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Abstract

:

Highways are a critical consumer of energy. The integration of the highway and the energy system (ES) is a proven method towards carbon neutrality. The increasing energy demands of highway transportation infrastructure and the development of distributed energy and energy storage technologies drive the coupling between the highway system (HS) and the energy supply network, which is becoming tighter than ever before. Many scholars have explored the mode and path of integrated transportation and energy development. However, the energy and transportation systems’ coupling relationship and the collaborative planning scheme have not been thoroughly studied. Facing the increasing interconnection between transportation and energy networks, as well as addressing the demand for clean energy in highway transportation effectively, this paper proposes a highway self-consistent energy system (HSCES) planning model integrating uncertain wind and photovoltaic (PV) power output, so as to analyze the energy supply mode of the HS and determine the multi-energy capacity configuration of the self-consistent energy system (SCES). Firstly, the mathematical model related to each micro-generator of the SCES and the load aggregation scenario of the HS is established. Secondly, considering the uncertainty of renewable energy, this paper focuses on wind and PV power generation, and abatement technology, under uncertain conditions to ensure the best solution for reliability. Thirdly, taking the economy, reliability and the renewable energy utilization rate of the system into account, the system planning model is established under the condition of ensuring the system correlation constraints. Finally, the proposed method is validated using a section of the highway transportation system in western China. The results show that the hybrid energy storage planning scheme can cause the system’s renewable energy utilization rate to reach 99.61%, and the system’s power supply reliability to reach 99.74%. Therefore, it is necessary to carry out coordinated planning while considering the characteristics of the HS and the ES, which can minimize the planning cost of a HSCES, reduce the waste of wind and solar energy, and ensure the reliability of the power supply for the HS.
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1. Introduction


In recent years, the coupling between internet technology and the energy system (ES) has been deepening, and the Energy Internet has gradually become a new form of energy industry [1,2]. As the primary sector for national economic development, intelligent transportation becomes the direction for the future of transportation system development [3]. Along with rapid economic and social growth in China, the demand for energy in the transportation sector is increasing yearly; whereas, energy supply is decreasing [4,5]. As an essential energy load, the transportation system has frequent interaction with and influence from the ES at the level of energy and information [6,7,8]. The ES is the energy carrier of the transportation system, while the transportation system is the driving object of the ES. Breaking the barrier of the isolated development of the existing ES and transportation system, and promoting deep integration between the energy and transportation systems, have become the research challenges and key issues that need to be solved by scholars at home and abroad.



In recent years, domestic and foreign researchers have achieved a lot in the application of renewable energy in the transportation sector [9,10,11]. References [12,13] reviews the current status of PV power generation and its comprehensive application to transportation, assesses the potential of PV power generation for highway transportation in China, and explores the feasibility of low-carbon and green transportation. Kim et al. [14] reasonably assess the wind energy resource potential of roads. The research establishes a set of evaluation methods, such as a spatial resolution sensitivity evaluation and a road proximity sensitivity assessment, which can maximize the use of wind energy resources while ensuring road safety, and provides some references for highway transportation wind energy utilization and microgrid planning. Zhang et al. [15], based on the analysis of energy consumption and the economy of urban transportation, constructs a system dynamics model to address highway system energy demand. This model overcomes the problem of inaccurate energy consumption prediction of the highway system, and provides a theoretical basis for highway system energy conservation, emission reduction and green transportation development. Although, the studies mentioned above have some guiding significance for evaluating transportation load demands and the potential of wind and PV power in transportation, those studies are limited to the assessment of the possibility of wind and PV renewable energy sources in transportation. The studies cited consider less how energy is stored and utilized in the case of the interaction between ESs and transportation systems.



The energy networks and transportation networks are all taking on the critical task of green and low-carbon transformation [16,17,18,19]. Developing clean energy and building green transportation is the key way to transform the energy network and transportation network into green, low-carbon versions. Therefore, the growth of energy and transportation has been combined, and many scholars have made certain progress in exploring the path to energy and transportation integration [20,21,22]. In terms of energy collection and storage by the transportation system, Wang et al. [23] proposed a highway energy collection and storage system by studying the laws of energy collection and storage under different traffic conditions. Through validation analysis, a strategy scheme for collecting and storing energy more accurately and efficiently was obtained; thus, the feasibility of highway traffic energy storage and utilization was verified. Wu et al. [24] constructed an integrated energy transportation system model with energy dispatch as the focus, renewable energy as the carrier, battery charging and switching stations as the medium, and the transportation system as the entity, creating the conditions for the integration of energy and transportation. Farahani et al. [25] proposed an integrated energy harvesting and transmission system for the clean energy utilization of carriers in transportation systems, which uses renewable energy to generate electricity and electrolysis to convert the remaining renewable energy into hydrogen to power hydrogen fuel–cell vehicles. The research created the conditions for a 100% renewable integrated energy transportation system. In terms of the form and development mode of energy and transportation integration, Yang et al. [26] described the synergy of energy and transportation convergence networks from a system interconnection perspective. They discussed the current status and potential future of energy transportation integration from the perspective of development trends, technologies and policies, and key technologies. He et al. [27] summarized the advantages of the integrated development of energy, transportation and information networks. Then, they established the energy transportation information complex network model and the energy transportation stochastic–type interaction mechanism, which effectively promoted renewable energy substitution for electrical energy in transportation systems. Huang et al. [28] proposed a long-term energy substitution planning model for the transportation system. By simulating the energy consumption demand and energy conservation potential in the transportation field of Guangdong–Hong Kong–Macao Greater Bay Area, the path to energy transformation of the transportation system was planned, which pointed out the direction for energy transformation of different transportation departments. Wei et al. [29] modeled the integration of energy and transportation systems based on the concept of an energy transportation convergence system. The energy allocation strategy of the transportation system was summarized by quantifying the operation state and equilibrium position of the electric power network in the transportation system. Both domestic and international research on the integration of energy and transportation emphasizes the integration concept and the possibility of integration strongly, but the coupling relationship, collaborative planning scheme and energy management strategy between the ES and the HS under the synergy analysis have not been studied deeply.



The rational allocation of the energy system is key to the planning and design of the HSCES [30]. The system structure, energy coupling mode and energy storage mode in the optimal allocation model have attracted the attention of many scholars. Pradhan et al. [31] proposed a new highway microgrid concept, which designed a grid-connected wind–solar power generation system on the highway system, transforming the transportation system from an energy consumer to an energy producer, reducing the operating costs of the highway transportation system, and promoting the development of green transportation. Doost et al. [32] proposed a charging–discharging strategy for the intelligent energy storage battery in order to minimize the dependence of the PV transportation microgrid on the main power grid. While reducing the peak power consumption of the power grid, the strategy also reduces the energy consumption of the transportation system. Liu et al. [33] integrated the wind–solar power highway microgrid into the main power grid, and proposed an adaptive control strategy for the highway microgrid system. This strategy rationally regulates the energy flow between the microgrid and the main power grid, and realizes the energy management of multiple highway microgrids under the grid connection mode. There are few studies on transportation microgrid systems, and the current research is limited to highway microgrids’ planning and energy management strategies with the primary power grid as support. In addition, the renewable energy connected to the microgrid is mainly single renewable energy, and the coupling effect of multi-energy complementation after hydrogen energy connection is rarely considered.



