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➢ Most energy storages are developed within electricity markets regions.

➢ Rapid energy storage deployments since 2020, led by CAISO (15 GW) and ERCOT (16 GW).

Source: US Government Filings Compiled by S&P Global Commodity Insights

Rapid Storage Deployments in the US



Main Storage Operation: Price Arbitrage

Source: CAISO & New York Times

➢ Charge during valley periods (noon), discharge during peak periods (morning & evening).
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Electricity Market 101

➢ Market participants submit bids first, then system operator clears the market.

➢ Bids from participants converge to true physical marginal costs.

➢ Physical capacity withholding is not allowed, economic capacity 

withholding is allowed! (a unit’s offer price differ significantly from the 

truth cost, suggesting market power).

➢ For thermal generators, fuel prices should serve as a baseline for bid designs 

and market power monitoring.

➢ How about energy storage?



Storage Cost are Complex and Non-Transparent

Physical Cost

➢ Degradation depends on SoC

➢ Cannot be immediately measured

Source: Ecker et al. J of Power Sources, 2014

Opportunity Cost

➢ Decision depends on future prices

➢ Forecasts are proprietary and uncertain

Source: NYISO Real-Time Price



Real Storage Strategic Bidding Behavior



Real Storage Bid Data

[1] Data resource: https://www.caiso.com/library/daily-energy-storage-reports

IFM-Integrated Forward Market    RUC-Residual Unit Commitment

FFM-Fifteen Minute Market          RTD-Real-Time Dispatch       

https://www.caiso.com/library/daily-energy-storage-reports


Methodology for Bid Analysis

⚫ Weighted Average of Historical Bids

➢ Binned into discrete segments for real-time 

(RTPD) and day-ahead (IFM) markets

➢ Hourly data: July 1, 2023~October 1, 2024

⚫ Hindsight Optimal Bids

➢ Dynamic programming—value function Qt (et)

➢ Analytically optimal opportunity cost qt(et)

➢ Hindsight optimal bids

Recursively

Update

Discharge

Charge



Analytical Results—General Trends

➢ Decrease discharge bids during morning and 

evening peak, increase charge bids at noon

➢ Follow the "duck curve" price for arbitrage

⚫ Strong Temporal Pattern ⚫ Strategic Withholding Behavior

➢ IFM discharge bids generally greater than 

RTPD discharge bids (79% of dataset)

➢ IFM charge bids generally lower than RTPD 

charge bids (87% of dataset)



Analytical Results—Special & Extreme Scenario

⚫ Price Spike

➢ Price spikes identified as days where daily 

mean price exceeds 𝜇+2𝜎 of price

➢ Extremely high bids (over $500/MW) 

during price spikes—not true cost

⚫ Bad Forecast

➢ Bids designed based on DA price (peak at 6-

7pm), differs from RT price (peak at 3-4pm)

➢ High discharge bids cause very little capacity is 

dispatched (80% SoC)—market inefficiency



Comparative Analysis

⚫ Optimality Gap in Bids

➢ Strong daily frequency of RTPD bids, optimal bids do not show periodic behavior

➢ Significant gap—potential inefficiency and market power in storage operation

[2] N. Ma, N. Zheng, N. Qi* et al., “Comparative withholding behavior analysis of historical energy storage bids in California,” 2025 IEEE 

Power& Energy Society General Meeting (PESGM). IEEE, 2025, pp. 1–5.

What should system operator do to address this issue?



Locational Energy Storage Bid Bounds



Market Efficiency Enhancement

➢ Enhance market efficiency： (1) default bids design or (2) mitigate market power

➢ Default bids design: 4th highest DA-LMP with physical cost for 4-hr battery in CAISO [4],

excluding future opportunity. Only be enforced when local market power is clearly identified.

➢ Mitigate market power: difficulty in distinguishing legitimate economic withholding from 

exercising market power (excessive economic withholding).

➢ How to set a baseline for identifying storage market power?

[3] CAISO, “Cost recovery and bid mitigation issues,” 2024, [Online]. Available: https://www.caiso.com/documents/presentation-battery-bid-cost-

recovery-and-mitigation-data-dmm-sep-11-2024.pdf.



Oracle Dispatch and True Marginal Cost

➢ Derive true marginal cost of real-time dispatch from oracle dispatch.

➢ Oracle dispatch problem is not achievable due to the non-anticipatory netload, thus true 

storage marginal cost (opportunity cost) is unknown before real-time clearing.

➢ If we can generate the baseline (cap) of opportunity cost→bid bounds?

Storage physical cost

Storage opportunity cost

Electricity price

Congestion price

Charge marginal cost

Discharge marginal cost



Chance-Constrained Dispatch and Bid Bounds

➢ Chance-constrained dispatch and adjust netload with  confidence interval

➢ Perform chance-constrained dispatch to obtain the opportunity cost bound

➢ Dynamically cap unnecessary high withholdings and monitor market power

Locational storage bid bounds

The ceiling of the hindsight optimal opportunity cost      over the period t to T is bounded by the 

ceiling of      over the same period with          confidence 



Theoretical Analysis on Bid Bounds Dependency

SoC-dependent bid bounds

Given a monotonically increasing and quadratic or super-quadratic generation cost function, bid

bounds monotonically decrease with initial SoC

Bid bounds scaling with system uncertainty

Given a monotonically increasing and quadratic or super-quadratic generation cost function, bid

bounds monotonically increase with system uncertainty

Bid bounds scaling with risk preference

Given a monotonically increasing and quadratic or super-quadratic generation cost function, bid

bounds monotonically increase with risk preference



Agent-Based Market Simulation

1. Generate 10 DA netload scenarios, each with 100 RT Montle Carlo scenarios

2. Perform DA unit commitment to derive DA price

3. For each DA scenarios, repeat the following steps for 100 RT scenarios

a) Generate economic withholding bids[6] with DA price and assumed price σ

b) Generated the proposed bid bounds from chance-constrained framework

c) Sequentially perform RT economic dispatch with economic withholding bids

d) Cap the bids with proposed bid bounds, and run c) again

[4] D. Krishnamurthy, W. Li, and L. Tesfatsion, “An 8-zone test system based on iso new England data: Development and application,” IEEE 

