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Abstract: This paper studies the feasibility of a supply-side wind-coal integrated energy system. Based on grid-side data, the load regulation model of coal-fired power and the wind-coal integrated energy system model are established. According to the simulation results, the reasons why the wind-coal combined power supply is difficult to meet the grid-side demand are revealed through scenario analysis. Based on the wind-coal combined operation, a wind-coal-storage integrated energy system was proposed by adding lithium-iron phosphate battery energy storage system (LIPBESS) to adjust the load of the system. According to the four load adjustment scenarios of grid-side instructions of the wind-coal system, the difficulty of load adjustment in each scenario is analyzed. Based on the priority degree of LIPBESS charge/discharge in four scenarios at different time periods, the operation mode of two charges and two discharges per day was developed. Based on the independent operation level of coal-fired power, after the addition of LIPBESS (5.5 MWh), the average qualified rate of multi-power operation in March and June reached the level of independent operation of coal-fired power, while the average qualified rate of the remaining months was only 5.4% different from that of independent operation of coal-fired power. Compared with the wind storage mode, the energy storage capacity and investment cost of wind-coal-storage integrated energy system are reduced by 54.2% and 53.7%, respectively.

Keywords: Wind power; lithium-iron phosphate battery energy storage system; coal-fired power; integrated energy system






1  Introduction

The random and fluctuating characteristics of wind power affect the safety and economy of the power grid [1]. The anti-peak regulation of wind power generation results in serious wind power abandoning phenomenon [2]. These problems could hamper the development of wind power and need to be solved to increase the proportion of wind power in the grid [3].

The combination of energy storage system and wind power is considered as an effective way to improve the stability of wind power: (1) Thermal energy storage [4]. (2) Hydropower and pumped storage [5]. (3) Compressed air energy storage [6]. (4) Battery energy storage system (BESS) [7]. BESS is a relatively mature energy storage technology, which has the superiorities of fast response, stability, and geographical independence and it has been triumphantly applied to various application scenarios [8]. It is an ideal auxiliary adjustment method for the power system, but the economy is the main problem restricting its application [9]. Thus, flexible power generation systems are needed to co-dispatch wind power to reduce battery energy storage capacity.

Wind power can be effectively utilized by dispatching through hydropower [10]. However, the geographical distribution of hydropower is limited, so relying on them alone cannot significantly increase the proportion of wind power into the grid. Compared with hydropower, coal-fired power plants are not constrained by geography and have power regulation flexibility, which is a favorable choice for the integrated energy system of multi-source power [11]. Meantime, its operation technology is relatively mature, the highest ramp rate can reach 3%–4.5%, the minimum load is 25%–40% of rated capacity [12]. In the power system dominated by renewable energy, higher requirements are put forward for the flexibility of coal-fired power plants [13,14]. Frew et al. pointed out that coal-fired power plants with higher ramp rate and low load operation are more suitable for the power system with high renewable energy ratio [15]. Research shows that future power systems will require more flexibility from coal-fired power to increase the proportion of wind power [16].

The wind-coal integrated energy system has been investigated by some researchers. Li et al. proposed that power generation planning for thermal power, wind power and solar power would help enhance the economic benefits [17]. Gao et al.’s research showed that thermal power and wind power can promote the utilization of wind power and increase the flexibility of power system through reasonable planning [18]. Dong et al. showed that the wind-coal combined dispatching can reduce pollution emission by optimizing operation strategy [19]. Zhu et al. studied the impact of the system costs and emissions with different wind and thermal capacity combinations [20]. Dong et al. solved the problem of unstable power supply from wind power by adding energy storage system, thus reducing the influence of wind power on coal-fired power [21]. The above research mainly focuses on the economics and low carbon emissions of power dispatching. However, coal-fired power has the potential to dispatch wind power as a flexible power system. In addition, the BESS has higher charge and discharge power, which can incorporation with the coal-fired power and enhance the flexibility of multi-source power integrated energy system. At present, there is insufficient research to show the feasibility of dispatching wind power directly through the coal-fired power, it is necessary to further explore the potential of direct dispatching of wind power from coal-fired power. Therefore, different from previous studies, this paper explores the feasibility of coal power directly acting as a regulatory power source to regulate wind power and respond to grid side command demands from the perspective of power matching.

