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Abstract

:

Utilizing renewable energy sources (RESs), such as wind and solar, to convert electrical energy into hydrogen energy can promote the accommodation of green electricity. This paper proposes an optimal capacity planning approach for an industrial electricity-hydrogen multi-energy system (EHMES) aimed to achieve the local utilization of RES and facilitate the transition to carbon reduction in industrial settings. The proposed approach models the EHMES equipment in detail and divides the system’s investment and operation into producer and consumer sides with energy trading for effective integration. Through this effort, the specialized management for different operators and seamless incorporation of RES into industrial users can be achieved. In addition, the variations in investment and operating costs of equipment across different installed capacities are considered to ensure a practical alignment with real-world scenarios. By conducting a detailed case study, the influence of various factors on the capacity configuration outcomes within an EHMES is analyzed. The results demonstrate that the proposed method can effectively address the capacity configuration of equipment within EHMES based on the local accommodation of RES and variable unit cost sequence. Wind power serves as the primary source of green electricity in the system. Energy storage acts as crucial equipment for enhancing the utilization rate of RES.
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1. Introduction


Following the adoption of the Paris Climate Agreement and the global commitment to achieving carbon neutrality, the transition towards renewable energy has become crucial around the world [1,2]. Driven by the imperatives of mitigating climate change and ensuring energy security, the integration of renewable energy sources (RESs), such as wind and solar power, has been widely recognized as a key strategy in addressing low carbon and sustainable development [3]. As a result, the installed capacity of RES has seen a significant increase worldwide.



However, the inherent variability and uncertainty associated with RES pose substantial challenges to their integration, primarily due to their mismatch with consumption patterns and the inflexibility of their controllability [4]. The efficient accommodation of intermittent RES necessitates innovative solutions to enhance their utilization and mitigate the risks associated with their unpredictability. One promising approach is the utilization of hydrogen energy as a medium for storing and utilizing excess renewable energy [5]. By converting surplus green electricity from RES into hydrogen, the electrical power can be stored for long periods. Meanwhile, hydrogen can be used across a wide range of applications [6].



Industrial users account for substantial energy usage, positioning them as a pivotal sector for carbon emission [7]. The application of hydrogen energy by industrial users offers an ideal solution for promoting the clean and efficient substitution of traditional fossil fuels with green electricity [8]. In the industrial landscape, there exists a significant demand for both electricity and hydrogen energy. For example, hydrogen can be used to coke in the reduction of iron ore to iron [9] or produce cleaner fuel products [10]. A RES-based energy community represents a promising approach to reducing complexity and costs, improving efficiency, and boosting local resilience [11]. It supports energy independence, thereby facilitating the transition towards reduced carbon emissions. Due to the concentrated load characteristics, industrial users are a natural application object for local energy communities with RES. Existing research has demonstrated the effectiveness of industrial energy communities, ranging from theoretical frameworks to applied validations [12]. In this context, the industrial electricity-hydrogen multi-energy system (EHMES) based on hydrogen production through electrolysis using RESs can achieve coordination between electricity and hydrogen [13].



EHMES offers numerous benefits, including facilitating the accommodation of RESs, reducing carbon emissions, and enhancing the overall sustainability of energy consumption [14]. Investigating the capacity configuration issue of EHMES for industrial users becomes a critical factor for system efficiency and economic viability. In [15], a two-stage stochastic mixed-integer nonlinear planning framework for power to hydrogen sizing and siting is proposed, considering system flexibility requirements. In [16], an optimal planning approach for an electricity-hydrogen-integrated energy system, considering degradation and multi-timescale operations of storage devices, is proposed to minimize the life cycle costs. In [17], an industrial park-integrated energy system with a hydrogen energy industry chain is proposed, considering hydrogen production, transportation, and storage technologies. In [18], a novel bi-level planning model of the electricity-hydrogen hybrid energy storage system is proposed, considering the energy storage location, voltage fluctuation, and net load fluctuation.



For large-scale industrial EHMES such as metallurgy and refining, the capacity of RESs within the system is often substantial [9,19], leading to the potential generation of considerable surplus electricity. Unlike distributed renewable sources or pre-planned large-scale renewable energy plants, the excess substantial electricity generated within an EHMES may pose challenges for accommodation by the main power grid [20]. In the existing references on the integrated electricity-hydrogen system planning mentioned above, there is a lack of focus on local accommodation of this surplus RESs power in the industrial EHMES planning. Moreover, as the installed capacity of RESs and energy storage for industrial applications varies widely, their unit investment and operating costs may fluctuate with changes in capacity [21,22,23]. This scenario underscores the need for innovative planning approaches that not only address the efficient local utilization of surplus renewable energy but also consider the cost implications of varying renewable energy capacities within an industrial EHMES framework.



To address the gaps mentioned above, this paper proposes an optimal capacity planning approach for industrial EHMES to facilitate the local accommodation of RES and enable the substitution of green electricity for industrial users. The equipment within the EHMES is modeled in detail. The investment and operation of EHMES are divided into producer and consumer sides, with energy trading for coordination. This approach allows for specialized management and the seamless incorporation of RES into industrial settings. Additionally, the model takes into account the variation in investment and operating costs of each device within the system at different installed capacities, ensuring a closer alignment with real-world applications. Through a case study, the impact of various factors on capacity configuration results of a test EHMES is analyzed, which provides a reference for the actual implementation of green electricity into industrial EHMES.




2. System Overview


2.1. Basic Framework


The EHMES studied in this paper mainly focuses on large-scale industrial electro-hydrogen consumers, such as steel or refining plants. This formulation of EHMES is already seeing practical application [24,25]. Such systems are located in non-residential areas abundant with wind and solar RESs. These settings are characterized by a dominance of industrial electricity and hydrogen demands, with only a minimal proportion of office or living loads included [26]. The primary objective is to substitute green electricity for fossil fuels, reducing both fossil energy consumption and electricity purchases from the grid, thereby achieving efficient renewable utilization and low-carbon, economical operation. The main structure of the EHMES is illustrated in Figure 1. The energy demands of large industrial electro-hydrogen consumers within the system encompass both electricity and hydrogen. The electricity system includes wind turbines (WTs), photovoltaics (PVs), and battery storage (BS), all of which are constructed in close proximity to the user for enhanced accessibility. Additionally, the system connects to the upstream power grid, while the hydrogen system comprises electrolyzer and hydrogen storage facilities. Within the electricity system, the electrical loads of consumers and the hydrogen production requirements of the electrolyzer are met through wind and solar power generation, along with grid electricity purchases based on time-of-use (TOU) prices [27]. The TOU price typically features higher rates during peak electricity consumption periods and lower rates during off-peak times. The BS is mainly responsible for balancing fluctuations in RES generation and promoting the utilization of RES. The BS is intentionally configured to avoid charging or discharging electricity to or from the upstream power grid, instead dedicating its function entirely to supporting local energy substitution within the system. In the hydrogen energy system, all hydrogen is produced through the electrolyzer. The produced hydrogen is stored in hydrogen storage; hydrogen storage can store hydrogen within permitted limits and supply hydrogen to meet the demands of the hydrogen load. Advanced communication technologies [28] along with sophisticated industrial control systems [29] are responsible for facilitating the collection, interaction, and scheduling of information among devices within the producer and consumer segments.




