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Abstract

:

The popularization of renewable energy is limited by wasteful problems such as curtailed wind power and high economic costs. To tackle these problems, we propose a bi-layer optimal planning model with the integration of power to gas and a ground source heat pump for the existing integrated energy system. Firstly, the inner layer optimizes the daily dispatch of the system, with the minimum daily operation cost including the penalty cost of curtailed wind power. Then, the enumeration method of outer-layer optimization determines the device capacity of various schemes. After that, optimal planning can be achieved with the minimum daily comprehensive cost. The result of this example shows that the improved system can reduce curtailed wind power and system costs, thus improving the overall economy. Finally, the influences of algorithms and gas prices on planning optimization are studied.
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1. Introduction


In recent years, the environmental problems caused by the pollutant emissions of fossil fuels in traditional energy systems have become increasingly serious [1]. In order to improve this situation, the utilization and development of renewable energy have become hot issues. Meanwhile, several countries are also building a new power system based on renewable energy [2]. And it is expected that China’s carbon emission peak and the carbon neutrality of China will be achieved in 2030 and 2060, respectively [3]. However, especially in areas with abundant wind resources, such as Northern China, the wind curtailment phenomenon is in a dilemma because the electric power system is not flexible enough [4,5].



An integrated energy system has the advantages of high efficiency and economy, which can promote the consumption of local renewable energy [6] and improve the level of large-scale development and utilization [7]. Enhancing flexibility through energy conversion is a key area in energy systems [8]. Compared with traditional energy conversion equipment, the maturity of P2G technology provides a new solution for the consumption of renewable energy [9,10], which makes it possible for the two-way flow of energy between natural gas and electricity. Zhang et al. [11] fully considered the dynamic characteristics of P2G and pipeline, which improves the flexibility of the system and the ability to accommodate wind power. Wang et al. [12] proposed a dispatch model considering the wind power utilization rate, which helps study the influence of P2G cost characteristics in the system. Sun et al. [13] established a probabilistic optimal power flow model of multi-period natural gas and power systems including P2G, which analyzes the effectiveness of P2G in coping with wind power fluctuations. Chen et al. [14] established several detailed models of energy hubs including the fuel cell (FC) and P2G, which enhance the coupling of the system and improve the operation cost. Jiang et al. [15] took the minimum operating cost, minimum wind curtailment rate, and minimum comprehensive cost as the optimization goal, which verifies the effectiveness of applying P2G to improve the wind power accommodation ability. Li et al. [16] established a two-layer economic scheduling model of integrated natural gas and an electric power system, which comprehensively considers wind power and power-to-gas processes. Chen et al. [17] studied the optimal dispatch and market equilibrium in integrated electric power and natural gas networks with P2G embedded, which can contribute to the utilization of renewable energy and carbon emission reductions. Siqin et al. [18] connected the P2G device to the CCHP microgrid, considering the uncertainty of wind power and PV output and the pollutant emission, thus improving the stability and economy of the system’s operation.



Some research is devoted to promoting wind power accommodation from the perspective of adjusting heat supply flexibly. Wang et al. [19] improved the wind curtailment problem by configuring a heat storage device. Ma et al. [20] promoted the conversion of wind power into the heat supply by using electric boilers. Zhou et al. [21] combined the heat storage device and the electric boiler reasonably for wind power accommodation in an optimal dispatch strategy. Similarly, as an electric-to-heat conversion device, a ground source heat pump (GSHP) not only provides a heating supply in winter but also a cold supply in summer [22]. Nowadays, as an ideal tool for clean energy, the GSHP has been widely used in integrated energy systems. Zhang et al. [23] constructed a scheduling model with seasonal differences in ecosystems in integrated energy systems, and the research results are helpful in improving the utilization efficiency of ground source heat pumps and the economy of industrial enterprises. Li et al. [24] proposed a coupling system of cooling, heating, power, and ground source heat pumps to analyze the energy performance of the system and solve the optimization problem of the coupling system by quantum genetic algorithm (QGA) and simple genetic algorithm (SGA). Cui et al. [25] proposed an optimal scheduling method for the source-load coordination of integrated energy systems, which considers introducing ground source heat pumps to the source side, thus promoting wind power to supply heat and reducing the operation cost of the system. Sun et al. [26] proposed a planning method for an integrated community energy system, considering both reliability and economy, which is equipped with three kinds of electric-to-heat equipment, including ground source heat pump, air source heat pump, and electric boiler. Jin et al. [27] proposed a mixed-integer nonlinear programming model in order to improve the economy of an integrated energy system, which is based on the optimal allocation of photovoltaics, fan, ground source heat pump, and power-to-gas equipment.



