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Abstract

:

In order to accommodate more intermittent renewable energy in coal-dominated power systems, conventional thermal power plants need to improve their operational flexibility to balance the energy system at all times. However, flexible operation of coal-fired power plants could reduce energy efficiency and increase CO2 and pollutant emission, so it is important to consider environmental implications and optimize the dispatch of wind and coal power units in the system. In this paper, based on the output profile of wind power, a wind power peak (T, H) simulation model based on Gaussian distribution was established. Using a high-proportion wind power wind–coal combined base load power generation system as an example, the economical and environmentally friendly unit operation based on different wind power penetration was studied by simulation, and the decision strategy was established. Wind energy curtailment boundary was determined with power generation cost, energy consumption, CO2 and pollutant emissions as decision targets, respectively. Weekly scale results indicate that incorporating energy consumption and pollutant emissions into consideration will lead to different decision-making strategies compared with only targeting minimizing wind curtailment. This paper established a decision-making model of wind–coal system operation strategy based on economy and environmental criteria. This work directly contributes to real system operation and is of great significance for future scheduling/dispatch studies of actual power systems.
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1. Introduction


1.1. Background


China has proposed an ambitious plan for renewable energy development [1,2,3,4]. The goal is to achieve 20% of non-fossil energy production by 2030. This target will be mainly achieved by increasing utilization of wind and solar energy [5,6,7]. With strong support from the government, renewable power generation has developed rapidly in the past decade. By the end of 2016, China has become the world’s largest country in wind power and solar power installed capacity. Due to the intermittency of wind and solar power generation, large-scale integration of wind and solar power onto the grid requires conventional thermal power plants to balance the load.



China’s power supply structure is still dominated by coal-fired power with only a very small share from flexible sources, such as natural gas and pumped-storage hydropower. In the three northern regions of China (North China, Northwest China, Northeast China), wind power and solar power generation account for a large share, and the task of load balancing is mainly performed by coal-fired power units. Although wind and solar power can be considered as zero emissions, their intermittent and uncertain outputs could increase the economic costs and pollutant emissions from coal power units in the system. As wind power capacity increases, the thermal power units in the network need to operate with more flexibility (including frequent deep cycling, frequent start-up and shutdown), which would increase coal consumption and emissions accordingly [8,9,10,11,12,13,14]. Recently, researchers have been focusing on system dispatch and scheduling models of power systems with high wind power penetration. Yang et al. [15] used a simulation method to build a dispatch model that could strengthen wind power absorption, ensure secure operation, and improve the robustness of the dispatch strategy. Li et al. [16] also purposed a scheduling model that could reduce the operation costs and impact of wind power uncertainty for a district integrated natural gas and power system.



Some studies have examined the economic and environmental impacts of renewable power integration with thermal power generation, but most have focused on U.S. power systems [9,17]. Frade et al. [18] studied the wind balancing cost in a power system with high wind penetration in Portugal. Study [19] used operational data from two typical coal power plants in China (300 MW and 600 MW) to analyze coal consumption and emission characteristics at different output levels and during the start-up process. There are some studies on energy efficiency and emission characteristics of energy systems with renewable penetration [10,12], but they are mainly focused on energy systems of specific regions. The literature [20] modeled and analyzed the energy efficiency, CO2 and pollutant emission characteristics of typical wind–coal combined systems in Northeast China, but it did not include a dispatch strategy for the system.




1.2. Literature Review


At present, the research on high-penetration wind–coal combination power generation systems mainly focus on how to improve the wind power accommodation through the flexible operation of coal-fired units. For example, the study [21] gives a method to improve the flexibility of coal-fired units through flexible fuel switching, and literature [22] studies the method of improving the flexibility of the unit through fast start–stop technology. The studies [23,24,25] research the technology for improving the operational flexibility of coal-fired units through optimizing control systems, and the method of improving the flexibility of the unit through thermal energy storage and chemical energy storage is listed in [26,27,28].



In wind–coal combined power generation system dispatching, the current research focuses on the combined economic emission dispatch (CEED) problem, which takes both economic and environmental protection into consideration. The report [29] gives a detailed review of this issue. The research on CEED problem mainly focuses on optimization algorithms, which can be divided into three categories, which are traditional methods, non-traditional methods and hybrid methods. Traditional methods include goal programming [30], linear programming [31], Newton-Raphson [32], evolutionary programming [33], stochastic search techniques [34]. Non-traditional methods include the genetic algorithm [35], particle swarm optimization [36], simulated annealing [37], firefly algorithm [38], artificial bee colony [39], bat algorithm [40], etc. Mixing methods are the DE-CRO [41], DE-SA [42], FFA-GA [43], DE-HS [44], BF-NM [45], PSO-GA [46], PSO-GSA [47], metaheuristic [48], etc. These works usually only use the energy consumption and pollutant emission functions in the normal peak shaving range of the generators in the system and establish a comprehensive single-objective or multi-objective optimization function to solve the problem. However, the optimal unit input problem and the implication of flexibility operation (ultra-low load, load ramping, and startup-shutdown) on energy consumption and pollutant emission are rarely considered. The study [49] considers the influence of unit flexibility and determines the optimal wind power consumption level through optimization calculations, but does not give a clear wind power curtailment boundary.



