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Abstract

:

Water electrolysis is a clean, non-polluting way of producing hydrogen that has seen rapid development in recent years. It offers the possibility of resolving the issue of excessive carbon emissions in conventional hydrogen production methods. In addition, waste heat recovery in hydrogen fuel cells can significantly increase the efficiency of energy use. Thus, to combine the electric power system, the hydrogen energy system, and the district heating system, this research suggests a novel optimal multi-energy complementary electricity–hydrogen–heat model. Rooftop photovoltaics, energy storage batteries, electric boilers, and hydrogen energy systems made up of hydrogen generation, hydrogen storage, and hydrogen fuel cells are all included in the suggested model. Furthermore, the electricity–hydrogen–heat system can be connected successfully using waste heat recovery in hydrogen fuel cells to create a coordinated supply of heat and power. In this work, the waste heat of hydrogen fuel cells is taken into account to increase the efficiency of energy use. To show the effectiveness of the suggested optimal multi-energy complementary model, many case studies have been conducted.
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1. Introduction


Due to the significant environmental problems brought on by the widespread use of fossil fuels, a number of sectors have started to explore low-carbon operating solutions to lower carbon emissions in recent years. The chemical industry, a high-carbon industry, has long been the focus of attention for its carbon emission issue, because the traditional method of producing hydrogen stems from the heavy usage of fossil fuels (such as coal) in the process [1,2].



Because of its pollution-free qualities, hydrogen production by water electrolysis has become more and more popular and is gradually becoming an indispensable technology for green hydrogen preparation [3]. The complementary operation of electricity and hydrogen can be realized by closely coupling the electric power system with the hydrogen energy system to build an electricity–hydrogen integrated energy system. It is possible to realize the complementary electricity–hydrogen operation to reduce energy loss and improve energy utilization [4,5]. A composite fuel cell membrane based on a highly proton-conductive, thermally crosslinkable phenylene sulfonic acid copolymer was prepared by pore filling to improve the efficiency of fuel cells in [3]. Zhang et al. proposed a multi-renewable-to-hydrogen production method for renewable-dominated hydrogen fueling stations [6]. A three-phase hybrid rectifier control method was proposed for high-power electrolytic hydrogen production application in [7]. Meng et al. proposed a hybrid rectifier coordinative control method for realizing multiscale frequency regulation [8]. In addition, Sharma et al. focused on photoactive, stable, and cost-effective materials, presenting the photoelectrochemical characterization of a phosphorus–nitrogen-doped carbon material to study carbon-based materials [9]. In [10,11], an analytical approach based on the least square error method is proposed for estimating the model parameters of the proton exchange membrane under various operating conditions.



To lessen the carbon dioxide emissions of the electricity grid, a new clean energy source called the hydrogen energy system can be deployed. Because it combines the benefits of electricity and hydrogen energy, the integrated electricity–hydrogen energy system is a novel idea. In addition to realizing a clean and efficient distributed energy supply and creating an energy internet with electricity at its core, it is a crucial step toward realizing the stable operation of a significant share of modern energy power systems. Pan et al. proposed a planning model for an electricity–hydrogen energy system considering hydrogen production and storage technologies, thereby solving the problem of randomness and strong seasonal fluctuation of new energy power output [12]. An optimal integrated electric power and hydrogen system strategy that utilizes hydrogen tube trailers for transportation was proposed [13,14]. A hydrogen energy storage system comprising alkaline electrolysis, a proton-exchange membrane fuel cell stack, and a high-pressure hydrogen storage tank with a compressor was proposed [15,16,17]. A multi-stage co-planning model for the power distribution system and hydrogen energy system was developed. Flexible conversion between green power and green hydrogen was realized by the integration of hydrogen energy production, storage, power output, and hydrogenation [16,17,18]. Zhang et al. developed a planning model of hydrogen refueling stations to maximize long-term profitability [19]. Considering hydrogen trading and long-term hydrogen storage, Weiming proposed a new method for the capacity allocation of hydrogen energy collection systems in industrial parks [20]. Wang Dong considered the demand response (DR) of HFCV and studied the operation of the integrated hydrogen system (IPHS) [21]. A coordinated planning model for power system output and transmission (GT) and HSC with transportable seasonal hydrogen storage was proposed in [22]. In order to realize scientific planning of the primary energy supply structure under the concept of carbon neutrality, Pan Xia established a coupled energy and power optimization planning model of electricity–heat–hydrogen–carbon [23]. However, the heat energy generated by hydrogen fuel cells during operation was not considered in the above study. This heat energy can be converted into electricity through a waste heat recovery system, which can improve the overall energy conversion efficiency of the hydrogen fuel cell stack.



