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Introduction: BESS and Intraday Electricity Markets

Context
• Renewable Integration: Increasing penetration of

intermittent sources.

• Volatility: Rising price fluctuations in intraday
markets.

• Temporal Arbitrage Made Possible: Battery Energy
Storage Systems (BESS) allow to generate profit by
buying low, storing, and selling high.

• System Value: Critical for price smoothing and grid
stability.

Market Structure
• Day-Ahead Market (auction at

noon the day before)
• Intraday: Continuous-time trading

environment (Contracts for
deliveries every hour - now down
to 15 minutes).

View Market Dynamics

./anim_market.gif
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Intraday Electricity Markets: Modelling Forward Curves

Stylized Facts
• Intraday pattern of futures price curves.
• Samuelson effect (volatility + volume increases close to the delivery time).
• Strong temporal correlation.
• etc.

Modelling Challenges
• Good fit vs. Good explanatory power (endogeneity issue with Hawkes-like processes).
• Models with common noise (Deschatre-Warin and extensions) → challenges with second

moments in number of price moves.

Not my topic today.
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Introduction: Contributions

Key Questions
• What are the “best” strategies to charge and discharge batteries?

• Is there a significant optimality gap between optimal strategies and simple heuristics?
• What are the relevant mathematical models?
• When is temporal arbitrage more profitable than renting battery capacities to the grid

operator?

In this Talk
• Analysis of the classical heuristic strategy: rolling intrinsic strategy.
• Mathematical framework for optimisation.
• Examples in the case of (correlated) binomial trees.
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Market Framework: Physical Delivery & Trading

The Asset and Contracts
• Underlying: Asset difficult/costly to store (e.g.,

electricity).

• Maturities: N + 1 available dates N := {0, . . . ,N}.
• Contract Prices: Xn,m is the price at time n for

delivery at time m ≥ n.

Model: Sequential Intra-period Timeline
At each time n, events occur in order:

1. Discovery: Observe prices Xn,n, . . . ,Xn,N .
2. Trading: Agent takes long/short positions (price

taker).
3. Settlement: Delivery of the asset for contract Xn,n.

Price Matrix ViewX0,0 . . . X0,N
. . .

...
XN,N



• Rows: Observation time (n).
• Cols: Delivery time (m).
• Innovations: εn,m := Xn,m − Xn−1,m.
• Often a martingale assumption.
• The dependence structure of (εn,m)m≥n

for fixed n is important.
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The Rolling Intrinsic Strategy

• Context: A benchmark strategy for storage valuation (common in Natural Gas and BESS).
• The Goal: Buy one unit of the asset, store it, and sell it later at a profit.
• Intrinsic Value: The maximum spread between two futures contracts available now :

max
0≤i<j≤N

(X0,j − X0,i)

• The “Rolling” Logic:
• Myopically locks in the best spread.
• Dynamic: Re-computes the best spread as new info arrives.
• Execution: Swaps existing positions for better ones if the gain exceeds transaction costs.
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Step-by-Step: The Sell-Only Strategy

Suppose the agent already holds the asset at n = 0:

1. Initial Position (n = 0)
Sell the contract with highest price: m0 ∈ argmax0≤k≤N X0,k .

2. Iterative Update at time n
If Xn,mn−1 < maxn≤k≤N Xn,k − 2ψ:

• Action: Buy back mn−1, sell new mn ∈ argmaxn≤k≤N Xn,k .
• PnL Gain: ∆PnLn = Xn,mn − Xn,mn−1 − 2ψ > 0.

Otherwise, keep the current position (mn = mn−1).

• Termination: The strategy stops at the first time the locked maturity is current:
τ = min{n ∈ N | mn = n}.
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Decision Variables: Buy and Sell Maturities

At each time n, the strategy is defined by the pair of maturities (ln,mn) ∈ N 2:

Definitions
• ln: Maturity of the buy contract (entry leg).
• mn: Maturity of the sell contract (exit leg).
• Convention: If no position is held, ln = mn = +∞.

