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With the increasing prevalence of renewable energy (RE) companies equippedwith
private energy storage (ES) systems, a dual capability emerges to offer strategic
pricing and strategic constraints in market competition. Specifically, these RE
companies can strategically leverage their own private ESs to modulate the
variability of RE output limits and introduce modified constraints within the
market. To examine these new strategic behaviors and the resulting market
equilibria, we introduce an innovative bilevel strategic behavior model. The
upper level of the model delineates the strategy for RE profit maximization
through the imposition of strategic constraints and pricing schemes, while the
lower level calculates the revenue outcomes for all entities in the day-ahead energy
market clearing. The integration of the bilevel models from all strategic entities
leads to the formulation of a new equilibrium problemwith equilibrium constraints
(EPEC), the solution of which indicates a novel market equilibrium. The impacts of
these market equilibria on critical system operation metrics are then evaluated
across two representative market mechanisms. Our numerical experiments reveal
that RE exhibits low sensitivity to the private ES’s cost, suggesting that the behavior
of imposing strategic constraintsmay bewidespread amongRE companies owning
private ESs. Furthermore, the introduction of strategic constraints enhances the
competitiveness of RE, significantly affecting social welfare, energy pricing, and RE
integration rate. The study concludes with insights that could inform practical
market transactions and system operations.
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1 Introduction

With renewable energy (RE) sources increasingly integrating into the power grid (Xiao et al.,
2019; Cole et al., 2021), RE generation companies are entering a competitive fray (Meng et al.,
2023), necessitating strategic positioning in the market (DeMeo et al., 2004). Unlike conventional
thermal power generators with static output limits, RE generators are subject to time-variant
maximum power outputs (Nguyen et al., 2022a), influenced by fluctuating weather conditions.
This variability introduces a layer of complexity to the strategic maneuvers of market participants
(Li et al., 2022a; Tang et al., 2022). In response to the intermittent (Xiao et al., 2020) and
uncertain nature of renewables (Luo et al., 2022), several countries have enacted policies
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mandating that RE generators be equipped with energy storage
(ES) systems proportional to their generation capacity (Yang
et al., 2018; Li et al., 2022b). The equipped ES systems, as assets
owned by the respective RE generation companies, are
customized in terms of the maximum capacities and charge/
discharge capabilities to suit the needs of specific RE generators.
Thus, such ES units are termed “private energy storage” (Ecker
et al., 2018; Englberger et al., 2021; Forrester et al., 2022). A
private ES is exclusively dedicated to serving the single RE
generation company it is associated with. This phenomenon is
quite prevalent in the Chinese power system. According to
China’s electricity market reform, the capacity of these private
ESs must exceed at least 10% of the installed capacity of the RE
generators. In some provincial power grids, even higher
proportions are mandated, with the capacity of private ESs
reaching 15%–30% (Zhang et al., 2022).

Against this backdrop, RE generators are poised to leverage
private ES to recalibrate their original output limits and introduce
modified constraints within the day-ahead market, thereby
augmenting their competitiveness. We define this maneuver as
“offering strategic constraints.” With the ascent of RE and ES, RE
companies are now positioned to set not only strategic prices but also
explore the potential of strategic constraints to reinforce their market
standing. It is imperative that these innovative strategic behaviors and
the ensuing market equilibria be thoroughly examined.

While existing literature has explored the strategic behavior of RE in
the context of market equilibrium, it has primarily been confined to
strategic pricing, often formulated within a bilevel modeling framework
that includes an upper-level RE profit maximization model and a lower-
level market clearingmodel (Ruiz et al., 2012; Kazempour and Zareipour,
2014; Hartwig and Kockar, 2016; Zou et al., 2016; Heredia et al., 2018;
Wang et al., 2018; Guo et al., 2020; Huang et al., 2021; Dai et al., 2022;
Naemi et al., 2022; Wang et al., 2022; Zhang et al., 2023a; Zhang et al.,
2023b). Commonly, the Karush-Kuhn-Tucker (KKT) conditions
(Kazempour et al., 2012; Zeynali et al., 2022) are employed to recast
the bilevel problem into a single-level nonlinear framework, namely a
mathematical problem with equilibrium constraints (MPEC) (Guo et al.,
2020). Market equilibrium is further delineated by amalgamating the
MPECs from all strategic producers, forming an equilibrium problem
with equilibrium constraints (EPEC) (Ruiz et al., 2012).

Specifically (Guo et al., 2020), delves into the strategic pricingwithin
energy and green certificate markets, while (Ruiz et al., 2012) introduces
an analyticalmodel for equilibria in oligopolistic electricitymarkets with
stepwise offer curves. Large-scale wind power integration and its
influence on market equilibria are the focus of (Kazempour and
Zareipour, 2014), and the interplay between the strategic offerings in
coupled gas and electricity markets is examined in (Wang et al., 2018).
However, these studies have not addressed the role of ES systems in
shaping the strategic behavior of RE generators. A few works, such as
(Naemi et al., 2022), have investigated the optimization of battery
storage in wind power plants within wholesale markets, but without
considering strategic pricing implications.

By introducing dynamic game of strategic RE and ES (Wang et al.,
2022), proposes a multi-stakeholder potential game model considering
the bounded rationality. Reference (Hartwig and Kockar, 2016)
evaluates the impact of strategic behavior of an independent trader
who operates private ESs in a nodal electricity market. A multi-period
Nash-Cournot equilibrium model for joint energy and ancillary service

markets is developed in (Zou et al., 2016). This model evaluates the
contributions of private ESs in supporting RE generation. A Cournot
competition model is introduced in (Huang et al., 2021) to investigate
the impact of the strategic operation of grid-level ES systems on
wholesale electricity markets. Reference (Zhang et al., 2023a)
constructs a joint optimal bidding strategy for RE units supported
by shared ES systems, targeting the maximization of expected daily
profits within joint energy and regulation markets. Reference (Heredia
et al., 2018) proposes a multi-stage stochastic programming model to
ascertain the optimal bids for virtual power plants (VPPs) that include
wind power plants and private ESs. Reference (Dai et al., 2022) further
expands themodeling horizon with an equilibriummodel for electricity
markets that incorporates the role of VPPs, consisting of wind farms
and distributed ESs, in a secondary market clearing mechanism
designed to enhance hydropower consumption. Reference (Zhang
et al., 2023b) develops a two-layer equilibrium model to study the
grid impact of peer-to-peer energy trading considering ES participation.

While these studies (Ruiz et al., 2012; Kazempour and Zareipour,
2014; Hartwig and Kockar, 2016; Zou et al., 2016; Heredia et al., 2018;
Wang et al., 2018; Guo et al., 2020; Huang et al., 2021; Dai et al., 2022;
Naemi et al., 2022; Wang et al., 2022; Zhang et al., 2023a; Zhang et al.,
2023b) advance the modeling of strategic pricing and market behaviors
for the alliance of REs and ESs, they conventionally treat the variable
power output constraints of RE resources as fixed parameters. This
simplification overlooks the dynamic nature of RE outputs influenced
by the integration of ES technologies. In reality, the RE generation
company can utilize its private ESs to adjust the maximum power
output curves of RE generators, suggesting that the offering constraints
of the RE generation company can be treated as strategic variables. Such
an approachwould provide amore nuanced and realistic representation
of the market behaviors and bidding strategies of RE generators, as they
report to system operators (SO). Recognizing the variable nature of RE
outputs as strategic variables can lead to a more accurate depiction of
market equilibria and generator strategies, facilitating improved
decision-making processes for both market participants and regulators.

To summarize, this paper identifies two primary research gaps:
First, existing strategic behavior models inadequately address the
strategic constraints inherent in the alliance of RE generators and
private ESs. This oversight is notable given the substantial market
influence exerted by private ESs in power systems with high proportion
of renewables. Second, existing market equilibrium models fail to
capture the dual influence of strategic pricing and strategic
constraint offerings by RE generators equipped with private ESs, a
scenario increasingly representative of future energy systems.

