o

Value and Role of Pumped Storage Hydropower
o u‘nder High Varlable Renewables

N\ A
. 4
‘ . 7
k : - g ¢
. : : pF-

1@:

’ . , e
b . .
- \ ‘ '
X - RS N : ¥,
0 s ) s " » N0 \ . A5 A :'/
BT N RV By AT RAY WS el 7
5, S = A = o - W e T — & B T WO 7 . - = ; 24
. AT = TN — —— — 3 .- y

b "J.Lhmv

Chrissy Bisceglia
Senior Engineer
GE Energy Consulting




VALUATION OBJECTIVES

EVALUATE AND UNLOCK FULL POTENTIAL OF PSH TO SUPPORT GRID OPERATIONS, STABILITY & RESILIENCY

Overcome market barriers and enable PSH technology deployment for
utilities, Public Utility Commissions (PUCs), developers and regional planners

o Develop a PSH scheduling tool to co-optimize energy and
ancillary services, considering price elasticity in the power
market

o Analyze and quantify the potential value of PSH under
different system conditions

o Develop a set of Variable Speed PSH stability models for
transmission planners to study the impact of PSH on the grid

o Investigate the dynamic stability capability of VSPSH and
assess its impact on grid frequency response and transient
stability

o Investigate the PSH contribution to resource adequacy

© 2021 General Electric Company. Proprietary. All Rights Reserved. 2



PSH SCHEDULING TOOL

Goals: Maximize PSH operating profit on a given optimization horizon while respecting operational and
scheduling constraints and enabling PSH developers and owners to unlock PSH value from both ancillary
services and energy.

CAISO Market Prices for March 22, 2018

LMP_price  RegUp_price RegDn_price  Spin_price NSpin_price

o A novel PSH Scheduling tool was developed, incorporating
for the first time the impact of variable height differences
between reservoirs (‘head’) and variable speed machine
behavior.
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Price ($/MWh)

o The toolis run in conjunction with a production cost
optimization tool to allow for price elasticity effects to be E—
captured.
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o Developed in Python open source software and can be easily
modified to meet future needs.
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PSH optimal dispatch
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PRODUCTION COST MODELING: Base Assumptions

o GE non-proprietary WECC database 2028 study year with 50% 500000

renewable penetration £ 500000 o
%400,000 . g
o 0% &
o Economic retirement analysis performed after the renewable & 300,000 ) 3
L. o é 40% W
additions. 3 200000 7 E
E 100,000 0% 3
0 % s | ﬁ : ﬁ l 0% i

o Simple transmission expansion exercise to alleviate congestion ALB BCH  CAL  DSW NWP  RMP  WECC ’
. . = \\/ind olar "~~~ Wind Buildou olar Buildout ===Wind and Solar Penetration

due to generic renewable buildout. Hine st inautout T Reer Buldout T ind and sotarpenetiat

Average Hourly Ancillary Service Prices
o The base case, referred to as “low storage”, includes some PSH ——San Vicente Low Storage Spin  ——San Vicente Low Storage Reg

25

and battery storage (8 TWh of PSH, 3 TWh of battery)
20
o Ancillary service modeling:
o CAISO 2017-2018 IRP production cost model requirements
for regulation and spinning reserve
o GE MAPS calculates hourly total ancillary service price
o Historical CAISO prices used to determine how much of the
total price for each ancillary product
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PRODUCTION COST MODELING: High Storage Scenario

o High Storage scenario developed to understand the value of PSH with more storage competition.

o A storage value metric (Annual Revenue S/Installed Capacity kW) was used to determine when the system
begins to be saturated (a 25% decrease was chosen as the “saturation point” for this study)

o When PSH or Battery technologies were added alone, the value metric decreased by 25% when
approximately 14 GW were installed.

o Various mixes of PSH and Battery technology were calculated and a 70% PSH (9.8GW, 98GWh ) and 30%
Battery (4.2 GW, 16.8 GWh) scenario was selected

====PSH Value ===Battery Value 6 as

W Battery Capacity ™ Pumped Storage Capacity MBatteryEnergy @ Pumped Storage Energy
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PRODUCTION COST MODELING: Cases & Outputs

. . . . . . . . 0 .
Natural Gas Sensitivities Hydro Sensitivities 30% Renewable Penetration
510 mmm Available Energy =% from Base Renewable Energy as a Percentage of Load
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BS 390 2 200,000 £ 50%
Zz ;p g 5% 9

ag > L = 40%
® 150,000 o W
£ 350 o -10% g

-] ) 30%
2 & P P P P P P P 8 100,000 15% &
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25% 2 10% I
Low Gas == Base == High Gas 0 -30% 0% -
High Base Low Extreme Low ALB BCH CAL DsSwW MEX NWP RMP

