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Power system Electricity markets Battery energy storage
(pre 1900) (ca. 2000) (ca. 2015)
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CAISO battery capacity exceeded 5GW

>50GW battery on the interconnection queue (CAISO peak demand: 52GW)
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Main application: Energy market/Price arbitrage
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Energy storage earns revenue while helping the grid to integrate renewable energy
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Research questions

« What happens when storage capacity continues to increase?

 How to manage a power system with high energy storage share
through electricity markets — 3 criteria

» Market design reflects (storage’s) physical characteristics
» Participants are rational and profit-driven

« Market is competitive

 How to evaluate battery technologies for grid services
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Why problematic for storage to participate in markets

» Electricity markets were designed solely based on thermal generators

Day-Ahead Market (DAM)
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+ Manage storage state-of-charge to recharge from cheap and renewable sources
* Unique degradation and efficiency characteristics
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Establishing a baseline understanding Qin et al. Joule. 2023

* An agent-based framework to simulate storage in day-
ahead (DA) and/or real-time (RT) markets

* ISO-NE system model
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Generate RT bids from DA prices

Qin et al. Joule. 2023

-
Bid generation algorithm
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Comparison of system cost Qin et al. Joule. 2023

« Real-time participation achieves the lowest system cost in all mid to high wind scenarios
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Comparison of system emission

Qin et al. Joule. 2023

Day-ahead participation is more effective to reduce system carbon emission

Per-unit carbon emission (ton/MWh)
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Mid wind capacity
(100% avg. sys. load)

Storage capacity (GW)
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Pareto analysis of all participation options Qin et al. Joule. 2023

« Storage market participation options affect up to 53% of consumer cost
and 16% of emission reduction
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Improving market design for storage

« Market design must reflect storage’s physical and economic
characteristics — FERC Order 841
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Opportunity cost depends on SoC Zheng et al. TEMPR. 2023

* Proposal: SoC-dependent bidding model for storage
» Charge and discharge bids changes with SoC (monotonic decrease)

Ningkun Zheng
Existing power-based model: Proposed SoC-based model:
sMwh | s/Mwh | aischTE '
i . 5
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Our model improves profit and reduces costs

Price-taker arbitrage results show SoC-based
bidding model improves storage profits

TABLE III
ARBITRAGE SIMULATION RESULTS WITH CAISO WALNUT 2016 PRICE
DATA WITH SOC DEPENDENT STORAGE MODELS

Storage  Market Revenue Cost  Profit Profit Solution
Model  Model [$] [$] [$] Ratio [%] Time (s)
Multi 2080 228 1757 100 283
DPA RTD-5 17328 2707 14621 83.2 22
RTD- 12468 89 10079 o, 16
Multi 1 148 1808 00 193
DPB RTD-5 20372 2995 17377 96.1 19
RTD- 17544 834 14710 81. 11
Multi 22081 10 18772 100 97
DPC RTD-5 21450 3382 18068 96.2 18
RTD-1 18529 3056 15472 82.4 11
Multi 21905 3470 18435 100 170
DPF | RTD-5 20174 3299 16875 91.5 | 18
RTD-1 17261 2851 14410 78.2 11
i 172
DPL RTD-5 19898 3282 16616 89.3 18
RTD-1 14462 2893 11569 62.2 11
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Price-influencer dispatch results

Zheng et al. TEMPR. 2023
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Energy storage bidding

« Various rules regarding how storage can arbitrage electricity prices

» Ultility-scale (front of the meter)
« Submit hourly bids one hour before market clearing (HA-1)
« Market clears every 5 minutes " NYC real-time price

« Bids may depend on SoC (HA-10) . [$/MWh]
« Behind the meter storage

« Can response after observing prices (PR-10) W

- Battery size has to be small enough N

03/06/2022
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Combine DP with Neural Network Baker et al. TPWRS 2023

Arbitrage objective: Constraints: 0<b, <P, 0<p, <P

Jmax  Ay(p, —by) — cpe +Q(er]0, X) pe = 0if X, <0

eé(ﬁifi) et —e—1 = —p¢/N+ b :
l Ve B Yousuf Baker

Use supervised learning to predict value function with the help of an off-line dynamic
programming algorithm (Xu et al, CDC 2020)

Machine Learning Block

Data Pre-Processing Block . % ®
f 1 | hs Control Block
qle) X ‘ T = b [
\nal.\l:al D.\qngmk X - G LH- R: Bid (HA Case)

} 4 } I >
& ~ - . S
CNN-LSTM A Model-Based
E— NN
"NN-LSTM | Arbitrage
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Achieving 70% to 90% profit ratio
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Baker et al. TPWRS 2023

Profit ratio — percentage of profit captured compared to perfect forecast
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bidding SoC-based Response

