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What is ESIG?

- ESIG addresses the technical challenges for
transforming energy systems through collaboration,
education and knowledge sharing. Workshops,
webinars, reports available freely at www.esig.energy

- 175 members worldwide broadly focused on
decarbonization and integration of energy systems

- ESIG is part of the Global Power System
Transformation Consortium and leads their System
Operator Research and Peer Learning pillar.

A
~ (’3 -
Energy Systems Integration Group /.
Charting the Future of Energy Systems Integration and Operations E S I G


http://www.esig.energy/
https://globalpst.org/
https://globalpst.org/

The grid must be reliable

System Stability System Balancing Resource Adequacy
* High penetrations of inverter-based * Wind and solar variability and * Seasonal mismatch of supply and
resources (IBR) uncertainty demand
* Frequency response * Diurnal mismatch of supply and * Periods of low wind/solar/hydro
* Transient stability demand  1dayin 10 years Loss of Load
* Small-signal stability * Reducing curtailment Expectation
* Flexibility needs

45,000

40,000

g

(MW)

35,000

30,000

25,000

20,000

—Actual demand —Net demand Stage 3 duration

>
Seconds Hours/Days Years .y,
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The grid must be reliable

System Stability System Balancing Resource Adequacy
* High penetrations of inverter-ba \ * Wind and solar variability and Seasonal mismatch of supply ang
resources (IBR) O uncertainty demand

* Frequency re A % * Diurnal mismatch of Periods of low wind
* Transie C demand
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Educational sessions on grid reliability

- May 6: Resource Adequacy — long-term reliability

. May 20: System Balancing — flexibility and systems
iIntegration

. June 10: System Stability — managing disturbances

. June 22: Impacts of Distributed Energy Resources on the
Bulk Power System
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Dr. Debra Lew, ESIG

Debbie is the Associate Director of ESIG. Her background
IS In wind, solar and distributed energy resource
integration with a focus on 100% clean energy. She was
previously a senior technical director at GE Energy
Consulting and held a variety of roles during her 16-year
tenure at the National Renewable Energy Laboratory,
iIncluding secondment to the Hawaiian Electric Company.
She is the Immediate Past Chair of the IEEE Power &
Energy Society’'s Wind and Solar Power Coordinating
Committee. She has a PhD in Applied Physics from
Stanford University and a BS degrees in Electrical
Engineering and Physics from MIT.
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Dr. Aidan Tuohy, EPRI

Aidan Tuohy is a Program Manager at the Electric Power
Research Institute (EPRI). He joined EPRI in 2010 and works in
the Grid Operations and Planning group. He is the program
manager for the EPRI research program on bulk system
integration of variable generation, with research focusing on the
impact of variable generation on power system operations and
planning. Prior to joining EPRI, Dr. Tuohy completed his PhD at
the University College, Ireland, and consulted at the IEA. He has
published several journal papers and frequently presents at
industry conferences. He is the secretary of the IEEE Wind and
Solar Power Coordinating Committee and chairs the Energy
Systems Integration Group working group on Operating Impacts
and Market Design, while he is also involved in IEA, IEC and
CIGRE activities.
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Marc Keyser, MISO

Marc Keyser is a Regional Director for the Central Region of
MISO, managing relationships with members and customers
In Michigan, Kentucky, and Wisconsin. During his 14 years
with MISO, he has held roles in operational support, market
design and implementation, corporate strategy, invented
Dispatchable Intermittent Resources, led customer service
and member relation teams. Prior to joining MISO, Marc
spent five years in merchant operations at Consumers
Energy. Marc has a Masters in Nuclear Engineering from the
University of Michigan, and undergraduate degrees in
Engineering Physics and Nuclear Engineering from the
University of Michigan.
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Jon Olson, SMUD

Jon is the Director of Energy Trading and
Contracts at the Sacramento Municipal Utility
District.
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Agenda

2 pm ET Introduction - Danielle Sass Byrnett, NARUC and Debra Lew, ESIG
2:10 pm System Operations and the Need for Flexibility — Dr. Debra Lew, ESIG

