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Two-stage/Sequential Markets
Two-stage markets are the norm in energy systems!

Designed to incentivize transactions in the
presence of uncertainty 
• Forward Market: Future contracts
• Spot Market: Immediate commitments

Benefits of forward contracting
• Hedge against future risks
• Increased efficiency [Allaz & Vila ‘93]

Natural solution to electricity markets
• Day-ahead: Forward Market
• Hedge via a forward position

• Real-time: Spot Market
• Correct: Last-resort/realized uncertainty Source: NYISO

day-ahead vs real-time prices
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Operational Challenges in Electricity Grids

• Undesired price manipulation by market participants
• California Electricity Crisis – Enron ‘00-’01 
• Today: ~2% hours with non-competitive bids in the CAISO 

market (2021) 

• Proliferation of renewable energy sources

4

Source: U.S. Energy Information Administration

Rapid growth in solar and wind energy
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Source: California ISO

High ramp requirement

Net Demand

Wind

Solar

Source: Midcontinent ISO (Jun 26, 2019)

Uncertainty



Opportunities
• Utility-Scale Storage
• Rapidly growing technology
• Can be used across all grid services (regulation, 

ramping, volt/var, etc.)
• High cost, complex to quantify

• Distributed Energy Resources (DERs)
• FERC 2222 opens the door for democratized 

participation in Markets
• Multiple types: solar, wind, batteries, smart 

meters, demand response, EVs, etc.
• Heterogeneous functionalities/incentives

Q1: How does participants' behavior affect 
market outcomes? What are their incentives?

Q2: How should new types of participants bid 
in energy markets?
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Source: BloombergNEF

Rapid growth in Energy 
Storage installations!



• The role of inelastic demand in two-stage markets

• Market power mitigation via default bids

Unintended consequences of market designs
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Day-Ahead Forecast
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Day-Ahead Forecast and Actual Demand
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Day-Ahead Forecast and Actual Demand

Existing Paradigm - Wholesale Energy Market Design

Generator centric view:

§ Day-Ahead Market (Forward Market) 
§ Market clears based on demand forecasts
§ Account for majority of trading in market
§ Hedge against uncertainty via a forward position

§ Real-Time Market (Spot Market)
§ Market clears at faster timescale, typically 5 min
§ Participants buy or sell to adjust commitments
§ Correct: Last-resort/realized uncertainty

Enrique Mallada (JHU) 7

CAISO, 2021



Two-stage Settlement in Electricity Markets

day 
ahead

real
time

<latexit sha1_base64="91iue9+9BB9qwgJoDXQVIuZTO4E=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKqMeiF49V+gVtLJvNpl262YTdjVBCf4QXD4p49fd489+4aXPQ1gcDj/dmmJnnJ5wp7TjfVmltfWNzq7xd2dnd2z+wD486Kk4loW0S81j2fKwoZ4K2NdOc9hJJceRz2vUnt7nffaJSsVi09DShXoRHgoWMYG2kbvCYPbRmlaFddWrOHGiVuAWpQoHm0P4aBDFJIyo04Vipvusk2suw1IxwOqsMUkUTTCZ4RPuGChxR5WXzc2fozCgBCmNpSmg0V39PZDhSahr5pjPCeqyWvVz8z+unOrz2MiaSVFNBFovClCMdo/x3FDBJieZTQzCRzNyKyBhLTLRJKA/BXX55lXTqNfeyVr+/qDZuijjKcAKncA4uXEED7qAJbSAwgWd4hTcrsV6sd+tj0Vqyiplj+APr8wfBMo8x</latexit>

dRT

<latexit sha1_base64="5b7nwTmKYPszSEIQ+gWKcMGqJgM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWUY9FLx6r9AvatWTTbBuaTZZkVihLf4YXD4p49dd489+YbfegrQ8GHu/NMDMviAU34LrfTmFtfWNzq7hd2tnd2z8oHx61jUo0ZS2qhNLdgBgmuGQt4CBYN9aMRIFgnWBym/mdJ6YNV7IJ05j5ERlJHnJKwEq9fsCAPKYPzVlpUK64VXcOvEq8nFRQjsag/NUfKppETAIVxJie58bgp0QDp4LNSv3EsJjQCRmxnqWSRMz46fzkGT6zyhCHStuSgOfq74mURMZMo8B2RgTGZtnLxP+8XgLhtZ9yGSfAJF0sChOBQeHsfzzkmlEQU0sI1dzeiumYaELBppSF4C2/vEratap3Wa3dX1TqN3kcRXSCTtE58tAVqqM71EAtRJFCz+gVvTngvDjvzseiteDkM8foD5zPH8bHkO0=</latexit>

�RT
<latexit sha1_base64="RSkKRAwV/CWUjGeYLaK8R1F3IbI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKewGUY/xcfAYwTxgs4bZySQZMjuzzPQKYclnePGgiFe/xpt/42yyB00saCiquunuCmPBDbjut1NYWV1b3yhulra2d3b3yvsHLaMSTVmTKqF0JySGCS5ZEzgI1ok1I1EoWDsc32R++4lpw5V8gEnMgogMJR9wSsBKfjdkQB7T26tpqVeuuFV3BrxMvJxUUI5Gr/zV7SuaREwCFcQY33NjCFKigVPBpqVuYlhM6JgMmW+pJBEzQTo7eYpPrNLHA6VtScAz9fdESiJjJlFoOyMCI7PoZeJ/np/A4DJIuYwTYJLOFw0SgUHh7H/c55pREBNLCNXc3orpiGhCwaaUheAtvrxMWrWqd16t3Z9V6td5HEV0hI7RKfLQBaqjO9RATUSRQs/oFb054Lw4787HvLXg5DOH6A+czx+Uc5DM</latexit>

�DA

bids

<latexit sha1_base64="j1uBkIuqWmWKgVFCs2Arflyyy7A=">AAAB7nicbVDLSsNAFL2pr1pfUZduBovgqiRF1GV9LFxWsA9oY5lMJu3QySTMTIQS+hFuXCji1u9x5984abPQ1gMXDufcy733+AlnSjvOt1VaWV1b3yhvVra2d3b37P2DtopTSWiLxDyWXR8rypmgLc00p91EUhz5nHb88U3ud56oVCwWD3qSUC/CQ8FCRrA2Uid4zG6vppWBXXVqzgxombgFqUKB5sD+6gcxSSMqNOFYqZ7rJNrLsNSMcDqt9FNFE0zGeEh7hgocUeVls3On6MQoAQpjaUpoNFN/T2Q4UmoS+aYzwnqkFr1c/M/rpTq89DImklRTQeaLwpQjHaP8dxQwSYnmE0MwkczcisgIS0y0SSgPwV18eZm06zX3vFa/P6s2ros4ynAEx3AKLlxAA+6gCS0gMIZneIU3K7FerHfrY95asoqZQ/gD6/MHjt6PEA==</latexit>

dDA

bids

<latexit sha1_base64="3+/JGfrz7enf3+rd3iupjtVtWao=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiRF1GV9LFxWsA9oY5lMJu3QySTOTAol9DvcuFDErR/jzr9x0mahrQcGDuecy71zvJgzpW372yqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90U3mt8dUKhaJBz2JqRvigWABI1gbye1xE/XxY3p7NS31yxW7as+AlomTkwrkaPTLXz0/IklIhSYcK9V17Fi7KZaaEU6npV6iaIzJCA9o11CBQ6rcdHb0FJ0YxUdBJM0TGs3U3xMpDpWahJ5JhlgP1aKXif953UQHl27KRJxoKsh8UZBwpCOUNYB8JinRfGIIJpKZWxEZYomJNj1lJTiLX14mrVrVOa/W7s8q9eu8jiIcwTGcggMXUIc7aEATCDzBM7zCmzW2Xqx362MeLVj5zCH8gfX5AxIYkaU=</latexit>