The Three Operational States
1. Out of Market: ln = mn = +∞.
2. Paper Position: n ≤ ln < mn. Commitment locked, but no physical asset yet.
3. Physical Storage: ln < n ≤ mn. Asset delivered; only the exit leg mn can still be modified.

ln and mn are updated with the same logic of myopically increasing the PnL.
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Key Stopping Times
The strategy is governed by three critical dates:
Market Entry (τi) First time a profitable spread is locked:

τi = inf{n ∈ N | ln < +∞}

Physical Delivery (τb) Time the agent receives the asset:

τb = min{n ∈ N | ln = n}

Market Exit (τs) Time the agent delivers the asset (end of strategy):

τs = min{n ∈ N | mn = n}

Temporal Hierarchy
On the set {τi < +∞}, the sequence is strictly ordered:

τi ≤ τb < τs ≤ N



Key Stopping Times
The strategy is governed by three critical dates:
Market Entry (τi) First time a profitable spread is locked:

τi = inf{n ∈ N | ln < +∞}

Physical Delivery (τb) Time the agent receives the asset:

τb = min{n ∈ N | ln = n}

Market Exit (τs) Time the agent delivers the asset (end of strategy):

τs = min{n ∈ N | mn = n}

Temporal Hierarchy
On the set {τi < +∞}, the sequence is strictly ordered:

τi ≤ τb < τs ≤ N



Key Stopping Times
The strategy is governed by three critical dates:
Market Entry (τi) First time a profitable spread is locked:

τi = inf{n ∈ N | ln < +∞}

Physical Delivery (τb) Time the agent receives the asset:

τb = min{n ∈ N | ln = n}

Market Exit (τs) Time the agent delivers the asset (end of strategy):

τs = min{n ∈ N | mn = n}

Temporal Hierarchy
On the set {τi < +∞}, the sequence is strictly ordered:

τi ≤ τb < τs ≤ N



Key Stopping Times
The strategy is governed by three critical dates:
Market Entry (τi) First time a profitable spread is locked:

τi = inf{n ∈ N | ln < +∞}

Physical Delivery (τb) Time the agent receives the asset:

τb = min{n ∈ N | ln = n}

Market Exit (τs) Time the agent delivers the asset (end of strategy):

τs = min{n ∈ N | mn = n}

Temporal Hierarchy
On the set {τi < +∞}, the sequence is strictly ordered:

τi ≤ τb < τs ≤ N



Mathematical Results: PnL Formulation
Proposition
The terminal PnL of the Rolling Intrinsic strategy is:

PnLN = 1τi<+∞

Xτs ,τs − Xτb ,τb −
∑

τi<n≤τs

εn,mn−1 +
∑

τi<n≤τb

εn,ln−1


−

∑
n∈N

Ψ(mn−1,mn)−
∑
n∈N

Ψ(ln−1, ln)

• Realized Spread: Xτs ,τs − Xτb ,τb .
• Innovations: Sum of price updates ε while holding positions.
• Costs: Total switching frictions Ψ accumulated.

Corollary
If price processes are martingales then, in the absence of transaction costs:

E[PnLN ] = E [1τi<+∞ (Xτs ,τs − Xτb ,τb )]
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The Rolling Intrinsic Strategy: Example and Remarks

Open Strategy Illustration (PDF)

Conceptual Advantages
• Model-Free: Does not rely on price distribution assumptions or future forecasting.

• Purely Hedged: Every long position is offset by a short position; the agent is never exposed
to directional market risk.

• Monotonicity: By construction, the PnL trajectory is non-decreasing over time.

