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As the main body of resource aggregation, Virtual Power Plant (VPP) not only
needs to participate in the external energy market but also needs to optimize the
management of internal resources. Different fromother energy storage, hydrogen
energy storage systems can participate in the hydrogen market in addition to
assuming the backup supplementary function of electric energy. For the Virtual
Power Plant Operator (VPPO), it needs to optimize the scheduling of internal
resources and formulate bidding strategies for the electric-hydrogen market
based on external market information. In this study, a two-stage model is
constructed considering the internal and external interaction mechanism. The
first stage model optimizes the operation of renewable energy, flexible load,
extraction storage, and hydrogen energy storage system based on the
complementary characteristics of internal resources; the second stage model
optimizes the bidding strategy to maximize the total revenue of the electricity
energy market, auxiliary service market and hydrogen market. Finally, a typical
scenario is constructed and the rationality and effectiveness of the strategy are
verified. The results show that the hybrid VPP with hydrogen storage has better
economic benefits, resource benefits and reliability.
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1 Introduction

1.1 Background and motivation

With the implementation of China’s “double carbon” strategy, new energy sources such
as wind power and photovoltaic will see more rapid development, and the penetration rate of
new energy sources will continue to increase, which will increase the impact of new energy
power fluctuations on the safety and stability of microgrid and its access system and the
difficulty of operation and scheduling (Ashish et al., 2021). On the one hand, the uncertainty
of renewable energy power generation puts higher demands on the grid’s regulation capacity,
and smoothing the volatility and indirectness of renewable energy power generation is an
urgent problem to be solved. On the other hand, with the increasing installed capacity of
renewable energy, the phenomenon of abandoning wind, light and water is getting more and
more serious, and the full consumption of renewable energy and the improvement of energy
utilization efficiency is also one of the challenges being faced (Huang et al., 2021; Liu et al.,
2021). As a smart energy system, VPP has the characteristics of bidirectional trend, which
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can be used as a controllable power source to strengthen the power
supply capacity to the grid and carry out peak regulation, and as a
controllable load to increase the power consumption with the system
to achieve the valley filling, smooth the system output and demand,
and provide a guarantee for the stability of the power system
(Nosratabadi et al., 2017; Saleh Sadeghi et al., 2022; Chen et al.,
2023). In addition to providing security for the operation of the
power system to obtain compensation revenue, VPPs can also
participate in the power market at all levels as a flexible resource
for capacity, power, and ancillary services to obtain economic
benefits through market transactions (Dai et al., 2022). Energy
storage can make up for the inherent defects of new energy in
terms of random volatility and fundamentally solve the problem of a
high percentage of new energy consumption. The charging and
discharging characteristics of energy storage can smooth out the
system power fluctuations, improve the new energy consumption
capacity, reduce the frequency of power fluctuation impact of a
microgrid on its access system, and realize the friendly grid
connection of microgrid (Li et al., 2021). Hydrogen storage
enables the smooth operation of power systems through the
conversion of hydrogen energy to electrical energy. When
electricity is sufficient, the technology of hydrogen production by
electrolysis of water is used to make full use of electricity by storing
hydrogen; when electricity output is insufficient, the stored
hydrogen energy can be used by hydrogen fuel cells or hydrogen
combustion turbines to re-generate electricity and return to the
system. As a clean and efficient energy source, hydrogen energy
storage can play an important role in VPPs (Furat et al., 2022; Qiu
et al., 2022).

1.2 Literature review

The research on energy storage in VPPs mainly includes market
participation strategy, capacity allocation, optimal scheduling, and
benefit allocation. This study focuses on the research from the
perspective of market strategy for VPP.

Many scholars have researched the strategy of VPPs
participating in the power market. VPPs as flexible resource-rich
subjects can play an important role in the electricity market
(Shafiekhani et al., 2019). In addition, with the development of
integrated energy systems, multi-energy complementarity has
gradually become a trend for resource optimization within VPPs,
which can also participate in multi-energy markets as independent
subjects (Naughton et al., 2020; Ju et al., 2022). The current research
on the participation of VPPs in the electricity market mainly
includes the design of market mechanisms (Ahmad, 2022;
Morteza et al., 2022) and the study of trading strategies (Tang
and Yang, 2019; Dai et al., 2022; Zheng et al., 2022). For example,
Rahimi Mahdi et al. constructed a VPP with wind turbines, PV,
conventional generators, energy storage systems, and controllable
loads and proposed a strategy for VPP participation in day-ahead
and real-time electricity markets considering demand response
(Mahdi et al., 2022). Bo Li et al. proposed a market participation
strategy and compared the benefits of VPPs with and without energy
storage to participate in electricity energy markets and ancillary
services markets (Li and Ghiasi, 2021). Alahyari, Arman, et al.
constructed a VPP consisting of wind power, energy storage, and

flexible load, and proposed an optimization strategy considering the
stochasticity of renewable energy output and the uncertainty of
electricity market price uncertainty (Alahyari et al., 2020). Henao,
MM et al. proposed a bidding strategy for VPP participation in the
market while determining the optimal size of the energy storage
system (Henao Michelle and Oviedo Jairo José, 2022). Appino,
Riccardo R et al. considered the uncertainty of renewable energy
output and the volatility of energy prices to optimize the strategy of
VPPs with hydrogen energy storage participating in the real-time
electricity market (Han et al., 2021). The above studies take VPP
bidding as the research object and put forward a two-tier strategy of
internal resource optimization and energy management considering
uncertainty. Specifically, these studies only consider VPPS ‘strategies
for participating in the electricity market, ignoring the multiple
energy attributes of VPPS.

