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Massive and diversified distributed energy resources (DERs) have great potential
for improving the flexibility of power system operations. However, given the
wide distribution, small capacity, and variable ownership subject characteristics
of DERs, virtual power plants (VPPs) are suitable for aggregating the flexible DERs
for participation in the wholesale energy market. Extant studies have focused on
obtaining bidding strategies in multiple electricity markets. However, there are
shortcomings in the relevant market mechanisms and temporal relationships for
participating in energy and ancillary service markets. This work proposes a joint
market temporal rolling bidding strategy for VPPs in the wholesale market based
on real unified electricity market mechanisms in the southern region of China.
Accordingly, the proposed method enhances the market-oriented operational
profits of VPPs.
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1 Introduction

Distributed energy resources (DERs) have gained wide importance for their huge
potential in enhancing flexibility toward carbon neutrality (Lin et al., 2024). Virtual power
plants (VPPs) often participate in power grid operations by aggregating and coordinating
massive DERs on the user side, thereby improving the safety, reliability, economy, and
flexibility of the power system operations greatly (Yang et al., 2024), while also assisting the
DERs with participation in multiple electricity markets (Lin et al., 2023a). The European
Union, Australia, United States, and Japan have extensively explored and demonstrated
the applications of VPPs as well as related technologies, which have resulted in relatively
mature market mechanisms (Wang et al., 2015a). Over the past decade, investigators
have implemented some VPP projects in the United States and European Union for
research and application development. Their main purpose was to achieve effective
management of large-scale and geographically dispersedDERs (Mashhour andMoghaddas-
Tafreshi, 2010), eliminate the intermittent and random effects of renewable energy
generation (Lin et al., 2021), improve energy utilization efficiency, tap market potential
(Tan et al., 2017), improve the utilization efficiency of distributed energy (Lin et al., 2023b),
expand the functions of the electricity market, and achieve coordinated management of
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energy and load (Lu et al., 2018). In recent years, DERs such
as photovoltaics, electric vehicles, and battery energy storage
systems have developed rapidly in China, for which VPPs
have gradually attracted attention. However, the user base
of VPPs in China is relatively small, and the scenarios for
participating in power grid interactions andmarket transactions are
relatively few (Zhang et al., 2009). There is a lack of unified trading
decision-making research for the profit-making behaviors of VPPs
in the market.

The primary objective of a VPP is to consolidate different
types of DERs into a cohesive entity that can participate in the
wholesale market as a single power plant with a defined hourly
output (Yi et al., 2019). VPPs combine various generators and
storage systems, each with their own strengths (e.g., high short-
term energy storage) and weaknesses (e.g., output uncertainties), in
a complementary manner (Koeppel, 2003). Consequently, previous
studies have extensively explored the question of how a VPP acting
as an agent for all aggregated DERs under its control (Liu et al.,
2011) can maximize profits by selling electricity to system operators
in the electricity market. The optimal bidding strategy of a VPP
in the energy market was discussed by Tang and Yang (2019)
through a robust optimization model that handles uncertainties.
Additionally, by recognizing that VPPs also provide ancillary
services, Wang et al. (2017) proposed an optimal bidding strategy
for providing energy and ancillary services to the bulk power
system by considering flexible ramping products. Yuanyuan et al.
(2023) proposed a VPP declaration strategy for participating in
the power market by considering flexible ramping products and
uncertainties through a two-stage distributed robust optimization.
Fusco et al. (2023) presented a multistage stochastic mixed-integer
linear program with binary recourse as an alternative to solve the
uncertainties and optimize the unit commitments of power plants
and VPPs operating in the day-ahead market. The bidding problem
of a VPP in a competitive market was outlined by Wang et al.
(2015b) through an infinite repeated game constructed
among the VPPs.

However, existing research methods have not accounted for the
correlations between different market mechanisms and have not
considered the orderly trading of VPPs in multiple markets that
does not maximize their profits. At the same time, extant bidding
methods cannot effectively reduce the risks involved in market
transactions as they do not take into account the penalty for breach
of contract when dealing withmultiple types ofmarkets.The various
VPP trading models available at present do not provide assessments
for the application of VPP trading at different levels in various types
of actual electricity markets, resulting in weak applicability, limited
profitmargins, and severe impact of single-market price fluctuations
on profits.These models do not fully realize the market values of the
VPPs and lack consideration of their market return risks.