Our contribution is threefold. First, we propose a pioneering model
that captures the strategic behavior of RE generators, employing private
ES to dynamically offer variable power output constraints. This model
advances the conventional MPEC by integrating offerings of strategic
constraints with strategic pricing, thereby introducing an innovative
MPEC framework. Second, we formulate a novel EPEC that
synthesizes these new MPECs, providing a comprehensive
understanding of the market equilibrium dynamics influenced by
multiple entities consisting of RE generators and private ESs. Third,
we assess the implications of these strategic behaviors on critical
operational metrics under typical market mechanisms, offering
insights that may guide market transactions and system operations.

The paper is organized as follows. Section 2 delineates the
definition of private ES; Section 3 constructs the strategic
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behavior model for the alliance of RE generators and private ESs;
Section 4 develops the new market equilibrium model; Section 5
models the implications on system metrics; Section 6 presents case
studies and discusses the results; and Section 7 concludes with
valuable insights.

2 Definition of private energy storage

A private ES is defined as an asset dedicated solely to the
operations of a single RE generation company and does not
directly participate in market clearing processes (Kazemi et al.,
2023). The private ESs can exert an indirect influence on market
clearing outcomes by modulating the maximum power output curve
of the RE generator that owns them. Figure 1 depicts a schematic of
how RE generators employ strategic pricing and impose strategic
constraints by harnessing private ES units. The primary objective for
any RE generator utilizing private ES is to enhance revenue and
profit within the energy market.

For convenience of illustration, we assume that each generation
company operates a single generator (denoted as i) paired with one
private ES (denoted as xi). Generically, generator i represents an
amalgamation of multiple generation units, while private ES xi
symbolizes a unified system comprising several ES units. Private ES xi
is exclusively dedicated to serving its corresponding generator i, together
forming a collaborative entity referred to as alliance i. The operational
costs and constraints of private ES xi are encapsulated by Eqs (1–3).

The private ES xi enables RE generator i to present a novel set
of strategic constraints and prices to the SO. This study
primarily associates strategic constraints with variable power
output limits, as expressed in Formula 4. The private ES can

provide a charging-discharging regulation curve PB
(xi) to modify

the maximum power output of alliance i. Additionally, since the
private ES xi is usually co-located with its associated RE
generator i, there are no line transmission losses (Nguyen
et al., 2024) between them.

From the perspective of SO, the alliance i is a market entity i. It is
critical to note that the SO considers generator i in conjunction with
xi as an integrated entity within themarket clearing model. The SO is
agnostic to the internal utilization of private ES by the RE generator,
concentrating primarily on the deliverability of the strategic
constraints submitted by each entity.

C xi( ) PB
xi( )( ) � a xi( )S2xi( ) + b xi( )S xi( ) + c xi( ) (1)

S xi( ) � PB
xi( )

����� �����1Δt � ∑T
t�1

PB
xi( ),t

∣∣∣∣∣ ∣∣∣∣∣Δt (2)

s.t.
RBmin

xi( ),t ≤R
B
xi( ),t ≤RBmax

xi( ),t ,∀t
PBmin

xi( ),t ≤PB
xi( ),t ≤P

Bmax
xi( ),t ,∀t

RB
xi( ),t � RB

xi( ),t−1 − PB
xi( ),tΔt,∀t

⎧⎪⎨⎪⎩ (3)

where t is time period; T is the number of time periods; Δt is the time
interval; PB

(xi) symbolizes the charging-discharging regulation curve
provided by the private ES xi; S(xi) indicates the regulation energy of
PB
(xi), as defined in (Xiao et al., 2022); a(xi), b(xi) and c(xi) represent

the cost coefficients of S(xi); C(xi) signifies the cost of providing PB
(xi);

RB
(xi),t, RBmax

(xi),t and RBmin
(xi),t are respectively the state of charge,

maximum capacity and minimum capacity of xi at t; PB
(xi),t is the

power of vector PB
(xi) at t; PBmax

(xi),t and PBmin
(xi),t are respectively the

maximum discharging and charging power of xi at t.

PGmax
i ← xi,t

� PGmax
i,t + PB

xi( ),t
PGmin
i ← xi,t

� PGmin
i,t + PB

xi( ),t
{ ,∀t,∀i ∈ G (4)

FIGURE 1
Framework of renewable energy employing strategic pricing and strategic constraints via private energy storage.
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where G is the set of generators; PGmax
i,t and PGmin

i,t are respectively
the maximum and minimum power output of generator i at t,
before using xi; PGmax

i ← xi,t
and PGmin

i ← xi,t
symbolize respectively the

maximum and minimum power output of generator i at t,
after using xi.

3 Strategic behavior of renewable
energy generators: utilizing private
energy storage for strategic constraints
and pricing

Figure 2 illustrates the architecture of the developed bilevel
model. The upper-level model formulates the profit maximization
strategy for the alliance of RE generators and private ESs, which
involves offering strategic constraints and pricing schemes. The
lower-level model corresponds to the day-ahead energy market
clearing process that calculates the revenues for all market-
participating entities. The integration of strategic constraints and
pricing links the decision-making in the upper-level model with the
outcomes in the lower-level model.

In Section 3, we detail the construction of the bilevel model
within the framework of the substitute energy price (SEP) market
mechanism (Xiao et al., 2022). To provide a comparative analysis, a
corresponding bilevel model is also formulated under the locational
marginal price (LMP) market mechanism (Caramanis et al., 1982;
Li, 2007), as outlined in Supplementary Appendix SA.

Under the SEPmarketmechanism,market transactions are executed
in two sequential stages. In the first stage, termed the substitute energy
market, generators trade their energy production curves, which act as
mutual substitutes to fulfill the total energy demand of the system-wide
load. The second stage, termed the regulation energymarket, orchestrates
the trading of regulation services offered by ESs and flexible generators.

This stage aims to satisfy the regulation demands arising from both the
load and certain generators during the first stage, thus achieving power
balance across all time periods.

3.1 Upper-level model: profit maximization
through strategic constraints and pricing

In the SEP-based market, the profit maximization problem for a
strategic generator i, which involves offering strategic constraints
and strategic pricing through the use of private ES, is formulated in
Eqs 5–9.

min − ri � − Ii − CE0
i PE

i( ) − CS0
i PS

i( ) − C xi( ) PB
xi( )( )[ ] (5)

Ii � πSEPEi + πREPSi (6)
CE0

i PE
i( ) � aE0i E2

i + bE0i Ei + cE0i

� aE0i ∑T
t�1
PE
i,tΔt⎛⎝ ⎞⎠2

+ bE0i ∑T
t�1
PE
i,tΔt⎛⎝ ⎞⎠ + cE0i

(7)

CS0
i � aS0i Si( )2 + bS0i Si + cS0i
� aS0i PS

i

���� ����1Δt( )2 + bS0i PS
i

���� ����1Δt( ) + cS0i

� aS0i ∑T
t�1

PS
i,tΔt

∣∣∣∣ ∣∣∣∣⎛⎝ ⎞⎠2

+ bS0i ∑T
t�1

PS
i,tΔt

∣∣∣∣ ∣∣∣∣ + cS0i

(8)

s.t.

PG
i ← xi

� PG
i + PB

xi( ) ≥ 0
PGmax
i ← xi,t

� PGmax
i,t + PB

xi( ),t
PGmin
i ← xi,t

� PGmin
i,t + PB

xi( ),t
bEmin
i ≤ bEi ≤ bEmax

i

RBmin
xi( ),t ≤R

B
xi( ),t ≤RBmax

xi( ),t ,∀t
PBmin

xi( ),t ≤PB
xi( ),t ≤P

Bmax
xi( ),t ,∀t

RB
xi( ),t � RB

xi( ),t−1 − PB
xi( ),tΔt,∀t

∑T
t�1
PB

xi( ),t � 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

FIGURE 2
Proposed bilevel strategic behavior model and corresponding new MPEC.
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where ri represents the profit of entity i; Ii signifies the revenue of entity i
in the day-ahead energy market; πSEP indicates the clearing price of
substitute energy market; πREP implies the clearing price of regulation
energy market; PE

i is the energy curve supplied by generator i; PS
i is the

regulation curve supplied by generator i; PG
i is the actual output curve of

generator i; PG
i , P

E
i and P

S
i jointly satisfy Formula 10; PG

i ← xi
symbolizes

the actual output curve of generator i after using xi; Ei is the awarded
substitute energy of generator i; Si is the awarded regulation energy of
entity i; PE

i,t and PS
i,t are respectively the power of P

E
i and PS

i at t; C
E0
i

denotes the production cost of PE
i ; C

S0
i denotes the production cost of

PE
i ; a

E0
i , bE0i and cE0i are the cost coefficients of the generator i for

producing Ei; aS0i , bS0i and cS0i are the cost coefficients of the generator i
for producing Si; bEi represents the first-order coefficient of the bidding
function of entity i, representing the offering price of entity i in this
paper; bEmin

i and bEmax
i are respectively the lower limit and upper limit of

bEi ; To decouple the regulation supply from energy supply of the private
ES, we set the constraint ∑T

t�1PB
(xi),t � 0 in Formula 10.

