours $2.5MM Duration Curve

+ Highest single hour violations 2
are due to upward flexibility g srhm
shortages but the majority of s
annual costs are from g PeMM  Regulation up
Curtailment E; Load following up

E >1. MM - B Load following down

+ Additional work is needed to
determine appropriate penalties ssvv -
to translate violations into costs

B Curtailment

. . . . $.MM -
e What is the impact of violations of 0.0% 0.1% 0.3% 0.4% 0.6% 0.7% 0.9% 1.0%

different magnitude? Percent of Hours

36
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+ Downward
flexibility
shortages are
seen first on
weekends
during low-load,
high-hydro

+ Upward
flexibility
shortages first
occur on high
load weekdays
in summer and
winter months

Energy+Environmental Economics

Upward ramping shortage (MWh)

Downward ramping shortage (MWh)
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Day with greatest ramping

shortage

45,000 - - $2,500,000
40,000 -
H 35,000 - - $2,000,000
+ December high- _ e —
load kd e SN 2
oad weekKday %25’000 | S oo L - $1,500,000 %
] N ——— - c
- % 20,000 - S
+ NO Cdad paC|ty b4 15000 - Operable Range - 31,000,000 '—;
o 1% =
U) ====Net load >
shortage 10,000 - o - $500,000
LF violation cost ’
( 48] 0 0 0 M W 5,000 - Regulation violation cost
a va I I a b I e ) 0 L S N B S'
45,000 - mmm Pumped Storage
+ Dema nd 40,000 - [ Renewable Curtailmen
35,000
response Renewables
— 30,000 mm= Demand Response
programs are z P
= S 25,000 mm Simple Cycle
used to assist 2
With eve n i n ,g 20,000 mmm Combined Cycle
m
g E 15,000 mmm |mports
(]
I‘a m p o 10,000 mmm Hydro
5,000 - CHP
0 | | | | | | | | | | | NUCIear
1 3 5 7 9 11 13 15 17 19 21 23 Load
Energy+Environmental Economics Hour Ending PST
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+ February medium
load weekend

+ Small amount of
curtailment to
avoid turning off
CCGT'’s needed for
evening ramp

Energy+Environmental Economics
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45,000 -

40,000
35,000

25,000

20,000
15,000

Generation (MWh)

10,000
5,000

45,000
40,000
35,000

— 30,000

[
w
o
8

7’

20,000

15,000

Generation (MWh

10,000

5,000

30,000 -

Operable Range
===-=Net load
Curtailment cost
LF violation cost

- $70,000
- $60,000
- $50,000
- $40,000

- $30,000

Violation Cost (S)

- $20,000
- $10,000

S-

1 3 5 7 9

11 13 15 17 19 2
Hour Ending PST

23

mmm Pumped Storage
mmm Renewable Curtailmen
Renewables
mmm Demand Response
m Simple Cycle
mmm Combined Cycle
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Day with highest net load

60,000 - Operable Range - $6,000
====Net load
50,000 - LF violation cost - $5,000
1 - Regulation violation cost P Ll Y
+ August high - —
= 40,000 - ot . - $4000 £
load weekday : \ %
- - E o
§ 30,000 - oo Nt $3,000 ¢
+ Shor f Z ’ 3
Sho tag_e o S 20,000 - $2,000 £
G}
regulation
10,000 - - $1,000
0 I I I I I I I I I I I I I I I 1 I I I I I S-
60,000 - = Pumped Storage
i Renewable Curtailment
50,000 -
- Renewables
= 40,000 mss= Demand Response
E _. mm Simple Cycle
= 30,000
o mmm Combined Cycle
®
E 20,000 . mports
(]
© mmm Hydro
10,000
CHP
0 s Nuclear
1 3 5 7 9 11 13 15 17 19 21 23 4
Energy+Environmental Economics Hour Ending PST Load 0
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Day with highest curtailment