�DA

<latexit sha1_base64="MHbZEB7Xkaf4iG9ySNVudNq8w2A=">AAAB/3icbVA7T8MwGHTKq5RXAImFxVAhMaAqqRAwlsfAWCT6kJpQOY7bWnWcYDtIVejAX2FhACFW/gYb/wYnzQAtJ1k6330nfz4vYlQqy/o2CnPzC4tLxeXSyura+oa5udWUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje8TP3WAxGShvxWjSLiBqjPaY9ipLTUNXfu75Kr87Gzd+QwnfJRdi11zbJVsTLAWWLnpAxy1Lvml+OHOA4IV5ghKTu2FSk3QUJRzMi45MSSRAgPUZ90NOUoINJNsv3H8EArPuyFQh+uYKb+TiQokHIUeHoyQGogp71U/M/rxKp35iaUR7EiHE8e6sUMqhCmZUCfCoIVG2mCsKB6V4gHSCCsdGVpCfb0l2dJs1qxTyrVm+Ny7SKvowh2wT44BDY4BTVwDeqgATB4BM/gFbwZT8aL8W58TEYLRp7ZBn9gfP4Ah42VJQ==</latexit>

qDA,�DA
schedule

prices

day ahead: forward position real time: last resort/opportunity
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q = qRT + qDA
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d = dRT + dDA

total generation

total demand

linear supply function

[Klemperer, Meyer ‘89]
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Challenge: Operation Not Fully Understood

Market Power is Major Concern
• Competitive Equilibria -> Price Convergence 
• Evidence the lack of price convergence

• MISO [Bowden et al. ‘09, Birge et al. ‘18]
• NYISO [Jha & Wolak ’19, You et al. ‘19]
• CAISO [Borenstein ‘08] and more..

Is the Spot Market Operating as Last Resort?
• Systematic bias in real-time demand 

Our focus: Understanding the role of strategic load 
participants

<latexit sha1_base64="I7XX4MzvFFVaVK9GbOWUe1YoKs4=">AAACAnicbVDLSsNAFL3xWesr6krcBIvgxpKUoi4runBZpS9oY5lMJu3QySTMTIQSiht/xY0LRdz6Fe78G6dtEG09MHDmnHOZuceLGZXKtr+MhcWl5ZXV3Fp+fWNza9vc2W3IKBGY1HHEItHykCSMclJXVDHSigVBocdI0xtcjv3mPRGSRrymhjFxQ9TjNKAYKS11zf0O02Ef3aVXF6OTn8ttbdQ1C3bRnsCaJ05GCpCh2jU/O36Ek5BwhRmSsu3YsXJTJBTFjIzynUSSGOEB6pG2phyFRLrpZIWRdaQV3woioQ9X1kT9PZGiUMph6OlkiFRfznpj8T+vnajg3E0pjxNFOJ4+FCTMUpE17sPyqSBYsaEmCAuq/2rhPhIIK91aXpfgzK48TxqlonNaLN2UC5VyVkcODuAQjsGBM6jANVShDhge4Ale4NV4NJ6NN+N9Gl0wspk9+APj4xv0HZcc</latexit>

�DA � �RT

NYISO, 2018

NYISO, 2018
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�DA = �RT
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An Extensive-Form Game

• Between 𝐺 homogeneous generators and 𝐿 heterogeneous inelastic loads
• Perfect foresight and complete information

Day-ahead 
market clearing

Real-time 
market clearing

Enrique Mallada (JHU) 10

Quadratic cost
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An Extensive-Form Game

• Between 𝐺 homogeneous generators and 𝐿 heterogeneous inelastic loads
• Perfect foresight and complete information

Day-ahead 
market clearing

Real-time 
market clearing
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Quadratic cost
Linear supply 
function bid
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An Extensive-Form Game

• Between 𝐺 homogeneous generators and 𝐿 heterogeneous inelastic loads
• Perfect foresight and complete information

Day-ahead 
market clearing

Real-time 
market clearing
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Quadratic cost
Linear supply 
function bid

Quantity bid

Inelastic demand
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An Extensive-Form Game

• Between 𝐺 homogeneous generators and 𝐿 heterogeneous inelastic loads
• Perfect foresight and complete information
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Generation goal
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max
qDA
j qRT

j

�DAqDA
j +�RTqRT

j � 1

2
c(qj)

2

s.t. qj = qDA
j + qRT

j

Demand goal
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max
dDA
l dRT

l

�DAdDA
l +�RTdRT

l

s.t. dl = dDA
l + dRT

l
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Model: Nested Game
• Real-time subgame: given day-ahead market outcome
• Day-ahead competition: anticipate real-time market outcome (global view)

Occur later

Enrique Mallada (JHU) 11
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optimal real-time profit    
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Model: Nested Game
• Real-time subgame: given day-ahead market outcome
• Day-ahead competition: anticipate real-time market outcome (global view)

Occur later

Enrique Mallada (JHU) 12

real-time price   
<latexit sha1_base64="x1mxJo4IgAGFaHy79URkj0/b5ww="></latexit>

�RT⇤(dDA
l ; dDA

�l ,�
DA)

<latexit sha1_base64="pyabTA0pIJlotYCRGdAYjs7bevc="></latexit>

max
�RT
j �0

�RTqRT
j � 1

2
c(qDA

j + qRT
j )2

<latexit sha1_base64="KZlAcco/BcqQPPLwysQv83V2C6c="></latexit>

max
�DA
j �0

�DAqDA
j + ⇡RT⇤

j



•Price taker participants: respond (bid) optimally to given prices
• Competitive equilibrium

• A set of two-stage bids (𝛽!", 𝛽#$, 𝑑!", 𝑑#$) and prices (𝜆!", 𝜆#$) s.t. 
• Bids are optimal for individual participants, given the prices;
• Supply matches demand in both stages.

•Strategic participants: anticipate
• Bidding impacts on clearing prices (through power balance);
• Day-ahead bidding impact on real-time market outcome;

• Nash equilibrium
• A set of two-stage bids (𝛽!", 𝛽#$, 𝑑!", 𝑑#$) and prices (𝜆!", 𝜆#$) s.t.

• Bids are optimal for individual participants, given others’ bids;
• Symmetric decisions for homogeneous generators:
• Supply matches demand in both stages.

Market Participant Types

Enrique Mallada (JHU) 13



Market Equilibria Characterization

• Competitive equilibrium
• Equal two-stage prices at marginal cost
• Any combination of bids with two-stage power balance

• Nash equilibrium
• No price convergence:                                              , with 

• Demand allocation: 

G: num. of gens (G >=3 for NE with strategic gens)

<latexit sha1_base64="5IiCiPUT4ZPVBz+E9iyX3EPCz0g=">AAACBnicbVDLSsNAFJ3UV62vqEsRBosgCiWRim6Eii5cVukL2hgmk0k7dDIJMxOhhKzc+CtuXCji1m9w5984bbPQ6oGBc8+5lzv3eDGjUlnWl1GYm19YXCoul1ZW19Y3zM2tlowSgUkTRywSHQ9JwignTUUVI51YEBR6jLS94eXYb98TIWnEG2oUEydEfU4DipHSkmvu+nfp1cVh5qYsg0dQV7cNXTF4Dn2XuWbZqlgTwL/EzkkZ5Ki75mfPj3ASEq4wQ1J2bStWToqEopiRrNRLJIkRHqI+6WrKUUikk07OyOC+VnwYREI/ruBE/TmRolDKUejpzhCpgZz1xuJ/XjdRwZmTUh4ninA8XRQkDKoIjjOBPhUEKzbSBGFB9V8hHiCBsNLJlXQI9uzJf0nruGKfVKybarlWzeMogh2wBw6ADU5BDVyDOmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz2yDXzA+vgHIKJdb</latexit>

dDA⇤
l + dRT⇤

l = dlGenerator: Load:

Enrique Mallada (JHU) 14

<latexit sha1_base64="lMCcIQb5ILw94jgGWrYcmoh1rNU="></latexit>

�DA⇤ = �RT⇤ =
c

G

X
l2L

dl

Recall: Homogeneous
Generation: <latexit sha1_base64="cXpEbBMI5G0b6m0RvSIMtZJaA6A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SIUvXisYNpCG8pmO2nXbjZhdyOU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHt1O/+YRK80Q+mFGKQUz7kkecUWMln3Ufr1m3VHYr7gxkmXg5KUOOerf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIyaVQr3kWlen9ert3kcRTgGE7gDDy4hBrcQR18YMDhGV7hzZHOi/PufMxbV5x85gj+wPn8AYNWjn8=</latexit>cj = c

<latexit sha1_base64="Lxn15QB0XMlKIvDWhN5ZRQIqXdE=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQCyUpom6E+li4rNIXNDFMppN27OTBzEQoIR/hxl9x40IRty7c+TdO2yDaemDg3HPu5c49bsSokIbxpeXm5hcWl/LLhZXVtfUNfXOrKcKYY9LAIQt520WCMBqQhqSSkXbECfJdRlru4GLkt+4JFzQM6nIYEdtHvYB6FCOpJEcvWS6RyLm7TS7PDlJYgj/1TV3Vp9DyOMKJmSY4dfSiUTbGgLPEzEgRZKg5+qfVDXHsk0BihoTomEYk7QRxSTEjacGKBYkQHqAe6SgaIJ8IOxkflcI9pXShF3L1AgnH6u+JBPlCDH1XdfpI9sW0NxL/8zqx9E7shAZRLEmAJ4u8mEEZwlFCsEs5wZINFUGYU/VXiPtIpSBVjgUVgjl98ixpVsrmUblyfVisnmdx5MEO2AX7wATHoAquQA00AAYP4Am8gFftUXvW3rT3SWtOy2a2wR9oH9/Qkp1x</latexit>

�DA⇤
j + �RT⇤

j =
1

c

<latexit sha1_base64="wNka9DZx6vauHXsnDFhXGULFP+A="></latexit>

�RT⇤ =
G� 1

G� 2
· c

G

X
l2L

dl

<latexit sha1_base64="1gK+H8pwuwiD0qJr9aKgh53fd2M=">AAACG3icbVBLSwMxGMzWV62vVY9egkWQCmW3iAoi1MfBQw9V+oJuLdlstg3NPkiyQln2f3jxr3jxoIgnwYP/xrRdQVsHQoaZ+Ui+sUNGhTSMLy0zN7+wuJRdzq2srq1v6JtbDRFEHJM6DljAWzYShFGf1CWVjLRCTpBnM9K0B5cjv3lPuKCBX5PDkHQ81POpSzGSSurqJYupsIPu4qvzQnIGLZcjHFeSuHJgJtaphZ1AqusndFsrJF09bxSNMeAsMVOSBymqXf3DcgIcecSXmCEh2qYRyk6MuKSYkSRnRYKECA9Qj7QV9ZFHRCce75bAPaU40A24Or6EY/X3RIw8IYaerZIekn0x7Y3E/7x2JN2TTkz9MJLEx5OH3IhBGcBRUdChnGDJhoogzKn6K8R9pNqRqs6cKsGcXnmWNEpF86hYujnMly/SOrJgB+yCfWCCY1AG16AK6gCDB/AEXsCr9qg9a2/a+ySa0dKZbfAH2uc35a6guA==</latexit>

�DA⇤ =
L

L+ 1
· �RT⇤

<latexit sha1_base64="3Gd5twJulREU9fZ8FntrtjmrsAw="></latexit>P
l2L dDA⇤

lP
l2L dl

=
L(G� 1) + 1

(L+ 1)(G� 1)
2 (0, 1)



Quantification of Market Power

• Total generation cost: optimal and fixed at all equilibria
• Reason: Generator symmetry and load inelasticity

•Market surplus allocation

<latexit sha1_base64="glwRCnXyGWFWFf6fQcpSeng6fng="></latexit>X

j2G
⇡j �

X

l2L
⇢l = �

X

j2G

1

2
cj(q

DA
j + qRT

j )2

Surplus: negative total generation
cost at equilibriumProfit of generators

Payment of loads
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Recall: Homogeneous
Generation: <latexit sha1_base64="cXpEbBMI5G0b6m0RvSIMtZJaA6A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SIUvXisYNpCG8pmO2nXbjZhdyOU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHt1O/+YRK80Q+mFGKQUz7kkecUWMln3Ufr1m3VHYr7gxkmXg5KUOOerf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIyaVQr3kWlen9ert3kcRTgGE7gDDy4hBrcQR18YMDhGV7hzZHOi/PufMxbV5x85gj+wPn8AYNWjn8=</latexit>cj = c



• Inter-group market power shift
• More degree of flexibility for generators;

Surplus Allocation

Generator profit:

Competitive equilibrium

Enrique Mallada (JHU) 16

NE with strategic gens

<latexit sha1_base64="NPlGaqm8jGlwp096NPn+Ch94UGE="></latexit>✓
1

2
+

1

G� 2

◆
·
c (
P

l2L dl)2

G2

<latexit sha1_base64="+JuYlJG3ky0zciZByBrZTjAazzA="></latexit>

1

2
·
c (
P

l2L dl)2

G2

Generator centric view



• Inter-group market power shift
• More degree of flexibility for generators;
• Loads offset generators’ market power by 
• allocating demand strategically;

Surplus Allocation

Generator profit:

NE with strategic gens and loads

Competitive equilibrium

NE with strategic gens

Enrique Mallada (JHU) 16

NE with strategic gens

<latexit sha1_base64="NPlGaqm8jGlwp096NPn+Ch94UGE="></latexit>✓
1

2
+

1

G� 2

◆
·
c (
P

l2L dl)2

G2

<latexit sha1_base64="+JuYlJG3ky0zciZByBrZTjAazzA="></latexit>

1

2
·
c (
P

l2L dl)2

G2

<latexit sha1_base64="0h3Z93ZcUmDuOwbOXQjmIJnSgeI="></latexit>✓
1

2
+

1

G� 2

◆
·
c (
P

l2L dl)2

G2
� L(G� 1) + 1

(L+ 1)2(G� 2)
·
c (
P

l2L dl)2

G2

Generator centric view



• Inter-group market power shift
• More degree of flexibility for generators;
• Loads offset generators’ market power by 
• allocating demand strategically;

Surplus Allocation

Generator profit:

NE with strategic gens and loads

Competitive equilibrium

NE with strategic gens
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<latexit sha1_base64="+JuYlJG3ky0zciZByBrZTjAazzA="></latexit>

1

2
·
c (
P

l2L dl)2

G2

<latexit sha1_base64="0h3Z93ZcUmDuOwbOXQjmIJnSgeI="></latexit>✓
1

2
+

1

G� 2

◆
·
c (
P

l2L dl)2

G2
� L(G� 1) + 1

(L+ 1)2(G� 2)
·
c (
P

l2L dl)2

G2

Normalized Agg. Generator Profit

𝑮

𝑳



• Inter-group market power shift
• More degree of flexibility for generators;
• Loads offset generators’ market power by 
• allocating demand strategically;

Surplus Allocation

Generator profit:

NE with strategic gens and loads

Competitive equilibrium

NE with strategic gens
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<latexit sha1_base64="+JuYlJG3ky0zciZByBrZTjAazzA="></latexit>