« 2:50 pm Future System Operations with an Evolving Grid — Dr. Aidan Tuohy, EPRI
« 3:35 pm Break
« 3:40 pm Daily Portfolio Management at SMUD — Jon Olson, SMUD

« 4:05 pm Changing Needs of System Operations: MISO’s Perspective — Marc Keyser,
MISO

« 4:30 pm Breakout rooms for detailed Q&A and discussion

« 5 pm Adjourn
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The grid must be reliable

System Stability [ System Balancing ] [Resource Adequacy]
* High penetrations of inverter-based * Wind and solar variability and e Seasonal mismatch of supply and
regoo (BR) uncertainty demand

olar/hydro
aad

Frequency response Diurnal mismatch o pplv ana iods of low wind

* Small-signal stability

Frequency
60 Hz

= These are all
% fundamentally about the
generation and demand

balance

Seconds
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System operators at each Balancing Authority
(BA) are responsible for balancing the system

. " . . . Like driving down the highway and
66 Balancing Authorities Balance Load and Generation in Real-Time staying between the yellow lines
Oo QS aS R
| OO OCD O S \a = \ . N
',}O O d A3 f‘,.--‘ o r Y
{ O O [ () — ’ :
O 3 > Looking ahead
oL_O s/
o o A=
O Interconnections
N %)8 Eastern
= = { ERCOT
Western
B X " Circles represent the 66
&R e, balancing authorities H

EIA, https://www.eia.gov/todayinenergy/detail.php?id=27152
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System operators at each Balancing Authority
(BA) are responsible for balancing the system

66 Balancing Authorities Balance Load and Generation in Real-Time

OO (o2 0O -
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[ O ()O O
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®
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O O
\ 8 O ~ Interconnections
Eastern
~0-~ ERCOT
Western
B Circles represent the 66
cia’ o balancing authorities

EIA, https://www.eia.gov/todayinenergy/detail.php?id=27152
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There are large control actions that
you take with your steering wheel

Do you want to
take a control
action every hour

And there are
SNEUREELES
that the car
safety features
might
autonomously
use tq keep the
cardithin the
ines


https://www.eia.gov/todayinenergy/detail.php?id=27152

System operators at each Balancing Authority
(BA) are responsible for balancing the system

How much you cross

. iy _ , : over the line is your
66 Balancing Authorities Balance Load and Generation in Real-Time “area control error”

Oo s o & . (ACE)
OO OO A
: o O
O oO o NERC judges your
' driving performance
O with 2 metrics
ot O
@
O O QPSj: '!'ouching the
8 O " Interconnections line isn't a problem
' ol Eastern but going far over
T ERCOT the line is a problem
Western q
‘ Circles rep BAAL: Going over the line
cia) Rve e could be a good thing if the

guy next to you is going over

the line into your lane
EIA, https://www.eia.gov/todayinenergy/detail.php?id=27152
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Chronological operations

This varies by utility

* Forecast load
* Day-ahead — run security-constrained unit f\

commitment and economic dispatch

>

Time
Resolution of
Service/
Control

 Determine hourly schedules for all generators

TN

tens of minutes to hours i

Load
Following

A/

seconds to minutes
Regulation

* Dispatch generators to set points at each

».

>

interval (5-60 min)

Daily/Hourly Scheduling

* Regulation reserve adjusts generator output

Unit Real-Time

. aye . . . Govenor LFC Operator
(4-6 seconds) for variability within the interval Response Actions
i E i Unit
* Autonomous frequency response manages fine i g U
balance (no signal from operator)
: . <
It can be much more complicated than this! Fine control Coarse control

~ /\ -
\O)
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Slide from Lew, Western Interstate Energy Board, Tutorials May 2020; Graphic Ela, ESIG Forecasting Workshop 2018
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NERC standards dictate how much control
the BA needS * Area Control Error (ACE) is essentially the

