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Abstract— Electricity markets are experiencing a rapid in-
crease in energy storage unit participation. Unlike conventional
generation resources, quantifying the competitive operation and
identifying if a storage unit is exercising market power is
challenging, particularly in the context of multi-interval bidding
strategies. We present a framework to differentiate strategic
capacity withholding behaviors attributed to market power
from inherent competitive bidding in storage unit strategies.
Our framework evaluates the profitability of strategic storage
unit participation, analyzing bidding behaviors as both price
takers and price makers using a self-scheduling model, and
investigates how they leverage market inefficiencies. Specifi-
cally, we propose a price sensitivity model derived from the
linear supply function equilibrium model to examine the price-
anticipating bidding strategy, effectively capturing the influence
of market power. We introduce a sufficient ex-post analysis for
market operators to identify potential exploitative behaviors
by monitoring instances of withholding within the bidding
profiles, ensuring market resilience and competitiveness. We
discuss and verify applicability of the proposed framework to
realistic settings. Our analysis substantiates commonly observed
economic bidding behaviors of storage units. Furthermore, it
demonstrates that significant price volatility offers considerable
profit opportunities not only for participants possessing market
power but also for typical strategic profit seekers.

[. INTRODUCTION

Electricity markets are seeing a surging amount of battery
energy storage unit participants. Jointly facilitated by the re-
duced cost of battery cells and removed market participation
barriers [1], battery energy storage is becoming increasingly
competitive. In California, the capacity of grid-scale battery
energy storage increased by ten times in three years, from
less than 500 MW in 2020 to 5,000 MW in mid-2023,
and is projected to reach 10,000 MW in 2025 [2]. On the
other hand, participation in wholesale electricity markets to
arbitrage price differences is becoming the main grid service
for storage units [3], surpassing frequency regulation which
is a specialized service that can only accommodate very
limited storage capacity [4].

Energy storage units participate in wholesale electricity
markets either by self-scheduling [5] or submitting com-
petitive economic bids [6]. In self-scheduling, storage units
design their charging and discharging schedules ahead of
wholesale market clearance. In economic bidding, storage
units submit separate bids for charging and discharging. In
both cases, storage units often perform private optimization
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according to their operation characteristics, degradation cost,
and opportunity cost. Unlike thermal generators that directly
design bid values based on their fuel costs and heat rate
curves, storage units need to optimize their self-schedule
bids to systematically consider factors such as future price
volatility and state-of-charge constraints [7], [8], [9].

Accompanying optimized market participation is the con-
cept of capacity withholding of storage units. Capacity
withholding occurs when a resource purposefully limits its
supply despite higher current price than its real marginal
production cost. Capacity withholding is often a critical sign
that a participant is exercising market power by limiting the
supply of a given resource in order to drive up the price
and obtain higher profits. Hence such conduct is strictly
monitored and regulated [10]. However, such regulation does
not necessarily apply to energy storage units, which, due
to their limited energy capacity, must strategically target its
timing to charge and discharge accounting for prices over a
sequence of time rather than focusing on the price at any
single specific interval. Harvey and Hogan [11] noted that
“If a unit is energy limited, its offer price will exceed the
unit’s incremental cost.”, and “This economic withholding
can conceptually be distinguished from the exercise of market
power.”.

Nevertheless, as a regular participant in electricity markets,
storage units can use the same withholding strategy to exer-
cise market power as conventional generators. While storage
units can conduct capacity withholding for justifiable motiva-
tions to seek charge and discharge arbitrage opportunities, it
can further increase its withholding to exercise market power.
To this end, it is extremely difficult to identify whether
storage unit is exercising market power. Yet, there have not
been systematic studies on the intricacies of multi-interval
bidding patterns, nor have they sufficiently considered the
constraints of energy-limited generation resources, including
energy storage systems.

We propose a systematic framework to differentiate market
manipulation from storage bids that account for legitimate
withholding. The contributions of this work are two-fold.

1) We evaluate the profitability of strategic storage unit

participants in the electricity market by analyzing
their bidding behavior through a self-scheduling profit-
maximization model. This analysis considers two sets
of market roles and bidding strategies that exploit
market inefficiencies: conducting competitive arbitrage
as price takers or exercising market power as price
makers. We design a price sensitivity model derived
from the linear supply function equilibrium model to
examine the price-anticipating bidding strategy, provid-
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ing a clear view of how the exercise of market power
impacts prices.

