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Abstract

:

In order to reduce the pollution caused by coal-fired generating units during the heating season, and promote the wind power accommodation, an electrical and thermal system dispatch model based on combined heat and power (CHP) with thermal energy storage (TES) and demand response (DR) is proposed. In this model, the emission cost of CO2, SO2, NOx, and the operation cost of desulfurization and denitrification units is considered as environmental cost, which will increase the proportion of the fuel cost in an economic dispatch model. Meanwhile, the fuel cost of generating units, the operation cost and investment cost of thermal energy storage and electrical energy storage, the incentive cost of DR, and the cost of wind curtailment are comprehensively considered in this dispatch model. Then, on the promise of satisfying the load demand, taking the minimum total cost as an objective function, the power of each unit is optimized by a genetic algorithm. Compared with the traditional dispatch model, in which the environmental cost is not considered, the numerical results show that the daily average emissions CO2, SO2, NOx, are decreased by 14,354.35 kg, 55.5 kg, and 47.15 kg, respectively, and the wind power accommodation is increased by an average of 6.56% in a week.
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1. Introduction


In recent years, clean energy is promoted all over the world to reduce environmental pollution. Although China is rich in wind energy resources, the main operation pattern “determining power by heat” for combined heat and power (CHP) and the “anti-peak regulation” character of wind power in heating season causes severe wind curtailment [1,2]. In the heating season, the thermal load demand of consumers must be met, but the thermal power constrains the electrical power of CHP. This condition leads to low wind power accommodation when most of electrical load demand could be covered by the electrical power of CHP during the off-peak hours [3]. Meanwhile, slather utilization of fossil fuel releases a large amount of CO2, SO2, and NOx, which causes the greenhouse effect and environmental pollution [4].



Many studies have been performed recently about the dispatch model of CHP with thermal energy storage (TES) to increase the wind power accommodation, such as in References [5,6,7,8], in which the minimum wind curtailment or minimum coal consumption cost was used as the fitness function to reduce wind curtailment. In Reference [9], a dispatch model including CHP, conventional thermal power units, and renewable energy source was proposed, and the heating process by a three-stage heat transfer model of the extraction steam was described. In Reference [10], a multi-timescale rolling dispatch model based on real-time error compensation was proposed. The power of thermal power unit was revised in real-time to compensate for the error of wind power forecast. In addition, some scholars have made further study on the district heating system, and taken the heat storage capacity of pipelines and buildings into account. For example, in Reference [11], a dispatch model considering the TES capacity of pipelines, buildings and TES devices was proposed. The advantage of this model was that it could be simplified to any combination of the TES capacity of pipelines, buildings, and TES devices. In Reference [12], in order to coordinate the operation of the electric power system and the district heating system, a dispatch model including CHP and TES was proposed. In this dispatch model, the temperature dynamics of the district heating network were considered as energy storage to manage the variability of wind energy. In Reference [13], Dai et al. proposed a detailed model for the district heating network, building envelopes, and TES, and taken heat transfer constraints into account. In Reference [14], the conventional thermal units, wind turbines, and CHP with TES were included in an integrated electrical-thermal dispatch model. The authors proposed an iteration method to solve this nonlinear programming problem. However, these dispatch methods only considered the devices in generation side, and it is not very effective to promote the wind power accommodation, because the burden of the power generation side is enormous when the wind power in large scale grid-connected. Therefore, scholars in References [15,16] pointed out that demand response (DR) was a key approach to be responsive to grid connection when the wind power reached a large proportion of generation. In References [17,18], a DR model based on time-of-use pricing mechanism was employed, and the optimal results were applied in the game theoretic model for multiple virtual power plants dispatch. In Reference [19], the dynamic dispatch problem was optimally integrated with the incentive-based DR program, and the author pointed out that intelligent implementation of DR programs not only decreases electricity price in electricity markets, but also improves network reliability. Some scholars have conducted further study on DR. For example, in Reference [20], a fuzzy inference system for considering the customer load profile attributes in DR bids was presented, and the impact of load profiling attributes on the DR exchange mechanism was investigated. In References [21,22], a commitment model based on incentive-based considering different types of DR resources was proposed. “Source-load-energy storage” coordination is an important method to improve the system operation economy and the accommodation rate of renewable energy. However, all of these references ignored the environmental problems caused by the electric power industry. In other words, the emissions of CO2, SO2, and NOx caused by coal-fired units were not taken into account.



