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Background—Role of Generalized Energy Storage
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Virtual Energy Storage

Generalized Energy Storage (GES)
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Background—Role of Generalized Energy Storage

€ GES: an individual unit or a portfolio of heterogeneous quasi-storage units uniformly

& “17+“17>%“2”: Long/short-duration GES; Physical/virtual GES

UPS T&D Grid Support : ° °
Power Quality Load Shiftia el Pover Mg Power Diverse exogenous and endogenous uncertainties
% é Flow Battery CAES &F i by =
3 Nas Barter INCHOREHIC BASEEY ® Fault/off-state
3 e vanced Lead-Acid Batter, torage . .
: |k e e il by ® SoC estimation error
E é :E‘s S ! Lead-Acid Battery |:$ . Degradation
& 2 ]S [NciBaery ] ® Baseline behavior
; [&0 NiMH Battery | .
2 gl EH ® Response willingness
§ | High-Power Flywheels |
g ® Biddin
[ sews ] 5
1kW 10kW 100kW IMW 10MW 100MW  1GW -~ . . oooooo
Rated Power
Classification SoC/SoE
It is impossible to view everything from a purely Flexibility + Uncertainty=Credible Flexibility

deterministic perspective—Pierre Pinson
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Background—Pricing of Energy Storage
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Background—Pricing of Energy Storage

Small Storage

Cost Recovery
Conventional Generator VS Energy Storage Lose Money
.............................................................................................................. Without Intelligence
Bid Marginal Cost Opportunity Cost
Price Predicti
Bid Generation: Fuel Cost Curve riee r.e diction based
on Private Model
e Or-1(er—1|A0) = max Ay (pr —br) — cpe+Vi(er)
- Pt .t
e | /,-- A Profit
I Vici(e—1) :=E; 10-1(e—1lA)|  Maximization

Market Clearing: Marginal Energy Price
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Background—Pricing of Energy Storage
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Background—Pricing of Energy Storage

Large Storage: Capacity Withholding (Extreme High Bid: $500-1000/MWh! )

RTPD and IFM Charge/Discharge Proportions for January 16, 2024 RTPD and IFM Charge/Discharge Proportions for May 15, 2024
RTPD Discharge Bid Proportions IFM Discharge Bid Proportions 05 RTPD Discharge Bid Proportions 0 IFM Discharge Bid Proportions
T T 9 i)
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Normal Price Day Default Bid? Price Spike Day

https://www.caiso.com/library/daily-energy-storage-reports
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Background—Pricing of Uncertainty

[1] J. Kazempour, P. Pinson, and B. F. Hobbs, “A stochastic market design with revenue adequacy and cost recovery by scenario: Benefits and costs,” IEEE Transactions on Power Systems,
vol. 33, no. 4, pp.3531-3545, 2018.
[2] Y. Dvorkin, “A chance-constrained stochastic electricity market,” IEEE Transactions on Power Systems, vol. 35, no. 4, pp. 2993-3003, 2019.

Deterministic Formulation

min ZJZZ_G@' (gi,t)JFZsﬂjs (Ps.t)] (la)

Ml Y giet D pat— ba=Di VIET (1b) Energy Price
[0s.t]: €sir1—€st=—Dst/Ns+bsins, VIET, Vs€S (o)
[me]: Zi@i,tJFZSws.t >dy, VteT (1d) Reserve Price
Wirs Tidl: Gi<gin <Gi—pig. VIET, VieG (le)
[Ki» Fidl: —RD;<gi1—giu—1 SRU;, V€T, VieG (1)
[ag s o] 0<b < Pe, VEET, Vs€S (1g)
B, Badl: 0<pey SPy—thsy. VEET, Vs€S (1h)
lLar Tsilt (Vsi+pss)/ms+HE <egy, (1i)

Cs,t EEs*bs,tn& VteT,VseS

® Price and Dispatch Decoupled with Uncertainty
® Reserve Price<(), Lose Profit for Reserve Provision
v" Incorporate Uncertainty into Pricing and Dispatch

Probabilistic Formulation
O Stochastic Optimization

X Revenue adequacy and cost recovery for each scenario
X Scenario-Based Price, No Default Price
v Market Analysis X Market Clearning