The highway load gathering scenario includes service areas, tunnels, bridges, toll stations, and equipment along the highway, etc., providing operational functions, such as lighting, monitoring, and communication. In this paper, we analyze the composition and influencing factors for energy consumption during highway operation, and propose an energy consumption measurement model applicable to highways based on existing energy consumption calculation methods. Meanwhile, we consider the coupling relationship between the SCES and the HS, and develop a multi-mode operation control strategy. Based on full consideration of the system power supply reliability and the renewable energy utilization rate, the optimal planning model of the HSCES integrating uncertain wind and PV power output is established to minimize the whole life–cycle annual value–cost of the system. Collaborative planning of distributed units, such as wind turbines, PV panels, batteries, and hydrogen storage systems, in the system is carried out to explore the potential interaction between the energy system and the transportation system. The simulation results in this paper verify the potential benefits and the necessity of collaborative planning between the ES and the HS in ensuring the system’s economic cost, energy utilization, and power supply reliability. As green transportation is the developing trend of the future, the planning method proposed in this paper can be used as a reference for the mode and results from the combination of renewable energy and transportation.



Relevant nomenclatures and units are defined in this paper, as shown in Table 1.




2. Architecture of Highway Self-Consistent Energy System


The term "microgrid" refers to a small-scale power production and distribution system made up of dispersed power sources, energy storage devices, energy conversion devices, monitoring and protection devices, and related loads [34]. Unlike traditional microgrids that require a large power grid and auxiliary energy supply equipment for support, we designed a "microgrid" specifically to meet the energy needs of highway transportation infrastructure, and generate energy from transportation infrastructure assets, as a "highway self-consistent energy system (HSCES)" to achieve clean energy use in the highway system (HS).



2.1. System Architecture


Highways serve as a practical and effective transportation infrastructure, and are crucial to industrialization and urbanization processes. The scale of China’s highway transportation infrastructure construction continues to expand, with electricity demand rising yearly. Through the optimal modification of the energy structure of the HS, an efficient technique can ensure that the energy need is met by clean energy.



The HSCES, which was located in the terminal area without a power network in Western China, shows the triple attribute of “source–storage–load”. On the basis of traditional energy supply, on the one hand, with the help of advanced power electronics technology and relying on renewable energy for power generation, the form-of-energy side changes into the form-of-power-supply side, and gradually adjusts the highway transportation infrastructure energy mode adapted to the energy transformation; thus, a new energy transport system structure with renewable energy as the primary energy supply has been formed in the “source–storage–load”. On the other hand, with the help of advanced information and electronic technology, the interconnection of energy information for all aspects of the generation, storage, distribution and use, and the flexible operation of the new the HS, can be realized.



The HSCES consists of renewable energy generation, electricity for highway transportation infrastructure, and hybrid energy storage equipment, as shown in Figure 1. This system can maximize the power generation potential of renewable energy, provide a clean power supply for highway transportation, and realize energy leveling with the help of an energy storage system, to form a new mode for the "source–storage–load" synergistic energy transportation system.



The architecture of the HSCES is shown in Figure 2. With abundant renewable energy in the western region of China, in order to achieve 100% renewable energy consumption and 100% zero-carbon power supply, distributed PV power generation and distributed wind power generation are adopted as energy supply modes in terms of the source side. On the grid side, due to the poor coverage of the grid in western China, there is basically no backbone transmission network, so it comes under the “Island Operation Mode”. As for the load side, the primary consideration for the HS service area, toll stations, bridges, tunnels and other infrastructure, is providing energy. On the energy storage side, considering the hybrid energy storage mode of electricity and hydrogen storage, the hydrogen storage system has characteristics including a wide operating range and fast power change rate, and is coupled with renewable energy; as such the utility model can effectively lessen the effects of renewable energy on the power grid and promote the absorption of renewable energy [34].




2.2. Control Strategy for System Operation


To maximize renewable energy consumption and ensure the reliability of the power supply in the HS, this paper proposes a control strategy for the HSCES, as shown in Figure 3. When the wind and PV output power are insufficient to satisfy the load requirements, the battery is first used to suppress the power fluctuation of the load and the renewable energy. When the battery cannot adjust the unbalanced power completely, the hydrogen storage system starts, and adjusts the remaining unbalanced power.



The detailed steps are as follows:




	(1)

	
Start the system’s energy flow at a certain time. Firstly, the unbalanced power of the system is calculated. If the wind and PV output are insufficient to satisfy the load requirements, the system will enter Operation Mode 1. Otherwise, it will switch to Operation Mode 3;




	(2)

	
Operation Mode 1: If the remaining battery power can meet the remaining load, and the remaining load is within the maximum discharge power limit of the battery, the battery can meet the remaining load; if the remaining battery power can satisfy the remaining load, but the remaining load exceeds the maximum discharge power limit of the battery, then the battery will discharge at the maximum power; if the remaining battery power cannot satisfy the remaining load, the discharge power of the battery takes the minimum value of both the remaining battery power and the maximum discharge power of the battery, at this point, the system calculates the imbalanced power and switches to Operation Mode 2;




	(3)

	
Operation Mode 2: If the remaining hydrogen storage capacity of the hydrogen storage tank can satisfy the remaining loads, and the remaining loads are within the maximum hydrogen fuel cell output limit, the hydrogen storage system can satisfy the remaining load requirements; if the remaining hydrogen storage capacity of the hydrogen storage tank can satisfy the remaining load, but the remaining load exceeds the maximum output limit of the hydrogen fuel cell, the hydrogen fuel cell will output at the maximum power; if the remaining hydrogen storage capacity of the hydrogen storage tank cannot satisfy the remaining load, the output power of the hydrogen fuel cell takes the maximum output of the remaining hydrogen storage capacity and the maximum output power of the hydrogen fuel cell, enter step (6);




	(4)

	
Operation Mode 3: If the maximum rechargeable capacity of the battery can absorb the excess renewable energy and it does not exceed the battery’s maximum allowable rechargeable power, then the battery absorbs the excess renewable energy output; if the maximum charge capacity of the battery can absorb the excess renewable energy, but the excess renewable energy output exceeds the maximum charge power limit of the battery, then the battery maintains the maximum charge power; if the maximum rechargeable capacity of the battery is unable to absorb the extra renewable energy, the battery’s charging power is equal to the lesser of its maximum rechargeable capacity and its maximum charging power, enter Operation Mode 4;




	(5)

	
Operation Mode 4: If the excess renewable energy can be absorbed by the hydrogen storage system and its output is within the maximum output power limit of the electrolysis cell, then the hydrogen storage system can absorb the excess wind and PV output; if the hydrogen storage system can meet the remaining load, but the excess renewable energy output exceeds the electrolysis cell output power limit, then the electrolysis cell will maintain the maximum power output; if the hydrogen storage system cannot absorb the excess renewable energy, the actual output power of the electrolysis cell is the minimum value of both the electrolysis cell power consumed when the maximum hydrogen storage capacity is reached and the electrolysis cell reaches the maximum output power, enter step (6);




	(6)

	
End the system’s energy flow at that moment and move on to the next.











3. Source–Storage–Load Triple Model of the HSCES


To reasonably evaluate the distributed clean energy output characteristics on the HSCES in western China and the energy demand of the HS, the demand models of distributed energy, distributed energy storage, and highway transportation load are as follows.



3.1. Distributed Energy Model


3.1.1. Wind Turbine Output Model


The power output curve of the device, turbine hub height and wind speed at the hub height are the primary determinants of a wind turbine’s output power [35], which can be expressed as:


   P  w t   =  {     0    S <  S  c i            P  r a      S  r a  3  −  S  c i  3     S 3  −    P  r a      S  r a  3  −  S  c i  3     S  c i  3       S  c i   ≤ S <  S  r a          P  r a        S  r a   < S <  S  c o        0    S ≥  S  c o          



(1)




where:    P  r a     is the rated power of the wind turbine (kW);    S  r a     is the rated wind speed of the wind turbine (m/s);  S  is the actual wind speed of the wind turbine at the hub height (m/s);    S  c i     is the cut-in wind speed of the wind turbine (m/s);    S  c o     is the cut-out wind speed of the wind turbine (m/s).




