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Supply-demand Balance: A Multi-timescale Undertaking

100 MW/min 1 Mw/min

demand

10 MW/min ramp rates

Goal: supply-demand balance while seeking efficiency and security
Enrique Mallada (JHU)Apr 13 2021 3



Existing Architecture: ‘Siloed’ Markets

• Faster resources forced to schedule 
energy very early (unnecessary errors) 

• Market are agnostic to faster timescale 
markets (inefficient)

• Energy allocation decreases as 
timescale decreases (reduced flexibility)

• Need for robust mechanisms (N-1) to 
enforce security (inefficient)

5 min dayhour

day 
ahead

hour 
ahead

real 
time

Limitations:
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What’s coming

100 MW/min 1 Mw/min1000 MW/min 10 MW/min
ramp rates

Challenges: Volatility + Uncertainty

Daily wind generation [Tehachapi, CA] 5-hour solar generation [Columbia Univ.]  
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What we should prevent
conservative

optimal

Challenges: Volatility + Uncertainty

min 5 min dayhour

day 
ahead

hour 
ahead

real 
time

sub min
(DSO)

flexibility

Daily wind generation [Tehachapi, CA] 5-hour solar generation [Columbia Univ.]  
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Multi-timescale Market Co-optimization (Ideal World)

min 5 min dayhour

day 
ahead

hour 
ahead

real 
time

sub min
(DSO)

Advantages: 
• Flexibility: Increase allocation at faster timescales allows to handle more drastic demand variations
• Efficiency: Remove the need of several N-1 constraints. (e.g., congestion) 
• Reliability: Prevent cascading failures by fast re-dispatch

Enrique Mallada (JHU)Apr 13 2021 7



Multi-timescale Market Co-optimization (Real World)

min 5 min dayhour

day 
ahead

hour 
ahead

real 
time

sub min
(DSO)

Challenges:
• Resources have (coupled) incentives to participate in multiple markets
• It is not (always) clear how markets should coordinate their clearing mechanisms
• Faster timescales can interfere with grid stability! 
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• Coupled Incentives in Two-stage Markets

• Co-optimizing Economic Dispatch and Freq. Regulation

Towards Multi-timescale Market Design



Two-stage/Sequential Markets

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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Two-stage Settlement in Electricity Markets

day 
ahead

real
time
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day ahead: forward position real time: last resort/opportunity
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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
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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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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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function bid
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Inelastic demand



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)Apr 13 2021 14

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
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• 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.

• Approach 
• build intuition by looking at cases where, neither, either or both, gen and load, are strategic.

Market Participant Types

Apr 13 2021 Enrique Mallada (JHU) 15
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Market Equilibria Characterization

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

• Nash equilibrium with strategic loads only
• Same as competitive equilibrium

• Nash equilibrium with strategic generators only
• Equal two-stage prices higher than marginal cost
• Any combination of bids with two-stage power balance

G: num. of gens (G >=3 for NE with strategic gens)
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G�1
G�2 > 1

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

dDA⇤
l + dRT⇤

l = dlGenerator: Load:
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<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="dGA3ErJ6AXCpyVxnJV24VG4X9bw="></latexit>

�DA⇤
j + �RT⇤

j =
G� 2

G� 1
· 1

c

<latexit sha1_base64="BqMPiVPbgl2Dii9W3oMh1pewRSE="></latexit>

�DA⇤ = �RT⇤ =
G� 1

G� 2
· c

G

X

l2L
dl



Market Equilibria Characterization

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

• Nash equilibrium with strategic loads only
• Same as competitive equilibrium

• Nash equilibrium with strategic generators only
• Equal two-stage prices higher than marginal cost
• Any combination of bids with two-stage power balance

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:
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<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