O Robust Optimization
v" Conservative

O Chance-Constrained Optimization

v" Tractable
v" Scalable
v" Control the Risk
Chance-Constrained Storage Pricing for

Social-Welfare Maximization!
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Problem Formulation & Preliminary

Deterministic Reformulation

Two-Stage Chance-Constrained Economic Dispatch

min EZ Z Gi(git+@ide) +Z M (psi+1s1dy)] (1a) Expectation:> E(Gi(git+pirdy)) ZC Z( >Qitk¢ft (dy)*

[A] Z gtt—i_z pbf_Z bot =Dy, Vit (Ib) | Energy Price E E( My (pss+1bs.cdy)) —Afs(ps,mes,tMt)

0.1 e €st=—Ps.t/Ns +bsims, Vt, Vs (lc) i : j even o
[0s.t]: €sp41—€s0= e/ t1 Storage Price | E(dy)" = Z (%)uf]ai(j—l)!!
[me): Z %H'Z Vs =1, ¥t (19| Reserve Cost ! 0<i<k
0<pirthss <1, Vt, Vi, V 1 : ~ ~

=Fitrbat L 7 — _ (o) | G <gii+pide, gii+eid <G
[gi’t,v ] (G<g¢t+995tdt<G)>l_€ Vf Vi (lf) : ~ — ~ —
(K45 Fi]: —RD;i <git—gis—1 < RU;, Vi, Vi (1g) Ch E bst_i,bs,tdtgps, Ps,t"‘ws,tthPs -
Qs Tt 0 boss Pbgr s de SP) =16 ¥ ¥ (1) Zo @ (Vs sy +Pss)/1s < €spr €ss <Ey—(bys—1bssdy)1s
B2 Bal: 0<pars P(pestthsade <P)>1—¢, Vi, Vs (1i) ! dt=p—F Y (1=€)oy, dt=p,+F (1—€)o,
[Ls_t, Ls.t]- P((¢’s,tdt+pt)/'fls <é€sy (1)) E

SES_(bs,t_ws,tdt)ns) >1—e€, VI, Vs E
Complementary- _ _ .

bs1pst =0, Vi, Vs (1K) ~onstraints ® Solve MILP with Binary Variables
® First-Stage: Pre-dispatch it Ps, bstr €5,0its sy |:> ® Substitute Binary Variables with Solution

® Second-Stage: Re-dispatch @itdr ¥stds ® Resolve LP
v" Opportunity Pricing for Storage

, Robust Competitive Equilibrium !
v" Default Bid and Benchmark the Market Power
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Theoretical Analysis

® Proposition 1: Physical Cost Origins: (1) Marginal Cost of Cleared Generator & Storage (2) Storage Efficiency

Ost =H;i(git+pirde)/ns Charging OEG; (gir+w.ide) /09 = Hi(gis + pirde) : L Gi(9it) /
Ost=mns(H;i(gir+pirde)—Ms)  Discharging { ," it
® Proposition 2: Convex Opportunity Price: Monotonically Decreases with Storage SoC <
90, /Des, <0 Quadratic/Super-Quadratic SoC-Dependent Bid!!l ;\\\”
st st =5 Generation Cost Function e .
BEY ' T~
® Proposition 3: Uncertainty-aware Price: Monotonically Increases with Uncertainty TN N
90+ 190 >0 Quadratic/Super-Quadratic E(0s.(d))>0,,(E(d:))
5=t/ Ot = Generation Cost Function . e ——
Uncertainty-Aware and z .
. . Bounded Bid?! e
® Theorem: Constrained and Bounded Price /
= 1, g 1, 1 : . . . ;g il ids
Os1—1= Zfb (HS-tTISdt+)\t(7_; —dy)+m— M) Charging Linear Relationship with )
1 0.d S L ] . Energy and Reserve Price e o B
Hs,t—lz_&\( SN (2dy—dy) 47+ M. (dy—n2d,—p,))  Discharging
st Tls

[1] N. Zheng, X. Qin, D. Wu, G. Murtaugh and B. Xu, "Energy Storage State-of-Charge Market Model," IEEE Transactions on Energy Markets, Policy and Regulation, vol. 1, no. 1, pp. 11-22, March 2023.
[2] Q., Xin, I. Lestas, and B. Xu. "Economic Capacity Withholding Bounds of Competitive Energy Storage Bidders." arXiv preprint arXiv:2403.05705 (2024).
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Case Study—Test System