W Base - 50% renewables B Sensitivity - 30% renewables

o Total of 42 cases, low and high storage scenarios _ Big Chino

with base case and 6 sensitivities _
Capacity (MW) 2,000 500

o The PSH plant schedules were revenue- Duration(hrs)/ 10/20,000 8/4,000
optimized using the scheduling tool developed Energy (MWh)
by GE Global Research. Location AZ CA
Revenue Streams Energy Energy & Ancillary

o Results analyzed for both WECC-wide system Services
impact and individual plant revenue
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PRODUCTION COST MODELING: Results

Delta From Case Production Cost ($/M)
without Units |W/ Big Chino |W/ San Vicente

Base Low

Storage -4,762

CO2 Emissions (million tons) | Simple Cycle Peaker Cycling Curtailment (GWh)
W/ Big Chino |W/ San Vicente |W/ Big Chino |W/ San Vicente |W/ Big Chino |W/ San Vicente

Operating profits for Big Chino PSH

250
30% Renewables
Low Storage
High Gas Price
Low Storage
Low Gas Price
Low Storage
High Hydro Low
Storage
Low Hydro Low
Storage
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Storage
Base High
Storage -167
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100
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#®Low Storage = High Storage

-4,189 -806 Operating profits for San Vicente PSH
100

30% Renewables
High Storage -58
High Gas Price
High Storage -181
Low Gas Price
High Storage -143
High Hydro High
Storage -165
Low Hydro High
Storage -181
Extreme Low
Hydro High

Storage -184

-737 -278 -

-4,312 -845
-4,274 =728

76
g 55 59
-4,038 772 0

Z0Rew High Gas Low Gas High Hydro Low Hydro Extm Low Hydra

=S

Millions &
Z

4118 o ®Low Storage = High Storage

Positive system impact in all scenarios, no clear winner. PSH plant revenue:

o Up to $202M/S64M reduction in Production Cost o Highest revenue in high renewable and high gas scenarios
o Up to 1.82/0.5 million tons of CO2 reduction o Reduced by more competing storage and lower

o Significant reduction in peak cycling and curtailment reduction renewables
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DYNAMIC MODELING: PSLF Models & Benchmarking

o Suite of models added to PSLF to represent variable speed pumped hydro storage units largely based on

the models developed as part of a previous DoE project™ with minor updates based on GE Hydro’s
Powerfactory model.

o Benchmarking done against previous DoE project’s PSSE model and GE Hydro’s Powerfactory model for
small test cases

Note:

o Reference tests included: Blue: Variables accessed via genbe able ety e
vrmn
i l chmd
@) VOltage Hydraulic and genbollefi l I
»|  Speed control, Q control : Converter |
o Frequency response rotor dynamics ema ) psncon | b
psh_spd genbe] ladifd —
o Active power oo | /
| genbe] glimt Replace with wtdg
o Generator loss events . for EC unit
* e P control
o Fault response Bue e "
Freq control >
F.e ~ psh_frq

o Frequency and Fault response of models was
ensured to be reasonable for a high renewable
WECC case as well.

* https://ceeesa.es.anl.gov/projects/psh/psh.html
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DYNAMIC MODELING: Assessment at Big Chino Set-Up

o All hours of the year from GE MAPS model filtered to select pinch points in frequency response capability
o The 2022 light load spring case load and generation were scaled to meet the average of these hours
o MW outputs of generators scaled to meet MAPS area/unit type targets.

o Loads scaled to meet the MAPS area loads

Light Load Case without Big Chino

NORTH WEST NORTH EAST
20.0 20.0

17.5 17.5

GE MAPS Model Frequency Pinch Point Criteria o s
Spring § w0 penERRSATES Y & 100 <GS Y
between 10am and 3pm . v
. we ?ALlFoRN?: s-mC““"“OUS W SP:)UTH WEDS.C:I' stC"‘“ONOUS
PSH Is pumping greater than 3000 MWh o -
Wind + Solar generation > exceeds 60,000 MWh EEZZ 512::
@ 100 5 10.0 iﬂg}:{l);?"lffgf

load is between 95,000 and 105,000 MWh

5.0 5.0

2.5 2.5

0.0 0.0-

WIND w 06 gﬂcﬂ“ouou‘: WND w 0o S’{Ncw\omus

Wind + Solar generation is 73% of load or more
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DYNAMIC MODELING: Assessment at Big Chino Results

Light Load High Renewables Case

Events Trie 2 Palo Verde units Frequency response margin and RoCoF without Big Chino
o001 T i FRO FR FR margin | ROCOF (between
] [MW/0.1Hz] | [MW/0.1Hz] | [MW/0.1Hz] | 1 and 1.125s)
£ e WECC 858 739.73 -118.27 0.31
2 CALIFORNIA 261.53 42.22 -219.31 0.44
L s DESERT
X SOUTHWEST 146.04 67.17 -78.87 0.93
NORTHEAST 149.85 21.22 -128.63 0.27
NORTHWEST 146.81 347.82 201.015 0.08
o 1‘0 2‘0 Tim ZI[I): cec] 4‘0 5‘0 a0
Light Load High Renewables Case
Event: Trip 2 Palo Verde units _ . . . .
Frequency of Big Chino ferminal bus Frequency response margin and RoCoF with Big Chino

