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Abstract: The electricity-gas transformation problem and related intrinsic mechanisms are considered. First, existing schemes for the optimization of electricity-gas integrated energy systems are analyzed through consideration of the relevant literature, and an Electricity Hub (EH) for electricity-gas coupling is proposed. Then, the distribution mechanism in the circuit of the considered electricity-gas integrated system is analyzed. Afterward, a mathematical model for the natural gas pipeline is elaborated according to the power relationship, a node power flow calculation method, and security requirements. Next, the coupling relationship between them is implemented, and dedicated simulations are carried out. Through experimental data, it is found that after 79 data iterations, the optimization results of power generation and gas purchase cost in the new system converge to $54,936 in total, which is consistent with the data obtained by an existing centralized optimization scheme. However, the new proposed optimization scheme is found to be more flexible and convenient.
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1  Introduction

In today’s era, the rapid development of science and technology has improved the overall social productivity level substantially. Various industries, such as information and communication, Artificial Intelligence (AI), aerospace, and medical technology, have made continuous breakthroughs in their respective fields [1]. People’s living standards have also been raised with mankind’s continuous exploration and pursuit of truth [2]. However, advanced science and technologies, when used unproperly, might easily turn into a catastrophic force to not merely transform but destroy the world. Mankind’s exploitation of earth resources is climbing out of their self-interests, and overexploitation has led to the depletion of numerous non-renewable resources [3,4]. The biggest constraint on human development is no longer science and technology itself [5], but how to make more scientific utilization of resources to maintain a harmonious relationship with the natural environment under sustainable development.

People have tasted some bad fruits out of the long-term excessive exploitation and utilization of the earth’s resources. Nowadays, the global climate is changing more dramatically and unpredictably. Countries worldwide begin to carry out energy reform, hoping to alleviate the trend of environmental deterioration by exploring new energy and using clean energy [6,7]. In this context, almost all countries have focused on the exploitation and utilization of renewable energy. Wind energy, solar energy, nuclear energy, and other new energy have come into people’s sight, among which, natural gas is believed to be the only clean fossil energy and is constantly replacing the original oil and coal. It has become the second-largest fuel source in the world [8].

Under this background, an integrated electricity-gas energy scheduling optimization system is proposed based on spatial coupling by analyzing the shortcomings of traditional electrical energy scheduling. The mutual transformation and the complementarity of multi-energy forms can be realized through comprehensive energy scheduling and utilization in a region. A coupling mechanism is constructed based on Energy Hub (EH) by modeling the energy flow in an integrated electricity-gas energy network. Additionally, a multi-agent collaborative optimal scheduling model is proposed according to the distribution characteristics of natural gas energy to optimize the existing centralized interconnected integrated energy system. There are two research innovations:

1. A integrated electricity-gas energy scheduling optimization system based on spatial coupling is proposed through spatial coupling EH. 2. The mathematical models of distribution network and natural gas pipeline are implemented respectively according to the energy conservation principle and fluid mechanics. The optimization effect is quantitatively analyzed by mathematical means.

2  Optimal Scheduling of Integrated Energy System Based on Coupling Relationship and Mathematical Modeling

The urgency for ecological environment protection is forcing all countries to start exploring renewable and clean energy to provide for industrial production and reduce the exploitation and use of nonrenewable energy for the sustainable development of human civilization [9,10]. The surging demand for energy in industrial production and people’s life far exceed the current new energy production. Therefore, the more rational use of new energy has become a new heated discussion all around the world. In particular, natural gas, as the world’s only fossil clean energy, with its rich reserves, is getting the attention of many governments and scholars [11], so the research of coupling the relationship between natural gas and electricity is of great significance [12]. By studying the shortcomings of traditional energy scheduling and electricity-gas energy scheduling mechanism, an integrated electricity-gas energy optimization system is established based on EH, and the system is tested through circuit principle and hydrodynamics analysis.

2.1 Overview of Fluid Dynamics

Fluid dynamics is a rigorous scientific discipline, which can be used to solve fluid motion equations by establishing the concepts of force, acceleration, and flow field in fluid mechanics analysis based on classical mechanics [13]. In a broad sense, fluid mechanics studies any flowing objects, including gas and liquid, as well as natural gas in the integrated electricity-gas energy scheduling optimization system. Fluid mechanics and fluid dynamics can be analyzed using the Lagrange method and the Euler method. Computational Fluid Dynamics (CFD) mainly discretizes the computational domain of the fluid dynamics equation to solve the fluid control equation. Digital (Computer) simulation is getting increasingly advantageous with the development of computer technologies, showing low cost and by simulating more complex or ideal working conditions, thus seeing wider application in various fields, especially, in engineering design. CFD is almost omnipresent in problem-solving involving fluid, heat, and molecular transport. The analysis and mathematical modeling of the motion state of natural gas in the pipeline are based on fluid mechanics to vectorize the flow state of natural gas.