® ISO-NE 8-Zone Test System

44°N

(femon

New
' ampshi

v
»
H
‘l iﬂE Mass & Boston

42’ N

Rhode Island

72° W 70° W 68 W

® 76 Generators: 23.1 GW
® Load: 13 GW
® Renewables: Wind and Solar!'l*, 10%-90% of Total Generation Capacity
® Uncertainty: Elia Historical Datal?]
® Multiple Storages: 10%-60% of Total Generation Capacity; 4-8-12 hr
duration; 0.8, 0.85, 0.9, 0.95 One-Way Efficiency
® Coding’l: MatLab and solved by Gurobi 11.0 solver, Intel Corei9-
13900HX @ 2.30GHz with RAM 16 GB.
| | \ |
b\ | N
fh A ’W Jl\
V e 1O WY
U JL i = :

[1] D. Krishnamurthy, W. Li, and L. Tesfatsion, “An 8-zone test systembased on iso new england data: Development and application,” IEEE Transactions on Power Systems, vol. 31, no. 1, pp. 234-246, 2015
[2] Elia, “Forecast error data from elia,” 2024. [Online]. Available:https://www.elia.be/en/grid-data.
[3] Code and Data: https://github.com/thuqining/Storage Pricing for Social Welfare Maximization
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Case Study—Simulation Results

® Uncertainty-Aware Price Function 6(o)
® Proposed Formulation: Monotonically Increasing

® Deterministic Formulation: Fixed
24 T T T T

® (Convex Opportunity Price Function #(SoC)
® Monotonically Decreasing

40

05 13 21
———
09 17 25
30

20

2 —

[\

0. ($MWh)
A)T'g

t

18 —_— Super-Quadratic
—— Quadratic
Deterministic formulation

g, MW
t
S
.
,J

0.5 0.9 1.3 1.7 2.1 2.5
Scale Factor of o

® Constrained and bounded Price; Anticipated Default Bid

SoC

® Higher Efficiency: Higher Discharge Price

—e— Simulated §, === 6 e 0,
. 60 60
Lower Charge Prlce ldki— ------------- Idle Charge Discharge Discharge
\ A 17\
w0 | Charge ’l Bl \ © Idle// \‘\ldle I, \ Idle
29 2 K \. 2 S o \o_
B - ] _
30 = 0 'l s 20 7N F
e € . \ Fa\
0.8 - 1 - / \ .
I — 5 I J - < _ -\
~0.85 0 = Pl [ —— -
28 ’r] 0 4 8 12 16 0 4 0 4 8 12 16 20 24
L =0.9 25
n - Time (h) Time (h)
0.95
= n = 0 (a) 25 (b)
: : | " W\ v oemmmeE e
2 7| s 20 | -—- 0 [ ==/
g 3 o [Discharge Discharge s
% f = Idle Idle = Idle Discharge Idle]
& & z ER
] 5} =] =
@) 2% g 15 s 10 g
A a - - -
0 0.2 0.4 0.6 0.8 1 > | THRIII=E ~-— . , .
- 0 it S 4 A
SoC SoC 0 4 8 12 16 0 4 0 4 8 12 16 20 24
Time (h) Time (h)
a b
(a) (b) © @
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Case Study—Comparative Results

® Benchmark Comparison
® Storage Profit Maximization!!»?]

Vici(er—1)=max N\ (pr—by) — Mpi+Vi(ey)

— Opportunity
Cri1—er=—pi N+ Value Function
0<b,<P,0<p, <P
0<e; <E
pr=0, \y <0

Oc(pr) = 0(]\[1)750—;3/,5(?,5)) =M+ lf)t(fft—l —pi/n) Storage Bid

Bt(bt):a(‘g—lft)):n”t(et—l‘f’btn)
min 3 >, Glgie)+0i(pe) = Bi(br) Market Clearing

[1] X. Qin, I. Lestas, and B. Xu, “Economic capacity withholding bounds of competitive energy
storage bidders,” arXiv preprint arXiv:2403.05705,2024

[2] N. Zheng, X. Qin, D. Wu, G. Murtaugh and B. Xu, "Energy Storage State-of-Charge Market
Model," IEEE Transactions on Energy Markets, Policy and Regulation, vol. 1, no. 1, pp. 11-22,
March 2023.

