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Do Renewables Need Electricity Storage?

AIEERRRTEERMERED?

Common claims:

FELW:

« Wind and solar generation is variable and unreliable, and requires backup generation and
firm output to be useful in a utility system

o AN KBEXRBEEEALEEFTLHENTRESE FELANY, BLFREPEELEHZRREEN

e Wind and solar energy should be smoothed or shifted times to times when the wind is not
blowing or sun is not shining to better match electricity demand.

o BENIAPREBSRERBN, AT REEIFME U AFREER, XEESKMEREL HrhZFEZREIN
AERRETHS.
Insights from Renewable Energy Integration studies:
AIE A REREAMRREA:
* Electricity storage is largely an economic decision, not a technical requirement
«  HEESHENETLERE MAZEARFER
* Investin additional transmission and distribution resources
o BT B AnES S B ER FL 75 E RO IR T
» Balance energy markets over larger geographic regions
o TEXRMMBXIEFEHEETY)
» Curtail variable renewable energy
s RARIEAERERRIZE
* Run conventional units non-optimally
o BHMABTNEZRER
 Ramp and cycle conventional units more frequently
o BEHUNHRTERPITEMNE




Talk Outline
Hx

« Current status of storage

- fERERIELIR

* Impacts of renewables on the grid and results from
previous U.S. grid integration studies

o ATEARRRN EMPERAXERTBERRFMATRSR
« How storage can help achieve high renewable energy
targets and ease transmission constraints

- fEREEHIRE T BAERRRAILLA], BEREL D

* Overview of storage technologies for different utility and
distributed applications

. BT RES AW AED

Global status of Utility Scale Storage
MARFHEOERFIR

127 GW of pumped hydroelectric storage (PHS) worldwide
R HLFL27GWHIHIKEBE LG (PHS)
e 20GWin U.sS.
- EEH20GW
400 MW Compressed Air Energy Storage (CAES) worldwide
R HF400 MWEIEZEZE S fEHE (CAES)
¢ 110 MW unit in U.S., 290 MW unit in Germany
. EEA110MW, EEF290MW
About 270 MW of Sodium—Sulfur Batteries (mostly Japan)
ZF2T0MWEIZIBR L (EEFE B A)
30 MW of flywheel energy storage plants
30MWHY AT ik
¢ Three U.S. demonstration projects
. EEAIMFETE
. Few hundred MW of CSP with thermal storage
o A EEFWMEEMREX AR

Flywheel storage =~ CSP thermal storage

Gaa Turbine (CT)

Compressed Alr




Value of Energy Storage in U.S. Markets
EE T BRERF M 4

Relationship between storage Net Revenues and Capital Costs*
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« Storage technologies provide several value streams (energy and capacity)

fEBER AR — EMNETR (ReEFTE)

« Arbitrage revenues alone are generally insufficient to support most storage technologies, which are
generally >$1,000/kW

BT R LIS RAEREEOR, fREBUR — i 10003 5T/kW

* Regulation can be the highest value stream
b H |5 ffs

*Revenues derived from: Figueiredo et al. 2006, Denholm and Letendre 2007, Walawalker et al. 2007, Sioshansi et al. 2009, Eyer et al. 2010, Drury et al. in prep
Costs from Nourai 2007, Rastler 2009, EPRI 2003, EPRI 2007,
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Ramping in Conventional Power Systems
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Current variations in load and contingency events are met using conventional resources

{5 AR AL RE IR AT 1Y T R RS R R R R A




Renewables increase daily ramping requirements
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Variation in wind output increases net load Uncertainty in wind output
ramp rate ﬂ]ncreases in this p/cra]riod)from increases uncertainty in net load
4,052 MW/hour to 4,560 MW/hour KU B R E IR0 T R4 5
R ER R AN T eI =R (FEIX N A #, HMRHEER

M4,052 MW/hour EF+Z 4,560 MW/hour )