2.2 Existing Research and Problem Analysis of Traditional Centralized Scheduling Optimization Methods

Electricity-gas energy scheduling is a rich research topic, involving many related studies. Tang et al. [14] discovered that energy transmission in cooling/heating and gas pipelines had a time delay, which will affect the power balance between various energy and loads in the optimal dispatching of the microgrid in integrated energy campuses. Consequently, an optimal scheduling model was proposed, concerning the time delay of energy transmission in cooling/heating and gas pipelines. The model took the power and natural gas procurement cost of the integrated energy campus microgrid as the objective function and used the Partial Differential Equation (PDE) to describe the time delay in the pipeline and the discrete variables of the switching times of the absorption refrigerator and the heat exchange unit. Cheng et al. [15] proposed a model for building typical substation systems. Based on this model, the solution framework of predictive control effectively solved the joint scheduling problem of random renewable energy and battery energy storage in substations. The economic operation of the substation was realized through the optimal operation model of the substation. Wu et al. [16] constructed a multi-region integrated power scheduling system for natural gas systems, considering reserve optimization. The standby scheduling was integrated into the multi-area optimal scheduling model to reduce the risk caused by hedging the uncertainty of power and gas systems.

In these studies, it is more or less pointed out that the planning of traditional power grid systems, natural gas networks, thermal networks, and transportation network is very rigid and has great defects in system operation and information transmission and processing; meanwhile, these traditional systems are inefficient and lack sound interaction functions. Hence, the overall scheduling and utilization of integrated energy are difficult to reach a high level, because these power grids are scheduled disorderly, and the management systems of different market entities are mixed for different energy sources. However, the management channels among various types of energy are relatively independent and have not been clearly planned and integrated, lacking interactions and relevancy. Under such situations, a multi-regional integrated energy system has to depend on multiple interconnected and autonomous EH to realized integrated energy scheduling. Moreover, the complexity and diversity of multi-energy scheduling decision-making bring greater difficulties to the energy transmission and integration of multiple decision-makers and even affect the centralized energy allocation and scheduling of the whole integrated energy system. To sum up, the proposed integrated energy scheduling system can avoid the following defects of a centralized optimization method: 1. Large amounts of data collection and low efficiency of information processing; 2. The complex model increasing the difficulty of multi-energy coupling and transformation; 3. The chaotic management unmatching the actual operation mode.

2.3 Modeling of an Integrated Electricity-Gas Energy System Based on EH

EH is a crucial part of the multi-energy system. It can accommodate various energy coupling relationships and realize the mutual transformation between various energy. Fig. 1 displays a simple schematic diagram of the application of EH in the integrated electricity-gas system.
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Figure 1: The application of EH in the electrical system

In Fig. 1, the dotted line denotes the trend of natural gas and the solid line represents the trend of power. The nodes of the solid line and dotted line represent the coupling points where power and natural gas are converted to each other [17]. EH plays a key role in energy conversion. Zone 1, Zone 2, and Zone 3 stand for the electric energy areas of power flow during energy conversion.

2.4 Modeling of the Multi-Area Electricity-Gas Interconnected Energy System

The distribution network of the region should be analyzed and studied to optimize the integrated electricity-gas energy scheduling system in a certain region. The coupling relationship in the integrated electricity-gas energy scheduling system is very complex. It includes electricity-gas coupling, electrothermal coupling, and electromagnetic coupling [18]. Moreover, the distribution network is very complex, and it is difficult to allocate and optimize the distribution system reasonably with the natural gas distribution system. Therefore, this paper only discusses the EH models with gas units and electric gas transfer equipment. Fig. 2 displays the structure of a multi-area electricity-gas coupling system based on EH.
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Figure 2: Multi-area electrical coupling system based on EH

As shown in Fig. 2, the multi-area electricity-gas coupling system based on the EH schedule the electricity-gas transform based on the air pressure of natural gas, namely, the natural gas abundancy. When the natural gas supply in a certain area has been sufficient, to reduce environmental pollution and waste of energy, it is necessary to avoid the conversion of electric energy to natural gas as far as possible. In case of insufficient natural gas supply, the system will receive corresponding information and schedule the conversion of electric energy to natural gas or schedule from areas with sufficient natural gas to meet the usage demand of natural gas according to actual needs.