In this paper, a wind-coal-storage integrated energy system operation mode is proposed, in which the battery energy storage system assists the coal-fired power generation to regulate the wind power generation. Explore the potential of dispatching wind power in coal-fired power to solve the problem of insufficient utilization of wind power. The research carried out in this paper is as follows: (1) The load model of coal-fired power plant based on historical operation data and battery energy storage system model are established, and the mathematical description and solution method are provided. (2) Through scenario analysis, the reasons for the efficiency reduction of the wind-coal integrated energy system are revealed, and the operation strategy of the energy storage system is formulated according to the load adjustment difficulty of each scenario. (3) Energy storage capacity is optimized through particle swarm optimization algorithm (PSO) based on the wind-coal-storage integrated energy system to reduce the investment of BESS.

2  Methodology

The frequency and power of the grid are primarily regulated by automatic generation control (AGC). Power plants respond to AGC instructions by adjusting the load to incorporate electricity into the power grid, which would be supplied to the user side after dispatching. Fig. 1a shows the operation mode of existing power plants responding to the AGC of the grid. However, wind power has the problem of power curtailment due to its natural characteristics. In the most severe areas, the wind power abandonment rate can reach 20% due to its volatility characteristics [22]. The wind-coal integrated energy system is shown in Fig. 1b, which utilizes the flexibility of coal-fired power to regulate wind power and supply electricity to the power grid. The research is based on 6-month historical data of a 50 MW wind farm and a 330 MW coal-fired power plant, and the main parameters of coal electricity are shown in Table 1 [23].
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Figure 1: Power dispatching diagram of wind power, coal-fired power, and wind-coal combined operation
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2.1 Mathematical Description

2.1.1 The Load Model of Coal-Fired Power Plant

The coal-fired power is a complex power generation system that involves a lot of heat transfer, mass transfer, and phase change processes. Thus, the load response has an inertial delay. The existing control methods of power plants are mainly based on automatic control to realize the coordination control of various systems. The automatic control of coal-fired power is mostly rely on the Proportional, Integral, and Derivative (PID) controller for power regulation. Therefore, a load response model of a coal-fired power based on the PID control principle is built to simulate the load response process of the actual plant.

The mathematical description of the coal-fired power model is as follows:

(ΔP)ij=k1[(PAGC,C)ij−(PC)(i−1)j]+k21T1∫t1jtij[(PAGC,C)ij−(PC)(i−1)j]dt+k31T2d[(PAGC,C)ij−(PC)(i−1)j]dt(1)

(PC)ij=(PC)(i−1)j+(ΔP)ij,ΔP≤vr,max(2)

where, i is the daily corresponding time, j is the running date (i = 1,2,3,..., 86400; j = 1, 2, 3...); (PAGC,C)ij is the load command issued by the power grid at a certain time on the same day; PC is the real-time load of coal-fired power; ∆P refers to the load adjustment value of the coal-fired power at the next time on the day; k1, k2, k3 are the control coefficients of the coal power load regulation model, respectively, which need to be solved by actual data fitting; vr, max refers to the daily stable climbing rate of coal-fired power.

2.1.2 The Principle of the Wind-Coal Integrated Energy System

In the combined wind-coal integrated energy system mode, coal-fired power is used as a regulatory power source to regulate wind power and respond to grid instructions, giving full play to the load regulation potential of coal-fired power and realizing stable power supply. The mathematical description of grid side instruction construction of wind-coal combined power supply system is as follows:

PAGCW&C[P1,1⋯P1,j⋮⋱⋮Pi,1⋯Pi,j]=PAGC,C[P1,1⋯P1,j⋮⋱⋮Pi,1⋯Pi,j]+PAGC,W[P1,1⋯P1,j⋮⋱⋮Pi,1⋯Pi,j](3)

where, PAGCW&C is wind-coal combined power supply system AGC instructions; PAGC,C is coal-fired power data AGC instruction; PAGC,W is the original AGC instructions for wind power.

PctW&C[P1,1⋯P1,j⋮⋱⋮Pi,1⋯Pi,j]=PAGCW&C[P1,1⋯P1,j⋮⋱⋮Pi,1⋯Pi,j]−PW[P1,1⋯P1,j⋮⋱⋮Pi,1⋯Pi,j](4)

where, PctW&C is the power supply target of coal-fired power in the wind-coal combined power supply system. PW indicates the wind power generation power. The load command of the combined power supply system is obtained by coupling the wind power plant with the coal power supply command. When wind power and coal power are coupled, short AGC deviation data segments will appear. AGC usually lasts at least 30 s. If the length of the coupled data segment is less than 30 s, it will be suppressed by the previous AGC instruction value. The coal-fired electricity simulation is calculated by the coupled AGC into the load regulation model, and the wind power load is linearly interpolated into second level data through actual minute level data.

