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To address the issue of imbalanced electricity and hydrogen supply and demand in
the flexible multi-energy port area system, a multi-regional operational
optimization and energy storage capacity allocation strategy considering the
working status of flexible multi-status switches is proposed. Firstly, based on
the characteristics of the port area system, models for system operating costs,
generation equipment, energy storage devices, flexible multi-status switches, and
others are established. Secondly, the system is subjected to a first-stage
optimization, where different regions are optimized individually. The working
periods of flexible multi-status switches are determined based on the results of
this first-stage optimization, targeting the minimization of the overall daily
operating costs while ensuring 100% integration of renewable energy in
periods with electricity supply-demand imbalances. Subsequently, additional
constraints are imposed based on the results of the first-stage optimization to
optimize the entire system, obtaining power allocation during system operation as
well as power and capacity requirements for energy storage devices and flexible
multi-status switches. Finally, the proposed approach is validated through
simulation examples, demonstrating its advantages in terms of economic
efficiency, reduced power and capacity requirements for energy storage
devices, and carbon reduction.
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1 Introduction

As the multi-energy power system rapidly advances, the integration of new energy
modules such as wind power, photovoltaics, and hydrogen increases. This raises demands in
various aspects like economic efficiency, energy utilization, stability, and flexibility of the
power system. The distributed nature and the inherent randomness and uncertainty of
modules like distributed wind and photovoltaic power generation pose risks and challenges
to the operation and control of multi-source integration systems (Chen et al., 2020).
Presently, the application of flexible multi-state switches allows for flexible
interconnection of new energy modules, energy storage modules, and other power
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electronic devices. This, in turn, effectively enhances the
comprehensive performance of the system (Deakin et al., 2022;
Javaid et al., 2022; Huo et al., 2021; Li et al., 2022).

Currently, research on the operational optimization and power
distribution strategies of renewable energy systems with flexible multi-
state switches as a bridge is in its early stages. In reference (Pan et al.,
2019), the focus was on microgrids as the research subject, and an
improved droop control strategy with flexible interconnection devices
was proposed. However, this study primarily addressed the short-term
timescale and did not cover overall power distribution within the
system. In reference (Ma et al., 2023), research centered on the
optimization and control of low-voltage distribution networks with
intelligent soft switches in the context of photovoltaic integration. A
two-stage optimization control framework based on Second-Order
Cone Programming (SOCP) was introduced for multi-regional low-
voltage distribution networks connected by intelligent soft switches.
This approach optimized voltage quality and network loss issues at the
regional level, emphasizing control aspects as well.

While there is limited research in this area, renewable energy port
systems with flexible multi-state switches as a bridge share similarities
with integrated energy smart grids composed of multiple microgrids at
the optimization and scheduling level, offering valuable insights.
References (Xu et al., 2018; Wu et al., 2021) established daily
economic scheduling models for integrated energy multi-microgrids,
aiming to minimize total operating costs, thus achieving the lowest
overall system cost. References (An et al., 2020; Li et al., 2019)
introduced an adaptive chaotic particle swarm optimization method
based on the basic particle swarm algorithm to control intelligent grids
that include equipment like photovoltaics, wind power, and diesel
generators. This approach improved optimization speed and
performance. Reference (Wang et al., 2023) employed Nash
negotiation game theory and considered carbon trading mechanisms
to ensure that under overall system optimization, regional costs remain
below the costs of independent optimization, enhancing system
sustainability. Reference (Geng et al., 2020), also based on Nash
negotiation game theory, focused on the complementarity of
multiple energy sources within integrated energy systems and
considered scenarios for the inclusion of new regions into existing
systems, promoting long-term system development. Reference
(Moniruzzaman et al., 2023) combined game theory with blockchain
technology and applied it to the control of intelligent grid systems,
ensuring fair microgrid transactions and system stability. However, it is
important to note that competition exists between regions in intelligent
grids, and the characteristics of energy routers differ significantly from
those of flexible multi-state switches, making them less suitable for
direct application in renewable energy systems using flexible multi-state
switches as a bridge.