To the best of our knowledge, the literature on the optimization of the operation strategy of the wind–coal combined power generation system mainly focuses on the optimization objective function, such as the least wind power abandonment, the lowest power generation cost, the lowest pollutant emission, etc., and uses advanced and efficient solution algorithm to optimize the unit combination or scheduling. Then, the optimal unit start–stop strategy and optimal unit load distribution at each time period are determined.



However, this paper focuses on the research concerning the wind curtailment boundary and the operation strategy of a high-proportion wind power wind-coal combined base load power generation system, with the premise of a flexible operation of coal-fired power units. The wind curtailment boundary (T, H) under different decision goals (net profit, net coal consumption reduction, net emission reduction of CO2 and net emission reduction of NOx) were obtained using a simulation method. The optimal unit operation strategy of each decision point was determined through the operation decision of the power generation system with the actual wind power curve.



Accurate power generation cost models, pollutant emission models and reasonable unit input decision are the basis of optimal dispatch of wind–coal power generation system. Therefore, based on wind power peak simulations using Gaussian distribution, a unit operation strategy decision model was established, and the research on decision-making of the wind power curtailment boundary and optimal unit input combination under different decision-making objections was subsequently carried out.




1.3. Research Contribution


The power transmission of large-scale wind power bases requires a certain proportion of coal-fired power units as support. When a wind–coal combined power system operation with high-proportion wind power, the intermittency and fluctuation of wind power requires coal-fired units to operate more flexibly. The flexible operation of coal-fired units (including low minimum load, fast start-up and shutdown, high ramp rates) usually leads to the unwanted increase in costs and emissions of carbon and other pollutants. Therefore, it is necessary to investigate the optimization investment and wind energy curtailment boundary decisions of wind–coal combined systems, taking the economic and environmental impact of coal-fired power units in flexible operation conditions into consideration.



The contributions of this paper are summarized as below:




	(1)

	
A simulation model of the peak of the wind power curve was established based on the Gaussian distribution, which can simulate the peaks of different shapes, aiming at the peak characteristics of the power curve of the wind farm;




	(2)

	
A decision-making model for unit operation strategy based on economic and environmental considerations was established, by researching the base load wind–coal combined power generation system with a high-proportion of wind power;




	(3)

	
The wind energy curtailment boundary with power generation costs, energy consumption, CO2 and pollutant emissions as the decision-making targets was determined based on simulations of wind power peaks on the base load wind–coal combined power generation system;




	(4)

	
For the wind–coal combined base load power generation system based on the actual wind power curve, the optimal investment combination decision on the weekly scale unit was studied, and the optimal combination decision of the unit was achieved.











2. Wind Power Peak Curve Simulation Model


2.1. Analysis of Wind Power Peak Characteristics


Taking a regional wind farm (17 × 49.5 MW) as an example, the theoretical wind power curve for one month is shown in Figure 1, and for one week in Figure 2.



It can be seen from Figure 1 that the total wind power of the month varies greatly (between 40 MW and 450 MW), but the power change rate is relatively small, which is mainly due to the complementary action of different regional wind power units and wind farms [2]. The entire wind power curve can be seen as consisting of a series of peaks and valleys, and the shape parameters of the peaks and valleys directly affects the operating strategy of the entire wind–coal combined power generation system.



The wind power data of the second week of the month is shown in Figure 2 of the paper. It can be seen that the shape of the curve peak can be roughly divided into three categories: “steep”, “smooth” and “flat”, as shown in peak ①, ② and ③, respectively. The “steep” wind power peaks indicates that the average wind power change rate is large during this period. Under the operation strategy of not abandoning wind power, the coal-fired power unit needs to be complemented by a rapid load change or rapid start–stop, which may bring additional cost. The “flat” wind power peaks means that the average wind power change rate is small during this period, usually complementary coal-fired power units can meet the system load requirements through normal output adjustment. The “smooth” wind power peaks mean the internal average wind power change rate in this period is between the former two. The shape of the wave crest can be described by two parameters, the width T and height H of the wave peak. A large H/T corresponds to a “steep” wind power peak; a small H/T corresponds to a “flat” wind power peak. Using the statistical analysis of the power data of the wind power system in this region throughout a year, it is found that the average wind power change rate (slope) of the peak is within 3 MW/min.




2.2. Simulation of Power Peak Curve of Wind Farm Based on Gaussian Distribution


Based on the above analysis, this paper used Gaussian distribution to simulate the wind power peak curve of a wind power system. The single parameter Gaussian distribution function is as follow [50]:


   f  ( x )  =  1    2 π   σ    e  −      (  x − μ  )   2    2  σ 2      , x ∈  (  − ∞ , + ∞  )    



(1)




where μ and σ are parameters, μ determines the position of the function curve, and σ determines the shape of the curve (short/slim). Different wind power curve peaks can be simulated using different σ values, as shown in Figure 3.



According to the Gaussian distribution 3σ principle, the area between the curve and horizontal axis is 99.74% in interval (μ − 3σ, μ + 3σ), so interval (μ − 3σ, μ + 3σ) can be regarded as the effective range of x. Value range. Within this interval, the average slope of peak curve can be approximated by the following equation.


   k =  1  3   2 π    σ 2      



(2)







Generally, 1 min of active power change and 10 min of active power change are counted. In the process of grid-connection and wind speed growth, the active power change of the wind farm should meet the requirements of safe and stable operation of the power grid. The active power change limit should be determined by the power system dispatching institution according to the frequency modulation characteristics of the connected power grid.



