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Abstract

:

Integrated energy systems (IES) are an important physical carrier of the energy Internet, which undertakes the tasks of energy conversion, distribution, and storage of electricity, heat and cold. From the perspective of energy Internet, this paper studies the optimal operation scheduling of an urban power grid with a high proportion of clean energy and proposes a multi-energy coordinated intelligent management method for the urban power grid. Firstly, the structure and typical characteristics of urban energy Internet are researched. On this basis, the regulatory capacity of the adjustable generator set and the regenerative equipment is used to offset the volatility of renewable energy, the internal operating system, and network stable operation constraints are considered. To solve the model, alternating direction method of multipliers (ADMM) is used. Finally, a real-time power grid example is given to verify the effectiveness of the proposed method.
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1. Introduction


The current energy structure is dominated by primary energy, which brings great challenges to the sustainability of the world’s energy supply, as well as huge environmental problems [1]. With the development of society and the continuing growth of energy consumption, it is very important to vigorously develop renewable energy and build a centralized energy supply network. The network is coupled with distributed terminal integrated energy units through reasonable planning and operation optimization to realize the coordinated control of power, gas, heat and other integrated energy systems [2,3]. Cascade utilization of various energy forms can help reduce the impact of distributed energy fluctuations on the power grid and promote the development and application of renewable energy [4,5]. From the perspective of energy utilization, multiple energy systems are correlated and complementary in different time scales, and the storage and transformation of energy can be carried out in multiple time scales [6]. In recent years, the development of urban integrated energy systems (IES) provide a new idea for the efficient utilization of clean energy: power supply and heating are closely combined through the “Energy Internet” [7], and the capacity of absorption and utilization of renewable energy is effectively improved through heat storage (such as heat pump, heat storage boiler, etc.).



According to geographical factors and energy generation, transmission, distribution, and utilization characteristics, IES can be divided into trans-regional, regional and user levels [8]. The trans-regional IES take centralized power sources such as large-scale wind farms and hydropower plants as the main energy sources. The large-scale power transmission and gas transmission networks are the backbone network frame, which mainly play the role of long-distance energy transmission. With the development of distributed generation technology, most scholars focus their research on IES at the regional level, but there is lack of targeted research on the multi-energy coordination and the integrated management of urban power grids in the context of large-scale clean energy applications. Urban integrated energy systems are clean, distributed, interconnected, intelligent, flexible and open [9,10]. It is of great significance to realize the vertical connection of a single energy source and the horizontal integration of a variety of energy sources in the region.



Power researchers have carried out more studies on the regulation of integrated energy systems. The challenges are mainly brought by the increased penetration of renewable energy and the diversity of the load. Bejestani et al. [11] pointed out that the interactive energy mechanism can be applied at multiple levels, including the resident side low-voltage network system, the medium-low voltage micro-grid system, the local area network system and the regional network system. Wan et al. [12] proposed an individual-based model (IBM) for the modeling of large-scale heterogeneous complex systems. The IBM decouples the complex systems into independent individuals based on physical characteristics, which is applied to the modeling of heterogeneous integrated energy systems (IES) and the simulation of the multi-time-scale dynamics of the IES under conditions of disturbances and faults. In Reference [13], a modeling and optimization method, aimed at minimizing the overall costs of the net acquisition for heat and power in a deregulated power market, is developed for CHP (combined heat and power)-DH (district heating) systems. A planning model consisting of energy balances and constraints for system control and operation is built and an efficient algorithm is developed. For the urban energy Internet with large-scale access to renewable energy, the energy storage system plays a role in stabilizing the volatility of renewable energy. Chen et al. [14] used a fixed threshold and dynamic threshold method to calculate the discharge threshold power to control the discharge power of the storage system. However, due to the high cost of the electric energy storage system, it is difficult to use it on a large scale. The systematic charge and discharge control of electric vehicles can make up for the shortcomings of the electric energy storage system. Fazel et al. [15] introduced the basic models of the charging and discharging process of electric vehicles, and Mu et al., [16] put forward two charging and discharging control strategies based on the spatial–temporal model. Martinezmares et al. [17] studied the optimal power flow of the power-natural gas hybrid system. Considering the volatility of renewable energy sources, how to optimize and coordinate the natural gas and power systems is researched in reference [18]. In reference [19], a method of equipment selection and capacity planning for the IES is presented with the consideration of the coupling among power, heat and gas. Aiming at the problems in equipment selection and capacity planning, an optimization model is set up with the minimum annual comprehensive cost as the objective function, and the mixed integer linear programming (MILP) algorithm is adopted to optimize the types and capacities of the equipment simultaneously.