Therefore, it is also necessary to comprehensively consider the planning optimization of energy systems including dispatch optimization and capacity optimization. Dispatch optimization can provide specific scheduling and operation strategies, and capacity optimization can provide better system structure and device capacity. In the studies of Chen et al. [14], Wang et al. [28], Zeng et al. [29], Li et al. [30], and Luo et al. [31], the energy system dispatch was optimized by considering the algorithm performance, the integrated demand response, the uncertainty of renewable energy output, the uncertainty of the source and load power, and the carbon emission. In the studies of Jin et al. [27], Wang et al. [32], Bhamidi et al. [33], and Yang et al. [34], the capacity was optimized by considering the economy, demand response, and thermal comfort. Therefore, in the actual integrated energy system, optimal dispatch and optimal capacity are complementary.



A review of the existing research shows that only a few studies have examined the planning optimization consisting of various capacity schemes and dispatch in existing integrated energy systems by incorporating P2G and GSHP for reducing curtailed wind power and system costs at the same time. From the point of view of wind power, P2G and GSHP can promote the consumption of wind power and reduce wind curtailment. From the point of view of energy conversion, P2G and GSHP can convert electric into different types of energy, which can reduce the operation cost and bring economic benefits to the system. Therefore, the main contributions of this study are as follows:




	
Establish a bi-layer optimal planning model of an integrated energy system that incorporates P2G and GSHP.



	
Analyze the optimal planning results of the system in five cases, and study the scheduling performance of the system in the best case.



	
Study the impact of optimization with different algorithms.



	
Analyze the impact of natural gas price fluctuations on the planning results.








The rest of this paper is organized as follows. In Section 2, the structure and model of the integrated energy system are presented. In Section 3, the objective functions of the inner layer and outer layer are set. In Section 4, the solution process of the bi-layer model is proposed. In Section 5, an example is given to analyze and study. Finally, the conclusions are given in Section 6.




2. Structure and Model of Integrated Energy System


The existing integrated energy system in North China originally contained the following devices: the CHP unit, gas boiler, absorption chiller, electric chiller, and heat storage tank. This study plans to improve the existing system with P2G and GSHP embedded. After that, the improved system can supply electricity, heat, and cooling to the region more flexibly. The energy input into this system is mainly composed of renewable energy and traditional energy, including grid electricity, wind energy, and natural gas. In winter, the CHP unit participates in heating the system by cooperating with the GSHP, gas boiler, and heat storage tank. In summer, the GSHP supplies the system cooling load by cooperating with the absorption chiller and electric chiller. At this time, the GSHP is in its cooling mode, and heating is no longer carried out. In addition, P2G sends surplus natural gas out through the gas network during the period in which the system’s consumption is low. This model of the existing system is similar to the work in Chai et al. [35] and Lu et al. [36]. The structure of the improved system is shown in Figure 1.



2.1. P2G Model—Electrolyser and Methane Reactor


P2G is mainly composed of two parts: an electrolyser and a methane reactor. First, the electrolyser uses the remaining wind energy for electrolysis to obtain hydrogen. Then, the methane reactor generates methane from hydrogen and carbon dioxide via the Sabatier reaction under the action of the catalyst [37,38]. The newly generated methane is supplied to the CHP unit and GB through the natural gas network. The chemical process of P2G is shown in Figure 2.



The generation rates of hydrogen by the electrolyser and methane by the methane reactor in P2G are as follows:


   M  e b  t  =  η  eb    M   eb , rated     



(1)






   η  eb   =  a 1   τ 2  +  b 1  τ +  c 1   



(2)






  τ =    P   eb , input   t     P   eb , rated       



(3)




where    M  e b  t    is the mole mass of hydrogen generated by the electrolyser;    M   eb , rated      is the mole mass of hydrogen generated at the system’s rated efficiency;    η  eb     is the working efficiency of the electrolyser;    a 1  ,    b 1  ,    c 1    are the efficiency coefficients of the electrolyser;    P   eb , input   t  ,  P   eb , rated      are the input power and rated power of electrolyser, respectively;  τ  is the ratio of input power to rated power.


   M     mr , CH   4   t  =  η  mol    M  e b  t   



(4)






   P     mr , CH   4   t  =  η  mr    M     mr , CH   4   t   



(5)




where    M     mr , CH   4   t    is the mole mass of methane generated by the methane reactor;    η  mol     is the conversion coefficient of mole mass between hydrogen and methane;    η  mr     is the equivalent coefficient of the power;    P     mr , CH   4   t    is the equivalent power of the generated methane.




2.2. GSHP Model


GSHP is a device that uses geothermal energy for heating or cooling through the consumption of electric energy. It is mainly composed of a compressor, condenser, expansion valve, evaporator, and buried heat exchanger [22]. The heating process of GSHP is shown in Figure 3.



GSHP has the advantages of a high efficiency ratio, environmental friendliness, wide applicability, and ease of integration with other devices [23,39].


   H  gshp  t  =  η   gshp , h     P  gshp  t   



(6)






   P   gshp , c   t  =  η   gshp , c     P  gshp  t   



(7)




where    P  gshp  t    is the input power of GSHP;    H  gshp  t    is the output thermal power of GSHP;    P   gshp , c   t    is the output cooling power of GSHP;    η   gshp , h    ,  η   gshp , c      are the heating efficiency and cooling efficiency of GSHP, respectively.