2) From the perspective of the market operator, we pro-
vide insights into identifying market exploitation be-
havior accounting for the instances of withholding by
analyzing the bidding profiles and the corresponding
price series. This result proves to be a sufficient ex-
post tool for market efficiency monitoring. By ap-
plying our framework, we resolve a conjecture made
by Harvey and Hogan [11] pertaining to maximized
energy utilization of energy limited units during the
peak (or valley for energy storage units) price pe-
riods. Additionally, we reveal the considerable profit
margin exposed to both price takers and price makers
attributed to high price volatility. These findings are
useful for maintaining market resilience and providing
robust competitiveness.

The main results are validated using historical price data
from NYISO.

II. MODEL FORMULATION
A. Competition and Market Power

Competitive arbitrage and the exercise of market power
are both mechanisms that leverage market inefficiencies.
Arbitrage involves market participants leveraging price dif-
ference and the ability to leverage this at no risk. In contrast,
the exercise of market power involves market participants
deliberately reducing their production below competitive
levels in order to increase market clearing prices, thereby
enhancing their profitability [11]. We aim to analyze the
consequences of these bidding strategies by modeling the
optimal strategy making process for multi-interval bidding
from the perspective of a single storage unit. The underlying
theory of market power is that the market clearing price will
be influenced by the offers or bids from certain participants.
We explicitly model such impact on the price at time ¢
using a non-negative price sensitivity parameter ay. Market
participants who possess market power are characterized by a
positive price sensitivity parameter, i.e., oz > 0, while those
without market power are modeled with a zero price impact,
i.e., oy = 0. The price at time ¢ is modeled as

)\t = j\t — Oty (1)

where ); is the influenced price, ); is the nominal clearing
price and ¢; is the dispatch decision. It is important to clarify
that \, does not necessarily represent the competitive price;
rather, it signifies the price in the absence of the participation
of a specific market participant.

Equation (1) captures the fact that, as a market participant
possessing market power, their participation in the market
(at,q: > 0) naturally brings down the market price (\; <

'A similar price sensitivity model is introduced in [12]. However, the
model in [12] quantifies price impact via the amount of withheld production,
At = At +atAge. This approach does not capture the immediate price drop
following the entry of a price maker. Additionally, it calculates withheld
production based on the competitive level, which complicates the analysis.

;). This effect is particularly notable when the partici-
pant serves as a large-scale pivotal supplier, whose power
capacity is essential for easing potential power shortages
in the system. Hence, the nominal price )\, functions as
an indicator of the system’s load level or supply capacity.
Additionally, offering more power to the market lowers
the price. Therefore, practices such as physical capacity
withholding (q; < P, where P denotes the power capacity)
can raise market prices, generating a profit margin for the
withholding entity and possibly others but also diminishing
social welfare by affecting the overall market equilibrium.

To understand the bidding behavior of participants antic-
ipating their impact on prices and the consequent market
outcomes, we consider a bid-based market that clears by
relying on affine supply functions [13]:

qt(Ae) = aghe + by )

where the parameter pair (a:,b;) characterizes the offer
chosen by the participant for time interval ¢.

Generally, a rational market participant designs their bid
supply function ¢;(\;) by solving a profit-maximization
problem using price forecast 5\t over a future time pe-
riod t € T

qt(A) = argrrblax (g (M); Ae) st (2) (3)
where 7 =), Mear(M) — C (g:(\y)) represents the total
profit and C(-) is a given strictly convex cost function.

Ideally, the supply function ¢;(\;) should reflect the actual
operation costs of production in a competitive market. How-
ever, bids that incorporate price sensitivity, as determined by
solving

q:(\¢) = argmax m(q:(Ae), At — aqe(Ny)) st Q) (4)

