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Abstract: Against the backdrop of a “dual-carbon” strategy, the use of photovoltaic storage
charging stations (PSCSs), as an effective way to aggregate and manage electric vehicles,
new energy sources, and energy storage, will be an important primary component of the
electricity market. The operational characteristics of the aggregated resources within a
PSCS determine its bidding space, which has an important influence on its bidding strategy.
In this paper, a novel bidding space model is constructed for PSCSs, which dynamically
integrates electric vehicles, photovoltaic generation, and energy storage. A two-stage
bidding strategy for multiple PSCSs is established, with stage I aiming at achieving the
lowest cost for the power purchased by a PSCS to optimize the power generation and power
plan and stage II aiming at achieving the lowest cost of the grid operator’s power purchase
to optimize the system’s power balance. Thirdly, the two-stage model is transformed
into a single-layer, mixed-integer linear programming problem using dyadic theory and
Karush-Kuhn-Tucker (KKT) conditions, enabling the derivation of the optimal bidding
strategy. Finally, the example analysis verifies that the proposed model can achieve a
reduction in the PSCS’s day-ahead power purchase cost and flexibly dispatch each resource
within the PSCS to maximize revenue, as well as reducing power consumption behavior
during peak tariff hours, to enhance the market power of the PSCS in the electricity market.

Keywords: photovoltaic storage charging station; centralized dispatch; bidding space;
two-layer bidding strategy; KKT condition

1. Introduction

With the implementation of the “dual-carbon” strategy, greater access to renewable
energy and electric vehicles (EVs) has become one of the important features of the new
power system [1-3]. However, new energy generation and EV loads show significant
stochasticity and volatility, which bring many threats and challenges to the safe and stable
operation of the power grid [4,5]. This puts greater demands on the power system in terms
of flexibility regulation, load matching, and capital investment [6-8].

To minimize the threat of new energy volatility to the security and stability of power
systems, in recent years, domestic and foreign countries have introduced policies related
to the participation of PSCSs in the power market and encouraged the inclusion of EVs in
the market [9-11]. PSCSs, as a new type of energy management and optimization tool, can
integrate and dispatch distributed energy resources (e.g., electric vehicle clusters (EVCs),
energy storage devices, and photovoltaic (PV) power generation systems) distributed in
different locations, which is of great significance in terms of enhancing energy utilization
efficiency, optimizing the operation of the electricity market, and safeguarding the stability
of the power system.
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According to Shanxi market trading rules, PSCSs in the power market need to report
the volume offer and operate according to the clearing curve. When determining the
bidding strategy of a PSCS, the source-load characteristics of the resources it aggregates
must be taken into account to assess its overall bidding space and determine the volume-
price curve information, such as traded power, price, and net loads, to reduce the bias
in the assessment caused by the deviation between the clearing power and the actual
traded power [12]. Considering multiple factors, such as energy usage habits, price, and PV
uncertainty, for each participant in a PSCS in synergy with each other, accurately assessing
the overall bidding space of the PSCS and formulating a reasonable bidding strategy are
key to improving the revenue of the PSCS market [13-15].

Regarding the bidding space, Ref. [16] proposes a bidding strategy for charging
stations with energy storage systems that utilizes the flexibility of these energy storage
systems to increase economic benefits. The authors of [17] propose a bidding strategy
for the mobile charging of EVs to effectively increase the revenue of charging stations
and reduce charging costs for EV users. Furthermore, Ref. [18] proposes an EV bidding
auction mechanism for charging stations in microgrids to facilitate the trading of energy
between EVs and charging stations. The authors of [19] propose a day-ahead bidding
strategy for clusters of charging stations integrated with energy storage systems to improve
their revenue. The authors of Ref. [20] present a hierarchy-based, decentralized energy
management strategy for PV-based charging stations. However, these studies typically
do not consider competitive interactions between multiple charging stations, which is
crucial when several charging station operators (CSOs) participate in the electricity market.
Thus, there is a lack of systematic analysis regarding competition and cooperation among
multiple charging stations. The authors of Ref. [21] propose a novel multi-session EV
joint bidding and pricing strategy that takes into account interactions between distribution
system operators (DSOs) and EV users. The authors of Ref. [22] propose an imbalanced
liability trading cooperation platform aimed at profit generation for aggregators in a
real-time market from an individual perspective. Although Refs. [21,22] explore bidding
strategies for multiple CSOs, they mainly focus on interactions between distribution system
operators (DSOs) and EV users or real-time market imbalances, without delving into how
multiple CSOs can coordinate their bidding strategies in the day-ahead market, particularly
when considering factors like energy storage and PV generation. Existing studies largely
overlook the temporal correlation between energy storage, PV generation, and EVs. A
comparison of the models in Refs. [16-22] is summarized in Table 1.

Table 1. A comparison with existing methods in the literature.

Literature Research Subject  Energy Storage System Photovoltaic
16 Single CSO Vv X
17 Single CSO X X
18 Single CSO vV X
19 Single CSO X X
20 Single CSO X Vv
21 multiple CSOs X X
22 multiple CSOs X X
This article multiple CSOs Vv Vv

To address this gap, our paper proposes a novel bidding strategy based on a bidding
space model for multiple PSCSs participating in the day-ahead electricity market. The key
contributions of our work are as follows:

e  We propose a novel bidding space model that effectively captures the competitive and
cooperative interactions among multiple charging stations.
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e  Building on this model, we develop a two-stage day-ahead bidding framework for
multiple PSCSs and a market optimization clearing method, which is solved using
the Karush-Kuhn-Tucker (KKT) conditions and pairwise theory within the MATLAB
environment utilizing the GUROBI solver.

e  Our model incorporates the temporal correlation between energy storage systems and
PV generation, which is an aspect not addressed in the existing literature.