2.3. CHP Model


The CHP unit is composed of a gas turbine and a waste heat boiler (for heat recovery), which consumes natural gas to generate electricity and heat. The CHP unit allows for heat recovery from the process of electricity production. It can improve the utilization of the primary energy and reduce heat losses during production [40].


   P  gt  t  =  η  gt    P     gt , CH   4   t   



(8)






   H  gt  t  = ( 1 −  η  gt   −  η  loss   )  P     gt , CH   4   t   



(9)






   H  whb  t  =  η  rec    η  whb    H  gt  t   



(10)




where    P     gt , CH   4   t  ,  P  gt  t    are the gas consumption power and generated power of the gas turbine, respectively;    H  gt  t  ,    H  whb  t    are the heating power of the gas turbine and waste heat boiler, respectively;    η  gt   ,    η  loss     are the power generation efficiency and heat loss coefficient of the gas turbine, respectively;    η  rec   ,    η  whb     are the heat recovery coefficient and thermal efficiency of the waste heat boiler, respectively.




2.4. Models of Other Devices


Models of other devices in the system: gas boiler (GB), heat storage tank (HT), absorption chiller (AC), and electric chiller (EC) are referred to in Formulas (12)–(15).


   H  gb  t  =  η  gb    P     gb , CH   4   t   



(11)




where    H  gb  t  ,    P     gb , CH   4   t    are the heating power and gas consumption power of the gas boiler, respectively;    η  gb     is the thermal efficiency of the gas boiler.


   E  hs  t  = ( 1 −  λ  hs   )  E  hs   t − 1   +  η   hs , c     E  hsc  t  Δ t −    E  hsd  t  Δ t    η   hs , d       



(12)




where    E  hs  t    is the total thermal power of the heat storage tank;    λ  hs     is the energy loss efficiency of the heat storage tank;    E  hsc  t  ,    E  hsd  t    are the charging and discharging heat power of the heat storage tank, respectively;    η   hs , c    ,    η   hs , d      are the charging and discharging efficiency of the heat storage tank, respectively.


   P  ac  t  =  η  ac    H  ac  t   



(13)




where    P  ac  t  ,    H  ac  t    are the cooling power and heat consumption power of the absorption chiller, respectively;    η  ac     is the cooling efficiency of the absorption chiller.


   P   ec , c   t  =  η  ec    P  ec  t   



(14)




where    P   ec , c   t  ,    P  ec  t    are the cooling power and heat consumption power of the electric chiller, respectively;    η  ec     is the cooling efficiency of the electric chiller.





3. Overall Optimization Model


3.1. Objective Function of Outer-Layer Optimization Model


The outer-layer optimization model studied in this paper takes the daily comprehensive cost as the objective function, which is mainly divided into three parts: operation cost of the system, installation, and replacement costs of the devices. The latter two parts together form the cost of investment.


   F  total   =   ∑  d = 1  D    λ d   F  op , d     +   ∑  i = 1  I    F  equ , i     +   ∑  i = 1  I    F  rep , i      



(15)




where    F  equ , i   ,    F  rep , i     are the installation and replacement costs of a planning device, respectively;    λ d    is the proportion of seasonal days in a year (a typical day represents a season);  I  is the total number of planning devices;  D  is the total types of typical days.


   F  equ , i   =  1  365    C  equ , i    P  equ , i     s   ( 1 + s )  N      ( 1 + s )  N  − 1    



(16)




where    C  equ , i     is the total price of device installation including auxiliary materials;    P  equ , i     is the installation capacity of a device;  S  is the discount rate;  N  is the service time of the planning project.


   F  equ , i   =  1  365    C  equ , i    P  equ , i     ∑  r = 1  R    1    ( 1 + s )   r  n i          s   ( 1 + s )  N      ( 1 + s )  N  − 1    



(17)




where  R  is the total amount of replacements under the service time of the planning project;    n i    is the service time of a device.




3.2. Objective Function of Inner-Layer Optimization Model


The objective function of the inner-layer model is the operation cost of IES. The operation cost includes the energy purchase cost, environmental cost, wind curtailment cost, and maintenance cost within a scheduling period (24 h). The operation cost of energy is as follows:


   F  op , d   =  F  wind   +  F  eco   +  F  buy   +  F  om    



(18)




where    F  wind     is the penalty cost of curtailed wind power;    F  eco     is the environmental cost, which considers pollutant emissions;    F  buy     is the energy purchase cost, which includes the electricity purchase cost and gas purchase cost;    F  om     is the device maintenance cost.