Some scholars realized that environmental pollution needs to be considered in the electric power industry. For instance, in Reference [4], a unit commitment model with wind power that considers the dispersion of air pollutants was proposed. In Reference [23], Nguyen et al. proposed an environment-friendly distributed control approach, in which the pollutant emission costs were incorporated into the fitness function. However, in these dispatch models, the emission cost of CO2 was not taken into account. In Reference [24], Deylamsalehi et al. proposed a new approach for the power grid to minimize the electricity costs and the pollutant emissions under various electricity markets. In this approach, the electric power price and the fuel price were used to find the lowest total electricity cost path. However, DR as an effective dispatch resource was not included in these approaches.



For the research of the above references, there were few studies concretely considering the environmental cost for electric and thermal system dispatch model, or ignoring the advantages of DR, which could effectively reduce the pressure of generating units.



In this paper, aiming at reducing the emissions of CO2, SO2, and NOx, and promoting the wind power accommodation, an electrical and thermal system dispatch model considering environmental cost based on CHP-DR is proposed. Then, a test system is studied to demonstrate the accuracy and effectiveness of the proposed model. On the premise that the electrical power balance and thermal power meet the user’s comfort, the power of power generation units and the regulating variable of demand response are optimized by a genetic algorithm (GA) in MATLAB 2018a (MathWorks, Natick, MA, USA). Compared with the traditional dispatch model, not only the emissions of CO2, SO2, and NOx are reduced, but also the wind power accommodation is promoted, the test results demonstrate the reasonableness and validity of the proposed model. The contributions of this work are as follows:

	
We analyze the operation characteristics of CHP with TES and incentive-based DR, respectively. Then, the cost formula of incentive-based DR participating in power grid dispatching is given.



	
An economic power dispatch model based on CHP-DR is proposed. In this dispatch model, the emission cost of CO2, SO2, NOx, the operation cost of desulfurization units, and the operation cost of denitrification units are considered as environmental cost, which increases the cost of power generation.



	
Two dispatch models are set and the data in one week is utilized to verify the effectiveness. One dispatch model takes the environmental cost into account and the other does not. The results show that the daily average emissions of CO2, SO2, and NOx are decreased by 14,354.35 kg, 55.5 kg, and 47.15 kg, respectively, and the wind power accommodation is increased by an average of 6.56%.









2. Operating Characteristic and Dispatch Model of CHP with TES and DR


2.1. Operation Characteristic and Modeling of CHP with TES


Combined heat and power (CHP) is an efficient device to generate electrical power and thermal power at the same time. CHP can be classified into two types: extraction-condensing turbine and non-condensing turbine [9]. In this paper, the extraction-condensing unit is studied. Due to the operation pattern “determining power by heat” of the extraction-condensing unit, the electrical power, and thermal power are coupled. The operation characteristics of the extraction-condensing unit are shown in the blue curve in Figure 1 [25].



Various means to improve the flexibility of CHP have been performed, but thermal energy storage (TES) is the most attracted owing to its high efficiency, large capacity, and high efficiency. The addition of TES units on the traditional CHP units can break the thermo-electric coupling characteristic, as shown by the red curve in Figure 1 [26].



In Figure 1, Pmaxh is the maximum thermal power of CHP; Pmedh is the thermal power with the minimum electrical power; Pmine and Pmaxe are the minimum and maximum electrical power of CHP under the condition of pure condensation.