2.1.3 Lithium-Iron Phosphate Battery Energy Storage System in Wind-Coal-Storage Integrated Energy System

Lithium-iron phosphate batteries are valued in battery energy storage systems for their advantages of lightweight, high energy conversion efficiency (85%–95%), and long cycle times (2000–10000 times) [24]. The lithium-iron phosphate battery energy storage system (LIPBESS) is composed of battery cells in series or parallel, each of them is constrained by the battery management system (BMS). It has security, monitoring, communication, control, and other functions. The direct-current output of the battery is connected to a power conversion system (PCS), which converts the power between alternating-current and direct-current output [25]. LIPBESS achieves target power charge and discharges under the management of BMS and PCS, the high charge and discharge speed and efficiency enable LIPBESS to start up quickly in energy storage system applications, providing technical support for rapid charge and discharge mode conversion of energy storage systems [26]. Thus, the energy storage system in this paper is based on LIPBESS. However, frequent charging and discharging will shorten its service life. The purpose of adding LIPBESS in this paper is to assist the system in improving the power regulation ability of integrated energy system. On the other hand, reducing the operating frequency of BESS might help increase its service life.

In this paper, the charge-discharge characteristics of LIPBESS were studied. The influences of cycle life, operation and maintenance, and operation faults on the use of LIPBESS were not considered in the construction of the model. The model constraints are as follows:

ηBESS=0.9(5)

where, ηBESS is the energy conversion efficiency of BESS, determine this parameter from the literature [26].

The State of Charge (SOC) of a battery is a state parameter that represents the battery capacity. SOC is calculated as follows:

SOCt2j=SOCt1j+1B∫t1t2λPtjdt(6)

10% ≤SOC≤90% (7)

where, Ptj is the charging or discharging power of the battery energy storage system at a certain time on the same day. SOCt1 is the initial SOC value of LIPBESS running, The SOC constraints of the model were obtained from the literature parameters [8,27]. B is the rated capacity of LIPBESS; t1 is the initial time of LIPBESS operation; t2 is the end time of LIPBESS operation; λ is a constant coefficient considering environmental factors such as temperature and aging. Eq. (7) is the SOC limit of LIPBESS. Meanwhile, in order to prevent LIPBESS from over-charging and over-discharge and ensure the safe and stable operation of the system, the SOC of LIPBESS is constrained.

During operation, LIPBESS improves the load regulation capacity of the system through charging and discharging during a specific running time, so as to improve the load regulation flexibility of the system. That is, the energy storage system only makes up for the inadequate regulation of the regulatory power supply load within the time period. In this study, based on the independent operation of coal-fired power, LIPBESS supplemented the load adjustment rate of the wind-coal integrated energy system to the maximum stable adjustment rate of coal-fired power. This measure can reduce the charge-discharge ratio of the energy storage system during operation and increase the operating life of the energy storage system. LIPBESS in charge and discharge function and constraints are as follows:

Charging power function of LIPBESS:

(Pchar)tj=1ηBESS∫1(t−1)(Pchar)tj−Pr,max+ΔPtjdt(8)

Discharge power function of LIPBESS:

(Pdischar)tj=1ηBESS∫1t−1(Pdischar)tj−Pr,max−ΔPtjdt(9)

(Pchar)ij≤Pchar,max(10)

(Pdischar)ij≤Pdischar,max(11)

Pchar is the real-time charging power of LIPBESS; Pdischhar is the real-time discharge power of LIPBESS; Pr,max is the maximum stable climbing rate of coal power; ∆P is the power adjustment value of the coal-fired power at the previous time. Eqs. (10) and (11) are the charge and discharge power constraints of the battery energy storage system, which will be introduced in detail in the following chapters.