Balancing Authority’s (BA’s) power balance error

e o ot
4 * Real Power Balancing Control Performance
e BAL-001-2
\ SEERRRRRRRNRNRNE * Control interconnection frequency within defined
il e ”‘\\l‘ ; | i limits
o ) : ~-nimean] e Control Performance Standard 1 (CPS1) is a measure of
i : e} ACE variability. Want CPS1=100%

A * BAACE Limit (BAAL) limits ACE as a function of

Graphic: NERC 2013,
https:/ /www.nerc.com/pa/StandProject2010141Phaselof °

BalancingAuthorityRe/BAT.-001-2 Background Documen

frequency
Regulation reserves provide this control. BA’s decide

¢ Clean-20130301 pdf how much regulation reserves to hold Uy
. Slide from Lew, Western Interstate Energy Board, Tutorials May 2020 y (’3 -
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The Balancing Act:
Cost and Reliability

- Run the lowest production cost resources
(fuel and variable O&M; capital costs do NOT
matter here)

Unit Commitment

1-0, On-Off

—

Dispatch

® il

MwW

« What units need to be ON (committed)? At [ =
what output (dispatch)? Accounting for:

200
- Resource minimum generation levels, startup §
times, min up and down times, ramp rates {

« Transmission constraints

- “Security-constrained” in case of contingency 0

I
*Oil

& Coal

® Nuclear

# Natural Gas

+ Renewables

0 20 40 60

80
Generation, GW

100 120 140

160

- Headroom for operating reserves

Wind and solar have

Source: B. Posner, PJM 2008 zero marginal cost so

Energy Systems Integration Group
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they get run first
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Wind and solar are variable and uncertain

CAISO May 15, 2021

30,000
25,000

Demand
20,000

Net Demand

CAISO data 5/15/21
Energy Systems Integration Group
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Instead of driving
1-95... Need to

look-ahead farther

...operators are out and often!
now driving the
Pacific coast
highway

Need more
control range



Wind and solar are variable and uncertain

CAISO May 15, 2021
30,000

Turn down to below 5000 MW
and still meet 25,484 MW peak

25,000

20,000
Net Demand

Z 15,000
Manage 13,433 MW
10,000 three-hour-ramp

PN

Wind ramps can
suffer from
forecast errors

Solar ramps are
generally known

CAISO data 5/15/21
Energy Systems Integration Group
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Wind and solar are variable and uncertain

30,000
25,000
20,000

Z 15,000
10,000

5,000

0

CAISO May 15, 2021

w

Net Demand

CAISO data 5/15/21
Energy Systems Integration Group
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Electrification may
make this road
more windy

System operators
typically cannot
see DERs



Defining reserve
requirements

Bottom line - meet NERC standards

What's the product? (Are you managing 30 min ramp events? Do
you have resources that take a long time to start up?)

How much do you need? (Are you protecting against 90% of

events? 95%7?)

Must ensure adequate
reserves for events
where load is |
underforecast and wind
is overforecast

Wind Forecast Errors (MW)

/

-800

Wind Forecast Error vs. Load Forecast Error

[
F L0
@

2000 6000

-8000
Load Forecast errors (MW)

8000

Reserves should be dynamic (Don’t hold reserves for solar at

night)

Hold reserves to protect against risk, not just for variability

If you have a lot of fine control, you might not need as much

coarse control

ration Workshop, Ireland, 2019.

pJ
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Source: Lew, et al, Secrets of Successful Integration, IEEE PES Magazine, Nov/Dec 2019;
Lew, et al, Wind Integ

Wind Generation Down Ramp (MW)

1400

¢ Polynomial Ramps A Non-Polynomial Ramps  ===Flex Reserve

0 500 1000 1500 2000 2500 3000 3500
Wind Generation at Ramp Start (MW)




We know how to balance the system with
high levels of wind and solar

These
numbers do

not include
DERs

Wind/PV penetration

180%

160% n .