This paper aims to develop an economic dispatch strategy of an integrated electric–heat–hydrogen system considering hydrogen production by water electrolysis to achieve a heat-power coordinated supply that can effectively couple the electricity–hydrogen–heat system.




	(i)

	
The proposed model optimizes the allocation of electricity output between rooftop photovoltaics and energy storage batteries to achieve a balance between supply and demand.




	(ii)

	
The model determines the optimal operation strategy for the integrated electric–heat–hydrogen system to minimize the total cost, taking into account the hydrogen production by water electrolysis.




	(iii)

	
The effectiveness of the proposed economic dispatch strategy is verified through simulation studies, demonstrating its potential in achieving an efficient and coordinated supply of electricity and heat in an integrated energy system.









In Section 2, an overview of the proposed electricity–hydrogen–heat multi-energy complementary optimal model is provided. In Section 3, a multi-energy complementary optimal model is presented, which integrated the electric power system and the hydrogen energy system considering the waste heat recovery of hydrogen fuel cells. The results of testing on the simulation system are presented in Section 4. Finally, Section 5 concludes the paper and suggests future work.




2. Electric–Hydrogen–Heat Integrated Energy Systems


To achieve low-carbon operation in industry parks (shown in Figure 1), a low-carbon operation framework of the integrated electric–heat–hydrogen system considering hydrogen production by water electrolysis is proposed. The electricity–hydrogen–heat multi-energy system consists of three closely linked subsystems: the electric power system, the hydrogen energy system and the district heating system. Three subsystems are connected through coupling components (e.g., hydrogen production devices, electric boilers and hydrogen fuel cells). There are two sources of electricity energy in the electric energy system: a power grid and rooftop photovoltaics. The generated electricity is used for electric load, electric storage device and electrolysis of water to produce hydrogen. There are two sources of hydrogen energy in the hydrogen energy system: electrolytic water hydrogen production devices and coal-based hydrogen production devices. The generated hydrogen is used for hydrogen fuel cells and hydrogen storage devices. There are three sources of heating energy in the district heating system: electric boilers, combined heat and power (CHP) units and the waste heat of hydrogen fuel cells. The generated hydrogen is used for heating the load and heating the storage device.



In this paper, the key links and coupling equipment in the electric–hydrogen–heat integrated energy systems are modeled, including the hydrogen source, hydrogen load, energy storage equipment and heat source. The electrolytic water hydrogen production equipment and hydrogen fuel cell are connected to the electric power system and hydrogen energy system. The electric energy generated by the power grid and rooftop photovoltaics is used in producing hydrogen energy in the electrolytic water hydrogen production equipment in the electric–hydrogen–heat integrated energy systems. In the electric power system, the electrolytic water hydrogen production equipment can be regarded as an electricity load. In the hydrogen energy system, it can be regarded as a hydrogen source.



