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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
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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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Rapid growth in Energy 
Storage installations!



•  The role of inelastic demand in two-stage markets

•  Mechanism design for storage participants

Unintended consequences of market designs
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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
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Two-stage Settlement in Electricity Markets

day 
ahead

real
time
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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
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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



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)Sep 7 2022 11

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

Market Participant Types

Sep 7 2022 Enrique Mallada (JHU) 12



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)
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l + dRT⇤

l = dlGenerator: Load:
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Recall: Homogeneous
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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
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j + qRT

j )2

Surplus: negative equilibrium
total generation costProfit of generators

Negative payment of loads
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Recall: Homogeneous
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• Inter-group market power shift
• More degree of flexibility for generators;

Surplus Allocation

Generator profit:

Competitive equilibrium
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NE with strategic gens
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• 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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NE with strategic gens
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• 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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NE with strategic gens
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Reversal of market power: General Condition

<gen profit 
NE both strategic

gen profit
Comp. Equilibrium
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• 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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dl = 0
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•  The role of inelastic demand in two-stage markets

•  Mechanism design for storage participants

Unintended consequences of market designs
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Putting storage in perspective – Related work

Market Perspective - minimizing cost of market operation
• Co-optimization of resources including storage in the market [PadManabhan et al. TPS’20]

• Quantify cost of Inter-temporal dispatch (short-term and long-term) [He et al. TPS’21] 

• Aggregate energy resources [Qin et al. TSG’19, Elliott et al. TPS’19]

Individual Perspective - maximizing profit
• Account for cost of operation and co-optimize different markets [He et al. TSG’15, Xu et al. TPS’18, Bhattarai 

et al. IEEE PES T&D’20, Thatte et al. TSG’13, Shafiee et al. TPS’17]

Sep 7 2022 Enrique Mallada (JHU) 16

? 

Assumptions : 
Storage unwillingly reveal private information
Limit flexibility to seek profit maximization

Assumptions : 
Market signals are exogenous



Basic Principles of Market Design
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Market 
Operator

bidsschedule
prices

Linear supply function

Social 
Cost

Individual 
Profit

Incentive 
Aligned

Power Balance

Economic Dispatch

Generator Profit



•  Cost of dispatching energy storage

•  Prosumer based market mechanism 

•  Cycle aware market mechanism

Towards a Market Mechanism for Storage



Storage Cycling Cost

• Consensus on the use cycle-based degradation cost
• Combine cycle stress function with Rainflow cycle counting 

Sep 7 2022 Enrique Mallada (JHU) 18

Rainflow Cycle 
Counting Algorithm

Cycle stress model  
Φ 𝛿

Φ ⋅ convex map that quantify the normalized capacity, degradation incurred by each half-
cycle 𝛿! [Shi et al. TAC’19]

Cost of replacement of storage

𝐶!(𝑥)
= 2Φ 𝑥" − 𝑥# 𝐵𝐸
+ Φ 𝑥$ − 𝑥% 𝐵𝐸
+ Φ 𝑥$ − 𝑥& 𝐵𝐸



Δ"

Δ#

Δ$

x%

x"

x#

x$

Storage Cost Model – Rainflow Algorithm 

• To extract half-cycle depths 𝑣	we use a cycle identification approach based on the 
𝑅𝑎𝑖𝑛𝑓𝑙𝑜𝑤 algorithm [Lee et al. Metal Fatigue Anslysis Handbook ‘11]

Sep 7 2022 Enrique Mallada (JHU) 19

Three consecutive switching 
points difference:

Δ& = 𝑥& − 𝑥'
Δ( = 𝑥& − 𝑥( 
Δ) = 𝑥) − 𝑥(

Full cycle if:
 	Δ! ≥ Δ" ≤ Δ#



Storage Cost Model – Rainflow Algorithm 

• To extract half-cycle depths 𝑣	we use a cycle identification approach based on the 
𝑅𝑎𝑖𝑛𝑓𝑙𝑜𝑤 algorithm [Lee et al. Metal Fatigue Anslysis Handbook ‘11]