2.2 LIPBESS Investment Costs

The investment cost of energy storage system is still an important factor restricting the construction of energy storage system. It is necessary to evaluate the construction of energy storage system by economic parameters, the economic evaluation method reference literature and local manufacturers research obtained [28,29]. The calculation method is as follows:

Cinvest=Cbu+Cca+Cci+Cpc(12)

Cbu=(cb+cbms+cs)⋅CB(13)

Cca=(cdc+cta+cau)⋅Prated(14)

Cci=cci⋅Prated⋅hd(15)

Cpc=cpc⋅(Prated10000)0.8⋅10000(16)

where, Cinvest is the total investment cost of LIPPBESS; Cbu is the price of major equipment of the LIPBESS; Cca is the system construction and assembly costs; Cci is building space and installation cost; Cpc is the cost of preparing auxiliary materials; CB is building energy storage capacity of LIPBESS; cb, cbms and cs the unit cost of battery original, BMS and battery storage box, respectively; cdc, cta, and cau are unit prices of DC/AC conversion equipment, transformer assemblies and auxiliary protection systems respectively; Prated is the rated power of LIPBESS; hd is each the operation time (charge/discharge) of LIPBESS; cci is the building space and installation cost required by unit energy storage system construction; cpc is the cost of equipment handling required for construction.

2.3 Load Evaluation Criteria of the Power System

AGC is an important technical to guarantee the reliability operation of the grid, maintain the power generation stability of the power system and meet the needs of power users. In order to ensure the reliability of the grid, the power plant response to the AGC signal needs to satisfy certain standards. Referring to the previous literature [30–32], three parameters are used to evaluate the AGC response of the system.

The adjustment time is an important index to evaluate whether a single load adjustment time is sufficient, and requires the difference between the instruction value and the system load to cross zero within the time period. According to the target system and the first and second frequency modulation mechanism, the single response time should last at least 30 s and the instruction period with insufficient frequency modulation time should be incorporated into the previous load evaluation, so as to filter the power grid instructions that lead to frequent unit regulation and stabilize the unit regulation frequency.

{ttot=tej−tbj(PsystemAGC)ij−(Psystem)ij=0,b≤i≤e(17)

where, ttot is the duration of each power grid instruction; tbj is the beginning moment of an instruction of the day; tej is the end time moment of an instruction of the day; PsystemAGC is the AGC instruction of a power generation system; Psystem is the load of a power generation system.

In order to reduce the impact of the unstable stage of the adjustment rate on the evaluation results in the process of load regulation, it is necessary to obtain an effective evaluation interval in the process of load response to avoid this situation. According to the actual operation data, the evaluation interval of the average adjustment speed is 10%–90% of the process of single load adjustment, and the load adjustment speed is evaluated within this interval. The formula is as follows:

RAVR=(Phj−Plj)/(thj−tlj)(18)

where, RAVR is the average adjustment rate of load regulation of a unit on that day; Phj is the load value of each load adjustment up to 90% of the change value; Plj each load adjustment up to 10% variation of the load value. Since the maximum ramp rate constrained by the model is 1.83% Pe/min, the standard should be lowered in the overall evaluation, and the average ramp rate evaluation index should be set to 80% (1.5% Pe/min) of the maximum value.

After power regulation, it is necessary to maintain the stability of power output, which requires the load fluctuation of the unit after load regulation to be within a certain range within a specified time. The load deviation degree was used to evaluate the stability after load regulation.

PD=[∑h,je,j[Pij−PAGC]]/(tej−thj)(19)

where, PD is the degree of load deviation adjusted at the appropriate time; Pij is the acual power output of power generation system. PAGC is the grid instruction value of this load regulation; tej is the end time of this power grid instruction; For coal-fired power, the power fluctuation after load response adjustment stability deviation should not exceed 1% of the rated capacity.

When three evaluation parameters are met simultaneously in a load evaluation process, the adjustment process is regarded as qualified. The qualified rate of daily load evaluation is the ratio of the times of passing assessment and the total times of assessment on that day. The mathematical description is as follows:

(Time)j=evaluate[RAVR,PD,T]j(20)

(AR)j=(Time)j/(Timetotal)j(21)

where, (Time)j is the number of qualified daily load evaluation; (AR)j is the qualified rate of daily load evaluation; (Timetotal)j Indicates the total number of daily load adjustment times.

2.4 Solution Method for Model

The model solving flow chart is shown in Fig. 2. The model is established and solved based on actual data. In this section, the coal-fired power load regulation model is solved first. The solution of wind-coal-storage integrated energy system will be introduced in Section 4.
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Figure 2: Model construction flow chart

The integrated energy system model and energy storage model need to be solved through actual data, which involves multi-parameter optimization. The mathematical description of the PSO solution model and objective function is as follows:

Objectcoal=min[∑1jij|(Preal)ij−(PC)ij|]/∑1jij(Preal)(22)