In addition, the waste heat recovery of the hydrogen fuel cell is also connected to the district heating system, the electric power system and the hydrogen energy system. The hydrogen energy generated by electrolytic water hydrogen production devices and coal-based hydrogen production devices is used in producing electric energy. Meanwhile, the waste heat of the hydrogen fuel cell is recovered in the hydrogen fuel cell in the electric–hydrogen–heat integrated energy systems. In the electric power system, the electrolytic water hydrogen production equipment can be regarded as an electricity load. In the district heating system, the waste heat recovery of the hydrogen fuel cell can be regarded as a heating source. In the electric power system, it can be regarded as an electric source. In the hydrogen energy system, it can be regarded as a hydrogen load. Furthermore, the electric boiler connects the electric power system and the district heating system. The electric energy generated by the electric source is used in producing heating energy in the electric boiler. In the electric power system, the electric boilers can be regarded as an electric load. In the district heating energy system, it can be regarded as a heating source.



2.1. Hydrogen Source


2.1.1. Coal-to-Hydrogen Model


Coal reacts with water vapor at high temperature and high pressure to produce hydrogen. In this process, hydrogen production has a linear relationship


   m t  CTG   =  η C   m t C  , t ∈ T ,  



(1)






    ∑  t = 1   24     m t C    =  M C  , t ∈ T ,  



(2)







The carbon emissions generated in the process of coal hydrogen production can be expressed as follows:


   m t    CO  2    =  η C   m t  CTG   , t ∈ T ,  



(3)






    ∑  t = 1   24     m t    CO  2      =  M    CO  2    , t ∈ T ,  



(4)








2.1.2. Hydrogen Production from Water Electrolysis Model


Hydrogen production from water electrolysis converts the alternating current of the power grid into direct current through rectification, and it decomposes the water to produce hydrogen through the electrolytic cell. The process can be expressed as follows:


   P t  DC   =  η 1   P t  AC   ,  m t  PTG   =    η 2   P t  DC    ρ 0     H  LHV     , t ∈ T ,  



(5)









2.2. Hydrogen Fuel Cell Model


The waste heat recovery of hydrogen fuel cells can greatly improve energy efficiency and achieve higher output. According to the rule of conservation of energy, its power output and hydrogen consumption conform to the following relationship:


   P t  HFC   =    η  FC    m t  HFC    H  HHV      ρ 0    , t ∈ T  



(6)







In addition, the power output and heat production of hydrogen fuel cell conform to the following linear relationship:


   h t  HFC   =  a h   P t  HFC   +  b h  , t ∈ T  



(7)








2.3. Energy Storage Model


Energy storage equipment in the park includes energy storage battery, hydrogen storage tank and heat storage tank. The energy storage equipment model focuses on the storage change process of energy storage equipment, so the energy storage model of the park can be expressed as follows:


   E t  stor   =  E  t − 1   stor   + Δ t (  P  t − 1   cha   −  P  t − 1   dis   ) , t ∈ T ,  



(8)






   M t  stor   =  M  t − 1   stor   + Δ t (  m  t − 1   cha   −  m  t − 1   dis   ) , t ∈ T ,  



(9)






   H t  stor   =  H  t − 1   stor   + Δ t (  h  t − 1   cha   −  h  t − 1   dis   ) , t ∈ T ,  



(10)








2.4. Heat Source


The heat sources include hydrogen fuel cells and electric boilers, of which the electric boiler is a device that directly converts electric energy into heat energy, and there is a linear conversion relationship between electric heat, so its model can be expressed as follows:


   h t G  =  η G   P t G  , t ∈ T ,  



(11)









3. Low-Carbon Economic Scheduling Model


3.1. Objective Function


In order to minimize park operating costs and reduce carbon emissions, this paper establishes the following objective functions:


  min [   ∑  t = 1   24     c t E   P t t    +  c m   M C  +  c c   M    CO  2    ]  



(12)








3.2. Operation Constraints


3.2.1. PDS Operation Constraints


A model contains power balance constraints, load-shedding constraints, transmission capacity constraints, voltage drop constraints, and unit output constraints.