The recommended values for the active power variation limit of the wind farm are shown in Table 1. This requirement can also be applied to normal shutdown of a wind farm. However, in special situations, such as wind speed decreasing or exceeding the cut-out speed, it is allowed to operate beyond the recommended values.



Using Formula (2), the Gaussian distribution function parameter σ can be taken as 1.6, 0.5, and 0.162, and the corresponding slopes of the curves are 0.052, 0.532, and 5.067, respectively. If power (MW) is represented by the y-axis and time (min) is represented by the x-axis, and the y-axis and x-axis are simultaneously expanded by the same multiple, different wind power peak curves can be simulated. Taking σ = 1.62 as an example, the simulated wind power peak curve is shown as Figure 4. It can be seen that the simulated wind power peak curve can be described by two characteristic parameters of width T and height H.



The capacity of wind power during the time period T1 (the area under the wind power curve) can be calculated by the following formula:


    P  w i n d   = P  (  0 ≤ T ≤ 2  T 1   )  =    ∫ 0  2  T 1     f  ( T )  d T      



(3)









3. Operation Strategy Decision Model of Wind–Coal Combined Power Generation System


3.1. Brief Introduction of Wind–Coal Combined Power Generation System


The high-proportion wind power wind–coal combined base load power generation system consists of two types of power sources: wind power and coal-fired power. The wind power comprises 17 wind farms. The installed capacity of a single wind farm is 49.5 MW (1.5 MW × 33 units). The coal-fired power includes one sub-critical 300 MW unit and one sub-critical 600 MW unit, which are main peak shaving units in China. The power system has a basic load of 840 MW and is supplied by wind turbines (using wind farm theoretical wind power as wind power output) and coal-fired units. The upper limit of coal power output is 840 MW, and the lower limit is 105 MW. We chose this arrangement as the typical system being studied because according to the “14th Five-Year Plan” of the Chinese government, renewable power generation in most of the energy bases in Western China will account for more than 50% of the total installed capacity. Therefore, it is of great significance to study optimal operation strategies of power systems with a high proportion of renewable energy to ensure the safety and economic operation. According to this requirement, this paper selected a medium-sized wind power base (840 MW) and a coal-fired power unit (900 MW) with similar capacities to build a regional power system, and conducted research on the optimized operation strategy of a wind–coal combined system under different wind power output characteristic scenarios.




3.2. Operational Strategy


In a wind–coal combined base load power generation system; the operating strategy of coal-fired units needs to be considered under certain operating conditions. Taking the 840 MW wind–coal combined base load power generation system as an example, Figure 5 show the wind power curve and the complementary coal-fired power curve for a certain week. The operational strategy decision problem can be roughly divided into the following two scenarios. One is the combined economic and emission decision of optimal coal-fired unit commitment at a certain load when met with wind power peak, point “a” in Figure 5. The other is wind power curtailment (reduce some wind turbine’s power output or shutdown some wind turbines) or coal-fired unit shutdown decision when the predicted wind power peak occurs and complementary coal-fired power load is lower than the minimum safe power output, point “d” in Figure 5.



Operation strategies of the 840 MW wind–coal combined base load power system are listed in Table 2.




3.3. Unit Operation Strategy Decision Model


3.3.1. Wind Power Simulation of Wind Power Curve


According to Section 3.2, in the range of 0.162~1.6, σ can meet the requirements of the recommended value of the active power variation limit of the wind farm (Table 1). Here, the interval of 0.162–1.6 is divided into 99 parts, the interval point values are assigned to     σ 1  ,  σ 2  , ⋯ ,  σ  100      in sequence, and different Gaussian distribution curves can be generated using different σ. For each independent Gaussian distribution curve, the interval [0.5σ, 3σ] is equally divided into 99 points, and the value of each interval point is twice the width of the peak curve, as shown by T1 and T2 in Figure 4. Hence, we simulated a matrix of 100 × 100, as shown in Formula (4).


    [      0.5  σ 1     ⋯    0.5  σ  100        ⋮   ⋱   ⋮      3  σ 1     ⋯    3  σ  100        ]    



(4)







Each element in the matrix represents the width of the peak, and the peak corresponding to each column element has approximately the same shape (slope). Finally, by multiplying the horizontal and vertical coordinates of different shapes and different widths by the same multiple, different wind power peaks can be simulated.




3.3.2. Unit Operation Decision Model


Unit Operation Decision Criterion


Under base load, when the wind power changes with time, the complementary coal-fired power should change accordingly. In low-load conditions, the coal consumption and air emission characteristics of the coal-fired power units will change greatly, and even the safe operation of the units will be jeopardized. Therefore, it is necessary to make a decision on the input unit combination, to obtain the optimal unit input. Under the premise of safe operation of the system, the decision criteria for the unit operation combination method can be divided into economic criteria, environmental protection criteria and economic environmental protection criteria.



	(1)

	
Economic criteria







The variation of unit input operation combination would cause changes in power generation costs, including fuel costs and start-up costs.



The power generation cost characteristics of the unit are usually based on the secondary coal consumption characteristics (b-Pel curve) of the previously obtained unit, i.e., for calculating the fuel cost, the previously obtained coal consumption characteristics [16] are used, which is


    b n s  = a + b ×  P  e l   + c ×  P  e l     2    



(5)




where,     b n s     is the standard coal consumption rate, kg/(kW·h);     P  e l      is active power, kW; and a, b and c are coefficients.



Then, the fuel cost characteristic (F-P curve) can be determined based on fuel price.