Some scholars have also considered how a multi-energy coupled
VPP can participate in a multi-energy market. For example, Zhang,
Tao et al. introduced a VPP consisting of a natural gas network,
power-to-gas equipment, flexible loads, and energy storage, and
studied an optimization model considering dual energy markets by
developing different scenarios (Zhang and Hu, 2022). Ju Liwei et al.
constructed a VPP including cogeneration units, wind turbines,
power and thermal storage systems, and controllable loads, and
considered the impact of different energy market price fluctuations
on the profit risk of VPP (Ju et al., 2022). Liu Xiaoou constructed a
VPP operation model including wind turbines, electric vehicles, gas
turbines, and controllable loads, and constructed an optimal carbon-
electricity integration bidding strategy for VPPs by further analyzing
the carbon-electricity integration market characteristics (Liu, 2022).

Although many studies have considered the strategy of VPP
participation in multi-energy markets, the role of electric energy
storage in a single electricity market is still only considered for
energy storage resources in VPP (mainly electric energy storage
resources, excluding thermal and gas storage devices). Unlike
electrochemical energy storage, hydrogen energy storage can
participate not only in the electric market but also in the
hydrogen market. However, few studies have been conducted to
evaluate the participation of hydrogen energy storage systems in
VPPs. Unlike other energy storage systems, HSSs can not only fully
consume the abandoned wind, light, and water resources as energy
storage to ensure power supply, but also serve as a source of
hydrogen feedstock to enhance the added value within the
system and improve the ability of VPPs to participate in external
markets (Zheng et al., 2020; Liu, 2022).

1.3 Contribution and research structure

Most of the above studies have considered how VPPs without
hydrogen energy storage participate in the power market or multi-
energy market, and few studies have explored the role of hydrogen
energy storage systems in VPPs and how VPPs with hydrogen
energy storage participate in the multi-energy market. In this study,
the resource complementary characteristics of renewable energy,
flexible load, pumped storage, and hydrogen storage are considered,
a two-layer optimization model is constructed, and an external
multi-energy market bidding and internal resource optimization
strategy are proposed. The structure of the VPP is shown in Figure 1.

Frontiers in Energy Research frontiersin.org02

Zhang et al. 10.3389/fenrg.2023.1260251

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1260251


The VPP consists of renewable energy generating units, pumped
storage plants, flexible loads, and HSSs. The VPP operator collects
market information and gives operating instructions to the VPP.
The VPP optimizes its internal resources through the instructions
given by the VPP operator.

Traditionally, the VPP participates in the power market mainly
through peak-hour sales on the power side, peak-to-valley arbitrage
on the energy storage side, and demand response on the load side to
provide ancillary services.

In this study, the VPP participates in the day-ahead energy
market and the peaking auxiliary service market and participates in
the day-ahead power market as a price receiver. After obtaining the
market information (purchase and sale prices, peak and valley hours,
etc.) of the energy market and the peaking market (peak hours and
peak compensation prices for peak filling and peak shaving) released
by the power dispatching agency, the VPP coordinates its internal
resources according to the bidding strategy. After coordinating
internal bidding resources according to the bidding strategy, the
company further adjusts the bidding plan in the energy market and
the peaking market through optimization and reports the
information on the electricity bidding in the energy market and
the peaking market to the power dispatching agency. Both HSSs and
pumped storage plants can participate in the peaking auxiliary
service market, but for HSSs, the total amount of resources for
their participation in either the electric auxiliary service market or
the hydrogen market is fixed, so decisions need to be made based on
prices.

The possible innovations and contributions of this study are as
follows.

(1) The application of hydrogen energy storage systems in VPPs is
explored.

(2) The participation of VPPs in external markets and the
optimization of internal resources are both considered.

(3) The role of a combined clean energy storage strategy for
participation in multiple markets is considered for VPP.

(4) The impact of energy market price changes on the market
participation strategy of VPPs is evaluated.

The rest of this paper is structured as follows: Section 2
constructs a two-layer model of VPP participation in the
electricity-hydrogen market. Case studies are performed and
analyzed in Section 3. Section 4 highlights the conclusions.

2 A model for VPP participation in
multiple markets

2.1 Bidding strategy for the upper layer of
the VPP

2.1.1 Objective function
The goal for the VPP operator is to maximize total system

revenue, which includes revenue from the sale of electricity in the
energy market, revenue from the provision of ancillary services, and
revenue from the sale of hydrogen in the hydrogen market.

IVPP � ∑24
t�1
Pa
t × Qa

t + Pe
t × Qe

t + Ph
t × Qh

t (1)

Where Pa
t and Pe

t are the time-of-day price information obtained by
the VPP operator in the ancillary services market and the electricity
market, respectively. Ph

t is the market price of hydrogen, which is a
fixed price. Qa

t , Q
e
t and Qh

t are the quoted quantities of the VPP

FIGURE 1
Schematic diagram of VPP structure.
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operator for the ancillary services market, the electricity market, and
the hydrogen market, respectively.