The present study aims to fully explore the participation
mechanisms of VPPs in energy and ancillary service markets.
By considering the electricity markets in the southern region of
China as an example, we studied the mechanisms and policies
of VPPs participating in different energy, frequency regulation,
demand–response, and reserve markets to build the participation
architecture of these VPPs. Based on this architecture, clear bidding
strategies are designed for the VPPs in these electricity markets.The
major contributions of this study are as follows:

• A joint bidding model is proposed for VPPs in the energy,
reserve, frequency regulation, and demand–response markets.
This bidding model also includes day-ahead and real-
time markets.
• Participation timetables of the VPPs in the electricity markets
are built from the perspectives of day-ahead and real-time
biddings. Based on these timetables, the joint market temporal
rolling method is proposed along with the algorithms needed
for solving the bidding models.

The remainder of this paper is organized as follows. Section 2
presents the model formulation for the VPP bidding strategies
in the joint energy–reserve–frequency–demand-response market;
Section 3 presents the joint market temporal rolling method.
Section 4 presents the numerical results, and Section 5 presents the
conclusions of this work.

2 Model formulation

The following assumptions are made to develop the model for
VPP bidding in the day-ahead and real-time markets:

• Given the predicted market prices, the VPP submits the
quantities to multiple electricity markets truthfully according
to its bidding model.
• The output power from renewable energy sources (RESs) as
well as the corresponding day-ahead forecast power and real-
time adjustment are considered as parameters. EachRESunit is
then set to its maximum power point tracking (MPPT) mode.
• VPP comprises all types of renewable and distributed
resources, where a zero capacity for a certain type means that
the VPP does not have that type of resource.

2.1 Day-ahead market

VPPs have recently participated in energy, demand–response,
frequency regulation, and interprovincial reserve markets with
the objective of maximizing profits, which include revenues
from multiple markets minus the costs associated with internal
generation, energy storage operations, and load management.
The objective function consists of three parts as follows: 1)
revenues of the VPP participating in the energy, demand–response,
frequency regulation, and cross-provincial reserve markets; 2)
internal generation and energy storage operation costs; 3) adjustable
load subsidy within the VPP. The bidding model P1 of the VPP
participating in the day-ahead market is given by

max
O

:BDA =
T

∑
t=1
{πDAE,t E

DA
t + π

DA
D,tD

DA
t + π

DA
R,t R

DA
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DA
t + π

DA
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Equation 1 is the objective function, which is the expected benefit
from the day-ahead market; πDAE,t ,π

DA
D,t ,π

DA
R,t ,π

DA
C,t ,π

DA represent the
expected prices in the energy, demand–response, reserve, and
frequency regulation markets at time t, and EDAt ,D

DA
t ,R

DA
t ,C

DA
t ,L

DA
t

are the corresponding bidding quantities at time t, respectively;
PGeni,t is the distributed generator i’s output at time t, Pstri,t is the of
charging/discharging power of the storage system i at time t, and
PDSRi,t is the curtailed power of flexible demand i at time t; α,β are
the corresponding generation cost coefficients. Equation 5 gives the
output limit of the distributed generators, and the upward reserve
capacities rGen,upi,t are given by Equations 6–8, where rampi is the
ramping limit. The ramping constraint in Equation 8 indicates that
the ramp-up limits should consider the upward reserve capacities;
in other words, the ramping limit should be based on the power
output transaction from t− 1 to t and upward reserve at time t. This
is an extreme condition in case the upward reserve is needed and the
ramping limit should not be exceeded. Equations 9 and 10 represent
the bidding quantity in the reserve market, which is coupled with
the frequency regulation capacity power P f

i,t. Equation 11 gives the

power balance, while Equation 12 defines the bidding quantity in
the demand–responsemarket.The constraints of the storage systems
are given by Equations 13–15. The frequency regulation capacity
is given by Equation 16, while the frequency regulation mileage is
given by Equation 18. The corresponding limits of these quantities
are shown in Equation 19.

2.2 Real-time market

The VPPs also participate in the energy, demand–response,
frequency regulation, and interprovincial reserve markets in real
time. Here, the VPP submits the frequency regulation capacity and
mileage to the frequency regulation market, responds to demand
based on the system instructions, and determine the reserve as
well as adjusted reserve trading capacities. The objective function
entails maximization of the profits, which includes returns from
participation in multiple markets minus the costs of additional
generation and additional load management. Then, the bidding
modelP2 of theVPPparticipating in the real-timemarket is given by

max
O

:BRT =
T

∑
t=1
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The objective function given by Equation 20 represents the real-time
profits of the VPP from multiple markets. Equation (21) gives the
output adjustment of the generators, while Equation 22 accounts
for the reserve adjustment ΔRRT

t when the system operator sends
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FIGURE 1
Participation timetables for the VPP in multiple electricity markets.

the reserve signal SIGRT. The ramping constraint in Equation 22
indicates the reserve adjustment in real time. The changes in
the bidding quantities in the reserve market are bounded by the
adjustments to the power outputs, and the bidding quantities in
the frequency market are restricted by diverting the upward reserve
from the ramping capacity when the dispatch signals are issued.
The dispatch reserve signal SIGRT is a parameter sent by the system
operator.We use theMonteCarlomethod to generate this parameter
at different time scales randomly. The real-time power balance
is given by (Equation 23), and the real-time bidding quantities
in different markets are expressed by (24, 25, Equations 27). The
frequency regulation mileage with adjusted limits is shown in
(Equations 26, 28). The real-time bidding model is solved with a
rolling window dispatch, whose detailed solution is provided in the
next section. We skip the model formulation of P2 with the rolling
window method here for simplicity and clearer presentation.