PG
i � PE

i + PS
i (10)

3.2 Lower-level model: day-ahead energy
market clearing

The lower-level problem represents the process of SO clearing the
day-ahead energymarket, whose optimization object is tomaximize the
global social welfare. As delineated in reference (Xiao et al., 2024), the
joint clearing of the substitute energy market and the regulation energy
market can be efficiently executed in a single stage, as Eqs 11–16.

min −WSEP � −U +∑
i∈G

CE
i + CDS

i( ) + ε ∑
i∈B∪G

CS
i (11)

CE
i � aEi E

2
i + bEi Ei + cEi

� aEi ∑T
t�1
PE
i ← xi,t

Δt⎛⎝ ⎞⎠2

+ bEi ∑T
t�1
PE
i ← xi,t

Δt⎛⎝ ⎞⎠ + cEi
(12)

CDS
i � πSpΔt PDS

i ← xi

���� ����
1
� πSpΔt PE

i ← xi
− PErrm

i ← xi

���� ����
1

� πSpΔt PE
i ← xi

−
∑T
t�1
PE
i ← xi,t

∑T
t�1
PD
t

PD

����������������

����������������
1

(13)

CS
i � aSi Si( )2 + bSi Si + cSi
� aSi PS

i ← xi

���� ����
1
Δt( )2 + bSi PS

i ← xi

���� ����
1
Δt( ) + cSi

(14)

s.t.
∑T
t�1

∑
i∈G

PE
i ← xi,t

Δt +∑T
t�1
PD
t Δt � 0

PGmin
i ← xi

≤PE
i ← xi

≤PGmax
i ← xi

,∀i ∈ G

⎧⎪⎪⎨⎪⎪⎩ (15)

s.t.

PDS + ∑
i∈B∪G

PS
i ← xi

� 0

PDS � ∑
i∈G

PDS
i ← xi

� PD +∑
i∈G

PE
i ← xi

ΔESmin
i ≤∑T

t�1
PS
i ← xi,t

Δt≤ΔESmax
i ,∀i ∈ B ∪ G

PGmin
i ← xi

≤PE
i ← xi

+ PS
i ← xi

≤PGmax
i ← xi

,∀i ∈ G
RBmin
i ≤RB

i ≤R
Bmax
i ,∀i ∈ B

PBmin
i ≤PS

i ← xi
≤PBmax

i ,∀i ∈ B
RB
i,t � RB

i,t−1 − PS
i ← xi,t

Δt,∀i ∈ B,∀t

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

In Formula 11, WSEP denotes the global social welfare in a SEP-
based market; U is the value of electricity usage, which is set as a
constant; B signifies the set of independent ESs that participate in the
market clearing; Note that private ESs are not included in set B; CE

i

indicates the bidding function of substitute energy supplied by
generator i; CDS

i is the potential cost of regulation demand
generated by entity i, which is caused by the energy curves
PE
i ← xi

with different shapes and assessed by the regulation
responsibility PErrm

i ← xi
; CE

i + CDS
i guarantees the nature of trading

energy curves as substitutes; CS
i represents the bidding function of

regulation energy supplied by entity i; ε is an extremely small
positive number; εCS

i has little effect on the nature of energy
substitutes and meanwhile helps determine the optimal
regulation curve PS

i ← xi
.

In Eqs 12−14, aEi , b
E
i and c

E
i symbolize the cost coefficients of Ei for

bidding; aSi , b
S
i and cSi denote the cost coefficients of Si for bidding; In

this paper, only bEi is strategic and variable, while other cost coefficients
are non-strategic; PD is the load curve; PE

i ← xi
and PS

i ← xi
are

respectively the energy curve and regulation curve of entity i
integrating the private ES xi; PE

i ← xi,t
is the power of PE

i ← xi
at t; PD

t

is the load demand at t; πSp is the preset price of regulation energy; An
ideal πSp could make CDS = CS.

Formula 15 gives the constraints of substitute energy market. The
first equality constraint in (15) represents the supply-demand balance of
substitute energy irrespective shape of PE

i . P
Gmax
i ← xi

and PGmin
i ← xi

are both
strategic constraints of i, respectively the maximum and minimum
power outputs of generator i after using xi.

Formula 16 presents the constraints of regulation energy
market. The first equality constraint in (16) represents the
power balance of regulation supply and regulation demand.
PDS denotes the system regulation demand; PDS

i ← xi
is the

regulation demand of entity i; ΔESmax
i and ΔESmin

i are
respectively the maximum and minimum energy
consumptions of PS

i , reported by entity i; PS
i ← xi,t

is the power
of PS

i ← xi
at t; RB

i , R
Bmax
i and RBmin

i are respectively the state of
charge, maximum capacity and minimum capacity of
independent ES i; PBmax

i and PBmin
i are respectively the

maximum discharging power and maximum charging power
of independent ES i. Different from the private ES, the
independent ES directly participates in the market, instead of
cooperating with a RE generator.

According to reference (Xiao et al., 2022), the pricing
methodologies for the πSEP and πREP are outlined in Eqs 17, 18,
respectively. The πSEP is determined as the highest price among the
accepted substitute energy bids, reflecting the marginal price of
substitute energy within the market. Under the SEP mechanism, the
energy curves from various generators act as substitutes for each
other, resulting in the πSEP being a one-dimensional price. A similar
principle applies to the πREP.

πSEP � max πSEP
i

πSEP
i � dCE

i

dEi
� 2aEi Ei + bEi ,

i ∈ G, Ei > 0

∣∣∣∣∣∣∣∣∣∣∣∣∣
⎧⎪⎪⎨⎪⎪⎩

⎫⎪⎪⎬⎪⎪⎭ (17)

πREP � max πREP
i

πREP
i � dCS

i

dSi
� 2aSi Si + bSi ,

i ∈ B ∪ G, Si > 0

∣∣∣∣∣∣∣∣∣∣∣∣∣
⎧⎪⎪⎨⎪⎪⎩

⎫⎪⎪⎬⎪⎪⎭ (18)
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3.3 Reformulation and solution method

The model encompassing Eqs 5–18 constitutes a bilevel
problem incorporating absolute values, rendering it
computationally intractable. To address this, we initially convert
the lower-level problem into a mathematically standard form
devoid of absolute values. Subsequently, this bilevel problem is
recast as an equivalent single-level nonlinear problem employing
the KKT conditions.

Reference (Mangasarian, 2014) provides a mathematical
method for transforming decision variables related to absolute
values into continuous decision variables without absolute values.
Based on this method, we have made an equivalent substitution of
the decision variables |PDS

i ← xi
| and |PS

i ← xi
| as demonstrated in

Eq. 19.

PDS
i ← xi

∣∣∣∣∣ ∣∣∣∣∣ � PDSu
i ← xi

+ PDSv
i ← xi

PDS
i ← xi

� PDSu
i ← xi

− PDSv
i ← xi

PDSu
i ← xi,t

≥ 0, PDSv
i ← xi ,t

≥ 0
i ∈ G

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ ,

PS
i ← xi

∣∣∣∣∣ ∣∣∣∣∣ � PSu
i ← xi

+ PSv
i ← xi

PS
i ← xi

� PSu
i ← xi

− PSv
i ← xi

PSu
i ← xi,t

≥ 0, PSv
i ← xi ,t

≥ 0
i ∈ B ∪ G

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (19)

where PDSu
i ← xi

, PDSv
i ← xi

, PSu
i ← xi

and PSv
i ← xi

are auxiliary variables;
PDSu
i ← xi,t

, PDSv
i ← xi,t

, PSu
i ← xi,t

and PSv
i ← xi,t

are respectively the power
of corresponding vectors at t.

