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Housekeeping

This meeting is being recorded

Your microphone and camera are disabled for the
webinar

Have a question or comment?

— Please submit questions using the “Q&A” panel and comments using
the “Chat” panel

— We will answer as many questions as possible during and at the end of
the webinar

— Questions can also be submitted via bit.ly/LDstorage

Zoom controls are located at the bottom of your

screen
— If they aren’t appearing, move your cursor to the bottom edge

Welcome to Q&A

Questions you ask will show up
here. Only host and panelists
will be able to see all questions.

: Type your question here...

2o Who can see your guestions?
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Introduction to Storage

@%, Increasing solar PV and wind are complementary to
storage

* Storage is important to help with grid flexibility

Currently, we typically have diurnal storage, but in the
future, longer-duration storage will become more
valuable

[E°~ We don’t fully understand this value due to limitations in
modeling
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Storage Futures Study: Possible Deployment of Energy

Storage in United States

Reference Case Resource Sensitivity Scenarios
300 oy
12-hour Pumped-Hydro Storage - |_ow Battery Cost Case Ve ,;;f‘ ;
250  ™== 10-hour Battery Storage = Reference Case ¢ 7 / ,);'*f”'
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6-hour Battery Storage
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Ref: Frazier, A. Will, Cole, Wesley, Denholm, Paul, Machen, Scott, Gates, Nathaniel, and Blair, Nate. Storage Futures Study: Economic Potential of Diurnal Storage in the U.S. Power
Sector. United States: N. p., 2021. Web. doi:10.2172/1785688.
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Integrating wind and solar PV will

require the grid to deal with

variability and uncertainty =

i — — T




Main Storage Services Procured in the U.S. Power System.
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Denholm, Paul L., Sun, Yinong, and Mai, Trieu T. An Introduction to Grid Services: Concepts, Technical Requirements, and Provision from Wind. United States:
N. p., 2019. Web. doi:10.2172/1493402.

NREL | 7


https://www.nrel.gov/docs/fy19osti/72578.pdf

Net load (p.u.)

The Role of Energy Storage Across Multiple Timescales

1042 Net load
0.5

~ b ok bl e i i 'l'lllul'“hl"ll‘dhllu"“lh""“"I"llll"Jl iy Netload: electricity demand minus
- i s ot i © e o

total variable renewable energy (wind

0.5
1.0 4 . . : . : . |

1 1460 2020 4360 5840 7300 se0  andsolar)
104b Hour of the year

* Short-duration storage: up to 10 hours
of discharge duration at rated power
before the energy capacity is depleted.

* Long-duration energy storage:
discharge duration >10 hours and
<100 hours

* Seasonal energy storage: discharge
duration >100 hours

Multi-scale energy storage needs for 95% carbon-free CAISO power system
(28.4% wind and 51.5% solar PV energy share)
Ref : Guerra, O. J. Beyond short-duration energy storage. Nature
Energy 6, 460—-461 (2021). NREL | 8



https://www.nature.com/articles/s41560-021-00837-2

Our grid models do not adequately

represent the value that long-duration

storage may provide
1w&:+ F‘" ] [




N e

_' mismatch between load and

—

generatlon from wind and solar PV

e

also occurs beyond the intra-day t/mescale

(e.g., inter-day and seasonal timescales)




Example of Mismatch

Low solar days
followed by peak
system load due

Weather Year 2010

Curtailment

Generation (GW)

to cold snap

Unserved Energy | dupv
Curtailment upv

. battery_10 . onswind
. battery 8 |: re-ct
B battery 6 I ffil-gas
I battery 4 B biopower
" battery 2 B hydro
distpv B nuclear

— Load

earlier in the

Preference to
completely

- Load + Charging

week instead Weather Year 2010

empty storage

of storing

Storage Volume (GWh)

W battery_10 indicates poor

B battery 8 .