Among them, regulating peak auxiliary services are further
divided into peak-shaving auxiliary services and valley-filling
auxiliary services, and the service prices of peak-shaving auxiliary
services and valley-filling auxiliary services are different, therefore,
the revenue that VPP operators can obtain by providing auxiliary
services can be refined into the following model.

Pa
t × Qa

t � pvf,t × qvfb,t + ppf,t × qpfb,t (2)
pvf,t and ppf,t are the valley-filling price and peak-shaving price
respectively, qvfb,t is the valley-filling capacity of the VPP operator,
and qpfb,t is the peak-shaving capacity of the VPP operator.

qvfb,t � qp,vf,t + qfl,vf,t (3)
qpfb,t � qp,pf,t + qfl,pf,t (4)

qp,vf,t and qfl,vf,t are the charging power of the pumped storage
plant and HSS involved in valley filling and the load increase of the
flexible load involved in valley filling, respectively; qp,pf,t and qfl,pf,t
are the discharging power of the pumped storage plant and HSS
involved in peak shaving and the load reduction of the flexible load
involved in valley filling, respectively.

2.1.2 Constraints
VPPO’s bids in the energy and ancillary services markets affect

each other, and the limited and fixed flexibility resources available to
VPPs require VPP operators to choose the allocation of resources
between the energy and ancillary services markets.

FVPP,t � Qa
t + Qe

t (5)
where FVPP,t denotes the system flexibility of the VPP at moment t,
provided by the lower layer.

2.2 Optimization model for the lower layer
of the VPP

2.2.1 Objective function
For the lower-layer model of the VPP, the objective is to

minimize the total system operating cost. Its system operating
costs CVPP include the penalty cost of wind and light
abandonment CP

a,t, the penalty cost of load loss CP
l,t, the cost of

power purchase CE
p,t, the cost of equipment start-up and shutdown

Cs−s
d,t , and the cost of equipment operation CO

d,t.

CVPP � ∑24
t�1
CP

a,t + CP
ll,t + CE

p,t + Cs−s
d,t + CO

d,t (6)

CP
a,t � p̂P

a,t × PP
a,t (7)

CP
ll,t � p̂P

ll,t × PP
ll,t (8)

CE
p,t � p̂b,t × Pb,t (9)

p̂P
a,t, p̂

P
ll,t and p̂b,t are the abandonment penalty tariff, the loss of load

penalty tariff, and the purchase tariff, respectively, and PP
a,t, P

P
ll,t and

Pb,t are the abandoned power, the lost power, and the purchasing
power, respectively.

Cs−s
d,t � cstartd,t αd,t 1 − αd,t−1( ) + cstopd,t αd,t−1 1 − αd,t( ) (10)

cstartd,t and cstopd,t are the positive and negative standby cost coefficients
of the system equipment, and αd,t is the start-stop status of the
equipment in the period of t. A factor of 0 indicates a shutdown
status, and a factor of 1 indicates a start-up status.

CO
d,t � p̂O

d,t × PO
d,t (11)

p̂O
d,t indicates the unit operating cost of the equipment and PO

d,t

indicates the output of the equipment.

2.2.2 Constraints
2.2.2.1 Power balance constraint

Pw,t + Ppv,t + Pg
p,t + Pf,t + Pb,t + PP

ll,t � Pl,t + Pe,t + Pc
p,t + Ps,t + PP

a,t

(12)
Among them, Pw,t, Ppv,t, P

g
p,t, Pf,t and Pb,t indicate wind

power, photovoltaic power, pumped storage power, fuel cell
power, and purchasing power, respectively. Pl,t, Pe,t, Pc

p,t, Ps,t

and PP
a,t indicate the adjusted flexible load, electrolyzer power,

pumped storage power, sold power, and abandoned power,
respectively.

2.2.2.2 Standby capacity constraint
To realize the full consumption of wind power and PV, VPP

keeps the corresponding positive and negative standby to cope with
the deviation of wind power and PV output through a pumped
storage power station and flexible load.

Rp,down,t + Rfl,down,t ≥ΔPw+,t + ΔPpv+,t (13)
Rp,up,t + Rfl,up,t ≥ΔPw−,t + ΔPpv−,t (14)

Where ΔPw+,t and ΔPpv+,t are the positive deviations of wind power
and PV output. ΔPw−,t and ΔPpv−,t are the negative deviations
between wind power and PV output. Rp,up,t and Rp,down,t are the
positive and negative standby of pumped storage plants, Rfl,up,t and
Rfl,down,t are the positive and negative standby of flexible loads.

2.2.2.3 Equipment output constraints
The wind power output constraints are as follows.

Pw,t �
0 0≤ vt ≤ vin, vt ≥ vout
vt − vin
vra − vin

pra
w vin < vt ≤ vra

pra
w vra < vt ≤ vout

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(15)

pra
w is the rated output power of wind power, vin, vra, vout and vt, are

the access wind speed, rated wind speed and cut-off wind speed and
actual wind speed of the system, respectively.

The photovoltaic output constraint is as follows.

Ppv,t � I × Pra
pv × λ (16)

I is the amount of solar radiation per unit area, Pra
pv is the rated

installed capacity of PV, and λ is the overall system efficiency,
generally taken as 0.8.