We assume that the heat storage of TES is sufficient, and set the maximum discharge power as PdmaxTES and the maximum charge power as PcmaxTES. For a certain power generation, the maximum thermal power Pmaxh of the whole system (CHP with TES) will be increased by PdmaxTES on the original basis. This is equivalent to the segment AB and the segment BC in Figure 1 is shifted to the right by PmaxTES. In Figure 1, PJh=Pmaxh+PdmaxTES, PKh=Pmedh−PdmaxTES, PH1h=Ph−PdmaxTES. In addition, there is a minimum thermal power, when the electrical power of CHP is between Pmine and PCe (i.e., section CD in Figure 1). After the configuration of TES, the minimum thermal power will shift to the left by PcmaxTES. Therefore, the feasible region of heat production and electricity production is AGIJKL. In other words, when the thermal power is Ph, the feasible region of electrical power is from [PFe,PEe] to [PMe,PHe]. The regulation of CHP is significantly increased, and the coupling characteristic of CHP is reduced.



The cost of CHP units with TES can be described as [27]:


FCT=∑i=1NCc,i+∑j=1M(FTC,j+FTW,j)



(1)




where FCT is the total cost of CHP with TES, i = 1, …, N is the number of CHP units, and j = 1, …, M is the number of TES units. Cc,i is the fuel cost of CHP i with TES. For CHP with TES, the operation cost should consider both thermal power and electric power. In general, the electric power and thermal power need to be converted into electric power under the condition of pure condensation. Therefore, the fuel cost of CHP units with TES can be described as in Equation (2). FTC,j is the average daily investment cost of TES j, which is calculated by Equation (3). FTW,j is the operation and maintenance cost of TES j, which is shown in Equation (4):


Cc,i=∑t=1T{am[Pi,te+cv(Pi,th+Pj,tTES)]2+bm[Pi,te+cv(Pi,th+Pj,tTES)]+cm}



(2)






FTC,j=CTPPR,jTES+CTEER,jTESTT,j



(3)






FTW,j=∑t=1T(CUPj,tTES)



(4)




where t = 1, …, T, T is the number of hours in operation. Pi,te is the electrical power of CHP i at time t, and Pi,th is the thermal power of CHP i at time t. Pj,tTES is the thermal power of TES j at time t. am, bm, and cm are the operation cost coefficients of CHP with TES. cv is the linear supply slopes of thermal power and electric power of CHP. PR,jTES is the rated power of TES j, ER,jTES is the rated capacity of TES j, CTP, and CTE are the cost coefficients of TES, TT,j is the service life of TES i. CU is the operation and maintenance cost coefficient of TES.



(1) Constraints of CHP:


Pmin,ie≤Pi,te≤Pmax,ie



(5)






Pmin,ih≤Pi,th≤Pmax,ih



(6)




where Pmin,ie and Pmax,ie are the lower and upper limits of electrical power for CHP i respectively, Pmin,ih and Pmax,ih are the lower and upper limits of thermal power for CHP i respectively. Such as Equation (2), the electrical power and thermal power should be converted into electrical power, the ramp rate of CHP is given by:


rd,iC≤Pi,te−Pi,t−1e≤ru,iC



(7)




where rd,iC and ru,iC are the lower and upper ramp rate limits of CHP unit i respectively.



(2) Constraints of TES:


Smin,j≤Sj,t≤Smax,j



(8)






Pmin,jTES≤Pi,tTES≤Pmax,jTES



(9)




where Sj,t is the capacity of TES j at time t, Smin,j and Smax,j are lower and upper capacity limits of TES j, respectively, Pmin,jTES and Pmax,jTES are the lower and upper thermal power limits of TES j, respectively.




2.2. Incentive-Based DR


In this part, firstly, we analyze the mechanism of incentive-based demand response (DR) participating in power grid dispatch to improve wind power accommodation. Then, the cost formula of incentive-based DR participating in power grid dispatching is given.



Demand response (DR) refers to the behavior of users to change their short-term or long-term electricity consumption mode, through market price incentives or direct instructions from system operators. Usually, DR is divided into two main categories namely the incentive-based and time-based programs [28]. This paper mainly focuses on incentive-based DR, which is implemented voluntarily or compulsorily.



The process of users participating in dispatch can be described as basing on the situation of power generation and consumption in each scheduling period. The load control center issue dispatching instructions to the industrial users who signed the agreement, and provision of compensation. Figure 2 shows the schematic diagram of the industrial load participation schedule.