By incorporating Eq. 19 into the model defined by Eqs 11–16, we
derive a standard lower-level model without absolute values, as
denoted by Eqs 21, 22.

min∑
i∈G

CE
i +∑

i∈G
CDS

i + ε ∑
i∈B∪G

CS
i

� ∑n
i�1

aEi ∑T
t�1
PE
i ← xi,t

Δt⎛⎝ ⎞⎠2

+ bEi ∑T
t�1
PE
i ← xi,t

Δt⎛⎝ ⎞⎠ + cEi
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦

+πSpΔt∑n
i�1
∑T
t�1

PDSu
i ← xi ,t

+ PDSv
i ← xi,t

( )
+ε ∑

i∈B∪G
aSi ∑T

t�1
PSu
i ← xi ,t

+ PSv
i ← xi,t

( )Δt⎡⎣ ⎤⎦2 + bSi∑T
t�1

PSu
i ← xi ,t

+ PSv
i ← xi ,t

( )Δt + cSi
⎧⎨⎩ ⎫⎬⎭

(20)

s.t.

∑T
t�1

∑
i∈G

PE
i ← xi ,t

Δt +∑T
t�1
PD
t Δt � 0: λE

PGmin
i ← xi

≤PE
i ← xi

≤PGmax
i ← xi

: μEmin
i , μEmax

i ,∀i ∈ G

PDSu
i ← xi

− PDSv
i ← xi

� PE
i ← xi

−
∑T
t�1
PE
i ← xi,t

∑T
t�1
PD
t

PD: λDSi ,∀i ∈ G

PDSu
i ← xi

≥ 0,PDSv
i ← xi

≥ 0: μDSui , μDSv
i ,∀i ∈ G

PD +∑
i∈G

PE
i ← xi

+ ∑
i∈B∪G

PSu
i ← xi

− PSv
i ← xi

� 0: λS

ΔESmin
i ≤∑T

t�1
PSu
i ← xi,t

− PSv
i ← xi ,t

( )Δt≤ΔESmax
i : μSmin

i , μSmax
i ,∀i ∈ B ∪ G

PGmin
i ← xi

≤PE
i ← xi

+ PSu
i ← xi

− PSv
i ← xi

≤PGmax
i ← xi

: μGmin
i , μGmax

i ,∀i ∈ G

RBmin
i ≤RB

i ≤R
Bmax
i : μBRmin

i , μBRmax
i ,∀i ∈ B

PBmin
i ≤PSu

i ← xi
− PSv

i ← xi
≤PBmax

i : μBPmin
i , μBPmax

i ,∀i ∈ B

RB
i,t � RB

i,t−1 − Δt PSu
i ← xi ,t

− PSv
i ← xi ,t

( ): μBPRi,t ,∀i ∈ B,∀t

PSu
i ← xi

≥ 0,PSv
i ← xi

≥ 0: μSui , μ
Sv
i ,∀i ∈ B ∪ G

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(21)

where λE, μEmin
i , μEmax

i , λDSi , μDSui , μDSvi , λS, μSmin
i , μSmax

i , μGmin
i , μGmax

i ,
μBRmin
i , μBRmax

i , μBPmin
i , μBPmax

i , μBPRi,t , μSui and μSvi are dual variables of the
corresponding constraints; The tth element of λS is λSt , similarly
hereinafter.

The Lagrangian for this standard lower-level model is
formulated in Eq. 22, and the corresponding KKT optimality
conditions are delineated in Eqs 23–48.

LSEP � ∑
i∈G

CE
i +∑

i∈G
CDS

i + ε ∑
i∈B∪G

CS
i

+λE ∑T
t�1

∑
i∈G

PE
i ← xi,t

Δt +∑T
t�1
PD
t Δt⎛⎝ ⎞⎠

+∑
i∈G

μEmax
i PE

i ← xi
− PGmax

i ← xi
( )T + μEmin

i PGmin
i ← xi

− PE
i ← xi

( )T

+∑
i∈G

λDSi PDSu
i ← xi

− PDSv
i ← xi

− PE
i ← xi

+
∑T
t�1
PE
i ← xi,t

∑T
t�1
PD
t

PD
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
T

−∑
i∈G

μDSui PDSu
i ← xi

( )T −∑
i∈G

μDSvi PDSv
i ← xi

( )T

+λS PD + ∑
i ∈ G

PE
i ← xi

+ ∑
i ∈ B ∪ G

PSu
i ← xi

− PSv
i ← xi

⎛⎝ ⎞⎠T

+ ∑
i∈B∪G

μSmax
i ∑T

t�1
PSu
i ← xi,t

− PSv
i ← xi,t

( )Δt − ΔESmax
i

⎡⎣ ⎤⎦
+ ∑

i∈B∪G
μSmin
i ΔESmin

i −∑T
t�1

PSu
i ← xi,t

− PSv
i ← xi,t

( )Δt⎡⎣ ⎤⎦
+∑

i∈G
μGmax
i PE

i ← xi
+ PSu

i ← xi
− PSv

i ← xi
− PGmax

i ← xi
( )T

+∑
i∈G

μGmin
i PGmin

i ← xi
− PE

i ← xi
− PSu

i ← xi
+ PSv

i ← xi
( )T

+∑
i∈B

μBRmax
i RB

i − RBmax
i( )T + μBRmin

i RBmin
i − RB

i( )T
+∑

i∈B
μBPmax
i PSu

i ← xi
− PSv

i ← xi
− PBmax

i( )T
+∑

i∈B
μBPmin
i PBmin

i − PSu
i ← xi

+ PSv
i ← xi

( )T

+∑T
t�1

∑
i∈B

μBPRi,t RB
i,t − RB

i,t−1 + PSu
i ← xi,t

Δt − PSv
i ← xi,t

Δt( )
− ∑

i∈B∪G
μSui PSu

i ← xi
( )T − ∑

i∈B∪G
μSvi PSv

i ← xi
( )T

(22)
∂LSEP

∂PE
i ← xi,t

� 2aEi Δt2∑T
t�1
PE
i ← xi,t

+ bEi Δt

+λEΔt + μEmax
i,t − μEmin

i,t − λDSi,t +
∑T
t�1
λDSi,t P

D
t

∑T
t�1
PD
t

+λSt + μGmax
i,t − μGmin

i,t � 0,∀t,∀i ∈ G

(23)

∂LSEP

∂PDSu
i ← xi,t

� πSpΔt + λDSi,t − μDSui,t � 0,∀t,∀i ∈ G (24)
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∂LSEP

∂PDSv
i ← xi,t

� πSpΔt − λDSi,t − μDSvi,t � 0,∀t,∀i ∈ G (25)

∂LSEP

∂PSu
i ← xi,t

� 2εaSiΔt2∑T
t�1

PSu
i ← xi,t

+ PSv
i ← xi,t

( ) + εbSiΔt + λSt

+μSmax
i − μSmin

i + μGmax
i,t − μGmin

i,t − μSui,t � 0,∀t,∀i ∈ G

(26)
∂LSEP

∂PSv
i ← xi,t

� 2εaSiΔt2∑T
t�1

PSu
i ← xi ,t

+ PSv
i ← xi,t

( ) + εbSiΔt − λSt

−μSmax
i + μSmin

i − μGmax
i,t + μGmin

i,t − μSvi,t � 0,∀t,∀i ∈ G

(27)
∂LSEP

∂RB
i,t

� μBRmax
i,t − μBRmin

i,t + μBPRi,t − μBPRi,t+1 � 0,∀t,∀i ∈ B (28)

∂LSEP

∂PSu
i ← xi,t

� 2εaSiΔt2∑T
t�1

PSu
i ← xi ,t

+ PSv
i ← xi,t

( ) + εbSiΔt

+λSt + μSmax
i − μSmin

i + μBPmax
i,t − μBPmin

i,t

+μBPRi,t Δt − μSui,t � 0,∀t,∀i ∈ B

(29)