   F  wind   =   ∑  t = 1   24     C w  (  P  wind  t  −  P  com  t  )    



(19)






   F  eco   =   ∑  t = 1   24     C  pol   (  P   buy , e   t   λ e  +  P g t   λ g  )    



(20)






   F  buy   =   ∑  t = 1   24     C b t   P   buy , e   t  +  C g   V g t  −  C g   V t t     



(21)






   F  om   =   ∑  t = 1   24      ∑  m = 1  M    C   om ,  m        P m t   



(22)




where    P  wind  t  ,    P  com  t    are wind power and actual accommodated wind power, respectively;    C w    is the penalty coefficient of curtailed wind power;    P   buy , e   t  ,  P g t    are the electricity purchase power and natural gas power, respectively;    λ e  ,    λ g    are the pollutant emission coefficients of purchased electricity and natural gas, respectively;    C  pol     is the tax rate of pollutant emissions;    C b t  ,    C g    are the electricity purchase price and gas purchase price, respectively;    V g t  ,    V t t    are the volumes of gas purchased and exported from the gas network, respectively;  M  is the total number of devices under maintenance;    C   om ,  m     is the total price of device maintenance, which considers fixed and variable maintenance prices;    P m t    is the output power of a device.




3.3. Constraints


3.3.1. System Power Balance Constraints


The system power balance constraints can mainly be divided into four parts: electric power balance, gas power balance, thermal power balance and cooling power balance. Each power balance equation means that the input energy equals the output energy. The above balance constraints are the foundation of stable operation in the system.



The electric power balance is as follows:


   P   buy , e   t  +  P  com  t  +  P  gt  t  =  P  load  t  +  P   eb , input   t  +  P  gshp  t  +  P  ec  t   



(23)




where    P  load  t    is the electrical load of the consumers.



The gas power balance is as follows:


   P   buy , g   t  +  P     ptg , CH   4   t  =  P     gt , CH   4   t  +  P     gb , CH   4   t   



(24)




where    P   buy , g   t    is the gas purchasing power of the system;    P     ptg , CH   4   t    is the gas power delivered to the system from the P2G.



The thermal power balance is as follows:


   H  gt  t  +  H  gb  t  +  H  gshp  t  +  E  hsd  t  =  H  load  t  +  E  hsc  t   



(25)




where    H  load  t    is the thermal load of the consumers.



The cooling power balance is as follows:


   P  ac  t  +  P  ec  t  +  P   gshp , c   t  =  P  eload  t   



(26)




where    P  eload  t    is the cooling load of the consumers.




3.3.2. Capacity Constraints of Planning Devices


Setting the upper and lower limits according to the needs of the planning project, which is convenient in choosing actual capacity types in the device market, the capacity constraints of planning devices are as follows:


   P  equ , i   min   ≤  P  equ , i   ≤  P  equ , i   max    



(27)




where    P  equ , i   max   ,    P  equ , i   min     are the upper and lower limits of equipment installation capacity, respectively.




3.3.3. Heat Storage and Power Constraints of Heat Storage Tank


Setting the heat storage and power constraints is important to ensure the safe operation of the heat storage tank. The heat storage and power constraints of the heat storage tank are as follows:


   E  hs   min   ≤  E  hs  t  ≤  E  hs   max    



(28)






  0 ≤  E  hsc  t  ≤  E  hsc   max    



(29)






  0 ≤  E  hsd  t  ≤  E  hsd   max    



(30)




where    E  hs   max   ,    E  hs   min     are the upper and lower limits on the heat storage capacity of the heat storage tank, respectively;    E  hsc   max   ,    E  hsd   max     are the upper limits of charging heat and discharging heat, respectively.




3.3.4. Power Grid and Gas Network Constraints




   P   buy , e    min   ≤  P   buy , e   t  ≤  P   buy , e    max    



(31)






   P   buy , g    min   ≤  P   buy , g   t  ≤  P   buy , g    max    



(32)




where    P   buy , e    max   ,    P   buy , e    min     are the upper and lower limits of purchasing power from the power grid, respectively;    P   buy , g    max   ,    P   buy , g    min     are the upper and lower limits of gas power purchased from the gas network, respectively.




3.3.5. Output Constraints of the Energy Conversion Devices


The output constraint of the gas boiler (GB) is as follows:


   H  gb   min   ≤  H  gb  t  ≤  H  gb   max    



(33)




where    H  gb   max   ,    H  gb   min     are the upper and lower output heating power of the gas boiler, respectively. The constraints of other energy conversion devices, such as absorption chiller, electric chiller, P2G, and GSHP, are similar to GB, which can be observed in Formula (33).






4. Solution of the Bi-Layer Optimization Model


The bi-layer planning model is divided into an outer layer and inner layer. The objective function of the outer layer is the minimum daily comprehensive cost of the system by simulating various capacity schemes. The objective function of the inner layer is the minimum daily operation cost of the system by simulating the daily scheduling.



4.1. Outer-Layer Solution: The Enumeration Method, Loops, Feedback


The enumeration method is used to obtain the various capacity schemes in the outer layer. First, consider and set the types of planning devices. Second, set the range of capacity values for each device according to the actual needs of the project. Then, set the device capacity by uniformly and discretely enumerating in the device capacity value space. (For instance, Case 1 intends to plan device A and B by enumerating every 100 kW. Scheme 1: device A 100 kW device B 100 kW. Scheme 2: device A 200 kW device B 100 kW. Scheme 3: device A 300 kW device B 100 kW, and so on). The above process determines E types of capacity schemes. Any capacity scheme obtained by the outer layer serves as the constraint range of device scheduling in the inner layer. Candidate device parameters in different schemes are also the input parameters (optimal device parameters in a certain scheme), which can affect both objective functions in Formulas (18) (inner layer—operation cost) and (15) (outer layer—comprehensive cost). The daily operation cost determined by the inner model is substituted into the outer model to calculate the daily comprehensive cost. In this way, the optimal plan is finally found through the loops and feedback of bi-layer optimization. A flow diagram of the bi-layer model is shown in Figure 4.