W vattery 6 representation
[ battery_4

W battery 2 of future

— Max Volume

uncertainty
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Modeling
Methodologies




Traditional Modeling Approach for Long-Duration

Energy Storage

Optimization window and temporal resolution for unit commitment and
economic dispatch models

Hours 00:00 01:00 . Unit commitmentand economic
' dispatch. Optimization window:
§ ‘ockehend 1-2 days, time resolution: hourly.
fooseananes Peeaiass fooeciens Jrooereeee T DR 9
00:00 01:00 23:00 4

Traditional (1 day-ahead with hourly resolution): No foresight of conditions past the end of the

simulated time frame or optimization horizon, with no value of storing energy for usage outside that
timeframe.
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Alternative Approach:
Extended Optimization Horizon

Hours 00:00 01:00 Unit commitment and economic
dispatch. Optimization window:

$ look-shead 1-2 days, time resolution: hourly.

|. .......... l. .......... *....E....* ........ .|. ........ .l
00:00 01:00

Option 1: extend the optimization horizon to consider more than one day at time. For long-duration
storage, this might be several days, e.g., 2 days-ahead, or even a week, 1 week-ahead.

Option 2: add some foresight, i.e., look-ahead window. The look-ahead window may be less detailed than
the optimization horizon itself to maintain computational tractability and may be optimized at a less
resolved time resolution or include fewer constraints.

Preliminary Results: Do not Cite NREL | 14



Alternative Approaches:
End Volume Targets

Storage dispatch, e.g., mid-term production cost models or storage dispatch models.
Optimization window: 1- or multi-year, time resolution: hourly or blocks.

SOC targets for the end of
each period

Unit commitment and economic
dispatch. Optimization window: 1-2 days,
time resolution: hourly.

Hours 00:00 01:00

Use an exogenous storage dispatch model to optimize the operation of storage technologies. Then, the

storage dispatch from the external model is used to input state-of-charge targets for the standard
production cost model run.

Preliminary Results: Do not Cite NREL | 15



Alternative Approaches:

Stored Energy Value

Marginal future value of
storing an additional
unit of energy

$/IVIIWh s/ l\fWh S/IVIIWh $/IVlWh $/IVIIWh S/M\Il\/h

Unit commitment and economic
P oo dispatch. Optimization window:
' X X ": 5 ea* . 1-2 days, time resolution: hourly.

00:00 01:00 23:00 4

Hours 00:00 01:00

Apply a value X in S/MWh to the stored energy

marginal price of energy < X (accounting for efficiency losses)> “charge up” to store the cheaper energy
marginal price of energy > X (again accounting for any losses)—> the device would discharge

NREL | 16



Alternative Approaches: Variable Time-Step

Unit commitment and economicdispatch.
Optimization window: 1 year, time
resolution: variable, e.g., 1 h, 3 h, 9 h.

Use a variable time step to reduce the complexity of the unit commitment and economic dispatch
problems by aggregating some consecutive hours, while keeping the associated chronology between time

steps such that time steps remain in the same sequential order.

To this end, critical periods—periods in which hourly temporal resolution is required, e.g., peak-net-load
hour, 4-hour peak period without the peak net load, etc.—are identified a priori and the remaining hours
are aggregated based on a given daily sub-sampling strategy.

Selected critical periods could depend on the load, wind generation, and solar PV generation time series
or input data, which could vary across scenarios used in production cost modeling studies.




Long Duration Energy
Storage Simulations




Github stars

Star history

Scalable Integrated Infrastructure

50 || 2 er o Pttt Planning for Power Systems
NREL-SIP/PowerSystems, j|
00 SlIP::Power
% PowerSystems.jl NREL'S"P ..'. O
PowerSimulations.jl

PowerSimulationsDynamics.jl

2019 2020 2021
- ‘ Date y
/('.':-. -.__ ; ....&_4-: N . |
— ;';»}-_"‘L- :H ::': -
o 2
> 1
h.";'-— -y |:|II_
.'.:-.:"-q\_' % s - ‘-'II' i _ -
Howersystems:| PowerSimulations.jl PowerSimulations PowerGraphics.jl Extensions
Dyanmics.jl

Lightweight interactive
visualizations:

Mathematical formulations  Scalable stability modeling: SlIPExamples.jl

and simulation assemblies: « Advanced AD

Small signal stability

Rigorous power system

data model: PowerModelsInterfaces.jl

* Parsers * Quasi-static problems . * Extensible and

Time series

Quasi-static model
data

Dynamic model data

Basic power-flow
calculations

and simulations

PCM, UC/ED, OPF
Reserve co-optimization
AGC/ACE simulation

Integrated with
PowerModels.jl

Full dynamic simulations
Low inertia simulation
capabilities

Modular separation

between device model
and numerical integrator

configurable graphics
Interactive visualizations
with PlotlyJS

Supports results
generated with
PowerSimualtions.jl

HydroPowerSimulations.jl

PowerSimulationsDemand
Response.jl

ReliablePowerSimulations.jl

PowerSystemCaseBuilder.jl



5-bus Test System

* This is a modified version of the PJIM 5-bus test case published in 1999.
* The changes to resource mix to create our base system are listed below.
* The systems include contingency reserves (spinning reserves) and ramping reserves (flexibility

reserves)
Brighton £ I Sundance
— i 2o$o4n‘|)w
| 600MW | I Limit = 240MW EE
I Capacity
| Device Type Prime Mover Fuel (MW)
- Alta ! Thermal cT NATURAL_GAS 1583.9
| 40MW | | PVe PVe 768
Wind WT 451
[1ZoMW! Limitl=400MwW Storage BA 200
Park City A | 300 Solitude Load 1000
Generation Center | Load Center
5 bus test systems: 5 buses, 3 load
centers, 6 transmission lines NREL | 20



5-bus Test System

Case: PV dominant 5-bus System

Case: Wind dominant 5-bus System
* PV:1668 MW

Total Installed Capacity (GW)

4.0
3.5
3.0 1
2.5 1
2.0 1
1.5
1.0
0.5 1

0.0

Wind :451 MW
Long duration Storage
* Energy Capacity : 3600 MW
* Power Capacity: 300 MW
Short duration Storage:
* Energy Capacity : 600 MW
* Power Capacity: 160 MW

m Storage
PV

s Wind
| Gas-CT

2020
Sbus PV 60

Total Installed Capacity (GW)

3.01

2.5

2.01

1.5

1.04

0.54

0.0

PV :570 MW
Wind : 1058 MW
Long duration Storage
* Energy Capacity : 900 MW
* Power Capacity: 80 MW
Short duration Storage:
* Energy Capacity : 120 MW
* Power Capacity: 60 MW

I
W Storage

[ PV
. Wind

| Gas-CT

2020
5bus Wind 60
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Reliability Test System (RTS-GMLC)

* The RTS-GMLC is based upon the 1979 and 1996 IEEE Reliability Test Systems.
* We made the following changes to the base RTS system

© ©
r e S
, LI ]
Prime l'i;l 4
Device Type Mover Fuel Capacity s U,
Hydro HY 52.50 L Lo - L=
Thermal cT NATURAL_GAS | 1,594.32 L
Thermal cC NATURAL_GAS | 3,853.89 . L . V/JT
Thermal ST COAL 2,554.52 | L o l& |
Thermal ST NUCLEAR 447.21 - —K
Solar PVe 2,507.90 =B
Wind WT 3,109.00 =
S| @
Storage BA 0.0
PowerlLoad 52.50

NREL | 22




Total Installed Capacity (GW)

Reliability Test System (RTS-GMLC)

Case: PV dominant RTS
PV : 9500 MW

Wind : 3300 MW
Long duration Storage

Energy Capacity : 20000 MW
Power Capacity: 2000 MW

Short duration Storage:

25.0 1

20.0 1

15.0

10.0 1

5.0 1

0.0 -

Energy Capacity : 4000 MW
Power Capacity:1000 MW

2020
RTS PV 60

Storage
PV
Wind
Hydro
Gas-CT
Gas-CC
Coal
Nuclear

Total Installed Capacity (GW)

Case: Wind dominant RTS
e PV:2330 MW
Wind : 5500 MW
Long duration Storage
* Energy Capacity : 5000 MW
* Power Capacity: 400 MW
Short duration Storage:
* Energy Capacity : 600 MW
* Power Capacity: 300 MW

16.0 4 [
14.0
12.01 Il Storage
10.0 | PV
8.0 s Wind
B Hydro
6.0 1 [ Gas-CT
4.0 - I Gas-CC
H Coal
2.07 I Nuclear
0.0 -

2020
RTS Wind_ 60
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Scenarios

 (VRE60OPV) ~60% solar PV-driven VRE mix
 (VRE60W) ~60 wind-driven VRE mix
* Assumptions:
— Copper Plate transmission model.
— Perfect foresight for forecasted Load, PVe and Wind.
— Single Storage device to avoid computational complexity.