at,be

may obscure the true cost information. Assuming a quadratic
cost function C(-), we illustrate the variation in bidding
behavior and the consequent market outcome in Fig. 1
(for simplicity, the subscript ¢ in the bidding functions is
neglected in the figures). ¢’()) is the optimal solution to
problem (3), and ¢”()\) is that to problem (4). As shown in
Fig. 1(a), the bidding curve shifts from ¢’(\) to ¢”(\) due
to the consideration of price sensitivity. This shift results in
the market clearing price increasing from A}, to A}, while
maintaining the same level of power output ¢, indicating a
clear reduction in economic efficiency. This alteration in the
bidding curve can be seen as cost-related withholding, i.e.,
economic withholding. The market clearing outcome related
to this behavior is shown in Fig. 1(b). Here, we use g(\)
to denote the remainder of the aggregated supply function
within the system. It can be seen that, as two primary
approaches of conducting capacity withholding or further
exercising market power [11], economic withholding through
the bid supply function is equivalent to physical withholding
of the amount Ag; from the perspective of market outcomes.
For simplicity, we will focus on the effects of withholding
practices and refer to this as capacity withholding throughout
the remainder of the paper, without loss of generality.
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Additionally, Fig. 1(b) suggests that the determination
of the price sensitivity parameter o, is influenced by the
slopes of the system supply function (G(\) in the figure),
the demand function (D in the figure), and the unit supply
function. Although the specifics of this process are beyond
the scope of this work, it highlights the necessity for market
participants with market power to obtain the knowledge of
the system demand level and the bids from other participants
to accurately estimate their influence on market outcomes
and making corresponding bidding decisions. Interested read-
ers may refer to [12] for more details.

We define market participants based on their bidding
strategies and their impacts on the market clearing prices
as follows:

Definition 1 (Price Taker): A market participant is a
price taker if they accept the existing prices as given and
lack the market share to influence market prices on their
own.

Definition 2 (Price Maker): A market participant is a
price maker if they anticipate the influence of their bids on
market prices. A price maker has sufficient knowledge of the
system status, such as demand levels and the bids of other
participants.

A more thorough analysis of the bidding strategies asso-
ciated with these two categories of market participants will
be discussed in later sections.

Remark 1: Our price sensitivity model can be generalized
to scenarios where the bidding entity operates with other
forms of cost functions, or participates in the market with
constant cost bids or quantity bids.

B. Strategic Bidding of Energy Storage Units

We adopt a convex self-scheduling model to characterize
the bidding strategies of energy storage units, utilizing a
series of price point forecasts M for all t € T, where
T = {1,2,...,T} [14]. The profit from future intervals
can be regarded as the opportunity value at the current time
interval. Most existing market designs require storage unit
operators to make dispatch decisions based on future price
estimates. This strategy reflects the allocation of limited
output into a profile that maximizes total profit over the
scheduling period. The solution to the profit-maximization
problem forms the control policy or decision of the storage

ACIt D Q
(b)
Fig. 1. Bidding behavior of participants as a price taker (g'(\), solid line) and a price maker (¢" ()), dashed line) and the corresponding
impacts on the market outcome: (a) bid supply curves, (b) market clearing results. The axis ) measures power output. The supply
function G(A) represents the remainder of the aggregated supply within the system. Demand is considered inelastic at D, Ag; indicates
the equivalent capacity withholding. ¢’()) is the optimal solution to problem (3), and ¢”’(\) is that to problem (4).

units. For ease of exposition, we assume that the storage unit
accurately estimates their impact on market prices with ay:

m;)flljfrllc}tze Z Ae(pe — by) (5a)
teT

st. 0<p,by <P, YteT (5b)

pr=0if A\, <0, VteT (5¢)

€t — €41 = f% +bm, VEeT (5d)

0<e <E, VteT (5e)

where p; and b; denote the amount of energy discharged
and charged respectively over time interval ¢. We refer to
intervals when 0 < p; < Por 0 < b; < P forany t € T
as withholding intervals. Objective (5a) represents the total
profit  over the future period ¢ € 7. For price makers, it
follows from (1) that the price forecast takes the form based
on the price sensitivity: M= M —ay (pt —by), where a; > 0.
Note that incorporating both forms of the price for profit
calculation in (5a) preserves the convexity of model (5). Con-
straint (5b) captures the charging/discharging power lower
and upper bounds. Constraint (5c) ensures that the storage
unit does not discharge during periods of negative pricing,
a sufficient condition to preclude simultaneous charging and
discharging [14]. The inter-temporal relationship of the state
of charge (SoC) e; is defined in (5d) with charging and
discharging efficiency parameter n € (0, 1]. Inequality (5e)
models energy storage capacity. We define storage units
as operating in idle scenarios if they remain on standby
according to model (5) throughout the scheduling period 7T,
ie,p: =0, by =0, forall t € T.

Remark 2: Although the framework for energy storage
unit bidding in this paper is based on self-scheduling and
neglects the operating cost C'(+) for profit calculation, it can
be easily adapted to allow economic bidding [5], accounting
for the costs associated with storage discharge, such as those
related to unit degradation, operation and maintenance, in its
profit calculation.