o o8
45,000 - Operable Range - $1,000,000
40,000 | —a——-Netload - $900,000
+ = - 35,000 - Curtailment cost - $800,000
Ap ri I IOW Ioa d g 30,000 - LF violation cost - $700,000 =
weekend = - $600,000 3
= 25,000 - o
.0 r=~_ - $500,000 ¢
= 20,000 - ': ~ g
+ 20,000 MWh of £ SN saoom B
Q - e —mm ="~ ’ - $300,000 =
(G] b Y ’ '
renevya ble 10,000 - R S I - $200,000
curtailment 5,000 - - $100,000
— — .
across 8 hours 0 T T T T T T T T T S
45,000 - mmm Pumped Storage
40,000 - mw Renewable Curtailment
35,000 - Renewables
= 30,000 = Demand Response
E 25,000 mm Simple Cycle
,E 20,000 mmm Combined Cycle
=}
m
E 15,000 mmm |mports
(]
© 10,000 e Hydlro
5,000 CHP
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Comparison to 33% Reduced :

cee®

Flexibility Case

s oo 08

+ Noticeable increase in flexibility violations if
Track 1 capacity is not flexible

+ Additional upward violations in December

33% Case (Renl. TPP) 33% Reduced Flexibility

3000 - 3000 -
N High load weekend

Medium load weekend 2500 -

M
(%))
=
o

N Low load weekend
2000 - 2000 -

m High load weekday

Downward ramping shortage (MWh)

1500 - Medium load weekday 1500 - -
B Low load weekday
1000 - - 1000 -
NN N N
500 - % § § 500 - %
NN \
0 T T & T & T & T & T 0 e & :
Q& S NS ENS P E ST
KRV SR RN N R S S NN G
R F $F
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@ Startup behavior

+ Start-up costs not included in optimization, inclusion
should reduce number of starts, but at the expense of
additional flexibility violations

+ Two thirds of all GT units average more than one start

each day

18 - .

16 | Once per GT Units
14 - month
E 12 -
=
B 10 .
2 s Once per Twice per
E 5 week day
=z

4 -

2 -

0 _MI T T T T T T T I-"

0 100 200 300 400 500 600 700

Expected Starts/Year
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e oo 0

summary statistics

e o 0 0

@ Violations and production cost

+ Production cost is $6,322 MM/year, up from $5,800
MM/year in the TPP case

o Cause is increase in startup costs and flexibility violations

+ Flexibility costs increase to $516 MM

Expected

Violation Violations Penalty Total Cost
Type (MWh/yr) (S/MWh) (SMillions)

Startup cost, Flexibility
S177 violations,
$516

Reg. Up 5,307 $1,100 $5.8 Variable
0&M, 5229 4
Reg. Down 0 $1,100 $0.0
EUE,,, 533 $50,000 $26.7
EOG,,, 47,377 $300 $14.2
EUE 309 $50,000 §15.5 Fuel Cost,
$4,527
EOG 1,816,577 S250 S454.1
Total S$516.3
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@ Flexibility violation costs in 408

Reduced Flexibility Case

+ Expected flexibility violations $5. MM -
of $516 MM/year are . Flexibility Violation Cost
significant ' Duration Curve
S4. MM -

e Given the frequency and

magnitude of violations, new T 535MM
flexible capacity may be cost S s3mm |
effective 2
g $2.5 MM
+ Highest single hour violations 3 ., " nsened enerey
= ’ |
are due to upward shortages 3z e :Vf:gup
but the majority of annual 2 SL3MM = Load following down
costs come from curtailment $1. MM m Curtailment
o Some curtailment is to avoid more ~ >>MM
expensive upward ramping $. MM
Shortages 0% 2% 3% 5% 7% 9% 10%

Percent of Hours
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Curtailment in 40% Reduced

Flexibility Case

i H 11,000 -
+ Renewable curtailment is 10,000 Curtailment Duration Curve
seen both due to excess S 5000 .
energy and ramping £ 5000
shortages g 7,000 -
= 6,000 -
+ Daytime curtailment in 5 5,000 -
every month outside 2 4,000
S 3,000 —A0% case
July-September 2 5000 ——TPP base case
m !
- - - - m —
+ Night-time curtailment in B
December 0% 5% 10% 15%
% of Hours
40% 3500 - i .
Reduction in Upward Ramping from Curtailment
Reduced ey
i s
Curtailed Energy 6 GWh 1,140 GWh E 5000 1. 0% case
5 4
Percent of 0.01% 1.3% g %
renewables curtailed § 1000
3 500
Percent of hours 0.7% 10% ki
H H 0 [ I I I I
with curtailment 100% 98% 96% 94% 92% 90%

Upward Ramping Percentile 47
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ramp