	
Power Balance Constraints







    p   j , t    =   ∑  s ∈ δ  j      p   js , t      −   ∑  i ∈ π ( j )       p   ij , t    −  r  ij    l   ij , t        , ∀ j ∈  k  bus   , ∀ t ∈ T ,   



(13)






    q   j , t    =   ∑  s ∈ δ  j      q   js , t      −   ∑  i ∈ π ( j )       q   ij , t    −  x  ij    l   ij , t        , ∀ j ∈  k  bus   , ∀ t ∈ T ,   



(14)






    p   j , t    =  p   j , t   t  +  p   j , t    PV   +  p   j , t    dis   +  p   j , t    HFC   −    p   j , t   D  +  p   j , t    AC   +  p   j , t   G  +  p   j , t    cha     , ∀ j ∈  k  bus   , ∀ t ∈ T ,   



(15)






    q   j , t    =  q   j , t   t  +  q   j , t    PV   +  q   j , t    dis   +  q   j , t    HFC   −    q   j , t   D  +  q   j , t    AC   +  q   j , t   G  +  q   j , t    cha     , ∀ j ∈  k  bus   , ∀ t ∈ T ,   



(16)






       2  p  i j , t     2  q  i j , t        l    i j , t   −  u   i , t       2  ≤  l  i j , t   +  u   i , t    , ∀ j ∈  k  bus   , ∀ t ∈ T ,   



(17)





	2.

	
Transmission Capacity Constraints








   −    S ¯    i j   ≤  p   ij , t    ≤    S ¯    i j   , ∀ (  i , j  ) ∈  k  line   , ∀ t ∈ T ,   



(18)






   −    S ¯    i j   ≤  q   ij , t    ≤    S ¯    i j   , ∀ (  i , j  ) ∈  k  line   , ∀ t ∈ T ,   



(19)





	3.

	
Voltage Drop Constraints







As shown in Figure 2, the bus voltage will drop along the closed transmission line affected by resistance and reactance, and the bus voltage will not affected by any disconnected bus.



The voltage drop constraints will be described as follows:


   u   i , c , t    −  u   j , c , t    − 2    r  ij    p   ij , c , t    +  x  ij    q   ij , c , t      +    r  ij  2  +  x  ij  2     l   ij , c , t    = 0 , ∀ (  i , j  ) ∈  k  line   , ∀ t ∈ T ,  



(20)






     u ¯   j  ≤  u   j , c , t    ≤    u ¯   j  , ∀ j ∈  k  bus   , ∀ t ∈ T ,  



(21)







	4.

	
Unit Output Constraints








      E  min   stor   ≤  E t  stor   ≤  E  max   stor   ,     0 ≤  p   j , c , t    cha   ,  p   j , c , t    dis   ≤  p  max   cd   ,     



(22)






   0 ≤  P t G  ≤  P  max  G  ,   



(23)






3.2.2. DHS Operation Constraints


The available heat quantity in the energy flow model is introduced as an auxiliary variable, i.e.,    h  ij   =   cm   ij      τ  ij  S  −  τ  ij  R     , and the energy flow model is applied to the service restoration model. It contains heat station constraints, heat transmission constraints, energy balance constraints, unit output constraints and load-shedding constraints.



	5.

	
Heat Station Constraints







The relationship between the power and heat output of CHP units is expressed as


      ∑  j ∈  k k  H F C       h   j , t    HFC   +   ∑  j ∈  k k  EB       h   j , t    EB   +   ∑  j ∈  k k  CHP       h   j , t    dis   =  h   k , t    HS   , ∀ k ∈  k  HS   , ∀ t ∈ T ,      h   j , t    HFC   =  h   j , t    cha   , ∀ k ∈  k  HS   , ∀ t ∈ T ,    



(24)







	6.

