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Abstract

:

This paper studies the energy management problem of a seaport integrated energy system under the polymorphic network. Firstly, with the diversity of energy devices, a seaport integrated energy system based on the polymorphic network is established to ensure information exchange and energy interaction between heterogeneous devices, including the service layer, control layer, and data layer. Secondly, by analyzing the characteristics of different loads and the energy conversion hub, such as the power to gas (P2G) and combined cooling heating and power (CCHP), the energy management model for the seaport integrated energy system is constructed. Finally, we obtain the optimal solution by mixed integer linear programming, and the proposed strategy is used to a seaport integrated energy system including CCHP, P2G, clean energy and energy storage device. By comparing four different cases, the simulation results show a reduction in the cost of energy purchase and carbon emissions when applying our strategy with various device types and device failures. Moreover, considering the application of the proposed energy management strategy under seasonal variations, the optimal solution for the energy management problem of the seaport integrated energy system is obtained.
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1. Introduction


As an important hub between sea and land transportation, the carbon emissions of seaports have increased and have become a vital issue in the harbor industry [1]. With the continuous growth of seaport demands, the International Maritime Organization (IMO) proposed the zero-carbon target and aims to decrease the maritime industry’s overall carbon dioxide (CO2) emissions by 50% by 2050 [2]. The seaport integrated energy system is being intensively investigated in order to reduce carbon emissions and increase clean energy utilization [3].



The seaport integrated energy system is proposed to satisfy load demands by analyzing various energy characteristics [4]. Integrated energy system contains a wide range of devices, among which the application of combined cooling heating and power (CCHP), power to gas (P2G) and energy storage system have attracted the widespread attention. Ref. [5] investigates the redundant design of the systems, combining PV cells with CCHP to effectively improve the reliability and availability of the system. An efficient transcritical CO2 CCHP system for recovering low-grade energy is proposed and analyzed in [6]. To achieve a more accurate assessment of the supplied energy, a model of thermal load forecasting with attenuation and transmission delay is built, and a method of feed-forward active operation optimization for CCHP systems is proposed in [7]. Research [8] proposes a low-carbon economic dispatch optimization strategy using a heating network and P2G to accomplish sustainable energy development. Ref. [9] provides a bi-level optimal dispatch model for the integrated energy system with a carbon capture system and P2G facility, which enhances the integrated energy system’s economics as well as the capacity of wind and solar energy accommodation. According to [10], a new idea that combines P2G technology with demand-response technology is proposed and can achieve peak cutting and valley filling. A wind-photovoltaic-hydrogen storage-integrated energy system with the goal of minimizing overall economic and environmental costs is proposed, which could help alleviate the pressure of carbon emissions in some way [11]. To increase new energy consumption and lower carbon emissions, a configuration-scheduling dual-layer optimization model taking energy storage and demand response into account is suggested for the multi-microgrid integrated energy system [12]. In [13], energy storage scenarios that take into account battery or thermal energy storage using HS technology in the combination of the solar array and wind turbine system are provided, suggesting that HS is crucial for ensuring high generation dependability. The above only considers the case of CCHP, P2G, and energy storage systems acting individually in the integrated energy system, but this paper investigates a seaport integrated energy system that includes CCHP, P2G, and energy storage systems operating collaboratively. The seaport integrated energy system contains various energy devices such as electrolyzer (EL) [14], methane reactor (MR) [15], gas turbine (GT) [16]. It also combines multiple energy supply networks such as electrical network, gas network, and heating network [17] to meet load demands such as shore power, refrigerated containers, gas turbines, and ships [18]. Specifically, P2G and CCHP are considered as the energy conversion hub of the system. As mentioned above, the seaport integrated energy system contains heterogeneous energy devices [19], which are produced by different manufacturers with different communication protocols [20]. It is difficult to exchange information between devices under the traditional communication network with a single modality [21], and intelligent energy management can not be realized. The polymorphic network provides the polymorphic presentation of network functions [22], which supports full-dimensional definitions of functions in the seaport integrated energy system such as data forwarding, heterogeneous interconnection, addressing routing, and energy management [23]. Therefore, how to establish a seaport integrated energy system under a polymorphic network should be paid attention to.



Many fundamental issues of seaport integrated energy system have been studied [24]. The energy management problem of the seaport integrated energy system is a critical issue for improving the energy efficiency of the seaport integrated energy system and ensuring its reliable operation. The energy management problem is a complicated optimization problem that includes physical constraints such as energy balance and supply capacity upper bound [25]. Many researchers studied the energy management problem. An energy management problem for a waste heat recovery system was investigated to improve its energy efficiency [26]. A solar seasonal adjustable energy management system was established to achieve the decarbonization goal [27]. In order to satisfy the hydrogen needs of an industrial hydrogen facility, a energy management model for hydrogen was proposed [28]. In [29], an energy management strategy for a community energy supply system including energy storage devices was established to reduce fossil energy waste and guarantee a clean energy supply. In [30], an energy management model of a large wind farm under uncertainty was considered to avoid wind curtailment and load shedding incidents. In [31], a new energy management strategy for the cold storage system was proposed to reduce the overall system payment. The above studies are only adapted to traditional energy systems with a single energy flow. However, the seaport integrated energy system is a multiple energy coupled system, and little investigation considered the energy management problem. A logistics-energy collaborative optimization dispatch strategy for the large seaport integrated energy system was proposed to reduce logistics operating costs [32]. In [33], the energy management models for the belt conveyor and the bunkering system were proposed to solve the general energy-transport scheduling issue for the bulk seaport. The energy management model for the seaport integrated energy system was proposed to meet the operational flexibility needs of reefer area, berth allocation problems, and cold-ironing [34]. However, the above studies do not comprehensively analyze the characteristics of various devices in the seaport integrated energy system. Therefore, it should be further studied to consider how to analyze the characteristics of different devices and establish their energy management model.