The goal of energy Internet operation scheduling is to reduce the total generation cost of distributed power supply while ensuring the overall real-time power balance of the energy Internet [9], which is equivalent to converting the economic scheduling problem into the consistency of incremental cost in the power distribution process [20,21]. Therefore, it is of great significance to study the real-time power allocation in the operation scheduling of energy Internet. Modeling and solving of IES optimization scheduling problems are two closely related processes. Generally, the solving methods of optimization problems are divided into two categories: heuristic methods and mathematical optimization methods. The typical heuristic method is the intelligent algorithm, such as particle swarm optimization (PSO), genetic algorithm (GA) [22] and simulated annealing algorithm. The mathematical optimization method is the most widely used mathematical programming method, such as interior point method [23], the simplex method [24], recursive least squares method [25] and so on.



Based on the above background, from the perspective of energy Internet, the optimal operation scheduling of an urban power grid with high clean energy penetrance is studied. A multi-energy coordinated intelligent management method which takes an internal equipment operation system and network stable operation constraints into consideration is also proposed. Based on load forecasting and renewable energy output forecasting data, an urban multi-energy day-ahead scheduling optimization model is established. After that, this paper used alternating direction method of multipliers (ADMM) to solve the model. Finally, the validity of the method is verified by a real-time power grid example. The main contributions of this paper are as follows:



(1) To solve the scheduling and the grid connection problems of multi-type new energy, this paper presented a coordinated scheduling method for urban multi-time scale heat–electricity systems. The method ensured the robustness of the scheduling scheme through coordinating the output of controllable generators, electric boilers, storage devices, etc., as well as using multiple time scales (day-ahead, days, real-time) to gradually reduce the impact of renewable energy forecast deviation on the grid.



(2) Considering the coupling and complementarity between different energy systems, the quasi-steady-state model of the equipment is modified and the balance between electrical energy and thermal energy is ensured.



(3) The model solving method of ADMM was proposed. Through the process of decomposition-coordination, the complex optimization decision problem was decomposed into several smaller and easier-to-solve problems. By iterating among sub-problems, the global optimal solution of multi-energy dispatching of the urban power grid is realized.



The remaining of this paper is organized as follows: Section 2 describes the management structure and typical characteristics of an urban power grid under the background of energy Internet. Section 3 describes the coordination and optimization dispatching model of urban IES and its solution. Section 4 describes a specific case study and the results analysis. Conclusions are drawn in Section 5.




2. Structure and Typical Characteristics of Urban Energy Internet


Urban energy Internet is a regional energy platform that utilizes advanced measurement systems, automatic devices, internet systems and new management modes to connect and integrate various energy sources vertically and horizontally to form a regional energy platform featuring energy complementary and information interconnection [26,27]. Various forms of energy are coupled through cooling systems, thermal systems, electric systems, fuel systems and transportation systems, forming the basic framework of urban energy Internet. Different systems represent different kinds of characteristics. This paper takes the thermal system and the electric system as an example to analyze the operation of integrated energy systems.



The system described in this paper, as shown in Figure 1, is mainly composed of the following subsystems: (1) Thermal system: it is composed of a thermal pipe network, which is connected with CCHP (Combined Cooling, Heating and Power) units, photovoltaic-thermal units, boilers and heat storage devices to realize the unified collection and deployment of heat energy. (2) Electric system: the electric system can connect various generator units and power conversion devices to realize the transmission, collection, distribution and consumption of electric energy, it can also realize the conversion of electric energy and other types of energy through various conversion devices. (3) The interaction between thermal and power systems: regenerative electric boilers are widely used in accommodation of renewable energy, peak load regulation of thermal power units and replacement of heating energy due to their good electric heat transfer efficiency and flexible running time. Figure 1 shows the multi-energy coordination system architecture of the urban power grid. The power grid dispatching center serves as the information transfer station for producers and consumers, distribution companies, power energy market, and auxiliary energy market, providing information services, including electricity price information, power plans, and so on. It is linked with several related subjects, making them relate to each other, ensuring the economic, safe and stable operation of the power grid, and allowing the subjects to make independent decisions, in case the decisions of one party or several parties affect the overall situation.



It can be concluded from the analysis that: (1) From the perspective of energy flow, the urban energy Internet realizes the bidirectional or multi-directional flow of energy in the region through a variety of energy conversion devices. (2) From the perspective of information flow, the operation information of various energy sources in the urban energy Internet can be shared in real-time, and the distribution of energy flows in the region can be optimized through the analysis of information flow and data flow, so as to meet diversified energy demands. (3) From the perspective of value flow, based on the impact of the price mechanism, each role participating in the energy transaction takes the initiative to conduct the transaction, so as to obtain the optimal economic benefits, risk benefits and environmental benefits [28].