In this paper, a bidding strategy based on bidding space for multi-PSCS participation
in the day-ahead electricity market is proposed. Firstly, a PSCS bidding space model
construction method is proposed. Based on this, a two-stage multi-PSCS day-ahead bidding
model and a market optimization clearing method are proposed. Combining the KKT
condition and pairwise theory, the two-stage model is solved based on the MATLAB
environment through the GUROBI solver. The example compares the impact of different
participation modes on the day-ahead power purchase cost, which verifies the accuracy
and efficiency of the model and method proposed in this paper.

2. PSCS Bidding Space Model

PSCSs can aggregate EVCs, energy storage, and PV systems. Consequently, the

bidding space of a PSCS is jointly constrained by all three components. In this paper, the
PS,'max
t,1,

bidding space is formulated as a spatial vector, where represents the upper limit of

min
tiv

S are the lower and upper limits of the electric energy of EVCs at each moment, AS; ;

signifies the change in the electric energy of EVCs due to the change in grid-connected

electric power used by EVCs, PtDl.’VmaX denotes the upper limit of discharge power, S}*" and

status, and PB’EE’X indicates the upper limit of PV power output. Among these parameters,
the output of the energy storage system must be flexibly adjusted according to the prediction
results of PV and EVCs, as well as tariff information. Therefore, the PSCS bidding space
Cocr, is shown in Figure 1, and its mathematical expression is presented as follows:

COCT{ = (P S/max PD,max, gmin gmax PD,max) 1)

tiv iV Liv/ CLIL V7 T i p

the upper limit of electric power used by EVC B3

the upper limit of discharge power B

[XAY

-p PSCSbidding space: the lower limits of electric energy of EVC S,y
the upper limits of electric energy of EVC S’

Liy

1 1 D,max
the upper limit of PV power output B>

ESS state of charge ' )|
constraint

Figure 1. PSCS bidding space.
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2.1. EVC Schedulable Space

Through the Vehicle-to-Grid technology, EVCs can be charged and discharged in
PSCSs. A space vector {PSQ?aX' PB;MX, Sf}‘ﬂ, Sy, ASt,i,V} is used to describe the dispatch-
able space generated by EVCs in the process of charging and discharging, and then the
power and quantity boundaries generated by EVCs in the charging and discharging and
grid-connecting stages in each period are derived through the EV grid connecting and grid

exit times. The following formula can obtain the elements in time-dispatchable space:

S, max S,max
P = Y Pn Wit

tiv
nelfy
D,max __ D,max
Pt,i,v = Y pn Wit
nelsy
SN = ESEmWa
nel? (2)
max __ max
St,i,v = L sy Wi
nelfy
ASz.‘,i,v = Z (Serllrrwn,t(wn,t - Wn,tfl)
nelsy
it
- Sneawn,t—l(wn,t—l - Wn,t))

where W, ; is the grid-connected state variable of the n-th EV in period t, W, ; = 1 indicating
that the EV is in the grid-connected state in period t; otherwise, W, ; = 0. s;/®* and S,Ti“

are the upper and lower limits of the rated power of the n-th EV, respectively. pﬁ'max and

p],?'max are the upper limits of the rated charging and discharging power of the n-th EV,
respectively. I7V is the set of EVCs aggregated by the i-th operator PSCSi. s and slea are
the initial power when the n-th EV is connected to the grid and when it is off the grid,

respectively.

2.2. Energy Storage Dispatchable Space
The dispatchable capacity of the energy storage system is determined by its rated

capacity and is subject to the following constraints:

O S PS < PS,max

tie — T Lie

0 < PP, < pomax

tie = Ttie o (3)
P At
— D h i
Stie = St-1,0(1— 8%%) + PR yehAt — s
_ _ N
Sl,i,e - S96,i,e =0.5x Se
and PP

S
where P tie

Die are the charging and discharging power of the energy storage system

of the i-th operator PSCSi in period ¢, respectively. PtS .

D,max
and Pt,i, o

are the rated charging
and discharging power of the energy storage system, respectively. S;;. is the residual
power of the energy storage system in period t. 6°*° is the self-depletion coefficient. 7¢5h
and 7754 are the charging and discharging loss coefficients, respectively. S is the rated
power. To satisfy the system continuity constraints, this paper assumes that the energy

storage power state is 50% at the beginning and end of the daily scheduling.

3. PSCS Day-Ahead Bidding Model
3.1. PSCS Day-Ahead Bidding Strategy Framework

According to the trading rules of the electricity market, PSCSs, as new market par-
ticipants, participate in market bidding by integrating various resources, such as EVCs,
PV power, energy storage, and so on, and adopt the competitive offer method. In sce-
narios where multiple PSCSs participate in the day-ahead market, each PSCS develops
a corresponding bidding strategy based on its bidding space and the prevailing market
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conditions to achieve cost minimization. The process of multiple PSCSs participating in the
day-ahead power market is shown in Figure 2, which consists of two phases: PSCS bidding

and market clearing.
@
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Figure 2. Day-ahead market operation process.

In the first stage, each PSCS optimizes its tariff and power mix based on its bidding
space through a bidding model and submits it to the power trading center to form their
respective expected generation and consumption plans. At this stage, the main objective
of PSCSs is profit maximization or cost minimization. They simulate the market clearing
process in the day-ahead bidding stage based on publicly available data from China’s
electricity market and continuously optimize their offer strategies until they are unable to
reduce costs or increase profits through further adjustments, completing the solution of the
bidding strategy. At this point, the interactions among PSCSs reach a Nash equilibrium,
meaning that no PSCS can unilaterally adjust its strategy to achieve a better outcome.