December high-
load weekend

To avoid
ramping
shortages model
curtails $1 MM

DR is used for
ramping,
indicating no
additional
resources were
available
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Comparison between days witlf

large 3 hour ramps :

Repl. TPP Ca:

E

45,000 Operable Range . Operable Range 40% Case - $1,800,000

40,000 | ———-Net load maximum 3 - | —==Netload - $1,600,000

35,000 - Curtailment cost h our ram p L § Curtailment cost - 41,400,000
§ 30,000 LF violation cost N LF violation cost - $1,200,000 by
s . pr
T 25,000 - P - Rt - $1,000,000 8
8 / ~ / N c
® 20,000 - b - . ! N - $800,000 -3
g TN TTTY ’ =~ -°~ 5
£ 15,000 - " / L I N / - $600,000 O
o AN 5 \ / s

10,000 - e’ - - Mrmccem e - $400,000

5,000 - - . - $200,000

_P\\
0 T T T T T T T T T T T T 1 1 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T s-
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 1 19 21 23

W

mmm Pumped Storage
mmm Renewable Curtailme
Renewables
mmm Demand Response
e Simple Cycle
mmm Combined Cycle
mmm [mports
mmm Hydro
CHP

s Nuclear

11 13 15 17 19 21 23
Hour Ending PST

1 3 5 7 9
Hour Ending PST

11 13 15 17 19 21 23 1 3 5 7 8 —0ad
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Comparison between days

ramping shortages

8 - $9,000,000
5000 . TPP Case greatest — 40% Case .
s - 58,000,000
40,000 - ! L , 00,
ramping shortage .. _ | 67,000,000
_ 35,000 - - "" ~ B 'r-\\ by
£ 30,000 - SN J \ L — SN - $6000,000 2
s ’ ~ / 1 i ¢ \ ] i o
= 25,000 | _ = Seeo’ | prme_” Meene” $5,000,000 S
S [TS=—-- . - $4,000,000 -3
® 20,000 - - Operable Range =
2 il == - $3,000,000 &
$ 15,000 - Operable Range - Net_load_ ? =
o Net load i LF violation cost ~ $2,000,000
10,000 - € ola - Regulation violation cost T
LF violation cost ] ; L
5,000 - Regulation violation cost i Curtaiiment cost >1,000,000
g T T T T T |A| T ml T T T T T T T S-
0 T T T T T T T T T T T T T T T T T T T T T T 1
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
45,000 - ] mmm Pumped Storage
40,000 - 7 mm=m Renewable Curtailme
35,000 A h Renewables
= 30,000 ! mmm Demand Response
E 25,000 = Simple Cycle
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(]
E 15,000 mmm [mports
7]
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1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23 Load
Hour Ending PST Hour Ending PST
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‘ Demand response usage

Month

January February  March April May June July August September October  November December

+ Demand response usage
in the Repl. TPP case is
primarily in summer

00N U WN R

33% Case (Repl. TPP)
MWh Demand Response

©

+ In the 40% Reduced
Flexibility case, DR is
used extensively for

o
= o

B
s~ w

1,576

Hour Ending PST

- - 15 -
meeting evening net- 16 w0 3
17 = - 2,057 4,400 S -
load ramps WS e
20 - 923 - - 1,516
21 - 255
e Some DR programs show 2 :
23
over 80 calls/year 2
. January February  March April May June July August September October  November December
+ Enforcing frequency and -
energy limits within : ‘ 0' T
- - 5
Independent draws IS g 4OA) Reduced FIeXIbIIIty
difficult but can be done § : MWh Demand Response
(oY) 10 = © o = © = ©
. . 11
e Result will likely be 5 »
. c 13
greater pre-curtailment of w . :
5 . 1,610
renewables to reduce the 3 - . . . . . S w0 s - . .
. I 17 27,156 2,854 1,571 877 - 66 - 2,673 6,296 37,241 59,867 61,169
need for ram ping 18] 92,646 69454 83278 34985 13416 7,927 3,235 3206 26803 77,835 | 104,994 | 127,131
ape 19 59,297 55,562 88,974 66,585 35,821 22,721 7,822 2,322 16,236 42,287 59,184 78,022
Ca pa b I I Ity 20 48,632 40,588 79,764 49,645 30,068 25,644 3,640 1,516 10,234 21,270 38,410 64,036
21 28242 23,108 37,601 17,844 9,999 9,850 2,808 838 2,195 1,056 25,267 48,672
2 a o a o o a o a
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Comparison between days

ramping shortages
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7 ====Net load
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Dav 511 December high-load weekday