During start-up, steam turbine pipe warming, boiler temperature and pressure rising will consume energy, and increase power generation costs as a result.



There are two types of unit start-up cost models. One is cold state start cost model [52]:


    F s   ( τ )  =  F 0   (  1 −  e    − τ  / α     )  +  F i    



(6)




where, the cold state start cost is determined by the initial cost of the boiler thermal inertia;   α   is the thermal time constant of the unit;   τ   is the number of hours of downtime for the unit; and     F i     is the fixed cost, mainly determined by the energy consumed by the turbine start-up and the operating personnel costs.



The other cost model corresponds to the hot start, expressed by the linear function, i.e.,


    F s   ( τ )  =  F 0 ′  τ +  F i    



(7)







In the formula,     F 0 ′     is the starting cost required after one hour’s banked fire.



Operation strategy: Wind energy curtailment, and no coal-fired units are shutdown.


    F  mod e 1   =  C coal  ( T ⋅  b n s  ⋅  P el  + λ   ∑  i = 1  T    P eli    )   



(8)







In which, λ is the cost coefficient of wind energy curtailment, also called the penalty factor, 0.344 t/MW·h.



Operation strategy 2: No wind energy curtailment and only one coal-fired unit is shutdown.


    F  mod e 2   =  C coal  ⋅   ∑  i = 1  T   (  b  n i  s  ⋅  P eli    ) +  F s    



(9)







The net profit of strategy 2 relative to strategy 1 can be calculated as follows:


   Δ  N   net 2 - 1    =  F  mod e 1   −  F  mod e 2     



(10)







	(2)

	
Environmental criteria







Operation strategy 1: Wind energy curtailment, and no coal-fired units are shutdown.


    E  mod e 1   =   ∑  i = 1  T    e i     P eli    



(11)







Operation strategy 2: No wind energy curtailment and only one coal-fired unit is shutdown.


    E  mod e 2   =   ∑  i = 1  T   (  e i  ⋅  P eli    ) +  E s    



(12)




where,     E  mod e 1      is the total air pollutant emissions under operation strategy 1, kg;     E  mod e 2      is the total air pollutant emissions under operation strategy 2, kg;     e i     is the emission intensity of the ith air pollutant emission at active power     P  el i     , g/(kW·h);     P  el i      is the active power of the coal-fired unit, kW; Es is the starting emission of certain air pollutant emissions from the unit, kg.



The net air pollutant emission reduction of operational strategy 2 relative to strategy 1 is


   Δ  E   net 2 - 1    =  E  mod e 1   −  E  mod e 2     



(13)








Coal-Fired Unit Operation Decision against a Wind Power Peak above 540 MW


For a wind power peak above 540 MW, the operation strategies of a coal-fired unit can be



	(1)

	
Wind energy curtailment: a 300 MW and 600 MW unit operate together;




	(2)

	
Without wind energy curtailment: a 300 MW unit undergoes shutdown and a 600 MW unit remains operational;




	(3)

	
Without wind energy curtailment: a 600 MW unit undergoes shutdown and a 300 MW unit remains operational.







For the three operation strategies, the decision criteria are as follows:



Decision criterion a: if ΔNnet2-1 < 0 then wind energy is curtailed or if ΔEnet2-1 < 0 then wind energy is curtailed;



Decision criterion b: if ΔNnet3-1 < 0 then wind energy is curtailed or if ΔEnet3-1 < 0 then wind energy is curtailed.



In which,    Δ  N   net 3 - 1       and    Δ  E   net 3 - 1       are the net profit and the net air pollutant emission reduction of operational strategy (3) relative to strategy (1) separately.




Coal-Fired Unit Operation Decisions against a Wind Power Peak above 240 MW


For wind power peak above 240 MW, the operation strategies of coal-fired unit can be:




	(1)

	
Wind energy curtailment: a 300 MW and 600 MW unit operate together;




	(2)

	
Without wind energy curtailment: a 300 MW and 600 MW unit operate at a reduced load;




	(3)

	
Without wind energy curtailment: a 300 MW unit undergoes shutdown and a 600 MW unit remains operational.









For the three operation strategies, the decision criteria are as follows:



Decision criterion a: if ΔNnet2-1 < 0 then wind energy is curtailed or if ΔEnet2-1 < 0 then wind energy is curtailed;



Decision criterion b: if ΔNnet3-1 < 0 then wind energy is curtailed or if ΔEnet3-1 < 0 then wind energy is curtailed.



Similarly,    Δ  N   net 3 - 1       and    Δ  E   net 3 - 1       are also the net profit and the net air pollutant emission reduction of operational strategy (3) relative to strategy (1) separately.







4. Results and Analysis


4.1. Wind Power Peaks above 540 MW


	(1)

	
No wind energy curtailment mode 1 (300 MW unit start–stop peaking regulation)







Compared with the wind energy curtailment strategy, the relationships between the net profit/net reduction of the wind–coal combined base load power generation system and the wind power peak height H and peak width T are shown in Figure 6.



In Figure 6a, the dotted line is the wind energy curtailment boundary, in which the net benefit is the decision indicator. The boundary line is generated by fitting some (T, H) points with approximately zero net profit, and wind energy of wind power peak should be curtailed in the lower left of the boundary line. Four representative points on the boundary line were selected, and the corresponding wind power peak duration, peak height, power generation, and the power generation costs with different strategies are shown in Table 3.