2.2. Operation Mode


In this paper, the planning and operation of the EHMES are divided into the local producer side and the local consumer side. The equipment on the producer side is invested and operated by power supply enterprises, encompassing WT, PV, and BS. These components are responsible for generating electricity using RESs with the help of BS to reduce curtailment. All electricity power generated from producers is directly supplied and sold to industrial users, with no capability for transmission to the upstream power grid. On the consumer side (i.e., industrial users), the equipment includes the electrolyzer and hydrogen storage, which are invested and operated by industrial users with both electric and hydrogen loads. The consumer side schedules its electrolyzer and hydrogen storage and optimizes the electricity power purchases from the local prosumer and upstream power grid based on the electricity generation information from the producer side, as well as its equipment status, electricity, and hydrogen loads. This approach aims to ultimately achieve a balance between supply and demand within the EHMES and ensure the economic operation.



The operation mode described above facilitates the integration of RES developers and operators into existing industrial users more seamlessly. On one hand, investors in the power supply enterprise only need to focus on the investment. This allows them to directly sell electricity to users on-site, thereby realizing returns more efficiently. On the other hand, the consumer side needs only to invest in and operate equipment according to their own electricity and hydrogen demands, without the necessity for substantial investments in power sources to achieve the substitution with green electricity. This operation model disperses the investment costs of EHMES, while operations and investments by both producers and consumers become more specialized, making it more aligned with practical application scenarios.





3. Modeling of the Industrial Electricity-Hydrogen Multi-Energy System Planning


In this section, the optimal planning model for industrial EHMES planning considering variable investment and operating costs for RESs and BS, as well as energy trading between the local consumer and prosumer, is established. The proposed model is based on the annual RES outputs and energy demand data, with specific objectives for both consumer and prosumer. To more accurately capture the investment and operating costs of WT, PV, and BS, which can vary greatly in planned capacity, this paper adopts a sequence of variable unit investment and operating costs to replace the traditional fixed-cost approach for modeling. The equipment model is given in detail. To facilitate the solution process, the Big-M method is employed to relax the constraints.



3.1. Objective Function


As mentioned above, the EHMES is segmented into producer and consumer sides. The producer side is responsible for investing in and maintaining WT, PV, BS and subsequently selling electricity power to the consumer side based on the local wind and solar resources. Conversely, the consumer side is responsible for investing in electrolyzer and hydrogen storage equipment according to the electricity and hydrogen demands. This paper establishes the objective functions for both the producer and consumer sides separately.



3.1.1. Objective of Producer


For the producer in EHMES, the objective is to maximize the total revenue from electric power trading while reducing the variable investment and operating costs of its equipment. The objective function for the consumer side     f   p r     is formulated as follows:


    max  ⁡    f   p r     =   ∑  t =  1     T        C   t   p r     P   t   p r   ∆ t     −   I   p r   −   O   p r   ,  



(1)






    P   t   p r   =   P   t   w t   +   P   t   p v   +   P   t   b s   ,  



(2)




where   t   represents a time step, and   ∆ t   is the time interval between two adjacent time steps (h).   T   is the total number of time steps.     C   t   p r     represents the energy trading price agreed upon between the producer and consumer sides (CNY/MWh) [30], and     P   t   p r     is the trading power (MW).



In (5),     I   p r     is the total investment cost of the producer


    I   p r   =     r    1   + r       y   w t            1   + r       y   w t     −  1       F   I w t       S   w t     +     r    1   + r       y   p v            1   + r       y   p v     −  1       F   I p v       S   p v     +     r    1   + r       y   b s            1   + r       y   b s     −  1         F   I b s , b       S   b s , b     +   F   I b s , p       S   b s , p       ,  



(3)




where   r   is the annual interest rate for investment. In this paper, the investment of equipment is considered as a one-time cost,   r →    0     +    .     y   w t    ,     y   p v    , and     y   b s     are the service life of WT, PV, and BS with unit “year”, respectively.     S   w t     and     S   p v     are the installation capacity of WT and PV with unit MW.     S   b s , b     and     S   b s , p     are the installation capacity of the battery (MWh) and power converter system (MW) of BS.     F   I w t       S   w t      ,     F   I p v       S   p v      ,     F   I b s , b       S   b s , b      , and     F   I b s , p       S   b s , p       are the investment cost functions with unit CNY. These investment cost functions can be represented by the capacities of WT, PV, battery, and power converter system of BS, along with their corresponding variable unit capacity investment costs under different capacities     I     r   I w t     w t    ,     I     r   I p v     p v    ,     I     r   I b s , b     b s , b    , and     I     r   I b s , p     b s , p    . Generally, the larger the capacity, the lower the unit capacity investment cost, as illustrated in Figure 2a. Based on the above, in this paper, additional piecewise functions are utilized to express the final investment cost functions, as shown in Figure 2b. Take WT as an example, by dividing the investment cost functions into     R   I w t     different capacity range segments with index     r   I w t    , the     F   I w t       S   w t       can be expressed as


    F   I w t       S   w t     =         I     r   I w t     w t     S     r   I w t     w t   +     I     r   I w t   +  1     w t     S     r   I w t   +  1     w t   −   I     r   I w t     w t     S     r   I w t     w t       S     r   I w t   +  1     w t   −   S     r   I w t     w t         S   w t   −   S     r   I w t     w t     ,       S     r   I w t     w t   ≤   S   w t   ≤   S     r   I w t   +  1     w t   ,   r   w t   <   R   w t           I     r   I w t     w t     S   w t   ,       S   w t   ≥   S     r   I w t     w t   ,   r   I w t   =   R   I w t         ,  



(4)




where     S     r   I w t     w t     and     I     r   I w t     w t     are the capacity (MW) and corresponding unit capacity investment cost (CNY/MW) of the start value for each segment     r   I w t    , where   r =  1   ,    2   ,    3   , … , R  , as shown in Figure 2.     S   w t     is the installation capacity that needs to be solved through optimization. Similarly, the investment cost functions for PV, battery, and power converter system of BS can be formulated in the same manner with unit capacity investment cost (CNY/MW)     I     r   I p v     p v    ,     I     r   I b s , b     b s , b    , and     I     r   I b s , p     b s , p     with     R   I p v    ,     R   I b s , b    , and     R   I b s , p     segments with indices     r   I p v    ,     r   I b s , b    , and     r   I b s , p    .



    O   p r     is the total operating cost of the producer


    O   p r   =   F   O w t       S   w t     +   F   O p v       S   p v     +   F   O b s , b       S   b s , b     +   F   O b s , p       S   b s , p     ,  



(5)




where     F   O w t       S   w t      ,     F   O p v       S   p v      ,     F   O b s , b       S   b s , b      , and     F   O b s , p       S   b s , p       are the operating cost functions of WT, PV, battery, and the power converter system of BS, which are represented by the installation capacities (MW) that need to be optimized with corresponding variable unit operating costs (CNY/MW). The characteristics and formulation of these operating cost functions are similar to those of the investment cost functions, requiring only the substitution of the unit capacity investment costs for WT, PV, battery, and power converter system of BS with their respective unit annualized capacity operating costs under different capacities     O     r   O w t     w t    ,     O     r   O p v     p v    ,     O     r   O b s , b     b s , b    , and     O     r   O b s , p     b s , p    . The indices     r   O w t    ,     r   O p v    ,     r   O b s , b    , and     r   O b s , p     denote the segments     R   O w t    ,     R   O p v    ,     R   O b s , b    , and     R   O b s , p     for linearization.




