









	[image: images]
	Energy Engineering
	[image: images]






DOI: 10.32604/ee.2024.046141

ARTICLE

Research on Operation Optimization of Energy Storage Power Station and Integrated Energy Microgrid Alliance Based on Stackelberg Game

Yu Zhang*, Lianmin Li, Zhongxiang Liu and Yuhu Wu

College of Mechanical and Control Engineering, Guilin University of Technology, Gulin, 541006, China

*Corresponding Author: Yu Zhang. Email: 2002079@glut.edu.cn

Received: 20 September 2023; Accepted: 08 December 2023; Published: 30 April 2024


Abstract: With the development of renewable energy technologies such as photovoltaics and wind power, it has become a research hotspot to improve the consumption rate of new energy and reduce energy costs through the deployment of energy storage. To solve the problem of the interests of different subjects in the operation of the energy storage power stations (ESS) and the integrated energy multi-microgrid alliance (IEMA), this paper proposes the optimization operation method of the energy storage power station and the IEMA based on the Stackelberg game. In the upper layer, ESS optimizes charging and discharging decisions through a dynamic pricing mechanism. In the lower layer, IEMA optimizes the output of various energy conversion coupled devices within the IEMA, as well as energy interaction and demand response (DR), based on the energy interaction prices provided by ESS. The results demonstrate that the optimization strategy proposed in this paper not only effectively balances the benefits of the IEMA and ESS but also enhances energy consumption rates and reduces IEMA energy costs.
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1  Introduction

With the excessive extraction of fossil fuels, non-renewable energy sources were gradually depleting. To develop clean and efficient energy sources and reduce environmental damage, a series of clean energy sources, such as wind power and photovoltaics, were being widely applied in microgrids (MG). However, the intermittent nature of new energy generation due to spatial constraints resulted in unstable output. Additionally, production and consumption characteristics variations led to a common phenomenon of wind and solar energy curtailment [1–4].

The use of DR and energy storage (ES) can effectively mitigate the instability of new energy generation. Reference [5] established an optimization scheduling model for microgrids, which used the fast charging and discharging characteristics of energy storage to smooth out the power fluctuations of new energy generation, thereby reducing wind and solar energy curtailment. The development of DR technology played a significant role in adjusting supply-demand dynamics and reducing peak load. Reference [6] constructed price-based and incentive-based DR models, significantly improving load characteristics within the scheduling cycle and enhancing system stability. The pursuit of energy efficiency and diverse user demands for integrated energy systems had catalyzed the development of integrated energy systems. In these systems, various heterogeneous energy flows were coupled, and energy complementarity relationships were complex. Furthermore, optimizing energy interactions in integrated energy systems was more challenging compared to single microgrid configurations. References [7,8], considering the coupling of electrical and thermal energy, established an optimization scheduling model for electric-thermal coupling systems to enhance energy utilization efficiency. Reference [9] proposed an energy management strategy for Multi-Microgrids (MMG) that took into account the energy coupling and exchange within MMG to enhance the integration of new energy sources and improve overall economic viability through mutual support and connectivity within the MMG network.

Although energy sharing within MMG and ES systems had indeed reduced wind and solar power curtailment to some extent in the past, standalone ES systems had suffered from high investment costs and low capacity utilization rates in the past. References [10,11] proposed establishing centralized ES services for communities and industrial parks in the past. By optimizing microgrid operators’ capacity construction, these references aimed to enhance the allocation of ES resources and achieve greater economic efficiency in the past. However, all of the above methods involved centralized optimization. The introduction of game theory could address decision-making and conflicts of interest among different entities. In reference [12], considering the interests of individual MG within the MMG energy sharing, a Nash equilibrium game approach was adopted to ensure the reduction of individual MG costs and alliance costs in the past. References [13,14] introduced a Stackelberg game into the electricity interaction between Microgrid operators (MGO) and user aggregators (US) to balance the interests of both parties in the past. This was achieved by reasonably guiding users’ Demand Response (DR) adjustments through electricity pricing in the past. References [15] constructed a game interaction framework between the DN and MG in the past. Through the dynamic pricing mechanism of the leader DN, they optimized strategies for MG and ES to accommodate peak and valley periods of new energy in the past. Reference [16] proposed guiding MG energy coupling and adjusting DR through the mode of ‘heat follows power’ and ‘power follows heat’ in the past. However, the above game studies only considered the conflict of interests between the energy supply side and demand side, often overlooking the interests of ES as a stakeholder in the past.

