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Traditional Power Systems Engineering 

• Unidirectional power transmission from generators to end-users 

• Centralized energy management system and electricity market 

Source: Adapted from U.S.-Canada Power System Outage Task Force. (2004) 

Motivation 3 



Paradigm Shift 

• Deployment of various Distributed Energy Resources (DERs) 

• FERC Order 2222: DER aggregation directly participates in electricity markets [1] 

Source: Adapted from Energy Atlas 2018: Figures and Facts about Renewables in Europe. 

Motivation 4 

https://energytransition.org/2018/04/europe-must-choose-a-green-future/


Electricity Production 

Share of low-carbon resources in electricity mix gradually increasing 

Source: https://ourworldindata.org/electricity-mix 

Motivation 5 

https://ourworldindata.org/electricity-mix


Main Concerns & Challenges 

Economic competitiveness in low-carbon electricity market 

• Vague marginal cost related to renewables, energy storage units, etc. 

• High uncertainty inherent in the output of distributed energy resources 

Source: https://www.nytimes.com/interactive/2024/05/07/climate/ 

battery-electricity-solar-california-texas.html. 

Motivation 6 

https://www.nytimes.com/interactive/2024/05/07/climate/battery-electricity-solar-california-texas.html
https://www.nytimes.com/interactive/2024/05/07/climate/battery-electricity-solar-california-texas.html


Competition and Market Power 

• Ideal market achieves perfect competition and maximizes social welfare 

• Market power: the ability of a participant (Price Maker) to manipulate the 
market clearing price 
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Key Questions 

• How should market participant bid in order to gain extra profts? 

• What measures can be taken to prevent such an inefcient market environment? 

• How efective are these countermeasures? 
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Key Concepts 

• Price Taker: accepts prevailing prices and lacks the market share to infuence 
market prices 

• Price Maker: typically maintains a large market share, anticipates the infuence 
of their bids on market prices with sufcient knowledge of the system status 

• Physical Withholding: Intentionally throttling generation output to drive up price 

• Economic Withholding: Submitting strategic bids that deviate from the true 
marginal cost or utility 
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Strategic Bidding of the Market Participant 

A bilevel bidding strategy based on the hierarchical market structure 

Upper-Level Problem: optimal ofer decision-making 

⇒ Maximize individual proft 

⇒ Decide ofer: 

marginal cost (ĉi) & capacity (ĝi) 

Lower-Level problem: market economic dispatch 

⇒ Predict market outcome: 

clearing price (λi) & dispatch (gi) 
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Market Clearing Workfow: Conduct & Impact Tests 

• Conduct test: compare submitted ofers to reference levels 

• Impact test: evaluate impact of conduct-test-failed ofers on prices 

• Ofer mitigation: replace submitted ofers with reference levels 
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Mitigation-Aware Strategic Bidding 

Bilevel problem of the strategic generation company G (simplifed) 

• Submit ofers below mitigation threshold to circumvent conduct & impact tests 

X � � 
max λm(i) − ci gi // participant profit 

ĉi,λm,gi i∈ΩG 

s.t. 0 ≤ ĉi ≤ c, ∀i ∈ ΩG // market offer cap 

0 ≤ λm ≤ λ, ∀m ∈ N // clearing price cap 

0|ĉi − ci | ≤ xi, ∀i ∈ ΩG // conduct-test threshold 

0|λm − λ | ≤ ym, ∀m ∈ N // impact-test threshold m 

X X 
λm, gi ∈ arg min ĉigi + ĉj gj // generation cost 

ΞLL 
i∈ΩG j∈Ω ′ 

G X X X X 
s.t. gi + gj = Dm + pmn − plm : λm, ∀m ∈ N 

i j n l 

pmn = Bmn(θm − θn), ∀(m, n) ∈ E 

− P mn ≤ pmn ≤ P mn, ∀(m, n) ∈ E 

0 ≤ gi ≤ Gi, ∀i ∈ ΩG 

′ 
0 ≤ gj ≤ Gj , ∀j ∈ ΩG 

− π ≤ θm ≤ π, ∀m ∈ N 
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Solution Techniques 

Bilevel problems: strongly NP-hard [2] 

Solution technique 

• Derive a (non-convex) single-level equivalent 

• Linearize 

• Of-the-Shelf solver for (non-convex) MILP 
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2-Bus Test System 

Market participant 

• Unit A: strategic participant 

• Unit B: non-strategic competitor 

Bidding & Clearing assumptions 

• Perfect prediction for market outcome and reference levels 

• Mitigation thresholds for conduct and impact tests set at 100% 

• Tie-Breaking constraints to guarantee fairness among price-tied units 
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Impacts of Ofer Mitigation on Strategic Bidding 

Clearing results in the uncongested network 

Before Mitigation After Mitigation 

A 

B 

20 25 20 0 - - - 0 

Strategy of Unit A Unit 
ĉi gi λi Proft ∗ ĉi gi λi Proftii 

Non-Strategic 
20 25 20 0 - - - 0 

Recall for unit i: 