3. Multi-Energy Coordination and Optimization Dispatching Strategy of Urban Power Grid


3.1. Integrated Day-Ahead Coordination and Dispatching Model with Large-Scale Intermittent Energy


In the coordinated operation of the power system with large-scale intermittent renewable energy generators, the inherent uncertainty of renewable energy cannot be eliminated, which means other power sources have to make up for it [29,30]. When the intermittent power supply with a high proportion is suddenly increased or absent, the operating cost and efficiency of other units will be affected [31,32]. Under the current development of a new energy power situation, it is generally believed that renewable energy should be prioritized during system operation. Due to its good adjustability, the hydropower can balance the random fluctuation of intermittent energy power and undertake the task of peak shifting and valley filling, and the residual capacity bears part of the load. Conventional thermal power generating units should avoid frequent output adjustment (daily generation scheme does not consider start–stop) and maintain high efficiency of power generation. The energy storage device is charged at the load trough period and discharged at the load peak period and when the load increases sharply [28]. Heat pump, heat storage boiler and other devices can also achieve the regulation of electricity through heat storage [33]. Different from the traditional method of simply increasing the rotary reserve capacity to absorb the fluctuation of new energy, the method proposed in this paper will make full use of the regulating capacity of adjustable generator set and heat storage equipment to absorb the fluctuation of renewable new energy, and meet the robustness requirements of various extreme scenarios through reasonable resource allocation.



(1) Objective function



The optimization scheduling model of IES considering multi-energy complementarity constructed in this paper takes the minimum cost of the system as the objective function, which is as follows:


min L(QPBt,QHBt,QPGt,QHGt)=CPB+CPG+CHB+CHG



(1)




where, QPBt and QHBt are respectively the quantities of electricity and heat purchased outside the system in time period t. QPGt and QHGt are respectively the quantities of electricity and heat produced by the equipment in the system in time period t. CPB is the purchase cost of the power grid. CPG is the power generation cost of its own equipment. CHB is the heat purchase cost of the system. CHG is the heating cost of its own equipment. Each cost is a function of QPBt, QHBt, QPGt and QHGt.



(1) Power and heat purchase costs of the system:


CPB=∑t=1TρPBtQPBt



(2)






CHB=∑t=1TρHBtQHBt



(3)




where ρPBt and ρHBt are the prices of electricity and heat purchased outside the system in time period t. Under normal circumstances, the price of electricity varies due to the imbalance between the supply and demand of renewable energy and load. T is the number of time periods in the scheduling cycle. For day-ahead scheduling, 60 min is usually taken as one time period, what is more, T = 24.



(2) Costs for power and heat generation


CPG=∑i=1m∑t=1T(ai(QPG,it)2+biQPG,it+ci+CPss,i|uHG,it−uHG,it−1|)



(4)




where, m is the number of power generation equipment, including thermal power generators, gas power generators, renewable energy power generators and other types of equipment. QPG,it is the generation capacity of the ith power generation equipment in time period t. ai, bi and ci are the generation cost coefficients of the ith generation equipment, and the model is expressed by a quadratic function. CPss,i is the starting and stopping cost of the ith power generation equipment, and for power generation equipment such as renewable energy, its value is 0. uPG,it is the starting and stopping state of power generation equipment i in time period t, and its value of 0 represents the stopping state and 1 represents the starting state.


CHG=∑i=1n∑t=1T(di(QHG,it)2+eiQHG,it+fi+CHss,i|uHG,it−uHG,it−1|)



(5)




where, n is the number of heating equipment, including micro-gas turbine, heat pump, heat storage boiler, gas boiler and other types of equipment; QHG,it is the calorific value of the ith heating device at time period t; di, ei, and fi are the heating cost coefficients of the ith heating equipment respectively; CHss,i is the starting and stopping cost of the ith heating equipment; uHG,it is the start and stop state of heating equipment ith in time period t, and its value of 0 represents the stop state and 1 represents the starting state.



(2) Model constraints



The cascade utilization of energy is not considered in the model, but the coupling and complementarity between different energy systems are considered. Therefore, the quasi-steady state model and electrical and thermal energy balance of the equipment are modified as follows.



(1) Constraints for the balance of heat and power in any time periods of the system.


QPBt+∑i=1mQPG,it=QPSt



(6)






QHBt+∑i=1nQHG,it=QHSt



(7)




where QPSt is the predicted load power value of the system in time period t; QHSt is the predicted thermal load of the system in time period t; the output of the power storage system under the discharge state is recorded as a negative value. The heat pump and the heat storage boiler are taken as the load of the system in the heat storage state.



(2) Considering the full utilization of renewable energy, certain rotation reserve constraints are required.