Research Motivation
• How efficient is this heuristic?
• What about risk aversion?
• What is the impact of model risk on more complex, model-dependent strategies?
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Optimal Control: States and Admissibility

• Objective: Maximize expected utility of terminal PnL: E[− exp(−γPnLN)].
• State Variables: PnLn, xn,m for m ≥ n, buy/sell maturities (ln,mn) ∈ N 2 (+ constraints).

Admissibility Constraints
To be physically consistent, actions must satisfy:

Post-Cycle If mn−1 < n: Strategy is over (positions are fixed).
Storage If ln−1 < n ≤ mn−1: Asset is held. Only mn can be updated (must sell by N).

Pre-Buy If asset not yet bought:
• n ≤ ln < N: Must buy before the last period.
• max(n, ln) < mn ≤ N: Cannot deliver without purchasing first.
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Markovian Framework and Ansätze
We assume price innovations εn are mutually independent.

Value Function Un(p, xn, l ,m)

Represents the maximal expected utility given current PnL p, prices xn = (xn,n, . . . , xn,N), and
positions (l ,m).

The Four Specific Ansätze
To solve the problem, we decompose Un based on the agent’s position:

Un = − exp (−γ(p + Value Component))

• un(xn): No positions held (l = m = +∞).
• v l

n(xn): Long position only (l finite, m = +∞).
• wm

n (xn): Short position only (l = +∞, m finite).
• z l,m

n (xn): Both positions held (Full buy-sell cycle).
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Dynamic Programming

To simplify the Bellman equations, we define Tγ :

Tγ [f ](xn) := − 1
γ
log (E [exp (−γf (x̂n+1(xn, εn+1)))])

• This operator computes the Certainty Equivalent of the future value.
• If γ → 0, Tγ [f ] → E[f ] (Risk-neutral case).

State Space Transitions
At each step n, the agent chooses an action to transition between:

• Empty position.
• Long position (maturity l).
• Short position (maturity m).
• Full buy-store-sell cycle (maturities l ,m).
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Bellman Equations

• No position (un): un = max

{
Tγ [un+1],max

l≥n
{−xn,l − ψ + Tγ [v l

n+1]},max
m>n

{xn,m − ψ + Tγ [wm
n+1]}, . . .

}

• Long position (v l
n): v l

n =


max

{
Tγ [v l

n+1],max
m≥n

{xn,m − ψ + Tγ [z l,m
n+1]}

}
l < n

max

{
Tγ [v l

n+1],max
m>l

{xn,m − ψ + Tγ [z l,m
n+1]}, xn,l − ψ + un

}
l ≥ n

• Short position (wm
n ):

wm
n =

−xn,n − ψ + un m = n

max

{
Tγ [wm

n+1], max
m>l≥n

{−xn,l − ψ + Tγ [z l,m
n+1]},−xn,m − ψ + un

}
m > n

• Full cycle (z l,m
n ): z l,m

n =


0 l < m < n
max

{
Tγ [z l,m

n+1],−xn,m − ψ + v l
n

}
l < n ≤ m

max
{
Tγ [z l,m

n+1], xn,l − ψ + wm
n ,−xn,m − ψ + v l

n

}
n ≤ l < m



Example of Optimal Strategies

Binomial Model (with correlation)

Risk-Neutral (γ = 0) Risk-Averse (γ = 1)

Key Observation
Very different strategies from the Rolling Intrinsic one:

• Spot-only strategies when γ = 0.
• Open positions in both cases.
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PnL Distributions
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PnL Distributions
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PnL Distributions

2 1 0 1 2 3 4 5 6 7 8 9 10 11
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35 Optimal Strategy with = 1
Rolling Intrinsic Strategy

Figure: γ = 1
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Analysis of the Optimality Gap

• Dependence on N: How does the gap change with the number of maturities?
• Impact of ρ: How does correlation affect the results?
• Robustness: What if we are wrong about:

• The volatility σ?
• The correlation ρ?

Let us show some empirical results with a flat initial price curve.
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Dependence on N
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Dependence on N and ρ
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Misspecification of ρ
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