The power output constraint of the pumped storage power plant
is as follows.

Pgmin
p,t ≤Pg

p,t ≤Pgmax
p,t (17)
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Pgmin
p,t and Pgmax

p,t are the minimum and maximum technical output
of the pumped storage plant under power generation conditions,
respectively.

Pc
p,t � ηp,tP

ra
p,t (18)

ηp,t is the operating state variable of the pumped storage plant at t
time of pumping conditions, and Pra

p,t is the rated pumping power of
the pumped storage plant.

Pg
p,t × Pc

p,t � 0 (19)

Among them, pumped storage power plants are not pumped
storage and discharge at the same time.

The hydrogen energy storage system output constraints are as
follows.

Hm,t � αηp−hPe,t (20)
Pf,t � βηh−pHc,t (21)

Hm,t is the amount of hydrogen produced, α is the coefficient of
hydrogen conversion, and ηp−h is the efficiency of hydrogen
conversion. β is the coefficient of hydrogen to electricity, ηh−p is
the efficiency of hydrogen to electricity, and Hc,t is the amount of
hydrogen consumed.

Hsell,t � Hm,t −Hs,t (22)
Hsell,t is the amount of hydrogen sold per hour, and Hs,t is the
amount of hydrogen stored in real-time.

The cumulative hydrogen storage capacity of the hydrogen
storage facility satisfies the following constraints.

Hs,t � Hm,t −Hsell,t t � 1
Hs,t−1 +Hm,t −Hsell,t −Hc,t t≥ 2

{ (23)

0≤Pe,t ≤Pe,t
max (24)

0≤Pf,t ≤Pf,t
max (25)

0≤Hs,t ≤Hs,t
max (26)

Pe,t
max, Pf,t

max and Hs,t
max are the rated power of the electrolyzer, the

maximum discharge power of the fuel cell, and the maximum
hydrogen storage capacity of the hydrogen storage tank,
respectively.

Pe,t × Pf,t � 0 (27)

The electrolysis tank and the fuel cell do not work
simultaneously.

2.2.2.4 Equipment start/stop constraint
For pumped storage plants and HSSs, frequent start-ups and

shutdowns not only increase the cost but also affect the normal use
of the equipment and increase the wear and tear of the equipment.
Therefore, the number of starts and stops of energy storage systems
in a typical operating day needs to be kept within a reasonable
range.

0≤ ns−s ≤ ns−smax (28)
ns−s indicates the number of equipment starts and stops, and ns−smax

indicates the maximum number of equipment starts and stops in a
typical day.

2.2.2.5 Peak shaving constraints
For flexible loads, the following peaking constraints are satisfied.

−ΔPl,t
max ≤ΔPl,t ≤ΔPl,t

max (29)
ΔPl,t is the adjustable amount of flexible load, ΔPl,t

max is the
maximum adjustable amount of flexible load. The flexible load
needs to participate in the peaking market according to the
period of the peaking auxiliary service market for load
adjustment, and the amount of peaking at other time is 0.

0≤ΔPl,vf,t ≤ uvfΔPl,t
max (30)

0≤ΔPl,pf,t ≤ upfΔPl,t
max (31)

ΔPl,vf,t and ΔPl,pf,t are the flexible load filling and peak shaving
power respectively, and uvf and upf are the filling and peak shaving
flags respectively, which are 0–1 variables and are not 1 at the
same time.

2.2.2.6 Loss of load constraint

0≤PP
ll,t ≤ �Pl,t (32)

�Pl,t indicates the predicted value of the flexibility load at t time.

2.3 Method

In this study, a combination of particle swarm optimization
(PSO) algorithm and Cplex solver is used to solve the problem as
shown in Figure 2, which is implemented in the MATLAB 2019a

FIGURE 2
Method flow chart.
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platform. The particle swarm algorithm has been widely used as one
of the heuristic algorithms for solving optimization problems.
Compared with other heuristics such as genetic algorithm (GA)
and ant colony optimization (ACO), the PSO algorithm enhances
global and local exploration capabilities through a flexible and
balanced mechanism. The specific process is as follows.

(1) Initialize the particles, given the initialized velocity and position
for each particle in the upper model for the decision variables of
the electric energy market bid volume, the auxiliary service
market bid volume, and the hydrogen market bid volume.

(2) The lower layer Cplex solver optimizes the internal resources of
the VPP according to the lower layer objective function to
obtain the optimal power purchase and sale strategy and
updates the number of flexibility resources within the VPP to
feedback to the upper layer.

(3) The upper-layer particle swarm algorithm updates the bid
quantity based on the flexibility resource quantity fed back
from the lower layer and calculates the total revenue to evaluate
the change in total revenue.

(4) If the model has reached the termination condition, the
optimization search process ends and the algorithm
terminates; otherwise, the velocity and position of the
particles are updated and return to step (2).