3.1.2. PV Output Model


The output power of the PV array has an inevitable fluctuation and regularity, mainly affected by solar radiation intensity, temperature and other factors [36]. The PV array’s power output may indeed be stated as:


   P  p v   =  P s    G  (  φ , m , d , h  )    1000  G 0    [ 1 +  θ T   (  T −  T  r e f    )  ]  



(2)




where:    P s    is the rated power of the PV array (kW);   G  (  φ , m , d , h  )    is the solar radiation intensity at latitude  φ , in the  m  month,  d  day,  h  hour (W/m2);    G 0    is the standard solar radiation intensity, at 1 kW/m2;    θ T    is the power temperature coefficient of PV array [37];  T  is the operating temperature of the PV array (°C);    T  r e f     is the reference temperature for the PV arrays, at 25 °C.





3.2. Energy Storage System Model


3.2.1. Battery Charge and Discharge Model


The battery equipment of the HSCES can realize the time shift of energy. Generally, energy storage is performed when the energy supply is larger than the load requirements, and energy is released when the load requirements are larger than the energy supply. The operation model of the energy storage device considering self-discharge and charge-discharge power is shown in Equation (3) [38]:


   E  b a t   t + 1   = ( 1 − β )  E  b a t  t  +  η  c b a t    P  c b a t  t  Δ t −    P  c b a t  t  Δ t    η  d b a t      



(3)




where:  β  is the self-discharge rate of the battery equipment;    E  b a t  t    is the whole electrical energy that is kept in the battery equipment at the time  t  (kWh), which takes into account the energy the battery has stored before, as well as the current net input, output power, and efficiency of the charge–discharge cycle;    P  c b a t  t    is the battery equipment charging power at time  t  (kW);    P  d b a t  t    is the battery equipment discharging power at time  t  (kW);    η  c b a t     is the charge efficiency of the battery equipment;    η  d b a t     is the discharge efficiency of the battery equipment;  t  is the sampling point at a certain time in the planning period, and the sampling period   Δ t   is 1 h.



The battery state of charge (SOC) model is as follows:


  S O C ( t ) =  {      ( 1 − β ) S O C ( t − 1 ) +    P  c b a t   ( t ) Δ t  η  c b a t      C  b a t           ( 1 − β ) S O C ( t − 1 ) +    P  d b a t   ( t ) Δ t    η  d b a t    C  b a t            



(4)




where    C  b a t     is the rated capacity of the battery (kWh).




3.2.2. Hydrogen Power Generation System Model


Hydrogen power generation system refers to the production of hydrogen through environmently friendly and recyclable energy, and energy conversion in different carriers, such as hydrogen fuel cell systems that generate power to achieve peak regulation and frequency regulation. Compared with other energy storage technologies, hydrogen energy storage has the characteristics of a long shelf-life and high-energy density. The three-terminal model of production–storage–use is as follows:




	(1)

	
Electrolytic hydrogen production equipment output model









At the core of electrolytic hydrogen equipment, electrolysis cells electrolyze water into hydrogen and oxygen [39]. This paper assumes that the electrolysis cell is insulated and the electrolysis cell conversion efficiency remains constant during its operation [40]. The output power of the electrolysis cell is:


   P  ele   =  η  ele    P  ele − i n    



(5)




where:    P  ele − i n     is the electrolysis cell input power (kW);    η  ele     is the electrolysis cell efficiency.



	(2)

	
Remaining capacity model of the hydrogen storage tank







The hydrogen storage tank links hydrogen production and hydrogen consumption. It can store the hydrogen generated by electrolysis from the water in the electrolysis cell and provide hydrogen for hydrogen fuel cell power generation. The energy storage model of the hydrogen storage tank is as follows:


   E  Q h 2   ( t ) =  E  Q h 2   ( t − 1 ) +  η  e l e    P  e l e − i n   ( t ) Δ t −    P  f c   ( t ) Δ t    η  f c      



(6)




where:    P  f c   ( t )   is the output power of the hydrogen fuel cell at the time  t  (kW);    η  f c     is the efficiency of the hydrogen fuel cell.



	(3)

	
Hydrogen to electricity equipment output model







There are two main ways to utilize hydrogen energy, which are through a hydrogen fuel cell and through a hydrogen-fueled internal combustion engine. Table 2 provides comparative analysis of the two options.



As the table shows, hydrogen fuel cells have the advantages of producing no NOx emissions and having high conversion efficiency when compared with hydrogen-fueled internal combustion engines, while requiring a smaller hydrogen storage tank, which is more suitable for the practical needs of the HSCES. Therefore, we adopted the hydrogen fuel cell as the hydrogen–electricity equipment.



In this paper, when a solid oxide fuel cell is used, the output power of the hydrogen fuel cell will be:


   P  f c   =  η  fc    P  f c − i n    



(7)




where    P  f c − i n     is the input power of the hydrogen storage tank to hydrogen fuel cell (kW).





3.3. Highway Transportation Load Model


The energy consumption of the HSCES during operation corresponds with the service area, tunnel, bridge, toll station and other ancillary facilities along the road, etc., to meet the requirements of the HS monitoring, lighting, information control, management, service and other operational functions. The correlation between function–carrier–energy consumption of the HS is shown in Figure 4.



The HSCES proposed in this paper is mainly designed to meet the energy supply of highway transportation infrastructure in the gridless areas of western China, which has neither a large grid to provide power support nor auxiliary energy supply equipment to provide electrical energy. Therefore, the HS load is entirely supplied by the energy generation of the highway transportation infrastructure assets. Among them, service areas, tunnels, and equipment along the highways are both the electrical energy supply side and the energy-consuming side. In contrast, bridges and tunnels cannot use asset-based energy generation and can only be used as energy-consuming units. Each loading unit of the system is connected to the same set of busbars for energy interaction; the topology diagram is shown in Figure 5.



We analyze the energy demand of highway infrastructure for energy consumption. The infrastructure–energy–consumption measurement model is as follows:


  Q =  Q F  +  Q S  +  Q B  +  Q T  +  Q R   



(8)




where:  Q  is the energy utilized by all infrastructures (kWh);    Q F    is the energy utilized by the service areas (kWh);    Q S    is the energy utilized by the tunnels (kWh);    Q B    is the energy utilized by the bridges (kWh);    Q T    is the energy utilized by the toll stations (kWh);    Q R    is the energy utilized by the equipment along the highway (kWh).



3.3.1. Service Area Energy Consumption


The energy utilized by the service areas is primarily the energy consumption by restaurants, supermarkets, rooms, office areas, gas stations, etc. The energy consumption of service areas is calculated using the general analogy technique, since the energy-consuming equipment of gas stations and restaurants is typically locked and thus, challenging to count. On the basis of the average power consumption statistics of other service areas, it can be calculated using the accumulating and summing data from the hourly power consumption in the service area, the specific formula is as follows:


   Q F  =   ∑  t = 1   8760     (    ∑  i = 1  m    q i 1    ( t ) +   ∑  j = 1  n    q j 2  ( t )    )     



(9)




where:    q i 1  ( t )   is the energy utilized by the   i  th service area for one hour (kWh);    q j 2  ( t )   is the energy consumption of the   j  th parking area for one hour (kWh);  m  and  n  are the number of service areas and parking areas of the HS, respectively.