Δ# 1

Extracted full cycle - 

Δ"

Δ#

Δ$

x%

x"

x#

x$
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The associated cycling cost:
𝐶* 𝑥 = 2Φ 𝑥& − 𝑥( 𝐵𝐸

1
Δ#

Δ"

Δ#

Δ$

x%

x"

x#

x$

The associated cycling cost:
𝐶* 𝑥 = 2Φ 𝑥& − 𝑥( 𝐵𝐸 +Φ 𝑥) − 𝑥' 𝐵𝐸



Storage Cycling Cost – Reformulation

• Consensus on the use cycle-based degradation cost
• Combine cycle stress function with Rainflow cycle counting 

Sep 7 2022 Enrique Mallada (JHU) 20

Rainflow Cycle 
Counting Algorithm

Cycle stress model  
Φ 𝛿

𝒢 𝑥 := 𝒢 𝑥; 𝑉, 𝐸

Incidence
Matrix

𝐶!(𝑥)
= 2Φ 𝑥" − 𝑥# 𝐵𝐸
+ Φ 𝑥$ − 𝑥% 𝐵𝐸
+ Φ 𝑥$ − 𝑥& 𝐵𝐸

Cost function has - Algorithmic definition 



•  Cost of dispatching energy storage

•  Prosumer based market mechanism 

•  Cycle aware market mechanism

Towards a Market Mechanism for Storage



Prosumer-based Market Model
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Market 
Operator

bids
schedule

prices

Linear supply function

bids
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�DA

Generalized linear supply function

Social 
Cost

Generator
Profit

Storage
Profit

Incentive 
Aligned

Power Balance

? 

Economic Dispatch

Generator Profit

Storage Profit

Time horizon: 𝑯 time slots
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Market Model Review

Enrique Mallada (JHU)

Market Model Existing Prosumer Based
Participants Generator Generator Storage
Bid Function

Cost to Operator

Actual Cost

Optimal Bid

Incentive 
Alignment

Sep 7 2022

Theorem: The competitive equilibrium is incentive aligned iff  ∃ 
convex coefficients   𝛾, ≥ 0,∑,-&. 𝛾, = 1 such that for demand 𝑑  

Market Interpretation 
of cost is different 



•  Cost of dispatching energy storage

•  Prosumer based market mechanism 

•  Cycle aware market mechanism

Towards a Market Mechanism for Storage



Cycle Aware Market Model
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Market 
Operator

bids
schedule

prices

Linear supply function

bids
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�DA

Generalized linear supply function

Social 
Cost

Generator
Profit

Storage
Profit

Incentive 
Aligned

Power Balance

? 

Economic Dispatch

Generator Profit

Storage Profit

Energy-Cycling function

cycle-depth  
vector

charge or 
discharge 
sequence

Energy-Cycling function

$/MWh

$/MWh of 
Cycle depth

Time horizon: 𝑯 time slots



Market Model Existing Prosumer Based Cycle Aware
Participants Generator Generator Storage Generator Storage

Bid Function

Cost to Operator

Actual Cost

Optimal Bid

Price (Dual) Power 
Balance

Power Balance Power 
Balance

Rainflow 
Constraint

Incentive
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Numerical Results Metric – Storage Profit
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Mechanisms
• Cycle based (CBM) : 

Generator:  power 
Storage : cycle depth

• Prosumer based (PBM) 
Generator: power    
Storage: power 

Current Market
• Generation Centric 

Dispatch (GCD):
Social cost =

Generation cost
+  (hidden) cycling cost

Fig 5: Total cost and Unaccounted cycling cost w.r.t B

w.r.t Storage Capital Cost w.r.t Storage Capacity



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 behaviour matters! It can even beat generators.
• Virtual bidders benefit from, and limits only, demand market power

•Market Mechanism for Energy Storage 
• Storage operational cost (cycles) is different from generation cost (power)

• Bidding mechanisms designed for generators do not apply to storage.
• Proposed cycle-based market mechanism (bids, prices, clearing)
• Equilibrium analysis (price takers)

• Competitive Equilibrium = Social Planner’s Optimal
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