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Abstract

:

Against a background of the energy internet and low-carbon electricity, regional integrated energy system (RIES) has become a key way to achieve sustainable energy development, leading to reduced operating costs and system carbon emissions, and improved system operating efficiency. This paper puts forward a low-carbon economic dispatching optimization method for RIES with a heating network and power-to-gas (P2G). First, the heating network model and the mathematical model of P2G were constructed. Second, the carbon trading mechanism was introduced, the objective function being: to minimize the sum of the system operating cost and carbon trading cost; and ensure that the balance of cooling, heating, electric power, and the operating constraints—of RIES and the heating network—were comprehensively considered. Finally, the CPLEX optimization software simulation was used. The results show that the proposed method can take into account both low-carbon and economic factors, and can provide a reference for RIES low-carbon economic dispatch.
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1. Introduction


Depleted fossil fuels and the global environmental crisis have driven the transformation of the energy industry. How to optimize the energy industry structure, improve energy productivity, reduce pollution, and achieve sustainable development is a major focus point, currently. The unified dispatch of RIES electric power, natural gas and distributed energy is a feasible way to realize energy complementation; alleviate the waste of renewable energy; and increase the economic and environmental benefits of the system [1,2,3,4].



RIES is the combination of area distribution and system traits of IES. A variety of energy sources, electrical networks, and loads are deeply integrated into RIES [5,6]. In RIES, the complementarity of electricity and heat is better utilized, further reducing the working capital and carbon footprint of the system [7,8,9]. Somadutta et al. [10], taking the northern Netherlands as an example, studied the national integrated energy system (which, in the Netherlands, is regionalized), and the regional differences in available energy sources, with their potential or limitations. Zhu et al. [11] studied the trading behavior of energy market participants in RIESs. Clegg et al. [12] reported the impinging of the gas pipe networks on the elasticity of systems in the electric combined-operation system. Bagheri et al. [13] noted a novel market-clearing scheme for RIES, including both conventional-, and clean- energy-generation units. Zhang et al. [14] established the multi-energy storage and double-layer planning configuration model, with multi-energy complementation, to diminish the running cost of the RIES. At present, a large number of literatures show research carried out in RIES from the perspectives of modeling and economy of system operation. However, the environmental impact of RIES operations have not been considered. The contradiction between the rapid development of renewable energy and the difficulty of RIES consumption is gradually deepening.



The P2G technology, with energy conversion and space-time conversion characteristics, is an important way to realize the bidirectional coupling of gas and electricity, and it is also an important means with which to regulate wind energy and solar energy [15]. Clegg et al. [16] demonstrated the impact of a P2G model on IES and assessed the possibility of applying P2G technology to existing energy networks. Zhang et al. [17] proposed a bi-level optimal model, considering P2G to improve the utilization of wind energy. Ancona et al. [18] systematically analyzed the thermal economy of P2G, containing renewable energy, high temperature co-electrolysis, and methanation. Sun et al. [19] proposed an optimal scheduling method, including P2G and a carbon trading mechanism, with minimum operating cost as the objective function. The above literature studies the influence of P2G technology on the operation of IES, but it has not yet been introduced into RIES.



The electric-thermal-gas coupled IES provides new ideas for improving energy efficiency and reducing carbon emissions. The P2G technology couples the electrical energy and gas energy in IES to realize the bidirectional flow of energy. The introduction of a thermal network provides a feasible way for the coupling of electrical energy and thermal energy. Qin et al. [20] considered the effects of a thermodynamic process, mesh network topology, multiple DER, and variable mass flow on system operation, and put forward a generalized quasi-dynamic model of electro-thermal coupling IES, and an iterative decomposition solution method. Putna et al. [21] used linear programming to carry out a technical and economic evaluation of investment plans in the area of heating energy for district heating systems, and to analyze the dependence between improvements in model accuracy and fluctuations in heating demand. Zhang et al. [22] presented a new pattern of the regional heating network, including the uniform pipeline model and the parsed heat-shoulder function. The specific methods and models in three kinds of heat load redistribution attacks against indoor temperature, and secondary heating network temperature, were put forward by Ding et al. [23], laying a foundation for related research on the attack and defense of electrothermal cooperative networks in IES in the future. To enhance the coupling between energy sources and reduce energy loss, Zhang et al. [24] studied the ultra-short-term dispatching energy management mode, giving thought to the characteristics of the heating network. Based on the transmission characteristics of the heating network, and considering the load uncertainty, Chen et al. [25] proposed a novel RIES strategy, which reduces the operating cost of the system. At present, some researchers have applied the heating network to the optimal dispatching in RIES, which has improved the economy of the system operation, but they have not paid attention to the carbon emission of the system.