Remark 1: If generators are truthful, load cannot exercise market power!
<latexit sha1_base64="7eg3k4VzHc0F1ZVG7KnSP4T7fqM=">AAAB+3icbVDLSgMxFL1TX7W+xrp0Ey2CG+tMUXQlBRe6rGgf0JaSSTNtaCYzJBmxDPMrblwo4lYXfoY7/8b0sdDWA/dyOOdecnO8iDOlHefbyiwsLi2vZFdza+sbm1v2dr6mwlgSWiUhD2XDw4pyJmhVM81pI5IUBx6ndW9wOfLr91QqFoo7PYxoO8A9wXxGsDZSx863fIlJcnXkpqaVUnThduyCU3TGQPPEnZJCee/2o3f8mal07K9WNyRxQIUmHCvVdJ1ItxMsNSOcprlWrGiEyQD3aNNQgQOq2sn49hQdGKWL/FCaEhqN1d8bCQ6UGgaemQyw7qtZbyT+5zVj7Z+3EyaiWFNBJg/5MUc6RKMgUJdJSjQfGoKJZOZWRPrYhKFNXDkTgjv75XlSKxXd06Jz4xbKJzBBFnZhHw7BhTMowzVUoAoEHuARnuHFSq0n69V6m4xmrOnODvyB9f4Dt8KV0A==</latexit>

G�1
G�2 > 1

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

dDA⇤
l + dRT⇤

l = dlGenerator: Load:
<latexit sha1_base64="dGA3ErJ6AXCpyVxnJV24VG4X9bw="></latexit>

�DA⇤
j + �RT⇤

j =
G� 2

G� 1
· 1

c

<latexit sha1_base64="BqMPiVPbgl2Dii9W3oMh1pewRSE="></latexit>

�DA⇤ = �RT⇤ =
G� 1

G� 2
· c

G

X

l2L
dl

Remark 2: No apparent incentive for full allocation of demand in day ahead!



• Demand allocation
• Strategic loads in total allocate the portion 

of demand in the day-ahead market;

• Real-time price higher than day-ahead price
• Real-time price same as only strategic gens case

• Day-ahead price is a fraction of real-time price.

NE with Strategic Generators and Loads

<latexit sha1_base64="K/gsrJUMH6iZkbKGYP+68NHcdkk=">AAAB9HicbVC7SgNBFL0bXzG+opY2o0EQhLgbFC0DNhYpIpoHJEuYncwmQ2Zn15nZQFj2O2wsFLG1tPAz7PwbJ49CEw9cOJxzL/fe40WcKW3b31ZmaXlldS27ntvY3Nreye/u1VUYS0JrJOShbHpYUc4ErWmmOW1GkuLA47ThDa7HfmNIpWKhuNejiLoB7gnmM4K1kdy2LzFJKmlSOXXSTr5gF+0J0CJxZqRQPrz76J19Zqqd/Fe7G5I4oEITjpVqOXak3QRLzQinaa4dKxphMsA92jJU4IAqN5kcnaJjo3SRH0pTQqOJ+nsiwYFSo8AznQHWfTXvjcX/vFas/Ss3YSKKNRVkusiPOdIhGieAukxSovnIEEwkM7ci0scmB21yypkQnPmXF0m9VHQuivatUyifwxRZOIAjOAEHLqEMN1CFGhB4gEd4hhdraD1Zr9bbtDVjzWb24Q+s9x8SNpSH</latexit>

L
L+1
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G >=3: num. of gens, L: num. of loads

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

lP
l2L dl

=
L(G� 1) + 1

(L+ 1)(G� 1)
2 (0, 1)

<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⇤



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 equilibrium
total generation costProfit of generators

Negative 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 / 
NE with strategic loads