3 Case study

3.1 Parameters and scenario design

Since it is difficult for VPPs to influence market prices in both
the electricity and hydrogen markets, this paper sets VPPs as
recipients of market prices and makes decisions on quoted
quantities based on price information. In this paper, the VPP
operator rationalizes the allocation of flexibility resources within
the VPP by aggregating them according to the demand of the power
dispatching agency and the price information obtained from the
power market and the hydrogen market to achieve the maximum
total system revenue. Renewable energy generation, flexible loads,
pumped storage plants, and HSSs can all participate in the peaking

demand of the power market, and HSSs can also participate in the
hydrogen market. The peaking periods and the prices of power
purchase and sale and auxiliary services are shown in Figure 2. VPPs
can participate in the electricity energy market in all 24 time periods.

The price of the electricity market is shown in Figure 3.
According to the output characteristics of wind power and PV
and load demand characteristics, four typical days in spring,
summer, autumn, and winter are selected in this study, as shown
in Figure 4.

In this paper, the maximum adjustment of the flexible load is set
to 20% of the load in that period. The access condition of the
auxiliary service market is that the single-day bidding power is not
less than 5,000 kW. During the peak-shaving period, the maximum
power purchase of the VPP is 250 kWh. The other parameters of this
paper are set as shown in Table 1.

Based on the participation of subjects within the VPP and the
combination strategy of clean energy storage, four typical scenarios
are constructed in this study, as shown in Table 2 below.

3.2 Results

3.2.1 Method validity verification
In order to quantitatively analyze the effectiveness and

applicability of the PSO algorithm to solve the model built in
this paper, the GA and ACO algorithms are selected as a
comparison, and their running time, iteration times, and result
efficiency are compared. Since there are many scenarios involved in
this paper, Case 4 (spring) is taken to verify the effectiveness of the
proposed solution algorithm as shown in Figure 5.

3.2.2 Analysis of VPP bid results
3.2.2.1 Electric energy market bidding results

Figure 6 shows the bidding results of the electric energy market.
The bidding results of scenario 1 and scenario 2 in the electricity
energy market in different seasons are consistent. There are two
reasons for this: First, pumped storage does not directly participate
in the upper grid electric energy market, but provides ancillary
services by prioritizing the optimization of resources within the
VPP and reducing the flexible load, because the price of purchasing

FIGURE 3
Price parameters.

Frontiers in Energy Research frontiersin.org06

Zhang et al. 10.3389/fenrg.2023.1260251

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1260251


power is higher than the price of sold power. Reducing power
purchases is the strategy that achieves the greatest total net
benefits. Second, in both Scenario 1 and Scenario 2 renewable
energy generation provides electric energy services during normal
and peak periods. For pumped storage, the price difference
between peak and flat hours does not make it profitable, so
renewable energy generation participates in the electricity
energy market during normal hours. The bidding results for
Scenario 3 and Scenario 4 are the same and lower than
Scenario 1 and Scenario 2 in different seasons. After
aggregating hydrogen storage, the total revenue obtained from
hydrogen production through wind power and PV in the ordinary
period is higher than the revenue from electricity sales by
participating in the electricity energy market. Therefore, for
scenarios 3 and 4, renewable energy generation in the normal
period does not participate in the electricity market.

3.2.2.2 Ancillary services market bidding results
The bidding results of typical days in different seasons under

different scenarios are shown in Figure 7. It can be seen that in
scenario 1, with only renewable energy generation and flexible load
participating in the ancillary services, the benchmark conditions for
the ancillary services market can barely be met only in summer. In
the other three seasons, VPP cannot participate in the ancillary
services market, but only in the electric energy market and the
hydrogen market. In the case of aggregated single hydrogen storage
(scenario 3), VPP can participate in the ancillary services market
only in summer and autumn and barely meets the benchmark
conditions in autumn. In spring, it comes close to meeting the
auxiliary service benchmark conditions. In contrast, for scenarios
2 and 4, VPP can participate in the ancillary services market in all
four seasons, mainly because of the larger capacity of the aggregated
pumped storage plant compared to just the aggregated HSS. The

FIGURE 4
Typical daily output and load.
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regulation capacity is stronger when both pumped storage power
plants and hydrogen storage participate in the auxiliary service
market.

Figure 8 shows the auxiliary service market bidding by specific
periods. The positive value indicates participation in peak-shaving
auxiliary services, and the negative value indicates participation in
valley-filling auxiliary services. In Scenario 1, since the energy storage

system is not aggregated, the valley filling capacity is only realized
through flexible load demand response, so the auxiliary service
capacity is low. The peak-shaving auxiliary service is mainly
satisfied by wind power and photovoltaic power output. Since VPP
in Scenario 1 only reaches the peak-shaving benchmark in summer, it
can only participate in the auxiliary service bidding in summer. Unlike
Scenario 1, VPP can participate in auxiliary services in all seasons in
Scenario 2. In addition, it can be seen that both the valley filling

TABLE 1 Parameter table.

Type Parameters Value

Cost parameters Hydrogen plant construction costs 2,010 CNY/k W

Hydrogen production equipment operation and maintenance costs 80.4 CNY/k W

Fuel cell construction costs 4550 CNY/kw

Fuel cell operation and maintenance costs 182 CNY/kw

Hydrogen storage equipment costs 65 CNY/kg

Equipment operating parameters P-H efficiency 65%

P-H-P efficiency 44%

Price Hydrogen price 4.5 CNY/Nm3

Equipment capacity parameters Pumped storage plant capacity 300 kW

Electrolytic water hydrogen production plant capacity 100 kW

Hydrogen storage plant capacity 250 m3

Fuel cell capacity 45 kW

TABLE 2 Scenarios design.