The dotted line in Figure 6b is the wind energy curtailment boundary line with the net coal saving amount as the decision index. The boundary line is generated by the fitting of some (T, H) points corresponding to the net coal saving amount at approximately zero. The wind power peaks (T, H) corresponding to the points in the lower left area of the corresponding boundary line should be abandoned. Four representative points on the boundary line were selected, and the corresponding wind power peak duration, peak height, power generation, and the system power generation coal consumption corresponding to two different strategies are shown in Table 4.



The dotted line in Figure 6c is the wind energy curtailment boundary line with the CO2 net emission reduction as the decision indicator. The boundary line is generated by the fitting of some (T, H) points when the CO2 net emission reduction is approximately zero. The wind power peaks (T, H) corresponding to the points in the lower left area of the boundary line should be abandoned. Four representative points on the boundary line were selected, and the corresponding wind power peak duration, peak height, power generation quantity, system CO2 emissions corresponding to two different strategies are shown in Table 5.



The dotted line in Figure 6d is the wind energy curtailment boundary line with the NOx net emission reduction as the decision indicator. The boundary line is generated by the fitting of some (T, H) points when the NOx net emission reduction is approximately zero. The wind power peaks (T, H) corresponding to the points in the lower left area of the boundary line should be abandoned. Four representative points on the boundary line were selected, the corresponding wind power peak duration, peak height, power quantity generation, and the system NOx emissions corresponding to two different strategies are shown in Table 6.



In Figure 6e, the wind energy curtailment boundary line is beyond the simulation range of this example and therefore fails to fit.



Overall, from the perspective of net profit, net coal savings, net CO2 emission reduction and net NOx reduction, the wind energy curtailment boundary line (dashed line in the figures) is closer to the lower left, that is, only the wind power peak with small T and H is suitable for the wind energy curtailment strategy. This is because the 300 MW unit has small start-up cost, coal consumption, CO2 emissions and NOx emissions in the no wind energy curtailment mode 1. From the perspective of dust emission reduction, the wind energy curtailment boundary line is at the upper right, that is to say, the wind energy curtailment strategy is required in the ranges with larger T and H.



	(2)

	
No wind energy curtailment mode 2 (600 MW unit start and stop peaking regulation)







Compared with wind energy curtailment mode, the relationship between net profit/net reduction and wind power peak height H and peak width T is shown in Figure 7.



It can be seen in Figure 7 that from the perspective of net profit, net coal saving, net CO2 reduction and net NOx reduction, the wind energy curtailment boundary line is offset to the upper right side compared to no wind energy curtailment mode 1, that is, the abandoned wind range (T and H) has expanded. This is because the 600 MW unit has larger start-up cost, coal consumption, CO2 emissions and NOx emissions in the no wind energy curtailment mode 2. From the perspective of dust emission reduction, the wind energy curtailment boundary line moves to the lower left side compared with the no wind energy curtailment mode 1. That is to say, it is suitable to adopt the wind energy curtailment strategy in the smaller T and H range, which is mainly initiated by the different dust emission characteristics of the two units.



In general, on the decision-making line of the wind power 540 MW, the decision-making rules of net profit, net coal savings, net CO2 reduction and net NOx reduction are basically the same. The decision made using net dust emission reduction as the decision-making goal presents the opposite law. However, since the units use advanced dust precipitation technology and the overall dust emission is small, the dust emission can be ignored when making an operation decision.




4.2. Wind Power Peaks above 240 MW


	(1)

	
No wind energy curtailment (300 MW unit operates at 33% load, 600 MW unit operates for peak shaving)







Compared to the wind energy curtailment strategy (300 MW and 600 MW unit work together with a load 600 MW), the relationship between net profit/net reduction and wind power peak height H and peak width T is shown in Figure 8.



It can be seen that from the perspective of net profit, net coal saving, net CO2 reduction and net NOx reduction, the wind energy curtailment boundary line is closer to the lower left, that is, the wind energy curtailment strategy should be adopted only when wind power peak duration T and peak height H are very small. This is because the 300 MW unit has a fixed load, and the 600 MW unit has a variable peak load peaking in the no wind energy curtailment mode 1. There is no additional coal consumption, CO2 emissions and NOx emissions caused by the start-up and shutdown of the unit. From the perspective of dust emission reduction, the wind energy curtailment boundary line is close to the left side line, that is to say, when the peak width T is larger than a small value, the wind energy curtailment strategy should be adopted.



	(2)

	
No wind energy curtailment (300 MW unit undergoes shutdown, 600 MW unit operates for peak shaving)







Compared to the wind energy curtailment strategy, the relationship between net profit/net emission reduction and wind power peak height H and peak width T is shown in Figure 9.



It can be seen that due to the use of 300 MW units to start and stop peaking, from the perspective of net profit, net coal savings, net CO2 reduction and net emission reduction NOx, the wind energy curtailment boundary line moves to the upper right, that is to say, the wind energy curtailment range (T and H) has expanded, especially for the net reduction of CO2 and NOx. From the perspective of dust emission reduction, the wind energy curtailment boundary line is closer to the left side line, and the wind energy curtailment range is further expanded.



That is to say, on the decision line of 240 MW wind power, the decision rules of net profit, net coal saving, net emission reduction CO2, net emission reduction NOx and net dust emission reduction decision targets are basically the same. The wind energy curtailment range (T, H) of mode 2 is expanded compared with mode 1.