∂LSEP

∂PSv
i ← xi,t

� 2εaSiΔt2∑T
t�1

PSu
i ← xi ,t

+ PSv
i ← xi,t

( ) + εbSiΔt

−λSt − μSmax
i + μSmin

i − μBPmax
i,t + μBPmin

i,t

−μBPRi,t Δt − μSvi,t � 0,∀t,∀i ∈ B

(30)

∑T
t�1

∑
i∈G

PE
i ← xi,t

Δt +∑T
t�1
PD
t Δt � 0 (31)

PDSu
i ← xi

− PDSv
i ← xi

� PE
i ← xi

−
∑T
t�1
PE
i ← xi,t

∑T
t�1
PD
t

PD,∀i ∈ G (32)

PD +∑
i∈G

PE
i ← xi

+ ∑
i∈B∪G

PSu
i ← xi

− PSv
i ← xi

� 0 (33)

RB
i,t � RB

i,t−1 − Δt PSu
i ← xi,t

− PSv
i ← xi,t

( ),∀i ∈ B,∀t (34)
0≤ PE

i ← xi
− PGmin

i( ) ⊥ μEmin
i ≥ 0,∀i ∈ G (35)

0≤ PGmax
i − PE

i ← xi
( ) ⊥ μEmax

i ≥ 0,∀i ∈ G (36)
0≤PDSu

i ← xi
⊥ μDSui ≥ 0,∀i ∈ G (37)

0≤PDSv
i ← xi

⊥ μDSvi ≥ 0,∀i ∈ G (38)

0≤ΔESmax
i −∑T

t�1
PSu
i ← xi,t

− PSv
i ← xi,t

( )Δt ⊥ μSmax
i ≥ 0,∀i ∈ B ∪ G (39)

0≤∑T
t�1

PSu
i ← xi,t

− PSv
i ← xi,t

( )Δt − ΔESmin
i ⊥ μSmin

i ≥ 0,∀i ∈ B ∪ G (40)

0≤PGmax
i ← xi

− PE
i ← xi

− PSu
i ← xi

+ PSv
i ← xi

⊥ μGmax
i ≥ 0,∀i ∈ G (41)

0≤PE
i ← xi

+ PSu
i ← xi

− PSv
i ← xi

− PGmin
i ← xi

⊥ μGmin
i ≥ 0,∀i ∈ G (42)

0≤RBmax
i − RB

i ⊥ μBRmax
i ≥ 0,∀i ∈ B (43)

0≤RB
i − RBmin

i ⊥ μBRmin
i ≥ 0,∀i ∈ B (44)

0≤PBmax
i − PSu

i ← xi
+ PSv

i ← xi
⊥ μBPmax

i ≥ 0,∀i ∈ B (45)
0≤PSu

i ← xi
− PSv

i ← xi
− PBmin

i ⊥ μBPmin
i ≥ 0,∀i ∈ B (46)

0≤PSu
i ← xi

⊥ μSui ≥ 0,∀i ∈ B ∪ G (47)
0≤PSv

i ← xi
⊥ μSvi ≥ 0,∀i ∈ B ∪ G (48)

This reformulation process effectively transforms the original
bilevel problem into an equivalent single-level problem,
characterized by the objective function in Eq. 5 and the
constraints set forth in Formula 9, Eqs 23–48. The nonlinear
terms in this mathematical model, such as the complementarity
slackness conditions and the product terms of decision variables, can
be handled using conventional methods as detailed in (Kazempour
et al., 2012). Ultimately, the proposed MPEC can be solved using the
GUROBI optimization software.

4 Market equilibrium of proposed
strategic behavior model

For each strategic entity i, the reformulated single-level model
constitutes a novel MPEC. This new MPEC diverges from
traditional models by incorporating strategic constraints
alongside strategic pricing.

For the strategic interaction between all market entities (i =
1,2,. . .,n), there are a total of n MPECs. The joint solution of these
new MPECs of all entities constitutes an innovative EPEC, as
depicted in Figure 3. Unlike conventional EPEC formulations,
the solutions derived from this novel EPEC represent the market
equilibrium for multiple RE-ES alliances that engage in both
strategic pricing (e.g., bEi ) and strategic constraints (e.g., variable
power output limits PGmax

i ← xi
of RE). The introduction of these

decision variables in the proposed EPEC significantly alters the
market equilibrium outcomes.

To ascertain the equilibrium, the diagonalization algorithm (Hu
and Ralph, 2007) is employed, where each strategic generator’s
MPEC is iteratively solved until the profit ri (i = 1,2,. . .,n)
stabilizes. It should be emphasized that the computational
burden of the EPEC surges dramatically with the increasing size
of the system and the number of generators. To address the
challenge, several methods are available. One effective method
applied in this study is a reductionist approach, aggregating
multiple generators with identical characteristics to significantly
reduce the total number of generators. This allows us to
demonstrate typical strategic behaviors and the resulting market
equilibria. Other methods include employing heuristic algorithms to
provide favorable initial values for faster convergence and utilizing
parallel computing to enhance the speed of the computational
process. However, the latter methods are beyond the scope of
this paper and are not explored here.

In summary, the scope of application for the novel MPEC and
EPEC developed in this paper is outlined as follows. In terms of the
proposed framework, referring to Figure 1, the private ESs in
practical applications can be substituted with various generalized
ESs (Liu et al., 2023), including conventional ES systems (Nguyen
et al., 2022b), VPPs with distinct external characteristics (Fan et al.,
2020; Yang et al., 2024), and flexible load aggregators (Sun et al.,
2022). In terms of modeling, the proposed model fundamentally
represents the strategic interactions among different alliances.
However, it is not applicable to shared ES resources (Zhang
et al., 2023c), as these serve multiple stakeholders simultaneously,
thereby increasing the physical and economic coupling between
different alliances.
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5 Impact on system operation metrics

To assess the impact of the proposed strategic behaviors on the
market dynamics and power system operations, we focus on three
critical system operation metrics: true global social welfare (W*),
total load payment (I*), and RE integration rate (R*), as defined in
Eq. 49. These metrics serve as indicators of various practical aspects
of the power system.

In particular, true global social welfare (W*) offers insights into
the overall economic efficiency and effective resource utilization
within the power system. This metric diverges from the approach
used in Eq. 11 by considering actual production costs, thereby
transcending strategic offering prices to reflect genuine economic
optimality.

The total load payment (I*) provides a measure of the financial
burden on consumers, encapsulating the costs associated with
energy consumption and associated fees. This metric is pivotal in
understanding the economic implications for end-users in the
power market.

Lastly, the RE integration rate (R*) is a crucial indicator of the
system’s capacity to integrate RE resources, which is instrumental in
gauging progress towards reducing carbon emissions. This metric
underscores the importance of integrating sustainable energy
resources into the power grid.

W* � U −∑
i∈G

CE0
i − ∑

i∈B∪G
CS0

i −∑
i∈G

C xi( )

I* � ∑
i∈B∪G

Ii

R* �
∑T
t�1

∑
i∈GR

PG*
i ← xi,t

Δt

∑T
t�1

∑
i∈GR

PGmax
i,t Δt

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(49)

where PG*
i ← xi

and PG*
i ← xi,t

respectively indicate the equilibrium
solution of PG

i ← xi
and PG

i ← xi,t
; GR is the set of RE generators;

PDnet represents the net load curve after RE generation; PDnet
t is

the net load at t.

6 Case study

6.1 Introduction of case study

Due to the significant computational complexity involved with
the new EPEC, this study simplifies the diverse range of practical
generators into three types: thermal (G1), wind (G2), and
photovoltaic (G3) power generators. These types, G1, G2, and
G3, aim to represent the strategic behaviors characteristic of their
respective generator categories. Alongside these generators, an
independent ES also participates in the day-ahead energy market.
The independent ES’s offering price is non-strategic, fixed at aS =
0.0024 US$/MWh2, bS = 60 US$/MWh and cS = 0 US$. Besides, G1,
G2, and G3 can leverage their respective private ES units (denoted as
private ES1, private ES2 and private ES3) to increase their profits by
regulating their maximum power outputs. That is to say, the
maximum power output constraints for generators G1, G2 and
G3 are strategic. Furthermore, the first-order coefficients bEi (i =
1,2,. . .,n) of bidding functions are strategic variables, whereas other
bidding coefficients, such as aEi and cEi , are non-strategic and
maintained as constants. It should be noted that the strategic
price in the case study specifically refers to the coefficient bEi .
The upper limit of the strategic price is fixed at bEmax

i =
120 US$/MWh.