The mathematical model is as follows:
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Pg,ivg−e,iΔg−e,i≤PNG,imax
(3)


Pe,ive−g,iΔe−g,i≤GP2G,imax
(4)

ue−e,i refers to the electricity distribution coefficient of the i-th EH in the circuit; ue−g,i refers to the distribution coefficient when electricity is converted into gas; vg−e,i refers to the distribution coefficient of the i-th EH when the natural gas is converted into electricity; vg−g,i denotes the natural gas distribution coefficient of the i-th EH; Δg−e,i is the unit conversion coefficient when electricity is converted into gas; Δe−g,i is the unit conversion coefficient when natural gas is converted into electricity; ηg−e,i represents the gas generation efficiency of the i-th EH; ue−g,i is the efficiency of converting electricity into gas in the i-th EH; 
PNG,imax
refers to the upper limit of the output of the gas unit of the i-th EH [19]. 
GP2G,imax
is the upper limit of the output in the i-th EH when electricity is converted into gas.

Eqs. (1)–(4) describe the input-output energy conversion mode of the EH (1) The distribution coefficient must meet the constraint form (2), and the conversion capacity constraint of the power flow type (3) and the natural gas flow (4), respectively.

The distribution network needs to be modeled to optimize the integrated electricity-gas energy system based on spatial coupling.

First, the power output constraints of the unit are modeled.

The equation reads:


Pmmin≤Pm≤Pmmax,m∈ΩENG,i
(5)

ΩENG,i is the set of generator units at the input end of the i-th EH; Pm is the active output of the m-th generator unit in the EH; 
Pmmin
and 
Pmmax
are the lower limit and upper limit of its active output, respectively.

The first part of distribution network modeling is node power flow calculation, which is modeled according to the power conservation equation [20]. The modeling equation reads:


∑m∈ΩEHG,iPm+∑j∈ΩEBPf,ij=Pe,i
(6)

ΩEB,i represents the collection of power nodes adjacent to node i in the EH; Pf,ij indicates the active power of the circuit transmitted from node i to node j in the EH.

Safety should also be considered in circuit simulation. Hence, the power flow modeling of the distribution network is carried out based on the security problem [21].


Pf,ij=θi−θjxij
(7)


|Pf,ij|≤PF,ijmax
(8)

θ represents the voltage phase angle; x denotes the reactance parameter; P represents the transmission power limit. i and j are two power nodes, respectively.

The mathematical modeling of the natural gas transmission pipeline is implemented after the mathematical modeling of the distribution network. The motion state of natural gas is analyzed according to fluid mechanics and transformed into vectors for more accurate testing and quantification [22]. The mathematical transformation of natural gas’s network model is performed based on the constraints of natural gas supply, gas pipeline, and gas balance. The equations read:


gp,nmin≤gp,n≤gp,nmax,n∈ΩEHS,i
(9)


|fl,ij|≤FL,ijmax
(10)


∑n∈ΩEHS,igp,n+∑j∈ΩGB,ifl,ij=Pg,i
(11)

ΩEHS,i is the collection of air sources at the input end of the i–th EH; 
gp,nmax
and 
gp,nmin
refer to the upper and lower limit of the injection gas gp,n of the gas source n in the EH, and f represents the pipeline airflow; 
FL,ijmax
means the upper limit value of the pipeline airflow [23]. ΩGB,i stands for the set of natural gas nodes adjacent to node i in the EH; i and j indicate the two adjacent nodes, respectively.

The output end after coupling needs to be modeled after the modeling of the distribution network and natural gas distribution pipeline is completed, respectively, and the EH is responsible for scheduling and distributing the converted natural gas and electricity resources, respectively [24]. Thereupon, three models are implemented according to the constraints of regional power system, regional natural gas system, and electricity-gas coupling.