	
Heat Transmission Constraints







Considering the transmission capacity of heating pipelines, the heat energy transmitted though heating pipelines should be limited to a certain range.


   h   ij , t     P , out    =  h   ij , t     P , in    −  h   ij , t    loss   , ∀    i , j    ∈  k  pipe   , ∀ t ∈ T , ∀ c ∈ C ,  



(25)






     −  h ¯     ij  P  ≤  h   ij , c , t     P , in    ≤    h ¯    ij  P  , ∀    i , j    ∈  k  pipe   , ∀ t ∈ T , ∀ c ∈ C ,  



(26)






     −  h ¯     ij  P  ≤  h   ij , c , t     P , out    ≤    h ¯    ij  P  , ∀    i , j    ∈  k  pipe   , ∀ t ∈ T , ∀ c ∈ C ,  



(27)







	7.

	
Energy Balance Constraints







The heat energy generated by the heat sources (CHP units and heating boilers) must be used for the heating load.


   ∑     j , s    ∈  S j  pipe −      h   js , c , t    P , o u t   +  ∑  k ∈  k j  HS      h   k , c , t    HS   =  h   j , c   L  +  ∑    i , j   ∈  S j  pipe +      h   ij , c , t    P , in   , ∀ j ∈  k  nd   , ∀ t ∈ T , ∀ c ∈ C ,  



(28)







	8.

	
Unit Output Constraints







The heating power output of the CHP units and heating boilers must be limited to a certain range due to the unit standards.


     H  min   stor   ≤  H t  stor   ≤  H  max   stor   ,     0 ≤  h t  cha   ,  h t  dis   ≤  h  max   cd   ,    



(29)








3.2.3. HS Operation Constraints


	
Hydrogen Source Constraint






The hydrogen output of the electrolytic water hydrogen production devices and coal-based hydrogen production devices must be limited to a certain range.


    0 ≤  m t  CTG   ≤  m  max   CTG   ,     0 ≤  m t  PTG   ≤  m  max   PTG   ,    



(30)







	2.

	
Hydrogen Load Constraints







The hydrogen consumption of the hydrogen load and hydrogen fuel cell should be limited to a certain range.


    0 ≤  m t   H 2    ≤  m  max    H 2    ,     0 ≤  m t  HFC   ≤  m  max   HFC      



(31)







	3.

	
Hydrogen Storage Constraints








      M  min   stor   ≤  M t  stor   ≤  M  max   stor   ,     0 ≤  m t  cha   ,  m t  dis   ≤  m  max   cd       



(32)





	4.

	
Energy Balance Constraint








      m t  PTG   =  m t  cha   ,      m t  CTG   +  m t  dis   =  m t  HFC   +  m t   H 2    ,     



(33)








4. Case Studies


4.1. Case Description


The proposed electric–hydrogen–heat integrated energy systems model is evaluated using a modified actual industrial area in China, which consists of electric boilers, electrolytic water hydrogen production devices, coal-based hydrogen production devices, hydrogen fuel cells, thermal power units, rooftop photovoltaics, an electric load, a heating load, electric storage, heating storage, and hydrogen storage, with precise parameters supplied in [24]. The tests were conducted using Matlab R2020a on a computer with an i7-1165G7 CPU and 16 GB of memory.




4.2. Cases Analysis


The electricity price used in this article is the time-of-use electricity price [25]. Tariffs vary according to the time of day when electricity is used, with tariffs usually higher during peak periods and lower during low periods, as shown in Table 1.



The electric power consumption results of hydrogen production from water electrolysis and hydrogen fuel cell power output are shown in Figure 3, and the operation results of energy storage equipment are shown in Figure 4. Using the time-of-use electricity price, the electrolyzer produces hydrogen at 1:00–7:00 and 23:00–24:00, and it is stored in a hydrogen storage to replace coal to produce hydrogen to supply hydrogen load. The energy storage is charged at 1:00–6:00 and 15:00–19:00, and when the electricity price is high, the energy storage is in a discharge state to supply the load. The hydrogen fuel cell generates electricity at 10:00–14:00, 15:00 and 19:00, and it recovers the waste heat to the heat storage to supply the heat load. The operation results of electric boilers are shown in Figure 5. The electric boilers provide heating at 10:00–14:00, 15:00, and 19:00, which provides heat for the heating load. The consumption of electric load and heating load is shown in Figure 6.