The second stage is led by the power trading center, which conducts market clearing
based on the tariff and power data submitted by each PSCS and determines and publishes
the final transaction results for each PSCS. To simplify the analysis, in this paper, the
offers of all generators other than PSCSs are consolidated into an equivalent generation
aggregator supply curve to represent the supply side of the market. Simultaneously, the
load demand of all consumers other than PSCSs is merged into a unified load demand
curve. Within this framework, PSCSs adjust their strategies within their bidding space,
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analogous to making strategic adjustments on a stepped supply-demand curve, and
ultimately determine their respective transacted power and price through the market
clearing and settlement mechanism.

3.2. PSCS Bidding Model

When PSCSs participate in the day-ahead market, each PSCS must comprehensively
consider the bidding strategies of other PSCSs as well as the overall supply and demand
conditions to determine its bidding scheme. To address this, this paper constructs a two-
layer bidding model comprising the following steps:

In the upper model, each PSCS develops a bidding strategy aimed at minimizing its
power purchase cost, thereby determining the reported tariff and power. These results are
then transmitted to the lower layer.

In the lower layer, a market clearing model is designed to maximize social benefits by
determining the optimal clearing power for each PSCS, which is subsequently fed back to
the upper layer.

Through repeated iterations of the upper and lower layers, the iterative process ends
when the price and powers reported by each PSCS satisfy the convergence conditions, at
which time the optimal bidding strategy of each PSCS is finally obtained.

4. Two-Stage Multi-PSCS Market Bidding

As described in Section 3.1, the two-stage specific bidding process is described below:
(1) Stage I—PSCS Bidding Model; (2) Stage [I—Market Clearance Optimization Model.

4.1. Stage I—PSCS Bidding Model

The PSCS bidding model can be divided into upper and lower bidding processes
as follows.

e  Bidding Upper Model—PSCS Profit Maximization

The operating cost of each PSCS is the difference between the cost of purchasing
electricity and the profit of selling electricity in the electricity energy market, and each
PSCS determines its bidding strategy to minimize its own cost in addition to the cost of the
rest of the PSCSs. So, the upper model takes the minimization of the cost of each PSCS as
the objective, and the bidding strategy of the i-th PSCS is as follows:

rrun f, Zﬂtl P PD 4)
7'[“,P P teT

ti”

where f; is the day-ahead purchase cost of PSCSi, i =1, 2, ..., n. n is the total number of
PSCSs. 7y is the reported tariff of PSCSi in period t. P{ is the expected power purchased
by PSCSi in period t. PP is the expected power sold by PSCSi in period t. At is the time
interval. T is the set of all periods on the operating day.

The PSCS demands to satisfy the internal power balance constraints:

S S S D D D
Ptl Pt? Ptzv Ptle Ptzv Ptze Ptzp (5)
where P2 is the EVC discharge power of PSCSi in period t; Pf, is the energy storage

is the PV power of PSCSi in period t. P2 and

tiv

discharge power of PSCSi in period t. P,
PS

tie

tl 14
are the EVC and energy storage charging power of PSCSi in period ¢, respectively.

To prevent the emergence of long-time peak or trough prices, it is essential for the
normal operation of the distribution network and the electricity market to establish appro-
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priate upper and lower limits of the quoted price in each period. Consequently, PSCSs are
required to submit quotations within the range permitted by the power trading center:

7Tt min < 713 < 7T max (6)

where 7T max and 7ty min are the upper and lower bounds of allowable offers in the market
in period ¢, respectively. The day-ahead offer price and the optimal EVC and storage and
PV power are the decision variables of the bidding model.

o Bidding Lower Models—Market Clearance

Each PSCS simulates market clearing based on the offer strategy of each PSCS deter-
mined by the upper layer. In this paper, we consolidate all the remaining generator offers
except the PSCS to one generator’s quoted quantity offer curve and return the clearing
results to the upper layer to determine the cost of each PSCS under that bidding strategy
and further iteratively search for the optimal one.

Market clearing takes place as a function of minimizing the grid operator’s power
purchase costs, including the cost of purchasing power from equivalent generators and the
cost of net purchasing power from PSCSs.

min Yo Y anps A+ Y Y nti(PE—PtSi)At> )

S pD pG
PP Pyt Pabi \ t€T meNtep teT jeNVPP

where 71§, is the price of the generator’s m-th offer segment. Pg,t is the power of the
generator’s m-th offer segment. Nt is the aggregation of the generator’s offer segments.
Nypp is the aggregation of the PSCS participating in the bidding. 7y; is the day-ahead
locational marginal price (LMP) cleared by the power trading center.

The PSCS develops its bidding strategy using its bidding space as a constraint on the
power and capacity of the EVC, storage, and PV equipment, as shown in Equations (8)—(18),
with Equations (13) and (14) as constraints on storage powering 50% of its rated capacity at
the end and beginning of each day’s dispatch.

S S,
0 S Ptiv S Ptiz;max (8)
S S,
0 < Py, < P ©)
D D,
0< Py < Ptivmax (10)
0 < PR, < pm (1)
D D,
0 < Py, < P (12)
S =05 x SN (13)
Sos,ie = 0.5 x S (14)
ess S essch PtzDeAt
Stie = Stfl,ie(l -0 ) + Ptie77 At — Uessdis (15)
PP At
Stiv = St—1,iv + DStiv + Ptsizﬂmhm - ,;elzz:dis (16)
SN < Gy < ST (17)
Spin < Sy < ST (18)
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evch evdis

where At is the current period. 7 and 7 are the EV charging and discharging
efficiency, respectively. S;;, and Sy, are the remaining power of the energy storage system
and EVC in PSCSi in period t.