With the deepening of the low-carbon concept, the carbon trading mechanism has gradually matured, and reducing carbon emissions has now become an important measure in IES. Wang et al. [26] established an IES scheduling model with carbon capture technology, considering the carbon trading mechanism, which reduces the carbon emissions of the system. Wang et al. [27] and Sun et al. [28] applied the carbon trading mechanism to optimal scheduling of IES, to solve the environmental pollution problem caused by IES.



To sum up, few literatures consider the impact of the combined operations of heat network, P2G and carbon trading mechanism on the optimal scheduling of RIES. Therefore, on the basis of the above research, this paper proposes a RIES optimization scheduling method, including heat network, carbon trading mechanism, and P2G technology. First, considering the loss in the heat network, a model of the heat network is established. Second, the P2G technology and carbon trading mechanism are modeled. Finally, some examples are given to verify the effectiveness of the proposed model.



The primary aims of this work can be summarized as follows:




	(1)

	
Construct the heating network and P2G models. The heating network model is composed of: the Sukhov cooling formula, the velocity of the heat medium in the pipe, and the interactive heat power of the pipe network. The P2G model is divided into the chemical reaction process and a mathematical model.




	(2)

	
Determine the carbon trading mechanism, constructing the objective function from: the minimum sum of system operating costs, plus the cooling, electricity and heat balance equations, and the known constraints in each piece of equipment in the system.




	(3)

	
Analyze the influence of P2G, the heating network and the carbon trading mechanism on system operation. The results demonstrate that the model of the heating network, P2G and carbon trading mechanism can elevate the economic and environmental benefits of the system.










2. Heating Network Model


2.1. The Ordinary Model of Heat Energy Transmission in the Network


The ordinary model of heat energy transmission in the network is composed of a pipe section that describes the loss of heat energy in the pipe network and a node section that describes the energy conservation. Assuming that the number of pipe sections in the heating network is M, the number of nodes is N, the connection point between RIES and the heat supply network is I, and the temperature of the heating medium in the pipeline is T:



The Sukhov cooling formula is expressed by (1).


  T =  T 0   e  −   2 π   k q  ∑ R    l   + ( 1 −  e  −   2 π   k q  ∑ R    l   )  T e   



(1)




where T0 is the original temperature of the heating medium; q is the heat-medium flow rate; K is a proportional constant; Te is the medial temperature of the medium around the pipeline; ∑R is the total heat transfer resistance from the heat medium in the pipeline, to the surrounding medium, per kilometer; l is the pipe length [29,30]. In this paper, the temperature field of the heat supply network is assumed to be steady, so Te and ∑R are constant.



The heat-medium flow rate in the pipeline is calculated by (2).


   |   q  i , i j    |  ≤  v  i j   max    S  i j    



(2)




where qi,ij is the heat-medium flow rate flowing out of node i in pipeline ij;   v  i j   max    is the maximum allowable heat-medium flow rate in pipeline ij; Sij is the cross-sectional space of the pipeline ij.



The interactive thermal power between i-th RIES and the pipeline network is shown by (3).


   R  s , i    = k   q  R , i   (  T  R , i   −  T b  )  



(3)




where qR,i is the heat-medium flow rate from node i to RIES; TR,i is the heat-medium temperature from node i to RIES; Tb is the system return water temperature.



The general model of heat energy transmission in the network is composed of Formulas (1)–(3), which accurately reflect the state of each parameter in the running process of the heating network.




2.2. Network Heat Loss Equation


Based on the scientific theory of thermal transmission, heat loss is obtained by (4).


  Δ Q ≈ 2 π    T w  −  T e     ∑ R    l  



(4)




where Tw is the inlet water temperature.



The heat loss balance constraint of the pipeline is given by (5).


   Q  i j , t   = − (  Q  i j , t −  t  delay     − Δ  Q  i j ,  t  delay     )  



(5)






   Q  i j , t   min   ≤  Q  i j , t   ≤  Q  i j , t   max    



(6)




where Qij,t is the interactive heating power of pipeline ij at time t; Qij,t-tdelay is the heat power flowing into pipeline ij at time t-tdelay; ΔQij,tdelay is the heat loss during transmission of the heating network in tdelay time;   Q  i j , t   min    and   Q  i j , t   max    are the minimum available thermal power, and the maximum available thermal power, delivered in the heating network pipeline at time t.