3.1.2. Objective of Consumer


For the consumer in EHMES, the objective is to minimize the costs associated with purchasing electricity, as well as the annualized investment and operating expenses for equipment. The objective function for the consumer side     f   c o     is outlined as follows:


  m i n   f   c o   =   I   c o   +   O   c o   .  



(6)







In (1),     I   c o     is the annualized investment costs of the consumer


    I   c o   =     r (  1   + r )     y   p  2   g         (  1   + r )     y   p  2   g     −  1       F   I p  2   g       S   p  2   g     +     r (  1   + r )     y   g s         (  1   + r )     y   g s     −  1       F   I g s       S   g s     ,  



(7)




where     S   p  2   g     is the installation capacity of the electrolyzer (MW), and     S   g s     is the installation capacity of hydrogen storage (kg). Similar to the equipment within the producer,     F   I p  2   g       S   p  2   g       and     F   g s       S   g s       are the corresponding investment cost functions of the electrolyzer (CNY/MW) and hydrogen storage (CNY/kg) with corresponding unit investment costs under different capacities     I     r   I p  2   g     p  2   g     and     I     r   I g s     g s    .     y   g s     is the service life of hydrogen storage.     y   p  2   g     is the service life of the electrolyzer.



    O   c o     represents the operating costs of the consumer


    O   c o   =   ∑  t =  1     T    (   C   t   p r     P   t   p r   +   C   t   t o u     P   t   u g   ) ∆ t   +   F   O p  2   g       S   p  2   g     +   F   O g s       S   g s     ,  



(8)




where     C   t   t o u     is the TOU price (CNY/MWh), which varies across different months and fluctuates within a day. It is higher during peak load periods and lower during off-peak times.     P   t   u g     is the power purchased from the upstream power grid (MW).     F   O p  2   g       S   p  2   g       and     F   O g s       S   g s       are the unit annualized operating cost functions of the electrolyzer (CNY/(MW·year)) and     C   g s     hydrogen storage (CNY/(kg·year)), corresponding to different unit annualized operating costs under different capacities     O     r   O p  2   g     p  2   g     and     O     r   O g s     g s    .     P   t   w t    ,     P   t   p v    , and     P   t   b s     are the power outputs of WT, PV, and BS with unit MW, respectively.





3.2. Constraints


The constraints take into account the equipment output and installation capacity constraints, stored energy constraints of BS, stored gas constraints of hydrogen storage, and energy balance constraints.



3.2.1. Electrolyzer


The typical proton exchange membrane electrolyzer model is considered in this paper. The basic principle of the electrolysis process involves utilizing electrical energy to convert two water molecules into two hydrogen molecules and one oxygen molecule, thereby achieving hydrogen production. More detailed electrochemical characteristics of the proton exchange membrane electrolyzer can be found in [31]. The efficiency of proton exchange membrane electrolyzers dynamically changes with the input power, exhibiting nonlinear characteristics. During operation, the diffusion of hydrogen and oxygen across the membrane leads to Faraday efficiency losses [32] and further impacts the energy conversion process. Figure 3 illustrates the relationship between the input power, efficiency, and hydrogen production rate of a typical proton exchange membrane electrolyzer. The figure demonstrates that the efficiency of the electrolyzer escalates with an increase in input power, reaching an optimum at light loading conditions. Beyond this operational point, the electrolyzer requires more electrical energy to produce the same amount of hydrogen, resulting in decreased efficiency [33].



Based on the input and output relationship of the electrolyzer, a piecewise linear approximation can be adopted to represent the above relationship of the proton exchange membrane electrolyzer with dynamic efficiency


    G   t   p  2   g   =   G     r   p  2   g     p  2   g   +     G     r   p  2   g   +  1     p  2   g   −   G     r   p  2   g     p  2   g       P     r   p  2   g   +  1     p  2   g   −   P     r   p  2   g     p  2   g         P   t   p  2   g   −   P     r   p  2   g     p  2   g     ,         P   t   p  2   g   ∈ [   P     r   p  2   g     p  2   g   ,   P     r   p  2   g   +  1     p  2   g   ] ,   r   p  2   g   ∈ [  1   ,   R   p  2   g   ] ,  



(9)




where     G   t   p  2   g     is the hydrogen output of the electrolyzer (Nm3), and     P   t   p  2   g     is the input power of the electrolyzer (MW). The above linearization method divides the original relationship between the power input and hydrogen output of the electrolyzer into     R   p  2   g     segments with index     r   p  2   g     in their feasible range.



The electrolyzer is also constrained by the installation capacity limits and input power limits, they are formulated as follows [34]


      S  _    p  2   g   ≤   S   p  2   g   ≤     S  ¯    p  2   g   ,  



(10)






    γ   p  2   g     S   p  2   g   ≤   P   t   p  2   g   ≤   S   p  2   g   ,  



(11)




where       S  ¯    p  2   g     and       S  _    p  2   g     are the maximum and minimum possible installation capacity of the electrolyzer (MW).     γ   p  2   g     is the minimum output rate of the electrolyzer.




3.2.2. Renewable Energy Sources


The outputs of WT and PV are constrained by their maximum curtailment rate and installation capacity


           1   −   τ   w t       P   t   w t , a c     S   w t   ≤   P   t   w t   ≤   P   t   w t , a c     S   w t            1   −   τ   p v       P   t   p v , a c     S   p v   ≤   P   t   p v   ≤   P   t   p v , a c     S   p v           ,  



(12)




where     P   t   w t , a c     and     P   t   p v , a c     are the maximum available per-unit outputs of WT and PV, it is related to the predicted value and real-time fluctuations.     τ   w t     and     τ   p v     are the maximum curtailment rate of WT and PV, aiming to prevent excessive wastage of RESs [35].



The installation capacity of WT and PV are constrained by corresponding limits


            S  _    w t   ≤   S   w t   ≤     S  ¯    w t             S  _    p v   ≤   S   w t   ≤     S  ¯    p v           ,  



(13)




where       S  ¯    w t     and       S  _    w t     are the maximum and minimum possible installation capacity of WT (MW).       S  ¯    p v     and       S  _    p v     are the maximum and minimum possible installation capacity of PV (MW).




3.2.3. Battery Storage


The output of BS is constraints by the installation capacity of the battery and power converter system, and the stored energy status of the battery [36]


    E   t   b s   =   E   t −  1     b s   +   η   b s , c h     P   t   b s , c h   ∆ t −   P   t   b s , d i s   /   η   b s , d i s   ∆ t −   η   b s , n     E   t −  1     b s   ,  



(14)






      E  _    b s , b     S   b s , b   ≤   E   t   b s   ≤     E  ¯    b s , b     S   b s , b   ,  



(15)






          P   t   b s   =   P   t   b s , d i s   −   P   t   b s , c h                                                                                                                         −   S   b s , p   ≤   P   t   b s   ≤   S   b s , p                                                                                                                               ∑  t =  1     T        P   t   b s , d i s   +   P   t   b s , c h     ∆ t   ≤   N   b s , c     S   b s , b   (     E  ¯    b s , b   −     E  _    b s , b   )         P   t   b s , c h     P   t   b s , d i s   =  0                                                                                                                                                 P   t   b s , c h   ≥  0   ,   P   t   b s , d i s   ≥  0                                                                                                                         ,  



(16)




where     E   t   b s     is the energy stored in the BS at a time step (MWh).     η   b s , c h     and     η   b s , d i s     are the charge and discharge efficiency of BS, and     η   b s , n     is the dissipation factor of BS.       E  ¯    b s , b     and       E  _    b s , b     are the maximum and minimum state-of-charge (SoC) of BS.