• ĉi: ofer price, $/MWh 

• gi: dispatch decision, MW 

• λi: clearing price, $/MWh 

• Profti: = (λi − ci)gi, $, where ci is the true cost, $/MWh 
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Impacts of Ofer Mitigation on Strategic Bidding 

Clearing results in the uncongested network 

Before Mitigation After Mitigation 

A 

B 

100 20 100 1600 20 25 20 0 

Strategy of Unit A Unit 
ĉi gi λi Proft ∗ ĉi gi λi Proftii 

A 

B 

20 25 20 0 - - - 0 
Non-Strategic 

20 25 20 0 - - - 0 

Mitigation-Unaware 
20 30 100 2400 - 25 20 0 

recall for unit i 

• ĉi: ofer price, $/MWh 

• gi: dispatch decision, MW 

• λi: clearing price, $/MWh 

• Profti: = (λi − ci)gi, $, where ci is the true cost, $/MWh 
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Impacts of Ofer Mitigation on Strategic Bidding 

Clearing results in the uncongested network 

Before Mitigation After Mitigation
Strategy of Unit A Unit 

ĉi gi λi Proft ∗ ĉi gi λi Proftii 

Non-Strategic 
A 20 25 20 0 - - - 0 

B 20 25 20 0 - - - 0 

Mitigation-Unaware 
A 100 20 100 1600 20 25 20 0 

B 20 30 100 2400 - 25 20 0 

Conduct-Aware 
A 40 20 40 400 - - - 400 

B 20 30 40 600 - - - 600 

Impact-Aware 
A 40 20 40 400 - - - 400 

B 20 30 40 600 - - - 600 

Local market in the uncongested network 

• Mitigation-Aware bidding can successfully bypass mitigation and gain additional 
proft 

• Both strategic and non-strategic players beneft from market power exercise [3] 
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Impacts of Ofer Mitigation on Strategic Bidding 

Clearing results in the congested network 

Strategy of Unit A Unit ĉi gi λi Profti 

Conduct-Aware 
40 27 40 540 

B 20 23 20 0 

Impact-Aware 
A 

B 

40 

20 

27 

23 

40 

20 

540 

0 

A 

Regional competition in the congested network 

• Capacity limit and congestion are two major sources of market manipulation 

• Conduct-Aware bidding strategy is more conservative v.s. Impact-Aware bidding 

Market Power Mitigation Mechanisms Evaluation 18 



Main Takeaways 

• Proposed a mitigation-aware strategic bidding model to study the infuence and 
efectiveness of current mitigation practices 

• Illustrated the vulnerability of electricity markets to market power manipulation 
with limited ofer mitigation tools 

• Our mitigation-aware bidding framework can serve as an analysis tool for 
alternative market designs 

Market Power Mitigation Mechanisms Evaluation 19 
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Energy Storage Unit Penetration 

• Electricity markets experiencing a rapid increase in energy storage unit 
participation 

• Quantifying competitive operation and identifying if a storage unit is exercising 
market power is challenging 

• Lacks systematic studies on the intricacies of multi-interval bidding strategies 

Energy Storage Market Power & Strategic Withholding 21 



Energy Storage Unit Penetration: Challenges 

• Electricity markets experiencing a rapid increase in energy storage unit 
participation 

• Quantifying competitive operation and identifying if a storage unit is exercising 
market power is challenging 

• Lacks systematic studies on the intricacies of multi-interval bidding strategies 

Energy Storage Market Power & Strategic Withholding 22 



Key Concepts 

• Price Taker: accepts prevailing prices and lacks the market share to infuence 
market prices 

• Price Maker: typically maintains a large market share, anticipates the infuence 
of their bids on market prices with sufcient knowledge of the system status 

• Capacity Withholding: action taken by a price maker – resources purposefully 
limiting their supply despite the current price being higher than marginal 
production cost 

Energy Storage Market Power & Strategic Withholding 23 



Market Power and Price Sensitivity 

Price sensitivity to market power exercise: 