4.2. Inner-Layer Solution: The EDIW-CPSO Algorithm


The inner layer is the simulation of system scheduling on typical days (the total types of typical days are S), which is solved by the algorithm. The standard PSO algorithm can easily fall into the local optimum value in solving the inner-layer optimal model. So, it cannot undergo an effective scheduling plan, affecting the results of the outer-layer optimization model. Therefore, in order to achieve better results in the iterative process, this study applies the EDIW-CPSO algorithm, which combines the exponentially decreasing inertia weight strategy and the chaotic strategy for problem solving. And the convergence rate of scheduling optimization is 275 iterations (3.13 s) in winter daytime conditions, 286 iterations (3.47 s) in summer conditions, 279 iterations (3.26 s) in transitional season conditions to optimal values under the parameters in case 5. The following table (Table 1) shows the optimizations of the algorithm with different initial conditions in case 5. As the table shows, the scheduling algorithm can affect the operation cost (inner layer) on each typical day. Further, it can affect the comprehensive cost (outer layer). The comprehensive cost represents the economy in total, which can also represent the economy of candidate schemes (including planning device capacity). Thus, the scheduling algorithm can affect the planning decisions of candidate schemes. The above description demonstrates the invisible connection between the inner layer and outer layer in bi-layer optimization.



The exponentially decreasing inertia weight strategy (EDIW) is a classic strategy based on the deficiency of a single weight. In addition, compared with the linearly decreasing weight strategy, its weight is more in line with the search law involved in the process of nonlinear decreasing changes [41,42]. The exponentially decreasing inertia weight strategy is as follows:


  ω =  ω 2    (    ω 1     ω 2    )    1  1 + ε *  t   T  max          



(34)




where the values of    ω 1  ,    ω 2    are set to 0.9 and 0.4, respectively; the value of  ε  is set to 10;    T  max     is the total iterative time of the algorithm.



The chaotic strategy is realized by logistic mapping to enrich the diversity of particles. Logistic mapping is a simple and efficient chaotic strategy, which is applied to solve the scheduling problems in industrial fields [43] and energy systems [44]. Formula (35) is the mathematic expression of logistic mapping:


   x  n + 1   = μ  x n  ( 1 −  x n  )  



(35)




where the value of the parameter  μ  is set to 4 in this paper.



The optimal scheduling framework of the inner-layer model is shown in Figure 5. As the figure shows, the input data include wind power data, load data, energy price, existing device parameters, and candidate device parameters. And the model constraints include power balance constraints, grid and gas network constraints, heat storage tank constraints, and device output constraints. The input data and model constraints form the initial conditions. The objective function is solved using an algorithm. Finally, we obtain the scheduling results.





5. Case Study


5.1. Case Information


In this section, an existing integrated energy system in North China is taken as the example, which is used for optimal planning through the bi-layer model mentioned above. The time-of-use price of electricity purchased from the power grid is shown in Table 2. The parameters of existing devices in the system are shown in Table 3. The service life of the planning project is 40 years. The candidate planning device parameters of P2G and GSHP are shown in Table 4. The scheduling period of the inner model is 24 h. The natural gas price is 3.5 CNY/m3. Considering the selection of device types in the market, the device capacity is enumerated every 50 kW in the process of solution.



After considering the seasonal differences in regional energy supply, the daily operation of the system can be divided into three typical daily scenarios: typical day of summer, typical day of winter, and typical day of transitional season (S = 3). The number of running days in the transitional season includes spring and autumn days. The curves of cooling, heating, power load, and wind power output on typical days are shown in Figure 6.



In order to study the effectiveness of the planning projects in this study, the planning projects are divided into four cases (cases 2–5). The system in case 1 is the original integrated energy system, which is set up for comparative analysis.



Case 1: the original integrated energy system without any planning devices.



Case 2: the original integrated energy system with planning P2G.



Case 3: the original integrated energy system with planning GSHP, not considering its cooling benefit.



Case 4: the original integrated energy system with planning GSHP, considering its cooling benefit.



Case 5: the original integrated energy system with planning P2G and GSHP.




5.2. Planning Results


The results of planning optimization in five cases are shown in Table 5 and Table 6. And a comparison of results in five cases is shown in Figure 7. As can be seen from the two tables and the figure, the original system in case 1 has the worst economic performance, especially as its wind curtailment cost is several times higher than in other cases. Although the system in case 1 saved the installation and replacement costs required to plan no devices, it is far less than the economic return brought by consuming wind power and reducing system costs. In contrast, the other four cases invested in installation and replacement costs, which can effectively reduce operation costs, including gas purchase and wind curtailment costs, thereby reducing the comprehensive cost. For example, in case 2, P2G not only promotes the accommodation of wind energy but also provides energy for the CHP unit and gas boiler, thus improving the cost effectiveness of the system.