1

2
·
c (
P

l2L dl)2

G2

<latexit sha1_base64="0h3Z93ZcUmDuOwbOXQjmIJnSgeI="></latexit>✓
1

2
+

1

G� 2

◆
·
c (
P

l2L dl)2

G2
� L(G� 1) + 1

(L+ 1)2(G� 2)
·
c (
P

l2L dl)2

G2

Reversal of market power: General Condition

<gen profit 
NE both strategic

gen profit
Comp. Equilibrium

<latexit sha1_base64="Bi1cp/WeOL6tD39j5RIq3Jqb3Z0=">AAACNnicZVDLSsNAFJ34rPXV6rKbwVIQhJL4XknRhS5cVDBtoQ1lMpm0QyeZMDMRS+g3uNU/8VfcuBO3foKTNohNLwwczrn3cOa4EaNSmeaHsbS8srq2Xtgobm5t7+yWynstyWOBiY0546LjIkkYDYmtqGKkEwmCApeRtju6SfX2ExGS8vBRjSPiBGgQUp9ipDRl317dH530S1Wzbk4HLgIrA1WQTbNfNio9j+M4IKHCDEnZtcxIOQkSimJGJsVeLEmE8AgNSFfDEAVEOsnzNO4E1jTlQZ8L/UIFp+z/kwQFUo4DV28GSA1lXkvJP62WE1NLqVWoW2AwteFszsB1g1xA5V86CQ2jWJEQz+L5MYOKw7Qx6FFBsGJjDRAWVH8R4iESCCvda86aM2+i67Ty5S2C1nHdOq+fPZxWG9dZsQVQAQfgEFjgAjTAHWgCG2BAwQt4BW/Gu/FpfBnfs9UlI7vZB3Nj/PwCV2Cq+A==</latexit>

G > L+ 3
<latexit sha1_base64="xYbBewbW+M2A7EbLRgjVFpHL7qE=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8ld0i6rHoxWMF+wHtUrJptg1NskuSFcrSv+DFgyJe/UPe/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64STu9zvPDFteKwe7TRhgSQjxSNOic2lPo+iQaXq1bw58CrxC1KFAs1B5as/jGkqmbJUEGN6vpfYICPacirYrNxPDUsInZAR6zmqiGQmyOa3zvC5U4Y4irUrZfFc/T2REWnMVIauUxI7NsteLv7n9VIb3QQZV0lqmaKLRVEqsI1x/jgecs2oFVNHCNXc3YrpmGhCrYun7ELwl19eJe16zb+q1R8uq43bIo4SnMIZXIAP19CAe2hCCyiM4Rle4Q1J9ILe0ceidQ0VMyfwB+jzBwOSjjo=</latexit>()

Normalized Agg. Generator Profit

𝑮

𝑳



• Intra-group market power shift
• Load payment reduced by a fixed amount, regardless of load size;

• Relatively, small loads are favored;
• Incentive to split instead of aggregation

• Special Case: virtual bidding
• a load bidder with                 , its payment (negative profit):

Surplus Allocation

Load payment

NE with strategic gens
NE with strategic gens and loads

<latexit sha1_base64="Qpj0Xb9yLadyrIgyFinglU3Uicw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ8OKxgmkLbSibzaZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF2ZSGHTdb6e0tr6xuVXeruzs7u0fVA+PWibNNeM+S2WqOyE1XArFfRQoeSfTnCah5O1wdDfz209cG5GqRxxnPEjoQIlYMIpW8qO+vHX71Zpbd+cgq8QrSA0KNPvVr16UsjzhCpmkxnQ9N8NgQjUKJvm00ssNzygb0QHvWqpowk0wmR87JWdWiUicalsKyVz9PTGhiTHjJLSdCcWhWfZm4n9eN8f4JpgIleXIFVssinNJMCWzz0kkNGcox5ZQpoW9lbAh1ZShzadiQ/CWX14lrYu6d1V3Hy5rjcsijjKcwCmcgwfX0IB7aIIPDAQ8wyu8Ocp5cd6dj0VrySlmjuEPnM8fNXCOPg==</latexit>

dl = 0
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<latexit sha1_base64="CPUfHffgo1J8wswuHXD3A5W+c14="></latexit>

G� 1

G� 2
·
c
P

l2L dl
G

· dl �
L(G� 1) + 1

L(L+ 1)2(G� 2)
·
c (
P

l2L dl)

G

<latexit sha1_base64="N5n6gQ+M6Jr5aevCbqleKFYhSxQ="></latexit>

� L0(G� 1) + 1

L0(L0 + 1)2(G� 2)
·
c (
P

l2L dl)

G

L’ = L +  num. of virtual bidder

<latexit sha1_base64="VMwpyca5t5kUAV83Q8y9xOrAZNw="></latexit>

�DA⇤ � �RT⇤

�DA⇤ =
1

L0 ����!
L0!1

0

Normalized Agg. Load Payment

𝑮

𝑳



• The role of inelastic demand in two-stage markets

• Market power mitigation via default bids

Unintended consequences of market designs
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Real-Time MarketDay-Ahead Market

Recall: Two-Stage Standard Market

18

Individual generator

         Maximize Individual Profit

Individual load
          

                 Minimize Individual Payment

Real-Time Market
<latexit sha1_base64="sfoTyVWN89Qe4fEhvVBXmNi3cEU="></latexit>X

j2G
�RT
j �RT =

X

l2L
dRT
l

Day-Ahead Market
<latexit sha1_base64="f7twcB3T/Fq5xyUqFPc7YFT72Nc="></latexit>X

j2G
�DA
j �DA=

X

l2L
dDA
l

generation goal
<latexit sha1_base64="cag8669e1aVY06sXh3p648g7KhU="></latexit>

max
qDA
j qRT

j

�DAqDA
j +�RTqRT

j � 1

2
c(qj)

2

s.t. qj = qDA
j + qRT

j

demand goal
<latexit sha1_base64="Hj6u3WGtCXdQBdD2yA+XQGf0PsE="></latexit>

max
dDA
l dRT

l

�DAdDA
l +�RTdRT

l

s.t. dl = dDA
l + dRT

l

linear supply function

[Klemperer, Meyer ‘89]

<latexit sha1_base64="bQrRSap9Wyy0JHO7Q2wJfW3g6GE=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbAaDYCFhN4jaSII2lhHMA7KbMDs7mwyZfTgzK4Qljb9iY6GIrZ9h5984eRSaeGDgcM493LnHSziTyrK+jdzS8srqWn69sLG5tb1j7u41ZJwKQusk5rFoeVhSziJaV0xx2koExaHHadMb3Iz95iMVksXRvRom1A1xL2IBI1hpqWsePHQqV45HFe5UnFPkcB31Ne+aRatkTYAWiT0jRZih1jW/HD8maUgjRTiWsm1biXIzLBQjnI4KTippgskA92hb0wiHVLrZ5IAROtaKj4JY6BcpNFF/JzIcSjkMPT0ZYtWX895Y/M9rpyq4dDMWJamiEZkuClKOVIzGbSCfCUoUH2qCiWD6r4j0scBE6c4KugR7/uRF0iiX7PNS+e6sWL2e1ZGHQziCE7DhAqpwCzWoA4ERPMMrvBlPxovxbnxMR3PGLLMPf2B8/gAjBpV6</latexit>

q? = �? �?

<latexit sha1_base64="5fr22q3i5w3o8LQO0OqrqUqQ6+w=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMcKLhwL6iY1oXIcpzV14sh2EFXU3+AKf8J38AHcEFeuOG2EaPokS6OZ90bjcSNGpTLND6Owtr6xuVXcLu3s7u0flCuHXcljgUkHc8ZF30WSMBqSjqKKkX4kCApcRnru5CbVe09ESMrDtppGxAnQKKQ+xUhpyrZdotDw8SG5b8+G5ZrZMOcDV4GVgRrIpjWsGFXb4zgOSKgwQ1IOLDNSToKEopiRWcmOJYkQnqARGWgYooBIJ3mep57BuqY86HOhX6jgnP1/kqBAymng6s0AqbHMayn5p9VzYmoptQp1GQymNpwtGbhukAuo/CsnoWEUKxLiRTw/ZlBxmBYHPSoIVmyqAcKC6i9CPEYCYaXrzVlz5qV1WvnyVkH3tGFdNM7vzmrN66zYIqiCY3ACLHAJmuAWtEAHYBCBF/AK3ox349P4Mr4XqwUjuzkCS2P8/ALd4a7M</latexit>

