
§ Canonical market designs ignore unique resource attributes 
§ FERC 2222 calls for democratized participation in markets
§ Existing research broadly follow two categories: 
• Operator centric: Reveal private information[1]; Inflexibility in profit seeking
• Resource centric: Exogenous market signals[2]; No theoretical guarantees

Motivation and Prior Works
§ Function of coupled charge-discharge half-cycles
Storage Cycling Cost 
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§ Theorem 1 (informal): Uniform bidding
• The equilibrium in the prosumer-based market (PBM: both storage and generator bids power) exists uniquely. 
• Further, it is incentive-aligned iff the gradient of storage cycling cost is proportional to demand.

§ The above condition is not generally satisfied; mismatch between operator and resource
§ Theorem 2 (informal): Uniform bidding

• The equilibrium in the cycle-aware market (CBM: storage bids cycle depths, generator bids power) exists uniquely.
• Furthermore, the equilibrium is efficient and incentive-aligned, i.e., solves the social planner problem.
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Analysis - Competitive Equilibrium
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§ Novel market design - accounts for unique characteristics
§ Incentive alignment - across heterogeneous participants

Goal and Contributions

Storage Replacement Value ($ value)

Cycle Stress Function (Penalty cost)

Rainflow Algorithm (No. of cycles)
Cycling Cost Computation

Algorithmic definition (hard to interpret)

Graph Theoretic Perspective

§ Storage Bids:
§ Prosumer-Based Model (PBM): Bids based on charge-discharge power (𝑢 = 𝛽𝜆) 
§ Cycle-Aware Model (CBM): Bids based on charge-discharge half-cycles (𝜈 = 𝛾𝜃 + 𝛽)

§ Generator bids dispatch power (linear supply function) in both cases (g = 𝛼𝜆)

Market Model

Generators

Market Operator

bids
schedule
prices

bids

Storage

α
g, 𝜆

𝛽
𝜈, 𝜃

𝐏𝐫𝐨𝐟𝐢𝐭:
𝜆!g − C(g)

𝐏𝐫𝐨𝐟𝐢𝐭(𝐏𝐁𝐌):
𝜆!u − C(𝜈)

Social Cost

cost as function of half-cycles 

§ Theorem 3 (informal): Uniform bidding
• A partially symmetric equilibrium (storage units are homogeneous and take symmetric decision) exists uniquely. 
• The partially symmetric equilibrium aligns with the social planner asymptotically, i.e., market recovers efficiency losses.

§ Increase in number of participants in either group helps counter the market power of all
§ Theorem 4 (informal): Non-uniform bidding

• A partially symmetric equilibrium aligns with the social planner asymptotically, i.e., market recovers efficiency losses.

Analysis - Nash Equilibrium

cost as function of dispatch power 

Cost comparison for fixed capacity Cost comparison for fixed storage cost Cost comparison for fixed capacity Cost comparison for fixed storage cost
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Storage replacement cost $/kWh Storage Capacity in MWh
Storage replacement cost $/kWh Storage Capacity in MWh

Competitive Equilibrium for Cycle-Aware and Prosumer-Based model Competitive and Nash Equilibrium for Cycle-Aware Model

§ Benchmark - current practice: (GCD) Generation 
Centric Dispatch: Social cost = generation + (hidden) 
cycling cost;

§ CBM earns higher profit and results in lower social 
cost at competitive equilibrium

§ Storage is exploited in market at Nash equilibrium
• High storage replacement cost; dependence on generator for charging

§ Expensive generators earns higher normalized profit

Individual Generator Profit w.r.t cost coefficient at Nash Equilibrium
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Participation Behavior
• Price-taking participants: Competitive equilibrium
• Price-anticipating participants: Nash equilibrium

Bidding Behavior
• Uniform Bid: Scalar variable for entire time horizon
• Non-uniform Bid: Vector variable for each period 

𝐏𝐫𝐨𝐟𝐢𝐭(𝐂𝐁𝐌):
𝜃!𝜈 − C(𝜈)

paid(energy prices)

paid(per-cycle prices)

𝐌𝐚𝐫𝐤𝐞𝐭	𝐂𝐥𝐞𝐚𝐫𝐢𝐧𝐠:
𝐷𝑒𝑚𝑎𝑛𝑑
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