III. MAIN RESULTS

We now present our framework for energy storage bidding,
demonstrating the distinction between a storage unit exercis-
ing market power and competitive capacity withholding. In
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the sequel, we examine the bidding strategies of both price
takers and price makers.

Theorem 1: Assume the energy storage unit behaves ratio-
nally and designs its bid by solving the profit-maximization
problem (5) using price forecast \¢ over a horizon of length
NT for N bidding scheduling periods, with each period
of length 7. Given a series of observed storage power
output profiles {p;, b;} and market clearing prices {\;} for
all t € T, where 7 = {1,2,...,NT}, the storage unit
is not evidently exercising market power, if the following
conditions are satisfied:

1) The number of withholding intervals is no larger than

the number of non-idle scheduling periods N, i.e.,

Z Lo<pi<ry + Z]l{0<bt<ﬁ} <N'<N.
teT teT

2) The price-decision relationship is consistent with
Proposition 4.

Proposition 4 reveals the relationship between the control
decisions of a price taker and the prevailing market prices.
Details will follow in subsequent subsections.

Theorem 1 suggests that the market operator can conduct
ex-post analysis according to the observed storage power
output profiles and market clearing price series to examine
the exercise of market power with the aim of monitoring
market efficiency. This method aligns with the “after-the-fact
standard” approach for analysis as recommended by Harvey
and Hogan in [11]. Note that from the market operator’s
perspective, that actual competitive bids and the resulting
clearing prices are not accessible. The available information
for conducting market efficiency analysis comprises solely
the effective storage power output profiles and the corre-
sponding prices. The presence of partial operation intervals
during the observation period indicates instances of storage
unit conducting capacity withholding. Merely counting these
instances below a predefined threshold and examining the
prices associated with these instances offers a practical
and efficient method to differentiate the causes of capacity
withholding — whether or not it results from market power
exercise or competitive behavior.

The proof of Theorem 1 will compromise an examination
of bidding strategies derived from simplified individual profit
maximization problems discussed in subsequent subsections.
Strictly speaking, we should directly deal with the bidding
model (5); however, we will initially introduce a set of as-
sumptions to facilitate preliminary discussions and proposi-
tions. These assumptions will later be revisited and removed,
allowing us to generalize the conditions and validate the
applicability of Theorem 1.

In the simplified profit maximization model, we focus on
scenarios with short clearing periods, e.g., T' = 2, 3. Given
the short duration of storage charging and discharging, we
assume the storage capacity constraint (5e) is strictly satisfied
throughout the scheduling period 7 and neglect it in the
model formulation:

Assumption 1 (Unsaturated SoC): During the clearing
period, the energy storage SoC remains strictly feasible, i.e.,

O<e < EforallteT.
In light of Assumption 1, the SoC evolution constraint (5d)
reduces to:

S B by =o. (©)
n

teT

Assumption 2 (Positive profit operation): The storage
unit remains idle, i.e., p = 0, by = 0, for all ¢t € T, if the
induced profit is zero, i.e., 7 = 0.

Assumption 3 (Non-negative pricing): Prices remain non-
negative, \; > 0, for all t € 7.

Based on Assumption 3, we omit the constraint (5¢) in the
bidding model, however the non-simultaneous charging and
discharging condition does still hold.

A. Withholding as Price Taker

First, we aim to analyze the withholding bidding behavior
assuming that the energy storage unit participates in the
market as a price taker. From Assumptions 1-3, the corre-
sponding bidding model is:

ma;i’rbrtlize Z e (pr — by) (7a)
teT

s.t. Pt =06 (7b)
teT

0<p <P:6,0,vteT (7¢)

0<b, <P: B ,B,vteT (7d)

where the corresponding dual variable is defined after each
constraint. Note that although we formulate the bidding
model of price takers using M\ in the objective (7a), in
the presence of price makers, Ae will be replaced by the
influenced price based on (1) to determine the ultimate
dispatch decision and profit.