Wind and PV Flexible load Pumped storage HSSs

Scenario 1 ✓ ✓

Scenario 2 ✓ ✓ ✓

Scenario 3 ✓ ✓ ✓

Scenario 4 ✓ ✓ ✓ ✓

FIGURE 5
Comparison results of different algorithms.

FIGURE 6
Electric energy market bidding results.
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capacity and peak shaving capacity of Scenario 2 are better than that of
Scenario 1. This is because by aggregating pumped storage plants in
Scenario 2, VPP can provide valley filling service through pumped
storage to purchase electricity from the distribution network in the
valley filling auxiliary service phase and reduce the demand for the
flexible load to the upper grid through pumped storage in the peak
shaving auxiliary service phase. In addition, pumped storage can
achieve peak-to-valley arbitrage through peak-to-valley price
difference. Compared to Scenario 2, the auxiliary service capability
of the VPP alone aggregated HSS in Scenario 3 is inferior. This is
because the capacity of the pumped storage plant and the HSS
aggregated by the VPP are different, and the capacity of the HSS
is only one-third of the pumped storage. However, it can be seen that
compared to Scenario 1, after aggregating the HSS, the VPP can
participate in the auxiliary service market in both summer and
autumn, and its peak-shaving and valley-filling capacity is slightly
improved. In scenario 4 where VPP aggregates HSS and pumped
storage power plant at the same time, the auxiliary service capacity is
significantly increased.

FIGURE 7
Ancillary services market bidding results.

FIGURE 8
Ancillary services market bidding results by period.

FIGURE 9
Hydrogen market bidding results.
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3.2.2.3 Hydrogen market bidding results
The results of the hydrogen market bidding are shown in

Figure 9. It can be seen that VPP does not participate in the
hydrogen market bidding in scenario 3 in both summer and fall,
which is because the VPP reaches the threshold for bidding in the
ancillary services market after aggregating hydrogen storage
resources. Since the overall benefits of energy storage
participation in the electricity energy market and ancillary
services market are higher than those in the hydrogen market, all
of the hydrogen storage in this scenario is used to participate in the
electricity market by aggregating resources within the VPP. Unlike
summer and fall, it is difficult for VPPs with only aggregated HSSs in
spring and winter to meet the entry threshold for the ancillary
services market. When it is impossible to participate in the auxiliary
service market, the benefit of just participating in the electric energy
market is lower than the benefit of participating in the hydrogen
market, so all the hydrogen is used to participate in the hydrogen
market.

Compared to scenario 3, in scenario 4 when VPP aggregates
both pumped storage and HSSs, the threshold for ancillary services
can be reached in all four seasons. The pumped storage system is
prioritized to meet the electricity demand, and the HSS can be used
to trade in the hydrogen market after meeting the output of the
auxiliary service threshold. Therefore the hydrogen market bidding
volume for Scenario 4 is higher than that of Scenario 3.

3.2.3 VPP internal resource optimization results
3.2.3.1 Scenario 1

Figure 10 shows the demand response of the flexible load. The
higher demand response during peak hours in summer and winter is
attributed to the maximum purchasable power designed in this

paper. If the flexible load is still larger than the maximum
purchasable power after the demand response, the loss of load
phenomenon will occur and the energy storage output is needed
to compensate.

3.2.3.2 Scenario 2
Figure 11 shows the charging and discharging of the pumped

storage power plant on a typical day. The pumped storage power
plant gives priority to consuming abandoned electricity from
renewable energy sources, and if the capacity limit of the
pumped storage power plant has not yet been reached, it can buy
electricity in the distribution network to achieve peak-valley
arbitrage. It can be seen that pumped storage power plants store
energy in the valley hours and discharge it in the peak hours. Since
pumped storage power plants operate consistently in all seasons, the
summer season is used as an example.

3.2.3.3 Scenario 3
As shown in Figure 12, the operation of the HSS is consistent in

spring and winter, and summer and fall. In spring and winter, since
the VPP cannot participate in the ancillary services market, the fuel
cells of the HSS do not work and all the hydrogen produced is used
for storage and traded in the hydrogen market on the second day. In
summer and fall, VPP can participate in the ancillary services
market, and the hydrogen produced by the HSS is first used by
the fuel cell, and the excess hydrogen is sold in the market.

According to Figure 13, it can be seen that the HSS does not
generate electricity in spring and winter. In the summer and autumn
peak hours, electricity is generated in the valley, and during flat
hours electricity is consumed to produce hydrogen. In addition, the
HSS purchases electricity to produce hydrogen during the flat hours

FIGURE 10
Demand response results for flexible loads.
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in both autumn and winter because the maximum capacity limit of
the hydrogen production unit has not yet been reached after
consuming the abandoned electricity.