The load data, as well as the forecasted wind and solar power
generation figures, are based on (Ye et al., 2017; Wang et al., 2008; Li
et al., 2021). The number of time periods is set as T = 8 and the time
interval is set as Δt = 3 h. The nominal capacities of generators G1,
G2, and G3 are set at 500 MW, 600 MW, and 600 MW, respectively.
The RE constitutes 71% of the total installed capacity. The forecasted
maximum outputs for wind and photovoltaic power are 95% and
73% of their respective capacities. The maximum charge and
discharge power for the independent ES, as well as all private
ESs, are set at 200 MW. Partial case studies incorporate the ES
capacity constraints. Differentiated parameter settings will be
clarified in the corresponding sections.

The case study is structured as follows: Section 6.2 presents the
proposed strategic behaviors of the generators and conducts

FIGURE 3
Proposed market equilibrium model and corresponding new EPEC.
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sensitivity analysis. Section 6.3 explores the market equilibrium that
results from strategic constraints combined with non-strategic
pricing. Section 6.4 investigates the market equilibrium when
strategic constraints are paired with strategic pricing.

6.2 Sensitivity analysis of strategic behavior
in RE utilizing private ES

6.2.1 Strategic constraint formation
The strategic constraint arises from the RE generator’s optimal

utilization of its private ES. This section delves into the analysis of
this process in the context of the SEP mechanism. The regulation
price for private ES2 is set at 40 US$/MWh. For G2, equipped with
private ES2, the solution of the newly proposed MPEC is depicted in
Figure 4. In the day-ahead energy market, the wind power generator
G2 utilizes private ES2 to adjust its original upper power output limit
during periods 2, 4, and 6, thereby establishing a new upper limit.
This adjustment constitutes the strategic constraint of G2, as shown
in the red line in Figure 4. As a result, G2’s energy curve better aligns
with the regulation responsibility curve mandated by the SEP
market mechanism. Consequently, the system’s required
flexibility (regulation energy) for accommodating wind power
decreases from 3,378 MWh to 2,223 MWh. Thus, the market
share for G2’s awarded substitute energy expands from
6,813 MWh to 8,947 MWh, and G2’s profits rise from
579.1 thousand US$ to 713.0 thousand US$. This preliminary
test demonstrates that the strategic use of private ESs is both
profitable and substantial. Such strategic behaviors are likely to
be widespread among RE generators that are equipped with
private ESs.

6.2.2 Sensitivity of RE’s strategic behavior to private
ES’s cost

The sensitivity of the wind power generator G2’s strategic
behavior to the private ES2’s cost is assessed under SEP
mechanism, as depicted in Figure 5. The financial analysis reveals
that G2 benefits from employing private ES2 within a price range of
[0, 280] US$/MWh, identifying 280 US$/MWh as the approximate
maximum profitable price. It is noteworthy that the market clearing
price for regulation energy fluctuates between [60, 70] US$/MWh.
This implies that even when the cost of private ESs exceeds market
prices, RE generators can still secure higher profits through using
private ESs. This occurs because the independent ESs in the market
are oriented towards enhancing global social welfare, whereas the
private ESs primarily cater to the financial objectives of their
associated RE generators. Leveraging the SEP mechanism,
modifications to the original wind power output curve can
significantly enhance G2’s revenue from the substitute energy
market. The strategic utilization of private ES2 by G2 is justified
as long as the incremental revenue from the substitute energy
market outweighs the regulation costs incurred, thus affirming
the strategic deployment of private ES.

The implications derived from these findings are twofold: 1) The
SEP mechanism effectively incentivizes RE generators towards ES
integration by diminishing the profit dependency on private ESs’
costs. 2) High-cost ESs, while not benefiting directly from market
participation due to competitive dynamics, can form profitable

alliances with RE generators, circumventing market price
constraints. For instance, a private ES2 pricing its regulation
energy at 120 US$/MWh would find market participation
unprofitable due to lower competitor pricing (below 70 US$/
MWh). However, this same ES could form a profitable
collaboration with G2, selling 417 MWh of regulation energy to
G2 at a profitable rate, as detailed in Figure 5, thereby altering
market dynamics and reinforcing the strategic positioning of RE
generators.

6.2.3 Sensitivity of RE’s strategic behavior to private
ES’s capacity

To analyze the sensitivity of RE’s strategic behavior to the
capacity of its private ES, different maximum capacities for
private ES2, ranging from 300 MWh to 1800 MWh, are set. The
minimum capacity of private ES2 is fixed at 20% of its maximum,
and the initial state of charge is set at 60% of the maximum capacity.
Figure 6 presents the results of this sensitivity analysis. It is observed
that when the capacity of the private ES2 is less than 600 MWh, the
sensitivity of G2’s strategic behavior is high, indicating significant
fluctuations in the profit of the alliance of G2 and private ES2. When
the capacity of the private ES2 ranges from 600 MWh to

FIGURE 4
Strategic constraint formation by wind power generator G2 with
private ES2.

FIGURE 5
Sensitivity of wind power generator G2’s strategic behavior to
private ES2’s cost.
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1,400 MWh, the sensitivity of G2’s optimal strategy notably
decreases. This is primarily due to the diminishing marginal
utility of the regulation energy provided by the private ES2,
which concurrently weakens the impacts of the strategic
constraints. Beyond 1,400 MWh, G2’s profit remains almost
unchanged, suggesting that G2 has identified a dominant strategy
in the SEP-based energy market, eliminating the need to calculate
alternative strategies. Overall, while the capacity of private ES
imposes certain limitations on the strategic behavior of RE, the
act of providing strategic constraints still enhances the total profit of
the RE-ES alliance and strengthens the market competitiveness of
RE generators.

6.2.4 Sensitivity of RE’s strategic behavior to
proportion of RE

This sensitivity analysis investigates how the strategic behavior
of wind power generator G2 is influenced by the proportion of wind
power in the energy mix, under the SEP mechanism, as detailed
in Table 1.

In scenarios where the proportion of wind power is low,
specifically in the range of [0%, 21%], the generated wind power
is entirely consumed, negating the need for G2 to employ private
energy storage. In such cases, the influence of wind power
proportion on G2’s strategic behavior is markedly low.

Conversely, at higher wind power proportions ([27%, 54%]), the
optimal strategy involving the use of regulation energy from private
ES2 shows significant variability, ranging from [93, 1317] MWh.
Correspondingly, the profit increase per unit of regulation energy
fluctuates between [69, 269] US$/MWh. It is important to note that
the engagement of private ES2 is not directly proportional to the
increase in wind power, highlighting the complexity of these
strategic behaviors in practical scenarios. In this range, the
sensitivity of G2’s strategic decisions to wind power proportion is
considerably more pronounced.

Furthermore, when the proportion of wind power lies between
[59%, 72%], operating the market clearing model without private
ES2 becomes infeasible due to excessive flexibility demands, which
exceeds the flexible regulation capability of thermal power G1 and
the independent ES. However, with the utilization of private ES2 by
G2, the model attains feasibility, enabling not only an increase in RE

profit but also an enhancement in RE integration—from
54% to 72%.

This analysis underscores the critical role of private ES in
optimizing strategic outcomes and augmenting the integration of
renewable energy within the power system.

6.2.5 Comparative impact analysis under LMP and
SEP mechanisms

Figure 7 and Figure 8 illustrate the outcomes of wind power G2’s
strategic application of private ES2 and its subsequent effects on system
operation metrics under LMP and SEP mechanisms, respectively. For
comparative analysis, all metrics are normalized against a benchmark
scenario where no private ES is utilized by the generators.

In the LMP-based market framework, the most profitable pricing
point for private ES2 is identified at approximately 160US$/MWh. This
pricing strategy largely hinges on exploiting the maximum price
differential across different time intervals, characterized by charging
at the lowest LMP and discharging at the highest LMP. Therefore, the
market share of RE does not significantly impact the optimal strategy
for employing private ES. Unfortunately, this leads to an undesirable
consequence: the LMP mechanism falls short in motivating entities to
equip private ES as a means to enhance the RE integration rate.
Consequently, as shown in Figure 7, the RE integration rate remains
constant at 79%, demonstrating insensitivity to the private ES’s price
under the LMP model.