It can be seen that the load demand in 11:00–13:00 is transferred to 00:00–3:00, when the wind power is greatly abundant. As the “anti-peak regulation” character of wind power, DR can effectively promote wind power accommodation, and reduce the emissions of CO2, SO2, and NOx.



The incentive cost of DR can be described as follow [29]:


FDR=∑t=1T(ρPΔL,tΔt)



(10)




where FDR is the total incentive cost of DR, ρ is the incentive cost coefficient, PΔL,t is the value of dispatch load at time t, Δt is the dispatch time interval.



In order to ensure the production efficiency of the industries, PΔL,t should be within limits:


ςLmin≤PLoad,t±PΔL,tPLoad,t≤ςLmax



(11)






∑t=1TPΔL,t=0



(12)




where PLoad,t is the load demand at time t. ζLmin and ζLmax are the minimum and maximum values of load regulation rate, respectively.





3. Dispatch Model


3.1. Objective Function


As illustrated in Figure 3, thermal power units, CHP units, wind turbines, EES and TES are considered as generating units to support power and heat demands. The CO2 produced by coal is directly discharged into the air, and SO2 and NOx are processed by the desulfurization and denitrification device and then release in the air.



In this paper, a combined dispatch model for reducing the emission of CO2, SO2, and NOx is established. Factors such as the fuel cost of conventional thermal power units, the cost of CHP units with TES, average daily investment and the operation and maintenance cost of EES units, the cost of load dispatch, the emission cost of CO2, SO2, and NOx, the operation cost of desulfurization and denitrification device and the cost of wind curtailment are comprehensively considered.



(1) Cost of thermal power units



As a controllable power source, the thermal power unit can track the changes of grid load through reasonable dispatch. At this time, the generation cost mainly includes the fuel cost of the units:


F1=∑i=1nCh,i



(13)




where F1 is the fuel cost of thermal power units. i = 1, …, n is the number of thermal power units. Ch,i is the fuel cost of thermal power unit i, which is calculated by Equation (14):


Ch,i=∑t=1T(aiPi,t2+biPi,t+ci)



(14)




where ai, bi, and ci are the cost coefficients of thermal power unit i. Pi,t is the power of thermal power unit i at time t.



(2) Cost of EES



The storage capacity of electrical energy storage (EES) makes the wind power have the ability of space-time translation. But there was less use because of the high costs of EES, accordingly. The cost of EES including average daily investment and the operation and maintenance cost is given by:


F2=∑i=1m(FEC,i+FEW,i)



(15)




where F2 is the total cost of EES. i = 1, …, m is the number of EES. FEC,i is the average daily investment cost of EES i, which is calculated by Equation (16). FEW,i is the operation and maintenance cost of EES i, which is calculated by Equation (17):


FEC,i=CEPPEES,iR+CEEEEES,iRTE,i



(16)






FEW,i=∑t=1T(COPi,tESS)



(17)




where CEP and CEE are the power and capacity cost coefficients, respectively. PEES,iR is the rated power, EEES,iR is the rated capacity, and TE,i is the service life of EES i. CO is the operation and maintenance cost coefficient of EES, Pi,tEES is the power of EES i at time t.



(3) Carbon cost



In order to maintain a long-term stable supply of energy while avoiding a further deterioration of the environment, the emission cost of CO2 is given by:


F3=CCPWC



(18)




where F3 is carbon cost, CCP is the environmental cost coefficient of CO2. WC is the emission of CO2, which is calculated by Equation (19):


WC=[(F1+∑i=1NCc,i)/βm]δC



(19)




where βm is the unit-price of coal. δC is the emission of CO2 by a unit mass of coal combustion.