ObjectBESS={max[∑(AR)j/j]min(BLIPBESS)(23)

kn(t)=kn(t−1)+vn(t−1)(24)

vn(t)=vn(t−1)+cnrn(kgb(t−1)−kn(t−1))+cnrn(kpb(t−1)−ki(t−1))(25)

fmax=max[(Preal)ij−(PC)ij/(Preal)ij](26)

vr,max=130max|(Preal)ij−(PC)(i−30)j|(27)

where, Objectcoal is the objective function to solve the coal-fired power load model. ObjectBESS is the objective function for solving the energy storage capacity. Preal is the actual data of coal-fired power; AR is the qualified rate of load evaluation; kn (n = 1,2,3) are the deviation coefficient, integral coefficient and error coefficient respectively; vn is the iteration speed, and the value range is [0, 0.025]; kpb is called the local optimal solution, that is, the optimal solution of the single iteration interval; kgb is the optimal solution for global computation; cn is learning factors, and the value range is [0.7, 0.8]; rn is the random weight of each iteration set to [0,1].

Since PSO may fall into the problem of local solution instead of optimal solution, this study adopts the method of generating random population iteratively at each step and enhancing the role of learning factors to avoid falling into local optimal solution. The solution process of PSO algorithm is shown in Fig. 3. Pe is the rated capacity of coal-fired power. The coal-fired power regulation model fits the typical daily actual data of each month. Different particle numbers and iteration results were calculated, as shown in Table 2.
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Figure 3: Flow chart of PSO algorithm solution
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The last group of data with the smallest error is selected as the model parameters. Therefore, it is considered that the maximum stable ramp rate of the actual data is 1.83% Pe/min, which is regarded as the constraint condition in the coal-fired power model. Verify with other daily data to ensure the maximum error is less than 5% and ensure the effectiveness of the model. The solution of energy storage configuration of wind-coal-storage integrated energy system would be introduced in the following chapters.

3  Characteristics of the Wind-Coal Integrated Energy System

3.1 Load Evaluation of the Wind-Coal Integrated Energy System

Due to the maturity of coal-fired power grid-connection technology, the load evaluation in this study takes the evaluation results of coal-power independent operation as the grid-side standard to analyze the integrated energy system. Based on the simulation results, the system load regulation process was evaluated according to the load evaluation standards, and the results were shown in Fig. 4. Compared with the independent operation of coal-fired power, the qualified rate of load evaluation of wind-coal combined power supply showed a downward trend in each month, and the decreased level was significant from January to May, and the qualified rate of average monthly load evaluation decreased by 17.1%. Compared with the load evaluation of the other five months, the independent operation level of coal-fired power in June was at a lower level. Meanwhile, the qualified rate of the load evaluation of the combined wind-coal power supply decreased the least in the six months, with an average decrease of 6.9%. In the process of these unqualified responses, the requirements cannot be satisfied in the specified period due to the insufficient variable ramp rate, which would affect the evaluation of adjacent segments. In order to further analyze the reasons for the decrease of the load evaluation qualified rate of the wind-coal combined operation, the scenarios of load regulation are analyzed in the following section.
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Figure 4: Load evaluation qualified rate of coal-fired power independent operation and wind-coal combined operation

3.2 Four AGC Scenarios of Wind-Coal Integrated Energy System

Wind power has volatility and randomness due to its natural characteristics. If wind power fails to respond in time to some AGC instructions during integrated energy system, it will increase the regulatory burden of the coal-fired power, which is called the phenomenon of anti-peak regulation. The load response would be unqualified when the power exceeds the regulation capacity of the coal-fired power. In the process of analyzing the data, we found that the influences for integrated energy system are distinctive for different step signal coupling. According to the different characteristics of different forms, it is divided into four scenarios. Representative data segments are selected for the explanation.

Scenario 1 as Fig. 5a: The AGC instruction of wind power decreases when the AGC instruction of the coal-fired power plant increases.
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Figure 5: Schematic diagram of load response in scenario 1 and scenario 2

Scenario 2 as Fig. 5b: The AGC instruction of wind power increases when the AGC instruction of the coal-fired power plant decreases.

Compared with the original AGC instruction, the above two scenarios will reduce the target load change value which is beneficial for coal-fired power regulation. The integrated energy system in Fig. 3b reached the target load 40 s earlier. Meanwhile, these two scenarios could reduce the regulating task of the coal-fired power when the wind power can follow the target load in time, which is conducive to operation.