4.3. Operational Strategy Decision of Weekly Scale Wind–Coal Power Generation System


The operation decision of the weekly scale coal-fired power generation system refers to the process of rolling decision-making on a weekly basis. The decision-making target can be the cost of the whole week, the consumption of standard coal, the emission of CO2, and the discharge of pollutants. Taking a wind–coal combined power generation system in an area as an example, the electric load is 840 MW, and the wind power output is the theoretical wind power of the wind power system in the region. Taking a representative week as an example, the wind power curve and the complementary coal power curve are shown in Figure 5.



It can be seen from Figure 5 that there are five points a, b, c, d, and e that need to be determined by the unit during the week. The time T and height H of the wind power peak curve corresponding to the two points d and e are small, and the utilization is small. The respective T and H are compared with those of Figure 8 and Figure 9. They are suitable for adopting the abandonment strategy and thus are no longer used as decision points in the subsequent decision-making process. A week’s operational decision can be represented by the decision tree in the figure below (Figure 10).



Strategy 1—wind energy curtailment; strategy 2—300 MW (100 MW) + 600 MW (peak shaving); strategy 3—600 MW (peak shaving)



The cost, standard coal consumption, CO2 emissions, NOx emissions, and dust emissions can be calculated under different operational strategies for three decision points a, b, and c, respectively, and obtain a net increase of strategy 2 and strategy 3 compared with strategy 1. Revenue, net coal consumption and net emission reduction are shown in Table 7.



It can be seen that the net revenue, net coal saving and net emission reduction of strategy 2 at decision point a are greater than strategy 3, so strategy 2 should be used; at decision point b, the net revenue, net coal saving and net emission reduction of strategy 3 are greater than strategy 2, so strategy 3 should be used; strategy 3 is better than strategy 2 except for dust net reduction at decision point c, and strategy 3 should also be used for comprehensive consideration.



In order to verify the decision results above, the standard coal consumption, CO2 emissions, NOx emissions, and dust emissions corresponding to the 27 combined operation strategies for the week were calculated, as shown in Table 8. It can be seen that the optimal combination is the 18th combination (a2, b3, c3), with smallest weekly coal consumption, CO2 emission and NOx emission of 11041.0 t, 26131.1 t and 3538.6 kg, respectively. Additionally, wind energy curtailment strategy is not always the worst operation strategy. For example, the emissions of NOx and dust in the 19th combination are greater than the wind energy curtailment strategy (1st combination).





5. Conclusions


For wind–coal combined power generation systems, as the wind power penetration rate increases, the coal-fired power units in the network need to operate more flexibly (including frequent deep peak shaving, and frequent start-up and shutdown). Flexible operation of coal-fired units has different energy consumption and emission characteristics, so the impact of flexible operations should be considered when making optimal unit decisions (including wind curtailment). According to the output profile of wind power, a wind power peak simulation model based on Gaussian distribution is established to simulate peaks with different shapes (T, H). For the wind-fired combined base load (840 MW) power generation system, the decision criteria of maximum wind power output at 540 MW and 240 MW were given, respectively, and the wind energy curtailment boundary line of different decision targets was determined through simulation calculation.



The simulation results show that when the wind power is above 540 MW, the wind energy curtailment range of mode 2 is enlarged compared to mode 1 from the aspect of the net profit, the net coal saving, the net CO2 reduction and the net NOx reduction. The decision-making rules of net profit, net coal saving, net CO2 reduction and net emission reduction NOx are basically the same. The decision to use the net emission reduction of dust as the decision-making goal is opposite, because the dust emission is relatively small and can be ignored. When the wind power is above 240 MW, the wind energy curtailment range (T and H) of mode 2 is larger than mode 1 from the aspect of net profit, net coal saving, net CO2 emission reduction and net NOx emission reduction, especially for net CO2 reduction and net NOx reduction, indicating that shutdown and then start-up coal units for accommodating wind power is not an efficient operation strategy. At the same time, the decision-making rules for different decision objectives, such as net profit, net coal saving, net emission reduction CO2, net emission reduction NOx and net emission reduction dust are basically the same. The decision-making analysis of the wind–coal combined base load 840 MW power generation system with actual wind power was carried out. Among all combinations, the 18th decision-making combination (a2, b3, c3) was optimal, with smallest weekly coal consumption, CO2 emission and NOx emission of 11,041.0 t, 26,131.1 t and 3538.6 kg, respectively; the 1st decision combination (a1, b1, c1) was the worst, with largest weekly coal consumption and CO2 emission of 16,226.2 t, 38,033.0 t and second largest weekly NOx emission of 4417.8 kg. Compared with 1st combination, the weekly coal consumption and CO2 emission of 18th combination can be reduced by 32.0%, and the weekly NOx emission can be reduced by 19.9%.



Our study can be applied in the operation decision-making of real wind–coal dominated generation systems. On the base of load forecasting and wind power forecasting, the unit commitment and wind curtailment (if necessary) decision can be made according to predicted wind power profiles (T and H) and wind curtailment ranges. Our study has shown that in the decision-making of the unit input in the power system is important not simply to reduce wind curtailment rate, but also to take factors such as energy consumption, CO2 emissions and air pollutant emissions into consideration. The study also revealed the importance of unit commitment/dispatch research for a real wind–coal combined power system. This paper highlights two points below:




	(1)

	
According to the peak characteristics of the power curve of the wind farm, a simulation model of the peak of the wind power curve was established based on the Gaussian distribution, and the simulation of the peaks of different shapes was achieved by changing the parameter σ of the Gaussian distribution function;




	(2)

	
Based on the research of a base load wind–coal combined power generation system with high-proportion wind power, a decision-making model of the unit operation strategy was established based on economic and environmental criteria. The decision objective function considered the costs and pollutant emissions increase caused by deep peak regulation and fast start-up and shutdown.