(4) Operation cost of desulfurization and denitrification equipment and the emission cost of SO2 and NOx



Both conventional thermal power units and CHP units will produce pollutants and cause environmental pollution during operation. The use of desulfurization and denitrification equipment can effectively reduce environmental pollution, but at the same time increases the operation cost of the power plant. This cost can be described as a positive linear correlation with the emissions of SO2 and NOx:


F4=CSWSβS+CNWNβN+CSPWS(1−η)+CNPWN(1−η)



(20)




where F4 is the operation cost of desulfurization and denitrification equipment and the emission cost of SO2 and NOx. CS and CN are the operating cost coefficients of desulfurization and denitrification device to remove a unit mass of SO2 and NOx. WS is the emission of SO2, which is calculated by Equation (21), and WN is the emission of NOx, which is calculated by Equation (22). η is the efficiency of desulfurization and denitrification device. CSP and CNP are the environmental cost coefficients of SO2 and NOx:


WS=[(F1+∑i=1NCc,i)/βm]δS



(21)






WN=[(F1+∑i=1NCc,i)/βm]δN



(22)




where δS and δN are the emissions of SO2 and NOx by a unit mass of coal combustion, respectively.



(5) Cost of wind curtailment



The cost of wind curtailment can be described as follows:


F5=CQ∑t=1TPΔWind,t



(23)




where F5 is the cost of wind curtailment. CQ is the unit-cost of wind curtailment. PΔWind,t is the wind curtailment at time t.



Summing up Equations (1), (10), (13), (15), (18), (20), (23), the objective function is expressed as follows:


minF=FCT(Pi,te,Pi,th,Pj,tTES)+FDR(PΔL,t)+F1(Pi,t)+F2(Pi,tEES)+F3(WC)+F4(WS,WN)+F5(PΔWind,t)



(24)




where F is the total cost of the dispatch model.




3.2. Constraints


(1) Power balance



Total generations and electric loads should be balanced at each period:


∑i=1A(Pi,tw−PΔWind,t)+∑i=1BPi,t+∑i=1nPi,te+∑i=1mPi,tEES=PLoad,t±PΔL,t



(25)




where Pi,tw is the power of the wind turbine i at time t, PLoad,t is load demand at time t.



(2) Thermal power range



Since the thermal inertia of the devices in user-side could maintain the temperatures, the unbalance between thermal power generation and thermal power demand can be accepted [30], but to ensure user comfort, the unbalance should be required within a limited range:


χHmin≤(∑i=1NPi,th+∑i=1MPi,tTES)−PHeat,tPHeat,t≤χHmax



(26)




where PHeat,t is the heat demand at time t. χHmin and χHmax are the lower and upper limited proportions of adjustment of thermal power demand, respectively.



(3) Constraints of conventional thermal power units:


Pmin,i≤Pi,t≤Pmax,i



(27)






rd,i≤Pi,t−Pi,t−1≤ru,i



(28)




where Pmin,i and Pmax,i are the lower and upper power generation limits of unit i, respectively, rd,i and ru,i are the lower and upper ramp rate limits of thermal power unit i, respectively.



(4) Constraints of EES


SOCmin,i≤SOCi,t≤SOCmax,i



(29)






Pmin,iEES≤|Pi,tEES|≤Pmax,iEES



(30)




where SOCmin,i, and SOCmax,i are lower and upper limits of the state of charge (SOC) for EES i, respectively, Pmin,iEES and Pmax,iEES are the lower and upper power limits for EES i, respectively.



The constraints of CHP with TES and the constraints of dispatch load are shown in Equations (5)–(9). The constraints of demand response are shown in (11) and (12).





4. Analysis of Examples


In this section, the effectiveness of the dispatch model is verified. Firstly, the parameters of the simulation and the forecasts of load demand and wind power in a week are given in Table 1 and Figure 4, respectively. Then, we compare the emission of CO2, SO2, and NOx and the wind power accommodation with traditional dispatch model, in which the environmental cost is not considered. Finally, we select one day for concrete analysis, including the role of environmental costs in economic dispatch and the effect of environmental cost coefficient on the results.



4.1. The Setup of Simulation


In this paper, the input parameters are the forecasts of load demand and wind power generation, which are given in Figure 4, and we assumed the forecasts are precise. To simplify the calculation, one CHP with TES, one thermal power unit, and one EES are performed in this test system. The parameters of the dispatch model are shown in Table 1. And the environmental cost coefficient of CO2, SO2, and NOx are 0.02 USD/kg, 6 USD/kg, and 28 USD/kg, respectively [31,32]; the operating cost coefficient of desulfurization and denitrification device are 2.99 USD/kg and 15 USD/kg, respectively [33]; the efficiency of desulfurization and denitrification device η is 85%; the initial heat storage of TES is 600 MWh; the initial SOC of EES is 0.5; the dispatch time interval is one hour.