3.2.3.4 Scenario 4
According to Figure 14, during the valley hours, the abandoned

electricity from renewable energy sources is used for hydrogen
production in priority, and the excess abandoned electricity is
used for pumped storage power plants. Due to the capacity of
the pumped storage plant, it gives priority to consuming the
abandoned power, and the part that has not yet reached the

capacity limit can be satisfied by purchasing power in the grid.
The renewable energy output in flat hours is used for the HSS and
pumped storage power station because the sum of the reduced
power purchase cost and auxiliary service revenue is higher than the
revenue from power sales in the electricity energy market. During
peak hours, the VPP prioritizes the consumption of pumped storage
energy, and when the pumped storage energy does not meet the
demand, the fuel cell starts to make up for the shortfall. This is
because pumped storage power plants can only gain revenue
through the electricity market, while HSSs can gain revenue from
both auxiliary services and the hydrogen market. The revenue of

FIGURE 11
Charging and discharging of the pumped storage power station.

FIGURE 12
Hydrogen production, storage, and utilization.

Frontiers in Energy Research frontiersin.org11

Zhang et al. 10.3389/fenrg.2023.1260251

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1260251


HSS participating in the electric energy market and auxiliary service
market is lower than its participation in the hydrogen market, but
the sum of the reduction of the power purchase cost and the increase
of auxiliary service revenue due to the generation of HSS in peak
hours is higher than the revenue in the hydrogen market, so the HSS
chooses to participate in the hydrogen market based on meeting the
load demand in peak hours.

As shown in Figure 15, the situation tends to be consistent in
spring and autumn, with hydrogen consumption for fuel cell
generation in the second peak hour, due to the priority use of
pumped storage generation and fuel cell start-up to make up for
the shortfall when pumped storage cannot meet the load demand.
It can be seen that in summer, the fuel cell does not work because
the pumped storage power plant output is sufficient to match the
flexible load during peak hours. In winter, the fuel cell starts
working in the first peak hour because the pumped storage
power plant output is difficult to meet the load demand.
Compared to the other three seasons, the amount of hydrogen
stored in winter is close to zero at the end of a typical day. This is
due to the high load demand in winter when hydrogen production
is almost entirely used for fuel cells and no excess hydrogen is
traded in the hydrogen market.

3.3 Discussion

3.3.1 Benefits analysis
3.3.1.1 Economic benefits

Table 3 shows the total revenue of the VPP for a typical day in
spring. 1) In terms of revenue in the electricity market, scenario
3 has the lowest revenue because both scenario 1 and scenario 3 do
not reach the peaking benchmark of the ancillary services market
and cannot participate in the ancillary services market but only in
the electricity energy market. For scenario 3, the revenue of
renewable energy generation for hydrogen production in flat
hours is higher than the revenue from participating in the
electricity energy market, so the revenue of the electricity energy
market for scenario 3 is lower than that of scenario 1. 2) The
hydrogen revenue of scenario 3 is greater than that of scenario 4. In
scenario 3, VPP has not reached the threshold of the electricity
auxiliary service market, and the hydrogen revenue from HSS is
greater than the revenue from electricity sales of fuel cells based on
meeting the load demand. As for scenario 4, because VPP has
reached the auxiliary service benchmark condition, the revenue
from auxiliary service is greater than the revenue from hydrogen

FIGURE 13
Charging and discharging of hydrogen energy storage system. FIGURE 14

Charging and discharging of combined energy storage.
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sales, so the excess hydrogen fromHSS is only used for trading in the
hydrogen market on the premise of maximizing the demand for
auxiliary service that can be participated. 3) The power purchase cost
of scenario 3 is higher than that of scenario 2 because the capacity of
HSS is lower than that of pumped storage. 4) Compared to Scenario
2 and Scenario 4, Scenario 3 still has the abandonment penalty due
to the capacity of the HSS. 5) After aggregating the energy storage
system, there is no load loss in the VPP. The revenue for a typical
winter day is shown in Table 4 and is similar to that of spring.

According to Tables 5, 6, the situation is similar in summer and
autumn. 1) In the summer of Scenario 1, VPP can participate in the

auxiliary service market so its revenue in the electricity market is
higher than that in the autumn; 2) Compared with the spring, in the
summer and autumn of Scenario 3, VPP can participate in the
auxiliary service market so its revenue is higher than that in Scenario
1, but its revenue is lower than that in Scenario 2 due to the capacity
of the HSS; 3) There is no revenue in the hydrogen market in both
the summer and fall, which is because the sum of the power purchase
cost to compensate for the reduction of flexible load demand and the
revenue from ancillary services is higher than the income in the
hydrogen market, so all the hydrogen is used for fuel cells.

3.3.1.2 Resource benefits
Restricted by the electricity market, wind power, and PV can

only provide auxiliary services during peak-shaving service hours.
During valley hours and flat hours, there will be power
abandonment because the superior grid has a strong supply
capacity itself and does not need additional power output.
According to Figure 16, there is no power abandonment in
Scenario 2 and Scenario 4, because compared with Scenario 1,
VPP aggregates energy storage resources and can fully utilize the
resources of wind and PV. In scenario 3, the VPP still has the
abandonment phenomenon, which is limited by the capacity of the
aggregated hydrogen storage, but the abandonment phenomenon is
significantly alleviated compared to scenario 1.

3.3.1.3 Reliability benefits
As shown in Figure 17, the VPP will have a loss of load only in

Scenario 1. Due to the limitation of the power available to be
purchased from the grid, there will be load loss during peak
hours because the VPP load demand is higher than the power
available to be purchased. In other scenarios, there is no load loss
because the VPP aggregates energy storage resources and can cover
its power shortfall.