¯λt = λt − αtqt 

where at time t 

• λt: infuenced clearing price, $/MWh 

• λ̄ 
t: nominal clearing price, $/MWh 

• αt: price sensitivity parameter, αt ≥ 0 

• qt: dispatch decision, MW 

Energy Storage Market Power & Strategic Withholding 24 



Market Power and Price Sensitivity 

Market power exercise – in supply-demand equilibrium based market 

′′ (λ)• Bid supply curves shift from price taker: q ′ (λ) to price maker: q 

• Capacity withholding ∆qt leads to price increase from λ ′ to λ ′′ t t 

<latexit sha1_base64="CexM1ymG5P7KGe/tdaf0RpRoU2g=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclUSkdllw47KCfUAbymRy0w6dTMLMRCihH+HGhSJu/R53/o3TNgttPTBwOOdc5t4TpIJr47rfzsbm1vbObmmvvH9weHRcOTnt6CRTDNssEYnqBVSj4BLbhhuBvVQhjQOB3WByN/e7T6g0T+Sjmabox3QkecQZNVbqDoSNhnRYqbo1dwGyTryCVKFAa1j5GoQJy2KUhgmqdd9zU+PnVBnOBM7Kg0xjStmEjrBvqaQxaj9frDsjl1YJSZQo+6QhC/X3RE5jradxYJMxNWO96s3F/7x+ZqKGn3OZZgYlW34UZYKYhMxvJyFXyIyYWkKZ4nZXwsZUUWZsQ2Vbgrd68jrpXNe8eq3+cFNtNoo6SnAOF3AFHtxCE+6hBW1gMIFneIU3J3VenHfnYxndcIqZM/gD5/MHPVWPfg==</latexit>

�
<latexit sha1_base64="uJPCKIjJARiasgTBadnYHziDcSo=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFdlUSkuiy4cVnBPiANZTKZtEMnkzBzI5TSz3DjQhG3fo07/8Zpm4W2Hhg4nHMuc+8JMykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJs014y2WylR3Q2q4FIq3UKDk3UxzmoSSd8LR3czvPHFtRKoecZzxIKEDJWLBKFrJ70kbjWgfyUW/UnVr7hxklXgFqUKBZr/y1YtSlidcIZPUGN9zMwwmVKNgkk/LvdzwjLIRHXDfUkUTboLJfOUpObdKROJU26eQzNXfExOaGDNOQptMKA7NsjcT//P8HOPbYCJUliNXbPFRnEuCKZndTyKhOUM5toQyLeyuhA2ppgxtS2Vbgrd88ippX9W8eq3+cF1t1Is6SnAKZ3AJHtxAA+6hCS1gkMIzvMKbg86L8+58LKJrTjFzAn/gfP4AiSaQvg==</latexit>

�0
t

<latexit sha1_base64="qkyRo6Vj4U82oE6lPrte9tLGIdg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSJ1VWZEqsuCG5cV7AOmQ8lkMm1oJhmSO0IZ+hluXCji1q9x59+YtrPQ1gOBwznnkntPmApuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVpyjpUCaX7ITFMcMk6wEGwfqoZSULBeuHkbu73npg2XMlHmKYsSMhI8phTAlbyB8JGIzKEen1YrbkNdwG8TryC1FCB9rD6NYgUzRImgQpijO+5KQQ50cCpYLPKIDMsJXRCRsy3VJKEmSBfrDzDF1aJcKy0fRLwQv09kZPEmGkS2mRCYGxWvbn4n+dnEN8GOZdpBkzS5UdxJjAoPL8fR1wzCmJqCaGa210xHRNNKNiWKrYEb/XkddK9anjNRvPhutZqFnWU0Rk6R5fIQzeohe5RG3UQRQo9o1f05oDz4rw7H8toySlmTtEfOJ8/k8mQxQ==</latexit>

�00
t

<latexit sha1_base64="Xs7MAgIXh9+9ZXw3tfI7VDF4XJY=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLWBHKjEjtRii4cVnBPqAdyp1Mpg3NZMYkI5TSjb/ixoUibv0Md/6NaTsLrR4IHM45l5t7/IQzpR3ny8otLa+sruXXCxubW9s79u5eU8WpJLRBYh7Ltg+KciZoQzPNaTuRFCKf05Y/vJ76rQcqFYvFnR4l1IugL1jICGgj9eyD+5NSl5t8AKdXGDJ65vfsolN2ZsB/iZuRIspQ79mf3SAmaUSFJhyU6rhOor0xSM0Ip5NCN1U0ATKEPu0YKiCiyhvPDpjgY6MEOIyleULjmfpzYgyRUqPIN8kI9EAtelPxP6+T6rDqjZlIUk0FmS8KU451jKdt4IBJSjQfGQJEMvNXTAYggWjTWcGU4C6e/Jc0z8tupVy5vSjWqlkdeXSIjlAJuegS1dANqqMGImiCntALerUerWfrzXqfR3NWNrOPfsH6+AbOfpVA</latexit>

q0(�) = a� + b

<latexit sha1_base64="DAdeeRLhKlrk9LWRyYZ2/1e31iw=">AAACJnicbVDLSgMxFM34rPU16tJNsEgrhTIjUrspFNy4rGAf0CnlTpppQzMPk4xQhn6NG3/FjYuKiDs/xbSdRW09EDiccw8397gRZ1JZ1rexsbm1vbOb2cvuHxweHZsnp00ZxoLQBgl5KNouSMpZQBuKKU7bkaDgu5y23NHdzG89UyFZGDyqcUS7PgwC5jECSks9s/qUzxccrgN9uKo6ngCSwCSxi+AAj4YwST1cxAvTXTZ7Zs4qWXPgdWKnJIdS1Hvm1OmHJPZpoAgHKTu2FaluAkIxwukk68SSRkBGMKAdTQPwqewm8zMn+FIrfeyFQr9A4bm6nEjAl3Lsu3rSBzWUq95M/M/rxMqrdBMWRLGiAVks8mKOVYhnneE+E5QoPtYEiGD6r5gMQbehdLNZXYK9evI6aV6X7HKp/HCTq1XSOjLoHF2gArLRLaqhe1RHDUTQC3pDU/RhvBrvxqfxtRjdMNLMGfoD4+cXQrOlEQ==</latexit>