19 21

23

9 11 13 15 17 19 21 23

=)

40% Case no
curtailment

’ N

T - Y ’

Operable Range
====Net load
Curtailment cost
LF violation cost

Unserved Energy Cost

e
[ e e e R Y N |
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1 3

5 7 9 11 13 15
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r"\
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Unserved energy in 40% case wi
high cost curtailment

+ December
medium-load
weekend

+ Imports and
thermal
capacity are
backed down
to minimum

+ Large amount
of unserved
energy results
when system
is unable to
ramp capacity

Energy+Environmental Economics
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Expensive Curtailment Changes

° o & 08
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Flexibility Costs under No

Curtailment Case

+ Flexibility costs increase dramatically if curtailment
is not allowed due to significant amounts of
unserved energy

+ Still unable to avoid all renewable curtailment!

Violation Type 40% Reduced 40% No
Flexibility Case | Curtailment Case

Downward violation costs ($MM) 468 365
Regulation down 0 0
Sub-hourly overgen 14 1
Hourly overgen (curtailment) 454 165
Dump energy 0 198
Upward violation costs ($MM) 48 9,092
Regulation up 6 467
Sub-hourly unserved energy 27 3,347
Hourly unserved energy 15 5,279

Total ($MM) 516 9,457

Energy+Environmental Economics



Energy+Environmental Economics

CONCLUSIONS AND
NEXT STEPS



+ Emerging system-wide flexibility issues
indicated at 33%

+ Need to ensure sufficient flexible capacity
strongly indicated above 33%

+ Results are preliminary and based on limited

draws

Flexibility
Violation Type Case
Downward violation costs ($MM)
Regulation down
Sub-hourly overgen
Hourly overgen (curtailment)
Dump energy

[

=

Upward violation costs ($MM)
Regulation up
Sub-hourly unserved energy
Hourly unserved energy

Total ($MM)

WoNEFEFW oOuUuRrRrOO

[
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Flexibility

468

14
454

48

27
15
516
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@ Marginal renewable curtailment

+ Marginal curtailment is the proportion of the next
MWh of resource that would be curtailed due to
flexibility issues

e Marginal curtailment increases significantly between 33% and
40% RPS

+ Solar has high marginal curtailment because most of
the over-generation is during day-time hours

+ Results indicate the value of procuring a diverse
portfolio of renewables

Marginal 339% Case 40% Reduced
Curtailment (Repl. TPP) Flexibility

In-state solar 2.3% 29.5%
In-state wind 1.0% 9.99%
Baseload 0.7% 10.0%
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+ Develop new base case with higher renewables

e Include 5,400 MW of NEM PV systems, additional renewables for
SONGS replacement and likely effect of overprocurement - base
case may be closer to 40%!

e Test RPS levels between 33% and 40% to see where flexibility
constraints start to bind

+ Test robustness of system to changes in thermal fleet

* Develop specific retirement scenarios and identify the extent of any
flexibility issues

o Identify thresholds where flexibility constraints start to bind

+ Develop zonal models: SP26, NP26

e Flexibility issues may show up first in Southern California due to
higher renewable penetration

+ Investigate the costs of sub-hourly ramping shortages

Energy+Environmental Economics
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@ Next Steps (Cont.)

+ Test sensitivity to key input parameters
o Exports: determine reasonable level of exports to allow
e Exports: test changes to intertie ramping constraints

e Integration duties for out-of-state resources

EIM: test addition of PacifiCorp loads and resources

Test how results change with alternative resource builds
above 33%

e Investigate “crossover point” where integration costs become
significant enough to change the relative economics among solar
PV, wind, CSP and geothermal/biomass

+ Begin investigating the implications of making
renewables dispatchable

e Policy issues, regulatory structures, market mechanisms, etc.

e Technical issues: how fast can renewables ramp?

Energy+Environmental Economics
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@ Next Steps (Cont.)