To sum up, this paper aims to build a multi-energy flow coupled seaport integrated energy system under a polymorphic network and investigate its energy management problem. The following are the paper’s contributions:




	
A seaport integrated energy system under the polymorphic network is constructed. Considering heterogeneous energy devices, a polymorphic network is adopted to ensure the information interaction between different devices and provide technical support for energy management of the seaport integrated energy system. Specifically, the polymorphic network-based seaport integrated energy system includes a data layer for data forwarding, a control layer for addressing routing, and a service layer for energy management.



	
An energy management model for the seaport integrated energy system is established by analyzing the features of different energy devices. The objective is to minimize the total operating cost, which includes the carbon emission cost, energy purchase cost, and clean energy generation cost. As the energy conversion hubs, the characteristics of CCHP and P2G are considered in the constraints to ensure reliable operation. Mixed integer linear programming is employed to solve the optimization problem.









2. Seaport Integrated Energy System under Polymorphic Network


In this section, the seaport integrated energy system under the polymorphic network is constructed, consisting of the energy supply devices, energy conversion devices, loads, and energy storage devices, as shown in Figure 1. CCHP and P2G, as the seaport integrated energy conversion hubs, couple multiple energy flows, and their mathematical models are detailed in Section 2.1 and Section 2.2. Under the polymorphic network, the seaport integrated energy system breaks the information barrier and realizes information exchange between different devices.



2.1. Power to Gas


As a green, efficient, and clean energy, hydrogen plays an essential role in the seaport integrated energy system [35]. The P2G technology is able to generate synthetic natural gas from clean energy for electricity, decreasing the curtailment of clean energy. It includes two processes: electrolysis of hydrogen and hydrogen methanation, as shown in Figure 2.



In the first step of P2G, gaseous hydrogen is formed by electrolysis. Part of the hydrogen is supplied to the MR for producing natural gas, which is provided to the GT and CCHP system. Part of the hydrogen is delivered to the HFC, which is converted into electricity and heating, and the remainder is stored directly through the hydrogen storage unit. Hydrogen is more efficient than natural gas, does not emit carbon emissions, and contributes to clean energy utilization.



2.1.1. Electrolyzer


The energy conversion relationship of the EL is shown in Equation (1):


          M  E L ,  H 2     ( t )  =  η  E L    P  e , E L    ( t )         P  e , E L  min  ⩽  P  e , E L    ( t )  ⩽  P  e , E L  max        Δ  P  e , E L  min  ⩽  P  e , E L    ( t + 1 )  −  P  e , P 2 H    ( t )  ⩽ Δ  P  e , E L  max          



(1)




where    P  e , E L    ( t )    and    M  E L ,  H 2     ( t )    are the electricity input and hydrogen output of EL in the t period, respectively. The energy conversion efficiency of the EL is   η EL  , and it is closely related with the working temperature and current output. The upper and lower bounds of the electrical energy input to the EL are   P  e , E L  max   and   P  e , E L  min  , respectively. EL’s upper and lower climbing bounds are   Δ  P  e , E L  max    and   Δ  P  e , E L  min   , respectively.




2.1.2. Methane Reactor


The energy conversion relationship for MR is shown in Equation (2):


          Q  MR , g    ( t )  =   η MR   M   H 2  , MR    ( t )         M   H 2  , MR  min  ⩽  P   H 2  , MR    ( t )  ⩽  M   H 2  , MR  max        Δ  M   H 2  , MR  min  ⩽  M   H 2  , MR    ( t + 1 )  −  M   H 2  , MR    ( t )  ⩽ Δ  M   H 2  , MR  max          



(2)




where    Q  MR , g    ( t )    and    M   H 2  , MR    ( t )    are the natural gas output and hydrogen input and of MR in the t period, respectively. The energy conversion efficiency of the MR is   η MR  . The upper and lower bounds of hydrogen energy input to the MR are   M   H 2  , MR  max   and   M   H 2  , MR  min  , respectively. MR’s upper and lower climbing bounds are   Δ  M   H 2  , MR  max    and   Δ  M   H 2  , MR  min   , respectively.




2.1.3. Hydrogen Fuel Cell


The energy conversion relationship of the HFC is shown in Equation (3):


          P  HFC , e    ( t )  =  η  HFC  e   M   H 2  , HFC    ( t )         H  HFC , h    ( t )  =  η  HFC  h   M   H 2  , HFC    ( t )         M   H 2  , HFC  min  ⩽  M   H 2  , HFC    ( t )  ⩽  M   H 2  , HFC  max        Δ  M   H 2  , HFC  min  ⩽  M   H 2  , HFC    ( t + 1 )  −  M   H 2  , HFC    ( t )  ⩽ Δ  M   H 2  , HFC  max         κ  HFC  min  ⩽  H  HFC , h    ( t )  /  P  HFC , e    ( t )  ⩽  κ  HFC  max          



(3)




where    M   H 2  , HFC    ( t )   ,    P  HFC , e    ( t )    and    H  HFC , h    ( t )    are the hydrogen input, electricity output and heating output of HFC in the t period, respectively.   η  HFC  e  ,   η  HFC  h   are the conversion efficiencies of HFC into electricity and heating, respectively. The upper and lower bounds of the hydrogen energy input to the HFC are   M   H 2  , HFC  max   and   M   H 2  , HFC  min  , respectively. HFC’s upper and lower climbing bounds are   Δ  M   H 2  , HFC  max    and   Δ  M   H 2  , HFC  min   , respectively. The upper and lower bounds of the HFC’s thermoelectric ratio are   κ  HFC  max  , and   κ  HFC  min  , respectively.