q00(�) =
a

1 + a↵
� +

b

1 + a↵

<latexit sha1_base64="mKGpXaoutdtAKNCDZt9u9TbI3WI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI7bHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20rytetVJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBq62M1g==</latexit>

Q

<latexit sha1_base64="jfKqDfs1qhEO74KG4TSZb6HaADw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbF6wEnC/YgOlQgFo2il+8c+9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4uK/VaHkcRTuAUzsGDK6jDLTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBmiI3b</latexit>qt

<latexit sha1_base64="nJYItlnrAzNYInXMUyWYT975AME=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEoseCF48V7Ae0oUy2m3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS1kmmKGvRRCSqG6JmgkvWMtwI1k0VwzgUrBNO7uZ+54kpzRP5aKYpC2IcSR5xisZKnX6IKm/OBtWaW3cXIOvEK0gNCjQH1a/+MKFZzKShArXueW5qghyV4VSwWaWfaZYineCI9SyVGDMd5ItzZ+TCKkMSJcqWNGSh/p7IMdZ6Goe2M0Yz1qveXPzP62Umug1yLtPMMEmXi6JMEJOQ+e9kyBWjRkwtQaq4vZXQMSqkxiZUsSF4qy+vk/ZV3fPr/sN1reEXcZThDM7hEjy4gQbcQxNaQGECz/AKb07qvDjvzseyteQUM6fwB87nD2cmj5g=</latexit>

P̄

<latexit sha1_base64="CexM1ymG5P7KGe/tdaf0RpRoU2g=">AAAB7nicbVDLSsNAFL3xWeur6tLNYBFclUSkdllw47KCfUAbymRy0w6dTMLMRCihH+HGhSJu/R53/o3TNgttPTBwOOdc5t4TpIJr47rfzsbm1vbObmmvvH9weHRcOTnt6CRTDNssEYnqBVSj4BLbhhuBvVQhjQOB3WByN/e7T6g0T+Sjmabox3QkecQZNVbqDoSNhnRYqbo1dwGyTryCVKFAa1j5GoQJy2KUhgmqdd9zU+PnVBnOBM7Kg0xjStmEjrBvqaQxaj9frDsjl1YJSZQo+6QhC/X3RE5jradxYJMxNWO96s3F/7x+ZqKGn3OZZgYlW34UZYKYhMxvJyFXyIyYWkKZ4nZXwsZUUWZsQ2Vbgrd68jrpXNe8eq3+cFNtNoo6SnAOF3AFHtxCE+6hBW1gMIFneIU3J3VenHfnYxndcIqZM/gD5/MHPVWPfg==</latexit>

�

<latexit sha1_base64="uJPCKIjJARiasgTBadnYHziDcSo=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFdlUSkuiy4cVnBPiANZTKZtEMnkzBzI5TSz3DjQhG3fo07/8Zpm4W2Hhg4nHMuc+8JMykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJs014y2WylR3Q2q4FIq3UKDk3UxzmoSSd8LR3czvPHFtRKoecZzxIKEDJWLBKFrJ70kbjWgfyUW/UnVr7hxklXgFqUKBZr/y1YtSlidcIZPUGN9zMwwmVKNgkk/LvdzwjLIRHXDfUkUTboLJfOUpObdKROJU26eQzNXfExOaGDNOQptMKA7NsjcT//P8HOPbYCJUliNXbPFRnEuCKZndTyKhOUM5toQyLeyuhA2ppgxtS2Vbgrd88ippX9W8eq3+cF1t1Is6SnAKZ3AJHtxAA+6hCS1gkMIzvMKbg86L8+58LKJrTjFzAn/gfP4AiSaQvg==</latexit>

�0
t

<latexit sha1_base64="qkyRo6Vj4U82oE6lPrte9tLGIdg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSJ1VWZEqsuCG5cV7AOmQ8lkMm1oJhmSO0IZ+hluXCji1q9x59+YtrPQ1gOBwznnkntPmApuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVpyjpUCaX7ITFMcMk6wEGwfqoZSULBeuHkbu73npg2XMlHmKYsSMhI8phTAlbyB8JGIzKEen1YrbkNdwG8TryC1FCB9rD6NYgUzRImgQpijO+5KQQ50cCpYLPKIDMsJXRCRsy3VJKEmSBfrDzDF1aJcKy0fRLwQv09kZPEmGkS2mRCYGxWvbn4n+dnEN8GOZdpBkzS5UdxJjAoPL8fR1wzCmJqCaGa210xHRNNKNiWKrYEb/XkddK9anjNRvPhutZqFnWU0Rk6R5fIQzeohe5RG3UQRQo9o1f05oDz4rw7H8toySlmTtEfOJ8/k8mQxQ==</latexit>