3.3.2. Tunnel Energy Consumption


Tunnels on highways need to be equipped with ventilation, lighting, and monitoring and communication systems to ensure transportation safety. According to reference [8], tunnel energy consumption mainly includes the energy consumption of the equipment inside the tunnel and the equipment at the entrance and exit to the tunnel. The energy consumption model is as follows:


   Q S  =   ∑  s = 1  n    (     P  s 1    T  s 1    L S     L  s 1     +  n 1   n S   P  s 2    T  s 2    )     



(10)




where:    P  s 1     is the rated power of the equipment inside the tunnel (kW);    L  s 1     is the equipment spacing (m);    T  s 1     is the working time of the equipment inside the tunnel (h);    L S    is the total length of the tunnel (m);    n 1    is the number of pieces of equipment at each tunnel entrance and exit;    n S    is the total number of tunnels.;    P  s 2     is the rated power of the equipment at each tunnel entrance and exit (kW);    T  s 2     is the working time of the equipment at each tunnel entrance and exit (h).




3.3.3. Bridge Energy Consumption


There are various types of electrical equipment around bridges that ensure the safety of transportation. Bridges on highways need to be equipped with lighting, monitoring, detection equipment and other systems. According to reference [8], a bridge with a length of  L  kilometers usually requires the number of monitoring and detection equipment to be   ( L − 1 )  , and the bridge lighting system load is generally 15.98 kW/km. Therefore, the bridge energy consumption model is as follows:


   Q B  =  P  b 1    T  b 1    L B  +  P  b 2    T  b 2   (  L B  − 1 )  



(11)




where:    P  b 1     is the load coefficient of the bridge lighting system, at 15.98 kW/km,    T  b 1     is the working time of the lighting system (h);    L B    is the total length of the bridge (km);    P  b 2     is the rated power of the monitoring and detection equipment (kW);    T  b 2     is the working time of the monitoring and detection equipment (h).




3.3.4. Toll Station Energy Consumption


The primary energy consumption of the highway toll station comes from the toll collection system, monitoring system, lighting system and management office. According to reference [8], the toll station model is as follows:


   Q T  =  P  t 1    T  t 1    n t   



(12)




where:    P  t 1     is the load of the toll station, at 0.04 kW;    T  t 1     is the operation time of toll station (h);    n t    is the total number of toll stations.




3.3.5. The Energy Consumption of Equipment along the Highway


The vehicle detector and emergency telephone are the leading energy-consuming equipment along the highway. According to the highway mainline monitoring and communication needs and practical experience,   (  L r  − 1 )   vehicle detectors and   2 (  L r  − 1 )   emergency telephones are required for the expressway at a length of  L  kilometers. The energy consumption model is as follows:


   Q R  =  T r  (  L r  − 1 ) ( 2  P d  +  P c  )  



(13)




where:    L r    is the length of the entire highway (km),    P c    is the power of vehicle monitoring devices (kW);    P d    is the power of emergency phones (kW);    T r    is the operation time of the highway (h).





3.4. Multi-Scenario Uncertain Wind and Light Output Model


As the accuracy of renewable energy power prediction keeps step with the refinement of the prediction scale, wind and PV power have strong volatility. Based on multi-scenario generation technology, this paper promotes modeling analysis. The specific model is as follows:


   P  i , m , t   F C   =  P  i , t   F C   ( 1 +  ξ i  (  R  i , t   − λ ) )  



(14)




where:    P  i , m , t   F C     is the power prediction for a typical scenario  m  in season at the time  t  (kW),   i ∈  {  0 , 1  }   , when  i  is 0,    P  i , m , t   F C     indicates the power prediction of the wind turbines, when  i  is 1,    P  i , m , t   F C     indicates the power prediction of the PV units (kW);    P  i , t   F C     is the power value at time  t  based on the historical power prediction (kW);    ξ i    is the percentage of the prediction error threshold;    R  i , t     is a random number that follows a specific distribution, such as Weibull distribution, Beta distribution and normal distribution;  λ  is a random distribution correction factor.



PV output power prediction errors generally obey the Beta distribution [41], whose probability distribution is shown below:


  f (  R  j , t   ) =  N d   R  j , t   α − 1     ( 1 −  R  j , t   )   β − 1    



(15)







Wind power forecast errors are better characterized by the Weibull distribution [42,43]. The probability distribution is shown below:


   {      f ( v ) =  (   k c   )     (   v c   )    k − 1   exp −    (   v c   )   k        k =    (   σ  v ¯    )    − 1.086         c =   v ¯   Γ ( 1 + 1 / k )          



(16)




where:  α  and  β  are the shape and scale parameters of the Beta distribution, respectively;    N d    is the normalization factor;  c  and  k  are the shape and scale parameters of the Weibull distribution, respectively;  σ  is the standard deviation;   Γ ( 1 + 1 / k )   is the Gamma function;   v ¯   is the average wind speed (m/s).



Latin hypercube sampling is a multi-dimensional stratified sampling method, which can produce more evenly distributed sample points and is more efficient than random sampling [44]. Based on the above prediction model, this paper performs multi-scenario generation based on the Latin hypercube sampling technique. Therefore, according to the historical data of meteorological information and the prediction model based on Formula (14), when wind power is subject to Weibull distribution and photovoltaic technologies are subject to beta distribution, the multi-scenario set of wind power and photovoltaic output can be predicted. The main steps are to:




	(1)

	
Equalize the probability distribution into  n  probability intervals, during a typical day of each season,  n  is 24.




	(2)

	
Take the random number in each probability interval as the sampling point, and the equal probability independent sampling at each interval. The probability of each interval is expressed as:


   p  i n   = p (  x  i n   ∈  S  i n   )  



(17)




where:    p  i n     is the sampling probability of the    n  t h     interval of variable  i ; and where   ∑  p  i n   = 1  ;    x  i n     is the sample of the   n  th interval of variable  i ;    S  i n     is the threshold value of the    n  t h     interval of variable  i .




	(3)

	
Transform the probability distribution function inversely to obtain the sample value of the sampling point. The sample value corresponding to each subinterval is:


   x i  =  f   x i    − 1   (  S  i n   )  



(18)




where:    x i    is the sample value corresponding to each subinterval;    f   x i    − 1   ( ⋅ )   is the inverse of the probability distribution function   f ( ⋅ )  .









Given that the generation of a large number of scenarios will increase the burden of solving operations, this paper adopts the simultaneous back substitution method for scenario reduction. The reduced set of typical scenarios can reflect the probability distribution of the original set of scenarios. The main steps are to:




	(1)

	
Calculate the closest scenario for each scenario    x i   .


   {       D i  = min (  λ i  d (  x a  ,  x b  ) )       j = 1 , 2 , ⋯ ,  n  s o   , j ≠ i        



(19)




where:    D i    is the probability distance to the scenario    x i   ;    λ i    is the probability of scenario    x i   ;   d (  x a  ,  x b  )   is the Euclidean distance between scenarios    x i    and    x j   ;    n  s o     is the initial number of scenarios.




	(2)

	
Identify the scenarios    x i    that need to be deleted.


   D  min   =   min   1 , 2 , ⋯ ,  n  s o     (  λ i   D i  )  



(20)




where:    D  min     is the closest probability distance to the scenario    x i   .




	(3)

	
Delete the above scenario, and add the probability of deleting the scenario to the probability of the scenario closest to it, so as to ensure the sum of the probabilities is 1. At this time, the probability is:


   λ j ′  =  λ j  −  λ i   



(21)








	(4)

	
Repeat the above steps until the number of remaining scenarios reach the set value.









After the above generation and reduction scenarios, the final number of typical scenarios for wind power and PV are    n  W T     and    n  P V    , respectively. Finally, the probable number of combined typical scenarios and the corresponding combined typical scenarios are:


   n s  =  n  W T    n  P V    



(22)






   {       λ s  =  λ  W T    λ  P V         S = 1 , 2 , ⋯ ,  n s         



(23)




where    λ  W T    ,    λ  P V     are the probabilities corresponding to wind and PV scenarios, respectively.