Enrique Mallada (JHU)Apr 13 2021 19

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



• 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 loads

NE with strategic gens

Enrique Mallada (JHU)Apr 13 2021 19

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

Reversal of market power: G=5 and L=1

<NE gen profit Comp. E  gen profit

<latexit sha1_base64="m112A9FeSLL32OyYRfztchv32No=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgVpCRFqsuiGxcuKtgHNDVMJpN26GQSZiZCCfkON/6KGxeKuBM3/o2TNgttPTBwOOde5tzjxYxKZVnfxtLyyuraemmjvLm1vbNr7u13ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNr3K/+0CEpBG/U5OYDEI05DSgGCktuabtBALh1M7ShpU52I8UxM5p1ZFJ6KbModwJkRphxOBN5rvs5L7umhWrZk0BF4ldkAoo0HLNT8ePcBISrjBDUvZtK1aDFAlFMSNZ2UkkiREeoyHpa8pRSOQgnZ6WwWOt+DCIhH5cZ8vV3xspCqWchJ6ezIPKeS8X//P6iQouBinlcaIIx7OPgoRBFcG8J+hTQbBiE00QFlRnhXiEdFdKt1nWJdjzJy+STr1mN2r127NK87KoowQOwRGoAhucgya4Bi3QBhg8gmfwCt6MJ+PFeDc+ZqNLRrFzAP7A+PoBfaOghQ==</latexit>

1

60
· c (

X

l2L
dl)

2

<latexit sha1_base64="Z6nw5ocCFNKjYDH97FuFbjMEbFA=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LoxoWLCvYBTQyTyaQdOpmEmYlQQr7Djb/ixoUi7sSNf+Ok7UJbDwwczrmXOff4CaNSWda3sbC4tLyyWlorr29sbm2bO7ttGacCkxaOWSy6PpKEUU5aiipGuokgKPIZ6fjDq8LvPBAhaczv1CghboT6nIYUI6Ulz7SdUCCc2Xl2auUODmIFsXNcdWQaeRlzKHcipAYYMXiTBx47uq97ZsWqWWPAeWJPSQVM0fTMTyeIcRoRrjBDUvZsK1FuhoSimJG87KSSJAgPUZ/0NOUoItLNxqfl8FArAQxjoR/X2Qr190aGIilHka8ni6By1ivE/7xeqsILN6M8SRXhePJRmDKoYlj0BAMqCFZspAnCguqsEA+Q7krpNsu6BHv25HnSrtfss1r99qTSuJzWUQL74ABUgQ3OQQNcgyZoAQwewTN4BW/Gk/FivBsfk9EFY7qzB/7A+PoBe/ighA==</latexit>

1

50
· c (

X

l2L
dl)

2



• 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 loads

NE with strategic gens

Enrique Mallada (JHU)Apr 13 2021 19

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

Reversal of market power: General Condition

<gen profit 
NE both strategic

gen profit
Comp. Equilibrium

<latexit sha1_base64="MNyayHDrDRIom+U5ZJu+USDLQU8=">AAACFXicbZC7SgNBFIZnvRtvq5Y2g0GIKGE3iFqKFlpYKBgjZNcwOzmbDM5enDkrhCUvYeOr2FgoYivY+TZOki28/TDw851zOHP+IJVCo+N8WmPjE5NT0zOzpbn5hcUle3nlUieZ4lDniUzUVcA0SBFDHQVKuEoVsCiQ0Ahujgb1xh0oLZL4Ansp+BHrxCIUnKFBLXvbCxXj+XE/P+17HbilnoQQK+7WiLtDrkSni5vXtZZddqrOUPSvcQtTJoXOWvaH1054FkGMXDKtm66Top8zhYJL6Je8TEPK+A3rQNPYmEWg/Xx4VZ9uGNKmYaLMi5EO6feJnEVa96LAdEYMu/p3bQD/qzUzDPf9XMRphhDz0aIwkxQTOoiItoUCjrJnDONKmL9S3mUmDjRBlkwI7u+T/5rLWtXdrdbOd8oHh0UcM2SNrJMKcckeOSAn5IzUCSf35JE8kxfrwXqyXq23UeuYVcyskh+y3r8AE4uewQ==</latexit>