∑g∈GconIgt∗Qgmaxt+∑g∈GrenIgt∗Qgt+PGB≥Dt+Rt



(8)




where Gconrepresents all units except renewable energy, Gren is wind turbine and PV (photovoltaic), andis rotation reserve demand in tth period.



(3) Line safety constraint:


|∑g∈GdiγgjQgt|≤Lj



(9)




where Gall is all units, γgj is the power distribution factor of unit g output on line j, and Lj is the line flow limit.



(4) Unit output and climbing constraints:


Qgmin≤Qgt≤Qgmax



(10)






−rg,down≤Qgt−Qgt−1≤rg,up



(11)




where Qnmin and Qnmax are respectively the minimum and maximum output of thermal power unit g; rg,up is the upward climbing rate of thermal power units g and rg,down is the downward climbing rate of thermal power units g.



(5) Most large-capacity electric regenerative boilers are composed of electrode boilers and water storage tanks. Some of the generated heat is used directly for heating, and the other part can be stored in the regenerative device as a movable time load. The heat storage capacity of the heat storage tank should be within its limit, that is:


QHS,min≤QHSt≤QHS,max



(12)




where QHSt is the heat storage capacity of the heat storage tank in time period t; QHS,max and QHS,min are respectively the maximum and minimum heat storage capacity of the heat storage tank.



(6) Power constraint of electric boilers:


0≤PHSt≤PHS,max



(13)




where PHSt is the electric power of the regenerative boiler in time period t; PHS,max is the upper limit of power of section regenerative electric boiler.



(7) The SOC (State of Charge) of the energy storage system should also be within the appropriate range, that is:


SOCmin≤SOC≤SOCmax



(14)




where SOCmax and SOCminare the upper and lower limits of the charged state, respectively. In general, the upper limit is 0.8 and the lower limit is 0.2.



(8) The SOC of the energy storage system after the last time period should be equal to that before the first period of time:


SOC0=SOCT



(15)




where SOC0 is the SOC of the energy storage system at the beginning of the scheduling cycle and SOCT is the SOC of the energy storage system at the time of the end of the scheduling cycle.



(9) Many devices in urban energy system such as solar power plants, wind farms, PHEVs (plug in hybrid electric vehicle), and HEVs (Hybrid Electric Vehicle) can’t get connected to power grid without an AC/DC (Alternating Current/Direct Current) or DC/DC (Direct Current/Direct Current) converter. In order to ensure the stability of grid voltage, the converters are in constant voltage control mode [34]. The output constraint of converters is:


Pcon,mini≤Pconi≤Pcon,maxi



(16)




where Pcont is the output of the converter i; Pcon,mint and Pcon,maxt are the output ranges of the converter i. The power loss of the converter is 1.5% of the output [34].




3.2. Robust Dispatching Method of Renewable Energy


By traditional scheduling method, renewable energy for the power grid is equivalent to “negative load”, which means active power consumption is negative. Its value depends on the day-ahead renewable energy output prediction [35]. The deviation of renewable energy output prediction is balanced by the AGC (Automatic Generation Control) unit in the system. When the proportion of renewable energy is high, the AGC unit regulation capacity is not enough to balance the prediction error caused by the uncertainty of renewable energy. This will lead to a large amount of wind/light curtailment and load curtailment. Therefore, the risk cost of this scheduling method is high.



In order to reduce wind/light curtailment and load curtailment caused by the volatility of renewable energy and reduce the risk cost of the system, the concept of uncertainty set of renewable energy unit output is introduced. The details are as follows:


(1−β)pr,tf≤pr,t≤(1+β)pr,tf



(17)




where pr,tf is the prediction of the output of renewable energy unit at time period t. β is a coefficient between 0 and 1, used to represent the size of the uncertainty set. pr,t is the actual output of renewable energy units at time period t. When it is within the range demonstrated in the above equation, it can be considered that the output of renewable energy units is concentrated in the uncertainty of the system.



For the output of renewable energy units located in the uncertainty set, the system can realize the full absorption of renewable energy through the preset rotary reserve. When the volatility of the renewable energy units is large and located outside of the uncertainty set of the system, wind/light curtailment or load curtailment may occur. Therefore, when the range of uncertainty set is large, the power grid has strong absorption capacity for renewable energy and low risk cost. However, the power grid should reserve a large amount of spare capacity, and a large number of generator units cannot be operated under the optimal output, resulting in low power generation efficiency and high operation cost. On the contrary, when the range of uncertainty set is small, the system has high risk cost but low operation cost. To calculate the best range of uncertainty set, an effective method is to calculate the sum of risk cost and operation cost of the system with a different value of β and choose the uncertainty set with minimum overall cost as the optimal uncertainty set. The calculation method of risk cost and operation cost is shown in [28].