The distribution network node power balance and line transmission capacity con-

straints are as follows:

Py — Y Pyey = PE+P5 — P2 Vabe N (19)

cewy
7Pah,max < Pab,t < Pab,max (20)

where P, ; is the transmission power of the branch (a,b), and (a,b) denotes the directed
branch from node a to node b, i.e., node a is the superior node of node b, and node b is the
subordinate node of node a. wy, is the set of child nodes of node b. P} is the regular load
of node b in period f. N is the set of nodes of the distribution network. Ptsb and PP are
the power consumption power and the power generation power of the PSCS at node b,
respectively. The value of the power consumption power and the power generation power
of the PSCS at node b is 0 if there is no access to the PSCS at node b. The overall power
generation and consumption balance constraint is as follows:

Y. Py,=Y Py VEET (21)

M€ Nstep bewy

where wy is the set of child nodes of the bus branch of the power plant. Py, ; is the power at
time ¢ of the node whose parent node is the bus branch of the power plant. The Generator
Step Offer Segment Capacity Constraints are as follows:

0 < PS, < PS™™Vm € Nigep, Vt € T (22)

P n?,max

where is the capacity cap for the generator’s m-th step offer segment.

o  Game Equilibrium Analysis

In the two-layer bidding model of Equation (4) to Equation (22), the offer and power
in the upper problem of the bidding are endogenously generated by the lower problem.
This creates a coupling relationship between the upper and lower layers, ensuring that
the final offer in the PSCS is the node marginal power price that takes into account the
physical constraints of the system. As shown in Figure 3, the bidding decisions of each
PSCS are resolved using iterative and stationing methods until no party can improve its
revenue by changing its decision. This non-cooperative bidding among the PSCSs forms
a Nash game. Additionally, there exists a decision sequence between the PSCSs and the
power trading center, establishing a master-slave game dynamic. Consequently, the two-
layer bidding problem evolves into a mathematical program with equilibrium constraints
(MPEC) planning problem.

The objective function F; of PSCSi is shown in Figure 3. x; is the decision variable of
PSCSi. y is the decision variable of the lower-level clearing problem. G; and H; are the
constraints of PSCS, respectively. f is the objective function of the clearing problem. g and
h are the constraints of the clearing problem. A and y are the dyadic variables of the market
clearing problem.
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) Stackelberg game )
PSCS:F (x1,y) [« PSCS | F\(x1,), A ,4)

Linearization
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Electricit;
Nash Tradingy Generalized
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S
Stackelberg game|
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Figure 3. PSCS game relationship.

4.2. Stage 1I—Market Clearance Optimization Model

Each PSCS obtains its offer strategy through the first stage of the PSCS bidding model
and reports the offer strategy and the desired generation plan to the power trading center.
The power trading center carries out clearing optimization based on the offer strategy.
Market clearing optimization is performed through the power tracking function to satisfy
the desired power curves of each PSCS as much as possible.

In this paper, we set the objective function for tracking the expected power of each
PSCS in the optimal clearing of the power exchange as follows:

min DSO Z E tz cl Ptsz + Z Z tz cl Ptli))2 (23)

Ptswpf? teT jeNVPP teT je NVPP

where PS g and P l are the power purchased and sold by PSCSi in the final clearing,
respectwely. The market optimization clearing needs to satisfy the power ceiling constraint
in the first place:

0<Pj<oiPy™ vie NPP vteT (24)

0< PP <oPPP™> vie NVPP vteT (25)

on+o? <1,vieNYPP vieT (26)

where (7 and oF are 0-1 variables. (7 = 1and 07 = 0 denote that the PSCS is using

electr1c1ty. (Tti = 0and 0f = 1 denote that the PSCS is generating electricity. This constraint
ensures that the PSCS cannot purchase and sell electricity at the same time.

The optimal clearing of the power trading center is still based on the objective of
minimizing the power purchase cost of the grid operator, as shown in Equation (7), i.e.,
solving the two-layer optimization problem with Equations (23)—(26) as the upper model
and Equations (7)—(22) as the lower model.

By using the minimization of the power deviation shown in Equation (23) as the
objective function based on the KKT condition of the market clearing problem, the two-
layer model can be transformed into mixed-integer linear programming (MLP), which can
be solved to produce the day-ahead pre-scheduling plan that is ultimately issued to each
PSCS. As the number of PSCSs, periods, and system constraints increases, the problem
can become very computationally intensive. However, we believe that the combination of
heuristic methods, convergence criteria, decomposition, and parallelization techniques can
make the problem solvable within a “reasonable” time frame for large instances.

The deviation between the reported power of the PSCS in the first phase and the
optimized clearing power in the second phase is the power of PSCSi that is curtailed by the
power trading center in period t:

Pt = (P = Pi) = (Pl — Pif) (27)

icl icl
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4.3. The Linearization of the Model

To obtain a unique solution to the two-layer bidding problem, the Lagrangian method
is used to transform the two-layer bidding problem into a single-layer mixed-integer linear
programming problem. According to the strong dyadic theorem, the objective functions
of the original and dyadic problems of the convex problem have the same value at the
optimum. Thus, the dyadic problem of the original problem of the two-layer bidding
model and the KKT condition are modeled in this section. The normalized expression of
the day-ahead bidding model is as follows:

. _ S_pD
min fi= Y} nfi(Pti_Pti )AL
y,PS,PR teT

S D _ pS
st. PS—PD—p

tiv

S D D D
+Ptie_Ptiv_Ptie_Ptip

T min < 7Tt < 7Tt max

S pD\1 _ . GG b s
{P; P} = argmin (Z Y mpPpAt+ Y Y m(Py - Pti)At>
Pg’PtzD’Pg/t/Pab,t tET me€Nstep teT ieNVPP

s.t. — Pab,max < Pab,t < Pab,max
Pypy— ¥ Pyy = PL+P5 — PO AD

cewy

Y Pui= L Poui:Af

meNStep bewy

0< Pn?,t < Py V%Ztrﬂr(r;[ltt (28)
0. < PS, < PE™ ity

0.< Py, < Pe™ e, i

0< Ptle < Ptl?v,max . Vt%;rtl ‘ugz,}lt

0< PtZDe < Pﬁl?g,max . ‘ugértl ,ugé”