3.3.2 Sensitivity analysis
Figure 18 shows the sensitivity analysis of the changes in

electricity and hydrogen prices. The market participation
strategy of the VPP changes as a result of price changes in the
electricity and ancillary services markets and the hydrogen
market. In Scenario 1 and Scenario 2, a single change in
electricity market price causes a linear change in total revenue
because no hydrogen market is involved. In scenarios 3 and 4,
total revenue does not show a linear change due to changes in the
electricity market price as well as the hydrogen market price. The
VPP chooses the optimal strategy that maximizes the total
revenue due to the changes in hydrogen and electricity prices,
which implies a change in the proportion of hydrogen resources

FIGURE 15
Hydrogen production, storage, and utilization.

TABLE 3 Total bidding revenue for a typical spring day/CNY.

Electricity market
revenue

Hydrogen market
revenue

Power purchase
cost

Abandonment
penalty

Loss of load
penalty

Scenario 1 2,291.00 - 4,203.36 227.57 90.85

Scenario 2 5,017.65 - 2,303.97 0 0

Scenario 3 2028.35 834.20 3,467.58 67.62 0

Scenario 4 5,479.00 657.75 2082.45 0 0
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participating in the electricity and hydrogen markets based on
the existing prices. In addition, as the prices in the electricity and
hydrogen markets increase simultaneously, the total revenue
does not always increase, but peaks at a certain price. This is
because the amount of hydrogen resources allocated in the
electricity market and the hydrogen market does not change

when the electricity price and the hydrogen price increase in the
same proportion. But when the price changes in the electricity
market and the hydrogen market in different proportions,
hydrogen resources do not necessarily prioritize the demand
for ancillary services, but rather tilt more resources to the
higher-priced hydrogen market.

TABLE 4 Total bidding revenue for a typical winter day/CNY.

Electricity market
revenue

Hydrogen market
revenue

Power purchase
cost

Abandonment
penalty

Loss of load
penalty

Scenario 1 2,113.84 - 6,204.31 160.85 480.68

Scenario 2 4,765.59 - 2,716.25 0 0

Scenario 3 1861.18 194.54 3,743.61 20.63 0

Scenario 4 5,275.20 39.84 2,436.50 0 0

TABLE 5 Total bidding revenue for a typical summer day/CNY.

Electricity market
revenue

Hydrogen market
revenue

Power purchase
cost

Abandonment
penalty

Loss of load
penalty

Scenario 1 3,455.54 - 6,129.52 236.29 377.62

Scenario 2 5,489.15 - 2,413.66 0 0

Scenario 3 4,210.09 0 3,642.17 75.40 0

Scenario 4 5,996.65 953.97 2,181.61 0 0

TABLE 6 Total bidding revenue for a typical autumn day/CNY.

Electricity market
revenue

Hydrogen market
revenue

Power purchase
cost

Abandonment
penalty

Loss of load
penalty

Scenario 1 2,363.97 - 5,345.60 227.57 56.83

Scenario 2 5,081.84 - 4,683.79 0 0

Scenario 3 3,741.48 0 3,467.58 67.62 0

Scenario 4 5,549.17 641.40 2082.44 0 0

FIGURE 16
Abandoned power.

FIGURE 17
Loss of load.
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4 Conclusion

This paper investigates the bidding strategy for a VPP in the
electricity and hydrogen markets and constructs a two-layer model
that considers the bidding strategy and internal resource operation
optimization strategy based on the complementary characteristics of
renewable power, flexible load, pumped storage, and hydrogen
storage resources. The internal resources are optimally dispatched
and the optimized flexibility capability is fed back to the VPP
operator to adjust the bidding strategy until the optimal bidding
strategy is achieved, taking into account the objectives of
maximizing the total revenue of the VPP to participate in the
external market and minimizing the internal abandonment
penalty and load loss penalty. In this paper, the particle swarm
algorithm combined with the Cplex solver is used for solving the
problem, and the results show that.

(1) The inside-outside two-layer optimization model constructed in
this paper can guarantee that the VPP makes optimal bidding
decisions based on information from the external power and
hydrogen markets and optimally adjusts internal resources
based on the bidding situation to achieve the goal of
maximizing total net benefits.

(2) In the current market environment, pumped storage power
plants can achieve peak-to-valley arbitrage by interacting
with the grid. However, for HSSs, it is uneconomical to
compensate for peak hour load demand by purchasing
power in the valley hours. However, in the case of the
hydrogen market, HSS can earn hydrogen sales by
purchasing power from the grid to produce hydrogen in
the valley and the flat hours.

(3) In the absence of a benchmark threshold for ancillary
services, the benefits of HSSs to reduce the cost of power
purchase by reducing the demand for flexible loads are
smaller than the benefits of participating in the hydrogen
market but larger than the benefits of participating in the
electricity market. However, due to the threshold of
auxiliary services, HSS will sacrifice part of the benefits
of direct participation in the hydrogen market and give
priority to participating in the electricity auxiliary services
market.

(4) For a VPP with multiple complementary energy storage, it is
more profitable to fully consider the electricity-hydrogen
market and the multi-functional properties of hydrogen
storage than to merely equate the HSS with other energy
storage as a backup power source. (Emmanouil et al., 2022).

FIGURE 18
Sensitivity analysis of the prices.
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