It is evident that existing research on flexible multi-energy
systems largely focuses on improving overall system performance
through energy quality control. However, within the realm of
optimization and scheduling for multi-energy systems, especially
those incorporating hydrogen as one of the energy sources, there is a
dearth of comprehensive studies considering economic, carbon
emission, and energy integration factors. Furthermore, there is a
lack of research that takes into account the operating characteristics
of flexible multi-state switches. This divide between multi-energy
system operation and scheduling research and research on flexible
switches is noticeable.

Therefore, in this paper, we use a novel optimization strategy
(two-phase multi-region optimization) to solve the hydrogen-
energy-electricity balance coordination problem for multi-region
flexible intermodal multi-energy port systems. The core innovation
of the scheme is reflected in the overall optimization of the system of
flexible intermodal interactions between regions based on the
determination of the operating periods of the inter-region
connected devices (flexible multi-state switches) from the results
of the individual region optimization. This scheme takes into
account the operating characteristics of flexible multi-state
switches. In addition, compared with other existing studies. The
novelty of this paper is reflected in the fact that the optimization
model is built with a comprehensive consideration of the economy,
energy consumption rate, and carbon emission.

2 Port area wind-PV-storage-hydrogen
system model

2.1 Introduction to the port area wind-PV-
storage-hydrogen system

The multi-region flexible intermodal multi-energy port system
(For the sake of brevity in the paper, this term will later be shortened
to “port system.”) under investigation in this paper comprises three
regions: 10 kV AC Segment 1, 10 kV AC Segment 2, and the DC
region, interconnected flexibly using a flexible multi-state switch.
This switch plays a vital role in regional power transfer. In practical
operation, the DC region may not always achieve self-balance.
Therefore, this paper treats 10 kV AC Segment 1 and the DC
region as a single region, referred to as Region 1, while 10 kV
AC Segment 2 is denoted as Region 2.

These regions are equipped with various renewable energy
modules such as wind turbines, photovoltaic arrays, and
electrolysis-based hydrogen production facilities. The energy in
the system flows in the form of electricity and hydrogen.
Electricity primarily serves the industrial power demand within
the port area, while hydrogen is mainly used to supply hydrogen-
powered vehicles, cranes, and other hydrogen energy loads. Excess
hydrogen is stored in hydrogen fuel cells to power the system or is
sold to some extent. The system topology is illustrated in Figure 1,
and the energy flow is depicted in Figure 2.

2.2 Wind and solar power output model

Given that real-time measurements and forecast data for the
power generation of renewable energy devices in the port system are
available, it is sufficient to constrain the actual power generation
within the maximum power generation limits of these devices. The
corresponding formula is as follows:

0≤PWTIreal,i t( )≤PWTI,i t( )
0≤PPVIreal,i t( )≤PPVI,i t( ){ (1)

In the equation, PWTIreal,i(t) and PPVIreal,i(t) represent the actual
power generation from the wind turbines and photovoltaic panels in
region i, respectively, while PWTI,i(t) and PPVI,i(t) represent the
maximum forecasted power generation of these devices in region i.
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2.3 Energy storage module model

In the port system, the energy storage devices consist of lithium
batteries and supercapacitors. The problem studied in this paper
involves hourly energy coordination strategies. During dynamic
processes, the energy storage system can be in a charging,
discharging, or idle state. At any given time interval, the energy
storage module’s energy storage level depends on the energy storage
level in the previous time interval, the charging power Pcha,i(t), and
the discharging power Pdis,i(t). Additionally, the energy conversion
efficiency of the energy storage device is represented by ηsto. The
energy storage module model is as follows:

Ssto,i t( ) � Ssto,i t − Δt( ) + ηstoPcha,i t( )Δt − Pdis,i t( )
ηsto

( )Δt (2)

In the equation, Ssto,i(t) and Ssto,i(t-Δt) represent the energy
storage level of the energy storage module in region i at the current
and previous time intervals, respectively.

To ensure that the state of charge of the energy storage device
remains within a safe range, the following constraints need to
be satisfied:

SOCmin ≤ SOCt ≤ SOCmax (3)
In the equation, SOCmin and SOCmax are the minimum and

maximum state of charge values, respectively, and SOCt represents
the state of charge of the energy storage device in region i at time t.