Major impacts of variable generation (VG) on the grid:
H AR B T B P B9 E R
1) Increases the need for frequency regulation resources
) PESEREK X
2) Increases hourly ramp rates and total depth of ramping
2) E@HnT /MR ERERRE
3) Forecast uncertainties reduce the efficiency of scheduling and dispatching generation resources
3) TR EMERE T HERHE

y pOratory

[N

RE (Mostly Wind) Integration Studies
AIRERREEENBD)EARR

Simulate system with and without solar and wind
B A K /KPR BERE E R 4
— Use unit commitment and dispatch software that

includes the existing generation and transmission
resources

— FEANAUTIAXMHEYYE, 2R GaiEERw
SR IR 2 B AR B
— Use spatially diverse wind and solar simulations
— {HEXAEFIRPHAERIZE (] Z 1L
— May involve substantial costs
— FIREEESLAREA
Evaluate costs of additional regulation, ramping, and less
efficient scheduling and dispatch due to RE forecast
errors
= ZIG 0 R A REIR A IO R 22 & AR 1Y L TR IRFNE R It
B A E RS AR




Variable RE Integration Costs

Study Wind Capacity | Regulation Load Unit Tot Oper. Cost
Date Penetration (%) | Cost Following Cost | Commitment Impact
($/MWh) ($/MWh) Cost ($/MWh) | ($/MWh)

2003 Xcel-UWIG 35 0 0.41 144 1.85
2003 WE Energies 29 1.02 0.15 1.75 2.92
2004 Xcel-MNDOC 15 0.23 na 4.37 4.6
2005 PacifiCorp-2004 11 0 1.48 3.16 4.64
2006 Calif. (multi-year)? 4 0.45 trace trace 0.45
2006 | Xcel-PSCoP 15 0.2 na 3.32 4.97
2006 MN-MISO¢ 36 na na na 441
2007 Puget Sound Energy 12 na na na 6.94
2007 Arizona Pub. Service 15 0.37 2.65 1.06 4.08
2007 | Avista Utilities 30 1.43 4.4 3 8.84
2007 PacifiCorp-2007 18 na 11 4 51
2008 Xcel-PSCo® 20 na na na 8.56

2 Regulation costs represent 3-year average.
b The Xcel/PSCO study also examine the cost of gas supply scheduling and found a cost of $1.45/MWh. © Highest over 3-year evaluation period. 30.7% capacity penetration corresponding
to 25% energy penetration
d Unit commitment includes cost of wind forecast error.
¢ This integration cost reflects a $10/MMBtu natural gas scenario. This cost is much higher than the integration cost calculated for Xcel-PSCo in 2006, in large measure due to the higher

natural gas price: had the gas price from the 2006 stud

been used in the 2008 study, the integration cost would drop from $8.56/MWh to $5.13/MWh.

* Most integration costs < $5/MWh; all < $10/MWh
* RE < 30% energy

Variable RE Integration Costs

EM B ERRIRFMAE

& NHZEBEE | HERA HHFHEERAEA | AR ERE | 28EBTHRAR

3 (%) ($/MWh) ($/MWh) ($/MWh) M ($/MWh)
2003 Xcel-UWIG 35 0 0.41 1.44 1.85
2003 WE Energies 29 1.02 0.15 1.75 2.92
2004 Xcel-MNDOC 15 0.23 na 4.37 4.6
2005 PacifiCorp-2004 11 0 1.48 3.16 4.64
2006 Calif. (multi-year)? 4 0.45 trace trace 0.45
2006 Xcel-PSCoP 15 0.2 na 3.32 4.97
2006 MN-MISO¢ 36 na na na 4.41
2007 Puget Sound Energy 12 na na na 6.94
2007 Arizona Pub. Service 15 0.37 2.65 1.06 4.08
2007 Avista Utilities 30 143 44 3 8.84
2007 PacifiCorp-2007 18 na 11 4 51
2008 Xcel-PSCo® 20 na na na 8.56

AT B AR = A TR

b Xcel/PSCOF I (L A THLAL K R BERAS,

4 TFALTT AR Z DA T 2 A

& XA A S T $10/MMBtU FUBA LR BL . 3X /S HiAR L Xcel-PSCofE2006 4 TSI M A R AR £ . AE—S63H50]y, C&FE T Bt

20064 WFFL MR A% L8 H B20084E vk o FEI A 22 A$8.56/MWh [ %% $5.13/MWh

$1.45/MWh , =ik —AERIVPAE I, FR45530.7%ML S8 25 i HI25%IH 28 3% fig

iy

K ZEFHMAA< $5/MWh; FF B LA < $10/MWh
AT ARETR & L BETRRI L B< 30%




Conclusions of Wind Integration Studies (<30% Penetration)

MR 3 RS0 5 & (SF & Th 2R L 51<30%)

» Challenges are regulation, load following, and unit commitment
o XHE. FMFEREERFIHLALITHL A AT BRAL