Pmmin≤Pm≤Pmmax,m∈CU∪NG
(12)


∑m∈CU∪NGPm=∑x∈CbELx
(13)


|TpPCB|<PFmax
(14)

Eqs. (12)–(14) are the mathematical models of the output power system operation constraints after the regional electricity-gas energy coupling [25], where CU is the conventional unit, and NG signifies the gas unit; Cb represents the power node set; ELx denotes the power load; Tp stands for the power transmission distribution coefficient matrix of the integrated electricity-gas energy system [26]; PCB means the node active power input column vector of the electrical integrated energy system; 
PFmax
stands for the upper active power column vector in the power grid.


gp,nmin≤gp,n≤gp,nmax,n∈Cs
(15)


g1,ymin≤g1,y≤g1,ymax,y∈CN
(16)


fh2=Ch2(Πp−Πq)
(17)


ΠPmin<ΠP<ΠPmax
(18)


Πq≤ΓΠp
(19)


ENSgp−FNDgL−ANLfH−BNCfC=0
(20)

Eqs. (15)–(20) are the mathematical models of the operation constraints of the output natural gas system after the regional energy coupling [27]. Cs represents the gas source set; CN is the node set of natural gas network; g denotes the load gas consumption of natural gas; fH is the flow through the pipeline h; 
Ch
stands for the Weymouth constant; Π indicates the square value of the natural gas system node pressure; Γ means the compression factor of the compressor [28]; gp and gL are the natural gas source and load column vectors, respectively; 
fh2
represents the flow column vector of the non-compressor branch; fC signifies the flow column vector of the compressor branch; ANL presents the node-pipeline correlation matrix; BNC is the node-compressor correlation matrix; ENS refer to the node-source correlation matrix; FND is the node-load correlation matrix. max and min represent their respective limit values.


amPm2+bmPm+cm=g1NG,m∈NG
(21)

Eq. (21) refers to the mathematical model of electricity-gas coupling constraints, where g1 and NG refer to the natural gas consumption of gas generating units, and am, bm and cm denote the consumption coefficient of gas generating units.

2.5 Optimal Scheduling Model and Algorithm

According to the energy coupling, a mathematical model centered on the EH is implemented.


min∑m∈ΩEHG,i∪CUi∪NGiρE,m(amPm2+bmPm+cm)+∑n∈ΩEHS,i∪CSiρG,ngp,n+λi,θi,j(k−1)(θjv(k)−zθ(k−1))+λi,Pf,ij(k−1)(Pf,ijv(k)−zPf(k−1))+λi,fl,ij(k−1)(fl,ijv(k)−zfl(k−1))+ωe2||θjv(k)−zθ(k−1)||22+ωe2||Pf,ijv(k)−zPfk−1||22+ωg2||ff,ijv(k)−zflk−1Pf,ij=2xij(θi−θjv)
(22)

In (22), ρE,m is the fuel price coefficient of generator set m; ρG,n represents the price coefficient of gas source n; in 
λi,θi,j
, Pf,ij, and 
λi,fl,ij
, i and j are the multiplier coefficients; ωe and ωg are the penalty factors; the superscript k indicates the k-th iteration. z means the update coordination variable [29].

After the completion of mathematical modeling, to test the optimization effect, the centralized optimization method (derived from the “13th five-year plan for energy development” document of the National Development and Reform Commission and the National Energy Administration) and Alternating Direction Method of Multipliers (ADMM) optimization method are adopted to set the control group [30]. Fig. 3 shows the algorithm flow.
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Figure 3: Flow chart of optimal scheduling model

2.6 Experiment and Simulation

This experiment is based on the computer windows system, the MATLAB platform is employed for coding, and the IPOPT solver is adopted to help solve the problems in the optimization of EH [31]. Two simple and complex multi-area electricity-gas energy systems of coupled EHs are selected for simulation analysis. Fig. 4 is the experimental simulation system.
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Figure 4: Simple electricity-gas interconnected energy system

As shown in Fig. 4, ES represents the power output of the system, namely, the power provided by the unit, and GS is the natural gas supply of the system. The trend of electric power is represented by solid lines, and the trend of natural gas is denoted by dotted lines. Each node is the main body of optimization decision-making, that is, each node can make a decision on the very need for electrical conversion. Each EH inputs end is connected to the natural gas pipeline through the power line, and the EH output end is directly connected to the power load and natural gas load. In this system, the initial value of the coordination variable is set to zero, and the initial value of the multiplier coefficient is set to 1 [32].

The experimental data are processed by the ADMM algorithm proposed in [33]. ADMM algorithm is one of many step-by-step algorithms, which has good convergence and strong robustness.