�00
t

<latexit sha1_base64="mKGpXaoutdtAKNCDZt9u9TbI3WI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI7bHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20rytetVJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBq62M1g==</latexit>

Q<latexit sha1_base64="Wie+wlqX1v+3jPr+n1g1ZeYt/Io=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseCHjxWsB/QhLLZTtulm03cnQgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzIDUihookAJnUQDi0IJ7XB8M/PbT6CNiNUDThIIIjZUYiA4Qyv5/i1IZPSxl+G0V664VXcOukq8nFRIjkav/OX3Y55GoJBLZkzXcxMMMqZRcAnTkp8aSBgfsyF0LVUsAhNk85un9MwqfTqItS2FdK7+nshYZMwkCm1nxHBklr2Z+J/XTXFwHWRCJSmC4otFg1RSjOksANoXGjjKiSWMa2FvpXzENONoYyrZELzll1dJ66Lq1aq1+8tKvZbHUSQn5JScE49ckTq5Iw3SJJwk5Jm8kjcndV6cd+dj0Vpw8plj8gfO5w/kb5GT</latexit>�qt

<latexit sha1_base64="U3to6M1FkFl2wQA4FjO7odZ3im4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLgxmUFWwtNCDeTaTt08mDmplBC/8SNC0Xc+ifu/BunbRbaemDgcM493DsnzKTQ6DjfVmVjc2t7p7pb29s/ODyyj0+6Os0V4x2WylT1QtBcioR3UKDkvUxxiEPJn8Lx3dx/mnClRZo84jTjfgzDRAwEAzRSYNteCKrwpElEMAuQBnbdaTgL0HXilqROSrQD+8uLUpbHPEEmQeu+62ToF6BQMMlnNS/XPAM2hiHvG5pAzLVfLC6f0QujRHSQKvMSpAv1d6KAWOtpHJrJGHCkV725+J/Xz3Fw6xciyXLkCVsuGuSSYkrnNdBIKM5QTg0BpoS5lbIRKGBoyqqZEtzVL6+T7lXDbTaaD9f1VrOso0rOyDm5JC65IS1yT9qkQxiZkGfySt6swnqx3q2P5WjFKjOn5A+szx9xi5OD</latexit>

�̄t

<latexit sha1_base64="oeif9j4pnuAwRYr+jHr/RS8Ddmk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKxBwDevCYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2VGnf9YsktuwuQdeJlpAQZ6v3iV28QsSREaZigWnc9NzZ+SpXhTOCs0Es0xpRN6Ai7lkoaovbTxaEzcmGVARlGypY0ZKH+nkhpqPU0DGxnSM1Yr3pz8T+vm5hh1U+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2VvUq50rgu1apZHHk4g3O4BA9uoAb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZf5jMk=</latexit>

D

<latexit sha1_base64="am0KZvnJh1M/OIomq6tXcKxLVPc=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBHrpsyI1C4LblxWsA+YDiWTybShmWRMMkIp/Qw3LhRx69e4829M21lo64HA4Zxzyb0nTDnTxnW/nbX1jc2t7cJOcXdv/+CwdHTc1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHtzO/80SVZlI8mHFKgwQPBIsZwcZK/uNFpcdtOsKX/VLZrbpzoFXi5aQMOZr90lcvkiRLqDCEY619z01NMMHKMMLptNjLNE0xGeEB9S0VOKE6mMxXnqJzq0Qolso+YdBc/T0xwYnW4yS0yQSboV72ZuJ/np+ZuB5MmEgzQwVZfBRnHBmJZvejiClKDB9bgolidldEhlhhYmxLRVuCt3zyKmlfVb1atXZ/XW7U8zoKcApnUAEPbqABd9CEFhCQ8Ayv8OYY58V5dz4W0TUnnzmBP3A+fwA8KZCP</latexit>

q0(�)

<latexit sha1_base64="zwjU4837JD+/AuCofalQqbdjfg0=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5KI1C4LblxWsA9oQplMbtqhk0mcmYgl5FfcuFDErT/izr9x2mahrQcGDufcw71z/IRRqWz72yhtbG5t75R3K3v7B4dH5nG1J+NUEOiSmMVi4GMJjHLoKqoYDBIBOPIZ9P3pzdzvP4KQNOb3apaAF+ExpyElWGlpZFZdRVkA2UNed5mOBfhiZNbshr2AtU6cgtRQgc7I/HKDmKQRcEUYlnLo2InyMiwUJQzyiptKSDCZ4jEMNeU4Aulli9tz61wrgRXGQj+urIX6O5HhSMpZ5OvJCKuJXPXm4n/eMFVhy8soT1IFnCwXhSmzVGzNi7ACKoAoNtMEE0H1rRaZYIGJ0nVVdAnO6pfXSe+y4TQbzburWrtV1FFGp+gM1ZGDrlEb3aIO6iKCntAzekVvRm68GO/Gx3K0ZBSZE/QHxucPzo2URQ==</latexit>