2.2. Combined Cooling Heating and Power


The user side of CCHP utilizes gas as fuel. CCHP produces electricity from GT, and the waste heat generated during the generation process is considered for cooling and heating. Nowadays, CCHP has been widely utilized and can be applied to seaport devices such as liquefied natural gas (LNG) [36], which can be described as Equation (4):


          P  CCHP , e    ( t )  =  η  CCHP  e   Q  g , CCHP    ( t )         H  CCHP , h    ( t )  =  η  CCHP  h   Q  g , CCHP    ( t )         L  CCHP , L    ( t )  =  η  CCHP  L   Q  g , CHPP    ( t )         Q  g , CCHP  min  ⩽  Q  g , CCHP    ( t )  ⩽  Q  g , CCHP  max        Δ  Q  g , CCHP  min  ⩽  Q  g , CCHP    ( t + 1 )  −  Q  g , CCHP    ( t )  ⩽ Δ  Q  g , CCHP  max         κ  CCHP  min  ⩽  H  CCHP , h    ( t )  /  P  CCHP , e    ( t )  ⩽  κ  CCHP  max          



(4)




where    Q  g , CCHP    ( t )    is the natural gas input to CCHP in t period.    P  CCHP , e    ( t )   ,    H  CCHP , h    ( t )   , and    L  CCHP , L    ( t )    are the electricity, heating and cooling output by CCHP in t period, respectively.   η  CCHP  e  ,   η  CCHP  h  , and   η  CCHP  L   are the conversion efficiencies of CCHP into electricity, heating and cooling, respectively. The upper and lower bounds for natural gas input to CCHP are   Q  g , CCHP  max   and   Q  g , CCHP  min  , respectively.   Δ  Q  g , CCHP  max    and   Δ  Q  g , CCHP  min    can be defined as the upper and lower bounds of CCHP climbing, respectively;   κ  CCHP  max   and   κ  CCHP  min   can be defined as the upper and lower bounds of the thermoelectric ratio of CCHP, respectively.




2.3. Polymorphic Network-Based Seaport Integrated Energy System


As can be seen in Figure 1, the seaport integrated energy system contains heterogeneous energy devices and is different from the traditional energy system with a single energy flow. Energy devices are commonly produced by various manufacturers with different protocols. The typical protocol in the traditional communication network is the internet protocol version 6(IPV6) [37], which has poor security and can not realize reliable information transmission between heterogeneous energy devices. To break the drawbacks of the traditional communication network, we build a polymorphic network-based seaport integrated energy system. Polymorphic network supports polymorphic modalities based on content, identity, and other identifiers, containing the polymorphic presentation of functions.



2.3.1. MobilityFirst


Considering different load demands, mobile energy devices are needed for energy management in specific circumstances of the seaport integrated energy system. Mobile energy devices such as ships need to be identified in energy management, so the communication network should be able to realize the mobility connection between different devices. Meanwhile, the seaport integrated energy system’s communication network is open and is vulnerable to attack, so the security of its communication network should be considered. Based on the above analysis, the seaport integrated energy system should choose a communication network with mobility and security. MobilityFirst (MF) is a network architecture that separates location identification and identity identification. Its unique mobility and security can solve the seaport integrated energy system’s communication issues. [38].



The MF network ensures mobility communication between different devices of the seaport integrated energy system [39]. Each device is assigned a globally unique identity (GUID) in the seaport integrated energy system. Meanwhile, these devices are mapped to the communication networks’ corresponding network addresses (NAs), which determine their location quickly. The GUID will not change under any circumstances, but the NA will change when the device moves. The dynamic mapping between GUID and NA realizes seamless host and network mobility. In addition, the mapping relationship between GUID and NA is maintained by the global name resolution service (GNRS). When a device needs to get the energy supply information of other devices, GNRS will provide mobility support by querying the mapping table between GUID and NA. Therefore, in the seaport integrated energy system, MF realizes the information linkage between various types of devices.



On the other hand, the MF network secures data transmission between various devices in the seaport integrated energy system. When the seaport integrated energy system’s communication network depends on the traditional IP network, the routing failure of a single device may lead to the paralysis of the whole network and cause severe economic loss. However, when the communication network of the seaport integrated energy system relies on the MF network, a few attacked nodes will not cause a disproportionate impact on the overall performance. It will realize safe and reliable information transmission between devices under different circumstances. In MF, generalized storage-aware routing (GSTAR) is proposed to cope with the intermittent connection between nodes and networks during information transmission. When a device in the seaport integrated energy system has a location movement that leads to an interruption of connection with the main network, the router will temporarily store the packets sent by the device. If the device moves to the coverage of the wide area network (WAN) access point, the router will reacquire the device’s network address. The router continues to follow the routing table and sends the packets to the destination node. Therefore, the MF network provides data transmission integrity and meets data transmission security requirements.



In summary, MF breaks the information barriers brought by traditional networks and establishes a new open and flexible network architecture. To realize the comprehensive energy management of the seaport integrated energy system, the polymorphic network is applied to provide personalized and efficient services for the seaport.