To ensure that the optimization results in each period are not
affected by the initial energy storage level at the beginning of the period,
it is set that the energy storage level is the same at the beginning and end
of each optimization period. This equality is expressed as follows:

Ssto,i t0 + ΔT( ) � Ssto,i t0( ) (4)
During the optimization process, it is possible to obtain results

where both charging and discharging occur simultaneously.
However, this is not practical. To address this, binary variables
βcha,i(t) and βdis,i(t) are introduced to represent the charging and
discharging states of the energy storage module. These variables take
on values of 0 or 1, where 0 indicates the absence of the respective
state, and 1 indicates the presence of the state.

Directly multiplying the parameters that represent the energy
state of the energy storage module by their corresponding power in
the objective function leads to non-linearity. Therefore, the
following constraint is imposed:

Pcha,i t( )≤ βcha,i t( )M
Pdis,i t( )≤ βdis,i t( )M
0≤ βcha,i t( ) + βdis,i t( )≤ 1

⎧⎪⎨⎪⎩ (5)

2.4 Hydrogen energy module model

The hydrogen energy module in the port area consists of
electrolysis-based hydrogen production, hydrogen fuel cells, and

FIGURE 1
System topology.

FIGURE 2
Regional energy flow diagram.
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hydrogen storage modules (comprehensive building hydrogenation
equipment). In engineering practice, data on the conversion
efficiency of devices are available, e.g., the conversion efficiency
of hydrogen from electrolyzed water, the conversion efficiency of
hydrogen fuel cells. In addition, this paper does not improve the
hydrogen energy equipment, so the principles of the equipment will
not be discussed in detail in this paper.

The electrolysis module converts electrical energy into
hydrogen, with a certain conversion efficiency. The conversion
model is as follows:

MHp,i t( ) � ηEHPhydro,i t( ) (6)

In the equation, MHp,i(t) represents the mass of hydrogen
produced by the electrolysis-based hydrogen production module
in region i during time interval t, ηEH is the energy conversion
efficiency of the electrolysis-based hydrogen production, and
Phydro,i(t) is the electrical power used for electrolysis-based
hydrogen production in region i during time interval t.

The hydrogen fuel cell module in the hydrogen energy module
primarily converts excess hydrogen energy back into electrical
energy when there is a severe power shortage in the port system.
This helps fill the electrical energy deficit to some extent during
specific time intervals. The model is as follows:

PHreE,i t( ) � ηHreEMHreE,i t( ) (7)
In the equation, PHreE,i(t) represents the output power of the

hydrogen fuel cell in region i, ηHreE is the output efficiency of the
hydrogen fuel cell in region i, and MHreE,i(t) represents the mass of
hydrogen used for hydrogen fuel cell power generation in region i.

The hydrogen storage module in the hydrogen energy module is
used to store temporarily unused hydrogen. Due to the complexity
of modeling an effective hydrogen storage module, this paper
simplifies it with equation constraints that balance the hydrogen
production, industrial hydrogen demand, hydrogen sales, and
hydrogen used for hydrogen fuel cells. The constraints are as follows:

∑T
t�1
MHp,i t( ) � ∑T

t�1

MHL,i t( ) +MHreE,i t( )
+Msell,h,i t( )( ) (8)

In the equation, MHL,i(t) and Msell,h,i(t) represent the mass of
hydrogen for the hydrogen load and the quantity of hydrogen sold in
region i, respectively.

2.5 Flexible multi-state switch model

Flexible multi-state switches have a certain upper limit on their
operating power and do not possess energy storage capabilities.
Therefore, certain constraints are required to characterize them. The
model is as follows:

Ptran,i t( )∣∣∣∣ ∣∣∣∣≤Ptranmax

∑n
i�1
Ptran,i t( ) � 0

⎧⎪⎪⎨⎪⎪⎩ (9)

In the equation, Ptran,i(t) represents the electrical power
transferred through the flexible multi-state switch in region i at
time t. When power is transferred into the region, its value is

positive; when power is transferred out, it is negative. Ptranmax is
the maximum transfer power of the flexible multi-state switch.