140%

= =
o N
o o
X X
o

60%

40%

South Energinet EirGrid SPP

Australia

B average annual penetration

Xcel/CO

N I I I I I I
0%

KIUC

ERCOT

7%

6%

5%

4%

3%

2%

1%

0%

® max instantaneous penetration @ curtailment

Curtailment as % of wind/PV potential

Adapted from Lew, et al, Secrets of Successful Integration, IEEE PES Magazine, Nov/Dec 2019
Energy Systems Integration Group
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Six sources of flexibility help balance the
system

@ Faster trading over wider areas

* Each tool can saturate
* The tools interact, e.g.,
demand response
competes with storage
 The more constrained
your system is, the
@ Wind/PV can provide essential reliability services :gg:rse ;/:;luable these

 \We need them all

@ Forecasting over different time horizons

@ Extract flexibility from non-variable generation

@ Responsive demand and integration of other energy sectors

@ Storage — electrical and thermal

AN/
-~ /\/
O
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o Geographic diversity over wide

areas provides smoothing

* Geographic diversity smooths load, wind and solar
* And provides access to more resources providing

reliability services
* Transmission and markets enable diversity

Solar output in Southern California

Normalized output

1

09 +== One Plant
«++ Two plants

08 -+ Six Plants
0.7 -+ 25 plants
06 - So. Calif.
05
04
0.3

Aggregate Wind Output

Individual Wind Plants

00

150

=170 MW in
MW =15 Minutes
100 o ?
50

Geographic
diversity takes
your windy road
and makes it
straighter!

2 Hours

10:30

:/ /www.nrel.



http://www.nrel.gov/docs/fy08osti/43373.pdf

Energy Imbalance Market (EIM): fast, automated trading over wide areas

Puget Soun q
Energy
Seattle i
City Light
Tacoma
Power

Portland
General

being transitioned to

Real-time energy
imbalance market (EIM)

Electric

extended day-ahead
market (EDAM)

M/

seconds to minutes
Regulation

Unit
Govenor LFC
Response

Economic
Dispatch

Market Operator ELE‘::;: ‘
[ California ISO . . . .
EIM entity EIM allows trading partner to dispatch down in real-time,

B Active participant in order to buy lower cost generation from a neighbor
I Planned EIM entry 2021

I Planned EIM entry 2022
M Planned EIM entry 2023

Energy Systems Integration Group
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Left: www.westerneim.com; right E. Ela, EPRI, ESIG Forecasting workshop, 2018

N

>

tens of minutes to hours i

Load
Following

Real-Time
Operator
Actions

>
Time

Resolution of
Service/
Control

Unit
Commitment

Daily/Hourly Scheduling

EDAM enables trading partner to not
startup a generator, in order to buy lower

cost generation from a neighbor

=/
ESIG


https://www.westerneim.com/Documents/ISO-EIMBenefitsReportQ2-2019.pdf

2, Forecasting allows you to look-ahead and
pOS i ti O n yo u r SySte m Forecasts are synch.ronized to .de.cisions:

day-ahead scheduling; committing gas

] ; generators; real-time dispatch
Forecasting saves up to 14% in annual

operating costs. If forecasts were perfect, an

Wind Forecast Error

.. 10%
additional 1-2% could be saved. DM".‘ [@4-hs o]
9% id [4-hrs out]

Short-term [10-mins out]

" Savings by using a forecast in operations 8%

“Incremental savings if the forecasts could be made perfect %
5000 7%

6%

:

5%

Savings ($M)
g
Mean absolute % error

4 Mar-18 May-18 Jul-18 Oct-18 Dec-15 Mar-16 May-16 Aug-16 Oct-16 Jan-17 Mar-17 Jun-17 Aug-17 Nov-17 Jan-18 Mar-18

—s—short-wind —-=Mid-wind -+DA-wind

4%
3%
2%
2000 —
1%
[s)
1000 . OA]Feb-ld May-14 Jul-14 Oct-14

10% Case 20% Case 20/20% Case 30% Case

Forecasts are more accurate, the closer they

Forecasting is like turning on your high beams in your car! are to real-time. Make decisions as close to
real-time as possible. P

Energy Systems Integration Group
Charting the Future of Energy Systems Integration and Operations E S I G

Left: GE Energy, Western Wind and Solar Integration Study, 2010; Right: T. Miller, SPP, ESIG Forecasting Workshop, June 2018