Building upon the aforementioned research and issues, this paper proposes an optimization operating strategy for ES serving an IEMA within a Stackelberg game framework. By seeking equilibrium solutions of the game model, it determines pricing strategies, ES response, various energy conversion and coupling device strategies within the ES, under the dynamic pricing mechanism of centralized ES. The objective is to enhance energy coupling, reduce wind and solar power curtailment, and improve system economic efficiency.

2  Energy Management Framework

2.1 Energy Interaction Framework

The framework of the ESS and IEMA energy interaction model constructed in this paper is illustrated in Fig. 1. Considering that the demand response within each integrated energy sub-microgrid (IESM) may not align perfectly with the output of new energy devices, this paper proposes an energy interaction framework where multiple IESMs ally to facilitate energy sharing within the alliance. Simultaneously, ESS is employed to facilitate the assimilation of new energy within the comprehensive multi-microgrid alliance. This involves storing excess electricity generated by new energy sources and releasing it during peak demand periods or when there is a shortage of new energy electricity.
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Figure 1: Energy interaction framework

2.2 ESS Framework

Standalone ES systems have high investment costs and limited capacity at the sub-microgrid level. Their frequent interactions with the distribution grid and microgrids not only affect the lifespan of energy storage equipment [17] but also create pressure on the distribution grid. These factors collectively restrict the use of standalone energy storage devices. In this paper, a centralized energy storage station is used to provide energy storage services to the comprehensive multi-microgrid alliance. When there is surplus electricity within the alliance, it stores the excess energy, and when there is an electricity deficit within the alliance, it supplements the energy supply. This approach reduces wind and solar power curtailment, enhances the efficiency of energy storage equipment utilization, and improves overall system performance [18].

2.3 IEMA Framework

As the smallest unit of energy generation and consumption, the energy coupling situation within IESM is depicted in Fig. 2 [19]. In this paper, these IESMs are aggregated into an IEMA to promote energy assimilation and achieve efficient energy utilization. When IESMs have surplus energy, they contribute it to the alliance, and when there is an energy deficit, they obtain it from the alliance. Multiple IESMs entrust the alliance dispatch center and centralized energy storage stations for energy interactions. Furthermore, in cases of energy shortages within the alliance, IESM is allowed to purchase electricity from the distribution grid for supplementation.
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Figure 2: IEMA energy coupling

3  Optimization Model

3.1 Optimization Model for EES

3.1.1 Benefit Function for ESS

The objective function of the ESS is to maximize revenue:

maxCESS=CESS,s−CESS,b+CService−Ccapacity(1)

The equation CESS,s represents the revenue from selling electricity from ESS to IEMA. CEES,b represents the purchasing cost of electricity from ESS to IEMA. CService represents the cost of using ESS services for IEMA. Ccapacity represents the construction cost of ESS.

CESS,s=∑t=1T[λdist⋅PESS,s,t](2)

CESS,b=∑t=1T[λchart⋅PESS,b,t](3)

CService=ε(t)∑t=1T[PESS,s,t+PESS,b,t](4)

The equation λdist represents the selling price of electricity from ESS at the time t. PESS,b,t represents the power output of ESS for selling electricity. λchart represents the purchasing price of electricity for ESS. PESS,b,t represents the purchased power capacity of the ESS. ε(t) represents the unit service fee charged by IEMA for using the services of ESS.