3. P2G Model


P2G refers to the technology that can convert electrical energy into hydrogen or natural gas, and can store electrical power flexibly and in a large capacity. To cope with the increasingly serious energy problem, the proportion of renewable energy, such as wind power, in the multi-park integrated energy system, will continue to increase. Due to the inherent shortcoming of volatility in renewable energy power generation, it will inevitably lead to large scale wind and light abandonment. P2G technology can transform surplus electrical energy into natural gas, which provides a new solution for renewable energy consumption.



3.1. Chemical Process Analysis of P2G


The chemical reaction process of P2G technology consists of two steps: electro-hydrogen conversion and hydrogen-natural gas conversion. In the electro-hydrogen conversion stage, water is electrolyzed into hydrogen and oxygen by using abundant electrical energy. The chemical reaction process is described in (7).


  2  H 2  O  → e  2  H 2  +  O 2   



(7)







In methanation, the hydrogen produced by the electrolysis of water reacts with CO2 at high-temperature and high-pressure to produce methane and water. The chemical reaction process is described in (8).


  4  H 2  +   CO  2   →   High   Pressure     High   Temperature        CH  4  + 2  H 2  O  



(8)








3.2. Mathematical Model of P2G


The Mathematical model of P2G is expressed by (9).


     P   P 2 G ,  t   gas   =  η   P 2 G  , t    P   P 2 G  , t         V   gas ,  t   =    P   P 2 G ,  t   gas       HHV   gas          P   P 2 G  , t , min    ≤  P   P 2 G  , t    ≤  P   P 2 G  , t , max       



(9)




where   P  P 2 G , t   gas    is the natural gas power synthesized by P2G equipment at time t; ηP2G is the productivity of converting electrical energy into natural gas; this paper takes it that: 0.7, PP2G,t is the electrical power required by P2G to synthesize natural gas at time t, Vgas,t is the volume of natural gas synthesized at time t; HHVgas is the high calorific value of natural gas; PP2G,t,min and PP2G,t,max are the caps and floors of power output for P2G equipment at time t.





4. Carbon Trading Mechanism


4.1. Carbon Emission Quota


The allocation of carbon emission rights can be split into paid and unpaid. In this paper, the unpaid distribution method, based on forecasting electric load and thermal load, is adopted.



The carbon emission quota is calculated by (10).


   N    CO  2   *  =   ∑   x = 1  N    ∑   t = 1  M   (   ε e   P  e , x , t   +  ε h   P  h , x , t    )   



(10)




where εe is the emissions quota of regional unit electricity; this paper takes it that: 0.7 kg/kWh; εh is the emissions quota for regional unit heat, this paper takes it that: 0.4 kg/kWh; Pe,x,t is the electrical load of system x at time t; Ph,x,t is the heating load of system x at time t [31].




4.2. Carbon Transaction Cost


The total realistic carbon emissions of RIES are reckoned by (11).


   N    CO  2    =   ∑  g    ∑  t   a  g t    x  g , t    



(11)




where agt is the CO2 emission corresponding to the unit of electricity; xg,t is the export of cell g at time t.



The carbon transaction cost of RIES is shown by (12).


   C    CO  2    =  (   N    CO  2    −  N    CO  2   *   )   λ    CO  2     



(12)




where λCO2 is the carbon trading price, this paper takes: CNY 0.15/kg.





5. Optimization Model and Constraint Conditions


5.1. Objective Function


In this paper, various RIES are connected by heat networks. Carbon trading mechanism and P2G technology are introduced, and the smallest sum of carbon trading expenditure CCO2 plus the system operating expenditure CIES is taken as the targeting function:



The targeting function is defined as (13).


  min F =  C    CO  2    +  C  IES    



(13)







The running expense is described as (14).


   C  IES   =  C  e , b   −  C  e , s   +  C g  +  C H  +  C  om    



(14)




where Ce,b is the purchased electricity cost of RIES; Ce,s is the profits from the sale of electricity by RIES; Cg is the expenditure of purchasing gas; CH is the operating expenditure of the heating network; Com is the equipment maintenance and operation cost.



Including these, the cost of electricity purchase is described as (15).