Enhance social welfare, reduce conventional generator
production and consumer payment; Sacrifice storage margins
Electricity Payment Increase by 17%

Storage Profit Reduces by 0.5% (based on Electricity Payment)

Storage Profit ()
Generation Cost ($)

System Cost ($)

Electricity Payment ($)

Scale Factor of Scale Factor of

(©) (d)
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Case Study—Comparative Results

® Benefit scales up with increased renewable and storage integration

Sensitivity Analysis of Renewable capacity

Storage Storage
Duration Capacity Profit (10°$) Cost (10%$) Cost (10$) Payment (107$)

Storage

Generation  System

Electricity

Sensitivity Analysis of Storage Capacity

4-hr

8-hr

12-hr

20%
40%
60%
20%
40%
60%
20%
40%
60%

1.41(-40%)
3.37(-15%)
5.12(-23%)
3.37(-26%)
6.78(-23%)
6.84(-31%)
5.12(-23%)
6.87(-30%)
9.08(-33%)

8.95(-2.5%) 9.05(-2.5%)
8.69(-9.4%) 8.81(-10%)
8.43(-13%) 8.59(-14%)
8.69(-2.6%) 8.81(-3.2%)
8.17(-12%) 8.37(-13%)
7.71(-10%) 8.00(-10%)
8.43(-2.4%) 8.59(-2.6%)
7.70(-6.9%) 8.00(-6.7%)
7.09(-11%) 7.53(-10%)

1.38(-18%)
1.35(-26%)
1.33(-27%)
1.35(-12%)
1.31(-18%)
1.11(-28%)
1.33(-9.1%)
1.11(-22%)
1.05(-25%)

Renewable
Capacity

Storage

Profit (10°$)

Generation

Cost (10°%)

System

Electricity

Cost (10°$) Payment (107$)

10%
30%
50%
70%
90%

1.47(-30%)
1.41(-39%)
1.45(-28%)
1.44(-29%)
1.36(-41%)

9.18(-4.2%)
8.95(-2.5%)
8.75(-2.9%)
8.58(-3.3%)
8.43(-2.5%)

9.28(-4.1%)
9.05(-2.5%)
8.84(-3.0%)
8.66(-3.4%)
8.52(-2.3%)

1.47(-22%)
1.38(-18%)
1.31(-21%)
1.24(-22%)
1.20(-20%)

Q.‘
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Case Study—Comparative Results

® More Risk-Aversion—Higher Cost & Prices
® Versatile Distribution Best Fits the Netload
Forecast Error

® Uncertainty Realization & Risk-Aversion
(1) Gaussion Distribution

Fll-e=@1'1-¢

—— Empirical Versatile Gaussion — - — SU

model for wind power forecast errors and its applicationin economic dispatch,”

Fitting
IEEE Transactions on Power Systems, vol. 28,no. 3, pp. 3114-3125, 2013.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
. . . . : 22F & )
(2) Ambiguous Distribution ! T
. / \“\~\~ |
Type & Shape F~l(1—¢) € E é 201 N \\\
= 19 X4
No Distribution Assumption (NA) V(1—e€)/e 0<e<1 X E 8 . \
——— ! 5D ‘) \ °) '\z PR
Symmetric Distribution (S) 1/2¢ 0<e<1/2 : ’ QQQ QQ QQ o Q\ Qq/ ©
0 1/2<e<1 :
e : - (b)
Unimodal Distribution (U) (4—9¢)/9¢ 0<e<1/6 : x 10
VB=36)/(1+36) 1/6<e<1 ! R T
[ . . ° 1 1 & 8t ‘\ 10— i @79 r ‘\‘ 7.65
(3) Versatile Distribution!!! = 9[ S | 278] N e -
o . \ \ - i A X ?:"‘\;'\'}5 0.01 o:soos 061 U;Z —, 7%01—332&(5 0.1
— VMD D N N > SN o> °> “ N
. VMD - VD1 | ¥ QY ¥ Y ™ @Q QY QY Y q’
=== IVD 2 —1(1 _ o o\l 1 €
5 : D3 Fl1—e|aybe)=c ln((l ¢) 1)/a | © (d)
2 |
1 o
o e E Distributions Energy Price Storage Price Compared with
-0.2 -0.1 0 01 0.2 1vi
i Versatile 0.08 0.12 Empirical Result
[1] Z.-S. Zhang, Y.-Z. Sun, D. W. Gao et al., “A versatile probabilitydistribution ! Gaussion 0.23 0.20 Lower RMSE: Better
! SuU 0.48 1.00
1
1
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Case Study—Comparative Results