�RT
j

<latexit sha1_base64="h+KRRqAlU00V1qAD/ODLRj7cBlQ=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVpTJ45sB1FF/Q2u8Cd8Bx/ADXHlitNGiKZPsjSaeW80HjdiVCrT/DAKK6tr6xvFzdLW9s7uXrmy35E8Fpi0MWdc9FwkCaMhaSuqGOlFgqDAZaTrjq9TvftEhKQ8vFeTiDgBGobUpxgpTdm2SxQaPD4kN5fTQblmNszZwGVgZaAGsmkNKkbV9jiOAxIqzJCUfcuMlJMgoShmZFqyY0kihMdoSPoahigg0kmeZ6mnsK4pD/pc6BcqOGP/nyQokHISuHozQGok81pK/mn1nJhaSq1CXQaDqQ1nCwauG+QCKv/CSWgYxYqEeB7PjxlUHKbFQY8KghWbaICwoPqLEI+QQFjpenPWnHlpnVa+vGXQOW5YZ43Tu5Na8yortgiq4BAcAQucgya4BS3QBhhE4AW8gjfj3fg0vozv+WrByG4OwMIYP7+iJK6r</latexit>

�DA
j

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT
<latexit sha1_base64="qZAkyJbcZqIV48lHNuHdNAu/NE0=">AAACOXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF7RjyWQybWgyGZKMWIb+hFv9E7/EpTtx6w+YaQex0wuBwzn3Hk6OFzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2PKQIoyFpa6oZ6UWSIO4x0vUmt6nefSJSURG29DQiLkejkAYUI22onj9kj8lDazYsVe26PR+4CpwMVEE2zWHZqgx8gWNOQo0ZUqrv2JF2EyQ1xYzMdgaxIhHCEzQifQNDxIlyk+d54hmsGcqHgZDmhRrO2f8nCeJKTblnNjnSY5XXUvJPq+XE1FIZFZoiGExtBFsy8DyeC6iDazehYRRrEuJFvCBmUAuYlgZ9KgnWbGoAwpKaL0I8RhJhbarNWQvmp3U6+fJWQees7lzWL+7Pq42brNgiqIATcAoccAUa4A40QRtgwMALeAVv1rv1aX1Z34vVgpXdHIOlsX5+AWRmrRI=</latexit>

dRT
l

<latexit sha1_base64="9bsZmTyRGNXMIBLEoWsgtY8vOWU=">AAACOXicZVDJTsMwFLRZS9laOPZiUVXiVCWI7ViWA8ci0UVqQ+U4TmvViSPbQVRRf4Ir/AlfwpEb4soP4LQRoumTLI1m3huNx404U9qyPuDK6tr6xmZhq7i9s7u3XyoftJWIJaEtIriQXRcryllIW5ppTruRpDhwOe2445tU7zxRqZgIH/Qkok6AhyHzGcHaUF1vwB+T26vpoFS16tZs0DKwM1AF2TQHZVjpe4LEAQ014Vipnm1F2kmw1IxwOi32Y0UjTMZ4SHsGhjigykmeZ4mnqGYoD/lCmhdqNGP/nyQ4UGoSuGYzwHqk8lpK/mm1nJhaKqMiUwRHqY3gCwauG+QCav/SSVgYxZqGZB7PjznSAqWlIY9JSjSfGICJZOaLiIywxESbanPWgntpnXa+vGXQPqnb5/Wz+9Nq4zortgAq4AgcAxtcgAa4A03QAgRw8AJewRt8h5/wC37PV1dgdnMIFgb+/AIoqazx</latexit>

dDA
l

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT

Enrique Mallada (JHU)
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Market Competitive Equilibrium Nash Equilibrium

Standard 𝜆#$ = 𝜆!" = ∑! &!
∑" '"

#$ , 𝑑(!" + 𝑑(#$ = 𝑑( 𝜆!" =
𝐿

𝐿 + 1
𝜆#$,

∑( 𝑑(!"

∑( 𝑑(
< 1

𝑑!"#: Day-ahead allocation of load 𝑙
𝑑!$%: Real-time allocation of load 𝑙

Enrique Mallada (JHU)



Real-Time Market
<latexit sha1_base64="sfoTyVWN89Qe4fEhvVBXmNi3cEU="></latexit>X

j2G
�RT
j �RT =

X

l2L
dRT
l

Day-Ahead Market
<latexit sha1_base64="f7twcB3T/Fq5xyUqFPc7YFT72Nc="></latexit>X

j2G
�DA
j �DA=

X

l2L
dDA
l

Day-Ahead Market
<latexit sha1_base64="f7twcB3T/Fq5xyUqFPc7YFT72Nc="></latexit>X

j2G
�DA
j �DA=

X

l2L
dDA
l

Real-Time Market
<latexit sha1_base64="sfoTyVWN89Qe4fEhvVBXmNi3cEU="></latexit>X

j2G
�RT
j �RT =

X

l2L
dRT
l

Day-Ahead Market
<latexit sha1_base64="kym1Rtp5Ac0P1wbJJjFI9b1mPj4="></latexit>X

j2G

1

ĉj
�RT =

X

l2L
dRT
l

Real-Time Market
<latexit sha1_base64="QwXNplvxq93x2C2PYBLKB3VBDEs="></latexit>X

j2G

✓
1

ĉj
�RT�gDA

j

◆
=
X

l2L
dRT
l

Market with Market Power Mitigation Policy
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Individual generator

           Maximize Individual Profit

Individual load
          

                Minimize Individual Payment

Individual load
          

               Minimize Individual Payment

Individual generator

        Maximize Individual Profit

Real-Time MPM (RT-MPM) PolicyDay-Ahead MPM (DA-MPM) Policy

*Assumption: Substituting with default bids – market estimates �̂�& = 𝑐& + 𝜀& > 𝑐&

<latexit sha1_base64="5fr22q3i5w3o8LQO0OqrqUqQ6+w=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMcKLhwL6iY1oXIcpzV14sh2EFXU3+AKf8J38AHcEFeuOG2EaPokS6OZ90bjcSNGpTLND6Owtr6xuVXcLu3s7u0flCuHXcljgUkHc8ZF30WSMBqSjqKKkX4kCApcRnru5CbVe09ESMrDtppGxAnQKKQ+xUhpyrZdotDw8SG5b8+G5ZrZMOcDV4GVgRrIpjWsGFXb4zgOSKgwQ1IOLDNSToKEopiRWcmOJYkQnqARGWgYooBIJ3mep57BuqY86HOhX6jgnP1/kqBAymng6s0AqbHMayn5p9VzYmoptQp1GQymNpwtGbhukAuo/CsnoWEUKxLiRTw/ZlBxmBYHPSoIVmyqAcKC6i9CPEYCYaXrzVlz5qV1WvnyVkH3tGFdNM7vzmrN66zYIqiCY3ACLHAJmuAWtEAHYBCBF/AK3ox349P4Mr4XqwUjuzkCS2P8/ALd4a7M</latexit>

�RT
j

<latexit sha1_base64="h+KRRqAlU00V1qAD/ODLRj7cBlQ=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVpTJ45sB1FF/Q2u8Cd8Bx/ADXHlitNGiKZPsjSaeW80HjdiVCrT/DAKK6tr6xvFzdLW9s7uXrmy35E8Fpi0MWdc9FwkCaMhaSuqGOlFgqDAZaTrjq9TvftEhKQ8vFeTiDgBGobUpxgpTdm2SxQaPD4kN5fTQblmNszZwGVgZaAGsmkNKkbV9jiOAxIqzJCUfcuMlJMgoShmZFqyY0kihMdoSPoahigg0kmeZ6mnsK4pD/pc6BcqOGP/nyQokHISuHozQGok81pK/mn1nJhaSq1CXQaDqQ1nCwauG+QCKv/CSWgYxYqEeB7PjxlUHKbFQY8KghWbaICwoPqLEI+QQFjpenPWnHlpnVa+vGXQOW5YZ43Tu5Na8yortgiq4BAcAQucgya4BS3QBhhE4AW8gjfj3fg0vozv+WrByG4OwMIYP7+iJK6r</latexit>