3.1.2 Constraints for ESS

The charging and discharging power of the ESS should be within the range of the maximum charging and discharging power. Additionally, the current state of charge of the ESS is equal to the state of charge in the previous time step plus the charging or discharging power at the current time. The constraints that the ESS must satisfy during operation are:

{0≤Pdist≤UdistPdismax0≤Pchart≤UchartPcharmax0≤Udist+Uchart≤1SOCt=SOCt−1+(Pchartηchar−Pdist/ηdis)SOCmin≤SOCt≤SOCmaxSOC0=SOCTλchart≤λdist(5)

In the equation, PESS,dismax/PESS,charmax represents the maximum allowable discharge/charge power for the ESS. Udist/Uchart represents the charging/discharging indicator variable for the ESS. SoCt represents the state of charge of the ESS at time t.ηchar/ηdis represents the efficiency of energy storage charging /discharging. SoCmin/SoCmax represents the minimum/maximum capacity of the ESS.

3.2 Optimization Model for IEMA

3.2.1 Benefit Function for IEMA

IEMA’s objective function is to minimize operational costs:

minCIEMA=CGrid+CFuel+CServe+CDR+CE(6)

{CDR=∑t=1T∑i=1N∑mM[amPmlt,i2+bmPmlt,i+cm]Pelt,i=Pebt,i+Pert,iPhlt,i=Phbt,i+Phrt,iPclt,i=Pcbt,i+Pcrt,i(7)

In the equation, T/N/M represents the scheduling period/the number of IESM/the type of demand response, CDR represents the energy usage efficiency function for IEMA. Pebt,i/Phbt,i/Pcbt,i represents the base electrical load/base thermal load/base cooling load, Pert,i/Pert,i/Pert,i represents the reducible electrical load/reducible thermal load/reducible cooling load, am/bm/cmrepresents the parameters of the energy usage utility function.CFuel/CGrid/CE represents equipment operating costs/interaction costs with the distribution grid/energy storage power station utilization costs:

{CFuel=Cgas∑t=1T∑i=1N[PGT,t,iηGTLNG+QGB,t,iηGBLNG]CGrid=∑t=1T∑i=1N[τ(t)⋅Pgrid,t,i]CE=−CESS(8)

The equation represents the unit volume price of natural gas, PGT,t,i which represents the output power of a gas turbine. ηGT represents the power generation efficiency of a gas turbine, QGB,t,i represents the output thermal power of a gas boiler. Pgrid,t,i represents the purchased electric power from the distribution grid.

3.2.2 Constraints for IEMA

Power balance constraint for electric power/thermal power/cooling power and equipment output balance constraint:

{{PGT,t,i+PWT,t,i+PPV,t,i+PGrid,t,i+PMGO,b,t,i−PMGO,s,t,i−PEC,t,i=Pload,t,iQGB,t,i+PHX,t,i=PHeat,t,iPEC,t,i⋅ηEC+QAC,t,i=PCool,t,iPGTmin≤PGTt,i≤PGTmaxQACmin≤QACt,i≤QACmaxPECmin≤PECt,i≤PECmaxQGBmin≤QGBt,i≤QGBmaxPHXmin≤PHXt,i≤PHXmax(9)

In the equation, PWT,t,i/PPV,t,i represents the wind turbine power generation/photovoltaic power generation, PEC,t,i represents the electrical power consumption of the electric refrigeration unit, PMGO,b,t,i/PMGO,s,t,i represents the power contributed or requested by IESM to/from IEMA, PHX,t,i represents the heat exchanger’s output heating power. QAC,t,i represents the output cooling power of an absorption refrigeration machine, QGBt,i represents the output thermal power of a gas boiler, PHXt,i and represents the heat exchanger’s output thermal power.