® Computational Efficiency

Generator

1 76 76 76 76 76 76 76 76 76
Number
Storage 1 5 10 50 100 500 1000 5000 10000
Number

Timel (s) 0.08 0.42 0.57 0.78 5.63 11.86  370.00 42445 >3000 >3000

Time2 (s) 0.04 0.35 0.46 0.59 0.74 1.16 2.85 5.32 33.34 72.60 |::> Scalable!

Timel: Complementary Constraints to Prevent Storage from Simultaneous Charging and Discharging

. . . ] [1]
Time2: Relaxation of Complementary Constraints 0 < 17Ey + n AP, — 1 AP,
4

Emax > 17E) + UA(PC — Pd)

1
E"(P.,P}) = 17E) + ncAP, — — AP}, 0 < P; < 17Pmax
ld 0 < Pd =< lTPmax

Pc + Pd = lTPrnax

[1] N. Nazir and M. Almassalkhi, “Guaranteeing a physically realizable battery dispatch without charge-discharge complementarity
constraints, ” IEEE Transactions on Smart Grid, vol. 14, no. 3, pp. 2473-2476, 2021.
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Fast timo-cale Plant (AC)

(min-by-min)

Optimal Corrective _ —e
Schedule 7 "] MPC — i o0

556
Slow time-scale 3.96 4
= i — I o i
. 3.94
LT I 20 542

Uncertain estimated states: ¥ Measured voltages and power flows A h E 5 -
VESSs’ SOC, capacity F(aettime-ees-le ) ” g
Andhmmnﬁmhns‘umpsr&m Dynamic (min-by-min) ] —— g L Tas
i < F — F H. 2 | s
Foat time-scals State Estimator r i, C i 5 390 2
by F—20 528
3.88 1
F-40 .| |.___
3.86 1 ~—
Y 514 -
o} 20

0 50 100 150 200 250
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¢ 18352 7 BiENZIRB-RIREIRE A EEIMANSERESoCIREMIT, SEMBEILRIEIT FEHE
SoC&iTHRERTIE, AEITREERMSoCA(Ea1h.

ECM Parameters *  Adaptive Multi-Model Kalman Filter in Time Interval m DESE—
Identification N
Model H}, | Model HZ,| +««--- Model Hy, .. Model adjustment
v v v Y =Y Original OSC | me—) direction
T T 111 Filter | | Filer2 | | | [ Filter N ¢
||| | : ~SFr
s tt e i |___________: \ Predicted voltage distribution
Select the optimal filter (OF) function analysis OSC error evaluation
SOC i —— - )
Output <—|I_ Results of OF ===}  Innovation CCM/ACM analysis
________________________ 1

1. SRR S T o
2. SRR RS SRR S
3. TS, SRR tRRaSa,

D. Paizulamu*, L. Cheng, Y. Zhuang, H. Xu, N. Qi, S. Ci. LiFePO4 Battery SOC Estimation under OCV-SOC Curve Error
Based onAdaptive Multi-Model Kalman Filter. IEEE Transactions on Transportation Electrification. 2024.
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¢ IRHBENER/DEIE(AFRLS), SEMER TR THSL(BIE. BE)IRIEEZHFR, 7
SoC{hiTHRIMREISZIE,

- ZAEEEE. 8. SOC. FHMIASIHEERNN 5 \:’% S
2 150 ¢
" 016 F Q
dU oU SOC [oU \oT A : ' : : 0
= - — + 0 1000 2000 3000 4000 5000 6000 7000
dt oS0OC/ ot oT ] ot Ti;m): (s)
/ _x N _ . N 005 I Originall Result I éattery SOIC I o ~
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