D D,max , . D,rt _ D,It
0<P: <P U Hiip

tip — " tip *Ptip 7
Ste = 0.5 % SN
PR At
Stie = St—1,ie(1 = 0°%) + P,y At — e
P2 At
Stiv = St—iv + AStiy + Py At = Sl
min . max
Stit{ S Stw S Stie
min . max
Stiv' = Stiv < Siiy

Grt Gt Syt St Syt  Slt
O [y T T T Tots ot
t 7ot Pmt s Prmt 7 Ptio 7 Ptiv 7 Ftie 7 Ftie 7 : :
where Dyt DIt Drt' DIt . Drt , Dit  Lrt Lit ¢ aredyadic variables.
Hiiv +Priv +Ptie +Ptie +Prip +Peip +Pab,tr Pabt

The Lagrangian function of the lower market clearing objective function is as follows:

LP=Y ¥ ngPsAt+Y ¥ mi(PR—P)At—AR(Pyyy— ¥ Pyy — Pf— P+ PR)

teT mGNstep teT jeNVPP cewy

GltpG G,rt r pG,max G G G Lt

7”£m,t Pm,t - Vm,t (Pm - Pm,t) - )\t ( Z Pm,t - Z POb,t) - Vab,t(Pab,max + Pub,t)
mENstgp bewg (29)
rt St pS S,rt / pS,max S S,ItpS S,rt 1 pS,max S
B ;l‘l:ab,t(PﬂbI%aﬁ - gﬂb,t) — Hiip Ptiv ; ﬁtiv (PtivD t_ I;tiv) — Hie Ptie _D‘ult;’e (Ptz'e - Ptie)
y D a ,Amax D , D v ,Amax D , D

My Priy — Mg (Ptiv o Ptiv) ~ Miie Prie = Mg (Ptie o Ptie) ~ HPip ptip

Dyt pDmax _ pD
_Vtip (Ptip Ptip)
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The KKT condition is obtained by taking the partial derivatives of the decision vari-
ables in it through the stationing point method:

H%At o ‘uG,lt + ‘uG,rt . )‘tG -0

m,t m,t
~AR — g + g +AF =0
AR+ AP = =0 (30)
—mAt+ AR — yfi’zl;t AR TGN R T Vf[i)gt =0

) _sD _ DIt DIt _ D,It S,rt St
it /\ti Hiiv Hiie Vtip + My T e =0

Furthermore, the complementary conditions for the inequality constraints can be
written as follows:

0< Pub,max+Pab,t J—Vﬁi,{i >0 0< Ptsiémax_Pse J-Vfi’;t >0
OSPab,max*Pub,ti,usg:f 20 OSPEUJ—F%,“ 20

0< P Lt >0 0< PP Lpy' >0

0<PG™™ —pG, L uSii>0 0<Ph Lugt>0 (31)
0.< Pg, Lug >0 0 < Py™™ = PR, L " >0

0< Py Ly >0 0.< P™ — P Ly >0

o< P s, Lp 20 0 BT Lyl >0

where AL B denotes that condition A is complementary to condition B, i.e., one and only
one of the conditions A and B takes an equal sign.

Boolean variables are then introduced, and the complementary conditions are trans-
formed into standard linear programming constraints using the big M method:

0 < Pab,max + Pab,t < Mbﬁ{,lj 0 < Vtsz,grt < M(l - bfl;rt)

0 < bt < M(1 bl 0< o < M(1—by")
0< Pab,max - Pab,t < Mbﬁél’i 0< PtzDv < Mbgz,;llt
0<upi<M-byl)  O<Ph < Mbg

0 < PG, < MbS! 0.< Pp, < Mb!

0 < St < M(1— b5 0< i’ < M(1-bp!")

0 < P — Py < Mbyi! - 0< ! < M(L—byp ) )
0<pS < M-Sy 0 <t < M(1-b)
0<PS < Mb! 0 < pEma _ pD < MpDI!t
0 < PS, < Mb"! 0 < pomax _ pD < ppDrt
0< !t <M1-bM" 0< Pt?r;max - PP < bel.’;t
0 < pyy < M(1—bpy) 0 < ppt < M(1—bp")

0 < P™ —P3 < Mby!  0<pp" < M(1-b,)")

0 < P — P, < Mb'  0<pgpt < M(1-bgg")

LIt bL,rt bG,lt bG,rt bS‘,lt bS»'lt bS‘,rt
where b‘é’/’;tt/ b‘bb,'ltt' b%’t”, b%flt’ bfg’/r; ZE’/” tZ]Dtrt is a Boolean variable. The value of M
tie / “tiv ’ “tie / “tip ’ “tiv 7 “tie ' “tip
cannot be too large or too small and needs to be determined according to the value domain
of the variable being scaled.
So far, the KKT condition for the day-ahead market clearing problem can be expressed

as follows:
G pS pD »D
Pub,t'Pm,t'Pti'Pti/)‘ti/
G ., Grt Gt _Srt St
Aéltym'st l’t‘umbt ’tytizblltytizb, t (19). (21)
r , T , ¥
Hiio 1 Meie  Heig o Hei o Piie + [(30),(32)

D)t . Dyt D]t _ Lyt . LIt
Hiie ’Vtip ’I’ltip rHabtr Mab,t

CKET = (33)
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D S
nti ’ Stiﬂ’/ Sti?}/ P

where CKKT is the KKT condition for the lower clearing objective function.