3 Objective function

In the dominant operation involving the 10 kV Segment 1 and
10 kV Segment 2, each region aims to minimize costs. In this paper,
the objective function is designed to minimize costs while
maximizing renewable energy integration and reducing carbon
emissions. The objective function is as follows:

minCi � CdWP,i + Cbuy,i + Csto,e,i + Csto,h,i + CL + CCO2 + Ctran,e,i

(10)
In the equation, CdWP,i, Cbuy,i, Csto,e,i, Csto,h,i, CL, CCO2, Ctran,e,i

represent the costs of wasted wind and solar energy, purchasing
energy, energy storage investment and operation, carbon tax,
unsatisfied load loss, and electrical power transfer cost,
respectively. Their specific formulas are as follows:

CdWP,i � δdWP∑T
t�1

PWTI,i t( ) + PPVI,i t( )
−PWTIreal,i t( ) − PPVIreal,i t( )

⎛⎝ ⎞⎠

Cbuy,i � ∑T
t�1

δbuy,e t( )Pbuy,e,i t( )
−δsell,e t( )Psell,e,i t( )
−δsell,h t( )Msell,h,i t( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Csto,e,i � rsto 1 + rsto( )m
1 + rsto( )m − 1

δsto,e
CEstoEsto,e

+CPstoPsto,e

⎛⎝ ⎞⎠
Cstro,h,i � rsto,h 1 + rsto,h( )m

1 + rsto,h( )m − 1
δsto,h*CHstoMHp,i t( )T − t

T

CL � ∑T
t�1

δLElossPloss,e,i t( )
+δLHlossMloss,h,i t( )

⎛⎝ ⎞⎠

Ctran,e,i � ∑T
t�1
δtran Peo,i t( )∣∣∣∣ ∣∣∣∣

CCO2 � δCO2∑T
t�1

αWTPWTA,i t( )
+αPVPPVA,i t( )
+αTUPTUA,i t( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

In the equation, δdWP, δLEloss, δLHloss, δsto,e, δsto,h, δCO2 are
conversion coefficients for the cost of wasted wind and solar
energy, electrical load loss, hydrogen load loss, energy storage,
and carbon tax. The energy storage operation cost coefficient is
calculated as 0.3% of the purchase cost. δbuy,e(t), δsell,e(t), δsell,h(t) are
the purchase price, selling price, and hydrogen selling price in time
interval t. CEsto, CPsto, CHsto represent the capacity cost and power
cost of energy storage equipment. Esto,e and Psto,e are the rated
capacity and power of energy storage equipment. rsto and rsto,h are
the depreciation coefficients for energy storage and hydrogen
storage equipment, set at 5%. m denotes the operational lifespan
of the equipment, which is 20 years. Pbuy,e,i(t), Psell,e,i(t), PWTA,i(t),
PPVA,i(t), PTUA,i(t) represent the power for purchasing electricity,
selling electricity, total wind power, photovoltaic power, and thermal
power in region i during time interval t. Msell,h,i(t), MHp,i(t),
Mloss,h,i(t) represent the amount of hydrogen sold, hydrogen
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produced, and hydrogen load loss in region i during time interval t.
αWT, αPV, αTU are carbon emissions conversion coefficients for wind
power, photovoltaic power, and thermal power.

Whether a multi-energy hybrid system is genuinely green
depends on the source of electricity during operation. The
calculation formulas for the total wind power PWTA,i(t), total
photovoltaic power PPVA,i(t), and total thermal power PTUA,i(t) in
the port system are as follows:

PWTA,i t( ) � PWTI,i t( ) + kWTPbuy,e,i t( )
PPVA,i t( ) � PWTI,i t( ) + kPVPbuy,e,i t( )
PTUA,i t( ) � kTUPbuy,e,i t( )

⎧⎪⎨⎪⎩ (12)

In the equation, kWT, kPV, kTU are the proportion coefficients of
wind power, photovoltaic power, and thermal power in grid
electricity, with values of 14.25%, 15.31%, and 51.96%, respectively.

4 Constraints

4.1 Balancing constraints

The port system needs to maintain a balance between electricity
supply and demand, which is formulated as follows:

Pbuy,e,i t( ) + PWTI,i t( ) + PPVI,i t( ) + Pdis t( ) + Ploss,e,i t( ) + Peo,i t( )
+ ηHreEMHreE,i t( )

� Psell,e,i t( ) + PL,e,i t( ) + Pcha t( ) + Phydro,i t( ) (13)

In the equation, PL,e,i(t) represents the power consumed by the
load during time interval t, and ηsto is the efficiency of energy storage
module charging and discharging.