© Flexibility of non-variable generators

CAISO April 24, 2021
30,000
25,000
20,000
15,000
S
P
10,000
5,000
(5,000)
O O OO OO0 OO0 O0DO0ODO0ODO0DO0DO0ODO0DO0OO0 0000 O o o
O O O 0O 0O 0000 0DO0ODO0DO0DO0ODO0ODO0ODO0 000 O O o o
OCHd ANMNMIFIINONONOSOANMNDILTINONGOORNS — N M
™ ™ 1 ™ ™ e e 1 AN AN AN N
N\ curtailment B batteries imports M gas
M large hydro m solar ® wind small hydro Vi
W bio geo B nuclear = G -
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Wind/PV can provide Essential Reliability Services (ERS)

Generation/Park Potential/ACE (MW)

550

450

350

250

150

50

-50

-150

===\\ind Farm Metered Generation

=== Park Potential === Area Control Error

-
At 2:45am, Real-time

~
Operator initiates

curtailment to 300 MW/ \ /
due to high ACE

b
\\

‘\ At 4am, Real-time Operator initiates AGC

regulation due to low ACE. Note that

while on regulation, ACE generally stays
between +/- 50 MW.

\(
\

ANDWAL W
VN

2:30 AM

3:30 AM 4:30 AM 5:30 AM 6:30 AM

ERS support grid stability. ERS from wind/PV can
avoid reliability-must-run thermal resources.

* Dispatch wind/PV to real-time forecasts (as opposed to
‘must take’ resources and manual curtailment)

* Regulation reserves: Xcel has used wind for regulation
reserves for the last decade

* Spinning contingency reserves: Xcel working on this

* Primary frequency response: ERCOT/Quebec/Ontario
has required wind/PV to provide this response for
several years

* Fast frequency response/synthetic inertia:
Quebec/Ontario requirement

Ll o led g | * Voltage regulation: wind/PV can provide
Thin rtai win r r r
of curtai’e /SO al as d resource * Disturbance ride-through: wind/PV can provide
-~ ’\/
@)

Lew, et al, “Getting to 100% renewables: operating
experlences with very high penetrations of variable energy
Power Generation Dec 2020

Energy Systems Integration Group
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ERCOT reduces regulation while increasing wind

MW

Wind Installation Capacity (MW) v.s. Averaged Hourly Reg-up
Requirement

mmm Wind Installation Capacity (MW) —Averaged Hourly Reg-up Requirement (MW)

25,000

Regulation
requirement
decreasing

20,000

10,000 "l
Wind
| increasing

700

600

500

400

300

200

100

MW

MwW

25,000

20,000

15,000

10,000

5,000

Wind Installation Capacity (MW) v.s. Monthly CPS1

mmm Wind Installation Capacity (MW)

= Monthly CPS1

CPS1:
increased
reliability

190

180

170

160

150

140

130

120
L T | - - o~ m < wn ©o ~ L
9559935283333 3335358898488989e855533:33 R R L L R L R L L L R LR LR L
[ JORT ) Lo ORI Lo PR O! O 04 O L4 g s L i Lob L O s LoL T L4 LoL
§ 5 3 8 § 53 8 5 3 386§ 333§ 538§ 3 38§35 38 5§ 3838 5833036533333 0358383050683 3056883302565833038688383303
S < o | < o 8 < o 38 < o 8 < o S < o 8 < o 8 <« o S ESTwuzZzaZ3sTUZoaSSTAAZOoZTS TVnzoSIsSsSTuzass TugaaSs TwuzaSs Twuz
NT7

Monthly CPS1
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Responsive demand is a game-changer
for flexibility

We used to control a portfolio of generators In the future, we’ll control both demand and
to balance a fixed demand generation to balance the system

Slide from Lew, Western Interstate Energy Board, Tutorials May 2020

Energy Systems Integration Group
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APS orchestrates demand through prices
and programs