+ Investigate impediments to utilizing full flexibility of
existing resources (e.g., self-scheduling)

+ Develop better generator operating data

e REFLEX modeling requires very detailed data on each unit’s
capabilities:

e Start-up costs and start times (hot and cold)
e Number of starts allowed by air permits (by year and month)

e Pmin and Pmin-to-Pmax ramp rates (some ramp rates in database
appear to be from 0-to-Pmax)

e Minimum generation needed for reliability in load pockets

+ Investigate appropriate convergence criteria under
different conditions to determine how many draws are
needed

e Develop smart sampling techniques to allow more draws if
necessary

62
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@ Next Steps (Cont.): Investigai:j::e:

Potential Solutions

+ Increased regional coordination

e Make best use of latent flexibility in current
system

+ Renewable resource diversity

e Reduces overgeneration and need for
flexible resources

+ Flexible loads

e Shifting loads from one time period to
another, sometimes on short notice

+ Flexible generation

e Need generation that is fast ramping, starts
quickly, and has min. gen. flexibility

+ Energy storage

e Deep-draw (diurnal) storage is important

Energy+Environmental Economics
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Thank You!

Energy and Environmental Economics, Inc. (E3)
101 Montgomery Street, Suite 1600

San Francisco, CA 94104

Tel 415-391-5100

Web

Arne Olson, Partner ( )
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Dr. Elaine Hart, Consultant (

Dr. Ren Orans, Managing Partner (


http://www.ethree.com/
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@ 2012 Test Case

+ RECAP model showed
no capacity shortages
or system level over-
generation after
5,000 years of draws

+ REFLEX runs had no
capacity, flexibility, or
over-generation
violations over 1 year
of draws

Energy+Environmental Economics
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Load Following in 2012 test cas

o o0 @8\

o o008

- . 50,000 -
+ REFLEX reserve provision results 15,000
are reasonable compared to current_,
practice E 35,000
E 30,000
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Net Load Ramps Increase Betwe
2012 and 2022

2012 Case 2022 Replicating TPP Case
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@ Ramp duration curves

+ Significant increases
multi-hour ramping
needs due to
renewable penetration
and load growth

e Maximum upward 3 hour
upward ramp expected
to double between 2012
and 2022

Energy+Environmental Economics
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Hydro and import

capability

ra

mping

+ Hydro and imports are
adjusted by unit
commitment and dispatch
engine

+ Subject to multi-hour
ramping constraints
developed from historical
record

+ Min and max values to
further bound the range of
values

Energy+Environmental Economics
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Hydro and import minimum and

maximum capacity

+ Max values hydro capacity
based on NQC

+ Maximum imports based
on SCIT tool

+ Min hydro is stochastic
based on historical record

+ Min imports set at 0 MW
due to uncertain export
capability in 2022

Energy+Environmental Economics

Daily Min/Max Hydro Output (MW)

Daily hydro minimum capacity

as a function of daily average hydro
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+ REFLEX makes unit commitment decisions
at specified intervals

e Day-ahead, 4 hour-ahead, 1 hour-ahead

+ Load following demand curves account for
both forecast error and net load variability

e Forecast error incorporated through choice on
capacity (MW) axis

e Sub-interval variability incorporated through
choice on ramp rate (MW/min.) axis

+ If forecast error is reduced, the load
following demand curve reduces the need
for resources

Energy+Environmental Economics
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@ Forced outage and Maintenan:c;:ef

+ Forced outages are modeled using mean time to
failure and mean time to repair and assuming
exponential distributions

+ Maintenance is allocated after an initial model
runs identify unconstrained months

Time to Failure
Unit ON 3

Markov Chain 0 1000 2000

Hours

Forced Outage Model 1~ | | ¢

Time to Repair
< Unit OFF

0 100 200
Hours
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Weather years

Loads

Wind Profiles

Solar PV Profiles

Solar Thermal
Profiles

Hydro Energy

Hydro minimum
capacity
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Variable & Uncertain

Variable & Uncertain

Variable & Uncertain

Variable & Uncertain

Variable & Uncertain

Variable

Variable

@ Stochastic Input Data

Daily 1950-2012

Hourly 1950-2012

Hourly 2004-2006

Hourly 1998-2009

Hourly 1998-2005

Monthly 1970-2011

Monthly 1970-2011

California Energy
Commission

Regression based on
weather data,
shapes trained
based on 2004-2012
NREL Western Wind
Dataset

NREL Solar
Anywhere and SAM

NREL Solar
Anywhere and SAM

EIA hydro
production datasets

CAISO & EIA hydro
production data
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