Similarly, in cases 3 and 4, the comprehensive cost of configuring GSHP gained greater benefits. Of the two, case 4 is set to consider the cooling benefit of GSHP, and its optimal capacity is 2350 kW after the solution, which increases the capacity by 150 kW compared with case 3. This is because the cooling effect of GSHP brings greater operation benefits in summer, although increased capacity leads to increased costs. The optimization results of cases 3 and 4 show the necessity of considering the cooling benefit of GSHP.



Compared with case 2, where P2G is planned separately, and case 4, where GSHP is planned separately, the wind curtailment rate of case 5 with planning P2G and GSHP decreased by 3.3% and 2.7%, respectively, which shows that it has a better optimization effect on curtailed wind power. Although the installation and replacement costs are slightly higher than those of the other two cases, the gas purchase cost of case 5 is the lowest. And the comprehensive cost of Case 5 decreased by CNY 21,759 and CNY 2258 compared with cases 2 and 4, indicating that case 5 is the most cost-effective.



Compared with the original system in case 1, case 5 has the most obvious advantages: the wind curtailment rate of the system decreased by 18.8%, the gas purchase cost decreased by CNY 23,655, 32.3%, the operation cost decreased by CNY 36,575, 33.8%, and the comprehensive cost decreased by CNY 30,819, 28.5%. As a result, the installation and replacement costs of case 5 are the highest, but these can greatly improve its operation cost including gas purchase cost and curtailed wind power cost, thus reducing the comprehensive cost and greatly improving the cost effectiveness of the system.




5.3. Analysis of Scheduling Results on Typical Days


Through the optimization results obtained previously, we know that the system in case 5 is the best for improving the operation cost. In order to study the specific performance of the system in case 5, this section focuses on the analysis of the optimal scheduling results on typical days. At this time, the optimal scheduling results are based on the optimal capacity values of P2G and GSHP (1050 Kw and 1900 kW).



Figure 8 shows that the amount of curtailed wind power is extremely small due to the cooperation between P2G and GSHP on each typical day. During the periods of 1–2, the wind power resources are too abundant, the electricity power load is at a low valley, and the power difference between them is the largest. Although P2G and GSHP reached high load operation, they still could not absorb all wind power. And wind power is completely accommodated during most periods of each typical day. During the daytime, the wind power is relatively small, and the demand for the power load is at the peak, so a large amount of wind power can be supplied to the power load.



5.3.1. Scheduling on Typical Day of Winter


The electrical and thermal outputs of devices in the integrated energy system on a typical day of winter are shown in Figure 9. During the periods of 8–21, the demand for heat load and electricity load is large, and the heat supply of the CHP unit is at a high level. GSHP and GB are only used as supplements for heating. During the same period, a small amount of electricity is purchased from the power grid because the electricity price is at a peak. In other periods, wind power resources are relatively abundant, which can be used for GSHP (use wind power for heating) or P2G (generate economic benefits through gas production). During the periods of 19–20, P2G separately accommodates the curtailed wind power caused by the constraints of ‘power determined by heat’. In addition, P2G works in conjunction with GSHP during periods 1 and 24 to jointly accommodate the curtailed wind power. During the periods of 2–6, when electricity prices are low, it is necessary to purchase electricity to meet the electricity load and the consumption of GSHP. However, due to the high heating efficiency of GSHP, it can also bring economic benefits compared to the cost of purchasing electricity.




5.3.2. Scheduling on Typical Day of Transitional Season


The electrical and thermal outputs of devices in the integrated energy system on a typical day of the transitional season are shown in Figure 10. During the periods of 1–5 and 22–24, the electrical load in the system is almost completely provided by wind power, and the surplus wind energy is converted into other forms of energy by P2G and GSHP. During these periods, as the main heating device, the GSHP cooperates with the heat storage tank to undertake all the heating tasks. During periods 8–18, the demand for electricity is at its peak, and the thermal load is at a low level. The heat generated by the CHP unit can fully meet the thermal load and charge the heat storage tank multiple times. At the same time, the wind power output is relatively low, and the shortage of the electricity load means that there is a need to purchase power from the grid. In addition, the lack of electricity causes P2G and GSHP to stop working.




5.3.3. Scheduling on Typical Day of Summer


The electrical, thermal, and cooling outputs of devices in the integrated energy system on a typical day of summer are shown in Figure 11. During the periods of 21–24 and 1, part of the redundant wind power in the system is accommodated by P2G, and the other part is accommodated by GSHP (the main cooling supply source). Both of them can optimize the cost effectiveness of system operation and alleviate the curtailed wind power. Almost during the same period, the output of GB is approaching full power because of the imbalance in thermal and electrical loads, which can alleviate the pressure of the CHP unit. During the periods of 7–16, the high purchase price of electricity and the lack of wind power can lead to an increased cooling cost of GSHP. Therefore, the CHP unit has a higher output to prioritize power supply and provides a large amount of heat for absorption refrigeration. Overall, the wind power resources in summer are not as abundant as in winter, which leads to an increase in the number of periods that require more power supply from the CHP unit throughout the day. In addition, it is necessary to purchase electricity from the power grid to achieve power balance.