2.3.2. Structure of Polymorphic Network-Based Seaport Integrated Energy System


Various energy devices by different manufacturers are included in the seaport integrated energy system. Under different environments, different communication modalities, including the mentioned MF, need to be used. Therefore, a general structure of polymorphic network-based seaport integrated energy system is established, including the service layer, control layer, and data layer, as shown in Figure 3. Specifically, the functions of each layer are as follows. The data layer can receive operating data and broadcast it between different devices. The control layer meets diverse addressing routing modes and constructs communication topology. The service layer constructs the energy management model of the seaport integrated energy system and solves the optimization problem by analyzing various device characteristics. In this structure, cooperative optimization and energy management among heterogeneous devices can be realized in the seaport integrated energy system.






3. Energy Management Model for Seaport Integrated Energy System


Based on the seaport integrated energy system established, the energy management model for the system is constructed by the analysis of the device characteristics.



3.1. Objective Function


The optimization objective is to minimize the operation cost of the seaport integrated energy system. The objective function can be described as Equation (5):


     F = min   C buy  +  C  CO 2   +  C WTPV       



(5)




where   C  buy    ,   C  c  o 2    , and   C WTPV   are the energy purchase cost, the carbon emissions cost, and the clean energy cost, respectively.



3.1.1. Energy Purchase Cost   C  buy    


Electricity and gas purchases are included in the cost of energy purchase, as shown in Equation (6):


      C  buy    =  ∑  t = 1  T   C e   P  e , buy    ( t )  +  ∑  t = 1  T   C g   Q  g , buy    ( t )      



(6)




where T is a scheduling period, usually 24 h.    P  e , buy    ( t )   ,    Q  g , buy    ( t )    are the purchased electricity and gas volume in t period, respectively.   C e   is the electricity price in t period, and   C g   is the gas price.




3.1.2. Carbon Emissions Cost   C  c  o 2    


The carbon emissions cost includes the cost of carbon emissions from electricity and natural gas, as shown in Equation (7):


      C  c  o 2    =  c  c  o 2     ∑  t = 1  T     α  c  o 2     P  e , buy    ( t )  +  β  c  o 2     Q  g , buy    ( t )        



(7)




where   c  c  o 2     is the unit carbon price,   α  c  o 2     and   β  c  o 2     are the carbon dioxide emission factor of power grid and natural gas, respectively.




3.1.3. Clean Energy Cost   C WTPV  


The cost of clean energy is shown in Equation (8):


      C  WTPV   =  c  WT     ∑  t = 1  T    P  WT    4  +  c  PV     ∑  t = 1  T    P  PV    4      



(8)




where   c  WT     and   c  PV     are the unit per average power generation cost of WT [40] and PV [41], respectively.   P  PV    ,   P  WT     are the power output of PV and WT in t period, respectively.





3.2. Constraints


In this section, the constraints of the seaport integrated energy system are described in detail. The HFC, EL, MR and CCHP operating constraints are described as Equations (1)–(4), respectively.



3.2.1. Clean Energy Constraints


WT and PV have flexible and stable power generation performance and are widely used in integrated energy systems [42]. Equations (9) and (10) are the constraints of WT and PV, respectively.


     0 ⩽  P WT   ( t )  ⩽  P  WT  max      



(9)






     0 ⩽  P PV   ( t )  ⩽  P  PV  max      



(10)







However, the WT output is affected by the wind speed and exists an output upper bound   P  WT  max  . Due to the influence of light intensity and panel area, PV also exists an upper bound of PV output   P  PV  max  .




3.2.2. GT Constraint


The GT is connected to the natural gas network with excellent performance, as shown in Equation (11):


          H  GT , h    ( t )  =  η  GT , h    Q  g , GT    ( t )         P  GT , e    ( t )  =  η  GT , e    Q  g , GT    ( t )         Q  g , GT  min  ⩽  Q  g , GT    ( t )  ⩽  Q  g , GT  max        Δ  Q  g , GT  min  ⩽  Q  g , GT    ( t + 1 )  −  Q  g , GT    ( t )  ⩽ Δ  Q  g , GT  max          



(11)




where   η  GT , h    and   η  GT , e    are the heat energy and electricity energy conversion efficiencies of the GT, respectively, and have a certain relationship with the compressor inlet guide vane angle and the steam turbine extraction ratio [43]. The electrical input to the GT in t period is denoted by    Q  g , GT    ( t )   .    H  GT , h    ( t )    and    P  GT , e    ( t )    are the heat and electricity outputs of GT in the t period, respectively. The GT input’s upper and lower bounds are   Q  g , GT  max   and   Q  g , GT  min  , respectively.