G

L
�

✓
1 +

1

L

◆2
<latexit sha1_base64="xYbBewbW+M2A7EbLRgjVFpHL7qE=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8ld0i6rHoxWMF+wHtUrJptg1NskuSFcrSv+DFgyJe/UPe/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64STu9zvPDFteKwe7TRhgSQjxSNOic2lPo+iQaXq1bw58CrxC1KFAs1B5as/jGkqmbJUEGN6vpfYICPacirYrNxPDUsInZAR6zmqiGQmyOa3zvC5U4Y4irUrZfFc/T2REWnMVIauUxI7NsteLv7n9VIb3QQZV0lqmaKLRVEqsI1x/jgecs2oFVNHCNXc3YrpmGhCrYun7ELwl19eJe16zb+q1R8uq43bIo4SnMIZXIAP19CAe2hCCyiM4Rle4Q1J9ILe0ceidQ0VMyfwB+jzBwOSjjo=</latexit>()



• 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
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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
• Uniform supply function bidding by generators
• Real-time transaction charges

Apr 13 2021 Enrique Mallada (JHU) 20



• Coupled Incentives in Two-stage Markets

• Co-optimizing Economic Dispatch and Freq. Regulation

Towards Multi-timescale Market Design



time

supply-demand
imbalance

Multi-timescale Approach Supply-Demand Balance

sec min 5 min 60 min

economic dispatch 
+ 

congestion management 
(line limits)
SC-OPF

SC-OPF: Chance constrained; N-1 secure 
Enrique Mallada (JHU)Apr 13 2021 21



Economic Dispatch

Seeks efficiency through a market: tim
e

Generators

ED
bids ✓̂

ISO

power = f(✓̂, price)

supply function

optimization
min. cost
s.t. constraints

cost function

cost=
R power
0 f�1(✓̂, p)dp

ISO’s Economic Dispatch

price ⇡

Enrique Mallada (JHU)Apr 13 2021 22



Economic Dispatch

Seeks efficiency through a market: tim
e

ED
bids ✓̂

price     ⇡

Gen objective: Maximize profit

revenue true cost

max
✓̂

⇣
⇡f(✓̂,⇡)� c(f(✓̂,⇡))

⌘

Generators ISO
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time

supply-demand
imbalance

Multi-timescale Approach Supply-Demand Balance

sec min 5 min 60 min

primary
frequency 

control

secondary 
frequency 

control
economic dispatch 

+ 
congestion management 

(line limits)
SC-OPF

SC-OPF: Chance constrained; N-1 secure 
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Frequency Control
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Frequency Control
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Mechanical analogue

Objective: Maintain speed constant!i
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Frequency control
§ Primary frequency control: Rebalance power & resynchronize generators
§ Secondary frequency control (AGC): Restore frequency & inter-area flows

AGC

area limit

Enrique Mallada (JHU)Apr 13 2021 26



Frequency Control

• Corrects ED errors while maintaining stability
• Primary freq. control: Rebalance power & resynchronize generators
• Secondary freq. control (AGC): Restore freq. and inter-area flows

time

= supply-demand 
imbalance

ACEA(t) = KAw(t)+DTieA(t)

Area A Area B

inter-area 
flow mismatch

area control 
error +
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Frequency Control

• Corrects ED errors while maintaining stability
• Primary freq. control: Rebalance power & resynchronize generators
• Secondary freq. control (AGC): Restore freq. and inter-area flows

ACEA(t) = KAw(t)+DTieA(t)

Area A Area B

ACEA ACEB

time

Enrique Mallada (JHU)Apr 13 2021 27



time

supply-demand
imbalance

Multi-timescale Approach Supply-Demand Balance

sec min 5 min 60 min

primary
frequency 

control

secondary 
frequency 

control
economic dispatch 

+ 
congestion management 

(line limits)
SC-OPF

SC-OPF: Chance constrained; N-1 secure 
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Existing Architecture

sec min 5 min 60 min

primary
frequency control

secondary 
frequency control economic dispatch 

+
congestion management 

SC-OPF

Market->EfficiencyControl->Stability

works well… … but not sustainable!