�DA
j

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT
<latexit sha1_base64="qZAkyJbcZqIV48lHNuHdNAu/NE0=">AAACOXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF7RjyWQybWgyGZKMWIb+hFv9E7/EpTtx6w+YaQex0wuBwzn3Hk6OFzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2PKQIoyFpa6oZ6UWSIO4x0vUmt6nefSJSURG29DQiLkejkAYUI22onj9kj8lDazYsVe26PR+4CpwMVEE2zWHZqgx8gWNOQo0ZUqrv2JF2EyQ1xYzMdgaxIhHCEzQifQNDxIlyk+d54hmsGcqHgZDmhRrO2f8nCeJKTblnNjnSY5XXUvJPq+XE1FIZFZoiGExtBFsy8DyeC6iDazehYRRrEuJFvCBmUAuYlgZ9KgnWbGoAwpKaL0I8RhJhbarNWQvmp3U6+fJWQees7lzWL+7Pq42brNgiqIATcAoccAUa4A40QRtgwMALeAVv1rv1aX1Z34vVgpXdHIOlsX5+AWRmrRI=</latexit>

dRT
l

<latexit sha1_base64="9bsZmTyRGNXMIBLEoWsgtY8vOWU=">AAACOXicZVDJTsMwFLRZS9laOPZiUVXiVCWI7ViWA8ci0UVqQ+U4TmvViSPbQVRRf4Ir/AlfwpEb4soP4LQRoumTLI1m3huNx404U9qyPuDK6tr6xmZhq7i9s7u3XyoftJWIJaEtIriQXRcryllIW5ppTruRpDhwOe2445tU7zxRqZgIH/Qkok6AhyHzGcHaUF1vwB+T26vpoFS16tZs0DKwM1AF2TQHZVjpe4LEAQ014Vipnm1F2kmw1IxwOi32Y0UjTMZ4SHsGhjigykmeZ4mnqGYoD/lCmhdqNGP/nyQ4UGoSuGYzwHqk8lpK/mm1nJhaKqMiUwRHqY3gCwauG+QCav/SSVgYxZqGZB7PjznSAqWlIY9JSjSfGICJZOaLiIywxESbanPWgntpnXa+vGXQPqnb5/Wz+9Nq4zortgAq4AgcAxtcgAa4A03QAgRw8AJewRt8h5/wC37PV1dgdnMIFgb+/AIoqazx</latexit>

dDA
l

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT <latexit sha1_base64="5fr22q3i5w3o8LQO0OqrqUqQ6+w=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMcKLhwL6iY1oXIcpzV14sh2EFXU3+AKf8J38AHcEFeuOG2EaPokS6OZ90bjcSNGpTLND6Owtr6xuVXcLu3s7u0flCuHXcljgUkHc8ZF30WSMBqSjqKKkX4kCApcRnru5CbVe09ESMrDtppGxAnQKKQ+xUhpyrZdotDw8SG5b8+G5ZrZMOcDV4GVgRrIpjWsGFXb4zgOSKgwQ1IOLDNSToKEopiRWcmOJYkQnqARGWgYooBIJ3mep57BuqY86HOhX6jgnP1/kqBAymng6s0AqbHMayn5p9VzYmoptQp1GQymNpwtGbhukAuo/CsnoWEUKxLiRTw/ZlBxmBYHPSoIVmyqAcKC6i9CPEYCYaXrzVlz5qV1WvnyVkH3tGFdNM7vzmrN66zYIqiCY3ACLHAJmuAWtEAHYBCBF/AK3ox349P4Mr4XqwUjuzkCS2P8/ALd4a7M</latexit>

�RT
j

<latexit sha1_base64="h+KRRqAlU00V1qAD/ODLRj7cBlQ=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVpTJ45sB1FF/Q2u8Cd8Bx/ADXHlitNGiKZPsjSaeW80HjdiVCrT/DAKK6tr6xvFzdLW9s7uXrmy35E8Fpi0MWdc9FwkCaMhaSuqGOlFgqDAZaTrjq9TvftEhKQ8vFeTiDgBGobUpxgpTdm2SxQaPD4kN5fTQblmNszZwGVgZaAGsmkNKkbV9jiOAxIqzJCUfcuMlJMgoShmZFqyY0kihMdoSPoahigg0kmeZ6mnsK4pD/pc6BcqOGP/nyQokHISuHozQGok81pK/mn1nJhaSq1CXQaDqQ1nCwauG+QCKv/CSWgYxYqEeB7PjxlUHKbFQY8KghWbaICwoPqLEI+QQFjpenPWnHlpnVa+vGXQOW5YZ43Tu5Na8yortgiq4BAcAQucgya4BS3QBhhE4AW8gjfj3fg0vozv+WrByG4OwMIYP7+iJK6r</latexit>

�DA
j

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT
<latexit sha1_base64="qZAkyJbcZqIV48lHNuHdNAu/NE0=">AAACOXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF7RjyWQybWgyGZKMWIb+hFv9E7/EpTtx6w+YaQex0wuBwzn3Hk6OFzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2PKQIoyFpa6oZ6UWSIO4x0vUmt6nefSJSURG29DQiLkejkAYUI22onj9kj8lDazYsVe26PR+4CpwMVEE2zWHZqgx8gWNOQo0ZUqrv2JF2EyQ1xYzMdgaxIhHCEzQifQNDxIlyk+d54hmsGcqHgZDmhRrO2f8nCeJKTblnNjnSY5XXUvJPq+XE1FIZFZoiGExtBFsy8DyeC6iDazehYRRrEuJFvCBmUAuYlgZ9KgnWbGoAwpKaL0I8RhJhbarNWQvmp3U6+fJWQees7lzWL+7Pq42brNgiqIATcAoccAUa4A40QRtgwMALeAVv1rv1aX1Z34vVgpXdHIOlsX5+AWRmrRI=</latexit>

dRT
l

<latexit sha1_base64="9bsZmTyRGNXMIBLEoWsgtY8vOWU=">AAACOXicZVDJTsMwFLRZS9laOPZiUVXiVCWI7ViWA8ci0UVqQ+U4TmvViSPbQVRRf4Ir/AlfwpEb4soP4LQRoumTLI1m3huNx404U9qyPuDK6tr6xmZhq7i9s7u3XyoftJWIJaEtIriQXRcryllIW5ppTruRpDhwOe2445tU7zxRqZgIH/Qkok6AhyHzGcHaUF1vwB+T26vpoFS16tZs0DKwM1AF2TQHZVjpe4LEAQ014Vipnm1F2kmw1IxwOi32Y0UjTMZ4SHsGhjigykmeZ4mnqGYoD/lCmhdqNGP/nyQ4UGoSuGYzwHqk8lpK/mm1nJhaKqMiUwRHqY3gCwauG+QCav/SSVgYxZqGZB7PjznSAqWlIY9JSjSfGICJZOaLiIywxESbanPWgntpnXa+vGXQPqnb5/Wz+9Nq4zortgAq4AgcAxtcgAa4A03QAgRw8AJewRt8h5/wC37PV1dgdnMIFgb+/AIoqazx</latexit>

dDA
l

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT
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Nash Equilibrium
§ Does not exist!

§ Gens and loads incentivize to make bids 
𝛽&"# → 0 and demand 𝑑"# → 0

§ Prices are not clearly defined

𝜆"# =
𝑑"#

∑& 𝛽&"#
→	 ?

Competitive Equilibrium
§ Same as the standard market
§ Approximately efficient but non-unique 

§ Equal Prices at approx. marginal cost: 

𝜆#$ = 𝜆!" =
𝑑

∑)∈𝒢 �̂�),-

§ Load allocation: 
𝑑(!" + 𝑑(#$ = 𝑑(

Main Results: Real-Time Market Power Mitigation (RT-MPM) 
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Equilibrium Analysis Summary
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Market Competitive Equilibrium Nash Equilibrium

Standard 𝜆#$ = 𝜆!" =
∑( 𝑑(
∑) 𝑐),-

, 𝑑(!" + 𝑑(#$ = 𝑑( 𝜆!" =
𝐿

𝐿 + 1
𝜆#$,

∑( 𝑑(!"