APS sells cheap midday power
to manage the duck curve

| 5 Hours
Evening
Peak

Orchestrating TOU rates and DR

DSM exacerbating duck curve programs 0 14712733 14 153
. Hours
° P rices = Load “ New Products = Off-Peak

e Schedules
Ime-oT-use rates can act like storage

Critical peak pricing can act like a gas

« Signals
« Autonomous response

\Viy
Hines, Tierra Resource Consultants, PLMA, Apr 2020; Thompson, APS, “What if Your Neighboring Utility Goes to 100% Renewables,” CREPC April 2019 - @ -
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Energy systems integration is key to demand flexibility

i 3 ion i 1 92. B Lawrence Livermore
Estimated U.S. Energy Consumption in 2020: 92.9 Quads T b

Net Electricity 0.06

Solar Imports N\
1.25 0:8 | i
Nuclear
8.25
23.2
Hydro
2.59 >
4.99 4,01 Rejected
‘ I Residential Energy
Wind : | 11.5
5 01 4.82 62.3
Geothermal
0.214 0.02 0.12 Commercial

3.26
0.02 / 014

Natural Gas

31.5
Industrial

Ene_rgy 0
Services ngh levels of

Coal : \ 30.6 .
% variable
-~ renewables require
Bio:;ss e : : ) - erXIbIII’[y that may
be cost effectively
sourced from the
Petvie existing fuel-based
heating and
transportation

sectors
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Thermal and electrical storage provide

140 25,000

flexibility
-
- Synergy between medium-term §, TVWQVDVVJ 1s.ooo§
storage and PV § - AT a
. A portfolio of storage resources is T | [ | 5000
likely in our future B AN
. Thermal storage including o 50
space/water heating/cooling £ 100 | [ 2000 <
. Long-duration storage (e.g., s w- 15,000 2
hydrogen) for resource adequacy : w3 ~ 10,000 §
. Forecasting is very important for > - impertec 5000
positioning of storage! o[ WS |,
moN TUEQUILCIRSSFRI SAT SUN

APR APR APR APR APR APR APR
10 11 12 13 14 15 16

Energy Systems Integration Group
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Kauai pioneered PV/battery hybrid plants

° 78 MW peak dem and; 100 MW PV, 40 mAverage of Hydro ™ Average of Bio M Average of Oil = Average of Solar PV Average of Solar PV + BESS
MW storage; zero interconnections Batteries enable KIUC to run
_ _ _ _ at 100% renewables for 8
-  Ample quick-start diesel reciprocating hours

engines
« But can’t start up fast enough (seconds
not minutes) for cloud events

- PV/battery hybrids enable 100%
renewables (85% PV) for 8 hours

« Batteries provide spinning contingency
reserves for those PV plants

* Hold headroom equal to 50% of real time

. 0
PV output for PV that is not backed by P P T F T TS S F SIS A LSS
batteries TSI IS SIS S

Lew, et al, “Getting to 100% renewables: operating
experiences with very high penetrations of variable energy
Power Generation Dec 2020

Energy Systems Integration Group
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Conclusions

Energy Systems Integration Group

Law of large numbers — the bigger the region, the more smoothing of
variable renewables and load. This drives the needs for transmission
and markets.

Flexible, responsive demand is the “low hanging fruit”. Electrification of
other energy sectors can provide this demand flexibility.

Changes can be made in operations, at low cost, to cost-effectively
iIntegrate variable renewables.

Wind and solar can provide essential reliability services — if you ask
them to!

Wind, solar, DERs make it harder to “drive”, but we have the tools to manage this!

\Q,
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Debbie Lew

Debbie@esig.energy

(303) 819-3470 U,

~ /\ -
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Reserves
provide fine
control and
respond to
events
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Source: Ela, et al, NREL, 2011 https://www.nrel.gov/docs/fy11osti/51978.pdf
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SPP manages large forecast errors

SPP Day-Ahead Wind Forecast and Real-Time Wind Generation

15,000
* SPP has 21.4 GW wind, 50.6 GW peak demand, 72% 14,000 7 GW wind forecast
: , 13,000 " e — error
instantaneous penetration 12.000 ey
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