3.3. The Solution of the Model Based on ADMM


ADMM is a kind of algorithm for solving complex optimization problems. It can be applied to solve the multi-agent decision of a convex optimization problem. This method decomposes a relatively complex optimization decision problem into several small and easy-to-solve different sub-problems through the decomposition-coordination process, and through the iterative solution between sub-problems until the global convergence, so as to obtain the global optimal solution of the original problem. The ADMM method is used to solve the optimal scheduling model.



The optimization problem of the IES of power–heat interconnection based on the ADMM is divided into two sub-problems: power network optimization and heating system optimization. After decomposition, the optimization goal is to minimize the total operating cost of the Internet system. The IES can be regarded as the operation under the condition of a limited number of information exchanges, while the power grid dispatching agency and heating network dispatching agency can be regarded as two separate decision-making bodies to form the collaborative optimization of power supply energy flow and heating energy flow through the communication of a limited number of times.



In the power network optimization sub-problem, the coupling constraint conditions of electrothermal should be considered. Hence, the electric–gas coupling relation based on the gas turbine is selected and substituted into the objective function. The objective function of the grid optimization sub-problem can be expressed as:


min f(QPBt,QPGt)=CPB+CPG



(18)







In the natural gas network optimization sub-problem, the electric–gas coupling relation based on the gas turbine is also selected and substituted into the objective function. Then, the objective function of the natural gas optimization sub-problem can be expressed as:


min g(QHBt,QHGt)=CHB+CHG



(19)







The above optimization problem can be converted into an ADMM optimization problem in the form of:


min f(x)+g(y) s.t. Ax+By=C



(20)




where for any time period, x=(QPBt,QPGt) and y=(QHBt,QHGt) is the optimization variable.



The ADMM algorithm can be solved by Gauss–Seidel iteration method. In the solving process, only one of the two sub-problems is in the calculation state. When the value of the coupling variable is obtained, it will be substituted back into the other sub-problem for solving. Wait for another sub-problem to update the value of the coupling variable, and then substitute it back into the previous sub-problem for the next round of iterative calculation. At the end of each iteration and the moment into the next iteration, the multiplier must be updated. The flow chart of solving a multi-energy coordination problem based on ADMM is shown in Figure 2. The solution method can be expressed as follows:


{xk+1=arg minxLλ(x, yk, zk)yk+1=arg minyLλ(xk+1, y, zk)zk+1=yk+λ(Axk+1+Byk+1−C)



(21)







In each iteration, there are three steps in total: namely, solve the minimization problem related to x and update x; solve the minimization problem related to y and update y; update the multiplier z.



The convergence standard of ADMM is:


{‖r(r+1)‖22=‖Axk+1+Byk+1−C‖22≤εpri‖s(r+1)‖22=‖λATB(yk+1+yk)‖22≤εdual



(22)




where ‖r(r+1)‖22 and ‖s(r+1)‖22 is the original residual and dual residual after the k + 1th iteration calculation; εpri and εdual are the tolerance upper limit of the original residual error and dual residual error, respectively.



In essence, power grid dispatching is a large-scale dispatching problem, with various and complex constraints. From the perspective of energy Internet, the coupling of electric with other sources further increases the difficulty of optimal scheduling. For the traditional grid dispatching calculation method, the general procedure is determining the objective function and the constraints and then solving the problem directly by existing software (such as CPLE, etc.) [35]. Although this solution method is simple, when the number of units increases and the coupling relationships between electric and other energy sources becomes complex, the solution speed will be greatly reduced. The advantage of the ADMM algorithm is that the power network and heating network can be solved separately and the interaction between the heating network and the power network can be carried out through the thermoelectric coupling elements. In this way, the complexity of each iteration can be greatly reduced, and the computing time can be reduced.





4. Example Analysis


4.1. Basic Parameters of Power Grid


A case study of a city power grid in 2019 was carried out to verify the effects of different penetrance on the benefits of the multi-energy coordinated control strategy, as well as the effects of different energy structures on the benefits. The power supply capacity proportion of the power grid is shown in Table 1.



New energy output and new energy penetration rate are shown in Figure 3. The new energy penetration rate (total new energy generation installed capacity/total installed generation capacity) is 18.4%.



Output analysis of each type of unit is shown in Figure 6.



As is shown in Figure 4, thermal power units are the main power units of the power grid, and their output accounts for more than half of the total load. The regular changes in load are mainly borne by thermal power units. After 8:00 a.m., the load gradually climbs to the peak and stays at a high level. At this time, all eight thermal power units are started up, and all of them reach the rated output at 9:00 a.m. Considering the flexibility of hydropower generation, the hydropower units cannot always maintain a high output level; hydropower closely follows the load change after 10:00 a.m. Therefore, its main function is to respond to the immediate change of load after the thermal power units reach the rated output, and according to the calculation results each hydropower plant has completed the power limit during the dispatching period, which is determined by the economic optimization as the objective function of the model.