   C  e , b   =   ∑   i = 1  N    ∑   i = 1  M   (   C  e , b , t    P  e , b , i , t   Δ t  )   



(15)




where N is the quantity of RIES subsystems; Ce,b,t is the electricity buying price at time t; Pe,b,i,t is the power purchase of the i-th RIES subsystem in t time period.



The proceeds from the sale of electricity by RIES is described as (16).


   C  e , s   =   ∑   i = 1  N    ∑   i = 1  M   (   C  e , s , t    P  e , s , i , t   Δ t  )   



(16)




where Ce,s,t is the electricity selling price in t time period; Pe,s,i,t is the electricity sales of the i-th RIES subsystem in t time period.



The gas cost is described as (17).


   C g  =  c g    ∑   i = 1  N    ∑   t = 1  M   (     P  MT , i , t      η  MT , i     +    Q  GB , i , t      η  GB , i     −  P  PaG , t   gas    )  Δ t  



(17)




where cg is the unit calorific value price of purchased natural gas; PMT,i,t and QGB,i,t are the generation power of a micro gas turbine and heat generation power of a gas boiler in the i-th RIES system in t time period; ηMT,i and ηGB,i are the productivity of the micro gas turbine and the gas boiler in the i-th RIES system, respectively.



The running expense of the heat pipe network is described as (18).


   C H  =   ∑  R    ∑  M   (  E H  R z   c  e , b , t    H  z , t   Δ t  )   



(18)




where R is the amount of cycling water pumps; EHRz is the power consumption and heat transfer ratio of the z-th water pump; Ce,b,t is the electricity purchase price at time t; Hz,t is the heat delivered by the z-th water pump at time t.



The running and safety expense of the equipment is described as (19).


   C  om   =   ∑   i = 1  N    ∑   t = 1  M   (   η  om    P  i , t   Δ t  )   



(19)




where ηom is the maintenance expense of output unit power for the core equipment in the system; Pi,t is the output of equipment in the i-th RIES.




5.2. Constraint Condition


The constraints of the system are composed of the equilibrium equations of cooling, heating and electricity, the run restrictions of various RIES equipment, the interactive power constraints with the power network and the operational constraints of the heating grid.



	(1)

	
The cold power equilibrium is shown by (20).









   η  EC    P  EC , t   +  η  AC    H  AC , t   =  L  C , t    



(20)




where PEC,t is the electric power input by the electric refrigerator at time t; ηEC is the refrigeration coefficient of the electric refrigerator; HAC,t is the thermal power input of the absorption chiller at time t; ηAC is the refrigeration coefficient of the absorption chiller; LC,t is the cooling load of users at time t.



	(2)

	
The thermal power equilibrium is shown by (21).









   η  HE    H  HE , t   −  H  EX , t   −  H  AC , t   =  L  H , t    



(21)




where ηHE is the efficiency of the afterheat recovery device; HHE,t is the heat power recovered by the afterheat recovery device at time t; HEX,t is the coupling heat loss between RIES system and the heating network at time t; LH,t is the heating load of users at time t.



	(3)

	
The electric power balance is shown by (22).









   (       P  grid , s , t   −  P   grid , b  , t   +  P  WT , t   +  P  MT , t         −  P  EC , t   −  P  ES , C , t   +  P  ES , D , t   −  P  P 2 G , t        )  =  L  E , t    



(22)




where Pgrid,s,t is the selling power at time t; Pgrid,b,t is the buy power at time t; PWT,t is the output of wind turbine at time t; PMT,t is the electric power output by the micro gas turbine at time t; PEC,t is the power input for the electric refrigerator at time t; PES,C,t and PES,D,t are the charge and discharge power of storage battery at time t; LE,t is the electric load of users at time t.



	(4)

	
The steam bus balance is given by (23).









   H  REC , t   +  H  GB , t   −  H  HE , t   −  H  AC , t   = 0  



(23)




where HREC,t is the heat power output by the waste heat boiler at time t; HGB,t is the heat power output by the gas boiler at time t; HHE,t is the heat power recovered by the waste heat recovery equipment at time t; HAC,t is the thermal power input for the absorption chiller at time t.



	(5)

	
The thermoelectric balance of natural gas turbines is given by (24).









   α  MI    P  MT , t   −  1   η  REC      H  REC , t   = 0  



(24)




where αMT is the heat-to-electric ratio of the gas turbine; PMT,t is the electric power output by the gas turbine at time t; ηREC is the productivity of the afterheat boiler; HREC,t is the thermal power output by the waste heat boiler at time t.