The Lagrangian function of (7) is:

L= (Relpe—be) +0 (f; - bm) + ®)

teT
8, pe — 0 (pe — P) + By by — B (b — p)),
and the corresponding KKT conditions are (Vt € T):
oL 0

77 z - s+ _
o0 &+n+@ 5 =0 (9a)
oL o _

—=-MN—0n+p5 —B =0 (9b)
Ob;

S =0 %)
teT

0<ps by <P (9d)
6 . 0, B, BT =0 (%)
6, pe=0,6(pr—P)=0 (9f)
Bibe=0, B (by —P)=0 g)

where Eqgs. (9a) and (9b) correspond to stationarity con-
ditions, constraints (9¢) and (9d) to primal feasibility, con-
straint (9e) to dual feasibility, Eqs. (9f) and (9g) to comple-
mentary slackness. Given that the optimization model (7) is
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a linear program, there is zero duality gap, yielding KKT
conditions both necessary and sufficient for optimality.

Proposition 1: For a strategic price taker making bidding
decisions based on model (7), the bidding decisions {p;, b}
throughout the period 7 will include at least one interval ¢
at capacity, i.e., p; = P or by = P, except for the idle
scenarios.

This proof is established by considering a counterexample
in which the unit does not operate at full capacity during
any interval, thereby, according to the KKT conditions in (9),
violating the non-idle condition as specified in Assumption 2.
A detailed proof is included in the extended version [15].

Proposition 2: For a strategic price taker making bidding
decisions based on model (7), assuming the storage unit is
not idle throughout the scheduling period 7, then

1) there must exist Aj\min < )‘maX1 where A\pin =
minte']’{)\t} and )\max = maXteT{)\t},

2) the storage unit operates at capacity either by dis-
charging during the highest price interval ¢5 . ie.,
p;"X I P, or by charging during the lowest price
interval t5_. . = P.

The proof is provided in [15].

Remark 3: Propositions 1 and 2 suggest that during the
scheduling period, the storage unit will operate at its capacity
for at least one interval, either at the highest or the lowest
price point. This insight is readily applicable to scenarios
where the SoC of the storage unit is constrained throughout
the period. In situations where the storage unit’s maximum
output is limited by its capacity, it can still be asserted,
without loss of generality, that the storage unit will maximize
its energy utilization during the period of highest or lowest
prices. This principle aligns with the conjecture made in
Section III.A of [11], which stated that “for energy limited
unit, efficient pricing would fully utilize the energy of the unit
in the highest price hours over the period of the limitation”.
Our findings validate this conjecture and also extend it by
exploring its implications for the bidding strategies of energy
storage units.

Proposition 3: For a strategic price taker making bidding
decisions based on model (7), given strictly heterogeneous
prices A + Xo... + A7, the bidding decisions {p;, b;}
throughout the period 7 should include one and only one
interval ¢ at partial capacity, 0 < p} < P or 0 < b} < P,
except for the idle scenarios.

To prove the proposition above, we first prove there is
at least one interval with partial capacity and then prove at
most one interval with partial capacity based on the KKT
conditions in (9). The full proof is included in the extended
version [15].

In competitive markets, i.e., market participants bid as
price takers according to model (7), we have the following
price-decision relationship:

Proposition 4: Given a series of prices At throughout the
period 7, a strategic price taker makes bidding decisions
{p;, b;} based on model (7). Denote the set of discharge
withholding intervals {u € T |1y, <p} = 1} and charge

ie., b}

A min

TABLE I. STORAGE UNIT CONTROL POLICY AS PRICE TAKER IN
TWwO-INTERVAL BIDDING

Scenario Interval 1 Interval 2

pi b1 I b5
Mo> 2 Pn? 0 0 p
5‘2772 < M < % 0 0 0 0
5\1 < 5\2772 0 P Pn? 0

withholding intervals {v € T|lig<y,<py = 1}, then the
bidding decisions take one of three outcomes:

1) If the unit discharges at capacity during interval x,

ie., p; = P, then 5\T > S\U and /A\z > )‘—5

2) If the unit charges at capacity during interval y, i.e.,

b;‘ = P, then ;\u > /\—3 and 5\71 > S\y
3) If the uqit keeps idle during interval z, i.e., p; = b} =
0, then % > Ay > A, and A > A, > A2

The proof can be found in [15].

We illustrate the bidding strategies of price takers based
on model (7) through the two-interval bidding scenario,
with the control policy detailed in Table I. The decision-
making process is primarily influenced by the price differ-
ence between the two intervals. Given the energy loss during
the charging/discharging cycle, the storage unit operation
is justified only if the profits from arbitraging the price
difference offset the losses. This arbitrage strategy implies
that the storage unit will utilize its full capacity for profit as
long as it remains economically viable, refraining from any
unjustified withholding, i.e., no partial operation below Pn?2.