4  Stackelberg Game Model

4.1 Concept

Based on the previously described operating modes of ESS and the energy interaction framework within IEMA, both ESS and the IEMA act as independent decision-making entities. The operational mode of ESS influences the energy coupling device conversion within various sub-microgrid systems of the IEMA and the DR of comprehensive energy users. From this, a model is constructed for ESS and the IEMA based on a Stackelberg game. The game model framework is illustrated in Fig. 3.
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Figure 3: Stackelberg game model

The game model consists of three elements: participants M, strategies Sand payoffs F. Participants M include ESS MESS and IEMA MIEMA. Decision-making involves the strategy sets of ESS SESS and IEMA strategies SIEMA. The payment function F includes the payment functions of ESS FES and IEMAFIEMA. This game G can be represented as:

G={MESS,MIEMA;SESS,SIEMA;FESS,FIEMA}(10)

4.2 Stackelberg Game Model Solution Method

The optimization process for ESS and IEMA based on the Stackelberg Game in Fig. 4 is as follows.
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Figure 4: Optimize the solving process

5  Case Study

5.1 Case Settings

The paper conducts a case study analysis using a comprehensive energy multi-microgrid alliance consisting of three integrated energy sub-microgrids as the selected case. The chosen reference day is in the spring season, with a scheduling period of 24 h. The integrated energy multi-microgrid system takes into account various forms of energy, including new and renewable energy sources. The maximum reducible integrated energy demand load for users can account for up to 15% of the demand load. The parameters for various energy-coupling devices for energy storage equipment and the integrated energy multi-microgrid alliance are detailed in Appendix A.

Case 1: IESM, which does not include independent energy storage equipment, operates independently, and any shortfall in electrical energy can be procured from the distribution.

Case 2: The IEMA incorporates energy interactions, and IESM achieves energy exchange by utilizing independent energy storage.

Case 3: The IEMA participates in centralized ESS services to achieve energy optimization scheduling.

Case 4: Based on the Stackelberg game, the IEMA participates in centralized ESS services to achieve energy optimization scheduling and integrated energy DR.

Fig. 5a shows the renewable energy consumption rate and the comparison of profits and costs among different stakeholders. This is generated by four different optimization methods applied to IES. In Example 1, only the comprehensive energy coupling situation in IESM is considered, and there is no energy storage device to absorb energy peaks and valleys, resulting in a renewable energy consumption rate of only 72.3%. In Example 2, a single energy storage device is considered for peak and valley consumption, although it improves the renewable energy consumption rate, However, the high investment cost of single energy storage equipment has increased the energy storage cost. In scenario 3, compared to scenario 2, adopting a centralized ESS improves energy storage capacity utilization, reduces investment and construction costs, and avoids inefficient energy storage. In Example 4, considering the integration of energy DR and granting priority decision-making rights to energy storage facilities, the energy coupling device output and energy interaction of the entire IEMA were reduced by 7500 yuan and 27900 yuan, respectively, compared to Cases 3 and 2. The cost of IESM was reduced by 11.2% and 42.2%, respectively. In Fig. 5b, adaptive particle swarm optimization and differential evolution algorithms were used to solve the optimization scheme of Example 4, respectively, The crossover and mutation of differential evolution algorithms can effectively avoid falling into local optima, which is beneficial for solving game equilibrium solutions.
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Figure 5: (a) Comparison of benefits of various cases. (b) Case 4 ESS revenue and IEMA cost optimization iteration curve

5.2 Stackelberg Game Optimization Decision

5.2.1 ESS Optimization Decision

In Case 4, the IEMA prioritizes internal energy interactions and stores the surplus energy in the centralized ESS. The ESS operator adjusts its own charge and discharge scheduling based on a dynamic pricing mechanism and information from IEMA devices’ output and energy interactions, as shown in Fig. 6. The charging time for the ESS is mainly concentrated between 10:00 and 14:00 when IEMA is in a surplus energy state. The energy storage facility purchases surplus electrical energy during this period, which increases the utilization of renewable energy and reduces wind and solar curtailment. Combining the wind and solar output with the load curve, it is evident that dynamic optimization led by the energy storage facility can effectively perform peak shaving and load-filling functions. As depicted in Fig. 7, during the period from 10:00 to 14:00, to encourage the IEMA to store surplus electrical energy in the energy storage facility, and thus increase the integration of renewable energy, the purchasing price of electricity from the ESS is relatively high. This incentivizes IEMA to sell electricity to the energy storage facility, aligning with IEMA’s interests.
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Figure 6: Ess charging and discharging strategy
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Figure 7: Optimization of ESS pricing strategy