q̃(�)
<latexit sha1_base64="xLvfGRQy2ru6I8Ql0pAIi0tHQYk=">AAAB83icbVDLSsNAFL2pr1pfVZduBou0bkoiUrssuHFZwT6gCWUymbRDJ5M4MxFK6G+4caGIW3/GnX/jtM1CWw8MHM45l3vn+AlnStv2t1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe35k9u533uiUrFYPOhpQr0IjwQLGcHaSO5jtVpzuYkH+HJYrth1ewG0TpycVCBHe1j+coOYpBEVmnCs1MCxE+1lWGpGOJ2V3FTRBJMJHtGBoQJHVHnZ4uYZujBKgMJYmic0Wqi/JzIcKTWNfJOMsB6rVW8u/ucNUh02vYyJJNVUkOWiMOVIx2heAAqYpETzqSGYSGZuRWSMJSba1FQyJTirX14n3au606g37q8rrWZeRxHO4Bxq4MANtOAO2tABAgk8wyu8Wan1Yr1bH8towcpnTuEPrM8fnjSQwA==</latexit>

q00(�)

Energy Storage Market Power & Strategic Withholding 25 



Energy Storage Strategic Bidding 

Convex self-scheduling model for energy storage units strategic bidding and proft 
maximization based on price forecasts λ̂ 

t for all t ∈ T [4] X 
ˆmaximize λt(pt − bt) 

pt,bt,et 
t∈T 

¯ s.t. 0 ≤ pt, bt ≤ P , ∀t ∈ T // charging & discharging power bounds 

pt = 0 if λ̂ 
t < 0, ∀t ∈ T // no simultaneous charging & discharging 

pt 
et − et−1 = − + btη, ∀t ∈ T // SoC evolution 

η 

0 ≤ et ≤ E, ∀t ∈ T // energy storage capacity 

where at time t 

• pt, bt: amount of energy discharge and charge, MW 

• et: state of charge (SoC), MW 

• P̄  : power capacity, MW 

• η: charging and discharging efciency parameter, η ∈ (0, 1] 

• E: energy storage capacity, MWh 
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Energy Storage Strategic Bidding 

Simplifed bidding model cost functions 

• Price taker: X 
ˆmaximize λt(pt − bt) (1) 

pt,bt | {z }
t∈T 

qt 

• Price maker: X 
maximize (λ̄ 

t − αt(pt − bt))(pt − bt) (2) 
pt,bt | {z }

t∈T 
qt 
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Strategic Capacity Withholding Detection 

Main Theorem (informal) 
– ex-post market power monitoring strategy for market operator 

Given a series of observed storage power output profles {pt, bt} and market 
clearing prices {λt} for all t ∈ T̃  , where T̃ = {1, 2, . . . , NT }, 

the storage unit is not evidently exercising market power, if the following conditions 
are satisfed: 

1 X X 
′ ≤ N ≤ N1{0<pt <P̄} + 1{0<bt<P̄} |{z} |{z} 

t∈T̃  t∈T̃  # of non-idle periods # of total periods | {z } 
# of withholding intervals 

2 The price-decision relationship is satisfed (details omitted). 
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Two-Interval Bidding 

∗Price taker: pt , b∗ : optimal solutions to (1) [discharge, charge] t 

Scenario 
Interval 1 Interval 2 
∗ p1 b∗ 

1 
∗ p2 b∗ 

2 

ˆˆ λ2λ1 > 
η2 

ˆˆ λ2λ2η2 ≤ λ̂1 ≤ 
η2 

λ̂1 < λ̂2η2 

P̄ η2 

0 

0 

0 

0 

P̄ 

0 

0 

P̄ η2 

P̄ 

0 

0 

recall problem parameters 

• λ̂ 
t: price forecast for time t 

• P̄  : power capacity 

• η: charging and discharging efciency parameter, η ∈ (0, 1] 

Criterion for strategic bidding decision making – scenario distinction 

• Sufcient proft to compensate for energy loss during charging and discharging, 
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Two-Interval Bidding 

∗Price maker: pt , b∗ : optimal solutions to (2) [discharge, charge] t 

Scenario 
Interval 1 Interval 2 

p ∗ 
1 

b ∗ 
1 

p ∗ 
2 

b ∗ 
2 

¯ 
¯ λ2λ1 > 

η2 

¯ ¯ 
¯ ¯ λ2 +2α2 Pλ1 − 2α1 P η2 ≥ 

η2 

¯ ¯ 
¯ ¯ λ2 +2α2 Pλ1 − 2α1 P η2 < 

η2 

¯ P η2 

¯ 
¯ λ2λ1 − 

η2 

2(α1 + 
α2 
η4 ) 