	(6)

	
The gas turbine constraint is given by (25) and (26).









   P  MT , t   =  F  MT , t    η  MT    



(25)






   U  MT , t    p  MT , t   min   ≤  P  MT , t   ≤  U  MT , t    p  MT , t   max    



(26)




where ηMT is the gas efficiency of gas turbine; FMT,t is the depleting fuel of a natural gas turbine at time t; UMT,t is the mark bit for gas turbine startup and shutdown, 0 means shutdown and 1 means startup;   P  MT , t   max    and   P  MT , t   min    are the caps and floors of gas turbine power.



	(7)

	
The electrical and thermal power constraints of other equipment are given by (27).









   {     P  i , min   ≤  P  i , t   ≤  P  i , max        Q  i , min   ≤  Q  i , t   ≤  Q  i , max        



(27)




where Pi,t is the electric power of equipment i at time t; Qi,t is the thermal power output by equipment i at time t; Pi,min, Pi,max is the caps and floors of electric power of equipment I; Qi,min and Qi,max are the caps and floors of the heating power of equipment i.



	(8)

	
The interactive pow constraint with the power grid is given by (28).









   {      0 ≤  P   grid , b  , t   ≤  U   grid , b  , t    P   grid      max         0 ≤  P   grid , s    , t   ≤  U   grid , s    , t    P   grid      max          U   grid ,   b  , t   +  U   grid ,   s    , t   ≤ 1        



(28)




where Pgrid,b,t and Pgrid,s,t are the purchase and sell electric power from the grid at time t; Ugrid,b,t is the status flag bit of purchasing electricity from the power grid at time t, 1 to start purchasing electricity, 0 to stop purchasing electricity; Ugrid,s,t is the status flag bit of selling electricity to the power grid at time t, 1 to start selling electricity, 0 to stop selling electricity.




5.3. Solution Method


The refinement model constructed in this paper is a 0–1 mixed-integer linear programming model. The decision variables are composed of the output of the gas turbine and other equipment, the output of storage battery, power grid purchase, the output value of auxiliary equipment and input, and the output value of the heat network. The optimization model is solved by CPLEX.





6. Case Study


Taking a comprehensive park as an example, the park is composed of three sub-areas, namely, the living area, office area and industrial area, and each sub-area is connected with other buildings through a heating network. The construction of the park is revealed in Figure 1.



6.1. Load and System Parameters


The load demand data of a comprehensive park and the data of various RIES are taken as examples to test the proposed optimization method. The detailed parameters of the facilities are shown in Table 1, Table 2 and Table 3.



The load demand on the comprehensive park on typical winter days and the predicted output value of wind and solar generator sets are shown in Figure 2. The electricity price in the park, living area and office area is CNY 0.49 and CNY 0.9 respectively, and the time-of-use electrovalence in the industrial area is displayed in Figure 3. The value of gas is CNY 0.283.




6.2. The Setup of the Simulation


6.2.1. Comparison of Four Models


To study the rationality of the RIES economic dispatch model with the heating network and P2G, four models were established.



Model 1: RIES without heat network and P2G.



Model 2: RIES with P2G, without heat network.



Model 3: RIES with heat network, without P2G.



Model 4: RIES with heat network and P2G.



The simulation results of the four models are displayed in Table 4.



	
Analysis of economic benefits of heat network






From Table 4, comparing model 1 and model 3, it can be seen that after the introduction of the heating network in model 3, the gas purchase cost decreased from CNY 38,737 to CNY 27,874, a decrease of 28.04%; carbon trading income increased from CNY 8416 to CNY 12,651, an increase of 33.48%; and the total operating cost of the system decreased from CNY 117,263 to CNY 114,201, a decrease of 2.61%. It can be seen from the above analysis that after the thermal network is introduced into the RIES, the thermal network begins to coordinate and optimize the thermal links in the RIES, which effectively reduces the use of electricity and gas in the system, thereby reducing the carbon emissions of the system.



	2.

	
Analysis of P2G economic benefit







From Table 4, comparing model 1 and model 2, it can be seen that after the introduction of P2G technology in model 2, the gas purchase cost was reduced from CNY 38,737 to CNY 37,772, a decrease of 2.5%; The carbon transaction is CNY 8416, which remains unchanged; The total operating cost of the system is reduced from CNY 117,263 to CNY 116,223, a decrease of 0.88%. The P2G converts abundant electrical energy into natural gas to supply gas equipment, which reduces the gas purchase cost of the system, thus reducing the total operating cost of the system to a certain extent and improving the economy of the system operation.