Zone HA-1 HA-10 PR-10
2 4hr  12br  2or 4hr 12hr  2hr  4hr 12hr
NYC 7399 7482 7700 7879 80.61 7447 83.69 83.63 75.67
LONGIL 7426 7656 8201 7530 79.63 81.89 8298 8394 82.38
NORTH 73.22 7171 7017 7583 7721 73.16 7952 79.96 74.29
WEST 7879 80.13 84.17 83.12 8394 84.60 8797 8744 8443
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Use transfer learning for new markets Baker et al. TPWRS 2023

» Transfer learning — only train the last layer using new data inputs
« Simulation — pre-train the network using NYC data and test in Queensland, Australia

Transfer learning illustration Profit ratio percentage results

HA-1
Duration Training No Data 3 Days 1 Week 1 Month 1 Year

ohr [TL. o X! 82.76 82.85 81.30  85.35 |
No T.L. X 4822 51.36 78.59  83.88

. L 81.21 81.29 81.31 78.11 79.12 |
No T.L. X 62.40 65.45 7492  80.42

iohe i £ 92.43 83.96 81.32 78.74 8273 |
No T.L X 74.79 75.53 7439 7543

Update the output layer using new data
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Maintain market competitiveness Bian et al. TSG 2023 (2" review)

« System operator must understand storage’s arbitrage behaviors

« We propose an inverse model-based/free approach to learn the

storage arbitrage decision making model from observed operations Yuexin Bi
uexin Bian

(UCSD)
Model regression
Input data Storage model (inverse optimization)
Price A Storage response y ::: :l[:lEIE)I:\:[ErI_L:L:/: : : :]
Discharge } e . :
/\/\ wharge LemTTTTT T -~ (Agent model prediction ) | History Ningkun Zheng
l Energ) Storage Model R ' Responsey |~
= , mm Cost ATy+ uy(y) \ ICNN: objective — ) g
E Energy e P g - ) 5| Predicted F‘ 4
Stora ge \ s t Storage physical constraints | Response /
_Ay=bGy<h //I [ Constraints A, b, G, h
e ittt - . J
t
Unknown : Parameter to be identified — Forward pass
----- » Model form as prior knowledge — Backward pass
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Validated using real-world data Bian et al. TSG 2023 (2 review)

TSR . Test using real data from UQ Tesla project
Ob'l. mlnlmlze predICtlon IOSS = True —Ours(generic) —Ours(quadratic) —MLP — RNN — Threshold-based = price 200

N
. S * 2 * 2
min L := > (IIpf = pill? + lld; - dil?) 1
i=1
< 05 )
= /0 é
s To learn: storage’s § A _— Z
s.t. storage model | utility function : X T ¢
T ‘ 0.5 ,/3 ,‘ N ok .
. .4 | S i e
min D A(pe - dy) +up(p, d) A |
p; t=1 0 5 10 15 20
. = Hour
subjectto P <d;,p; <P,
t d MEAN SQUARE ERROR (MSE) AND CORRELATION SCORE.
T

Optional: storage | ¢t = €0 + Z Prllc — n_d, Training MSE ~ Test MSE  Test Correlation

: =1 Ours(quadratic) 0.044 0.042 0.74

physical models i Ours(generic) 0.054 0.053 0.68

L Em < e < En, Threshold-based 0.088 0.070 0.57

y MLP 0.047 0.096 0.34

RNN 0.092 0.109 0.27

GINEERING
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Technology comparison

* Monetize value of different batteries (LFP, NMC, NCA) in grid services

Battery characteristics Market locations

a
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Dynamic valuation framework Salman et al, iEnergy, 2022

» Price battery technologies solely based on
physical characteristics and market outcomes

Sacha Danyi Zekun
DP framework 800 | Salman Il3elaisch Huang | Ji
Optimal battery value from Day n to Project Deadline T - AESO
e — S STy e | 3 technologies X 9 markets % gg?g_r
! Optimize [ Day n utility + Future battery value ] E 600 - T SPP i
BES operation SoH : é B MISO
during Day n Futurg value as a ) B [ESO
hl function of SoH = 400 - B PJM | |
Cycle degradation j g 7|EEEINYISO
model > M7 [ ISONE
................................................................... 2 ]
.80 to previous day: set n to n-1 g 200 [
I Blacic Bty operanon l calendar degradation :
{Red:Inier-day vaiue updafe t 1 Al discountratio
0

LFP NCA NMC
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Conclusions and ongoing/future works

« Energy storage integration requires multiple innovations on market design,
participation solutions, monitoring, and valuation.

« Storage market participation options have significant impact on system outcomes
« Algorithmic and Al-assisted solutions are critical to understand and facilitate storage

« System/Market perspective:

* More works are needed to understand more complex storage behaviors and their
market impacts

« Storage perspective:
« Better bidding algorithms considering changing market landscape
« Accurate techno-economic analysis for emerging technologies
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