Similarly, a system containing hydrogen energy modules also
needs to ensure a balance between hydrogen supply and demand, as
expressed by the following formula:

MHp,i t( ) � Msell,h,i t( ) +MHL,i t( ) +MHreE,i t( ) (14)

In the equation, MHL,i(t) and MHreE,i(t) represent the hydrogen
demand and the amount of hydrogen used for hydrogen fuel cell
power generation.

4.2 Other constraints

Pcha t( )
ηstro

≤Psto,imax

Pdis t( )≤Psto,imax

ηHreEMHreE,i t( )≤PHreE,imax

Pnetmax ≥Pbuy,e,i t( )≥ 0
Pnetmax ≥Psell,e,i t( )≥ 0
Phydromax ≥Phydro,i t( )≥ 0

Ploss,e,i t( )≥ 0
Mloss,h,i t( )≥ 0
MHreE,i t( )≥ 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

In the equation, Psto, imax, PHreE, imax, and Pnetimax are the upper
limits on the power for the energy storage module, hydrogen fuel cell
module, and external grid interaction, respectively.

5 Optimization strategy

5.1 Overall optimization strategy

The port system consists of multiple regions. The optimization
objective is the operational cost of the port system. The purpose of
optimization is to determine an appropriate power coordination
allocation for the port system during operation. Simultaneously, it
aims to establish the power requirements for the flexible multi-status
switches, as well as the power and capacity requirements for the
energy storage devices in the port system. The process flow is
illustrated in Figure 3:

FIGURE 3
Hydrogen and energy storage optimization process flowchart.
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In Figure 3, the possible working periods for the flexible
multi-status switches are established in two steps, based on the
results of individual regional optimization. The process steps are
as follows:

Step 1: Record the electrical power interactions with the grid for
each region, namely, the purchased electrical power Pbuy,e,i(t)
and the sold electrical power Psell,e,i(t). Calculate the
interregional imbalance power Pdiseq(t) using the
following formula:

Pdiseq t( ) � Pbuy,e,1 t( ) − Psell,e,1 t( )[ ]
− Pbuy,e,2 t( ) − Psell,e,2 t( )[ ]
∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣ (16)

Step 2: Based on the calculation results of the imbalance power,
select a continuous 10-h period at random. Calculate the
arithmetic average of the imbalance power within this
period. Add a certain margin to both ends of the period
with the maximum calculated result as the potential working
period for the flexible multi-status switches (the margin is
selected based on the characteristics of the system and
switches; in this paper, 4 h are chosen).

In Figure 3, after setting the upper limit of the daily working
duration for flexible multi-status switches, the specific steps are
as follows:

Step 1. Set the working duration of flexible multi-status switches
to 1 h and start iterating from the beginning of the potential
working periods of the flexible multi-status switches
obtained earlier.

Step 2. In the current scenario, set the power of the non-working
periods of the flexible multi-status switches to 0, and optimize the
system using the optimization models from steps 1, 2, and 3.

Step 3. Since the optimization must ensure a 100% energy
absorption rate, there may be situations with no solution. When
there is no solution, do not record the data; otherwise,
record the data.

Step 4. After completing the optimization for this iteration, shift
the working segment of the flexible multi-status switches one unit of
time (1 h) to the right and repeat steps 2 and 3.

Step 5. When the end of the working duration for flexible multi-
status switches coincides with the end of the potential working
periods, increase the working duration of flexible multi-status
switches by 1 h, and repeat steps 2, 3, and 4.

Step 6.When the working duration of flexible multi-status switches
exceeds the set upper limit for the daily working duration, end
the iteration.

Step 7. Select the result corresponding to the minimum value of the
objective function from all recorded data as the final optimization
result, marking the end of the optimization process.

5.2 Calculation of energy storage device
parameters during optimization

During the optimization process, the required capacity and
maximum operational power of the system’s energy storage
devices can be determined. The specific procedure is illustrated
in Figure 4:

Without the use of optimization algorithms, it is possible to
iterate through possible values of energy storage capacity within a
certain range, using a specific step size. Optimization is carried out
under the corresponding energy storage device capacity, following
the steps shown in Figure 3, and the optimization objective results
are recorded. After completing the iteration, the optimization result
with the lowest operational cost is identified as the final optimization
result. The capacity of the energy storage device corresponding to
this result is designated as the required capacity output.
Additionally, the maximum operational power of the port area’s
energy storage devices is determined based on the maximum charge
and discharge power in this optimization result.