Scenario 3 as Fig. 6a: Wind power and coal-fired power AGC instructions elevate in synergy.
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Figure 6: Schematic diagram of load response in scenario 3 and scenario 4

Scenario 4 as Fig. 6b: Wind power and coal-fired power AGC instructions reduce in synergy.

The above two scenarios will increase the load variation value of a single regulation for wind-coal operation, and the coal-fired power needs to operate at the maximum load regulation rate. If the wind power appears anti-peak regulating phenomenon in this period, it would increase the time required for the wind-coal system to reach the target load. Even unable to adjust the load to the instruction value within the specified time, resulting in the load adjustment failed to meet the standard, thus reducing the qualified rate of load evaluation.

3.3 Statistics of Four Scenarios under the Wind-Coal Integrated Energy System

Fig. 7 shows the average occurrence probability of various scenarios in 6 months. The results show that the proportion of each scenario changes stably in each month, and the range of change is less than 8%. On the basis of statistical results, the results are divided into two parts: regulatable and difficult to regulate, as shown in Fig. 6. Regulatable means that the load adjustment capacity of coal-fired power can adjust the load to the instruction value before the end of a certain AGC instruction, and at the same time reach the load evaluation standard. Difficult to regulate, that is, wind power appears anti-peak regulating phenomenon under the side instruction of a certain section of the grid. The probability that scenario 1 and scenario 2 are difficult to regulate is 3.5% and 4.8%, and the conditional probability is 30.2% and 22.3%, respectively. The scenario 1 and scenario 2 has little influence to the regulation of wind-coal system. In scenario 3 and scenario 4, the average proportion of system load that is difficult to regulate is 12.6% and 13.3%, respectively, and the conditional probability is 92.6% and 87.5%, respectively. That means when scenario 3 and scenario 4 occur, it is difficult for the coal-fired power to regulate the load to reach the target load.
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Figure 7: Statistical results of different scenarios in each month

4  The Principle of the Wind-Coal-Storage Integrated Energy System

In order to solve the problem of insufficient load regulation capacity of wind-coal system, LIPBESS was added to assist in load regulation of the system. The integrated energy system mode of the wind-coal-storage is shown in Fig. 8. The LIPBESS could enhance the flexibility of the stability of power generation by wind-coal integrated energy system through charge/discharge, alleviates power fluctuations, and promote the stable operation of wind power. Based on the four scenarios statistics of the wind-coal integrated energy system at different times, the operation strategy for LIPBESS is formulated.
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Figure 8: Diagram of wind-coal-storage combined power generation

4.1 Operation Strategies of LIPBESS

4.1.1 Typical Four Periods of the Day

According to the restriction of cycle life, it is uneconomical to charge/discharge BESS in seconds. At present, some BESS projects are in the demonstration phase. The minimum time for charging or discharging BESS is two hours [33]. Thus, the energy storage system has a very limited frequency of action in a day. Hence, we choose a relatively conservative two-charge and two-discharge models for investigation. So that the energy storage system will have a wider operation space in practical application. Meanwhile, to ensure the LIPBESS could fully charge and discharge at least 50% of the time in each period, the maximum charge/discharge power per MWh in LIPBESS is limited to 0.5 MW.

The day is divided into four periods to formulate the LIPBESS operation strategy. From the perspective of daily activities. 0:00–6:00 at night, with fewer personnel activities and less corresponding power demand. Therefore, it is considered that the load demand changes less during this period compared with other times. 6:00–12:00, personnel activities gradually increase, most industries began to operate, and electricity demand gradually increases during this period. 12:00–18:00, actual coal-fired plants are usually at higher load levels during this period. 18:00–24:00, personnel activities and power demand gradually decrease until relatively stable low-level load demand. According to the five scenarios instruction for wind-coal in different periods, the proportion of difficult to regulate the load in each scenario in the wind-coal integrated energy system in each period was calculated.

4.1.2 The Charge/Discharge Period of the LIPBESS

According to scenario division, the priority degree of charge and discharge taken by LIPBESS in different scenario s is determined. When anti-peak regulating occurs in scenario 3, LIPBESS discharge is needed to improve the system load within the period to meet the demands of the grid-side. Similarly, scenario 4 requires LIPBESS charging to reduce the system load during the time period. According to the analysis in the previous section, the occurrence probability of scenario 1 and scenario 2 is low. Meantime, when the load in scenario 1 and scenario 2 is difficult to adjust, the requirements for charging and discharging are similar to those in scenario 3 and Scenario 4, which are suitable for discharging and charging respectively. Therefore, the LIPBESS preferentially charges/discharges according to the probability of difficulty adjustment in scenario 3 and scenario 4.