	3.

	
Economic benefit analysis of P2G and heating network combined operation







From Table 4, comparing model 1 and model 4, it can be seen that after the introduction of the heating network and P2G technology in model 4, the gas purchase cost has been reduced from CNY 38,737 to CNY 26,795, a decrease of 30.83%; carbon trading income increased from CNY 8416 to CNY 12,651, an increase of 33.48%; The total operating cost of the system is reduced from CNY 117,263 to CNY 113,157, a decrease of 3.5%. Therefore, when the integrated energy system contains both the heating network and P2G, the system has the best operating state, the lowest operating cost and the highest carbon trading income.



To sum up, in model 4, the heating network and P2G are jointly operated. Compared with models 1, 2, and 3, the total operating cost of the system is the lowest, and the carbon trading income is the highest. It can be seen that, compared with the common model, the RIES optimization scheduling model with heat network and P2G proposed in this paper is more economical.




6.2.2. Benefit Analysis of the Carbon Trading Mechanism


To study the superiority of the RIES model considering the carbon trading mechanism, this paper compares and analyzes the dispatch results of two cases based on the RIES model, which comprehensively considers the heating network and P2G.



Case 1: Model 4 without carbon trading.



Case 2: Model 4 with carbon trading.



The scheduling results of the two cases are displayed in Table 5.



From Table 5, comparing case 1 and case 2, it can be seen that after the introduction of the carbon trading mechanism in case 2, the carbon emission decreased from 117,307 kg to 87,449 kg, and the emission reduction rate reached 25.45%; The gas purchase cost decreased from CNY 35,195 to CNY 26,795, a decrease of 23.87%; The total operating cost of the system decreased from CNY 125,210 to CNY 113,157, a decrease of 9.63%. It can be seen that, compared with the ordinary RIES optimal scheduling model, the RIES optimal scheduling model with the carbon trading mechanism has lower carbon emissions and lower total operating cost of the system, which is more conducive to promoting the low-carbon economic operation of the system.



Figure 4 shows the output of the main carbon emission equipment (gas turbine and gas boiler) in two cases. It can be perceived from Figure 4 that the total output of the gas turbine and gas boiler in case 1 is 125,444.8 kW, and that of the gas turbine and gas boiler in case 2 is 122,256.1 kW. Compared with case 1, the total output of major carbon emission equipment in case 2 decreased by 2.6% year on year. Combined with Table 5 and Figure 4, when RIES adopts a carbon trading mechanism, the system will strengthen the output constraints of carbon emission devices such as gas turbines and gas boilers, and the energy supply system will reduce the use of natural gas, thus effectively ensuring the reduction of carbon emissions.




6.2.3. Analysis of the Influence of P2G on the Consumption Rate of Renewable Energy


To verify that the optimization model containing P2G can effectively promote wind power consumption, it is proposed to take the total wind power consumption of each park as an example to analyze the wind power consumption in two typical scenarios.



Scenario 1: RIES optimization model without considering P2G;



Scenario 2: RIES optimization model considering P2G.



The wind energy consumption in each scenario is shown in Figure 5.



The total wind power output of RIES is 62,635 kW; In scenario 1, the actual consumption of wind power is 56,129.9 kW, and the actual consumption rate is 89.6%; The actual consumption of wind power in scenario 2 is 61,575 kW, and the actual consumption rate is 98.3%. Compared with scenario 1, the wind energy consumption rate of scenario 2 increased by 8.7%. As can be seen from Figure 5, there is plenty of wind power during the periods of 0:00–6:00 and 18:00–24:00. P2G units are put into operation during this period, and the surplus wind power is converted into natural gas, some of which is supplied to gas turbines and gas boilers, and the rest is stored in gas storage tanks.



It can be seen from the above that RIES containing P2G can convert surplus wind power into natural gas when wind power resources are abundant, which reduces the phenomenon of wind abandonment, improves the consumption of wind power, and is of great significance for promoting the development of energy saving and emission reduction and new-energy power generation.