∑( 𝑑(
< 1

RT-MPM 𝜆#$ = 𝜆!" =
∑( 𝑑(
∑) 𝑐),-

, 𝑑(!" + 𝑑(#$ = 𝑑(
No Equilibrium
𝒅𝑫𝑨 → 𝟎

𝑑!"#: Day-ahead allocation of load 𝑙
𝑑!$%: Real-time allocation of load 𝑙

Enrique Mallada (JHU)



Real-Time Market
<latexit sha1_base64="sfoTyVWN89Qe4fEhvVBXmNi3cEU="></latexit>X

j2G
�RT
j �RT =

X

l2L
dRT
l

Day-Ahead Market
<latexit sha1_base64="f7twcB3T/Fq5xyUqFPc7YFT72Nc="></latexit>X

j2G
�DA
j �DA=

X

l2L
dDA
l

Market with Market Power Mitigation Policy
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Individual generator

           Maximize Individual Profit

Individual load
          

                Minimize Individual Payment

Individual load
          

               Minimize Individual Payment

Individual generator

        Maximize Individual Profit

Real-Time MPM (RT-MPM) PolicyDay-Ahead MPM (DA-MPM) Policy

*Assumption: Substituting with default bids – market estimates �̂�& = 𝑐& + 𝜀& > 𝑐&

<latexit sha1_base64="5fr22q3i5w3o8LQO0OqrqUqQ6+w=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMcKLhwL6iY1oXIcpzV14sh2EFXU3+AKf8J38AHcEFeuOG2EaPokS6OZ90bjcSNGpTLND6Owtr6xuVXcLu3s7u0flCuHXcljgUkHc8ZF30WSMBqSjqKKkX4kCApcRnru5CbVe09ESMrDtppGxAnQKKQ+xUhpyrZdotDw8SG5b8+G5ZrZMOcDV4GVgRrIpjWsGFXb4zgOSKgwQ1IOLDNSToKEopiRWcmOJYkQnqARGWgYooBIJ3mep57BuqY86HOhX6jgnP1/kqBAymng6s0AqbHMayn5p9VzYmoptQp1GQymNpwtGbhukAuo/CsnoWEUKxLiRTw/ZlBxmBYHPSoIVmyqAcKC6i9CPEYCYaXrzVlz5qV1WvnyVkH3tGFdNM7vzmrN66zYIqiCY3ACLHAJmuAWtEAHYBCBF/AK3ox349P4Mr4XqwUjuzkCS2P8/ALd4a7M</latexit>

�RT
j

<latexit sha1_base64="h+KRRqAlU00V1qAD/ODLRj7cBlQ=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVpTJ45sB1FF/Q2u8Cd8Bx/ADXHlitNGiKZPsjSaeW80HjdiVCrT/DAKK6tr6xvFzdLW9s7uXrmy35E8Fpi0MWdc9FwkCaMhaSuqGOlFgqDAZaTrjq9TvftEhKQ8vFeTiDgBGobUpxgpTdm2SxQaPD4kN5fTQblmNszZwGVgZaAGsmkNKkbV9jiOAxIqzJCUfcuMlJMgoShmZFqyY0kihMdoSPoahigg0kmeZ6mnsK4pD/pc6BcqOGP/nyQokHISuHozQGok81pK/mn1nJhaSq1CXQaDqQ1nCwauG+QCKv/CSWgYxYqEeB7PjxlUHKbFQY8KghWbaICwoPqLEI+QQFjpenPWnHlpnVa+vGXQOW5YZ43Tu5Na8yortgiq4BAcAQucgya4BS3QBhhE4AW8gjfj3fg0vozv+WrByG4OwMIYP7+iJK6r</latexit>

�DA
j

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT
<latexit sha1_base64="qZAkyJbcZqIV48lHNuHdNAu/NE0=">AAACOXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF7RjyWQybWgyGZKMWIb+hFv9E7/EpTtx6w+YaQex0wuBwzn3Hk6OFzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2PKQIoyFpa6oZ6UWSIO4x0vUmt6nefSJSURG29DQiLkejkAYUI22onj9kj8lDazYsVe26PR+4CpwMVEE2zWHZqgx8gWNOQo0ZUqrv2JF2EyQ1xYzMdgaxIhHCEzQifQNDxIlyk+d54hmsGcqHgZDmhRrO2f8nCeJKTblnNjnSY5XXUvJPq+XE1FIZFZoiGExtBFsy8DyeC6iDazehYRRrEuJFvCBmUAuYlgZ9KgnWbGoAwpKaL0I8RhJhbarNWQvmp3U6+fJWQees7lzWL+7Pq42brNgiqIATcAoccAUa4A40QRtgwMALeAVv1rv1aX1Z34vVgpXdHIOlsX5+AWRmrRI=</latexit>

dRT
l

<latexit sha1_base64="9bsZmTyRGNXMIBLEoWsgtY8vOWU=">AAACOXicZVDJTsMwFLRZS9laOPZiUVXiVCWI7ViWA8ci0UVqQ+U4TmvViSPbQVRRf4Ir/AlfwpEb4soP4LQRoumTLI1m3huNx404U9qyPuDK6tr6xmZhq7i9s7u3XyoftJWIJaEtIriQXRcryllIW5ppTruRpDhwOe2445tU7zxRqZgIH/Qkok6AhyHzGcHaUF1vwB+T26vpoFS16tZs0DKwM1AF2TQHZVjpe4LEAQ014Vipnm1F2kmw1IxwOi32Y0UjTMZ4SHsGhjigykmeZ4mnqGYoD/lCmhdqNGP/nyQ4UGoSuGYzwHqk8lpK/mm1nJhaKqMiUwRHqY3gCwauG+QCav/SSVgYxZqGZB7PjznSAqWlIY9JSjSfGICJZOaLiIywxESbanPWgntpnXa+vGXQPqnb5/Wz+9Nq4zortgAq4AgcAxtcgAa4A03QAgRw8AJewRt8h5/wC37PV1dgdnMIFgb+/AIoqazx</latexit>

dDA
l

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT <latexit sha1_base64="5fr22q3i5w3o8LQO0OqrqUqQ6+w=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMcKLhwL6iY1oXIcpzV14sh2EFXU3+AKf8J38AHcEFeuOG2EaPokS6OZ90bjcSNGpTLND6Owtr6xuVXcLu3s7u0flCuHXcljgUkHc8ZF30WSMBqSjqKKkX4kCApcRnru5CbVe09ESMrDtppGxAnQKKQ+xUhpyrZdotDw8SG5b8+G5ZrZMOcDV4GVgRrIpjWsGFXb4zgOSKgwQ1IOLDNSToKEopiRWcmOJYkQnqARGWgYooBIJ3mep57BuqY86HOhX6jgnP1/kqBAymng6s0AqbHMayn5p9VzYmoptQp1GQymNpwtGbhukAuo/CsnoWEUKxLiRTw/ZlBxmBYHPSoIVmyqAcKC6i9CPEYCYaXrzVlz5qV1WvnyVkH3tGFdNM7vzmrN66zYIqiCY3ACLHAJmuAWtEAHYBCBF/AK3ox349P4Mr4XqwUjuzkCS2P8/ALd4a7M</latexit>

�RT
j

<latexit sha1_base64="h+KRRqAlU00V1qAD/ODLRj7cBlQ=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVpTJ45sB1FF/Q2u8Cd8Bx/ADXHlitNGiKZPsjSaeW80HjdiVCrT/DAKK6tr6xvFzdLW9s7uXrmy35E8Fpi0MWdc9FwkCaMhaSuqGOlFgqDAZaTrjq9TvftEhKQ8vFeTiDgBGobUpxgpTdm2SxQaPD4kN5fTQblmNszZwGVgZaAGsmkNKkbV9jiOAxIqzJCUfcuMlJMgoShmZFqyY0kihMdoSPoahigg0kmeZ6mnsK4pD/pc6BcqOGP/nyQokHISuHozQGok81pK/mn1nJhaSq1CXQaDqQ1nCwauG+QCKv/CSWgYxYqEeB7PjxlUHKbFQY8KghWbaICwoPqLEI+QQFjpenPWnHlpnVa+vGXQOW5YZ43Tu5Na8yortgiq4BAcAQucgya4BS3QBhhE4AW8gjfj3fg0vozv+WrByG4OwMIYP7+iJK6r</latexit>