4.2. Benefit Analysis of Multi-Energy Coordinated Control


Take the uncertainty set as 25%, calculate the scheduling cost of the proposed robust method and the traditional method, and compare the advantages of the proposed method with the traditional method [28,35].



The difference in Table 2 is obtained by the traditional method minus the robust method, so the positive value represents the cost advantage of the robust method, and the negative value represents the cost disadvantage of the robust method.



Compared with the traditional method, the method proposed in this paper has an economic advantage of 15,945.3Ұ, and the comprehensive cost is the sum of risk, environment and power generation cost, so the reasons can be described from the above three aspects:



(A) Risk cost: the core idea of the multi-energy coordinated dispatching method proposed in this paper is to deal with the fluctuation of new energy by setting uncertain sets, which leads to the dispatch plan having obvious advantages in risk cost, which is reflected in the fact that the cutting load is much lower than the traditional method. Wind/light curtailment volume is slightly larger than the traditional method, but this is because the load cutting cost is very high and the wind/light curtailment cost is low.



(B) Environmental cost: environmental cost is caused by coal-fired power, while the environmental cost of coal-fired power is much higher than that of gas power. The traditional law does not consider the fluctuation of new energy but pursues the economy of power generation cost. Due to the high cost of gas and electricity output, the traditional scheduling scheme stops the gas and electricity output, and more of it is coal-fired power output, so its environmental cost is higher.



(C) Power generation cost: as described in the environmental cost, the traditional method does not consider the fluctuation of new energy, but pursues the economy of power generation cost. Therefore, most of its units operate at the economic operation point of rated output, and the high-energy consuming units (gas power) are not started, so the traditional method has advantages in power generation cost.



The economic advantage of the method proposed in this paper is the results of combining the above three kinds of cost, and it can be predicted that the advantage of multi-energy coordinated scheduling method in risk cost will be more obvious with the increase of new energy penetrance.




4.3. The Effect of Increased Penetration on Economic Performance


As shown in Figure 5, the number of new energy installations are expanded to increase the new energy penetration rate (total new energy installed units’ capacity/total installed units’ capacity) to 36.8%.



First, the optimal uncertainty set is rediscovered. It can be seen from Figure 6 that the proportion of the optimal uncertainty set is between 25% and 35% when the new energy penetration increases. The optimal uncertainty set, as shown in Table 3, is determined by binary search.



Taking 27% as the optimal uncertainty set, the benefits of the multi-energy coordination strategy are calculated and compared according to the steps above.



Table 4 shows the comparison of robust reserve rate and various benefits under different penetrance, and illustrates the following issues:



(a) Increased penetration, greater fluctuations in new energy, and higher system reserve requirements.



(b) The cost-effectiveness of risk increases significantly with increased penetration. This is because the fluctuation of new energy is stronger with the increase of penetration. Since the traditional method does not consider the fluctuation of new energy, its wind/light curtailment volume and cutting load increase greatly, so the risk cost increases sharply, and the risk–benefit of the corresponding robust method also increases sharply.



(c) The reduction of environmental benefit and operation benefit is caused by the reason that the increase of new energy penetration results in the increase of new energy output, on the other hand, the load is constant. Consequently, all this leads to the decrease of conventional unit output and the synchronous decrease of coal and gas consumption.



(d) The comprehensive benefit increases significantly with the increase of the penetration, which is caused by the sharp increase of the risk–benefit, which is the core benefit of the robust method. It can be shown that the comprehensive benefit of the robust method increases rapidly with the increase of penetrance.




4.4. The Influence of Energy Storage System on the Benefit of the Robust Method


Considering the fluctuation of renewable energy, in order to increase the consumption capacity of the power grid for distributed energy and reduce wind/light curtailment, the energy storage device with a capacity of 500 MW is introduced on the original system. The output of various types of energy is shown in Figure 7.



As can be seen from the above Figure 7, the introduction of the energy storage system effectively improves the output of the wind turbine during the period from 2:00 a.m. to 6:00 a.m., and reduces wind curtailment. At the same time, the discharge of the energy storage system occurs during the two periods with the highest load from 8:00 a.m. to 10:00 a.m. and from 15:00 p.m. to 16:00 p.m. Considering that the two periods are the periods when the output of the natural gas turbine rapidly increases and decreases, and the natural gas turbine is not very efficient and the operation cost is large, the discharge of the energy storage system mainly replaces the output of the natural gas turbine.



The benefit changes after the introduction of energy storage is shown in Table 5.



From Table 5, we can get the following results.