4. Optimal Planning Model for the HSCES


System operators often want to rationally configure distributed power to reduce construction costs, as much as possible, while increasing internal revenue. On the basis of meeting the "spontaneous self-use" of local load, the greater the generation capacity of distributed power generation and the greater the income of system operators, the greater the construction costs of the system. How to assign system capacity to increase the economy and reliability of system operation is the central concern of the HSCES planning.



4.1. Objective Function


The life–cycle cost (LCC), maintaining the initial capital cost (ICC), and the operation and maintenance costs (OMCs) of the system, are the major components of the objective function and are converted into the equivalent annual cost (EAC). Meanwhile, the power supply reliability and renewable energy utilization rate of the system are considered.



4.1.1. Equivalent Annual Cost


Reducing the comprehensive annual cost is the operators’ goal during the HSCES planning, so the system payment function is established based on the minimum average annual payment cost of the system, as shown in Formula (24). Among them, the number of wind turbines, photovoltaics, storage batteries and hydrogen storage systems are the decision variables that need to be planned.


   C N  =  C  i n i t i a l   +  C  o m    



(24)




where:    C  i n i t i a l     is the equivalent annual investment cost (EAIC) of the system micro-generator (¥);    C  o m     is the equivalent annual operation and maintenance costs (EAOMCs) of the system micro-generator (¥).



	(1)

	
EAIC







The system’s EAIC is the total of the equivalent annual ICC of each micro-generator, which is calculated as the equation:


   C  i n i t i a l   =    C  i n i t i a l   P V      n 1    +    C  i n i t i a l   W T      n 2    +    C  i n i t i a l   b a t      n 3    +    C  i n i t i a l   e l e      n 4    +    C  i n i t i a l   Q h 2      n 5    +    C  i n i t i a l   f c      n 6     



(25)




where:    C  i n i t i a l   P V    ,    C  i n i t i a l   W T    ,    C  i n i t i a l   b a t    ,    C  i n i t i a l   e l e    ,    C  i n i t i a l   Q h 2     and    C  i n i t i a l   f c     are the EAIC of the PVs, wind turbines, batteries, electrolysis cells, hydrogen storage tanks and hydrogen fuel cells (¥), respectively;    n k  ( k = 1 ~ 6 )   is the service life of each micro-generator. Each component is calculated as follows:


   C  i n i t i a l  m  =   ∑  t = 1   8760      ∑  m = 1  6      N m   P m   U m  r    (  1 + r  )     L m      r    (  1 + r  )     L m    − 1        



(26)




where:    N m    is the number of installations of each micro-generator in the system;    P m    is the rated output power of each micro-generator (kW);    U m    is the investment cost per unit of the power rating in each micro-generator (¥);    L m    is the service life of each micro-generator (year);  r  is the funding discount rate, at 0.04.



	(2)

	
EAOMCs







The EAOMCs are the sum of the EAOMC of each micro-generator. They are calculated as the equation:


   C  o m   =   ∑  t = 1   8760      ∑  m = 1  6    N m   P m   M m       



(27)




where    M m    is the micro-generator unit power operation and maintenance costs.




4.1.2. System Power Supply Reliability


The System power supply reliability refers to the ratio between the amount of power supplied to the HS and the actual load demand in a year. If the power supply time required by the HS in a year is 8760 h, the calculation formula of the annual average power supply reliability index of the system is:


  A S A I =     ∑  t = 1   8760    Q ( t ) −   ∑  t = 1   8760     Q l  ( t )         ∑  t = 1   8760    Q ( t )      



(28)




where:   A S A I   is the annual average power supply reliability index of the system (%);   Q ( t )   is the load requirements of the system at time  t  (kWh);    Q l  ( t )   is the insufficient power at the time  t  (kWh).




4.1.3. Renewable Energy Utilization Rate


The renewable energy utilization rate can effectively measure the utilization of renewable energy generation in the system. The annual average renewable energy utilization rate of the system can be expressed as:


   U  r e n   =   ∑  t = 1   8760       E  r e n  t  −  E  e x c e s s  t     E  r e n  t       



(29)




where:    U  r e n     is the renewable energy utilization rate (%);    E  r e n     is the wind and PV power generation (kW);    E  e x c e s s     is the abandoned wind and PV capacity (kW).





4.2. Constraints


The planning model in this paper mainly considers the constraints of each micro-generator output, battery charging and discharging, hydrogen power generation system and system power balance.



4.2.1. Micro-Generator Constraints


The constraints related to wind and light output are:




	(1)

	
Wind power output constraint:


  0 ≤  P  w t   ( t ) ≤  N  w t    p  w t   ( t )  



(30)




where    p  w t   ( i )   is the power output of a wind turbine at the time  t  (kW).




	(2)

	
PV power output constraint:


  0 ≤  P  p v   ( t ) ≤  N  p v    p  p v   ( t )  



(31)




where    p  p v   ( i )   is the power output of a PV panel at the time  t  (kW).










4.2.2. Battery Charging and Discharging Constraints


The relevant constraints for the battery are:




	(1)

	
Battery charge state constraint:


  S O  C  min   ≤ S O C ( t ) ≤ S O  C  max    



(32)




where   S O  C  min     and   S O  C  max     are the lower and upper limits of the battery charge state, at 0.1 and 0.9, respectively.




	(2)

	
Battery discharge power constraint:


  0 ≤  P  d b a t   ( t ) ≤  N  b a t    P  m a x   d 1    



(33)




where    P  m a x   d 1     is the maximum discharge power of a battery (kW).




	(3)

	
Battery charging power constraint:


  0 ≤  P  c b a t   ( t ) ≤  N  b a t    P  m a x   c 1    



(34)




where    P  m a x   c 1     is the maximum charge power of a battery (kW).










4.2.3. Constraints Related to the Production–Storage–Use of the Hydrogen Energy Generation System


Constraints related to the production–storage–use of hydrogen energy generation systems are:




	(1)

	
Electrolysis cell output constraint


  0 ≤  P  e l e   ( t ) ≤  N  e l e    P  m a x   e l e 1    



(35)




where    P  m a x   e l e 1     is the maximum output of a single electrolysis cell (kW).




	(2)

	
Hydrogen fuel cell output constraint


  0 ≤  P  f c   ( t ) ≤  N  f c    P  m a x   f c 1    



(36)




where    P  m a x   f c 1     is the maximum power output of a single hydrogen fuel cell (kW).




	(3)

	
Hydrogen storage tank capacity state constraint


  S O  C  m i n    H 2    ≤ S O C h 2 ( t ) ≤ S O  C  m a x    H 2     



(37)




where   S O  C  m i n    H 2      and   S O  C  m a x    H 2      are the lower and upper limits of the hydrogen storage tank capacity state, respectively, which are set at 0.05 and 0.95.




	(4)

	
Hydrogen storage tank capacity constraint


  0 ≤  Qh 2  ≤  N   Qh 2     Q  m a x    H 2     



(38)




where    Q  m a x    H 2      is the maximum capacity of a hydrogen storage tank (kWh).




	(5)

	
Hydrogen storage tank intake constraint


  N h 2 c ( t ) =    S  e l e    P  e l e   ( t )   c v    



(39)




where:    S  e l e     is the total efficiency of the electrolysis cell and the intermediary-pressure compressor, which is set at 0.6 [45];   c v   is the calorific value of hydrogen, which is set at 39 kWh/kg.




	(6)

	
Hydrogen storage tank discharge constraint


  N h 2 d ( t ) =    S  f c    P  f c   ( t )   c v    



(40)




where    S  f c     is the conversion efficiency of the hydrogen fuel cell, which is set at 0.6.










4.2.4. Power Balance Constraint


The system power balance constraint is:


   P  w t   ( t ) +  P  p v   ( t ) +  P  d b a t   ( t ) +  P  f c   ( t ) =  P  L o a d   ( t ) +  P  b c   ( t ) +  P  e l e   ( t )  



(41)




where    P  L o a d   ( t )   is the system load power at the time  t  (kW).