Conversely, in the SEP-based market, both energy and
regulation emerge as independent commodities available for
trade. Here, the primary strategy for RE generators to enhance
profitability through private ES usage centers on increasing their
share in the energy market. This unique characteristic of the SEP
model fosters an increase in the RE integration rate, elevating it from
84% to 100%, as evidenced in Figure 8.

Comparatively, the SEP mechanism outperforms the LMP
model in facilitating RE integration, reducing carbon emissions,
and contributing to sustainable development. Furthermore, the
assessment within the MPEC framework indicates that both
global social welfare and total load payment under the LMP and
SEP mechanisms are comparable, with fluctuations around 1.0 p.u.
These parameters will undergo further comparative analysis in the
context of the EPEC as elaborated in Section 6.3 and Section 6.4.

6.3 Market equilibrium of strategic
constraints and non-strategic pricing

In this section, we simulate the strategic behaviors of generators
G1, G2, and G3, each employing their respective private energy
storages ES1, ES2, and ES3. This simulation aims to demonstrate the
solutions of the newly proposed EPEC. The pricing for these private
ES units is standardized, set at a(x) = 0.001 US$/MWh2, b(x) =
10 US$/MWh and c(x) = 0 US$. Figure 9 and Figure 10 depict the
market equilibrium achieved by these strategic generators utilizing
private ESs and imposing strategic constraints. Table 2 and Table 3
present the impacts of these market equilibria on system operation
metrics under LMP and SEP mechanisms, respectively. For
comparative purposes, benchmark scenarios are established in
which no strategic behaviors occur under the respective market
mechanisms. In the case of thermal power generator G1, due to its

FIGURE 6
Sensitivity of wind power generator G2’s strategic behavior to
private ES2’s capacity.
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robust flexibility and low regulation cost, the optimal strategy does
not involve the use of private ES1, resulting in an optimal regulation
energy of 0 MWh.

Under the LMP mechanism, significant regulation energy from
private ESs is utilized by both wind power G2 (2,303MWh) and
photovoltaic G3 (1752 MWh). This usage leads to a 5% decrease in
true global social welfare and a 41% increase in total load payment,
indicating a surge in energy prices. Due to the market competitiveness
enhanced by strategic constraints of RE entities, the revenues of
G2 and G3 increased by 258 thousand US$ and 114 thousand
US$, respectively, with their revenue growth rates being 19% and 21%.

Without strategic pricing, this equilibrium reveals some defects
of LMP mechanism, that is, the profit-driven behaviors of utilizing
ES is not well incentive-compatible with the system operation
metrics. Moreover, due to the 100% RE integration rate in the
benchmark scenario, RE generators opt for creating higher time-
period price differences using private ESs rather than increasing
their energy market share in the equilibrium, resulting in enhanced
price volatility, as illustrated in Figure 9.

Conversely, under the SEP mechanism, strategic use of private ES
combined with non-strategic pricing does not significantly alter the
market clearing prices (πSEP and πREP). Meanwhile, due to the 100%
integration of photovoltaic in the benchmark, the market share of
photovoltaic G3 has attained its maximum possible value, leading to an

optimal regulation energy of 0 MWh for private ES3 in the equilibrium.
This contrasts with the LMP mechanism, as G3’s market-detrimental
strategic behavior is mitigated by the SEP mechanism.

Besides, wind power G2, employing private ES2 (with optimal
regulation energy of 578 MWh), increases its integration rate from
89% to 100% in the equilibrium, thereby earning increased revenue
in the SEP-based market. In this scenario, both the true global social
welfare and the total load payment see a 1% increase. Compared to
the LMPmechanism, the SEP mechanism encourages RE generators
to use less regulation energy, resulting in a more efficient market
equilibrium. These outcomes suggest that the SEPmechanism aligns
more effectively with the incentives for RE and ES integration. A key
reason is that the SEP mechanism collectively treats the energy
production curve from each entity as a whole, trading them as
vector-level substitutes. This design is more adaptive to the
synergistic trading of the energy produced by RE and the
flexibility provided by ES.

6.4 Market equilibrium of strategic
constraints and strategic pricing

In this section, we examine the strategic behavior of generators,
taking into account both strategic constraints and strategic pricing.

TABLE 1 Sensitivity of wind power generator G2’s strategic behavior to proportion of wind power.

Proportion of wind power 7% 21% 27% 33% 38% 44% 48% 54% 59% 72%

Profit of G2 before utilizing private ES (thousand US$) 130 389 489 579 579 641 713 719 Infeasible Infeasible

Profit of G2 after utilizing private ES
(thousand US$)

130 389 514 622 717 758 791 818 838 908

Increment of profit of G2 (thousand US$) 0 0 25 43 138 117 78 99 — —

Optimal regulation energy of private ES (MWh) 0 0 93 623 1100 1317 906 446 893 1157

Profit increment per regulation energy of private ES
(US$/MWh)

0 0 269 69 125 89 86 222 — —

FIGURE 7
Impact of strategic utilization of private ES on system operation
metrics under LMPmechanism. Note that πLMP represents the clearing
price under LMPmarket mechanism; and πLMP = [368, 120, 38, 40, 120,
120, 368, 368] US$/MWh in the benchmark.

FIGURE 8
Impact of strategic utilization of private ES on system operation
metrics under SEP mechanism. Note that πSEP = 120 US$/MWh and
πREP = 64 US$/MWh in the benchmark.

Frontiers in Energy Research frontiersin.org11

Xiao et al. 10.3389/fenrg.2024.1346528

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1346528


For clarity in this analysis, the time periods are set to T = 4, with a
time interval of Δt = 6 h. The maximum capacities of both the
private and independent ES systems are set at 800 MWh, with an
initial state of charge of 480 MWh. The minimum capacities for
these ESs are fixed at 160 MWh. All other parameters employed are
consistent with those detailed in Section 6.3. Table 4 and Table 5
present the outcomes of market equilibrium and their impacts under
the LMP and SEP mechanisms, respectively.

Under the LMP mechanism, the equilibrium prices for G1, G2,
and G3 are derived to be 120, 99, and 35 US$/MWh, respectively. In
this scenario, RE generators (G2 and G3) extensively utilize the
regulation energy from their private ESs to enhance profitability by
imposing strategic constraints. For instance, the optimal regulation
curve produced by private ES3 in the LMP market equilibrium is
[53, −51, −9, 7] MW, resulting in a regulation energy of 720 MWh.
By integrating the private ES3, the strategic constraint of
photovoltaic G3 shifts from its natural output curve [0, 315, 439,
0] MW to a modified maximum power output constraint [53, 264,
430, 7] MW, as detailed in Table 4.

Consequently, the market share of RE and the rate of RE
integration increase by 6%, and the true global social welfare
improves by 1%, compared to the benchmark outlined in Table 4.
However, the cost of enhancing the RE integration rate, under
simultaneous strategic constraints and pricing, is substantial,
resulting in a 51% increase in total load payment. This indicates
that elevating the RE integration rate in the LMPmarket incurs a high
economic cost. It also suggests that the LMP mechanism is somewhat
deficient in guiding market-beneficial strategic behaviors and in
restraining excessive profiteering by RE-ES alliances.

Under the SEP mechanism, the equilibrium prices for G1, G2,
and G3 are 120, 35, and 35 US$/MWh, respectively. Only wind
power G2 implements a strategic constraint [324, 518, 461, 534]
MW. A comparison between Table 4 and Table 5, particularly
regarding the regulation energy utilized by private ESs, highlights
a notable aspect of the SEP mechanism: entities achieve a more
favorable market equilibrium with less regulation energy compared
to the LMP mechanism. Specifically, relative to the benchmark, the
SEP-based market equilibrium shows a 1% increase in true global
social welfare and a 4% improvement in RE integration rate, with
these enhancements incurring only a 6% increase in the total
load payment.