3.2.3. Energy Storage Devices Constraints


An electricity storage device is considered in the seaport integrated energy system [44], and the relevant constraint is shown in Equation (12):


         0 ⩽  P  ES , 1  cha   ( t )  ⩽  B  ES , 1  cha   ( t )   P  ES , 1  max        0 ⩽  P  ES , 1  dis   ( t )  ⩽  B  ES , 1  dis   ( t )   P  ES , 1  max         P  ES , 1    ( t )  =  P  ES , 1  cha   ( t )   η  ES , 1  cha  −  P  ES , 1  dis   ( t )  /  η  ES , 1  dis         S 1   ( t )  =  S 1   ( t − 1 )  +  P  ES , 1    ( t )  /  P  ES , 1  cap         S 1   ( 1 )  =  S 1   ( T )         B  ES , 1   cha     ( t )  +  B  ES , 1  dis   ( t )  = 1        S  1  min  ⩽  S 1   ( t )  ⩽  S  1  max          



(12)




where    P  ES , 1  cha   ( t )   ,    P  ES , 1  dis   ( t )   , and   P  ES , 1  max   are the charging power, discharging power and upper bound of the seaport electricity storage device in t period, respectively. In the t period,    B  ES , 1  cha   ( t )    and    B  ES , 1  dis   ( t )    are defined as the seaport energy storage device’s charging and discharging state parameters, respectively.    B  ES , 1  cha   ( t )  = 1  ,    B  ES , 1  dis   ( t )  = 0   means the charging state.    B  ES , 1  cha   ( t )  = 0  ,    B  ES , 1  dis   ( t )  = 1   means the discharging state.    P  ES , 1    ( t )   ,   P  ES , 1  cap   are the power input and rated capacity of the seaport electricity storage device in t period, respectively. The charging and discharging efficiencies of the seaport electricity storage device are represented by   η  ES , 1  cha   and   η  ES , 1  dis  , respectively. The capacity of the seaport electricity storage device is defined by    S 1   ( t )   , and its upper and lower bounds are defined by   S 1 max   and   S 1 min  , respectively.



The seaport integrated energy system takes into account heat and cold storage devices in order to accomplish the clean energy utilization of CCHP. The model for the heat storage device is shown in Equation (13):


         0 ⩽  H  ES , 2   cha     ( t )  ⩽  B  ES , 2  cha   ( t )   H  ES , 2  max        0 ⩽  H  ES , 2  dis   ( t )  ⩽  B  ES , 2  dis   ( t )   H  ES , 2  max         H  ES , 2    ( t )  =  H  ES , 2  cha   ( t )   η  ES , 2  cha  −  H  ES , 2  dis   ( t )  /  η  ES , 2  dis         S 2   ( t )  =  S 2   ( t − 1 )  +  H  ES , 2    ( t )  /  H  ES , 2  cap         S 2   ( 1 )  =  S 2   ( T )         B  ES , 2   cha     ( t )  +  B  ES , 2  dis   ( t )  = 1        S  2  min  ⩽  S 2   ( t )  ⩽  S  2  max          



(13)




where the upper bound of charging or discharging is defined by   H  ES , 2  max  , and its charging and discharging thermal power are defined by    H  ES , 2  cha   ( t )    and    H  ES , 2  dis   ( t )   , respectively. In the t period,    B  ES , 2  cha   ( t )    and    B  ES , 2  dis   ( t )    are defined as the charging and discharging state parameters of the seaport heat storage device in t period, respectively.    B  ES , 2  cha   ( t )  = 1  ,    B  ES , 2  dis   ( t )  = 0   means the charging state.    B  ES , 2  cha   ( t )  = 0  ,    B  ES , 2  dis   ( t )  = 1   means the discharging state.    H  ES , 2    ( t )    and   H  ES , 2  cap   are the power input and rated capacity of the seaport heat storage device in t period, respectively. The charging and discharging efficiencies of the seaport heat storage device are represented by   η  ES , 2  cha   and   η  ES , 2  dis  , respectively. The capacity of the seaport heat storage device is defined by    S 2   ( t )   , and its upper and lower bounds are defined by   S 2 max   and   S 2 min  , respectively.



Equation (14) shows the model of the seaport cold storage device:


         0 ⩽  L  ES , 3   cha     ( t )  ⩽  B  ES , 3  cha   ( t )   L  ES , 3  max        0 ⩽  L  ES , 3  dis   ( t )  ⩽  B  ES , 3  dis   ( t )   L  ES , 3  max         L  ES , 3    ( t )  =  L  ES , 3  cha   ( t )   η  ES , 3  cha  −  L  ES , 3  dis   ( t )  /  η  ES , 3  dis         S 3   ( t )  =  S 3   ( t − 1 )  +  L  ES , 3    ( t )  /  L  ES , 3  cap         S 3   ( 1 )  =  S 3   ( T )         B  ES , 3   cha     ( t )  +  B  ES , 3  dis   ( t )  = 1        S  3  min  ⩽  S 3   ( t )  ⩽  S  2  max          



(14)




where the upper bound of charging or discharging is defined by   L  ES , 3  max  , and its charging and discharging cold power are defined by    L  ES , 3  cha   ( t )    and    L  ES , 3  dis   ( t )   , respectively. In the t period,    B  ES , 3  cha   ( t )    and    B  ES , 3  dis   ( t )    are defined as the charging and discharging state parameters of the seaport cold storage device in t period, respectively.    B  ES , 3  cha   ( t )  = 1  ,    B  ES , 3  dis   ( t )  = 0   means the charging state.    B  ES , 3  cha   ( t )  = 0  ,    B  ES , 3  dis   ( t )  = 1   means the discharging state.    L  ES , 3    ( t )    and   L  ES , 3  cap   are the power input and rated capacity of the seaport cold storage device in t period, respectively. The charging and discharging efficiencies of the seaport cold storage device are represented by   η  ES , 3  cha   and   η  ES , 3  dis  , respectively. The capacity of the seaport cold storage device is defined by    S 3   ( t )   , and its upper and lower bounds are defined by   S 3 max   and   S 3 min  , respectively.