nuclear 

coal

solar

wind
California 50% by 2030

Germany 45% by 2030
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Challenge

sec min 5 min 60 min

primary
frequency control

secondary 
frequency control economic dispatch 

+
congestion management 

SC-OPF

Market->EfficiencyControl->Stability

High Volatility

fuel efficiency
emission

conservative
optimal

Enrique Mallada (JHU)Apr 13 2021 30
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Optimal Freq. Control
§ Generator + load control
§ Fully distributed
§ Stability + efficiency
§ Congestion management

Joint Ec. Dispatch and Freq. Reg.
§ Co-optimized multiple time-

scales
§ Increased efficiency
§ Market-based Implementation

cleaner & faster 
with participation of 
smart buildings, 
EVs, storage,…

sec min 5 min 60 min

primary
frequency 

control

secondary 
frequency 

control
economic 
dispatch

congestion 
management

congestion 
management

Multi-timescale Co-optimization
optimality

optimal
frequency control

congestion 
management
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How to get there? 

•Step 1: First principles model of joint grid objectives

•Step 2: Decompose across timescales to identify markets and/or 
products

•Step 3: Implement algorithms in existing market & control grid’s 
ecosystem
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Demand Model

Apr 13 2021 Enrique Mallada (JHU) 33

Scenario Tree:
Set of time steps .

Set of outcomes .

= Time step of outcome   . 

= Probability of outcome 

conditioned on knowing

time step is .

= Demand at bus     in

outcome .   

|K| = 5 |S| = 16

ds,i

ds,3

i

qs



ED Gen       FR Gen  

pp3+�p
s,3pb3

Generator Model

ds,3
Po

w
er

Minutes
0 5 10 15 20 25

ppi

�p
s,i

pbi

Two types of generators

= setpoint of ED gen at    .

= setpoint of FR gen at    .

= additional dispatch of 

peaker at    in outcome   . 

i

i

pbi

ppi

i

�p
s,i
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System Constraints

Feasible dispatch given demand :

supply=demand

thermal limits

baseload capacities
peakers capacities

⌦(ds) :=

8
>><

>>:
(pb,pp,�p

s) :

p
b  p

b  p̄
b

p
p  p

p +�
p
s  p̄

p

1
>(pb + p

p +�
p
s � ds) = 0

P  H
�
p
b + p

p +�
p
s � ds

�
 P

9
>>=

>>;

ED Gen       FR Gen  

pp3+�p
s,3pb3

ds,3
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How to get there? 

•Step 1: First principles model of joint grid objectives

•Step 2: Decompose across timescales to identify markets and/or 
products

•Step 3: Implement algorithms in existing market & control grid’s 
ecosystem
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Step 2: Decompose Across Timescales 

System Problem

SY STEM :

min
pb,pp,�p

s

�

i�N

|K|cb
i (p

b
i ) +

�

s�S

qs

�

i�N

cp
i (p

p
i + �p

s,i)

s.t. (pb,pp,�p
s) � �(ds), �s � S.
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Step 2: Decompose Across Timescales 

System Problem

Freq. Reg. + Cong. Mang.

efficiency + stability

FR(pb,pp,ds)

Economic Dispatch (slow)

efficiency + ramp constr.

ED(�)