3 Joint market temporal rolling
bidding algorithm

According to the Guangdong Electricity Market Spot Energy
Trading Rules of 2022 (Bureau, 2022a), Southern Regional
Frequency Modulation Auxiliary Service Market Trading Rules
(Trial) (Bureau, 2022b), Southern Regional Power Reserve
Auxiliary Service Market Trading Rules (Draft for Comments)
of 2022 (Bureau, 2022c), and Implementation Rules for VPPs
in Shenzhen (Development of Shenzhen, 2022), the detailed
operational timetables for VPPs participating in various markets
are as shown in Figure 1. Based on these timetables, we derive the
joint market temporal rolling bidding framework in terms of two
types of operations, namely day-ahead and real-time operations.
The joint market temporal rolling bidding framework in multiple
electricity markets is as shown in Figure 2.

In the day-ahead stage, the VPP operators receive market
information released by the market managers before 12:00; confirm
their eligibility to participate; and jointly apply to the energy,
frequency regulation, and demand–response markets from 12:00
to 13:00. The market clearance results are then collected before
17:00. Thus, in the joint declaration stage of the energy, frequency
regulation, and demand–response markets, the VPP operator solves
model P1 based on the predicted market prices and obtains
the corresponding bidding capacities of the different markets on
the previous day. The bidding volume of the reserve market is
regarded as a reference for subsequent single-market bidding.
Normally, the results of market clearance for the energy, frequency
regulation, and demand–responsemarkets are released before 16:30.
This means that the VPP operator would have already obtained
the cleared results of the preorder market before optimizing
the interprovincial reserve decision, i.e., the market price and
winning capacity are known quantities. The VPP operator then
predicts the interprovincial reserve market price and solves model
P1 to obtain the reserve market bidding volume. These steps
are shown in Algorithm 1 below.

In the real-time stage, the VPP operators participate in the real-
time energy, frequency regulation, demand–response, and cross-
provincial backup markets. The declaration clearance time and
market rolling method vary among the different markets. First,
by predicting the market prices and conducting joint market
declarations, the energy and demand–response market bidding
volumes obtained by solving model P2 are considered as the
current market bidding volumes with a 15 min duration, while the
frequency regulation and interprovincial reserve market bidding
volumes are considered as the current market bidding volumes
with a 1 h duration. After 15 min, given the real-time frequency
regulation and reserve market prices as well as the intermediate
scalar, the prices of the energy and demand–response markets are
obtained.The bidding volumes of the energy and demand–response
markets obtained by solving model P2 are considered as the current
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FIGURE 2
Joint market temporal rolling bidding framework for multiple electricity markets.

market bidding volumes. The joint bidding process is repeated after
1 h until 24:00. These steps are shown in Algorithm 2 below.

The proposed market bidding problems P1, P2 can be easily
solved using off-the-shelf solvers (e.g., Gurobi) and the proposed
algorithms.

4 Simulation

In this study, the modified IEEE 9-bus system was considered
as the test system. A single VPP was built using several DERs,
like distributed generators, photovoltaic panels, storage systems,
and flexible loads. The detailed system setting is shown in the
supplementary material along with the parameters of the DERs
as well as the predicted prices of the energy and ancillary

service markets. The 24 h bidding results are shown in Figure 3,
representing the bidding quantities in the energy, demand–response,
reserve, and frequency regulation markets. The bidding quantity
in the energy market includes the day-ahead base terms
and real-time adjustments, while that in the ancillary service
market includes the combined bidding quantities from the
day-ahead and real-time markets because we assume that
the prediction for the ancillary service market does not have
any error. It is clear that the VPP operator only needs to
bid once in the frequency regulation market because of the
market mechanism.

According to Figure 3, during the peak load periods, the ability
of the VPP to provide frequency regulation is limited because its
internal energy balance must be prioritized. At 16:00, the peak
photovoltaic output is not during the peak load period, so the VPP
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FIGURE 3
Bidding quantities in the (A) energy, (B) demand–response, (C) reserve, and (D) frequency regulation markets.

TABLE 1 Profits under the different bidding methods (in Yuan) and total solution times (s).