7. Conclusions


This paper studies the low-carbon economic dispatch of RIES with heating networks and P2G. First, the heating network model and the mathematical model of the P2G unit were established, and the mechanism of carbon trading was analyzed. Then, the model variables and constraints were introduced in detail. From this, the following conclusions can be drawn, through theoretical analysis and numerical examples:



	(1)

	
The RIES are connected through the heat network, which realizes the coordinated use of heat energy in each park, reduces the consumption of electrical energy and gas, and the income from carbon trading is increased by 49.5%, thus achieving the purpose of energy saving and emission reduction.




	(2)

	
Applying P2G technology to the optimal scheduling of RIES not only improves the economy of system operation, but also increases the wind energy consumption rate by 8.7%, thus easing the contradiction between the rapid development of renewable energy and the difficulty of consumption.




	(3)

	
Compared with RIES without a carbon trading mechanism, the optimal scheduling model of RIES, based on the carbon trading mechanism proposed in this paper, reduces carbon emissions by 25.45% and the total system cost by 9.63%, thus improving the low carbon economy of the system operation.







In order to improve the operation efficiency of RIES, based on the carbon trading mechanism, a low-carbon economic dispatch optimization method of RIES, combining a heat network and P2G, is proposed. Thermal grids are used to connect the RIES, to coordinate thermal energy, thereby reducing energy losses. The introduction of P2G improves the economy, environmental protection, and renewable energy consumption rate of the system operation. In addition, in order to further improve the operating efficiency of the system, the carbon source, load fluctuation and energy price required for P2G will become the next focus of research.
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Figure 1. Multi-regional integrated energy system structure diagram. 
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Figure 2. Load parameters and photovoltaic predicted power of each park: (a) Utility area; (b) Administration area; (c) Industrial area. 
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Figure 3. Time-of-use electricity price in the industrial area. 
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Figure 4. The output of turbine and gas boiler under two cases. 
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Figure 5. The wind energy consumption of each scenario. 
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Table 1. Equipment capacity in each park.
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Equipment Name

	
Symbol

	
Equipment Capacity/(kW)




	
Utility Area

	
Administration Area

	
Industrial Area






	
Wind turbine

	
WT

	
1300

	
3100

	
4800




	
Photovoltaic unit

	
PV

	
1500

	
1700

	
4500




	
Storage battery

	
ES

	
300

	
500

	
1500




	
Microturbine

	
MT

	
1200

	
2500

	
15,000




	
Gas-fired boiler

	
GB

	
1000

	
1500

	
4000




	
Electric refrigerator

	
EC

	
200

	
500

	
1000




	
Absorption refrigerator

	
AC

	
300

	
500

	
1000




	
Waste heat boiler

	
REC

	
1000

	
1500

	
3000




	
Waste heat recovery device

	
HE

	
10,000

	
20,000

	
30,000
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Table 2. Scope of middle pipe section in each park.
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	Segment Range
	Section Length/km
	Diameter/m
	Maximum Flowrate (km/s)
	Thermal Resistance (km.°C/kW)
	Power Consumption and Heat Transfer Ratio





	1–2
	1.2
	0.7
	0.25
	0.0062
	1.2



	2–3
	1
	0.7
	0.25
	0.0059
	1



	3–1
	0.8
	0.7
	0.25
	0.0057
	0.8
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Table 3. Other equipment parameters of RIES.
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	Parameters
	Utility Area
	Administration Area
	Industrial Area





	ηMT
	0.3
	0.3
	0.3



	αMT
	2.3
	2.3
	2.3



	ηREC
	0.73
	0.73
	0.73



	ηGB
	0.9
	0.9
	0.9



	ηEC
	4
	4
	4



	ηAC
	1.2
	1.2
	1.2



	ηHE
	0.9
	0.9
	0.9
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Table 4. Operating cost of regionally integrated energy system under four models.
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	Models
	Gas Purchase Cost/Yuan
	Operation Cost of RIES/Yuan
	Carbon Trading Income/Yuan
	Cost/Yuan





	1
	38,737
	86,942
	8416
	117,263



	2
	37,772
	86,867
	8416
	116,223



	3
	27,874
	98,978
	12,651
	114,201



	4
	26,795
	99,013
	12,651
	113,157
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Table 5. Scheduling results in two cases.






Table 5. Scheduling results in two cases.





	Cases
	CO2 Emissions/kg
	Gas Purchase Cost/Yuan
	Cost/Yuan





	1
	117,307
	35,195
	125,210



	2
	87,449
	26,795
	113,157
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