0 

0 

0 

0 

¯ P 
¯ 

¯ λ2λ1 − 
η2 

2(α1 + 
α2 )η2 
η4 

¯ 
¯ ¯ λ2λ2 η

2 ≤ λ1 ≤ 
η2 0 0 0 0 

¯ ¯ λ1 < λ2 η
2 

¯ λ1 +2α1 
¯ P 

η2 

¯ λ1 +2α1 
¯ P 

η2 

> ¯ ¯ λ2 − 2α2 P η2 

≤ ¯ ¯ λ2 − 2α2 P η2 

0 

0 

− ¯ ¯ λ1 +λ2 η
2 

2(α1 +α2 η4 ) 

¯ P 

(− ¯ ¯ λ1 +λ2 η
2 
)η2 

2(α1 +α2 η4 ) 

¯ P η2 

0 

0 

Criterion for strategic bidding decision making – scenario distinction 

• Scenario Col #1: Sufcient proft to compensate for energy loss during charging 
and discharging, 

• Scenario Col #2: If exercising market power, sufcient marginal revenue to 
compensate for negative impact intervals. 
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Two-Interval Bidding 

• Price makers achieve additional profts by exercising market power 

• Price takers have insufcient incentive to resist the exercise of market power [3] 

Scenario Price Taker ($) Price Maker ($) 

No market power 
Low market power 
High market power 

37.95 
47.50 
66.66 

– 
42.02 
49.11 

¯λt = λt − αtqt 
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Main Takeaways 

• mechanism design is essential to ensure social welfare 

• reproduced empirical economic observations with a simple model we can 
understand 

• uncertainty in future price predictions 
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Imperfect Price Forecasting 

• Assumed that the price λt is provided and accurate – clearly not realistic 

• How does uncertainty in price afect bidding? 

• We will consider a deterministic/worst case scenario for the price taker 

• λt is unknown but assumed to belong to the set Λt 

X 
ˆmaximize λt(pt − bt) for all λ̂ 

t ∈ Λt 
pt ,bt,et 

t∈T 

¯ s.t. 0 ≤ pt bt ≤ P ∀t ∈ T 

pt = 0 if λ̂ 
t < 0 ∀t ∈ T 

pt 
et − et−1 = − + btη ∀t ∈ T 

η 

0 ≤ et ≤ E ∀t ∈ T 

• infnite-dimensional and convex (if Λt is convex) 
• many approaches to robust stochastic optimization c.f. Roald et al. Electric 

Power Systems Research, 2023 
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Finite-Dimensional Reformulation 

• w.l.o.g. we rewrite our LP in epigraph form 

maximize γ 
x,γ 

s.t. γ ≤ c T x for all ci ∈ Ci 

Ax ≤ b 

• we are considering a worst case setting 

maximize γ 
x,γ 

s.t. Tinf {c x} ≥ γ 
ci∈Ci 

(†) 

Ax ≤ b 

• the representation of Ci determines if we problem can be solved 
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Polyhedral Uncertainty 

• Let C := C1 × C2 × · · · × CT be bounded and non-empty, then n o 
C := c ∈ RT | Dc ≤ d 
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Polyhedral Uncertainty 

• Let C := C1 × C2 × · · · × CT be bounded and non-empty, then n o 
C := c ∈ RT | Dc ≤ d 

• The lower-level problem of (†) can be written as 

minimize c T x s.t. Dc ≤ d (P) 
c 

• By strong duality, the optimal cost of (P) can be obtained by solving 

maximize − y T d (D) 
y 

s.t. x = −DT y, y ≥ 0 
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Polyhedral Uncertainty 

T• Replace infci ∈Ci {c x} from (†) with (D) to get 

maximize γ 
x,y,γ 

s.t. maximize {−y T d} ≥ γ 
y 

x = −DT y, y ≥ 0 

Ax ≤ b 

• The second “maximize” is redundant, so remove 

maximize γ 
x,y,γ 

s.t. − y T d ≥ γ 

x = −DT y, y ≥ 0 

Ax ≤ b 

• a fnite-dimensional LP! 
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Ellipsoidal Uncertainty 

Representations of an Ellipse 

n o n o 
¯E = λ + Pu ∈ RT | ∥u∥ ≤ 1 = x | (x − xc)T P −2(xc − x) ≤ 1 
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Ellipsoidal Uncertainty 

Representations of an Ellipse 

n o n o 
¯E = λ + Pu ∈ RT | ∥u∥ ≤ 1 = x | (x − xc)T P −2(xc − x) ≤ 1 

• Minimum-volume ellipsoid that contains all the data: 

min 
P 

� � 
− log det P −2

s.t. (λs − λc)
⊤P −2(λs − λc) ≤ 1, for s = 1, . . . , N 

P ⪰ 0, P = P ⊤ 

• Covariance matrix from data: 

mX1 
Pij := cov(Xi, Xj ) = (xki − x̄i)(xkj − x̄j ) 

m − 1 
k=1 
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NYISO Data: Polyhedral I 