6 Example simulation verification
and analysis

This paper employed the MATLAB-yalmip platform in
conjunction with the Cplex solver to perform simulations and
optimizations. Detailed information about the relevant
parameters in the optimization model, peak and off-peak
electricity price data for Zhejiang Province are available in
Supplementary Material.

6.1 Two-stage optimization of multi-region
system with flexible energy sharing

6.1.1 First stage—individual region optimization
To establish the working states of the flexible multi-status

switch, the method used in this paper initially treats the 10 kV
AC section and the DC area of the port as Region 1, while the 10 kV
AC section is considered as Region 2. Optimization for Region 1 and
Region 2 is performed using Eqs 1–8, Eqs 10–15 and the preliminary
operating optimization for Region 1 and Region 2 is illustrated in
Figures 5, 6, respectively.

Combining the port’s topological diagram in Figure 1 with the
results in Figure 5, it is evident that Region 1, which includes the
hydrogen production module through water electrolysis, is in a
power-deficient state due to its task of supplying hydrogen to the
port. Even after individual optimization, Region 1 still needs to
purchase electricity from the grid from 1:00 to 8:00 to balance the
electrical supply. In contrast, Region 2, which is not directly connected
to the hydrogen energy module, has an ample electricity supply but
needs to purchase electricity from the external grid from 3:00 to 8:
00 to meet Region 1’s power requirements. The maximum value of
Pbuy,e,i(t) reaches 2 MW, the maximum power of the 10 kV AC
distribution network, and the total electricity purchased is
20,207 kWh. According to Eq. 12, the daily carbon emissions for
Region 1 under these conditions are 128.76 kg.
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Because the total electricity generated by the wind and solar
power output in Region 2 is greater than the power required for the
load, the actual and theoretical wind and solar power output values
are compared in Figure 7. Combining Figures 6, 7, it is clear that
Region 2 cannot fully absorb the output of wind and solar power
equipment on its own. There are significant discrepancies in actual
power output compared to the theoretical output at 1:00 and 23:00.
A simple numerical calculation shows that the unabsorbed
electricity at these moments amounts to approximately 87.46%
and 73.79%, respectively, which accounts for about 6.91% of the
total electricity generated by the wind and solar power output
equipment (7799/112777 ≈ 6.91%). Using Eq. 12 again, the daily
carbon emissions for Region 2 under these conditions are 58.99 kg.

The results of the first stage of individual optimization align with
the actual conditions in the port, where supply-demand imbalances
and energy absorption problems are observed. Specifically, Region
1 faces a self-sufficiency problem where the electricity demand is
high, but it is connected to the hydrogen energy module. On the
other hand, Region 2 experiences an overabundance of electricity

supply since it is not directly connected to the new energy modules.
This leads to energy absorption issues.

6.1.2 Second stage—joint optimization of
two regions

Building upon the preliminary results from the first stage,
flexible multi-status switch operating periods were established to
minimize operational costs, which is calculated by using Eq. 16.
The selected operating time is from 13:00 to 21:00, with non-
working hours set to zero transfer power by using Eq. 9. The
remaining steps were optimized as per the process shown in
Figure 3, and the operational optimization results for Region
1 and Region 2 are depicted in Figure 7. As the direction of
transfer power in the flexible multi-status switch is challenging
to determine and the port system in this paper only has two
regions, Region 1’s power transfer to the flexible multi-status
switch, Peo,i(t), is used to indicate the working status of the
flexible multi-status switch, as shown in Figure 8. The
optimization results for energy storage are included in Table 1.

FIGURE 4
Flowchart for calculating system energy storage device parameters.
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Combining Figure 8B with Figure 9, it is evident that Region
2 charges from 9:00 to 12:00 in preparation for the opening of the
flexible multi-status switch. During the operating period of the
flexible multi-status switch, Region 2 transfers surplus electricity
and discharges from energy storage to Region 1. After the closure of
the flexible multi-status switch at 21:00, surplus electricity continues
to charge energy storage to ensure a certain reserve.