The electricity–hydrogen–heat integrated system realizes the flexible conversion of electricity energy, heat energy and hydrogen energy, which makes full use of the advantages of fast response speed and high energy efficiency of an electric power system and the advantages of suitable energy storage of a heat energy system and hydrogen energy system. Compared to traditional parks that do not introduce photovoltaic, hydrogen, and energy storage batteries, the existence of rooftop photovoltaic, hydrogen energy and energy storage has reduced the daily electricity purchasing cost of the system by $2075, a decrease of 2.4%, reduced coal consumption by 683 kg, a decrease of 1.5%, reduced total cost by $2096, and reduced carbon emissions by 1024 kg. The reason is that the presence of rooftop photovoltaics reduces the power output of thermal power units, thereby reducing the operating costs of thermal power units. Importantly, the carbon emissions can be reduced using the clean energy instead of the fossil energy. The electrolytic water used to produce hydrogen devices reduces the consumption of coal in the process of coal-based hydrogen production and the overall carbon emissions of the system. The role of energy storage is to release energy to ensure user demand when the energy price is high and to store energy when the energy price is low. For example, the electric storage releases electric energy in the period of high electricity price to ensure the consumption of electric load. Charging is performed to store electrical energy when the electricity price is low. Hydrogen storage is also a very large-scale energy storage method which can be used as an electric source for output in buildings, a reliable power source for micro-grids and a backup power source for mobile base stations. However, due to the high operating cost of electrolytic water hydrogen production, the existence of electrolytic water hydrogen production may lead to an increase in the cost of hydrogen energy production. The system operating costs and carbon emissions is shown in Table 2 when the electrolytic cell scale is 600 kW. The effectiveness of the proposed model is verified by the above case.



The system operating costs and carbon emissions when the scale of hydrogen production from electrolyzed water in the system is further expanded are shown in Table 3.



According to Table 2, it can be observed that carbon emissions will decrease as the electrolytic cell’s scale gradually expands. This shows the positive impact of larger electrolytic cells on reducing carbon footprints. There are certain limitations that hinder further expansion of the roof photovoltaic system. One major limitation is the higher electricity purchasing cost compared to the coal purchasing cost. The increasing reliance on electricity purchases would raise the system operating costs, which could have adverse effects on its overall performance and efficiency.



Additionally, the scale of the system also presents a constraint on continual expansion. If the electrolytic cell becomes too large, excessive amounts of electricity would need to be purchased, leading to further increases in system operating costs. These increasing costs could pose challenges to the sustainable and efficient operation of the system. The effectiveness of electric–hydrogen–heat integrated systems has been successfully demonstrated. This suggests that these integrated systems still provide viable solutions for generating clean and renewable energy even if the limitations mentioned above existed.



Moreover, the integration of electric, hydrogen, and heat sources offers diverse benefits, which creates an efficient and interconnected energy framework that allows for the utilization of multiple energy sources simultaneously. By incorporating various energy forms, the system reduces the dependency on conventional fossil fuels and promotes the utilization of cleaner energy. The integration of electric and hydrogen energy contributes to the development of a greener transportation sector, as it enables the use of fuel cells and electric vehicles while minimizing greenhouse gas emissions. Furthermore, the integration of heat sources facilitates the applications in industries that require high-temperature processes, such as steel production or chemical manufacturing.



In conclusion, while the expansion of the electrolytic cell scale leads to a decrease in carbon emissions, some limitations (e.g., high electricity purchasing costs, system size constraints) need to be considered. Nonetheless, the effectiveness and the potential of electric–hydrogen–heat integrated systems in achieving sustainable and clean energy solutions has been proven in this section.