3  Optimization Results and Analysis of Electrical Integrated Energy System

3.1 Analysis of Residual Value and Operation Cost Based on Shared Variables

Based on the experimental results, the residual convergence curve based on ADMM step-by-step algorithm is drawn as in Fig. 5, while Fig. 6 is the cost convergence curve of the operation of the comprehensive energy optimization system of electric resources in the EH.
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Figure 5: Residual convergence curve
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Figure 6: Convergence curve of operation cost of EH

Fig. 6 reveals that at the beginning of the iteration, the coefficient of the multiplier term in the objective function of the integrated electricity-gas energy optimal scheduling problem of each EH is small. The goal is to get the optimal solution with the minimum operation cost. The operation cost is the lowest in the iteration in this direction, among which the lowest one is EH 6, and the conversion cost is just $25,000. However, the initial and dual residuals of shared variables are the largest. It is essential to find a coordinated scheduling scheme of electricity-gas energy flow to reduce the residual of shared variables by increasing the number of iterations, and the corresponding operation cost will increase. Finally, the optimal solution based on the operating cost and the residual of shared variables is obtained after several iterations. The total cost of power generation and gas purchase converges to $54,936 after 79 iterations, including $42,350 for power generation and the US $12,586 for gas purchase, which takes 3.34 s. The result is basically the same as the existing centralized optimal scheduling algorithm, which proves the correctness and feasibility of the proposed integrated electricity-gas energy optimal scheduling algorithm.

3.2 Analysis of Natural Gas Load Change and Energy Distribution Results

According to the experimental data, the operation cost convergence curves of EH 1, EH 2, and EH 3 are drawn in Fig. 7. Figs. 8 and 9 show the variation curve of the natural gas load rate distribution coefficient and the variation diagram of unit output.
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Figure 7: Convergence curve of operation cost of EH (EH 1, EH 2, and EH 3 represent EHs numbered 1, 2, and 3, respectively)
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Figure 8: Variation diagram of EH 2 natural gas load rate distribution coefficient (Ve-g represents the gas to electricity conversion, and Ue-g denotes electricity to gas conversion)

[image: images]

Figure 9: Histogram of unit output change of EH 2 natural gas load rates

Fig. 7 displays the convergence curve of operation cost of EH 1, EH2, and EH 3 with the change of the natural gas load. It suggests that the operating costs of the three hubs have reached a stable state when the number of iterations exceeds 15, showing that the performance of electricity-gas conversion hubs at different locations will eventually stabilize after short-term operation in the early stage. This further proves that the proposed optimization method of the integrated electricity-gas energy scheduling system has stable performance and wide applicability.

Fig. 8 illustrates that when the natural gas load changes, the energy change relationship within the EH can be used to explain the conversion of natural gas and electricity in EH. The comparison results of the data in Figs. 8 and 9 show that the unit output and natural gas load interact and transform with each other. The operation cost of using natural gas for power generation in the EH will be reduced when the natural gas load is low or the natural gas supply is very sufficient; the natural gas load in the whole EH will increase with the continuous consumption of natural gas, and the proportion of natural gas used for power generation will continue to decline until it drops to zero. This is the adjustment made by the system to meet the natural gas load; when the natural gas supply is seriously insufficient, the EH will convert the electricity in the system into natural gas supply to meet the natural gas load.

To sum up, the proposed optimization method of the integrated electricity-gas energy system based on spatial coupling has good practical results in terms of convergence speed and electrical transformation. Moreover, the EH is adopted to directly interconvert power and natural gas, avoiding the complex operation of scheduling based on information collected in the traditional centralized optimization method, as well as large amounts of information, complex model, and chaotic management. Thus, the proposed optimization scheme is relatively successful.

4  Conclusion

This paper explores the optimization mechanism of integrated electricity-gas energy scheduling systems by studying the coupling relationship between power supply systems and natural gas systems. First, the existing problems of the traditional centralized scheduling optimization methods are analyzed through a literature review. According to the analysis results, an optimal scheduling algorithm is proposed for an integrated electricity-gas energy system based on EH and the step-by-step algorithm. The mathematical models of the circuit and natural gas circuit are implemented based on the analysis of aerodynamics. The feasibility of the proposed system is proved by data iteration. The mechanism of electricity-gas mutual transformation in EH is studied. The results show that the proposed optimization scheme takes EH as the scheduling center to schedule power resources and natural gas resources, and there is no need for the traditional single power scheduling center and single natural gas scheduling center. This avoids the defects of massive information, complex model, and chaotic management, and has stronger flexibility. Thus, the proposed optimization scheme is successful. However, the scheduling cost of power resources is often affected by the price of natural gas, which, however, is not involved in this paper, thereby pointing out the research deficiency. The design and optimization of the integrated energy system is a research hotspot of new energy reform. The network of the integrated electricity-gas energy scheduling system is complex, and the transportation line is long. Combining computer technology to build a multi-agent cooperative scheduling platform is also a research direction in the future.
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