FRO FR FR margin ROCOF (between

[MW/0.1Hz] | [MW/0.1Hz] | [MW/0.1Hz] 1 and 1.125s)

\\J/ WECC 858 814.18 -43.82 0.31

59.50 A

Frequency [Hz]
[C N T |
L o ©
N o N
(%] [=] w

. Big Chino Real Power Output [MW] | CALIFORNIA 261.53 42.21 -219.32 0.43

1700 DESERT 146.04 145.50 -0.54 0.91
5 SOUTHWEST
g_mo f/w NORTHEAST 149.85 20.46 -129.39 0.26
S ol NORTHWEST 146.81 346.33 199.52 0.08

—2100 T T T T T

o 10 20 30 40 50 00
Time [sec]
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DYNAMIC MODELING: Additional Results

o Critical Interfaces: Big Chino plant has no measurable impact. Critical outages for these interfaces have no
significant impact and the system is stable post-disturbance.

o Fault Response: For a nearby severe three-phase fault, the Big Chino plant:

o Responds to arrest the voltage decline by increasing its reactive power output and reducing its
pumping load.

o The terminal voltage in the case with Big Chino is higher than in the case without it having a slight
positive impact on the system.

o FSPSH gives greater reactive power contribution during the fault which is good, however once the
fault is cleared its output oscillates for longer before settling. VSPSH settles after fault clearance much
more quickly.

A Variable Speed PSH unit has a positive impact on grid frequency response and transient stability

© 2021 General Electric Company. Proprietary. All Rights Reserved. 11



CAPACITY VALUE: Approach

0.12 5

s Original Reliability Curve

o Calculate capacity value of storage, for different ratios of e
energy/capacity (hours of storage)

0.11
Each generator added to the system helps
increase the load that can be supplied at all
reliability levels.

o Simulations in GE MARS with same basic assumptions
and PSH plants as production cost model

0.09 GG+t Gis2 Gp o
Added generators

0.08 —

o Impact of wind/solar presence in the system to the
capacity value

Loss of Load Expectation (days/year)

0.07

o Developed new GE MARS version which supports
dynamic dispatch of storage T s

Load (GW)

l& 400MW =)

o Loss-of-load expectation (LOLE)-based analysis S
determined the effective load carrying capability (ELCC) . :é;aresgjufg
of the incremental storage reliability

Capacity
value

improves
Increase load
Match initial
reliability target

o Capacity value is the resource’s contribution towards
meeting a reliability target.

J. Katz, P. Denholm “Using Wind and Solar to
Reliably Meet Electricity
Demand, Greening the Grid”
http://www.nrel.gov/docs/fy150sti/63038.pdf

© 2021 General Electric Company. Proprietary. All Rights Reserved. 12



CAPACITY VALUE: Base Case Results

O O O O

Storage capacity value (%)

Each ELCC calculation was done for 6 years of wind, solar, and load shapes (2007-2012), results are similar

Results show Capacity Value as a % of nameplate capacity

Base case results are above 95% with 2 hours of storage in AZ and with 1 hour of storage in CA

High renewable penetration caused LOLE to be for periods of ~1 hour

Weather
year

- 200/
e 2008
- 2009
* 2010
e 2011
2012
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Storage duration (h)
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CAPACITY VALUE: Solar Reduction Sensitivities

o Reduction of solar in the system reduces the Capacity Value of PSH at lower storage durations
o Biggest effect shown in CA where PSH CV only reaches ~95% with 4 hours of storage with no solar in the system

o Reduction of solar removes the duck curve, makes risky hours spread across multiple hours, so 1 hour of storage
is no longer sufficient to cover all the LOLE

Solar reduction (%) 0 —

E 23

g . © 3

= 751 Solar reduction(%) 89

8 &4 25 0 5101520 0O 5 101520 l() () 05 1()1 n 0 5101520
a - 50

S . 75

& 54 @ 100

~

&

Hourly LOLE
(h/year)

vvvvvvvvvv

Storage duration (h) Hour of day

As solar is taken out, PSH needs more storage duration to get to 100 CV
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STUDY RESULTS AND CONCLUSIONS

* A novel PSH Scheduling tool was developed and for the first time incorporated the —
impact of variable height differences between reservoirs (‘head’) and variable speed
machine behavior.

* PSH has a positive impact on reducing production cost, CO, emission and curtailment of
other renewables in all scenarios even when competing with other storage.

 Two new VSPSH stability models have been created and incorporated into PSLF grid
planning software so grid operators can assess their benefits.

* Grid Resiliency: A 2GW VSPSH plant in Arizona in pumping mode was able to markedly
improve the frequency response by 50mHz in the US Western Interconnect.

* Reserve Adequacy: PSH has substantial capacity value even with short duration.

Full report can be found at https://www.osti.gov/servlets/purl/1824300

PSH provides value to support power grid needs for generation adequacy, balancing, resiliency and stability.

New tools and methods are now available and being deployed to unlock that value.
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