Equation (16) defines the output constraints of BS. The first line establishes the relationship between the BS output and its charge/discharge power     P   t   b s , c h     and     P   t   b s , d i s     (MW). The second line specifies that the BS output is limited by the installation capacity of the power converter system. The third line is the limitations on annual cycle charging and discharging times     N   b s , c    . The fourth line indicates that the BS can be in either a charging or discharging state but not both simultaneously [36]. The fifth line asserts that both the charging and discharging powers of the BS must be positive values.



The installation capacity of BS and its power converter system are constrained by corresponding limits


            S  _    b s , b   ≤   S   b s , b   ≤     S  ¯    b s , b           S   b s , p   ≥   γ   b s       S  ¯    b s , b                         ,  



(17)




where       S  ¯    b s , b     and       S  _    b s , b     in the first line of the equation are the maximum and minimum possible installation capacity of the battery in BS. The second line of the equation is the maximum installation capacity of the power converter system of BS, it needs to be greater than the demand for charge and discharge rate     γ   b s     [37].




3.2.4. Hydrogen Storage


The output of hydrogen storage is constrained by the installation capacity of the hydrogen storage tank, and the stored gas status of the hydrogen storage [38]


    E   t   g s   =   E   t −  1     g s   +   η   g s , c h     G   t   g s , c h   ∆ t −   η   g s , d i s     G   t   g s , d i s   ∆ t −   η   g s , n     E   t −  1     g s   ,  



(18)






          G   t   g s   =   G   t   g s , d i s   −   G   t   g s , c h                                                               G   t   g s , d i s   ≤   γ   g s , v     S   g s   ,     G   t   g s , c h   ≤     γ   g s   S   g s , v           G   t   g s , c h   ≥  0   ,   G   t   g s , d i s   ≥  0                                                             γ   g s , s     S   g s   ≤   E   t   g s   ≤   S   g s                                                             ,  



(19)




where     E   t   g s     is the volume of hydrogen gas stored in hydrogen storage (kg).     η   g s , c h     and     η   g s , d i s     are the charge and discharge efficiency, and     η   g s , n     is the dissipation factor of hydrogen storage. Equation (19) defines the output constraints of the hydrogen storage. A positive output of     G   t   g s     signifies a net outflow of hydrogen gas, whereas a negative value denotes a net inflow. Both the charging and discharging of hydrogen are positive values. The maximum volumes for charging and discharging hydrogen gas are constrained by the output factor     γ   g s , v    , which is related to the capacity of hydrogen storage. The charge and discharge of the hydrogen storage can occur simultaneously.     γ   g s , s     is the minimum ratio of volume that can be stored in hydrogen storage.



The installation capacity of hydrogen storage is limited by


      S  _    g s   ≤   E   t   g s   ≤     S  ¯    g s   ,  



(20)




where       S  ¯    g s     and       S  _    g s     are the maximum and minimum installation capacity of hydrogen storage (kg).




3.2.5. Energy Balance Constraints


The energy balance constraints comprise electric power balance and gas balance constraints, which represent the total energy supply needs to meet the demand in EHMES. They are formulated as


    P   t   p r   +   P   t   u g   =   P   t   l   +   P   t   p  2   g   ,  



(21)






    G   t   p  2   g   +   G   t   g s   =   G   t   l   ,  



(22)




where     P   t   l     and     G   t   l     are the electric load (MW) and gas load (Nm3/h) demands of the consumer.     P   t   p r     can be calculated by Equation (2). The unit of hydrogen can be converted to “kg” based on its density at standard atmospheric pressure.




3.2.6. Flexible and Upstream Grid Constraints


In this paper, the power output of BS     P   t   b s     and the electric power from the upstream power grid     P   t   u g     are the flexible resources in the EHMES to manage the fluctuations of WT and PV. During the planning stage, the     P   t   b s     and     P   t   u g     need to possess a certain degree of flexibility reserve to accommodate the uncertainty associated with WT and PV


    P   t   u g   +   P   t   b s   ≥   P   t   f l , α   ,  



(23)




where     P   t   f l , α     is the maximum value of the difference between electricity demand (    P   t   l   +   P   t   p  2   g    ) and RESs generation (    P   t   w t   +   P   t   p v    ), considering uncertainty at a specified level of confidence   α  . The fluctuations of WT and PV can be estimated through corresponding probability density functions from existing studies [39].



The electric power from the upstream power grid     P   t   u g     is also constrained by its maximum transmission power limit. To ensure the substitution with green electricity in EHMES, the amount of electricity obtained from the grid should not exceed a certain percentage of the installed capacity of RESs. In addition, the power generated in EHMES cannot transmit to the upstream power grid as mentioned above.


          P   t   u g   ≤   γ   r e s   (   S   w t   +   S   p v   )         P   t   u g   ≥  0                                                               ,  



(24)




where     γ   r e s     is the ratio to ensure the green electricity substitution.





3.3. Decision Variables and Model Linearlization


The core decision variables in the optimal planning model of the EHMES proposed in this paper include the capacities of various pieces of equipment: WT, PV, BS (including battery and PCS), hydrogen storage, and electrolyzer. Moreover, the output of this equipment is also an essential decision variable that plays a significant role in defining the capacity configurations. The planning model is a mixed integer nonlinear programming (MINLP). To tackle this, the big-M method [40] is utilized to re-formulate the piecewise functions and nonlinear constraints, allowing the model to be converted into a Mixed Integer Linear Optimization Programming (MILP) [41]. This transformation enables the solution of the model using the Gurobi solver [42].



Specifically, the investment and operating cost functions of WT, PV, battery, and PCS, like Equation (4), can be linearized with the help of auxiliary binary variables and a large positive integer   M  . Similarly, taking the investment cost functions     F   I w t       S   w t       as an example, other functions can be processed in a similar manner. Binary variables     x     r   I w t     I w t   (   r   I w t   =  1,2   , … ,   R   I w t   )   are introduced to denote the capacity interval that     S   w t     falls within.     R   I w t     is the total number of intervals. Consequently, the     F   I w t       S   w t       can be reformulated as


          ∑    r   I w t   =  1       R   I w t        x     r   I w t     I w t     =  1           F   I w t       S   w t     ≥   I     r   I w t     w t     S     r   I w t     w t   +     I     r   I w t   +  1     w t     S     r   I w t   +  1     w t   −   I     r   I w t     w t     S     r   I w t     w t       S     r   I w t   +  1     w t   −   S     r   I w t     w t         S   w t   −   S     r   I w t     w t     +     x     r   I w t     I w t   −  1     M ,       r   I w t   ∈ [  1   ,   R   I w t   −  1   ]         S     r   I w t     w t   −    1   −   x     r   I w t     I w t     M ≤   S   w t   ≤   S     r   I w t   +  1     w t   +    1   −   x     r   I w t   +  1     I w t     M ,       r   I w t   ∈    1   ,   R   I w t   −  1             F   I w t       S   w t     ≥   I     r   I w t     w t     S   w t   +     x     r   I w t     I w t   −  1     M ,       r   I w t   =   R   I w t           S     r   I w t     w t   −    1   −   x     r   I w t     I w t     M ≤   S   w t   ,       r   I w t   =   R   I w t         ,  



(25)




where     x     r   I w t     I w t   =  1     represents     S   w t     falls within the interval   [   S     r   I w t     w t   ,   S     r   I w t   +  1     w t   ]  . By employing these binary integer variables, the piecewise function is converted into linear constraints, which can then be efficiently solved by the MILP solver. The output function of the electrolyzer can also be linearized by employing a similar approach, which involves the introduction of binary variables and the use of the Big-M method as outlined above.