The GA-Toolbox in MATLAB 2018a (MathWorks, Natick, MA, USA) is used to solve this optimization, and the relevant parameters of GA are the default values. The steps to optimize the dispatch models are as follows:

	
Firstly, we confirm that the optimization variables are Pi,te, Pi,th, Pi,tTES, PΔL,t, Pi,t, Pi,tEES, and PΔWind,t. The objective of optimization is to minimize the total dispatching cost.



	
Secondly, the values of the parameters in Table 1 and the environmental cost parameters are substituted into Equations (1), (10), (13), (15), (18), (20), and (23). Then, these formulas are summed as the objective function.



	
Finally, the constraints (5)–(9), (11), (12), (25)–(30) are entered in the GUI interface of the GA-Toolbox in MATLAB 2018a (MathWorks, Natick, MA, USA), so that the solution process is within a reasonable range.









4.2. Comparison of Different Dispatch Models


In order to verify the effect of introducing environmental cost into dispatch model, the dispatch model proposed in this paper is compared with the traditional dispatch model, in which the environmental cost is not considered.



Dispatch model I (DM I): The emission cost of CO2, SO2, and NOx and the operation cost of desulfurization and denitrification equipment are considered in this dispatch model.



Dispatch model II (DM II): Relatively, this dispatch model does not consider the emission cost of CO2, SO2, and NOx and the operation cost of desulfurization and denitrification.



Figure 5, Figure 6 and Figure 7 show the comparison of the emissions of CO2, SO2, and NOx, respectively. It can be seen that the emissions of CO2, SO2, and NOx in dispatch model I are lower than dispatch model II. Concretely, the emissions of CO2, SO2, and NOx are reduced by an average of 14,354.35 kg, 55.5 kg, and 47.15 kg, respectively.



Figure 8 shows the comparison of wind power accommodation. As shown, the wind power accommodation in dispatch model I is higher than that in dispatch model II. As shown in Table 2, the average wind power accommodation proportion in dispatch model I and dispatch model II are 76.74% and 70.18%, respectively. The wind power accommodation is increased by 6.56%.




4.3. Analysis of Dispatch Results of One Day


In this part, we select the first day for concrete analysis. For dispatch model I, the optimized electric power of each unit is shown in Figure 9, and the optimized thermal power of each unit is shown in Figure 10.



As shown in Figure 9 and Figure 10, in this dispatch model, the electric power value of the units at each time is equal to the electric load demand, while the heat power value does not need to be equal to the thermal load demand, because of the thermal inertia of thermal generation units. Comparing the two figures, we could find that during the time interval from 1 a.m. to 6 a.m., the electrical power demand is increased and the heating power demand is decreased through the means of DR. The fuel cost of the CHP is significantly lower than that of the thermal power unit, and its thermal power and electric power have certain coupling characteristics. In order to reduce the power of the thermal power unit during the peak load period, it is necessary to increase the electric power of CHP. TES releases heat in the peak period of the electric load, so as to reduce the thermal power of the CHP unit, and then to increase its electrical power, to achieve the goal of reducing the comprehensive operation cost. Concretely, the optimized costs in dispatch model I and dispatch model II are shown in Table 3.



As shown in Table 3, the optimized total dispatching costs in dispatch model I and dispatch model II are 235.94 kUSD and 191.76 kUSD, respectively. The total dispatching cost of dispatch model I is higher than that in dispatch model II. However, the environmental cost is not taken into account in dispatch model II. The environmental cost of dispatch model I is 46.87 kUSD, accounting for 19.87% of the total cost. According to the optimized results, if environmental protection is considered in an economic dispatch model, the proportion of environmental cost cannot be ignored.