FIGURE 9
Market equilibrium of strategic generators utilizing private ESs
and offering strategic constraints under LMP mechanism. Note that
πLMP = [120, 120, 120, 120, 120, 373, 120, 120] US$/MWh in the
benchmark, while πLMP = [120, 40, 120, 120, 371, 371, 370, 120]
US$/MWh in the equilibrium.

FIGURE 10
Market equilibrium of strategic generators utilizing private ESs
and offering strategic constraints under SEP mechanism. Note that
πSEP = 120 US$/MWh and the πREP = 63 US$/MWh in the benchmark
and the equilibrium.

TABLE 2 Impact of market equilibrium with strategic constraints under LMP mechanism.

Benchmark Equilibrium with strategic constraints

Regulation energy of utilized private ES (MWh) Private ES1: 0 Private ES1: 0

Private ES2: 0 Private ES2: 2,303

Private ES3: 0 Private ES3: 1752

True global social welfare (p.u.) 1.00 0.95

Total load payment (p.u.) 1.00 1.41

Integration rate of wind power 100% 100%

Integration rate of photovoltaic power 100% 100%
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Although the increment in the RE integration rate under the
SEP mechanism is 2% lower than that of the LMP mechanism,
there is a substantial 45% reduction in the total load payment. This
indicates that in markets with strategic behaviors, the SEP
mechanism promotes RE integration at a lower economic cost
and more effectively guides stakeholders towards decisions that are
beneficial to the market and the power system.

Figure 11 gives a comprehensive comparison of the LMP and
SEP mechanisms in terms of market equilibria and strategic
behaviors. This comparison is primarily based on the
simulation results from Section 6.4, supported by the findings
in Section 6.2 and Section 6.3. Both the SEP and LMP mechanisms
exhibit similar effects on true global social welfare, fluctuating
within the range of 0.95–1.05. Each mechanism encourages RE
generators to leverage private ESs to improve their market share.
The LMP mechanism slightly outperforms the SEP mechanism in
enhancing the RE integration rate by approximately 2%. However,
in terms of the average cost of promoting RE integration, the SEP
mechanism demonstrates a more significant advantage, as
explained below.

On one hand, the LMP mechanism tends to result in a higher
total load payment, approximately 41%–52%. In contrast, the SEP
mechanism only causes a 1%–6% increase in total load payment.
On the other hand, under the LMP mechanism, RE generators
consume substantial amounts of regulation energy produced by
private ESs, around 1900 to 4,000 MWh, to boost their market
share. Conversely, under the guidance of the SEP mechanism,
achieving a similar rate of RE integration requires only 500 to
700 MWh of regulation energy. This indicates that the LMP
mechanism may foster more market-detrimental competitive
behaviors, potentially leading to unnecessary utilization of
flexibility resources and higher electricity prices. Fortunately,
SEP significantly mitigates this issue, facilitating strategic
behaviors that are more beneficial to the electricity market and
power systems.

Additionally, within the SEP framework, a higher maximum
profitable price for private ESs is noted, indicating a greater
willingness among ES resources to offer regulation services to RE
generators. Such incentives are key in fostering the cooperation of
RE and ES, contributing to a more stable and efficient power supply.

TABLE 3 Impact of market equilibrium with strategic constraints under SEP mechanism.

Benchmark Equilibrium with strategic constraints

Regulation energy of utilized private ES (MWh) Private ES1: 0 Private ES1: 0

Private ES2: 0 Private ES2: 578

Private ES3: 0 Private ES3: 0

True global social welfare (p.u.) 1.00 1.01

Total load payment (p.u.) 1.00 1.01

Integration rate of wind power 89% 100%

Integration rate of photovoltaic power 100% 100%

TABLE 4 Impact of market equilibrium with strategic constraints and strategic pricing under LMP mechanism.

Benchmark Equilibrium with strategic constraints and strategic pricing

Strategic price (US$/MWh) G1: 110 G1: 120

G2: 35 G2: 99

G3: 35 G3: 35

Strategic constraint (maximum power output, MW) G1: [500, 500, 500, 500] G1: [500, 500, 500, 500]

G2: [271, 518, 567, 481] G2: [324, 412, 567, 534]

G3: [0, 315, 439, 0] G3: [53, 264, 430, 7]

Regulation energy of utilized private ES (MWh) Private ES1: 0 Private ES1: 0

Private ES2: 0 Private ES2: 1272

Private ES3: 0 Private ES3: 720

True global social welfare (p.u.) 1.00 1.01

Total load payment (p.u.) 1.00 1.51

RE integration rate 87% 93%

πLMP (US$/MWh) [110, 49, 51, 110] [120, 120, 114, 120]
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7 Conclusion

This paper develops an innovative model for the market
behaviors of RE generators equipped with private ESs. These
entities uniquely offer not only conventional strategic pricing but
also novel strategic constraints to the SO, leading to a new market
equilibrium conceptualization. The impacts of these strategic
behaviors on pivotal system operation metrics are analyzed under
both LMP and SEP market mechanisms. The key findings from our
numerical experiments are summarized as follows:

(1) The Role of Private ES. At the entity level, the private ESs
enable the RE generation companies to offer strategic
constraints on the electricity market. A typical strategy

involves utilizing the ES’s charging-discharging curve to
modify the dynamic maximum power output limits of RE
generators. Fundamentally, the private ES not only expands
the energy market share of RE companies but also facilitates
additional profits through the provision of flexibility.
Consequently, RE entities usually show low sensitivity
towards private ESs’ costs, indicating widespread adoption
of private ESs and strategic constraints among REs. At the
system level, the absence of private ES renders market
feasibility problematic when the proportion of RE
surpasses 59%. This underscores the significant role of
private ES in enhancing the system’s potential for
maximum RE integration by up to 18%.

(2) Strategic Constraints and Strategic Pricing of RE. Under
policies requiring ES deployment in RE systems, RE
generation companies have developed dual capabilities
in strategic constraints and pricing to recover costs of
their assets. The RE profits from strategic constraints in
two primary ways: firstly, by offering more competitive
constraints to enhance awarded energy, and secondly, by
capitalizing on larger peak-to-valley price differentials for
arbitrage purposes. The SEP mechanism primarily
influences RE generators to adopt the former approach,
while the LMP mechanism tends to incentivize the latter.

(3) New Market Equilibrium. The dual strategic behaviors of
all RE entities in the market collectively establish a new
market equilibrium, which has diverse impacts on system
operation metrics. Both the SEP and LMP mechanisms
demonstrate similar effects on the true global social
welfare and the RE integration rate. However, under the
LMP mechanism, an excessive use of regulation energy
from private ESs for competitive advantage leads to
resource wastage and a sharp increase in the total load
payment. Fortunately, the SEP mechanism guides more

TABLE 5 Impact of market equilibrium with strategic constraints and strategic pricing under SEP mechanism.

Benchmark Equilibrium with strategic constraints and strategic pricing

Strategic price (US$/MWh) G1: 110 G1: 120

G2: 35 G2: 35

G3: 35 G3: 35

Strategic constraint (maximum power output, MW) G1: [500, 500, 500, 500] G1: [500, 500, 500, 500]

G2: [271, 518, 567, 481] G2: [324, 518, 461, 534]

G3: [0, 315, 439, 0] G3: [0, 315, 439, 0]

Regulation energy of utilized private ES (MWh) Private ES1: 0 Private ES1: 0

Private ES2: 0 Private ES2: 1272

Private ES3: 0 Private ES3: 0

True global social welfare (p.u.) 1.00 1.01

Total load payment (p.u.) 1.00 1.06

RE integration rate 87% 91%

πSEP (US$/MWh) 110 120

πREP (US$/MWh) 66 66

FIGURE 11
Comprehensive comparison of LMP and SEP mechanism in
market equilibrium of strategic constraints and strategic pricing.
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system-beneficial strategic behaviors and equilibria,
curbing unreasonable high electricity prices and
efficiently integrating RE and ES.

Future research will delve deeper intomarket equilibria based on
strategic constraints and strategic pricing, taking into account
complex real-world factors. These include the combined effects of
shared ESs and private ESs, geographical location issues, grid power
flow constraints, and joint optimization offering strategies in
electricity-carbon coupled markets. Such comprehensive studies
will thereby contribute to the advancement towards a clean
energy future.
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