Future studies should focus on the optimal operation strategy of wind power and coal power under the fluctuating load in actual operating conditions, and the coordinated optimal operation strategy of the entire power system equipped with the energy storage power module.
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Nomenclature




	μ
	position parameter of Gaussian distribution



	σ
	shape parameter of Gaussian distribution



	k
	average slope of peak curve



	T1
	lasting time of wind power peak



	Pwind
	capacity of wind power during the time period T1



	    b n s    
	standard coal consumption rate



	Pel
	active power, kW;



	a, b and c
	standard coal consumption rate coefficients.



	  α  
	thermal time constant of the unit;



	  τ  
	number of hours of downtime for the unit;



	Fi
	fixed cost



	Fs
	total operation cost



	λ
	cost coefficient of wind energy curtailment



	Ccoal
	price of standard coal



	    F  mod e 1     
	total power generation cost under operation strategy 1



	    F  mod e 2     
	total power generation cost under operation strategy 2



	   Δ  N   net 2 - 1      
	net profit of strategy 2 relative strategy 1



	    E  mod e 1     
	total air pollutant emission under operation strategy 1



	    E  mod e 2     
	the total air pollutant emission under operation strategy 2



	    e i    
	emission intensity of the ith air pollutant emission at active power     P eli    



	    P  e l i     
	active power of coal-fired unit



	Es
	starting emission of certain air pollutant emissions from the unit



	   Δ  E   net 2 - 1      
	net air pollutant emission reduction
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Figure 1. Wind power output curve for one month. 
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Figure 2. Wind power output curve for one week. 
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Figure 3. Gaussian distribution function. 






Figure 3. Gaussian distribution function.
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Figure 4. Simulated wind power peak curve using Gaussian distribution. 
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Figure 5. Wind power curve and complementary coal power curve. 
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Figure 6. Net profit and net emission reduction of the wind–coal combined power generation system of strategy (2) against wind energy curtailment for wind power peaks above 540 MW. (a) Net profit; (b) Net coal consumption reduction; (c) Net emission reduction of CO2; (d) Net emission reduction of NOx; (e) Net emission reduction of dust. 
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Figure 7. Net profit and net emission reduction of the wind–coal combined power generation system of strategy (3) against wind energy curtailment strategy for wind power peaks above 540 MW. (a) Net profit; (b) Net coal consumption reduction; (c) Net emission reduction of CO2; (d) Net emission reduction of NOx; (e) Net emission reduction of dust. 
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Figure 8. Net profit and net emission reduction of the wind–coal combined power generation system of strategy (2) against wind energy curtailment for wind power peaks above 240 MW. (a) Net profit; (b) Net coal consumption reduction; (c) Net emission reduction of CO2; (d) Net emission reduction of NOx; (e) Net emission reduction of dust. 
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Figure 9. Net profit and net emission reduction of the wind–coal combined power generation system of strategy (3) against wind energy curtailment for wind power peaks above 240 MW. (a) Net profit; (b) Net coal consumption reduction; (c) Net emission reduction of CO2; (d) Net emission reduction of NOx; (e) Net emission reduction of dust. 
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Figure 10. Decision tree. 
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Table 1. Wind farm active power change limit recommended value [51].
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	Wind Farm Installed Capacity (MW)
	10 min Active Power Variation Upper Limit (MW)
	1 min Active Power Variation Upper Limit (MW)





	<30
	10
	3



	30~150
	Installed capacity/3
	Installed capacity/10



	>150
	50
	15
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Table 2. Operation strategies of the 840 MW wind–coal combined base load power generation system.






Table 2. Operation strategies of the 840 MW wind–coal combined base load power generation system.












	No.
	Theory Wind Power (MW)
	Coal-Fired Power (MW)
	Coal-Fired Units Input Strategy 1
	Coal-Fired Units Input Strategy 2





	1
	0~240
	600~840
	600 MW + 300 MW
	



	2
	240~540
	300~600
	600 MW + 300 MW
	600 MW



	3
	540~630
	210–300
	300 MW
	600 MW



	4
	630~735
	105~210
	300 MW
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Table 3. Wind energy curtailment boundary with net income as the decision target.
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	Boundary

Points
	Duration

(min)
	Height

(MW)
	Power Quantity

(MW·h)
	Cost for Wind Energy

Curtailment (×105 $)
	Cost for Mode 1

(×105 $)





	1
	563
	2.9
	17.58
	1.7934
	1.7933



	2
	440
	11.16
	50.63
	1.4230
	1.4227



	3
	331
	24.42
	79.63
	1.0937
	1.0933



	4
	194
	65.18
	115.53
	0.6815
	0.6811
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Table 4. Wind energy curtailment boundary with net coal saving as the decision target.






Table 4. Wind energy curtailment boundary with net coal saving as the decision target.