B. Withholding as Price Maker

We now explore the scenario in which the storage unit
operates as a price maker, anticipating the effects of its
bidding behavior on the market clearing price, using the
following bidding model:

ma;&tiyll‘gize ;(Xt — Qi (pt — bt))(pt — bt)

s.t. (7b) — (7d).

(10)

Incorporating the impact of market power on market clear-
ing prices into the price maker’s bidding model introduces
quadratic terms into the objective function (10), in contrast
to the linear terms found in the price-taker’s model as (7a).
However, both problems are still convex.

The corresponding KKT conditions are (Vt € T):

OL

_ 6

— =X\ —20up; +20u4by + — +6; — 6 =0 (11a)
Opy 7

AL - -

aibt = *)\t + QOétpt — QOltbt — 07] —+ /Bt — Py = 0 (llb)
(9c) — (%e)

where Eqgs.(11a) and (11b) correspond to stationarity con-
ditions, and the rest are the same as that of the optimality
conditions in (9).

Proposition 5: For a strategic price maker making bidding
decisions based on model (10), throughout the period 7
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TABLE II. STORAGE UNIT CONTROL POLICY AS PRICE MAKER IN TWO-INTERVAL BIDDING

Scenario Interval 1 Interval 2
pI by P35 b3
A1 > ;]% A1 — 2a1 P2 > 75‘2+7]22°‘215 Pn? ) 0 0 p ]
- _ - _ A —22 522
_ 2  Ag+2aP n2 Mms
At = 2a1 Pp? < 22E% ot o) 0 0 o T
Aan? < A1 < ;]% 0 0 0 0
M < Aom? M2 P o N on, P ESVEDvIE (A1tian?)n?
A1 < A2m ez 1\2 2&21i'77 31 Fazn®) Blartas) 0
7A1+7722a1P S /\2 — 2042P772 P P772

1) The bidding decisions {p;, b}, Vt € T} should in-
clude at least one interval ¢ at partial capacity, 0 <
pf < Por0<bf < P, except for the idle scenarios.

2) There might exist multiple full or partial intervals.

The proof for 1) follows similar arguments to Proposi-
tion 3; 2) is apparent following the proof for Proposition 3
based on the KKT conditions (11).

The two-interval bidding scenario for price makers based
on model (10) is summarized in Table II. Compared to
the strategies of price takers as in Table I, the control
decisions for each non-idle scenario further splits into two
sub-scenarios, either A\; > % or A1 < Aon?. Such decisions
are established accounting for the economic losses associated
with both charging/discharging energy loss and their poten-
tial impact on market prices, including both immediate and
future contrast effects. Take the scenario where \; > ;\7—5 for
example. In addition to comparing prices based on charging
and discharging efficiencies, i.e., A > %, price makers also
consider the marginal revenue from operational intervals. If
the projected profit be substantial, i.e., with high marginal
revenue as \; — 2a;Pn? > ,\24:7# , the strategy aligns
with that of price takers as operating at capacity, suggesting
that a larger price difference leads to greater profitability,
sufficient even for arbitrage by price takers. Moreover, price
makers, facing potentially lower marginal revenues, i.e., A; —
201 Pr? < 224292 "oi]] possess the strategic flexibility to
optimize control decisions for maximizing profit, exploiting
their influence on market outcome.

C. Three-Interval Bidding Scenario

Compared to the two-interval bidding discussed earlier,
the three-interval scenario demonstrates how energy storage
units strategically allocate their limited resources into a
portfolio that maximizes total profit based on a series of
prices over the scheduling period. The three-interval bidding
establishes a foundation for analyzing longer-term bidding
scenarios.

Define the number of full capacity intervals through-
out the scheduling period 7: o = > ;1 _py +
Yuerl (v.=p}» and correspondingly for partial intervals:
5= 2 et Lio<p,<Py T ZtG’T Lio<p,<py-

Corollary 1: For a strategic price maker making bidding
decisions based on model (10), consider the bidding case
consisting three intervals, then if there exist two intervals

J1, Jjo operating with partial capacity, s = 2, and one full
to, o =1 and Aj, > Aj,,\j, > Ay, a sufficient condition
for this scenario is 22212 5 X~ 2, P.

Corollary 1 also implies, in the case of three-interval
bidding, when the ultimate price difference is larger between
intervals j; and jo, there can be no less full intervals
than partial. Such analysis can be easily extended to other
scenarios.