According to the strong dyadic theory, the original problem and the dyadic problem
have the same solution at the optimal point. The equivalent expression of the objective func-
tion of the upper level of the original problem is obtained after the dyadic transformation,
which in turn leads to the equivalent MLP of the day-ahead bidding problem.

i — GpG DpL LIt
min fi - Z Z nmpm,tAt - Z Z /\ti Ptb + Z Auab,tpab,max
> /ptS 'PtD , teT meNstep teT meNypp teT

iv’ © tie’ © tiv

pb pD pS ps pS pD pD

tie’

s.t.

tip’ ~ tjv’ ~ tje’ © tje’ T tje’ " tjp
Lt G,rt pG,max
+ 3 Vah,tpah,max + X X Kt Py
teT teT mENstep
S S S D D
-y Y nP(PS,+PS,—P,—Ph — Dk
teT jeNypp /i ] Jo e e e P
S,rtPS,max S,rtPS,max
+¥ D thv tjv + X D the tje
teT jeNypp/i teT jeNypp/i

D,rt pD,max D,rt pD,max D,rt pD,max
+ X )» thv Ptjv + L D :utje Ptje + L )» :utjp Ptjp

)AL

teT jeNypp/i teT jeNypp/i teT jeNypp/i
7Tt,min <y < 7T, max
S1e = 0.5x SN 9
PP At
_ S h t
Stie - St—l,ie(l - 5655) + Ptienessc At — elsesdis
S evch pZ)UAt
Stiv = St—1,iv + AStip + P, 17" At — peodis
ST < Syip < SR
Siiot < Stip < S

G S pD D
Pab,tr Pm,tr Ptz" Pti ’ /\ti'

Grt Gt Srt St
/\g,t}lmé l’t‘umlg ,tytizlt)’ltytizbr t (19),(21)
ot S, ot D, i
VtEi)e t'VtIije ;Vtig ;Vtif t’]’ltie K (30), (32)
) ot DIt Lrt L,
Hiie +Miip +Ptip » Hab,tr Hab,t
5. Case Study
5.1. Test System and Case Design

In this section, the improved RBTS-38 node distribution system [23] is employed as an
example. Four PSCSs with varying internal resource shares are established at nodes 1, 4, 5,
and 7, as depicted in Figure 4. The various types of EVC, PV, and energy storage shares
aggregated by each PSCS are shown in Table 2. The two-layer model is implemented and
solved using the GUROBI solver within the MATLAB environment.

F1 F2 F3 F4 F5 F6 F7

I 1 1 s Iuw vs | e Lzl ’_ll L32
pscss| | L2
L2 L12 L19 | Loov Gl 133
L9
Low
L3 L13 [ L1av Vg | L22 L34 | L3
I_‘ I—< L30 I—'
L4 L5V L15 L23 L36
I L6 Ll 1 L10 l L16 ,_1-,1 l L24 Lzsl Lzl L31l I L37  L38v

Figure 4. Improved RBTS distribution system.
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Table 2. Distribution of PSCS resources.
PSCS1 PSCS2 PSCS3 PSCS4
EVC capacity/kW 1150 950 950 950
Photovoltaic capacity / kW 160 790 790 160
Energy storage capacity /(kW/kW-h) 120/240 270/540 270/540 120/240

The reasonable forecasting of conventional loads provides key information for grid
operators to formulate day-ahead scheduling programs and power generation and con-
sumption plans. There have been extensive studies on load forecasting, so this paper will
not explore load forecasting techniques in depth. Based on the load curve of a typical day
proposed in the literature [23], the loads of 96 periods of each feeder in the distribution
system of the RBTS are set up, as shown in Table 3. While the proposed strategy is initially
tailored for the day-ahead period, it can be extended to one week with the use of improved
forecasting techniques, a rolling horizon approach, and scenario-based optimization.

Table 3. Time-sharing load conditions.

Time Interval Feeder Full Load Factor

1-8 0.61 0.61 0.61 0.61 0.58 0.58 0.58 0.58
9-16 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
17-24 0.59 0.59 0.59 0.59 0.64 0.64 0.64 0.64
25-32 0.76 0.76 0.76 0.76 0.88 0.88 0.88 0.88
33-40 0.96 0.96 0.96 0.96 0.98 0.98 0.98 0.98
41-48 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
49-56 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97
57-64 0.93 0.93 0.93 0.93 0.89 0.89 0.89 0.89
65-72 0.90 0.90 0.90 0.90 0.94 0.94 0.94 0.94
73-80 0.91 0.91 0.91 0.91 0.86 0.86 0.86 0.86
81-88 0.84 0.84 0.84 0.84 0.83 0.83 0.83 0.83
89-96 0.76 0.76 0.76 0.76 0.67 0.67 0.67 0.67

PSCSs’ power purchase prices under various decision models are shown in Figures 5 and 6.
In actual electricity markets, high-tariff periods are generally not fixed for each day of the year.
The timing of peak periods can vary due to several factors, including seasonal demand, weather
conditions, weekdays versus weekends, and overall grid supply and demand dynamics. Thus,
high-tariff periods are designed to reflect real-time demand fluctuations and are dynamically
adjusted based on changing conditions in the electricity market.

= 14

Z 12F

=

> 1.0r

& O.Sﬂ
306

£ 0.4

£0.2F

E 0.0 1 1 1 1 1

2 00:00  04:00  08:00  12:00  16:00  20:00

Time/h

Figure 5. Centralized dispatch mode electricity price.
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Figure 6. Price acceptance mode electricity price.

5.2. An Analysis of the Day-Ahead Charging Decision Plan

The charging decision plan of each PSCS is shown in Figures 7-10, along with the fully
competitive mode, i.e., the PSCS participates in the market with the role of a price taker,
and the price-setting mode, i.e., the PSCS participates in the market with the quantity—price
offer mode proposed in this paper. As illustrated in the figures, under the price acceptance
mode, each PSCS completes the charging of the EVC during 0:00-6:00, generally refrains
from making power purchases during the high-tariff period of 8:00-12:00, and resumes
power purchases during the high-tariff period of 14:00-16:00. This behavior indicates that
the PSCS in the price acceptance mode can respond to price fluctuations, thereby avoiding
high-cost electricity purchases during peak price periods. The flexibility of its scheduling
decisions comes from the PSCS'’s ability to adjust according to market prices and charging
demands, thereby minimizing costs to the greatest extent. In contrast, the centralized
dispatch mode results in a more delayed electricity purchase decision. Since the centralized
dispatch mode is based on the minimum electricity purchase cost proposed by the ISO
(Independent System Operator), its scheduling strategy focuses more on long-term cost
optimization at the system level and cannot quickly respond to market price fluctuations.
Consequently, the PSCS’s scheduling plans are typically preset and cannot be adjusted
promptly to cope with short-term price volatility, resulting in potentially higher purchase
costs, especially when prices rise rapidly.