ED

FR + CM
<latexit sha1_base64="OSbMMAhB0PW4dB3uPCohpAQVM6Y=">AAACLnicbVDLSgNBEJz1GeMrMUcvi0EQhLArgh6DAfEiRDEPSJYwO+kkQ2Znl5leMS75Bq/6F36N4EG8+hlOHgc3saChqOqmu8uPBNfoOJ/Wyura+sZmZiu7vbO7t5/LH9R1GCsGNRaKUDV9qkFwCTXkKKAZKaCBL6DhDysTv/EISvNQPuAoAi+gfcl7nFE0Uu36/rRy28kVnZIzhb1M3DkpkjmqnbxVaHdDFgcgkQmqdct1IvQSqpAzAeNsO9YQUTakfWgZKmkA2kum147tY6N07V6oTEm0p+rfiYQGWo8C33QGFAd60ZuI/3mtGHuXXsJlFCNINlvUi4WNoT153e5yBQzFyBDKFDe32mxAFWVoAkptiSVHnXoj6SsaDTh7SqsagcsA8HmczZoY3cXQlkn9rOQ6JffuvFi+mgeaIYfkiJwQl1yQMrkhVVIjjHDyQl7Jm/VufVhf1vesdcWazxRICtbPL8m8qGc=</latexit><latexit sha1_base64="OSbMMAhB0PW4dB3uPCohpAQVM6Y=">AAACLnicbVDLSgNBEJz1GeMrMUcvi0EQhLArgh6DAfEiRDEPSJYwO+kkQ2Znl5leMS75Bq/6F36N4EG8+hlOHgc3saChqOqmu8uPBNfoOJ/Wyura+sZmZiu7vbO7t5/LH9R1GCsGNRaKUDV9qkFwCTXkKKAZKaCBL6DhDysTv/EISvNQPuAoAi+gfcl7nFE0Uu36/rRy28kVnZIzhb1M3DkpkjmqnbxVaHdDFgcgkQmqdct1IvQSqpAzAeNsO9YQUTakfWgZKmkA2kum147tY6N07V6oTEm0p+rfiYQGWo8C33QGFAd60ZuI/3mtGHuXXsJlFCNINlvUi4WNoT153e5yBQzFyBDKFDe32mxAFWVoAkptiSVHnXoj6SsaDTh7SqsagcsA8HmczZoY3cXQlkn9rOQ6JffuvFi+mgeaIYfkiJwQl1yQMrkhVVIjjHDyQl7Jm/VufVhf1vesdcWazxRICtbPL8m8qGc=</latexit><latexit sha1_base64="OSbMMAhB0PW4dB3uPCohpAQVM6Y=">AAACLnicbVDLSgNBEJz1GeMrMUcvi0EQhLArgh6DAfEiRDEPSJYwO+kkQ2Znl5leMS75Bq/6F36N4EG8+hlOHgc3saChqOqmu8uPBNfoOJ/Wyura+sZmZiu7vbO7t5/LH9R1GCsGNRaKUDV9qkFwCTXkKKAZKaCBL6DhDysTv/EISvNQPuAoAi+gfcl7nFE0Uu36/rRy28kVnZIzhb1M3DkpkjmqnbxVaHdDFgcgkQmqdct1IvQSqpAzAeNsO9YQUTakfWgZKmkA2kum147tY6N07V6oTEm0p+rfiYQGWo8C33QGFAd60ZuI/3mtGHuXXsJlFCNINlvUi4WNoT153e5yBQzFyBDKFDe32mxAFWVoAkptiSVHnXoj6SsaDTh7SqsagcsA8HmczZoY3cXQlkn9rOQ6JffuvFi+mgeaIYfkiJwQl1yQMrkhVVIjjHDyQl7Jm/VufVhf1vesdcWazxRICtbPL8m8qGc=</latexit><latexit sha1_base64="OSbMMAhB0PW4dB3uPCohpAQVM6Y=">AAACLnicbVDLSgNBEJz1GeMrMUcvi0EQhLArgh6DAfEiRDEPSJYwO+kkQ2Znl5leMS75Bq/6F36N4EG8+hlOHgc3saChqOqmu8uPBNfoOJ/Wyura+sZmZiu7vbO7t5/LH9R1GCsGNRaKUDV9qkFwCTXkKKAZKaCBL6DhDysTv/EISvNQPuAoAi+gfcl7nFE0Uu36/rRy28kVnZIzhb1M3DkpkjmqnbxVaHdDFgcgkQmqdct1IvQSqpAzAeNsO9YQUTakfWgZKmkA2kum147tY6N07V6oTEm0p+rfiYQGWo8C33QGFAd60ZuI/3mtGHuXXsJlFCNINlvUi4WNoT153e5yBQzFyBDKFDe32mxAFWVoAkptiSVHnXoj6SsaDTh7SqsagcsA8HmczZoY3cXQlkn9rOQ6JffuvFi+mgeaIYfkiJwQl1yQMrkhVVIjjHDyQl7Jm/VufVhf1vesdcWazxRICtbPL8m8qGc=</latexit>