(a) Although the introduction of the energy storage systems can reduce wind curtailment and increase the proportion of distributed energy, the energy storage system itself is relatively expensive and will generate high operating costs, as a result, the benefits are not obvious from these two perspectives



(b) The introduction of the energy storage systems can effectively reduce the output of each generator set in the period with high load, and its peak load cutting, and valley filling function can effectively reduce the pressure of the grid and increase the risk–benefit of the system, which is the main source of income from the introduction of the energy storage systems.




4.5. Influence of Changes of Power Structure on Benefits of the Robust Method


In this case, based on the initial calculation example (penetrance 18.4%, water volume 2533 MW∙h), the water limit was expanded to 10,131 MW∙h, and the ratio of hydropower output was increased to observe the benefit change of the robust method.



As can be seen from Table 6 and Figure 8, after the water limit is expanded, the robust cost decreases obviously, but the traditional cost first decreases and then increases. After the water volume is doubled, the robust benefit starts to increase obviously.



In principle, after the water limit is expanded, the output ratio of hydropower units becomes larger and larger. Since hydropower has almost no power generation cost, the total cost should be reduced, which has been clearly shown in the robust cost. However, the cost of the traditional method increases with the output of hydropower units. The reasons are as follows:



(a) After the water volume is expanded, the traditional method makes full use of the cost-free advantage of hydropower and increases the hydropower output. When the water volume is increased by four times, the hydropower has been in the rated output state of all units at full time, which makes the hydropower units lose the ability for peak regulation and standby capacity. All peak regulation and standby tasks of the system are undertaken by the primary energy unit with poor regulation ability. The consequence of the poor regulation ability of the system is that when the new energy fluctuates, more wind/light curtailment volume and cutting load will inevitably be generated, which leads to the sharp increase of risk cost and the final comprehensive cost will rise instead of falling.



(b) After the increase of hydropower output in the traditional method, the load pressure assumed by other units will decrease, the number of thermal coal-fired units will be reduced, and all gas units will be shut down, which further reduces the peak load regulation and reserve capacity of the system. As a result, the risk cost caused by the fluctuation of new energy will be increased.



After the above two reasons jointly lead to the increase of hydropower output, the cost of the traditional method increases instead of decreases, and the cost of the robust method gradually decreases, and the robust benefit becomes more and more obvious.




4.6. Influence of New Energy Inverse Peak Regulation on Robust Performance


At present, the new energy output curve of the calculation example is similar to the pro-peak regulation, but the new energy is capricious, and the occurrence of new energy inverse peak regulation is quite common. Therefore, it is necessary to set a new energy inverse peak regulation example to verify whether the robust method under the inverse peak regulation can be applied and how its benefits will change.



The initial calculation example is the new energy pro-peak regulation, on which new energy output is modified to replace the peak and trough of new energy output. In this way, the total output of new energy can be guaranteed unchanged, and the situation of new energy inverse peak regulation can be simulated, as shown in Figure 9.



By calculation, the comparison of costs and robustness benefits under the two conditions are shown in the following Table 7. It can be seen from Table 7 that the robust comprehensive benefits are higher under the adverse peak regulation. When the environmental and operational benefits are similar, the substantial increase of risk benefits under the adverse peak regulation results in the increase of comprehensive benefits. In Table 7, “wind/light curtailment reduction” refers to the wind/light curtailment reduction of the robust method compared to the traditional method, and “load cutting reduction” refers to the cutting load reduction of the robust method compared to the traditional method. These two terms are the key points. Obviously, in the case of inverse peak regulation, the robust method has a greater advantage in reducing wind/light curtailment and load cutting, which directly leads to a higher risk–benefit and a higher comprehensive benefit.



These examples can prove that the under the situation of inverse peak regulation, peak regulation and standby capacity pressure are larger, and if the traditional method of scheduling is applied, the execution plan will produce more wind/light curtailment and cutting load. Then, the robust method, in this case, is still able to make the scheduling plan to maintain full peak regulation and standby capacity, which leads to a better response to new energy fluctuation and gains higher comprehensive benefit.