5. Conclusions


In this paper, we propose a novel electricity–hydrogen–heat multi-energy complementary optimal model to integrate the electric power system, the hydrogen energy system and the district heating system. The rooftop photovoltaics, the energy storage batteries devices, the electric boilers, and the hydrogen energy systems consisting of hydrogen production devices, hydrogen storage devices, and hydrogen fuel cells are involved in the proposed model. Moreover, to improve the effectiveness of energy utilization, the waste heat recovery of hydrogen fuel cells is considered in this paper. Numerous case studies are undertaken to demonstrate the effectiveness of a multi-energy complementary optimal model.



For future research, we plan to consider more uncertainties in the electricity–hydrogen–heat multi-energy system. Furthermore, we will explore different ways to improve the effectiveness of energy utilization. In additional, we will also pay attention to coordinated heat and power dispatch (CHPD) with the popularization of CHPD [26,27,28].
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Nomenclature




	
Sets

	




	
    k   i , h    CHP   /  k   i , e    CHP     

	
Index of CHP units  i  in DHS and PDS




	
    k  pipe   /  k  line     

	
Set of transmission lines/pipelines




	
    k  bus   /  k  bus     

	
Set of buses/nodes




	
   π ( j ) / δ  j    

	
Set of parents and child buses of bus  j 




	
    k  CHP   /  k  HB   /  k  HS     

	
Set of CHP units/heating boilers/and heat stations




	
    S j  pipe −   /  S j  pipe +     

	
Set of pipelines flowing from/to node  j 




	
Parameters




	
    N s    

	
Number of heat/electric sources




	
    N  ij     

	
Number of pipelines/transmission lines ij




	
    r  ij   /  x  ij     

	
Binary variable that presents whether there is a fault on line/pipe     i , j    




	
    l  ij     

	
Binary variable that presents whether there is a fault on line/pipe     i , j    




	
      S ¯    i j     

	
Transmission capacity of transmission line   ( i , j )   (MW)




	
      u ¯   j  /    u ¯   j    

	
Minimum/maximum square voltage magnitude of bus  j .(V2)




	
      p ¯   j  D G   /    p ¯   j  DG     

	
Minimum/maximum power output of DG  j  (MW)




	
      p ¯   j  CHP   /    p ¯   j  CHP     

	
Minimum/maximum power output of CHP unit  j  (MW)




	
     ν _  j  /   ν ¯  j    

	
Minimum/maximum factors of power and heat output of CHP unit  j 




	
    γ j    

	
Factors between heat output and fuel consumption of heating boiler  j 




	
      h ¯    ij  P    

	
Maximum transmission capacity of pipelines   (  i , j  )  




	
    a j  /  b j    

	
Weight factors for electric and heat load  j  (kg)




	
    η C    

	
Conversion efficiency of coal to hydrogen




	
    η 1    

	
Efficiency of the rectification process




	
    η 2    

	
Production efficiency of the electrolytic water hydrogen production




	
    ρ 0    

	
Density of hydrogen in the standard states (kg/m3)




	
   H  LHV    /   H  HHV    

	
Low/high calorific value of hydrogen (J/kg)




	
    η  FC     

	
Fuel cell power output efficiency




	
   a h   /   b h   

	
Coefficient of the linear function




	
    η G    

	
Energy conversion efficiency of the electric boiler




	
    c t E    

	
Real-time electricity price at t ($)




	
    c m    

	
Price of purchasing coal; ($)




	
    c c    

	
Carbon emission penalty coefficient




	
   E  max   stor    /   E  min   stor    

	
Upper and lower limits of stored electric energy (kWh)




	
    P  max   cd     

	
Upper limit of charging and discharging power (MW)




	
    P  max  G    

	
Upper limit of the active power input to the electric boiler (MW)




	
   H  max   stor    /   H  min   stor    

	
Upper/lower limits of stored heat energy (kWh)




	
    h  max   cd     

	
Upper limit of heat storage tube (kWh)




	
   m  max   CTG    /   m  max   PTG    

	
Maximum output of hydrogen production from coal and electrolytic water (kg)




	
   m  max    H 2     /   m  max   HFC    

	
Upper limits of hydrogen ammonia production and hydrogen fuel cell (kg)