The seaport hydrogen storage device can effectively utilize hydrogen energy from HFC and ensures a stable shift of hydrogen, as shown in Equation (15):


         0 ⩽  M  ES , 4   cha     ( t )  ⩽  B  ES , 4  cha   ( t )   M  ES , 4  max        0 ⩽  M  ES , 4  dis   ( t )  ⩽  B  ES , 4  dis   ( t )   M  ES , 4  max         M  ES , 4    ( t )  =  M  ES , 4  cha   ( t )   η  ES , 4  cha  −  M  ES , 4  dis   ( t )  /  η  ES , 4  dis         S 4   ( t )  =  S 4   ( t − 1 )  +  M  ES , 4    ( t )  /  M  ES , 4  cap         S 4   ( 1 )  =  S 4   ( T )         B  ES , 4   cha     ( t )  +  B  ES , 4  dis   ( t )  = 1        S  4  min  ⩽  S 4   ( t )  ⩽  S  4  max          



(15)




where the upper bound of charging or discharging is defined by   M  ES , 4  max  , and its charging and discharging hydrogen power are defined by    M  ES , 4  cha   ( t )    and    M  ES , 4  dis   ( t )   , respectively. In the t period,    B  ES , 4  cha   ( t )    and    B  ES , 4  dis   ( t )    are defined as the charging and discharging state parameters of the seaport hydrogen storage device in t period, respectively.    B  ES , 4  cha   ( t )  = 1  ,    B  ES , 4  dis   ( t )  = 0   means the charging state.    B  ES , 4  cha   ( t )  = 0  ,    B  ES , 4  dis   ( t )  = 1   means the discharging state.    M  ES , 4    ( t )    and   M  ES , 4  cap   are the power input and rated capacity the seaport hydrogen storage device in t period, respectively. The charging and discharging efficiencies of the seaport hydrogen storage device are represented by   η  ES , 4  cha   and   η  ES , 4  dis  , respectively. The capacity of the seaport hydrogen storage device is defined by    S 4   ( t )   , and its upper and lower bounds are defined by   S 4 max   and   S 4 min  , respectively.




3.2.4. Electricity Balance Constraint


The electricity balance constraint is shown in Equation (16):


          P  e ,  buy     ( t )  +  P PV   ( t )  +  P WT   ( t )  +  P  CCHP , e    ( t )  +  P  HFC , e    ( t )  +  P  GT , e    ( t )        =  P   Load − E      ( t )  +  P  e , EL    ( t )  +  P  ES , 1    ( t )        0 ⩽  P  e ,  buy     ( t )  ⩽  P  e ,  buy   max          



(16)




where   P  e , buy  max   and    P  Load − E    ( t )    are the upper bound of purchasing electricity and the electricity load in t period, respectively.




3.2.5. Natural Gas Balance Constraint


Equation (17) shows the constraint of the natural gas balance:


          Q  g ,  buy     ( t )  +  Q  MR , g    ( t )  =  Q  g , CCHP    ( t )  +  Q  g , GT    ( t )        0 ⩽  Q  g ,  buy     ( t )  ⩽  Q  g ,  buy   max          



(17)




where   Q   g , buy   max   is the upper bound of purchasing natural gas.




3.2.6. Heat Balance Constraint


The heat balance constraint is shown in Equation (18):


      H  HFC , h    ( t )  +  H  CCHP , h    ( t )  +  H  GT , h    ( t )  =  H  Load − H    ( t )  +  H  ES , 2    ( t )      



(18)




where    H  Load − H    ( t )    denotes the heat load during the t period.




3.2.7. Cold Balance Constraint


The cold balance constraint is shown in Equation (19):


      L  CCHP , L    ( t )  =  L  Load − L    ( t )  +  L  ES , 3    ( t )      



(19)




where    L  Load − L    ( t )    is the cold load in t period.




3.2.8. Hydrogen Balance Constraint


The hydrogen balance constraint is shown in Equation (20):


      M  EL ,  H 2     ( t )  =  M   H 2  , MR    ( t )  +  M   H 2  , HFC    ( t )  +  M  ES , 4    ( t )      



(20)










4. Simulation


To validate the dispatch optimization strategy given in this article, the strategy is employed to optimize the operating of the seaport integrated energy system. The dispatch period is 24 h, and the unit dispatch period is 1 h. A day’s forecasted WT and PV output are given in Table 1. Table 2 and Table 3 describe the time-of-use electricity prices and operating parameters, respectively. The price of natural gas is 0.35 yuan/(kW·h). The unit carbon emission cost is 0.17 yuan/(kW·h), the per unit average power generation cost of WT and PV are 0.43 yuan/(kW·h) and 0.653 yuan/(kW·h), respectively.



4.1. Impact of Energy Storage Devices and Clean Energy in Seaport Integrated Energy System


To validate the proposed energy management strategy for the seaport integrated energy system, a typical day is selected for dispatch, four comparison cases are established as follows, Table 4 shows the simulation results of the four compared cases.



Case 1: a seaport integrated energy system includes PV and WT but does not include energy storage devices.



Case 2: a seaport integrated energy system includes energy storage devices but does not include PV and WT.



Case 3: a seaport integrated energy system includes energy storage devices together with PV and WT.



Case 4: a seaport integrated energy system includes energy storage devices together with PV and WT but the HFC is faulty from 1:00 to 6:00.