* Integration costs are modest (typically less than $5/MWh)

o FMEAEH (—HR/NFS5/MWh)

* Increased variability can be accommodates by existing generator
flexibility and other “low-cost” flexibility such as increased balancing area
cooperation (balancing wind generation and load over larger areas to
“share” the increased variability).

o EAHHNMEMYESRAR"ER, LN ipiHEic s (EE XX
T X G e ) B ROE SR A AT LU Y KU B9 AR e

» Spatial diversity smooths aggregated wind output reducing short-term
fluctuations to hour time scales

o ZE[AZSFIERI TR AR R AT LURE X S i H R ) REERHE EI /NN 2

» Storage would “help” but is not needed, and the integration costs may not
“pay” for expensive storage technologies.

o HRRRAERAMNERTRLE, LA RARRES EIES I RERARA
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When the grid will likely need storage

HL O 5 2 A RE RO 1 e

. High penetration of RE, where economic limits will be driven by increasing curtailment

c  HERBALRRFENESHRE, BNMFRESHAZIE

Limited coincidence of VG supply and normal demand
- BHALRERMEEHERO—BMEER
— Minimum load constraints on thermal generators
- RHHAR TR ERERD
— Thermal generators kept online for operating reserves
- WOMEITERRA, KRN
— Mostly economic decision, technical constraint in some grids
- FE—EER, VF BT R ERIRGIHA N F
Transmission and distribution
o EESH
— Significant curtailment before high RE penetration reached
- ERXITBLERERFBENEZATARTERIEETEE
— Economic decision, main challenge is siting new transmission resources

- IEEFHILI BRI R R R KB

National Renewable Energy Laboratory 12 Innovation for Our Energy Future




High Penetration Limits

B & RS E T R
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System Flexibility Limited by Base load Generation Characteristics

EFNE RS T RAEE

Price/Load Relationship in PJM
PIMARR B4/ ST X FR
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Below Cost Bids
BFEM

Plant operators would rather sell
energy at aloss than incur a costly
shutdown. Wind may be curtailed
under these conditions
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Decreased Minimum Load

BRAE /M BT

Decreasing minimum load and adding system flexibility reduces curtailment

BRESR/N M, @RGSR LA LUR D FFRE

M Load Met by Renewable Energy W Net Load Met by Flexible Generation
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Simulations based on 2005 load
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W Curtailed Renewable Energy B Net Load Met by Inflexible Generation
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Decreased
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Renewable Energy
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Flexibility Options
REILEFE

Wind
B Surplus Wind
m Load Met by Wind

Load

Decrease
Min Load

Load
Shifting

Supply
Shifting

M Net Load Met by Inflexible Generation
B Net Load Met by Flexible Generation

Energy
Storage

Additional
Load

12
Hour

18 24




Curtailment as a Function of Flexibility

UEENBREBHFREEMEE
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Energy Storage Can Reduce VG Curtailment
e R LU {E FF AE

50%

45% —— No Storage // /
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% 35% 1 506 Storage Including so R oo (2
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g 30% -
S
O 250 |
w
@
g 20% -
o
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Energy storage can reduce curtailment by:
AERETT LLET AT A iR R F R

« shifting otherwise unusable generation
HBLNSRIMEEE

e increasing system flexibility by providing regulation and reserves (reducing the need for
partially loaded thermal generators)

B ENE REERARYE (REXT B HRT MFHER)

e improving transmission line loading, utilization

ERmABARE

National Renewable Energy Laboratory Innovation for Our Energy Future




Flexibility Supply Curve
E Ak 32I: 5

Supply Side
. Flexibility
High 4 BN R
Cost

Demand
Side
Flexibility
TRA RN

The relative order of these is

conceptual only.
RERRZAFPRR VX AZEZ

Cost 0e

v

Increasing RE Penetration

BT B A RETRSEEL) R

19

Transmission Constraints

(it D

AEPs conceptual overlay of transmission expansion for the 20% wind study

AEPsHIIEZ R H20%M X B BB R

Existing 765 k\
—— New 765 KV
MM acOC-AC Link

Composite Wind Resource Map

Can we build this? If not, what are the alternatives?
FAIEIL XA T 2 IR R, HEAhGET 2
*16% of Texas wind curtailed in 2009, mostly because of transmission constraints (Rodgers et al. 2010)
200913 72 i BN BB 1690/ AL, FER R ALHLIER
eLong permitting and construction time for developing new transmission resources