Transactions on Power Systems, vol. 31, no. 1, pp. 234–246, 2015

[5] Code and Data: https://github.com/thuqining/Storage_Pricing_for_Social_Welfare_Maximization

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

arXiv:2403.05705,2024

Procedure:

Test System: ISO-NE 8-Zone Test System[4-5]



Analysis on Bid Bounds Effectiveness

➢ Proposed bid bounds can reliably cap true opportunity cost!

➢ CAISO deterministic bid bounds are conservative and may reduce storage profit.

Chance-Constrained Bound True Cost Deterministic Bound



Analysis on Bid Bounds Effectiveness

35% storage 30% renewables case

➢ Bid bounds ensure reliable cost reductions

➢ Bid bounds have the highest effect in high 

withholding and low uncertainty cases

➢ No effects on low withholding nor high 

uncertainty cases, suggest reasonable/ 

legitimate withholding

➢ Average system cost reduction: 0.21%, 

maximum system cost reduction: 0.50%



Analysis on Bid Bounds Effectiveness

35% storage 30% renewables case

➢ Mixed effects over storage profits

➢ Improve profits at high withholding levels 

suggesting inefficient bids

➢ Reduce profits at moderate withholding and 

low uncertainty cases suggesting mitigated 

market power

➢ Average storage profit increase: 0.19%, 

maximum storage profit increase: 19.6%,

maximum storage profit reduction: 11.6%



Analysis on Bid Bounds Dependency

➢ Monotonically decrease with SoC

➢ Higher variation for higher storage capacity

➢ Align with price-taker SoC-dependent bid[6]

➢ Monotonically increase with netload 

uncertainty

➢ Align with price-taker withholding bids 

that increase with price uncertainty[7]

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

[7] N. Zheng, X. Qin, D. Wu et al., “Energy storage state-of-charge market model,” IEEE Trans. on Energy Markets, Policy and Regulation, vol. 1,no. 1, pp. 11–22, 2023.



Analysis on Bid Bounds Dependency

➢ Monotonically increase with risk preference

➢ Large   increase cost reduction effect, but may compromise storage profit

➢ Optimal setting: 

➢ CAISO deterministic bid bounds (          ): cost reduction 0.18%, profit reduction 20.5%



Sensitivity Analysis—RES & ES Capacity

➢ Better social welfare improvement: higher storage capacity and economic withholding!

AEW: average economic withholding        MEW: maximum economic withholding



Sensitivity Analysis—Uncertainty Model

➢ Better performance with empirical quantile and versatile distribution[8]

➢ Worst performance with robust approximation!

➢ Gaussian distribution is not always appropriate for modeling uncertainty

Versatile distribution: capture 

skewness and multi-modal

[8] Z.-S. Zhang, Y.-Z. Sun, D. W. Gao et al., “A versatile probability distribution model for wind power forecast errors and its applicationin

economic dispatch,” IEEE Transactions on Power Systems, vol. 28,no. 3, pp. 3114–3125, 2013.



Sensitivity Analysis—Computational Efficiency

➢ Over 5 minutes for over 1000 storage units without relaxation (nonconvex with binaries)

➢ Less than 2 minutes with relaxation (linear model[9]) even for 10000 storage units

[9] 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.



Conclusion and Future Work

➢ Storage strategic bidding can compromise market efficiency and social welfare.

➢ Bid bounds can reliably improve market efficiency and regulate storage market power.

➢ Bid bounds are unit-location specific and tuned with risk preference and uncertainty model.

➢ Bids bounds has strong dependency with SoC, system uncertainty and risk preference. 

➢ Understand storage participants have valid causes for conducting economic withholding.

➢ Enable system operators to remain neutral, fostering competition among strategic storage 

participants, while capping offers to prevent excessive withholding.

➢ ISO can develop bid bounds based on other risk-aware approach, e.g., CVaR, DRO.

[10] N. Qi and B. Xu*, "Locational Energy Storage Bid Bounds for Facilitating Social Welfare Convergence," IEEE Transactions 

on Energy Markets, Policy and Regulation, doi: 10.1109/TEMPR.2025.3579671.

[11] N. Qi*, K. Huang, Z. Fan et al., “Long-term energy management for microgrid with hybrid hydrogen-battery energy storage: 

A prediction-free coordinated optimization framework,” Applied Energy, vol. 377, p.124485, 2025.

⚫ For long-duration energy storage, the formulation should incorporate a longer horizon and 

seasonal uncertainty patterns[11].
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Thank you! Questions? Comments?

https://bolunxu.github.io/{nq2176,bx2177}@columbia.edu



Backup Slides



Formulation of Oracle Economic Dispatch

➢ Oracle economic dispatch ➢ Single-period economic dispatch

As,t , Bs,t : True marginal costs of discharge and charge

Lagrangian relaxation

Return Back



Chance-Constrained Economic Dispatch

➢ Chance-constrained economic dispatch ➢ Deterministic reformulation

✓ Normal distribution

✓ Versatile distribution

✓ Robust approximation

Return Back



Sensitivity Analysis—Scarcity Scenario

➢ Bid bounds are effective with extremely high prices and economic withholding.

➢ Better performance with higher price and withholding level
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