When case 1 and case 3 are compared, it is clear that case 3 can significantly improve the utilization rate of clean energy while saving the total operating cost. Since WT and PV are not considered, the cost of WT and PV is 0 in case 1. Purchasing electricity and gas from the power grid and gas grid to meet the load demand, resulting in a substantial increase of purchasing energy costs from 11,169 yuan to 11,885 yuan. Since WT and PV are affected by various factors, such as the environment, it has an upper output bound. It is necessary to combine other devices to supply demands. The total operating cost dropped from 21,745 to 22,882 yuan.



Comparing case 2 and case 3, case 2’s ineffective regulation of the seaport integrated energy system is caused by the absence of energy storage devices. The cost of purchasing electricity and the cost of carbon emissions are both significantly increased. When there is a surplus of energy, energy storage devices can temporarily store it and realize a timely shift of energy. With the energy storage devices being adapted for the seaport integrated energy system, the cost of purchasing electricity has reduced from 11,847 to 11,169 yuan. The decrease in energy purchase cost leads to the decrease in the carbon emissions cost from 10,816 yuan to 10,311 yuan. The total operating cost of the seaport integrated energy system reduces from 22,928 yuan to 21,745 yuan with the participation of energy storage devices, improving the efficiency of system operation.



Comparing case 3 and case 4, we find that there is no impact on the costs of the seaport integrated energy system when the HFC is cut out, demonstrating the effectiveness of the proposed energy management strategy.



Therefore, case 3 is the most economical and stable solution for the seaport integrated energy system.




4.2. Impact of Sensonal Changes in Seaport Integrated Energy System


Considering the impact of seasonal changes on the loads, we applied the proposed energy management strategy of the integrated port energy management system on four typical days with different cold, heat and electricity loads, and the corresponding results are shown in the Figure 4.



As illustrated in Figure 5, in spring, the electrical load is high because of the large amount of electrical devices in the seaport. In the electricity dispatch plan, from 1:00 to 7:00, the price of electricity is low so that the purchased electricity cost increases significantly, the storage device is charged, and the demand can be met by electrical production from HFC. From 8:00 to 22:00, the price of electricity is high, so the storage device is discharged. CCHP and GT are the main generating equipment, so the cost of purchased gas increases as well. WT and PV are used to support other devices in the electricity dispatch plan of the seaport integrated energy system. Hydrogen is considered an intermediate conversion energy, and its dispatch follows the other energy flows.



As shown in Figure 6, in summer, high temperatures result in a higher cold load on the typical summer day than on others. Due to the excellent cold efficiency of the CCHP, the cold load is supplied entirely by the CCHP. From 8:00 to 22:00, there is a plentiful supply for cold load, which means that the CCHP requires a substantial amount of natural gas. The cost of purchasing gas rises correspondingly. Time-shifting energy is produced from the cold storage device only in some moments. In the electricity dispatch plan, the CCHP is the primary power generator, as well as, the storage device, HFC, WT, and PV function as auxiliary power generators. Since the heat load consumes less energy than the cold and electric loads, the GT acts as the primary generator in the heat dispatch plan. The seaport integrated energy system does not dispatch hydrogen when other energy flows can ensure a balance between supply and demand, and the hydrogen energy flow is not involved directly in the dispatch of the system.



As illustrated in Figure 7, in autumn, unlike spring, the seaport integrated energy system has greater electrical demands and fewer cold, heat requirements, resulting in heat and cold redundancy and hence more appropriate heat and cold storage. Because of the excellent electrical load on the system, the storage device is discharged more frequently, and the CCHP, GT, and HFC don’t have quite the same outputs in the electricity dispatch plan as in the spring, while the other devices have a similar effect. After 9:00, as the need for heat and electricity increases and the cost of electricity increases, GT requires more gas and should buy substantially more gas from the gas grid, increasing both the cost of the gas purchase and carbon emissions.



As shown in Figure 8, in winter, due to temperature variations, the electricity and cold loads of the seaport integrated energy system are not as substantial as the heat load. Consequently, HFC, CCHP, and GT collaborate to maintain a balance of supply and demand in the heat dispatch plan. Where HFC as a clean energy device always produces a balanced power output, GT and CCHP produce less heat when energy is stored, in 1:00–3:00, GT even does not produce heat, resulting in a corresponding drop in natural gas usage. At the same time, as the CCHP is used for combined cold, heat, and electricity supply, it makes a minor contribution to the electricity dispatch plan, with the GT being the main electricity generator, as well as the HFC and other devices assisting in the production of electricity.



In conclusion, the CCHP and energy storage system can flexibly adjust the output according to the different load changes in the four seasons, while the output of other devices will also be changed together with the CCHP and energy storage system. Consequently, a seaport integrated energy system with CCHP and storage system may achieve smarter and more flexible energy management during all seasons, prioritizing clean energy producing devices and significantly reducing carbon emissions and energy purchase costs.





5. Conclusions


The energy management strategy of the seaport integrated energy system under the polymorphic network has been proposed in this paper. Firstly, to break down information barriers between heterogeneous devices, a seaport integrated energy system based on the polymorphic network has been constructed with a diversity of energy devices, including the service layer, control layer, and data layer. Moreover, considering its security and mobility demands, MF can be implemented as the communication modality selected from a variety of modalities. Secondly, by analyzing the characteristics of various loads and the energy conversion hub including P2G and CCHP, the energy management model of the seaport integrated energy system has been established, and has been used to a seaport integrated energy system including clean energy and energy storage device. By comparing four different cases, we have found that the simulation shows a reduction in the cost of energy purchase and carbon emissions when applying our strategy to various device types and device failures. Moreover, we consider the application of the proposed energy management strategy under seasonal variations and also obtain the optimal solution for the energy management problem for the seaport integrated energy system. It is found that the output of each device has changed with the output of the CCHP and the energy storage system under different seasonal conditions. This has proven the effectiveness of the proposed management strategy. In the future, we will focus on applying the energy management strategy proposed for the seaport integrated energy system in the maritime field and construct an intelligent seaport.
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Abbreviations