5. Conclusions


IES are important physical carriers of the energy Internet, which undertakes the tasks of energy conversion, distribution, and storage of electricity, heat and cold. From the perspective of energy Internet, this paper proposed a multi-energy coordinated intelligent management method for the urban power grid, which considers the internal equipment operation system and network stable operation constraints. In the case of energy interconnection, the day-ahead plan obtained by the robust method can meet the backup and peak load regulation needs of the system’s two key points, peak load and valley load. It is a safe and reliable day-ahead scheduling algorithm. As the generation capacity of new energy with uncertainty increases, scheduling by the robust method can not only reduce the generation cost and environmental cost but also reduce wind/light curtailment and load cutting, thus greatly increasing the risk benefit. Since this paper did not consider the constraints of the power grid and the impact of electric vehicles on energy management in the research process, it is necessary to combine large-scale energy storage technology for future work.
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Figure 1. The multi-energy coordination system architecture of an urban power grid. 
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Figure 2. Flow chart of a solving multi-energy coordination problem based on the alternating direction multiplier algorithm. 
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Figure 3. Urban power grid load and new energy prediction curve. 
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Figure 4. Energy output diagram of each type on a typical day. 
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Figure 5. Modified load and new energy forecast curve. 
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Figure 6. Comprehensive costs under different uncertainty sets. 
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Figure 7. Energy output diagram of each type. 
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Figure 8. Robustness benefit after increasing water quantity. 
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Figure 9. New energy reverse peak adjustment output. 
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Table 1. Power supply capacity ratio of the power grid.






Table 1. Power supply capacity ratio of the power grid.





	Power Source Type
	Wind Power
	PV
	Coal
	Gas
	Hydraulic
	Total





	Capacity (MW)
	976.0
	700.0
	2474.0
	497.6
	800.0
	5447.6



	The percentage
	17.92%
	12.85%
	45.41%
	9.13%
	14.69%
	100%
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Table 2. Comparison between different methods when the uncertainty set is 25%.
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	Wind/Light Curtailment

(MWh)
	Cutting Load

(MWh)
	The Cost of Risk

(RMB)
	Environmental Costs

(RMB)
	Power Generation Cost

(RMB)
	Comprehensive Cost

(RMB)





	The traditional method
	141.6
	0.685
	66,889.8
	1,999,128.1
	8,202,832.4
	10,268,850.3



	The robust method
	141.6
	0.078
	36,682.1
	1,988,924.1
	8,227,298.8
	10,252,905



	Difference
	0.023
	0.606
	30,207.7
	10,204
	−24,466.4
	15,945.3










[image: Table]





Table 3. Optimization results of uncertain sets.
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	The Proportion
	20%
	25%
	30%
	35%
	45%
	55%



	Comprehensive cost (RMB)
	10,559,895.1
	10,049,988.8
	10,019,681.4
	10,056,537.7
	10,475,301.1
	11,576,782.2
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Table 4. Comparison of two penetrance robustness methods.
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	Penetrance
	The Fluctuation of Peak-Load New Energy (MW)
	Rotational Reserve
	Risk–Benefit (RMB)
	Environmental Benefits (RMB)
	Operation Efficiency (RMB)
	Comprehensive Benefits (RMB)





	18.4%
	179.7
	13.8%
	29,315.7
	10,325.9
	−24,702.6
	14,939



	36.8%
	323.5
	29.2%
	490,167.7
	8128.4
	−78,763.6
	419,532.5



	Difference
	143.8
	15.4%
	460,852
	−2197.5
	−54,061
	404,593.5
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Table 5. Comparison of benefits before and after the introduction of the energy storage systems.
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	The Fluctuation of Peak-Load New Energy (MW)
	Rotational Reserve
	Risk–Benefit (RMB)
	Environmental Benefits (RMB)
	Operation Efficiency (RMB)
	Comprehensive Benefits (RMB)





	No energy storage system
	209.9
	16.1%
	34,422
	11,963
	−28,617
	17,768



	With energy storage system
	162.6
	12.3%
	96,482
	56,891
	−68,285
	85,088



	Difference
	−47.3
	−3.7%
	62,060
	44,928
	−39,668
	67,320
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Table 6. Robustness benefits after water volume increases.
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	Water volume (MW∙h)
	2533
	3722
	5065
	6285
	7536
	8793
	10,131



	Traditional method (kRMB)
	11,600
	11,324
	11,213
	11,316
	11,486
	11,641
	11,814



	Robust method (kRMB)
	11,584
	11,307
	11,089
	10,865
	10,649
	10,440
	10,238



	Robust benefit (RMB)
	16,725
	16,600
	123,841
	451,610
	838,316
	1,200,501
	1,575,818
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Table 7. Comparison of the robust benefits of clockwise and inverse peak regulation.
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	Wind/Light Curtailment Reduction (MWh)
	Load Cutting Reduction (MWh)
	Risk–Benefit (RMB)
	Environmental Benefits (RMB)
	Operation Benefit (RMB)
	Comprehensive Benefits (RMB)





	Down load
	4.561
	0.636
	30,616.66
	10,597.26
	−25,622.79
	15,591.13



	Inverse peak shaving
	127.548
	2.686
	162,635.3
	5926.7
	−31,936.46
	136,625.59



	Difference value (inverse-cis)
	132.109
	2.050
	132,018.6
	−4670.56
	−6313.67
	121,034.46
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