FRAL f 2k B TR B K R HE B 2 BN )
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Storage Can Increase Transmission Line Loading

i BE 7T LUIR /& 2k i 1 2R

Transmission Requirement

(no storage or curtailment) \/lnd
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\ WAMBER/NEEHTT
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Trade-offs in collocating storage with wind

A MU B R G0k RE W& FERCE BB

Load-sited CAES Dispatch
FETMCAESTHE

* no transmission constrai

RBHILAR

« dispatch determined by hourly electricity

prices

BT RN XU AT AR B

Wind-sited CAES Dispatch
K HL M CAES 1 B

 transmission constraints
wind

*CAESHIX LB L2 23R

« dispatch is determined by hourly electricity
prices and transmission capacity

BT RN XL AT A& F0{E
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Optimum Mix of CAES* and Transmission
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Historical Transmission Costs ($2008)

‘i L B R AR A ( $2008 )
/ A \

«  CAESTINZRMIDMME R IHEERL T, MR L00 |
«  Transmission costs > $400/MW-km z ¢ AC 4 HVDC
x 1400 B
o fEHIEAR>$400/MW-km § el 1
. New transmission is unavailable 7 gmoo .
o REHMIEHEE E o . 8 ‘
. Historical transmission costs suggest that several 5 o o .
projects could be economic today é 600 . 4
o R RAER, FEIRETUTHEEESE, £ 400 8,; . x .
- 4 At .
*Assuming $750/kW CAES w/ 20hrs storage, 0.72 energy ratio, 4,200 BTU/kWh 0500 1(;00 1560 20‘00 2560 3&00 3560 4000
Denholm and Sioshansi, Energy Policy, 37, 3149-3158, 2009 Line Capacity (MW)
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Transmission and Distribution (T&D) Relief / Deferral
MBS RS (T&D) BMR/AESE
Sample Load Duration Curve on a distribution feeder
Em%m%&%%ﬁﬁ%ﬁ@%mﬂ%
——Future Year
13 Upgrade that can be .
12 ™ avoided or delayed —Current Year
S 11 -
2
= 10 -
I
S 94
8 -
7 -
6 T T T
0 1000 2000 3000 4000
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« 5 FfERERT LUERAN MBS R R AT R

feeders

- gk L RS WAL RE (R ith) EINERFAR

* T&D expansion can be deferred using storage

 Particularly promising for distributed storage resources (batteries) on distribution

24




Types of Storage Technologies

i RER AR 532K

Three Classes of Energy Storage
*Not shown — thermal

i LAY (1 3 A i system Ratings* storage in end use and

Energy Management in CSP plants
HEEE Installed systems as of November 2008
Load Leveling
Uit P eo
Firm Capacity — 100
T&D deferral
MR = 1 25
Bridging Power — E 1
HrigThE @
Contingency Reserves -‘IP =
Ramping g o
m
CAES © ssed ail
Mj&$ E EDLC D:TI:;:r cap?!:ir.ots
a FW  Flywheels
. 0.01
power qualty 0, e,
Na-s  Sodium-sulf
= " N-Cd. Nickelcadmium
Transient Stability 0,001 Ni-MH Nickehmetal hydride
gERE ) PSH  Pumped hydro
;;%wency Regulation VR yanadium redox
i 0.0001
0.00 0.1 1 10 100 1000 10,000
Rated Power (MW)

Wide variety of storage technologies fill variety of grid services

fit BB B & A1 wT 3B Y i AR 5 B S 1 1

25

ased Regulation requirements
:f

*  Flywheels
o kHefteE
— $2,000 - 3,500/kW for systems with 15 min discharge*
—  FRHENEZ155 8, M1EE$2,000 - 3,500/kW
— Long calendar life, hundreds of thousands of cycles without storage degradation
- FaRK, MEMEERSATRIEFTTUAF LRI
e Several battery chemistries
o JLMMEZEHL
—  $1,550 — 3,000/kW for systems with 4 hours storage**
—  fHAENS W] Z 4/, 4118 =2$1,550 — 3,000/kW
— Modular and mobile
- Byvefer#yit
e CAES and PSH for new AS categories — bridging between regulation and ramping
o FAASHIHICAES #1 PSH—IE 5 e Z (i X 2
— $600 — 2,000/kW for CAES systems with 20 hrs discharge***
— CAES %%, B[R Z20/0 0, #i#&E$600 — 2,000/kW
— $650 — 2,000/kW for PSH systems with 20+ hrs discharge****