�DA
j

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
<latexit sha1_base64="ilnhIOH8E89QlgBXyT4m37R9ktk=">AAACPXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF3TGksmkbWgmGZKMWIb+hlv9E7/DD3Anbt2aaQex0wuBwzn3Hk6OHzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vUnt6nefSJSUcFbehoRL0QjTocUI20o12VmNUCPyUNrNihV7bo9H7gKnAxUQTbNQdmquIHAcUi4xgwp1XfsSHsJkppiRmY7bqxIhPAEjUjfQI5CorzkeZ56BmuGCuBQSPO4hnP2/0mCQqWmoW82Q6THKq+l5J9Wy4mppTIqNGUwmNoItmTg+2EuoB5eewnlUawJx4t4w5hBLWBaHAyoJFizqQEIS2q+CPEYSYS1qTdnLViQ1unky1sFnbO6c1m/uD+vNm6yYougAk7AKXDAFWiAO9AEbYBBBF7AK3iz3q1P68v6XqwWrOzmGCyN9fML1qmuyA==</latexit>

�RT
<latexit sha1_base64="qZAkyJbcZqIV48lHNuHdNAu/NE0=">AAACOXicZVDLSgMxFM3UV323uuwmWAquyoz4WhbduKzSF7RjyWQybWgyGZKMWIb+hFv9E7/EpTtx6w+YaQex0wuBwzn3Hk6OFzGqtG1/WIW19Y3NreL2zu7e/sFhqXzUUSKWmLSxYEL2PKQIoyFpa6oZ6UWSIO4x0vUmt6nefSJSURG29DQiLkejkAYUI22onj9kj8lDazYsVe26PR+4CpwMVEE2zWHZqgx8gWNOQo0ZUqrv2JF2EyQ1xYzMdgaxIhHCEzQifQNDxIlyk+d54hmsGcqHgZDmhRrO2f8nCeJKTblnNjnSY5XXUvJPq+XE1FIZFZoiGExtBFsy8DyeC6iDazehYRRrEuJFvCBmUAuYlgZ9KgnWbGoAwpKaL0I8RhJhbarNWQvmp3U6+fJWQees7lzWL+7Pq42brNgiqIATcAoccAUa4A40QRtgwMALeAVv1rv1aX1Z34vVgpXdHIOlsX5+AWRmrRI=</latexit>

dRT
l

<latexit sha1_base64="9bsZmTyRGNXMIBLEoWsgtY8vOWU=">AAACOXicZVDJTsMwFLRZS9laOPZiUVXiVCWI7ViWA8ci0UVqQ+U4TmvViSPbQVRRf4Ir/AlfwpEb4soP4LQRoumTLI1m3huNx404U9qyPuDK6tr6xmZhq7i9s7u3XyoftJWIJaEtIriQXRcryllIW5ppTruRpDhwOe2445tU7zxRqZgIH/Qkok6AhyHzGcHaUF1vwB+T26vpoFS16tZs0DKwM1AF2TQHZVjpe4LEAQ014Vipnm1F2kmw1IxwOi32Y0UjTMZ4SHsGhjigykmeZ4mnqGYoD/lCmhdqNGP/nyQ4UGoSuGYzwHqk8lpK/mm1nJhaKqMiUwRHqY3gCwauG+QCav/SSVgYxZqGZB7PjznSAqWlIY9JSjSfGICJZOaLiIywxESbanPWgntpnXa+vGXQPqnb5/Wz+9Nq4zortgAq4AgcAxtcgAa4A03QAgRw8AJewRt8h5/wC37PV1dgdnMIFgb+/AIoqazx</latexit>

dDA
l

<latexit sha1_base64="rtBfY5SncpsOGYs+LHiLq5bmNKI=">AAACPXicZVDJTsMwFHTKVsrWwrEXi6oSpypBbMeyHDgWiS5SEyrHcVurdhzZDqKK+htc4U/4Dj6AG+LKFaeNEA1PsjSaeW80Hj9iVGnbfrcKK6tr6xvFzdLW9s7uXrmy31Eilpi0sWBC9nykCKMhaWuqGelFkiDuM9L1J9ep3n0kUlER3utpRDyORiEdUoy0oVyXmdUAPSQ3l7NBuWY37PnA/8DJQA1k0xpUrKobCBxzEmrMkFJ9x460lyCpKWZkVnJjRSKEJ2hE+gaGiBPlJU/z1DNYN1QAh0KaF2o4Z/+eJIgrNeW+2eRIj1VeS8lfrZ4TU0tlVGjKYDC1EWzJwPd5LqAeXngJDaNYkxAv4g1jBrWAaXEwoJJgzaYGICyp+SLEYyQR1qbenLVgQVqnky/vP+gcN5yzxundSa15lRVbBFVwCI6AA85BE9yCFmgDDCLwDF7Aq/VmfVif1tditWBlNwdgaazvH5rsrqc=</latexit>

�DA
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Nash Equilibrium
§ Exists for: 𝑮 ≥ 𝟑,  𝟏

𝑳
≥ 𝒄,𝜺 𝑮,𝟐

𝒄6𝜺 𝑮,𝟐

§ Mild reduction in the market power 
§ Prices as in the standard NE: 

𝜆!" =
𝐿

𝐿 + 1𝜆
#$

§ Load allocation: 
!
%

𝑑%&' =
𝑐

𝑐 + 𝜀
𝐿

𝐿 + 1
𝐺 − 1
𝐺 − 2!

%

𝑑%

Competitive Equilibrium
§ Same as the standard market
§ Approximately efficient but non-unique 

§ Larger prices than true marginal cost: 

𝜆#$ = 𝜆!" =
𝑑

∑)∈𝒢 𝑐),-

§ Load allocation: 

!
%

𝑑%&' =
∑( 𝑐( + 𝜀(

)*

∑( 𝑐()*
!
%

𝑑%

Main Results: Real-Time Market Power Mitigation (RT-MPM) 
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Equilibrium Analysis Summary
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Market Competitive Equilibrium Nash Equilibrium

Standard 𝜆#$ = 𝜆!" =
∑( 𝑑(
∑) 𝑐),-

, 𝑑(!" + 𝑑(#$ = 𝑑( 𝜆!" =
𝐿

𝐿 + 1
𝜆#$,

∑( 𝑑(!"

∑( 𝑑(
< 1

RT-MPM 𝜆#$ = 𝜆!" =
∑( 𝑑(
∑) �̂�),-

, 𝑑(!" + 𝑑(#$ = 𝑑(
No Equilibrium
𝒅𝑫𝑨 → 𝟎

DA-MPM 𝜆+, = 𝜆&' =
∑% 𝑑%
∑( �̂�()*

,
∑% 𝑑%&'

∑% 𝑑%&'
=
∑( 𝑐( + 𝜀(

)*

∑( 𝑐()*
𝜆!" =

𝐿
𝐿 + 1

𝜆#$,
∑( 𝑑(!"

∑( 𝑑(
< 1

𝑑!"#: Day-ahead allocation of load 𝑙
𝑑!$%: Real-time allocation of load 𝑙
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Remarks: 
§ CE is efficient, unique and aligns with the standard market
§ NE does not always exist 
§ DA-MPM results in mild market power mitigation, while RT-MPM leads to 

undesirable market outcome



Summary
• The role of strategic load participants in two-stage markets

• Modeling framework that accounts for gen and loads’ strategic behavior.
• Existence and uniqueness of Nash equilibrium
• Quantification of market power shift among participants

• Take-away messages:
• Accounting for load behavior is critical
• Competitive two-stage markets do not incentive clearing all the demand in day ahead
• Loads can only manipulate prices if generators are strategic!
• Generator’s profit can be below the competitive eq. profit 

• Analysis further allows characterization of the impact of many policies, e.g.,
• Virtual bidding -> benefits from load market power
• Default-bid market power mitigation policies
• Real-time transaction charges
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