Γ (%) 50 55 60 65 70 75 80 85 90 

Robust proft 175.96 117.42 71.60 30.73 5.77 0.00 0.00 0.00 0.00 
Actual proft -15.76 2.19 23.58 26.24 32.48 0.00 0.00 0.00 0.00 

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

price [$/MWh] - 1am

pr
ic

e
[$

/M
W

h]
-2

am

historical price

uncertainty region (60%)

uncertainty region (90%)

real price

Figure: Polyhedral (box) uncertainty set of electricity prices – i, Γ = 60% and 90%. 

� � 
λt − Eλt

λ ∈ RN +1C(Γ) = : ≤ Γ, t = 0, . . . , N 
σ(λt) 
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NYISO Data: Polyhedral II 

Γ 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

Robust proft 223.61 171.21 125.73 89.95 56.90 28.35 8.57 1.25 0.00 0.00 0.00 
Actual proft -17.79 -8.80 -0.28 23.40 24.13 32.02 29.01 16.54 0.00 0.00 0.00 
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Figure: Polyhedral (box) uncertainty set of electricity prices, quantile Γ = 0.15. 

n o 
λ ∈ RN+1C = : λ ≤ λt ≤ λt, t = 0, . . . , N t 
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NYISO Data: Ellipsoidal I 

Ellipsoidal Uncertainty Set of Electricity Prices — P ftted from minimum volume 
problem 

∆ 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 

Robust proft 223.36 195.19 166.77 138.46 110.27 82.63 57.19 35.19 18.48 5.07 0.00 
Actual proft -17.79 -17.79 -17.44 -16.17 -17.08 -23.17 -37.54 -46.03 -30.88 -26.30 0.00 
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(a) ∆ = 1 (b) ∆ = 0.05 

n o 
λsE = | (λs − λc)

⊤P −2(λs − λc) ≤ ∆, for s = 1, . . . , N 
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NYISO Data: Ellipsoidal II 

Ellipsoidal Uncertainty Set of Electricity Prices — P as covariance matrix 

∆ (scaled) 0 1 2 3 4 5 6 

Robust proft 223.36 141.98 86.33 48.14 25.23 8.38 0.00 
Actual proft -17.79 15.51 10.30 5.98 13.54 6.60 0.00 
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Figure: Ellipsoidal uncertainty set of electricity prices – ii, ∆ = 2. 

Energy Storage Market Power & Strategic Withholding 43 



Conclusions 

• how do we create incentives to deter market manipulation 

• modelling the uncertainty in forecasting data 

• presented mostly only partial results 

44 



References 

[1] FERC, Participation of distributed energy resource aggregations in markets 
operated by regional transmission organizations and independent system 
operators, order 2222, 2020. [Online]. Available: 
https://www.ferc.gov/sites/default/files/2020-09/E-1_0.pdf. 

[2] P. Hansen, B. Jaumard, and G. Savard, “New branch-and-bound rules for linear 
bilevel programming,” SIAM Journal on Scientifc and Statistical Computing, 
vol. 13, no. 5, pp. 1194–1217, 1992. 

[3] S. Borenstein, “Understanding Competitive Pricing and Market Power in 
Wholesale Electricity Markets,” The Electricity Journal, vol. 13, no. 6, pp. 49–57, 
Jul. 2000, issn: 10406190. 

[4] B. Xu, M. Korp̊as, and A. Botterud, “Operational valuation of energy storage 
under multi-stage price uncertainties,” in 2020 59th IEEE Conference on Decision 
and Control (CDC), 2020, pp. 55–60. 

45 

https://www.ferc.gov/sites/default/files/2020-09/E-1_0.pdf


46 



Backup slides 

47 



Strategic Capacity Withholding Diferentiate 

Proposition 

Given a series of prices λ̂ 
t throughout the period T , a strategic price taker makes 

bidding decisions {pt 
∗ , b∗} based on proft-maximization model. Denote the set oft 

discharge withholding intervals {u ∈ T |1{0<pu<P̄} = 1} and charge withholding 
intervals {v ∈ T |1{0<bv <P̄} = 1}, then the bidding decisions satisfy: 

∗ ¯ > ˆ1 if the unit discharges at capacity during interval x, i.e., p = P , then λ̂ 
x λux 

λ̂vand λ̂ 
x > 

η2 , 

ˆ
¯ 2 if the unit charges at capacity during interval y, i.e., b∗ = P , then λ̂ 

u > 
λy andy η2 

ˆ > ˆλv λy , 

ˆ∗ λz
3 if the unit is idle during interval z, i.e., pz = b∗ 

z = 0, then 
η2 > λ̂ 

u > λ̂ 
z and 

λ̂ 
z > λ̂ 

v > λ̂ 
z η2 . 
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