— CAES %%¢, I 220/ EL, 48 2$650 — 2,000/kW
*Beacon Power 2010; **Rastler 2009; ***EPRI 2007, ****projects completed 2003-2009 and proposed projects
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Storage for Energy Management

RETR E B fif RE

Centralized bulk storage (several hours of storage)
EhRBEMEE (FHES D)
 CAES*
» $600 — 2,000/kW for CAES systems with 20 hrs storage
o ffBEMS M 20/, 14 2$600 — 2,000/kW
o Efficiencies 73-84% (4,200 BTU/kWh heat rate, 72% energy ratio)
o ZREZET73%-84% (4,200 BTUKWhEIHAAE, 72%R08E R LEA1)
o PSH**
* $650 — 2,000/kW for PSH systems with 20 hrs storage
o GEREIS 220/, 48 2$650 — 2,000/kW
 Efficiencies 68-82%
. MEZF68-82%

National Renewable Energy Laboratory 27 Innovation for Our Energy Future

Storage for Energy Management

RETR B Bk RE

e CSP with thermal storage***
e $450-1,400/kW for 6 hrs thermal storage
RN A] 26/, M8 Z$450-1,400/kW
» Efficiencies >90%
o FFE>90
e Cost could decrease with higher temperature heat transfer fluids
o MERABEREAMENSRIERAR
» Emerging technologies (high energy batteries, thermal storage)
o IR (EREEHIM. )

» Emerging technologies have not demonstrated near-term pathways to <
$2000/kW for 8+ hours of storage****

o FRBRORBOGEREIN A Z8/NE, MAEFIETF $2000/kW

Most important storage class to reduce RE curtailment
HEEMNMRERAZRETTBLERRNFESE

*EPRI 2007, **projects completed 2003-2009 and proposed projects, **Turchi 2010 personal communication, **** Rastler 2009
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Distributed Storage
ST AERE
Distributed storage (several hours)
SR AHEE JLA/NE)
* Battery storage
o LMk EE
e <$2,000/kw demonstrated by NaS
o BABRHLMES 2 AR /N $2,000/kW
* PV + batteries in regions with demand based rates
o ETERILBIASAR K i+

* Electric vehicles

- hEAEE
e Thermal storage
o il

* Water heating and space heating
o HUKFIREE
e Ice storage for cooling loads

o fifoKREN 51T
Market growth will be highly dependent on retail rate structures

B KR RIEE LR TR

National Renewable Energy Laboratory Innovation for Our Energy Future

Conclusions

ik

« Storage is an economic decision, not a technical requirement

o HRERATIERKRMABERAMLR:

* Renewed interest in storage technologies in the U.S., based on
new electricity markets and growing RE deployment

o EFHUOMYEABARBEMHNESE, XEX MR AEHR
iR,

* Previous grid integration studies suggest that storage is valuable,
but not necessary for RE up to 30% (energy)

o ZBETMHEMEARRRA, SRHELEREIRLEHIET30%, ShEZE e
A,

« Storage can reduce curtailment at higher RE penetrations, and
reduce transmission constraints

o AIHEAERRZFEBRINREESH, MREBATRILURAFFEE, BFEMm LD
» Several storage technologies available to fill different utility and
distributed applications

o JLMMEEERAR R LR T A EY & ik R ECH RO E R




Questions?

Why So Little CAES? — Three Reasons
HHACAESK AL ? —310EH

» At existing wind penetrations, wind does not drive LMPs
o IRENEMNEZFEER, XHEAFELMPS

— Dispatch of CAES is currently driven by existing demand
patterns and thermal generators

— NABEMFREXFN BN HEDIC AESTHE

— As penetration increases, wind will begin setting the price

— FEENXHIZEEBEINEMIGM, 245X HEM

— The dispatch of load-sited CAES and wind-sited CAES will
converge, decreasing opportunity cost of wind-sited CAES

— & X I CAEST E RIEL & RT FEE X FE 17l CAESHIHL
EJEW:

» Configuration (expander/compressor ratio) not optimized for wind-
sited CAES

o XHHMICAESR A A (BIKE4%i%) 2ILEFL B IIER
» Does not take advantage of long storage times that may be
available in aquifers.

o ZXAFHFIAKMNEEEERTL R, K [H) i REFE 40K B ge Hiih Z Al 1T