5. System Planning Model Solving Process


This paper emphasizes the optimal capacity planning of the HSCES using the particle swarm optimization (PSO) technique. The solution idea is to:



Initialize the configuration data for wind turbines, PV panels, hybrid energy storage units, etc.; as for system optimization variables, we set the following values:    N  P V     is the number of PV panels,    N  W T     is the number of wind turbines,    N  b a t     is the number of batteries,    N  e l e     is the number of electrolytic cells,    N  Q h 2     is the number of hydrogen storage tanks, and    N  f c     is the number of hydrogen fuel cells.




	(1)

	
Input the typical weather information (wind speed, temperature and light intensity) for the four seasons into the SCES and the load data of every load gathering scenario in the HS;




	(2)

	
The Latin hypercube sampling technique is employed to produce the usual daily unpredictable wind and the PV output scenario sets for each season;




	(3)

	
In order to conveniently handle the issue, the simultaneous backward reduction (SBR) method is used to obtain the typical scenarios and the occurrence probability of each scenario, as well as the number of days in each scenario in a year;




	(4)

	
Formulas (22), (26) and (27) are used as the fitness function of the algorithm, and Formulas (28)–(39) are used as the constraint for each part of the system to construct the optimization model of the HSCES;




	(5)

	
The optimal power capacity configuration of the HSCES under the operation control strategy is searched by the PSO algorithm until the optimal planning result of the system is obtained. The solution flow chart is shown in Figure 6.










6. Case Study


6.1. Problem Description


In this paper, our problems stem from the need for clean energy on the highways in western China. Using the G6 Beijing–Lhasa Expressway at the Golmud to Lhasa section, during the planning and construction process, our mathematical model and planning method have been applied in practice. We take the data on wind speed, light intensity, temperature and various load aggregation scenarios of the highway as the system input. According to the literature [8] and locally measured data, typical weather information for the four seasons is shown in Figure 7: the average daily wind speed was 8.10 m/s, the average daily light intensity was 146.67 W/m2, and the average daily temperature was 14.64 °C. The time by time superimposed load data for the highway load aggregation scenarios are shown in Figure 8: the average daily load was 858.13 kWh in a year, with the peak load appearing in summer and winter, and the load in spring and autumn being relatively low; in a day, the load fluctuation is slight, but the overall daytime load is higher than in the night.



To verify the advisability of the provided HSCES planning approach, the following simulation schemes are set up:



Scheme 1: Wind and solar energy, as the energy input of the HSCES, provide energy for various load gathering scenarios for highway transportation. On the energy storage side, only use the battery for power regulation and storage of the excess energy.



Scheme 2: Wind and solar energy, as the energy input of the HSCES, provide energy for various load gathering scenarios for highway transportation. On the energy storage side, the hydrogen storage system takes the place of the battery for power regulation and storage of the excess energy.



Scheme 3: Wind and solar energy, as the energy input of the HSCES, provide energy for various load gathering scenarios for highway transportation. On the energy storage side, the hybrid energy storage mode of the battery and hydrogen storage system is used for power regulation and excess energy storage.



Table 3 lists the primary equipment-related parameters available for selection in the HSCES planning model [46,47].




6.2. Analysis of Uncertain Wind and PV Output Scenarios


The generation and reduction of uncertain wind and PV output scenarios are typical occurrences in summer. Based on wind and PV forecast data, intra-day random scenarios are generated according to Formulas (14)–(16), and the Latin hypercube sampling technique as shown in Figure 9. Relative errors for wind and PV were set at 15% and 20%, respectively. The random scenario is reduced by using the SBR method. The number of typical scenarios for wind and PV is five separately, and the final combined typical scenario number is 25. The typical scenarios for wind and PV are shown in Figure 10 and Figure 11.



The typical scenario probabilities of wind and PV are shown in Table 4, and the combined scenario probabilities are shown in Table 5.




6.3. Convergence Analysis of the Algorithm


To evaluate the effectiveness of global search and convergence of the PSO algorithm for the HSCES planning model, 50 simulation experiments were carried out for the three schemes. Minimizing the impact of random factors, the number of populations is 60, and the maximum number of iterations is 400. Table 6 shows the PSO algorithm simulation results for three experimental design schemes of the HSCES planning model (Annual combined costs/10,000 CNY).



In Table 6, the variances of the three experimental design schemes were 1.3, 1.7, and 2.6, respectively. Moreover, because the system complexity of the three experimental design schemes is increasing step–by–step, the variance of scheme 3 is slightly larger than that of schemes 1 and 2. However, overall, the simulation results of the three experimental designs are kept within a narrow fluctuation range. The results show that the PSO algorithm has good convergence and global search ability for the micro-generator planning model of the HSCES.




6.4. Analysis of Micro-Generator Planning Results


According to the system control strategy shown in Figure 3 and the system parameters shown in Table 3, it is necessary to use the PSO algorithm to solve those three kinds of experimental design schemes for the HSCES. The results of the micro-generator planning are shown in Table 7. The simulation results of each system economy, renewable energy abandonment rate (REAR), and power outage rate (POR) are shown in Table 8. The analysis of various indexes under different experimental design schemes can provide some scientific basis for the investment decision-making for the HSCES and the realization of HSCES projects.



Compared with the single energy storage plan in scheme 1 and scheme 2, the hybrid energy storage plan in scheme 3 performs a more flexible configuration capacity for each micro-generator; at the same time, the micro-generator supply configuration of the system can be relatively reduced, and further lead to a substantial reduction in the number of energy storage system configurations. In contrast to schemes 1 and 2, the combined costs are reduced by 2.72% and 6.56%, respectively. At the same time, the desertion rate for renewable energy by the system is decreased, and the power supply reliability of the system is increased.



Specifically, when compared to scheme 1, scheme 3 absorbs excess electric energy by configuring several electrolytic cells and storing them in the hydrogen storage tanks. During high-load periods, the shortage is replenished by the output of the hydrogen fuel cell and by significantly reducing the number of battery configurations. Though relatively high in EAICs and EAOMCs, scheme 3 ensures the renewable energy utilization and reliability of the system, and improves customer satisfaction, while reducing penalty costs and making the system’s combined costs the lowest. When compared with scheme 2, scheme 3 can achieve a better time translation effect by using hybrid energy storage, which reduces the number of micro-generator supply configurations. At the same time, it is economical to use batteries to replace some of the more expensive hydrogen storage systems.




6.5. Analysis of the Actual Operation Effect of the System


Figure 12 shows the simulation results of scenario 23, which represents the highest probability in one year, and describes the actual operation effect of the system under the optimal planning strategy more intuitively.



As seen in Figure 12, the wind power output of the system is mainly concentrated at night, and the PV output only appears in the daytime. Wind power and PV have good complementarity. During the night hours from 528 to 533 and 550 to 552, the wind power production of the system is larger than the load. At this time, the battery and electrolysis cell in the hybrid energy storage system absorb excess wind power, and the remaining capacity ratio of the hybrid energy storage system increases correspondingly. During the daytime, from 534 to 537, the wind power output decreases, and the PV output is still at a low level. Meanwhile, the output of the battery and hydrogen fuel cell meets the excess load demand. During the period from 537 to 544, the PV output reached a high level, and the hybrid energy storage system was recharged. During the evening and night time from 544 to 550, the wind power output remained at a low level, the PV output decreased, and the wind power could not satisfy the load demand; this time, the hybrid energy storage system discharge made up for the insufficient power. Figure 12d reflects the simulation results of the overall operation of the system. The system only has a small amount of wind and light abandonment at 533 and there is no power off, which is consistent with the simulation results that the utilization rate of renewable energy and the reliability of the power supply of the system has reached more than 99%. The results reflect that with the planning scheme of the hybrid energy storage system, the system can realize nearly 100% renewable energy utilization and 100% zero-carbon emissions, and approach high renewable energy utilization and power supply reliability, while ensuring economy.