2000

— Centralized dispatch mode
Price acceptance mode
Quantity—price offer mode

1000F=

power/kW

-100!
00:00 04:00 08:00 12:00 16:00 20:00 00:00

Time/h

Figure 7. Comparison of pre-dispatch schedule for PSCS1.

20007 — Centralized dispatch mode

Price acceptance mode
1000F — quantity—price offer mode

Power/kW

0
00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time/h

Figure 8. Comparison of pre-dispatch schedule for PSCS2.
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Price acceptance mode
Quantity—price offer mode
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Figure 9. Comparison of pre-dispatch schedule for PSCS3.

2000 Centralized dispatch mode
Price acceptance mode

— Quantity—price offer mode
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Power/kW

0
00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time/h

Figure 10. Comparison of pre-dispatch schedule for PSCS4.

5.3. Analysis of Cost of Day-Ahead Electricity Purchased

Table 4 illustrates that the power purchase costs in the price acceptance mode are
significantly lower than those in the centralized dispatch mode. However, the power
purchase costs of PSCS3 and PSCS4 in the quantity—price offer mode exceed those of the
price acceptance mode. This increase is attributed to the quantity—price offers of PSCSs,
which consider the bidding strategies of competitors, leading to more conservative decision-
making. As a result, during high-tariff periods, such as 14:00-16:00, PSCSs are compelled
to purchase electricity to meet their EVC charging demands. This conservative approach
may result in higher electricity purchase costs during peak price periods. Nevertheless,
this conservative strategy helps mitigate the risks arising from intense market competition,
ensuring that the PSCS maintains stable operations in an uncertain market environment.

Table 4. PSCS day-ahead power purchase cost comparison.

Participation Mode PSCS1 PSCS2 PSCS3 PSCS4
power centralized dispatch mode 1638 2174 2039 1283
purchase cost price acceptance mode 1562 2088 1709 1143
quantity—price offer mode 1473 2006 1908 1105

Table 3 shows the day-ahead power purchase costs of different PSCSs under three
modes: centralized dispatch mode, price acceptance mode, and quantity—price offer mode.
By comparing and analyzing the power purchase costs under different power trading
modes, PSCS1 has the highest power purchase cost under the centralized dispatch mode,
which is attributed to the stringent requirements for system uniformity and stability in
this mode. In contrast, the cost of purchasing electricity is significantly lower in the price
acceptance mode and quantity—price offer mode, especially in the quantity—price offer
mode, where the cost of PSCS1 is as low as CNY 1473, indicating that it can flexibly
adjust its purchasing strategy through the bidding model and effectively cope with market
fluctuations, while the purchasing cost of PSCS2 is on the high end in all modes and as
high as CNY 2174 in the centralized scheduling mode. This may be related to its EV cluster
charging hours and higher PV (790kW) and storage (270/540kW) capacity, reflecting the
challenge of optimizing PSCS2’s purchasing strategy and the need for finer management
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and optimization measures. PSCS3’s purchasing cost in the centralized dispatch mode
is CNY 2039, which is slightly lower than PSCS2’s. The cost drops to CNY 1709 in the
price acceptance mode but rises to CNY 1709 in the quantity—price offer mode, which is
more than the price accepted by PSCS2. However, it increases to CNY 1908 in the quantity—
price offer mode, indicating that PSCS3 may not be able to take full advantage of market
price fluctuations for optimization in this mode and needs to adjust its bidding strategy.
PSCS4 has the lowest purchase cost in all modes, even reaching as low as CNY 1105 in the
quantity—price offer mode. Its lower PV (160kW) and storage (120/240kW) capacity may
make it easier to manage the optimization of the power purchase strategy, allowing it to
flexibly adjust its power purchase plan to maximize economic efficiency.

Among the various power trading models, PSCS1 and PSCS4 exhibit lower power
purchase costs under the quantity—price offer mode, indicating that both can adjust their
offers and power outputs more efficiently in this mode, thereby better adapting to market
conditions. Conversely, PSCS2 and PSCS3 incur relatively lower costs under the price
acceptance model, which may be attributed to their greater flexibility in responding to
market price fluctuations. However, it is worth noting that the quoted offer model may
lead to higher costs for PSCS3 and PSCS4, especially during high-tariff periods, when both
may have to make power purchases due to the need to meet the charging demand of their
EVC, thus increasing their costs.

5.4. Analysis of Quoted Prices and Quotations

This section analyzes PSCS volume-price curves for PSCSs participating in the elec-
tricity market in the quantity—price offer mode.

The bidding strategies of PSCS1 to PSCS4 are shown in Figure 11a—d. Each PSCS aims
to purchase electricity during low-LMP periods to meet the charging demands of EVCs
and energy storage and engage in arbitrage by selling electricity during high-price periods
using EVCs and energy storage. Specifically, PSCS1-4 charge their EVCs and energy storage
between 00:45 and 05:00 during low-LMP periods to charge at the lowest possible price
and lay the foundation for subsequent power feedback and energy storage. At 04:15, as
the LMP begins to rise, PSCSs promptly discharge energy storage to capitalize on the price
increase and generate profits. Since EVCs must ensure the minimum charge required by
the owner, no reverse charging is conducted during this period, and the charging state is
maintained to meet the vehicle owner’s requirements.