According to the division of time periods, the probability of scenario 3 and scenario 4 is calculated in different time periods. The boxplot of statistical results for each time period is shown in Fig. 9. Based on the statistical results, the operation of energy storage is divided into two quarters, January to March and April to June. In the first quarter, the average probability of scenario 4 occurring at 0:00–6:00 h and 12:00–18:00 h was 5.2% and 3.8% higher than that of scenario 3, and LIPBESS was preferably charged. The ratio between 6:00–12:00 and 18:00–24:00 in scenario 3 is higher than that in scenario 4, which is 7.7% and 6.2% higher on average. Therefore, the LIPBESS gives priority to discharge operation.
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Figure 9: Probability statistics of scenario 3 and scenario 4 in each period

In the second quarter, at 0:00–6:00 and 12:00–18:00, the average probability of difficulty adjustment in scenario 3 is 9.2% and 3.6% higher than that in scenario 4, and the LIPBESS gives priority to discharge. The occurrence probability of scenario 4 at 6:00–12:00 and 18:00–24:00 is 6.3% and 4.7% higher than that of scenario 3 on average, so the charging operation is preferred.

In summary, the operation strategy of the LIPBESS in the integrated energy system is as follows: the operation mode of charge-discharge-charge-discharge is carried out in the first quarter, and the operation mode of discharge-charge-discharge-charge is adopted in the second quarter.

4.2 The Optimal Storage Capacity of LIPBESS

In order to plan the optimal LIPBESS configuration, the influence of different energy storage system capacities on the monthly average operation qualified rate is preliminarily explored, as shown in Fig. 10. The results show that the LIPBESS enhances the qualified rate of the wind-coal integrated energy system, and the qualified rate increases with the increase of energy storage capacity. However, due to the fixed operation mode of energy storage in the day, the qualified rate of the wind-coal-storage system has a limit in theory. It can be seen from Fig. 10 that compared with 5 MWh, the qualified rate of 6 MWh is only improved by 3.2% on average. Therefore, there is an optimal scenario for the wind-coal-storage integrated energy system.
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Figure 10: The qualified rate of combined operation under each BESS capacity

On this basis, the energy storage capacity is optimized by taking the average load evaluation qualified rate and minimizing construction cost as the objection. PSO is adopted in which the two objective functions are the maximum average load and the minimum LIPBESS capacity. The optimal LIPBESS capacity is 5.5 MWh through the calculation of the wind-coal-storage integrated energy system model.

4.3 Power Generation Evaluation of Wind-Coal-Storage Integrated Energy System

The LIPBESS adopts two charge/discharge operation modes through scenario analysis. The energy storage only charges or discharges in a certain period to improve the ramp rate of the system, without other adjustments. Fig. 11 shows the qualified rate of wind-coal-storage evaluation. The particular reason for the higher qualified rate is that the addition of LIPBESS enhances the ramp rate of the combined power generation. Compared with the wind-coal combined power generation system without LIPBESS, the qualified rate of wind-coal-storage integrated energy system is increased by 14.5% per month. The biggest increase was in June, at 15.7%. The average qualified rate of wind-coal-storage integrated energy system in March and June reached the level of independent operation of coal-fired power, and the average difference between the system and independent operation of coal-fired power in other months was only 5.4%. The integrated energy system of the wind-coal-storage in this paper consists of a 50 MW wind farm combined with a 5.5 MW LIPBESS and a 330 MW coal-fired power. Using the wind-storage operation method in reference [34], at least 12 MWh BESS capacity is required to adapt to a 50 MW wind farm to make wind power have better scheduling. In addition, the wind-coal-storage integrated energy system mode fully uses the existing regulation potential of the coal-fired power to enhance the utilization of the wind power generation, and LIPBESS shares the task of power regulation in the process. Compared with the wind-storage operation, the capacity demand for energy storage is reducing. The economic indicators of LIPBESS were obtained from manufacturer and reference [28,29], as shown in Table 3. The construction cost of the energy storage system required by the coal integrated energy system is $1,334,031.9, saving $15,48,323.1 compared to the investment of the wind-storage integrated energy system (12 MWh) with the same calculation parameters.