 Metrics to be evaluated: (i) total production cost, (ii)
computational time, (iii) memory usage, (iv) VRE curtailment, (v)
storage dispatch.

NREL | 24



Modeling Long-Duration Energy Storage: Methods
and Scenarios

Optimization Look-ahead Parameter/Detail
horizon horizon

Ideal 8760 h

Traditional TR 24 h 24 h -
Extended look-ahead ELH-2d 24 h 48 h (2 days) -
Extended look-ahead ELH-3d 24 h 72 h (3 days) -
Extended look-ahead ELH-1w 24 h 168 h (1 week) -
Extended look-ahead ELH-1m 24 h 720 h (1 month) -

End volume targets EVT-DA 24 h 24 h 50% SOC @ hour 24
End volume targets EVT-LA 24 h 24 h 50% SOC @ hour 48
End volume targets EVT-DA-MT 24 h 24 h MT SOC @ hour 24
Energy Value EV-025 24 h 24 h $0.25/MWh
Energy Value EV-05 24 h 24 h S0. 5/MWh

Energy Value EV-1 24 h 24 h $1.0/MWh

NREL | 25



Results: VRE60OPV, 5-bus

—— Ideal (1 year, hourly resolution)

ideal (1 year, hourly resalution) ) — — Traditional (1 day ahead + 1 day lookahead, hourly resolution)
— — Traditional (1 day ahead + 1 day lookahead, hourly resolution) ® Max memory usage (GB)
. 16.8 90 - 861 -5
16 1 '
| 150 153 80 4 .
14 4 144 14.4 14.4 14.4 T 4
— 1 70 4 a
& ]
w 12 g
5 i __ 60 o)
= ()]
S 10 - E ] -3 ©
= = 50 o |
R g o
8 8 = 1=
2 ] o ° ° L 5> £
S 6 o 2
3 30{ e @ e o e o o S
= 1 ] x
o 1]
4 - 20 | =
J 1 13.1
2 10 A
- {84 &0 C____ Sy _ 48 _ 49 _51 |
0 0 - 0
3 3 z E 8 9 - 3 2 z E o 8 9 -
: g @ g 8|3
w
Extended Horizon End Volume Target Energy Value Extended Horizon End Volume Target Energy Value
Solution approach Solution approach
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Results: VRE60OPV, 5-bus

- 101 101 490 10.1 24': Ideal (1 year, hourly resolution)
] 10 4 29 4 — — Traditional (1 day ahead + 1 day lookahead, hourly resolution)
3 22 1 19.6
E§ | 8.5 20 H ‘
o 87 <18
= s 16.0
o = 161 15.4
O] c ]
2 Qg0 e
& 61 57 E ]
O ‘® 12 -
R 1 = 12 |
>
:g © 10
s 47 L I
=] o 8-
© | > |
> 6
3, _
o <7 -
g .
- 1 2
0 0 -
38| z2 ¢f 8|8 3 |3 2|8 38 3 |8 8|3
I I g = I I 0 =
z |32 | 2| 3 5 | & | @ i | @ |2 |3 |&|a|¢c|&a|@d|d
w
Extended Horizon End Volume Target Energy Value Extended Horizon End Volume Target Energy Value
Solution approach Solution approach
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Production cost (Millions $)

Results: VRE60OPV, RTS

—— Ideal (1 year, hourly resolution)
— — Traditional (1 day ahead + 1 day lookahead, hourly resolution)

220 4 2129 _ 2129 317_'?__ _ 2149 2148 2142 2163 2161 2175
200—-
180—-
160 -
140—-
120
100—-
80—-
60—-
40—-
20—-
0 - =
132§ 83 2 8 8 g
s 2 3|3 |88 2|3 &|¢
w
Extended Horizon End Volume Target Energy Value