5.4. Influence of the Algorithms on Optimization


The standard PSO and EDIW-CPSO algorithms were used to solve the inner-layer model, respectively, in case 5, and their scheduling results on a typical day of winter are shown in Table 7. In Table 7, the wind curtailment cost under standard PSO scheduling is slightly less than that under EDIW-CPSO. However, it is necessary to purchase a large amount of electricity and gas from the power grid under standard PSO scheduling, which causes a higher energy purchase cost. As a result, the system is not running economically. Therefore, the solution based on the EDIW-CPSO algorithm is better from the perspective of the wind curtailment cost and energy purchase cost, which makes the overall operation cost lower and achieves a better scheduling effect.



The iterative process of the two algorithms is shown in Figure 12. From the comparison in Figure 12, it can be seen that EDIW-CPSO has a faster convergence speed and better iteration effect compared to the standard PSO algorithm. In addition, the standard PSO algorithm prematurely falls into a local optimum value, while the EDIW-CPSO algorithm can still update the optimum value (maintain the ability to explore) in the later stages of iteration.



Naturally, the optimal results of the inner-layer model using the standard PSO algorithm will affect the enumeration of the outer-layer model. Based on standard PSO scheduling, the results obtained through bi-layer optimization are shown in Table 8, and there is a comparison in Figure 13. As can be seen from Table 8 and Figure 13, the capacity of all devices is smaller than in previous optimizations, and the wind curtailment rate and comprehensive cost are larger. The above results show that the cost effectiveness of the system under standard PSO scheduling is not as good as that of the EDIW-CPSO due to the inefficient scheduling of devices.




5.5. Influence of the Natural Gas Price Fluctuation on Optimization


Figure 14 shows the composition of comprehensive cost in case 5. It can be seen from Figure 14 that the gas purchase cost accounts for the largest proportion of the total cost, reaching 64.3%. Therefore, the price of natural gas directly affects the gas purchase cost of the system. In order to analyze the influence of natural gas prices on the comprehensive energy system, this section sets the fluctuation range of natural gas prices as 40%~220%, with a change interval of 30%. The natural gas price in the example is 3.5 CNY/m3, and the other system parameters remain unchanged. The results are shown in Figure 15.



From Figure 15, it can be seen that, in the range of 40% to 130%, as the natural gas price increases, the optimal capacities of P2G and GSHP also gradually increase. In the same range, the gas purchase cost and curtailed wind power decrease. The above results show that the cost effectiveness of the system can be improved by planning the use of these two devices in terms of natural gas price fluctuations. In addition, the configuration capacity of GSHP changes greatly, because it can bring greater benefits by reducing the gas consumption of the CHP unit through decoupling the constraints of ‘power determined by heat’. In the range of 160%~220%, the capacity of P2G changes slowly. This is because P2G can reduce the gas purchase cost, and the amount of the curtailed wind power in the system is already extremely low, so it is no longer economical to continue to expand the capacity of P2G. In the same range, the capacity change in GSHP tends to be stable, because it cannot share the power supply of the CHP unit, which is wasteful in terms of expanding the capacity. Overall, as the natural gas price rises, the amount of gas purchased by the system decreases, the comprehensive cost increases, and the configured capacities and curtailed wind power are gradually stabilized.





6. Conclusions


In this study, optimal planning, including the coupling of P2G and GSHP, is established based on an integrated energy system in North China from the perspective of reducing curtailed wind power and system costs. Through solving the bi-layer simulation model and analyzing the optimization results, the following conclusions can be drawn:




	
Among the planning cases, the improved system in case 5 has the highest installation and replacement costs, but the comprehensive cost and the ability to reduce the curtailed wind power are the best. Compared with the original system, the wind curtailment rate, gas purchase cost, operation cost, and comprehensive cost of the optimized system decreased by 18.8%, 32.3%, 33.8%, and 28.5%, respectively.



	
Through analyzing the scheduling results, it can be observed that P2G and GSHP can promote the consumption of wind power during periods of abundant wind power in the system. In addition, P2G can supply gas during the peak periods of device demand, and GSHP can reduce the pressure of heat supply during the peak periods of heat load.



	
Compared with the standard PSO algorithm, the EDIW-CPSO algorithm not only saves on the scheduling cost, but it also reduces the comprehensive cost and wind curtailment rate in winter. Therefore, the EDIW-CPSO algorithm can obtain better optimal scheduling results, and the corresponding planning scheme is also better.