[image: images]

Figure 11: The qualified rate of wind-coal-storage integrated energy system
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Based on the above results, the advantages of extensive distribution, large installed capacity, and the flexibility of existing coal-fired power plants should be fully utilized during the process of gradually reducing coal-fired power generation. Different plants can operate combined with dissimilarly wind power capacities. The analysis results of the wind-coal-storage integrated energy system explored in this paper show that coal-fired power plants can dispatch wind power, but there are certain limitations to this ability. The 330 MW coal-fired power can dispatch 50 MW wind power generation by adding a 5.5 MWh energy storage system. At the same time, coal-fired plants have huge installed capacity worldwide and have great potential in dispatching renewable energy, and the price of lithium-ion batteries is gradually reduced. In real terms, the load regulation potential of coal-fired power is not only limited by 1.83 Pe%/min calculated in this paper, which means that there is room for further research on the absorption of wind power by coal-fired power plants.

5  Conclusions

This paper discusses the feasibility of using the flexible advantages of coal-fired power and LIPBESS to dispatch wind power. Through the statistics and analysis of the four scenarios, the energy storage operation strategy of two charge/discharge is formulated. Taking the actual user load demand and the optimal LIPBESS construction as the objection, the wind-coal-storage system is established under the actual data of the power plant. The results show that:

1. The anti-peak regulating phenomenon is the main reason that increases the difficulty of wind-coal system load regulation in scenario 3 and scenario 4. The simulation results show that the qualified rate of the wind-coal integrated energy system decreases significantly from January to May, and the qualified rate of the average daily load evaluation decreases by 17.1%, which is difficult to meet the requirements of grid-side stability.

2. Lithium-iron phosphate battery energy storage system (LIPBESS) was added to adjust the load of the system, and the operation mode of wind-coal-storage integrated energy system was constructed. According to the occurrence probability of different time periods, different scenarios and the priority of energy storage charging/discharging and the LIPBESS operation strategy of two-charge and two-discharge was developed. By PSO optimization calculation, the optimal LIPBESS capacity of wind-coal-storage integrated energy system is 5.5 MWh.

3. In March and June, the average qualified rate of wind-coal-storage integrated energy system reached the level of independent operation of coal-fired power. In other months, the average difference was only 5.4%, which show that the wind-coal-storage integrated energy system could meet the demand of grid-side stability. Compared with the wind-storage mode, the energy storage capacity and investment cost are reduced by 54.2% and 53.7%, respectively.
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Table 1: Main parameters of coal-fired power

Parameter Unit BMCR
Main steam flow t/h 1102
Main steam outlet pressure MPa 17.5
Main steam outlet temperature °C 541
Superheated vapor pressure drop MPa 1.5
Feed water pressure MPa 19.392
Feed water temperature °C 280
Reheat steam flow rate t/h 909.7
Reheat steam outlet pressure MPa 3.617
Reheat steam outlet temperature °C 541
Reheat steam inlet pressure MPa 3.797

Reheat steam inlet temperature °C 329.9
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Table 3: LIPBESS investment cost parameters

Parameter Value Unit
Battery pack price (c,) 157.2 $/kWh
BMS (Cims) 31.44 $/kWh
Battery storage box (c;) 18.86 $/kWh
DC/AC conversion equipment (cq.) 2593 $/kWh
Transformer (c,) 0.94 $/kWh
Auxiliary protection system (c,,) 31.44 $/kWh
Building space and installation cost (¢,) 1.57 $/kWh
Preliminary engineering preparation (c,.) 4.41 $/kWh
Major equipment (Cl,) 1,141,250 $
Construction and assembly cost (C.,) 160,352.5 $
Building space and installation cost (Cy) 17,270 $
Preparing auxiliary materials (C,.) 15,159.4 $
Investment cost, wind-coal-storage (Ci,.) 1,334,031.9 §
Investment cost, wind-storage (Ciye) 2,882,355.0 $
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Table 2: Particle swarm optimization parameters and calculation results

Particle Iteration k, k, ks 1 (%) S max (%0) Vemax (Po/min)
quantity  times

30 30 0.3107 0.2771 0.2845 0.3887 4.263 1.828%

50 30 0.3156 0.2219 0.2960 0.3882 4.263 1.847%

80 50 0.2722 0.4494 0.3448 0.3878 4.255 1.849%

80 100 0.2696 0.0889 0.2774 0.3876 4.257 1.857%

100 100 0.1208 0.2050 0.2772 0.3869 4.255 1.862%

150 100 0.1109 0.2723 0.2665 0.3878 4.252 1.851%

150 150 0.1106 0.2763 0.2536 0.3809 4.222 1.834%
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