5.2.2 IEMA Optimization Decision

As shown in Fig. 8, taking the demand response load of IESM 1 as an example, different demand reduction amounts are optimized at different times within the selected reference day. This is done from the perspective of appropriately reducing user energy demand to compensate for the drawbacks of unstable and intermittent renewable energy capacity:
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Figure 8: IESM 1 demand response

In Figs. 9a and 9c, IESM 1, as a multi-electric-type microgrid, contributes electricity to the alliance for most of the scheduling period on the reference day. However, at 4:00 and 6:00, the renewable energy output did not meet the load demand of sub-microgrid 1. Insufficient demand can be supplied by the surplus of the IEMA. At this time, IESM 3, which is closest to the alliance dispatch center, takes on the main task of purchasing additional electricity from the distribution grid. Additionally, at this time, the distribution grid price is lower than the energy storage station price, aligning with the interests of all stakeholders. The optimization strategy in Fig. 9b also aligns with the interests of IESM 2. In summary, surplus energy from the Integrated Energy Multi-Microgrid Alliance is stored in the centralized Energy Storage System (ESS), and the ESS is dispatched during periods of energy scarcity to meet the energy demands of the Integrated Energy Multi-Microgrid Alliance. The dynamic pricing of the ESS also aligns with the interests of the ESS operator.
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Figure 9: (a) IESM 1 optimization and scheduling results of electric energy. (b) IESM 2 optimization and scheduling results of electric energy. (c) IESM 3 optimization and scheduling results of electric energy

6  Conclusion

The first point: The energy optimization framework of the centralized energy storage power station and integrated energy microgrid alliance based on master-slave game proposed in this article takes into account the decision-making impact between ESS and IEMA under the consideration of elastic pricing mechanism, which is in line with the interests of multiple stakeholders. This article focuses on optimizing the operating mechanisms of IEMA and ESS. Through comparative analysis of four examples, the introduction of centralized energy storage stations and master-slave game operating mechanisms in the context of IEMA’s internal energy mutual assistance can strengthen the integration of renewable energy and peak valley regulation, encourage users to use energy reasonably, and achieve the goal of reducing energy costs. When solving the energy peak valley mode, it proposes the transfer of remaining electricity from energy storage stations and optimizes energy scheduling strategies based on master-slave game theory in the context of energy mutual assistance. In addition, ESS has the advantage of reducing investment costs. Compared to the mode of configuring energy storage for each integrated energy sub-grid, the initial construction investment cost of energy storage equipment is reduced through centralized energy storage power plants.

Secondly, the services of energy storage operators are conducive to IEMA’s new energy consumption and meeting its energy needs. Through dynamic pricing mechanisms, IEMA achieves low-cost energy consumption, while IEMA achieves comprehensive energy demand response and new energy consumption through electricity pricing and charging and discharging decisions. IEMA makes energy coupling and demand response decisions based on electricity prices and charging and discharging strategies. In the case analysis, compared to not using a game theory framework, the cost of IEMA decreased by 11.2%, and the revenue of ESS increased by 21%, which meets the demand for benefits.

The framework proposed in this article can accurately depict the interaction and cooperation mechanism between IEMA and ESS, which has certain reference significance for the research of energy co-economy and energy storage power station cooperation models. In the future, further research will be conducted based on factors such as source load uncertainty and hydrogen energy coupling utilization.
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