	
The fluctuation in natural gas prices affects the optimal capacities of P2G and GSHP. In the price range of 40% to 130%, the optimal capacities of two devices gradually increase. In the price range of 160% to 220%, the optimal capacities of the two devices tend to be stable. The upper limit of optimal capacity should be considered in engineering practice, and it is not cost effective to plan for too large a device capacity.
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	integrated energy system



	P2G
	power to gas



	GSHP
	ground source heat pump
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	combined heat and power



	GB
	gas boilers



	GT
	gas turbines



	AC
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	electric chiller
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Figure 1. Improved integrated energy system structure. 
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Figure 2. The chemical process of P2G. 
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Figure 3. The heating process of GSHP. 
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Figure 4. Flow diagram of bi-layer model. 
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Figure 5. Optimal scheduling framework of inner-layer model. 
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Figure 6. Curves of cooling, heating, power load and wind power on typical days. 
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Figure 7. Comparison of costs in five cases. 
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Figure 8. Curtailed wind power after scheduling on typical days. 
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Figure 9. Scheduling results for each device on typical day of winter. 
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Figure 10. Scheduling results for each device on typical day of transitional season. 
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Figure 11. Scheduling results for each device on typical day of summer. 
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Figure 12. Iterative process of the two algorithms. 
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Figure 13. Comparison of the results under two algorithms. (a) Comprehensive cost; (b) Wind curtailment rate. 
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Figure 14. Composition of comprehensive cost in Case 5. 
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Figure 15. Influence of natural gas price fluctuation on IES system. 
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Table 1. Optimal results of scheduling algorithm with different initial conditions.
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	Algorithm Name
	Operation Cost in Winter/CNY
	Operation Cost in Summer/CNY
	Operation Cost in Transitional

Season/CNY





	Standard PSO
	78,709
	90,634
	55,137



	EDIW-CPSO
	73,120
	85,473
	51,713










 





Table 2. Time-of-use price.
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Types of Electricity Usage

	
Time

	
Price/(CNY/kW)






	
Demand valley

	
00:00–07:00

	
0.43




	
23:00–24:00




	
Normal demand

	
07:00–11:00

	
0.88




	
16:00–19:00




	
22:00–23:00




	
Demand peak

	
11:00–16:00

	
1.12




	
19:00–22:00











 





Table 3. Parameters of existing devices.
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	Device Name
	Symbol
	Capacity/kW
	Maintenance Price/(CNY/kW)
	Efficiency/%





	Combined heating and power unit
	CHP
	7000
	0.05
	electricity 0.35/heat 0.5



	Heat storage tank
	HS
	2000
	0.015
	charge 0.9/loss 0.05



	Gas boiler
	GB
	2000
	0.01
	heat 0.9



	Electric chiller
	EC
	1500
	0.01
	cooling 3.1



	Absorption chiller
	AC
	4400
	0.005
	cooling 1.25










 





Table 4. Parameters of candidate planning devices.
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	Equipment Name
	Symbol
	Installation Price

/(CNY/kW)
	Maintenance Price

/(CNY/kW)
	Efficiency/%
	Service Time/Year





	Power to gas
	P2G
	7000
	0.03
	—
	20



	Ground source heat pump
	GSHP
	9000
	0.036
	Heat 4.0

Cooling 4.7
	20










 





Table 5. Results of optimal planning in each case.
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	Capacity of P2G/kW
	Capacity of GSHP/kW
	Wind Curtailment Rate
	Comprehensive Cost/CNY





	Case 1
	0
	0
	19.5%
	108,071



	Case 2
	3400
	0
	4.0%
	99,011



	Case 3
	0
	2200
	3.6%
	80,763



	Case 4
	0
	2350
	3.4%
	79,510



	Case 5
	1050
	1900
	0.7%
	77,252










 





Table 6. Composition of comprehensive cost in each case.
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	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Operation cost/CNY
	108,071
	93,326
	76,034
	74,516
	71,496



	Installation cost/CNY
	0
	4334
	3605
	3819
	4388



	Replacement cost/CNY
	0
	1351
	1124
	1175
	1368



	Wind curtailment cost/CNY
	13,121
	2691
	2422
	2288
	471



	Gas purchase cost/CNY
	73,347
	69,523
	51,745
	51,091
	49,682



	Comprehensive cost/CNY
	108,071
	99,011
	80,763
	79,510
	77,252










 





Table 7. Optimal scheduling results of each algorithm.
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	Algorithm Name
	Wind Curtailment Cost

/CNY
	Energy Purchase Cost

/CNY
	System Operation Cost

/CNY





	Standard PSO
	696
	70,037
	78,709



	EDIW-CPSO
	647
	65,816
	73,120










 





Table 8. Results in each case under standard PSO scheduling.
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	Capacity of P2G/kW
	Capacity of GSHP/kW
	Wind Curtailment Rate
	Comprehensive Cost/CNY





	Case 1
	0
	0
	22.8%
	112,243



	Case 2
	3200
	0
	4.7%
	103,251



	Case 3
	0
	2150
	4.0%
	85,142



	Case 4
	0
	2250
	3.9%
	83,930



	Case 5
	950
	1850
	0.8%
	81,797
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