The output constraints for the charge and discharge power of BS can be linearized by introducing the binary variables     x   t   b s , c h     and     x   t   b s , d i s    


          x   t   b s , c h   +   x   t   b s , d i s   ≤  1           P   t   b s , c h   ≤ M   x   t   b s , c h                   P   t   b s , d i s   ≤ M   x   t   b s , d i s           .  



(26)








3.4. Overall Planning Process


The overall process for the EHMES planning proposed in this paper is shown in Figure 4 and summarized as follows:




	
Equipment Data and Parameter Collection: For the area under study, compile historical data for WT and PV with per-unit values. Collect historical data on electricity and gas load demands with actual values. Gather information on costs and technical parameters, as well as installation capacity requirements for PV, WT, BS, hydrogen storage, and electrolyzer within EHMES.



	
Other Parameter Collection: Gather TOU price information and the limits on flexible and upstream power transmission within EHMES. Establish the unit price for electricity transactions between the producer and consumer within EHMES, which can be set through negotiations [30]. Pricing could be based on a fixed rate or a certain discount on the TOU electricity price.



	
EHMES Planning Modeling and Solution: Using the collected data and parameters, define the objectives and constraints. Solve the optimization model using the MILP solver to determine the equipment capacity configuration.



	
Results Analysis: Assess whether the results satisfy the set requirements and adjust parameters for further calculation as needed.










4. Case Study


4.1. Test System and Basic Data


This case study is conducted on the industrial EHMES, as shown in Figure 1. The WT and PV data are based in the northwest region of China. The energy demand data are collected from the real-world industrial user. The demand for electrical load encompasses industrial production loads, which account for over 99% of the electrical consumption in the EHMES, as well as a smaller proportion of other loads such as office operations and living necessities. Considering the common scheduling time scales used in power systems [43] and taking into account the need to determine equipment capacity and overall output during the planning stage, the time scale for the collected data is based on 1 h in a year. The RES data and energy demand data are shown in Figure 5. The system parameter and TOU price are listed in Tables A1 and A2 in Appendix A. The objective of EHMES is   min (   f   c o   −   f   p r   )  . The installation capacity limits for the equipment are determined based on factors such as site constraints and energy demand within the industrial area under study.




4.2. Capacity Configurations under Different Curtailment Rate


In this part, the capacity configurations under various maximum wind and solar curtailment rate conditions are studied and analyzed. The results are presented in Table 1, encompassing the capacity configurations for each equipment and the annual RES utilization.



The table reveals that, as the curtailment rate increases, the installed capacity of RESs gradually rises, while the capacity of BS progressively diminishes. This is because the output from RESs in the EHMES is uncontrollable and cannot consistently match load variations. Meanwhile, surplus power generated from RESs cannot be transmitted to the upstream power grid. To ensure a high utilization rate of renewable energy, the system relies on BS and hydrogen storage for RES accommodation and peak shaving. In the studied EHMES, even when accounting for the energy losses associated with converting electrical energy to hydrogen, the investment and operating costs for hydrogen storage remain relatively low. Therefore, the hydrogen storage is configured at the maximum allowable capacity across various curtailment rates in this case study. The capacity of BS increases significantly when the curtailment rate is below 0.1. At a curtailment rate of 0.01, the capacity of BS reaches 819.47 MWh, which is about 65% higher than the total capacity of RESs, which enables the annual RES utilization rate to achieve 100%. This indicates that the full accommodation of RES and the substitution with green electricity require sufficient flexible resources such as energy storage for support. The capacity of BS also grows gradually when the curtailment rate exceeds 0.1, with the annual RES utilization rate reduced from 96.13% to 89.73%. This is because, at higher curtailment rates, the total installed capacity of RES increases, leading to a concurrent rise in the demand for flexible resources within the system. Consequently, BS needs to expand its capacity to match this demand.



In terms of specific RES capacity, WT is prioritized over PV for installation under each curtailment rate, with their capacity significantly exceeding that of PV. This is because WT can generate power throughout the day, whereas PV can only generate power during daylight hours. Additionally, PV output experiences substantial variations in the morning and afternoon, making it challenging to match load demands and necessitating more energy storage for achieving high utilization. When the curtailment rate is between 0.01 and 0.1, PV constitutes only about 5% of the total RES capacity. At curtailment rates of 0.15 and 0.20, the installed capacity of PV increases to approximately 15% of the total RES capacity.



The installed capacity of the electrolyzer is primarily related to the hydrogen demand within the system and needs to roughly match the maximum hydrogen load. Therefore, its capacity does not significantly change across different curtailment rates. At lower curtailment rates, the electrolyzer requires relatively higher hydrogen production capabilities to complement the BS by converting surplus electrical power into hydrogen for storage in the hydrogen storage. At higher curtailment rates, as the equipment with the second-highest unit investment cost within the system, the electrolyzer accordingly reduces the installed capacity to lower the overall investment cost of the system.



The annual total cost of the system decreases with the increase in the curtailment rate, experiencing a rapid decline from 0.01 to 0.1 and then slowing down beyond 0.1. This pattern is because the system requires substantial investment in energy storage to ensure a high RES utilization rate at lower curtailment rates. The increase in the curtailment rate allows for a higher installed capacity of RES, enabling more electricity generation and thereby reducing the need to purchase electricity from the upstream power grid.



The aforementioned results highlight the crucial role of energy storage in ensuring green electricity substitution within the EHMES, as mentioned in reference [23]. It serves as a flexible resource to fully absorb the uncontrollable RESs [44]. Furthermore, although increasing the curtailment rate of RES can reduce the annual total cost of the system and enhance the installed capacity of RES, it is not conducive to the efficient utilization of resources within the system. Therefore, the curtailment rate should be set to a reasonable level.




4.3. Capacity Configurations under Different Energy Demands


In this part, the capacity configurations under different energy demand scenarios are studied and analyzed. Firstly, to simulate the impact of load growth or overall changes on capacity configuration, the electrical and gas loads at each time step within the EHMES are multiplied by a certain coefficient. The results are shown in Table 2.