(a) PSCSI bidding strategy

4 2.0
ey —LMP
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=
S 1.0
2 7
= 3
2 1F) 0.5 {E
a —
: il 5
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2F 4-1.0
1 1 1 1 1 1 1
00 03 06 09 12 15 18 21 00
time /h

Figure 11. Cont.
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(b) PSCS2 bidding strategy
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(d) PSCS4 bidding strategy
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Figure 11. PSCS day-ahead bidding strategy.

Each PSCS adjusts its scheduling strategy based on the grid connection time of the
EVCs. Specifically, PSCS1 discharges power to the grid between 16:00 and 22:45, PSCS2
discharges between 21:15 and 22:45, PSCS3 discharges between 21:30 and 22:45, and PSCS4
discharges between 16:15 and 22:45. PSCS1, PSCS3, and PSCS4 discharge energy from the
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EVCs to the grid during these periods, utilizing the high-price periods for arbitrage. In
contrast, PSCS2 has a relatively shorter feedback period and limited dispatch flexibility,
potentially requiring support from energy storage or other means to take advantage of the
arbitrage opportunity.

Additionally, each PSCS charges its EVCs and energy storage during photovoltaic
output periods (e.g., 16:00-17:15), thereby reducing dependence on market electricity
and maximizing the utilization of photovoltaic power. This scheduling strategy not only
improves energy utilization efficiency but also reduces the demand for electricity purchases
during high-price periods, further lowering system costs.

Through these dispatch strategies, PSCSs demonstrate a more flexible response to
fluctuating electricity prices. They acquire electricity at lower costs during low-price peri-
ods and engage in arbitrage during high-price periods, thereby maximizing the system’s
economic benefits. Moreover, these strategies enable PSCSs to better balance electricity
supply and demand amid market fluctuations, enhancing grid stability and energy effi-
ciency. Our model incorporates not only traditional load and price forecasts but also the
dispatchable space of photovoltaic generation, storage, and charging stations. We believe
that this additional consideration can significantly improve the revenue of such stations.
As forecasting technologies continue to improve, we expect the accuracy of predictions
to increase, which will further enhance the effectiveness of the proposed strategy. When
configurations change or new variables are introduced (such as variations in the resource
mix, demand patterns, or market regulations), the bidding strategy model can be adapted
and recalibrated to account for these changes.

6. Conclusions

In this paper, we propose a day-ahead two-stage bidding strategy for multi-PSCSs
based on the bidding space. By participating in the electricity market using the quoted
offer mode, the proposed PSCS can reduce its day-ahead power purchase costs and flexibly
dispatch each of its resources to maximize revenue while minimizing electricity consump-
tion during peak price hours. This approach enhances the PSCS’s market power; promotes
complementary interactions between the EVC, storage, and PV power; and fully lever-
ages distributed energy sources and flexible resources with energy interaction capabilities.
Furthermore, the PSCS can adjust its power and price according to day-ahead market
conditions and forecasts. This flexibility allows the PSCS to respond more effectively to
fluctuations in market demand, especially in the face of peak demand or shortages in power
supply. In addition, the PSCS’s quoted offer strategy allows it to adjust its offer in response
to the behavior of other market participants, thereby remaining competitive in a highly
competitive market environment.

In future work, we will explore blockchain and continuous authentication mechanisms
to protect against unauthorized access and ensure the reliability of system operations.
Furthermore, we will also examine the impact of existing and forthcoming government
regulations on the implementation of multi-PSCS bidding strategies.
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Nomenclature
tsfsax the upper limit of electric power
PB’{VmaX the upper limit of discharge power
SN/ Siy the lower/upper limits of the electric energy of the EVC
AS;;y the change in the electric energy of the EVC
PB:g‘aX the upper limit of PV power output
Wy, t the grid-connected state variable of the n-th EV

Srnna,x / Silnin
p%,max / pE,max
Iev

S;xlrr / Slnea

P /PP

tie

S, max D, max
Pt,i,e /Pt,i,e

St,i,e

(5655

”essch / Wessdis
s

fi

i

p3/pR

Py,
P
Ptle
PS

tiv

/P53

tie
nt,max/ 7Tt min

the upper/lower limits of the rated power of the n-th EV

the upper limits of the rated charging/discharging power of the n-th EV

the set of EVCs aggregated by the i-th operator PSCSi

the initial power when the n-th EV is connected to the grid/when it is off the grid
the charging/discharging power of the energy storage system of the i-th operator
PSCSi

the rated charging and discharging power of the energy storage system

the residual power of the energy storage system

the self-depletion coefficient

the charging and discharging loss coefficients

the rated power

the day-ahead purchase cost of PSCSi

the reported tariffs of PSCSi

the expected power purchased/sold by PSCSi

the EVC discharge power of PSCSi

the energy storage discharge power of PSCSi

the PV power of PSCSi

the EVC and energy storage charging power of PSCSi

the upper and lower bounds of allowable offers

S, the price of the generator’s m-th offer segment
;g,t the power of the generator’s m-th offer segment
Ui the day-ahead locational marginal price
Stie/ Stiv the remaining power of the energy storage system/EVC in PSCSi
Pap s the transmission power of the branch (a, b)
p; /PR the power consumption power and the power generation power of the PSCS at
node b
Pop ¢ the power at time ¢ of the node whose parent node is the bus branch of the
power plant
Pg’ ol P}Z ol the power purchased/sold by PSCSi in the final clearing
Abbreviations
PSCS photovoltaic storage charging station
KKT Karush-Kuhn-Tucker
EVC electric vehicle cluster
1Y% photovoltaic
CsO charging station operator
DSO distribution system operator
EV electric vehicle
MPEC mathematical program with equilibrium constraints
MLP mixed-integer linear programming
LMP locational marginal price
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