6.6. Sensitivity Analysis


6.6.1. Influence of Battery Life Span on Planning Results


The battery life span is directly related to the EAIC of the system, and thus affects the CC of the whole system and other indicators. With the improvement of battery technology, the impact of the change in the battery life span on the system planning results must be considered. As the battery life span varies from 1 to 15 (in steps of two), the changes in various costs of the HSCES, the renewable energy abandonment rate (REAR) of the SCES and the power outage rate (POR) of the HS, are shown in Figure 13.



As can be seen from Figure 13, when the battery life span becomes longer, the CC of the system gradually decreases. In the range of 1–3 years, the EAIC of the system will be reduced, the REAR and POR of the system will be significantly reduced, and the system will gradually change from hydrogen storage to hybrid energy storage. In the range of 3–9 years, the system maintains the hybrid energy storage mode, and the EAOMC and POR of the system are basically unchanged. Due to the reduction of the EAIC of the battery, the EAIC of the system is gradually reduced. At the same time, the planned number of batteries will be appropriately increased and the installed capacity of the renewable energy will be reduced. Therefore, the absorption capacity of renewable energy will be improved, while the REAR will be reduced. In the range of 9–15 years, the system will gradually be changed from hybrid energy storage to battery energy storage. The system’s REAR and POR remained at a low ratio. At the same time, the system’s EAIC and CC continued to decrease and reached the lowest value in the range.




6.6.2. Influence of Hydrogen Storage System Price on Planning Results


The price fluctuation of the hydrogen storage system is related to the changes of various cost coefficients, the renewable energy utilization rate and the power supply reliability of the system. Therefore, it is essential to research how pricing changes affect hydrogen storage systems in the planning results of the HSCES. When the price ratio of the hydrogen storage system changes between 0.6 and 1.4 when compared to the current price (in steps of 0.1), the changes in various costs of the HSCES, the REAR of the SCES and the POR of the HS are shown in Figure 14.



Figure 14 demonstrates that as the price of the hydrogen storage system rises, the EAICs of the system increases significantly in the price ratio range from 0.6 to 1.3, as well as shows a rapid downward trend. It indicates that the system adopts the hybrid energy storage method when the price ratio of the hydrogen storage system fluctuates between 0.6 and 1.3. When the price of the hydrogen storage system increases, the initial capital cost of the system increases. When the price of the hydrogen storage system reaches a certain level, the proportion of the hydrogen storage system within the hybrid energy storage system will be drastically reduced to cut down the system’s overall cost. Therefore, the EAICs of the system will drop sharply. The system EAOMCs remain unchanged in the range between 0.6 and 1.3 of the price ratio fluctuation in the hydrogen storage system, and then shows a rapid upward trend. This is because when the price fluctuation range of hydrogen storage systems is between 0.6 and 1.3, the proportion of battery and hydrogen storage systems in the hybrid energy storage system basically remains unchanged. When the price of hydrogen storage systems reaches a certain level, the proportion of batteries in the hybrid energy storage system and the number ofcharging and discharging batteries will increase. Therefore, system operation and maintenance costs will rise accordingly. With the change of the hydrogen storage system within the price ratio range from 0.6 to 1.4, the REAR and the POR of the system rise slowly at first, and show an explosive growth trend after 1.3 times the node, because at this time, the system is converted from hybrid energy storage to battery energy storage.



To sum up, combined system costs, the REAR and the POR, all maintain a positive correlation with the price of the hydrogen storage system. In the future, with the improvement of battery performance and a reduction in the hydrogen storage system price, the indicators of the system will also perform better. Therefore, the HSCES planning method proposed in this paper has considerable engineering application value, and will be more adaptive and popular in the future.






7. Conclusions


In order to adapt to the gradual integration development of the ES and the HS, this paper proposes a HSCES planning method, which incorporates uncertain wind and PV output and coordinates the configuration of a distributed energy system and an energy storage system. According to the real data from the highway in Western China, we carried out the simulation verification and obtained the following conclusions:




	(1)

	
Under the optimal planning scheme, the HSCES can realize continuous and stable operation. The renewable energy utilization rate of the system is 99.61% and the power supply reliability rate is 99.74%, which reflects the high renewable energy utilization rate and the power supply reliability of the system;




	(2)

	
After introducing the hydrogen storage system, the system can flexibly program the number of micro-generators according to the load demand, significantly reduce the number of distributed energy and battery configurations, and improve the system’s economy;




	(3)

	
Compared with the single power storage system and hydrogen storage system, the combined costs of the hybrid energy storage system are reduced by 2.72% and 6.56%; the renewable energy abandonment rate is reduced by 1.29% and 1.91%; and the power outage rage is reduced by 5.95% and 2.06%, respectively. The hybrid energy storage system is more economical, environmentally friendly and reliable;




	(4)

	
With cost reduction gradually affecting the hydrogen storage system, various indicators within the system will perform better, and the investment potential and engineering application value of the HSCES will be further improved.
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Figure 1. A scenario with the HSCES. 
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Figure 2. The architecture of the HSCES. 
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Figure 3. Operation control strategy flow of the HSCES. 
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Figure 4. Function–carrier–energy consumption diagram of the HS. 
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Figure 5. The HSCES wiring topology diagram. 
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Figure 6. Flow chart of micro-generator planning for the HSCES. 
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Figure 7. (a) Weather information in spring; (b) weather information in summer; (c) weather information in autumn; (d) weather information in winter. 
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Figure 8. Annual load data of the HSCES. 
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Figure 9. Set of wind and PV scenarios. 
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Figure 10. Typical scenarios for wind output. 
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Figure 11. Typical scenarios for PV output. 
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Figure 12. (a) Output of renewable energy; (b) output of the hybrid energy storage system; (c) remaining capacity ratio of the hybrid energy storage system; (d) overall operation of the HSCES. 
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Figure 13. Influence of the battery life span on the planning results. 
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Figure 14. Influence of price fluctuation of the hydrogen storage system on the system. 
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Table 1. Full text nomenclature description table.
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Nomenclature

	
    n t    

	
Number of Toll Stations




	
    P  L o a d     

	
Load power, kW

	
    L r    

	
The total length of the highway, km




	
    P  r e s     

	
Renewable energy output, kW

	
    P  i , m , t   F C     

	
Power prediction value of typical seasonal scenario  m  at the time  t , kW




	
    E  b a t     

	
Remaining capacity of the battery, kWh

	
    P  i , t   F C     

	
Power value at the time  t  obtained from historical power prediction, kW




	
   m i n  E  b a t     

	
Lower limit of battery capacity, kWh

	
    ξ i    

	
Wide range of prediction error




	
   m a x  E  b a t     

	
Upper limit of battery capacity, kWh

	
    R  i , t     

	
Obey some random distribution




	
    P  c b a t     

	
Battery charging power, kW

	
  λ  

	
Random distribution correction factor




	
   m a x  P  c b a t     

	
Maximum charging power of the battery, kW

	
  c  

	
Shape parameters of Weibull distribution




	
    P  d b a t     

	
Battery discharging power, kW

	
  k  

	
Scale parameters of Weibull distribution




	
   m a x  P  d b a t     

	
Maximum discharging power of the battery, kW

	
   v ¯   

	
Average wind speed, m/s




	
    H  b a t     

	
Remaining capacity of hydrogen storage tank, kg

	
  σ  

	
Standard deviation




	
   m i n  H  b a t     

	
Lower limit of hydrogen storage tank capacity, kg

	
   Γ ( 1 + 1 / k )   