optimalFR(pb,pp,ds) :

min
�p

s

X

i2N

cpi (p
p
i +�p

s,i)

s.t. (pb,pp,�p
s) 2 ⌦(ds)

�p
s

optimal

min
pb,pp

X

i2N

�
|K|cbi (pbi ) + |K|cpi (p

p
i )� �ip

b
i

�

s.t. (pb,pp,0) 2 ⌦(d1)

ED(�) :
pb,pp

(pb,pp)

Enrique Mallada (JHU)Apr 13 2021 38

Note: requires real-time congestion management!



Step 2: Decompose Across Timescales 

System Problem

Freq. Reg. + Cong. Mang.

efficiency + stability

FR(pb,pp,ds)

Economic Dispatch (slow)

efficiency + ramp constr.

ED(�)

ED

FR + CM
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�
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,µs)� ⇡(�1,µ1

,µ1)]

When is this optimal?

expected price correction
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How to get there? 

•Step 1: First principles model of joint grid objectives

•Step 2: Decompose across timescales to identify markets and/or 
products

•Step 3: Implement algorithms in existing market & control grid’s 
ecosystem
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Step 3: Implement Algorithms

System Problem

Freq. Reg. + Cong. Mang.

efficiency + stability

FR(pb,pp,ds)

Economic Dispatch (slow)

efficiency + ramp constr.

ED(�)

ED

FR + CM
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Step 3: Implement Algorithms - Markets
baseload gen
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Step 3: Implement Algorithms - Markets
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Step 3: Implement Algorithms
System Problem

Freq. Reg. + Cong. Mang.

efficiency + stability

FR(pb,pp,ds)

Economic Dispatch (slow)

efficiency + ramp constr.

ED(�)

ED

FR + CM
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implemented by controllers

[TAC ‘17] E. M., C. Zhao, and S. H. Low, “Optimal load-side control 
for frequency regulation in smart grids,” IEEE Transactions on 
Automatic Control, Jun. 2017. 
[PSCC ‘16]  C. Zhao, E M., S. H. Low, J. Bialek, “A unified framework 
for frequency control and congestion management,”  Power 
Systems Computation Conference (PSCC), 2016.
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Real-time Congestion Management

Exogenous input: ΔPi
net = −0.5 p.u.
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Real-time Congestion Management

ΔPi
net = −0.5 p.u.

With real-time congestion management
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Numerical Evaluation of Savings IEEE 24 RTS

Demand Cost Regulation
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Numerical Evaluation of Savings

Cost Savings (AGC+ ED vs Our Solution)

Regulation Dispatch Total
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• Coupled Incentives in Two-stage Markets

• Co-Optimizing Economic Dispatch and Freq. Regulation

Towards Multi-timescale Market Design



Talk Summary

§The Role of Strategic Load Participants in Two Stage Markets

§ Model and studied the role of strategic load participants in two-stage markets

§ Characterize competitive and Nash equilibria 

§ Perfect competition does not lead to all load in day ahead

§ Load strategic behavior matters! It can even beat generators.

§ Virtual bidders benefit from, and limits only, demand market power

§Co-optimization of Economic Dispatch and Frequency Regulation
§ Developed a principled methodology to design co-optimized markets and frequency controllers

§ Real-time congestion management allows for a more flexible use of resources

§ Co-optimized ED and FR can further lead to operational savings
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