FromFigure 8A, it is apparent that Region 1, facing a severe shortage
of electricity, purchases electricity from the grid during the low demand

period of Zhejiang’s industrial electricity use from 1:00 to 7:00,
compensating for the low electricity demand of the port during the
trough period of photovoltaic power generation. In the 9:00 to 12:
00 period, the port’s photovoltaic power generation is at a higher level,
and Region 1 utilizes the surplus electricity from new energy sources to
perform water electrolysis to produce hydrogen. At 13:00, when the
flexible multi-status switch opens, Region 1 uses the switch to transfer
surplus electricity and surplus electricity from new energy sources for
water electrolysis until the closing of the flexiblemulti-status switch at 21:

FIGURE 5
Power allocation optimization results for Region 1 during individual optimization.

FIGURE 6
Power allocation optimization results for Region 2 during individual optimization.
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00. The choice to perform water electrolysis in the latter half of the day
also reduces the maintenance costs of the hydrogen storage equipment.

By plugging the numerical results of the optimization into the cost
model, the daily operational cost of the port system after optimization is
calculated to be ¥718,110, a decrease compared to before optimization.
Calculations according to Eq. 11 show that the penalty cost for wasting
wind and solar energy is zero, indicating a utilization rate of 100% for
wind and solar power generation. According to Eq. 12, the daily carbon
emissions for the port are 117.19 kg, which represents a 37.58%
reduction compared to the state before optimization. The total daily
purchased electricity is 6013.56 kWh, which is 70.24% lower compared
to the pre-optimized state.

From Figure 9, it can be observed that the maximum transfer
power of the flexible multi-status switch is 4,799 kW, and except for
the period from 18:00 to 19:00, the direction of electricity transfer is
consistent from Region 2 to Region 1. This ensures minimal changes
in the direction of electricity transfer for the flexible multi-status
switch. Additionally, during the 18:00 to 19:00 period, the amount of
electricity transferred from Region 1 to Region 2 is relatively small
compared to other times. In practical applications, this part of the
power can be compensated through energy storage modules and
interactions with the external power grid, ensuring that the direction
of electricity transfer for the flexible multi-status switch remains
unchanged during its operation, thus extending the switch’s lifespan.

In the table, Psto,dis1max, Ssto,dis,1e, Psto,dis2max, and Ssto,dis,2e represent
the power and capacity requirements for Region 1 and Region 2,
respectively, as optimized using multi-region optimization. A value of
0 indicates that energy storage devices are not needed.

6.2 Traditional approach applied in the
port system

The traditional approach to optimization approach involves
viewing the entire system as a whole and then using a particular

optimization model to directly optimize the system. The
traditional strategy does not consider the specific components
(regions) within the system and the connecting devices between
the components (regions).

To portray this traditional approach and present it in an
experimental form. We connect Region 1 with Region 2,
disregard the characteristics of the flexible multi-state switch,
and apply all the optimization models established in the previous
sections (Chapters 2–4) except the flexible multi-state switch
model to optimize the whole. The operational optimization
results for the system are depicted in Figure 10.

From Figure 10, it can be observed that in the traditional
approach, the port area continues to charge the energy storage
devices during the period with high wind and solar power generation
from 9:00 to 17:00. It mainly discharges energy storage devices
during the period from 1:00 to 5:00 to compensate for power
shortages in the port area.

By plugging the numerical results of the optimization into
the cost model, the daily operational cost of the port system after
optimization is calculated to be ¥176130. Calculations according
to Eq. 11 show that the penalty cost for wasting wind and solar
energy is zero, indicating a utilization rate of 100% for wind and
solar power generation. The total daily purchased electricity is
2307.79 kWh. In addition, following the idea of calculating the
energy storage demand parameters in 5.2, the results of the
power demand and capacity demand of the energy storage
equipment in the traditional way were calculated to be
4123.5 kW and 23877.5 kWh, respectively.

6.3 Comparative analysis

To verify the advantages and rationality of the optimization
strategy presented in this paper, a comparison is made with the
traditional optimization approach.