Remark 4: Higher price difference, resulting in higher
profitability, complicates the distinction between withholding
behavior due to strategic arbitrage versus market power exer-
cise. Both strategies exploit market inefficiencies, however,
high profit margins can mask the source of earnings, whether
derived from arbitrage or price manipulation.

D. Understanding Multi-Interval Bidding

The ex-post analysis is established in two phases. First,
the market operator counts and compares the number of full
or partial intervals, For price takers, as suggested in Propo-
sitions 1 and 3, they typically participate in the market with
the profiles where the number of full intervals are no more
the that of partial ones, including the idle scenarios. On the
other hand, for price makers, Proposition 5 and Corollary 1
indicate that most scenarios feature the number of partial
intervals no less than that of full ones, suggesting the exercise
of market power through capacity withholding. Exceptions
occur where the number of full intervals exceed that of partial
ones, notably in situations with significant price differentials,
as detailed in Remark 4. Secondly, examining price-decision
relationship across the intervals reveals the bidding strategy
adopted by the market participant, indicating whether it
involves the exercise of market power. With this analysis
in place, we can now prove Theorem 1.

Proof: [Theorem 1] We first analyze the scenarios
for price takers and price makers within the framework of
Assumptions 1-3. With that analysis in place we remove the
assumptions.

For price takers: From Proposition 3 we’ve covered that
given strictly heterogeneous prices, there exists only one
partial interval, which establishes a sufficient condition for
Theorem 1. The statement of Theorem 1 allows for the
case where prices do not change. There are three possible
scenarios: i) zero withholding intervals occur, ii) there is
exactly one withholding interval, and iii) more than one
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withholding interval occurs. Scenario i) and ii) are special
cases of Proposition 3. Scenario 3 violates the framing of
Theorem 1 and so we do not need to consider it.

For price makers: Proposition 5 states that the number
of partial intervals is always no less than one, i.e., s > 1.
When s = 1, assuming sufficiently small price sensitivity
parameter oy, we can conclude that the bidding profiles
from price makers are indistinguishable to those observed
among price takers (i.e., 5\t ~ \), thus the price maker is
not evidently exercising market power. However, scenarios
exist where, despite the profile showing only one withholding
interval, the price maker is exercising market power (i.e.,
larger oy values). Due to space limitations, detailed scenario
realizations are relegated to Table III in [15]. Here we
consider one scenario (out of a possible 10) for illustrative
purposes. The proof is easily adapted to all other cases.

We consider the scenario corresponding to the first row in
Table III. Here if the unit was a price taker it withholds
from charging, but, as a price maker, it would withhold
from discharging. For the price taker, in order to derive
the bidding decisions p; = P, b = Bz the corresponding
clearing prices need to satisfy Ny > % as illustrated in
Proposition 4. Similarly, for the price maker, following the
KKT conditions (11), the bidding decisions p; = p, b =0
are derived under the condition:

. . _ A —
Ae — e < Xp + (P —2p) < =5 2040’
Ui
and the resulting clearing prices are:
;\225\54-055(15—]5), 5\22;\0—0@8.

Given ay(P — p) > 0 and a.b > 0, we have \j > 2—;0
Thus, the price-decision relationship between (;\275\’0) and
(pi = p,b: = 0) violates Proposition 4. The proof for the
remaining scenarios showcased in Table III of [15] follow
similar arguments.

Therefore, Theorem 1 holds for price makers under the
given Assumptions 1-3. Specially, if the unit is held idle, no
market power is exercised.

Next, we generalize the conditions following the relaxation
of the initial assumptions. Dropping Assumption 1 generates
scenarios where energy storage unit output is limited by its
energy capacity, potentially leading to the occurrence of addi-
tional partial blocks. This modification does not compromise
the validity of Theorem 1. Regarding Assumption 2, incorpo-
rating scenarios of active operation during zero-profit periods
allows for flexible dispatch decisions p;,b; € [0, P], which
also does not alter the conclusions drawn in Theorem 1.
Assumption 3 is initially established to simplify the analysis
of KKT optimality conditions. Negative prices ensure that
storage units won’t discharge according to (5c), therefore
p;y = 0 for certain intervals. The removal of such assumption
does not impact the proof. [ ]