	Boundary

Points
	Duration

(min)
	Height

(MW)
	Power Generation

Quantity (MW·h)
	Coal Consumption for Wind Power

Curtailment Mode (×103 t)
	Coal Consumption for Mode 1 (×103 t)





	1
	948
	6.24
	60.14
	1.7978
	1.7969



	2
	899
	10.25
	89.24
	1.7052
	1.7046



	3
	856
	14.80
	115.53
	1.6231
	1.6228



	4
	823
	19.44
	136.01
	1.5595
	1.5594
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Table 5. Wind energy curtailment boundary with CO2 net emission reduction as the decision target.
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	Boundary

Points
	Duration

(min)
	Height

(MW)
	Power Generation Quantity

(MW·h)
	Emitted CO2 for Wind Energy

Curtailment (×103 t)
	Emitted CO2 for Mode 1

(×103 t)





	1
	1141
	7.88
	87.34
	5.0557
	5.0573



	2
	1075
	10.48
	107.31
	4.8731
	4.8724



	3
	1063
	14.02
	129.92
	4.7111
	4.7120



	4
	1022
	18.66
	149.99
	4.5301
	4.5290
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Table 6. Wind energy curtailment boundary with NOx net emission reduction as the decision target.
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	Boundary

Points
	Duration

(min)
	Height

(MW)
	Power Quantity

(MW·h)
	Emitted NOx for Wind Energy

Curtailment Mode (kg)
	Emitted NOx for Mode 1

(kg)





	1
	916
	6.24
	58.21
	750.3547
	750.3201



	2
	922
	10.00
	89.24
	754.6157
	755.2209



	3
	929
	16.00
	136.01
	761.4154
	762.4493



	4
	931
	19.42
	146.01
	761.8848
	762.9060
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Table 7. The net revenue/coal saving and emission reduction corresponding to the wind energy curtailment strategy.
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Decision Strategy

	
Net Revenue (×104 $)

	
Standard Coal (t)

	
CO2 (t)

	
NOx (kg)

	
Dust (kg)






	
Decision point a

	
Strategy 2

	
9.534

	
252.4

	
574.4

	
95.1

	
3.6




	
Strategy 3

	
9.265

	
175.1

	
283.1

	
−155.7

	
−18.5




	
Decision point b

	
Strategy 2

	
112.207

	
2967.2

	
6967.0

	
268.7

	
57.9




	
Strategy 3

	
120.92

	
3427.7

	
7929.0

	
566.9

	
58.9




	
Decision point c

	
Strategy 2

	
52.074

	
1436.3

	
3358.7

	
207.9

	
27.1




	
Strategy 3

	
54.246

	
1505.1

	
3398.5

	
217.2

	
13.1
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Table 8. Weekly coal consumption and atmospheric emissions from the combined decision.
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	Strategies
	a
	b
	c
	Coal Consumption (t)
	CO2 (t)
	NOx (kg)
	Dust (kg)





	1
	a1
	b1
	c1
	16,226.2
	38,033.0
	4417.8
	591.0



	2
	a1
	b1
	c2
	14,789.9
	34,674.3
	4209.9
	563.7



	3
	a1
	b1
	c3
	14,721.1
	34,634.5
	4200.6
	577.7



	4
	a1
	b2
	c1
	13,259.0
	31,066.0
	4149.1
	533.1



	5
	a1
	b2
	c2
	11,822.7
	27,707.3
	3941.2
	505.8



	6
	a1
	b2
	c3
	11,753.9
	27,667.5
	3931.9
	519.8



	7
	a1
	b3
	c1
	12,798.5
	30,104.0
	3850.9
	532.2



	8
	a1
	b3
	c2
	11,362.2
	26,745.3
	3643.0
	504.8



	9
	a1
	b3
	c3
	11,293.4
	26,705.5
	3633.7
	518.8



	10
	a2
	b1
	c1
	15,973.8
	37,458.6
	4322.7
	587.4



	11
	a2
	b1
	c2
	14,537.5
	34,099.9
	4114.8
	560.1



	12
	a2
	b1
	c3
	14,468.7
	34,060.1
	4105.5
	574.1



	13
	a2
	b2
	c1
	13,006.6
	30,491.6
	4054.0
	529.5



	14
	a2
	b2
	c2
	11,570.3
	27,132.9
	3846.1
	502.2



	15
	a2
	b2
	c3
	11,501.5
	27,093.1
	3836.8
	516.2



	16
	a2
	b3
	c1
	12,546.1
	29,529.6
	3755.8
	528.5



	17
	a2
	b3
	c2
	11,109.8
	26,170.9
	3547.9
	501.2



	18
	a2
	b3
	c3
	11,041.0
	26,131.1
	3538.6
	515.2



	19
	a3
	b1
	c1
	16,051.1
	37,749.9
	4573.5
	609.6



	20
	a3
	b1
	c2
	14,614.8
	34,391.2
	4365.6
	582.3



	21
	a3
	b1
	c3
	14,546.0
	34,351.4
	4356.3
	596.3



	22
	a3
	b2
	c1
	13,083.9
	30,782.9
	4304.8
	551.7



	23
	a3
	b2
	c2
	11,647.6
	27,424.2
	4096.9
	524.4



	24
	a3
	b2
	c3
	11,578.8
	27,384.4
	4087.6
	538.4



	25
	a3
	b3
	c1
	12,623.4
	29,820.9
	4006.6
	550.7



	26
	a3
	b3
	c2
	11,187.1
	26,462.2
	3798.7
	523.4



	27
	a3
	b3
	c3
	11,118.3
	26,422.4
	3789.4
	537.4
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