The table shows that with an overall increase in electrical load, the installed capacities of RES, BS, and electrolyzer in the system undergo various degrees of cyclical changes. This is primarily due to the complex interaction between the variable cost sequences of the equipment, as well as the matching of sources and loads. The capacity of equipment within the producer side increases with the overall growth of the electrical load. When the overall electrical load is higher, the installed capacities of BS in the system increase correspondingly. The variations in RES and electrical load within the system can be better accommodated, resulting in higher RES utilization at about 97% when the overall electrical load is 1.1 and 1.2 times the original. Meanwhile, the EHMES needs to deploy equipment with more capacity and purchase more electricity from the upstream power grid to meet the growth in electrical load. Thus, the annual total cost of the system also gradually rises.



The overall growth in hydrogen load primarily leads to an increase in the installed capacity of the electrolyzer. This is because the electrolyzer is the only source for hydrogen production in the EHMES; its installed capacity needs to match the maximum hydrogen load. Given that hydrogen production relies mainly on electricity, in essence, and considering hydrogen storage, the hydrogen load can be equivalent to a controllable electrical load. Thus, an overall increase in hydrogen load also leads to an overall increase in the installed capacity of RES. Meanwhile, due to the hydrogen load having a certain degree of controllability, its overall growth has a minimal impact on the installed capacity of BS. As the installed capacity of RES increases, the annual total cost of the system gradually rises with the increase in hydrogen load. The overall increase in RES capacity with unchanged BS capacity does not efficiently accommodate the RES, resulting in a slight decrease in RES utilization.



Secondly, the impact of varying peak-to-valley ratios of electrical and gas loads on the capacity configuration of EHMES equipment is analyzed. In the analysis, the maximum load remains unchanged, while the range of load variation is uniformly reduced to adjust the peak-valley difference ratios (PVDRs) of both electrical and gas loads. The methods are based on reference [43]. Different PVDR ratios primarily aim to simulate scenarios employing various load adjustment strategies, such as demand–side response, to study the capacity configuration of equipment and operating costs of EHMES. The results are presented in Table 3.



From the table, it is evident that, with a decreasing PVDR of the electrical load, the capacity for WT generally increases, highlighting WT’s effectiveness as a relatively stable power source within the EHMES to accommodate smoother electrical load profiles. On the other hand, PV capacity exhibits fluctuations within relatively narrow ranges. This variability shows the limited capability of PV to align precisely with electrical load demands. When the PVDR is high, the installed capacity of BS is significantly large. This indicates that during periods of substantial load variability, energy storage (i.e., BS and hydrogen storage) plays a crucial role in peak shaving and load leveling within the system. The capacity of BS decreases with a reduction in PVDR and then shows a small variability. This trend could imply that less storage is required as the electrical load becomes smoother. However, when the PVDR is small, the load may not match the generation from RES. Under these circumstances, it is necessary to increase the installed capacity of BS to accommodate the surplus imbalance between RES and load demand. RES utilization and annual total cost exhibit fluctuations across different PVDRs, indicating that regional wind and solar resources need to be effectively matched with electrical load variations to achieve better green energy substitution and cost reduction. The capacity of the electrolyzer changes less with the changes in PVDR, as its output is mainly influenced by the hydron demand.



The variation in the PVDR for hydrogen load has a minimal impact on the installed capacity of RESs, as the electricity consumed for hydrogen production accounts for only about 30% of the electrical load. The trend changes in the hydrogen load curve caused by PVDR are primarily managed by energy storage more economically for peak shaving and valley filling. Consequently, the installed capacity of BS gradually increases as the hydrogen load PVDR decreases. The installed capacity of the electrolyzers first decreases and then increases as the PVDR decreases, whereas RES utilization and annual total cost initially rise and then fall, with a decrease in PVDR. This pattern also underscores the necessity of aligning wind and solar resources with hydrogen demand in the region where the EHMES is located.



The above results demonstrate the importance of considering the match between regional renewable energy resources and energy demand in capacity configuration to achieve efficient utilization of RES and economical operation of the system. This finding is in accordance with the analysis in reference [45]. Moreover, by employing potential measures, such as demand response [30] to reshape the load profile, the overall resource utilization of the system can be enhanced.




4.4. Benefit Analysis of Green Electricity-Based Hydrogen Production


In this part, the benefits brought by the EHMES system are analyzed. The optimized capacity configuration results are based on basic energy demand and curtailment rate (i.e.,     τ   w t   =   τ   p v   =  0.1    ); the key indices are presented in Table 4.



The data highlights the EHMES’s significant impact on green electricity production, accounting for 42.18% of the total electricity generation, which illustrates the system’s capacity to integrate RES effectively. The total green electricity generation of over 1.4 million MWh is entirely consumed within the EHMES, achieving efficient local utilization of RESs. The EHMES system demonstrates a strategic reduction in dependence on external power supplies, attributed to its capacity for local green electricity generation. The savings in electricity purchase costs, amounting to approximately 89.05 million CNY, further underline the financial benefits of substituting traditional electricity supplies with green alternatives within the EHMES framework. The total electricity consumption for hydrogen production reflects the system’s dedication to leveraging green electricity for hydrogen production, underscoring the dual benefit of reducing carbon emissions while promoting renewable energy integration.



The capacity configuration of EHMES with and without considering hydrogen demand is depicted in Table 5. As shown in the table, when electrolytic hydrogen production is not considered, the system’s total electricity demand decreases, the installed capacity of renewable energy sources reduces by 70 MW, and the capacity of electrical energy storage increases by 125 MWh. The generation of green electricity decreases by 2.35 MWh. These results underscore the role of electrolytic hydrogen production in boosting the installed capacity of RESs.



The results demonstrate the benefits of the EHMES in fostering a more sustainable and energy-efficient industrial landscape.





5. Conclusions


This paper proposes an optimal capacity planning approach for the industrial EHMES, considering the variable cost sequence of equipment to address the challenges of integrating and accommodating RES locally for large-scale industrial users. By dividing the EHMES investment and operation into consumer and producer sides, specialized management, seamless energy trading, and effective RES integration into industrial applications can be achieved. By considering variations in investment and operating costs across different installed capacities, the proposed capacity planning approach is economically viable and closely aligned with practical industry requirements. Based on a case study from a real-world EHMES, the results are summarized as follows:




	
The proposed optimal planning approach optimizes the specific installation capacities of equipment within the EHMES considering variable investment costs of the equipment, as well as the characteristics of the energy supply and demand. This capacity configuration can ensure the efficient local utilization of RESs, aligning with the system’s objectives for sustainable and cost-effective energy management.



	
WT emerges as a more cost-effective RES for supplying green electricity within EHMES compared to PV. Despite its relatively higher unit capacity investment cost, WT still maintains a proportionally higher installation capacity within the EHMES relative to PV. Reducing the RES curtailment rate can lead to a decrease in the overall cost of the system, but it might not contribute to the effective utilization of RES.



	
The flexible resources, like BS and hydrogen storage, are instrumental in addressing the RES locally, thus supporting the efficient operation and economic feasibility of the EHMES. Hydrogen storage with a lower unit investment cost is prioritized for installation in the system. As the RES curtailment rate decreases, the installed capacity of BS increases accordingly for achieving RES accommodation.



	
Detailed analysis of the EHMES capacity configuration under various scenarios demonstrates the importance of matching the system equipment’s capacity with industrial energy demands. An overall increase in the electrical load leads to a rise in the BS capacity, while an overall increase in hydrogen demand leads to a rise in the electrolyzer capacity. Both excessively high and low peak-to-valley ratios of energy demand could contribute to an increase in the system’s total costs and the installed capacity of energy storage.