Solution approach

Ideal (1 year, hourly resolution)
— = Traditional (1 day ahead + 1 day lookahead, hourly resolution)
® Max memory usage (GB)

1800 4 1806.0 - 18

1600 ° - 16
. 1480.0 I .
1400 - - 14 m
41275.0 i 10 9
— - ] B (0]
£ 1200 | g
S 1 @
< 1000 -10 5
E 1 _________ 877.0 890.0 o_ ___1I >
E 800 8063 7620 [ 8 E
O 1 o ° i Q
600 - ° e |6 E
A x
1 o]
400 -4 =

200 -2
0 0
=
§ 3| 2| &8 |35 |3 3|8/|¢8]| ¢
w
Extended Horizon End Volume Target Energy Value
Solution approach
NREL
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Results: VRE6OPV, RTS

25 7 — — Traditional (1 day ahead + 1 day lookahead, hourly resolution)
14 -
1 22.0
g 21.0 21.0 21.0 21.0
12 - 11.8 20 === === ===
S 115 M7 114
==
= 107 106 404 ]
% 10 &
o EE 15
5 e £
= )
E g
o
c 6- 210
S e
>
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S ° 7
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3| 8| 2| E 8 8 - s 83| 2| E |8 3% 8 8| <
T T : - o g = I T ' ' ' o s =
| @ | & |3 ¢ |z | & | @ 2 | @ | & |2 | & |a|¢|@ | @8
w w
Extended Horizon End Volume Target Energy Value Extended Horizon End Volume Target Energy Value
Solution approach Solution approach
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Results: VRE6OW, 5-bus

——|deal (1 year, hourly resolution)
— — Traditional (1 day ahead + 1 day lookahead, hourly resolution)
® Max memory usage (GB)

Ideal (1 year, hourly resolution)
— — Traditional (1 day ahead + 1 day lookahead, hourly resolution)

28 90 -5

26 1 247 247 247 247 7 248 248 249 252 80

24 ]

224 69.2 -4~
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4 ] 11.8
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Solution approach

Solution approach
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Results: VRE6OW, 5-bus

3.0 4 30 Ideal (1 year, hourly resolution)
| | — — Traditional (1 day ahead + 1 day lookahead, hourly resolution)
26 257 26.0 20
: 2.6 253 _ 253 25 254 . :
T 25 25 25 25 o
ie]
E% 1 22 1
—_
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2 2.0+ 2 20
ﬂJ S
) | |
2 0]
S 1.6 £
o 1.5 T 15
2 =
© =
c ] o ]
2 %
© 1.0 = 10
3
?
& ] ]
5
— 0.5 4 5
0.0 0
= =
3 3 z E Z o g - 3 3 z E 8 T Z o g -
T T T T a g < > T T T T - a g < >
2 | @ | 3|3 e | g | @ | @ 2 | & | & |3 |8 |z |c|&|&B|d
w w
Extended Horizon End Volume Target Energy Value Extended Horizon End Volume Target Energy Value
Solution approach Solution approach
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Results: VRE60W, RTS

Ideal (1 year, hourly resolution)

deal (1 year, hourly resolution) — = Traditional (1 day ahead + 1 day lookahead, hourly resolution
— = Traditional (1 day ahead + 1 day lookahead, hourly resolution) ® Max memo(ry usS;ge (GB) Y ' y )
450 = 1800 | 1796.0 B 18
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Solution approach Solution approach
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Results: VRE60OW, RTS

| — — Traditional (1 day ahead + 1 day lookahead, hourly resolution)
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CQAELGEWENS

Long Duration Energy Storage can provide important
flexibility to the power grid as shares of variable renewable

energy increase
Representing these storage devices accurately in modeling

tools will be critical for modeling large-scale power systems
with significant deployment of long-duration energy storage.

There frequently is a trade-off between improved
representation and computational complexity in modeling
methodologies

NREL | 34



e Simulate larger and more diverse power systems to further
compare methods on more complex models

* Integrate uncertainty and imperfect foresight to better
represent real-world conditions

* Analyze reliability metrics for each method and system,
identifying how long duration storage modeling methods can

impact perceived reliability and improve outcomes during
unexpected events.

NREL | 35



Questions?
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Thank youl!

www.nrel.gov
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