The acronyms in the paper and their corresponding meanings are as follows:





	Acronym
	Explanation



	P2G
	power to gas



	CCHP
	combined cooling heating and power



	IMO
	International Maritime Organization



	CO2
	carbon dioxide



	GT
	gas turbine



	WT
	Wind turbine



	PV
	photovoltaic



	EL
	electrolyzer



	MR
	methane reactor



	IPV6
	internet protocol version 6



	MF
	MobilityFirst



	GUID
	globally unique identity



	NAs
	network addresses



	GNRS
	global name resolution service



	GSTAR
	generalized storage-aware routing



	WAN
	wide area network



	Load-E
	electricity Load



	Load-H
	heat load



	Load-L
	cold load



	ES1
	electricity energy storage device



	ES2
	heat energy storage device



	ES3
	cold energy storage device



	ES4
	hydrogen energy storage device
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Figure 1. Seaport integrated energy system under polymorphic network. 
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Figure 2. P2G operating process. 
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Figure 3. Structure of Polymorphic Network-based Seaport Integrated Energy System. 
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Figure 4. Load curves for different typical days. 
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Figure 5. Spring dispatch plan. 
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Figure 6. Summer dispatch plan. 
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Figure 7. Autumn dispatch plan. 
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Figure 8. Winter dispatch plan. 
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Table 1. WT and PV output forecast.
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WT (kw)

	
1:00

	
2:00

	
3:00

	
4:00

	
5:00

	
6:00

	
7:00

	
8:00




	
85.04

	
86.43

	
88.64

	
88.64

	
89.20

	
89.47

	
84.90

	
83.38




	
9:00

	
10:00

	
11:00

	
12:00

	
13:00

	
14:00

	
15:00

	
16:00




	
65.37

	
55.68

	
50.14

	
43.21

	
31.02

	
24.10

	
25.20

	
26.60




	
17:00

	
18:00

	
19:00

	
20:00

	
21:00

	
22:00

	
23:00

	
24:00




	
29.64

	
34.35

	
35.46

	
42.66

	
52.63

	
67.59

	
74.24

	
85.46




	
PV (kw)

	
1:00

	
2:00

	
3:00

	
4:00

	
5:00

	
6:00

	
7:00

	
8:00




	
0

	
0

	
0

	
0

	
0.06

	
6.54

	
20.19

	
39.61




	
9:00

	
10:00

	
11:00

	
12:00

	
13:00

	
14:00

	
15:00

	
16:00




	
49.64

	
88.62

	
101.59

	
66.78

	
110.46

	
67.41

	
31.53

	
50.76




	
17:00

	
18:00

	
19:00

	
20:00

	
21:00

	
22:00

	
23:00

	
24:00




	
20.6

	
22.08

	
2.07

	
0

	
0

	
0

	
0

	
0
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Table 2. Time-of-use electricity prices.
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	Period
	Electricity Price (yuan/kW·h)





	01:00–07:00
	0.38



	08:00–11:00
	0.68



	12:00–14:00
	1.20



	15:00–18:00
	0.68



	19:00–22:00
	1.20



	22:00–24:00
	0.38
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Table 3. Operating parameters of energy equipment.
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Equipment

	
Operating Parameters

	
Numerical Value






	
EL

	
output bound (kw)

	
500




	
electrolysis efficiency

	
0.87




	
climb constraint

	
0.2




	
MR

	
output bound (kw)

	
250




	
efficiency

	
0.6




	
climb constraint

	
0.2




	
GT

	
output bound (kw)

	
800




	
electrical efficiency

	
0.55




	
heat efficiency

	
0.3




	
climb constraint

	
0.2




	
HFC

	
output bound (kw)

	
450




	
electrical efficiency

	
0.6




	
heat efficiency

	
0.3




	
climb constraint

	
0.2




	
CCHP

	
output bound (kw)

	
1200




	
electrical efficiency

	
0.29




	
heat efficiency

	
0.2




	
cold efficiency

	
0.42




	
climb constraint

	
0.2




	
electricity storage device

	
capacity (kw)

	
450




	
capacity cap constraint

	
0.9




	
capacity lower bound

	
0.1




	
climb constraint

	
0.2




	
heat storage device

	
capacity (kw)

	
500




	
capacity cap constraint

	
0.9




	
capacity lower bound

	
0.1




	
climb constraint

	
0.2




	
cold storage device

	
capacity (kw)

	
150




	
capacity cap constraint

	
0.9




	
capacity lower bound

	
0.1




	
climb constraint

	
0.2




	
hydrogen storage device

	
capacity (kw)

	
200




	
capacity cap constraint

	
0.9




	
capacity lower bound

	
0.1




	
climb constraint

	
0.2
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Table 4. Operating costs of the four cases.






Table 4. Operating costs of the four cases.





	Parameter
	Case 1
	Case 2
	Case 3
	Case 4





	energy purchase cost
	11,885
	11,847
	11,169
	11,169



	carbon cost
	10,997
	10,816
	10,311
	10,311



	WT and PV cost
	0
	256.37
	256.37
	256.37



	total cost
	22,882
	22,928
	21,745
	21,745
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