	
   M  max   stor    /   M  min   stor    

	
Upper and lower limits of stored hydrogen energy (kg)




	
    m  max   cd     

	
Upper limit of charging and discharging hydrogen flow (kg/s)




	
Variables

	




	
    m t  CTG     

	
Mass flow rate of hydrogen production from coal at t (kg)




	
    m t C    

	
Mass flow rate of raw coal input at t (kg)




	
    M C    

	
Total coal consumption in a scheduling cycle (kg)




	
    m t    CO  2      

	
Carbon emission generated by coal hydrogen production at t (kg)




	
   P t  AC    /   P t  DC    

	
AC and DC power utilized in the electrolytic water hydrogen production at t (MW)




	
    m t  PTG     

	
Mass flow of hydrogen production at t (kg)




	
    m t  HFC     

	
Mass flow of hydrogen consumed by the hydrogen fuel cell at t (kg)




	
    P t  HFC     

	
Fuel cell power output at t (MW)




	
    h t  HFC     

	
Heat recovered by the hydrogen fuel cell at t (MW)




	
   E t  stor    /   E  t − 1   stor    

	
Stored electric energy at t and t − 1 (kWh)




	
   P  t − 1   cha    /   P  t − 1   dis    

	
Input and output active power at t and t − 1 (MW)




	
   M t  stor    /   M  t − 1   stor    

	
Mass of stored hydrogen at t and t − 1 (kg)




	
   m  t − 1   cha    /   m  t − 1   dis    

	
Input and output hydrogen flow at t and t − 1 (kg)




	
   H t  stor    /   H  t − 1   stor    

	
Stored heat energy at t and t − 1 (kWh)




	
   h  t − 1   cha    /   h  t − 1   dis    

	
Input and output of heat at t − 1 (MW)




	
   P t G   /   h t G   

	
Input active power and heat output of the electric boiler at t (MW)




	
    P t t    

	
Electricity purchased by the park at t (MW)




	
    m   i , c , t      

	
Binary variable that presents whether bus  i  is divided into faulted regions.




	
    a   ij , c , t      

	
Binary variables that presents the virtual power flow between buses  i  and  j 




	
  σ  

	
Binary variable that presents whether SOP is in operation




	
    m   i , c , t      

	
Binary variable that presents whether bus  i  is divided into faulted regions.




	
    p   j , c , t    /  q   j , c , t      

	
Active/Reactive power injection of bus  i  that is associated with SOP (MW)




	
    p   ij , c , t    /  q   ij , c , t      

	
Active/Reactive power flow from bus  i  to bus  j  (MW)




	
    p   j , c , t    DG   /  q   j , c , t    DG     

	
Active/Reactive power output of DG at bus  i  (MW)




	
    p   j , c , t    CHP   /  q   j , c , t    CHP     

	
Active/Reactive power output of CHP unit at bus  i  (MW)




	
    p   j , c , t   L  /  q   j , c , t   L    

	
Electric demand of bus  j  (MW)




	
    p   j , c , t    Loss   /  q   j , c , t    Loss     

	
Load shedding of bus  j  (MW)




	
    u   i , c , t      

	
Square voltage of bus  j  (V)




	
    h   j , c , t    CHP     

	
Heat output of CHP unit  j  (MW)




	
    h   j , c , t    HB   /  f   j , c , t    HB     

	
Heat output and fuel consumption of heating boiler  j  (MW)




	
    h   k , c , t    HS     

	
Heat output of heat station  k  (MW)




	
    h   ij , c , t     P , out    /  h   ij , c , t     P , in    /  h   ij , c , t    loss     

	
Outlet/inlet/loss heat quantity of pipe   (  i , j  )   (MW)
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