The traditional approach in 6.2 theoretically achieves the goal
but ignores the characteristics of flexible multi-status switches and
the regional characteristics of Region 1 and Region 2. It mainly
reflects the following:

(1) When the system is considered as a whole, free exchange of
electricity between Region 1 and Region 2 is allowed, which
is difficult to implement in practical applications (Regions
are connected by flexible multi-state switches). Frequent
changes in the direction of electricity transmission for
flexible multi-status switches can significantly reduce
their lifespan.

(2) The maximum transmission power requirement for flexible
multi-status switches cannot be recognized, which is not
conducive to equipment configuration in the port system.

In contrast, the approach used in this paper establishes the
working time and maximum transmission power of flexible multi-
status switches, and under the switch’s operating status, it almost
does not change the direction of electricity transmission. This
effectively addresses the issues that the traditional approach faces
when applied to the port system.

FIGURE 7
Actual vs theoretical wind and solar power output for Region
2 during individual optimization.
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To analyze the advantages of the programs used in this paper
more concrete and intuitive. The relevant calculation results of
key parameters from Sections 6.1, 6.2 are summarized in Table 2.

From the data and calculations in Table 2, it can be seen that
compared to the results obtained from the traditional approach,
the approach presented in this paper results in a daily operating

cost reduction of approximately 104 million CNY, as well as a
29.91% reduction in energy storage device power requirements
and an 84.50% reduction in capacity requirements. However,
there is a slight increase in daily purchased power, which
accounts for 3.28% of the output power from the port area’s
generation devices.

Overall, the optimization strategy presented in this paper,
when compared to the traditional approach, is more suitable for
practical applications in the port area. It makes implementation
easier and results in significant cost savings in terms of energy
consumption and equipment configuration. This is achieved by
slightly increasing the grid-purchased power to compensate for
reduced power and capacity requirements for energy storage
devices, thereby significantly reducing operating costs.

FIGURE 8
Power allocation results for the multi-region system with flexible energy sharing.

TABLE 1 Optimization results for the multi-region system with flexible energy
sharing.

Variable Result (kW) Variable Result (kWh)

Psto,dis1max 0 Ssto,dis,1e 0

Psto,dis2max 2,890 Ssto,dis,2e 3,700
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7 Conclusion

This paper presents a flexible multi-region optimization scheme
for renewable energy systems, focusing on a practical multi-region
flexible intermodal multi-energy port system. The conclusions
drawn from comparative simulation results are as follows:

1. The proposed operational optimization scheme, which
involves two stages, effectively addresses the “hydrogen-
electricity dual-balance” requirement of the port system.
In the first stage, individual regional optimization results
are used to determine the operating periods of flexible multi-
state switches. Building upon this, the second stage of
system-wide optimization ensures coordination between
energy storage and flexible multi-status switches,
achieving 100% absorption of renewable energy system
generation.

2. Implementation of the strategy proposed in this paper led to an
overall reduction in carbon emissions compared to the scenario
where regions operate independently.

3. The proposed operating scheme specifies the operating
duration of flexible multi-status switches while ensuring
minimal alteration in the direction of energy transfer. This
not only enhances the operational lifespan of flexible multi-
status switches but also ensures their practical use.

4. Compared to traditional optimization approaches, the
strategy presented in this paper significantly reduces energy
storage capacity requirements, daily operational costs, and
power requirements for energy storage devices.

5. The results of the case study validate the feasibility of transferring
scheduling strategies from intelligent grid research, where energy
routers are used, to renewable energy systems bridged by flexible
multi-state switches.

FIGURE 9
Flexible multi-status switch transfer power chart.

FIGURE 10
Results from the traditional approach.

TABLE 2 Summary of optimization results.

Optimization
strategy

Daily operating
cost (million CNY)

Daily purchased
power (kWh)

Total energy storage
power
requirement (kW)

Total energy storage
capacity
requirement (kWh)

Absorption
rate (%)

Traditional approach 1.76 2,307.79 4,123.5 23,877.5 100

Multi-region system with
flexible energy sharing

0.72 6,013.56 2,890 3,700 100
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In conclusion, the approach proposed in this paper offers a
practical solution to improve the utilization of renewable energy in
the port system, reduce carbon emissions, and optimize the energy
management of the entire system.
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