IV. NUMERICAL EXPERIMENTS

We validate the proposed framework for energy storage
unit bidding by simulating a 24-interval dispatch in the day-

ahead market. Our simulation features a 2.5MW/10MWh
storage unit that starts and ends at 50% SoC, with charging
and discharging efficiencies set at 0.9. Note that the energy
capacity constraint (5e) is taken into account in the simula-
tion. We compare the bidding profiles and resulting profits
between price takers and price makers, using price data from
a winter day in New York City in 2018, as reported by
NYISO [16]. This price series serves as the benchmark for
competitive market clearing prices. Nominal clearing prices
\; are calculated by assuming that non-withholding power
supply from the price taker is contributed to the market,
thereby leading to competitive prices. The price sensitivity
parameter «; is modeled to be linearly proportional to the
competitive price level, reflecting the load level and the slope
of the remaining supply function, with an average value of
$1.00/MWh/MWh for low market power price makers and
$2.00/MWh/MWh for high market power cases. Note that
this parameter is amplified for the purposes of validating
our framework in the simulation and would be expected to
be significantly lower in practical scenarios [12].

The market clearing results are presented in Fig. 2. Fig-
ure 2(a) illustrates the capacity withholding behavior of price
makers with both low and high market power in comparison
to price takers. Figure 2(b) displays the resulting shifts
in market clearing prices from the competitive benchmark,
highlighting the exercise of market power.

Figure 2(a) illustrates that, as a price maker, capacity
withholding occurs mainly during periods of peak or valley
prices to arbitrage price differences. For example, during
peak hours, price makers may withhold storage discharging
to raise prices, e.g., 5-9pm, as reflected by the corresponding
market clearing prices in Fig. 2(b). Conversely, during off-
peak hours, they might withhold charging to lower prices.
Furthermore, a price maker with a higher degree of market
power can exert a more significant influence on the market.
This is demonstrated by the more aggressive withholding
behavior and the subsequent alterations in clearing prices
during both peak and off-peak periods. Notably, even when
applying the price maker’s bidding model (10), there are
instances where the price maker bids similarly to the price
taker, leading to identical power outputs and market clearing
prices, e.g., 8am-5pm. This indicates that they are not
actively exercising market power during these times. For the
price taker, there is only one interval of withholding, i.e.,
8-9pm, consistent with Theorem 1. This theorem provides a
criterion for identifying evident instances of market power
exercise. Specially, in some cases, such as from 6-7pm,
the power production from the price maker might exceed
that of the price taker, which could seem counterintuitive
at first glance but could be interpreted as strategic practices
aimed at maximizing profit. The profits generated under these
scenarios are summarized in Table III.

Table III indicates that the price maker exercises market
power to gain additional profit. When possessing a higher
level of market power, the price maker’s earnings are 76%
greater than in scenarios where they act as a price taker
($49.11 vs $37.95), and 25% greater with a lower level of
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Fig. 2. Storage unit control policy and the resulting market clearing
price considering different market participants as price maker with
low market power (maker;), high market power (makers), and
price taker: (a) storage power output (positive values mean that
unit is discharging), (b) market clearing price.

TABLE III. PROFIT OF MARKET PARTICIPANTS UNDER DIFFERENT
LEVEL OF MARKET POWER

Scenario Price Taker ($) Price Maker ($)
No market power 37.95 -

Low market power 47.50 42.02

High market power 66.66 49.11

market power ($42.02 vs $37.95). Interestingly, in markets
where a price maker is present, price takers may achieve
higher profits than the price maker ($42.02 vs $47.50 and
$49.11 vs $66.66), aligning with findings discussed in [17].
This observation highlights the vulnerability of market inef-
ficiencies to strategic exploitation.

V. CONCLUSIONS

We examine the multi-interval strategic bidding withhold-
ing of energy storage units adopting a self-scheduling model,
considering both price takers and price makers. For price
makers, we introduce a bidding strategy that anticipates mar-
ket prices through a price sensitivity analysis. The proposed
framework serves as an ex-post market monitoring tool, al-
lowing market operators to distinguish market power exercise
from competitive withholding by observing the withholding
instances within the bidding profiles and the corresponding
clearing prices. Our findings support the economic bidding

behaviors commonly seen among storage units and reveal
that significant price fluctuations present substantial profit
opportunities for both market power holders and strategic
profit-seekers. In future work, we aim to enhance our model
by incorporating uncertainty in price forecasts into the frame-
work and develop corresponding criteria for market power
assessment.
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