	
Gamma function




	
   m a x  H  b a t     

	
Upper limit of hydrogen storage tank capacity, kg

	
  α  

	
Shape parameters of beta distribution




	
    P  f c     

	
Hydrogen fuel cell output, kW

	
  β  

	
Scale parameters of beta distribution




	
   m a x  P  f c     

	
Maximum output of hydrogen fuel cell, kW

	
    N d    

	
Normalization factor




	
    P  e l e     

	
Electrolysis cell power output, kW

	
    D i    

	
Scenario probability distance




	
   m a x  P  e l e     

	
Maximum output power of electrolysis cell, kW

	
    λ i    

	
Scenario probability




	
   c v   

	
Calorific value of hydrogen, kWh/kg

	
   d (  x a  ,  x b  )   

	
Euclidean distance




	
    S  e l e     

	
Hydrogen production efficiency of the electrolysis cell

	
    n  s o     

	
Number of initial scenarios




	
    S  f c     

	
Conversion efficiency of hydrogen fuel cell

	
    D  min     

	
Nearest probability distance




	
    P w    

	
Wind power output, kW

	
    C  i n i t i a l     

	
Initial capital cost, ¥




	
  S  

	
Actual wind speed, m/s

	
    C  o m     

	
Operation and maintenance cost, ¥




	
    S  c i     

	
Cut-in wind speed, m/s

	
    n k    

	
Service life of each micro-generator, year




	
    S  c o     

	
Cut-out wind speed, m/s

	
    N m    

	
Installation number of each micro-generator




	
    S  r a     

	
Rated wind speed of wind turbine, m/s

	
    P m    

	
Rated output power of each micro-generator, kW




	
    P  r a     

	
Rated power of wind turbine, kW

	
    U m    

	
Investment cost of unit power of each micro-generator, ¥




	
    P s    

	
Rated power of PV panel, kW

	
    L m    

	
Service life of each micro-generator, year




	
   G  (  φ , m , d , h  )    

	
Solar radiation intensity at latitude  φ , in the  m  month,  d  day,  h  hour, W/m2

	
  r  

	
Fund discount rate




	
    θ T    

	
Temperature coefficient of PV panel, °C

	
    M m    

	
Unit power operation and maintenance cost, ¥




	
  T  

	
Actual temperature of PV panel, °C

	
   Q ( t )   

	
 t , kWh




	
    T  r e f     

	
Reference temperature of PV panel, °C

	
    Q l  ( t )   

	
Insufficient power at the time  t , kWh




	
  β  

	
Battery self-discharge rate

	
    U  r e n     

	
Renewable energy utilization rate




	
    η  c b a t     

	
Battery charging efficiency

	
    E  r e n     

	
Renewable energy power generation, kW




	
    η  d b a t     

	
Battery discharging efficiency

	
    E  e x c e s s     

	
Renewable energy abandonment power, kW




	
    C  b a t     

	
Rated capacity of the battery, kWh

	
    p  w t     

	
 t , kW




	
    η  ele     

	
Electrolysis cell efficiency

	
    p  p v     

	
 t , kW




	
    P  ele − i n     

	
Input power of electrolytic cell, kW

	
   S O  C  min     

	
Lower limit of battery state of charge




	
    E  Q h 2   ( t )   

	
The hydrogen storage tank stores energy at the time  t , kW

	
   S O  C  max     

	
Upper limit of battery state of charge




	
    η  f c     

	
Hydrogen fuel cell efficiency

	
    P  max   d 1     

	
Maximum discharge power of a battery, kW




	
    P  f c − i n     

	
Input power of hydrogen fuel cell, kW

	
    P  max   c 1     

	
Maximum charging power of a battery, kW




	
    Q c  , c ∈  {  F , S , Q , T , R  }    

	
Energy consumption of highway system infrastructure, kW

	
    P  max   e l e 1     

	
Maximum output of one electrolysis cell, kW




	
    q i 1  ( t )   

	
  Energy   consumption   of   the    i  t h     service area for one hour, kWh

	
    P  max   f c 1     

	
Maximum output of one hydrogen fuel cell, kW




	
    q j 2  ( t )   

	
Energy consumption of the    j  t h     parking area for one hour, kWh

	
   S O  C  m i n    H 2      

	
Lower limit of hydrogen storage tank capacity status




	
    L S    

	
Tunnel length, m

	
   S O  C  m a x    H 2      

	
Upper limit of hydrogen storage tank capacity status




	
    n S    

	
Number of tunnels

	
    Q  m a x    H 2      

	
Maximum capacity of one hydrogen storage tank, kg




	
    L B    

	
Bridge length, km

	

	








This table is a continuation of the one above.













[image: Table] 





Table 2. Hydrogen-fueled internal combustion engine and hydrogen fuel cell comparison.
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Type

	
Hydrogen Fuel Cell

	
Hydrogen-Fueled Internal Combustion Engine






	
Emissions

	
2H2 + O2 = 2H2O

	
2H2 + O2 = 2H2O




	
2H2→4H+ + 4e− + O2→2H2O

	
H2 + O2 + N2→H2O + NOX




	
Efficiency

	
50~60%, theoretical up to 90%

	
25~30%




	
Reservoir density

	
High

	
Low




	
Storage tank

	
Small

	
Large
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Table 3. Related parameters of the different equipment.
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	Equipment
	Specification Parameters
	ICC

(¥/kW)
	OMC

(¥/kW)
	Life Span

(Year)





	Wind turbines
	100 kW
	8500
	0.018
	20 year



	PV panels
	2 kW
	11,000
	0.007
	20 year



	Batteries
	12 V/100 A·h
	1000
	0.08
	3 year



	Electrolysis cell
	1 kW
	1300
	0.03
	10 year



	Hydrogen storage tanks
	1 kg
	180
	0
	20 year



	Hydrogen fuel cells
	1 kW
	1100
	0.04
	10 year
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Table 4. Typical scenario probabilities of wind and PV.
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	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5





	wind
	0.145
	0.115
	0.115
	0.190
	0.435



	PV
	0.080
	0.110
	0.335
	0.335
	0.120
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Table 5. Combined scenario probabilities.
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	Scenario
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13



	Probability
	0.012
	0.017
	0.049
	0.049
	0.018
	0.010
	0.013
	0.040
	0.040
	0.014
	0.010
	0.013
	0.040



	Scenario
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	



	Probability
	0.040
	0.014
	0.016
	0.021
	0.064
	0.064
	0.024
	0.036
	0.049
	0.147
	0.147
	0.053
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Table 6. Simulation results of three experimental design schemes.
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	Experiment Design Scheme
	Optimal Value
	Average Value
	Variance





	Scheme 1
	473.14
	473.53
	1.3



	Scheme 2
	492.35
	492.97
	1.7



	Scheme 3
	459.58
	460.65
	2.6
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Table 7. Results of micro-generator planning.
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	Experiment Design
	Wind Turbines
	PV Panels
	Batteries
	Electrolysis Cells
	Hydrogen Storage Tanks
	Hydrogen Fuel Cells





	Scheme 1
	19
	573
	485
	0
	0
	0



	Scheme 2
	19
	545
	0
	77
	49
	183



	Scheme 3
	18
	550
	264
	51
	23
	78
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Table 8. Results of each index.
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	Experiment Design
	EAIC/¥
	EAOMC/¥
	EAC/¥
	REAR/¥
	POR/¥
	Combined Costs (CC)/¥





	Scheme 1
	1,726,050
	2,416,040
	4,142,090
	1.68%
	6.21%
	4,735,370



	Scheme 2
	2,382,040
	2,200,400
	4,582,440
	2.30%
	2.32%
	4,929,668



	Scheme 3
	2,061,130
	2,496,400
	4,557,530
	0.39%
	0.26%
	4,606,472
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