Method Time interval Energy Frequency regulation Reserve Demand–response Sum Time

Single-time
Day-ahead 2,261 249.73 16.67 1,518

6,384.58
23

Real-time 418.2 348.24 148.74 1,734 63

Rolling
Day-ahead 2,019.47 249.73 24.63 1,518

7,210.6
58

Real-time 608.4 348.24 179.13 2,263 173

provides more frequency regulation capacity. Demand–response is
mainly focused on peak shaving during the peak periods, such as
11:00–12:00 and 14:00–20:00. The simulations also allow the VPP
to provide valley filling services, with the main valley filling period
being 5:00–8:00. Based on the market rolling method, the VPP
operator knows the clearance volumes for the real-time frequency
regulation and reserve markets, so that they can obtain more
accurate bidding volumes. During the peak load periods, the ability
of the VPP to provide reserve power is limited because its internal
energy balance is prioritized. In the rolling mode of the market, the
real-time market has specific periods in which the upward reserve
is needed, and the call capacities are subsidized on the basis of the

real-time electricity prices, so there is a large difference in the
real-time market returns. Moreover, the VPP operator can change
their role in the energy market by either selling electricity to
or buying it from the energy market according to the changing
tendencies of the market prices. In summary, using the market
rollingmodel to optimize the decision-making ofVPPs participating
in different types of markets can increase the total revenue by about
13% compared to solving the bidding model once; these results
are shown in Table 1. Moreover, we tested the total time required
to solve the proposed algorithms. Indeed, the improved bidding
strategy decreases the solution time, with a slight but worthwhile
sacrifice in computing efficiency for higher participation profits.

Frontiers in Energy Research 06 frontiersin.org

https://doi.org/10.3389/fenrg.2024.1473180
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Mao et al. 10.3389/fenrg.2024.1473180

Input:

The predicted market prices: πDA
E,t,π

DA
D,t,π

DA
R,t,π

DA
C,t,π

DA
L,t

Output:

The bidding quantities in different markets:

EDAt ,D
DA
t ,R

DA
t ,C

DA
t ,L

DA
t

1. Solve the joint market bidding model P1 to

determine the bidding quantities in the energy,

frequency regulation, and demand–response markets

(EDAt ,D
DA
t ,C

DA
t ,L

DA
t ) as well as the reference quantity

in the reserve market (RDA
′

t ).

2. Once the energy, frequency regulation, and

demand–response markets are cleared, input the

cleared quantities and prices

(πDA∗
E,t ,π

DA∗
D,t ,π

DA∗
C,t ,π

DA∗
L,t ,E

DA∗
t ,D

DA∗
t ,C

DA∗
t ,L

DA∗
t ) to P1 and

convert it to a single-market bidding model.

3. Solve the single-market bidding model and obtain

the bidding quantity in the reserve market (RDAt ).

Algorithm 1. Framework of the joint market temporal rolling bidding
method for VPP participation in the day-ahead market.

Input:

The predicted market prices: πRT
E,t,π

RT
D,t,π

RT
R,t,π

RT
C,t,π

RT
L,t

Output:

The bidding quantities in different markets:

ERTt ,D
RT
t ,ΔRt,C

RT
t ,L

RT
t

1. Solve the joint market bidding model P2 to

determine the bidding quantities in the frequency

regulation and demand–response markets

(DRTt ,C
RT
t ,L

RT
t ) as well as reference quantities in

the energy and reserve markets (ERTt ,ΔRt)for

the next hour.

2. Once the frequency regulation and demand–response

markets are cleared, input the cleared quantities

and prices (πRT∗
D,t ,π

RT∗
C,t ,π

RT∗
L,t ,D

RT∗
t ,C

RT∗
t ,L

RT∗
t ) to P2.

3. Solve P2 and obtain the bidding quantities in the

energy and reserve markets (ERTt ,ΔRt)for

every 15 min.

4. For each hour in the real-time market,

repeat steps 1–3.

5. return ERTt ,D
RT
t ,ΔRt,C

RT
t ,L

RT
t

Algorithm 2. Framework of the joint market temporal rolling bidding
method for VPP participation in the real-time market.

5 Conclusion

This work first proposes bidding strategies for VPPs in multiple
electricity markets based on local, real market mechanisms, thereby
enabling a large and solid application scale to the proposed
method. Participation architectures are designed for the VPP
operator in multiple markets according to official policies and
marketmechanisms. Based on these improvements, the jointmarket
temporal rolling method is proposed. Then, the bidding models for

the VPP in the energy and ancillary service markets are presented
with their solution algorithms. These approaches allow the VPP
operator to bid in multiple markets precisely while achieving
greater market returns. Simulations were performed to illustrate
the proposed strategies, which show decent performances that are
in agreement with the expected conclusions noted during model
formulation.
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