	
Substituting with green electricity can help industrial users reduce nearly half of their electricity purchase costs from the upstream power grid. Employing hydrogen production through electrolysis enhances the installed capacity of RESs and achieves efficient local accommodation.








The planning approach proposed in this paper does not evaluate the effectiveness of source-load matching, which cannot assess the suitability of constructing an EHMES in the studied region. Future research could consider establishing a set of source-load matching indicators to quantify the matching effects, like the study in [46]. This effort would facilitate the preliminary selection of areas suitable for EHMES construction based on the wind and solar resources of the area. Moreover, investigating demand–side response strategies tailored to the production processes of different industrial EHMES to enhance capacity configuration effectiveness represents another potential direction for future research.
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Table A1. Main parameters of the test industrial EHMES.






Table A1. Main parameters of the test industrial EHMES.





	Equipment
	Parameter





	WT
	       S  ¯    w t   =  600     M W      ,       S  _    w t   =  0     M W      ,     y   w t   =  30     y e a r      ,     τ   w t   =  0.1     

         I   w t   =        7.0   ×    10      6     ,     S   w t   =  0                        6.9   ×    10      6     ,     S   w t   =  6                        6.8   ×    10      6     ,     S   w t   =  20                    6.7   ×    10      6     ,     S   w t   =  50                    6.6   ×    10      6     ,     S   w t   =  100              6.5   ×    10      6     ,     S   w t   =  200              6.4   ×    10      6     ,     S   w t   =  500              6.3   ×    10      6     ,     S   w t   =  10    00             ,     O   w t   =        1.10   ×    10      5     ,     S   w t   =  0                        1.09   ×    10      5     ,     S   w t   =  6                        1.08   ×    10      5     ,     S   w t   =  20                    1.07   ×    10      5     ,     S   w t   =  50                    1.06   ×    10      5     ,     S   w t   =  100              1.05   ×    10      5     ,     S   w t   =  200              1.04   ×    10      5     ,     S   w t   =  500              1.03   ×    10      5     ,     S   w t   =  10    00               ( CNY / MW )     ( CNY / MW / year )       



	PV
	       S  ¯    p v   =  500     M W      ,       S  _    p v   =  0     M W      ,     y   p v   =  30     y e a r      ,     τ   p v   =  0.1     

         I   p v   =        4.5   ×    10      6     ,     S   p v   =  0                          4.4   ×    10      6     ,     S   p v   =  6                          4.3   ×    10      6     ,     S   p v   =  20                    4.2   ×    10      6     ,     S   p v   =  50                    4.1   ×    10      6     ,     S   p v   =  100              4.0   ×    10      6     ,     S   p v   =  200              3.9   ×    10      6     ,     S   p v   =  500                 ,     O   w t   =        1.00   ×    10      5     ,     S   p v   =  0                        0.99   ×    10      5     ,     S   p v   =  6                        0.98   ×    10      5     ,     S   p v   =  20                    0.97   ×    10      5     ,     S   p v   =  50                  0.96   ×    10      5     ,     S   p v   =  100              0.95   ×    10      5     ,     S   p v   =  200              0.94   ×    10      5     ,     S   p v   =  500                   ( CNY / MW )     ( CNY / MW / year )       



	BS
	      S  ¯    b s , b   =  1000     M W    ,       S  _    b s , b   =  0     M W  ,        E  ¯    b s , b   =  1    ,        E  _    b s , b   =  0.1      ,     y   b s   =  10     y e a r    ,     γ   b s   =  0.8    ,

    η   b s , c h   =   η   b s , d i s   =  0.99      ,     η   b s , n   =  0.00006      ,     N   b s , c   =  365    

        I   b s , b   =        4.0   ×    10      6     ,     S   b s , b   =  0                      3.9   ×    10      6     ,   S   b s , b   =  6                      3.8   ×    10      6     ,     S   b s , b   =  20                  3.7   ×    10      6     ,     S   b s , b   =  50                  3.6   ×    10      6     ,     S   b s , b   =  100              3.5   ×    10      6     ,     S   b s , b   =  200              3.4   ×    10      6     ,     S   b s , b   =  500              3.3   ×    10      6     ,     S   b s , b   =  1000             ,     O   b s , b   =        6.00   ×   10    4    ,     S   b s , b   =  0                      5.90   ×    10      4     ,   S   b s , b   =  6                      5.80   ×    10      4     ,   S   b s , b   =  20                  5.70   ×    10      4     ,     S   b s , b   =  50                  5.60   ×    10      4     ,     S   b s , b   =  100              5.50   ×    10      4     ,     S   b s , b   =  200              5.40   ×    10      4     ,     S   b s , b   =  500              5.40   ×    10      4     ,     S   b s , b   =  1000               ( CNY / MW )     ( CNY / MW / year )          I   b s , p   =        1.00   ×    10      5     ,     S   b s , p   =  0                      0.80   ×    10      5     ,     S   b s , p   =  100              0.75   ×    10      5     ,     S   b s , p   =  200              0.70   ×    10      5     ,     S   b s , p   =  500              0.65   ×    10      5     ,     S   b s , p   =  1000               ,     O   b s , p   =        3.00   ×    10      3     ,     S   b s , p   =  0                          2.60   ×    10      3     ,     S   b s , p   =  100                2.50   ×    10      3     ,     S   b s , p   =  200                2.40   ×    10      3     ,     S   b s , p   =  500              2.30   ×    10      3     ,     S   b s , p   =  1000                ( CNY / MW )     ( CNY / MW / year )      



	Hydrogen storage
	      S  ¯    g s   =  20    00     k g    ,       S  _    g s   =  0     k g    ,     γ   g s , v   =  0.5      ,     y   g s   =  30     y e a r    ,     η   g s , n   =  0.00006    ,

        I   g s   =        900   ,   S   g s   =  0                        890   ,   S   g s   =  500              880   ,   S   g s   =  1000          870   ,   S   g s   =  2000               ,   O   g s   =        18.0   ,   S   g s   =  0                        17.8   ,   S   g s   =  500              17.6   ,   S   g s   =  1000          17.4   ,   S   g s   =  2000               ( CNY / kg )     ( CNY / kg / year )      



	Electrolyzer
	      S  ¯    p  2   g   =  2    00     M W    ,       S  _    p  2   g   =  0       M W    ,     γ   p  2   g   =  0.05      ,     y   p  2   g   =  30    ,

         I   p  2   g   =        5.7   ×    10      6     ,   S   p  2   g   =  0                    5.6   ×    10      6     ,   S   p  2   g   =  100          5.5   ×    10      6     ,   S   p  2   g   =  200                ,   O   g s   =        1.3   ×    10      4     ,   S   p  2   g   =  0                      1.2   ×    10      4     ,   S   p  2   g   =  100            1.1   ×    10      4     ,   S   p  2   g   =  200               ( CNY / MW )     ( CNY / MW / year )      



	Other
	     γ   r e s   =  1        ,   α =  0.99        ,     C   t   p r   =  0.567     C N Y / M W h   










 





Table A2. Time-of-use price of the upstream power grid (CHY/kwh).
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	Jan.
	Feb.
	Mar.
	April
	May
	June
	July
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.





	1:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	2:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	3:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	4:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	5:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	6:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	7:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	8:00
	0.6458
	0.6466
	0.6226
	0.5992
	0.5805
	0.6458
	0.6458
	0.6458
	0.6458
	0.5805
	0.6458
	0.6458



	9:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	10:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	11:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	12:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	13:00
	0.2454
	0.2457
	0.2366
	0.2277
	0.2206
	0.2454
	0.2454
	0.2454
	0.2454
	0.2206
	0.2454
	0.2454



	14:00
	0.6458
	0.6466
	0.6226
	0.5992
	0.5805
	0.6458
	0.6458
	0.6458
	0.6458
	0.5805
	0.6458
	0.6458



	15:00
	0.6458
	0.6466
	0.6226
	0.5992
	0.5805
	0.6458
	0.6458
	0.6458
	0.6458
	0.5805
	0.6458
	0.6458



	16:00
	0.6458
	0.6466
	0.6226
	0.5992
	0.5805
	0.6458
	0.6458
	0.6458
	0.6458
	0.5805
	0.6458
	0.6458



	17:00
	0.6458
	0.6466
	0.6226
	0.5992
	0.5805
	0.6458
	0.6458
	0.6458
	0.6458
	0.5805
	0.6458
	0.6458



	18:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	19:00
	1.2400
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.2400
	1.2400
	1.0333
	0.9288
	1.0333
	1.2400



	20:00
	1.2400
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.2400
	1.2400
	1.0333
	0.9288
	1.0333
	1.2400



	21:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	22:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	23:00
	1.0333
	1.0346
	0.9962
	0.9588
	0.9288
	1.0333
	1.0333
	1.0333
	1.0333
	0.9288
	1.0333
	1.0333



	24:00
	0.6458
	0.6466
	0.6226
	0.5992
	0.5805
	0.6458
	0.6458
	0.6458
	0.6458
	0.5805
	0.6458
	0.6458
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Figure 1. Diagram of the studied industrial electricity-hydrogen multi-energy system. 
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Figure 2. Equipment investment cost function considering variable unit investment cost under different capacities. 






Figure 2. Equipment investment cost function considering variable unit investment cost under different capacities.



[image: Sustainability 16 03684 g002]







[image: Sustainability 16 03684 g003] 





Figure 3. Relationship between the input power, hydrogen production, and efficiency of a proton exchange membrane electrolyzer. 
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Figure 4. Flowchart of the proposed EHMES planning approach. 
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Figure 5. Annual hourly data of WT, PV, and industrial energy demand in the studied area. 






Figure 5. Annual hourly data of WT, PV, and industrial energy demand in the studied area.



[image: Sustainability 16 03684 g005]







 





Table 1. Capacity configuration of EHMES under different curtailment rates of WT and PV.
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	Curtailment Rate
	WT (MW)
	PV (MW)
	BS (MWh)
	Electrolyzer (MW)
	Hydrogen Storage (kg)
	Annual RES

Utilization (%)
	Annual Total Cost of the System (CHY)





	     τ   w t   =   τ   p v   =  0.01     
	473.97
	32.80
	819.47
	129.10
	2000
	100
	3.568 × 108



	     τ   w t   =   τ   p v   =  0.05     
	495
	20.00
	646.53
	130.07
	2000
	99.02
	3.341 × 108



	    τ   w t   =   τ   p v   =  0.1     (base)
	513.45
	38.57
	500.00
	122.33
	2000
	96.13
	3.205 × 108



	     τ   w t   =   τ   p v   =  0.15     
	528.08
	100
	529.00
	117.14
	2000
	91.40
	3.174 × 108



	     τ   w t   =   τ   p v   =  0.20     
	540.55
	100
	517.13
	117.87
	2000
	89.73
	3.150 × 108










 





Table 2. Capacity configuration of EHMES under different energy demands.
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	Energy

Demand
	WT (MW)
	PV (MW)
	BS (MWh)
	Electrolyzer (MW)
	Hydrogen Storage (kg)
	Annual RES

Utilization (%)
	Annual Total Cost of the System (CHY)





	    P   t   l     × 120%
	584.66
	50.00
	625.00
	144.67
	2000
	97.02
	3.772 × 108



	    P   t   l     × 110%
	500
	176.78
	703.75
	117.60
	2000
	97.06
	3.690 × 108



	    P   t   l     × 105%
	431.17
	23.91
	500.00
	130.07
	2000
	95.84
	3.310 × 108



	Base
	513.45
	38.57
	500.00
	122.33
	2000
	96.13
	3.205 × 108



	    P   t   l     × 90%
	483.15
	15.69
	486.89
	128.36
	2000
	95.51
	2.950 × 108



	    P   t   l     × 80%
	435.71
	20.00
	442.06
	119.34
	2000
	95.98
	2.732 × 108



	    G   t   l     × 120%
	536.40
	50
	500
	142.36
	2000
	95.38
	3.377 × 108



	    G   t   l     × 110%
	507.96
	100
	500.00
	126.44
	2000
	95.84
	3.342 × 108



	Base
	513.45
	38.57
	500.00
	122.33
	2000
	96.13
	3.205 × 108



	    G   t   l     × 90%
	483.15
	15.69
	486.89
	114.33
	2000
	95.49
	3.114 × 108










 





Table 3. Capacity configuration of EHMES under different Peak-Valley Rate.
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	Peak-to-Valley Ratio
	WT (MW)
	PV (MW)
	BS (MWh)
	Electrolyzer (MW)
	Hydrogen Storage (kg)
	Annual RES

Utilization (%)
	Annual Total Cost of the System (CHY)





	    P   t   l     PVDR = 90.0%
	493.23
	50
	1000.00
	124.12
	2000
	96.76
	3.067 × 108



	    P   t   l     PVDR = 85.0%
	500.00
	20.00
	500.00
	120.95
	2000
	97.66
	3.106 × 108



	Original (    P   t   l     PVDR = 79.4%)
	513.45
	38.57
	500.00
	122.33
	2000
	96.13
	3.205 × 108



	    P   t   l     PVDR = 70.0%
	535.19
	20.00
	500.00
	124.18
	2000
	95.50
	2.680 × 108



	    P   t   l     PVDR = 65.0%
	542.27
	24.31
	500.00
	121.27
	2000
	95.26
	3.243 × 108



	    P   t   l     PVDR = 60.0%
	547.54
	24.73
	547.40
	117.20
	2000
	95.32
	3.261 × 108



	    G   t   l     PVDR = 75.0%
	515.82
	29.24
	500
	124.36
	2000
	95.67
	3.171 × 108



	Original (    G   t   l     PVDR = 65%)
	513.45
	38.57
	500.00
	122.33
	2000
	96.13
	3.205 × 108



	    G   t   l     PVDR = 60.0%
	525.57
	16.46
	537.96
	130.07
	2000
	95.74
	3.197 × 108



	    G   t   l     PVDR = 55.0%
	521.62
	50.00
	625.00
	144.98
	2000
	95.15
	3.269 × 108










 





Table 4. Benefit analysis of EHMES planning results based on basic load demand data.
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	Index
	Value





	Total green electricity generation (MWh)
	1.413 × 106



	Total electricity purchased from upstream power grid (MWh)
	1.936 × 106



	Savi