Figure 11 and Figure 12 show the comparison of CHP and thermal power unit. It can be seen that the power of CHP and thermal power unit in dispatch model I is lower than that in dispatch model II, especially between 1 a.m. to 8 a.m., the contrast of electrical power is obvious. However, the comparison of thermal power of CHP is not obvious. There are two main reasons: (1) The addition of TES to CHP improves the flexibility of CHP. Therefore, the operation pattern “determining power by heat” of CHP is alleviated; and (2) The operating characteristics of the CHP itself. In Figure 1, we know that when the thermal power is Ph, the feasible region of electrical power is from [PFe,PEe]. In other words, the thermal power in both dispatch models, the thermal power of CHP is “Ph” in these dispatch models, and the electrical power varies between PFe and PEe. Therefore, the electrical power of the CHP is more obvious than thermal power.



Figure 13 shows the comparison of DR. The positive value means increasing the load power and the negative value means decreasing the load power. Owning to both of the dispatch models are emphasized on reducing the electrical power of CHP and thermal power unit to reduce the emissions of CO2, SO2, and NOx and promote the wind power accommodation. It can be seen that the fluctuations of DR in dispatch model I are more pronounced than dispatch model II. Especially between 1 a.m. to 5 a.m., when the wind power is sufficient, the electrical load demand based on DR is obviously increased. Between 7 a.m. to 9 a.m., when the electrical load demand is at a peak and the wind power is at a low level, the electrical load demand based on DR is obviously decreased



Thus, the lower output of coal-fired unit will decrease the utilization of coal, meanwhile, the emissions of CO2, SO2, and NOx will also be decreased. In addition, the reduced power of the generator and the increased load based on DR would provide the accommodation space for wind power.



Figure 14 and Figure 15 show the comparison of the emissions of CO2, SO2, and NOx, and Figure 16 shows the comparison of wind power accommodation. It can be seen that the emissions of CO2, SO2, and NOx in dispatch model I are much lower than dispatch model II. The wind power accommodation in dispatch model I is significantly improved. Therefore, taking environmental costs into account can significantly reduce the emissions of CO2, SO2, and NOx and promote wind power accommodation. It meets the development requirements of promoting the development of new energy power generation and energy conservation and emission reduction.





5. Conclusions


An economic power dispatch model considering the environmental cost based on CHP-DR is proposed in this paper. The optimized results show that, compared with the traditional dispatch model, the daily average emissions of CO2, SO2, and NOx are decreased by 14,354.35 kg, 55.5 kg, and 47.15 kg, respectively, and the wind power accommodation is increased by 6.56%. Simulation results demonstrate that the dispatch model is efficient to reduce the emissions of CO2, SO2, and NOx, and increase the wind power accommodation. The following conclusions can be drawn: (1) The emissions of CO2, SO2, and NOx could be reduced, and the wind power accommodation could be promoted, when considering the environmental cost in an economic dispatch model; (2) environmental costs can be counted as the cost of power generation, since the environmental cost is closely related to the amount of coal burned; and (3) environmental cost accounts for a certain proportion of the total economic cost, so it is significative to consider environmental cost in an economic dispatch model.
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Nomenclature


The following nomenclatures are used in this manuscript:





	CHP
	Combined heat and power



	TES
	Thermal energy storage



	DR
	Demand response



	EES
	Electric energy storage



	SOC
	State of charge



	GA
	Genetic Algorithm



	FCT
	Total cost of CHP with TES



	N/M/n/m
	Number of CHP/TES/thermal power units/EES



	T
	The number of hours in operation



	Cc,i
	Fuel cost of CHP i with TES



	FTC,j
	Average daily investment cost of TES j



	FTW,j
	Operation and maintenance cost of TES j



	am/bm/cm
	Operation cost coefficients of CHP with TES



	Pi,te
	Electrical power of CHP i at time t



	Pi,th
	Thermal power of CHP i at time t



	Pmin,ie/Pmax,ie
	Lower/upper limits of electrical power for CHP i



	Pmin,ih/Pmax,ih
	Lower/upper limits of thermal power for CHP i



	rd,iC/ru,iC
	Lower/upper ramp rate limits of CHP i



	cv
	The linear supply slopes of thermal power and electric power of CHP



	Pj,tTES
	Thermal power of TES j at time t



	PR,jTES/ER,jTES
	Rated power/capacity of TES j



	CTP/CTE
	Power/capacity cost coefficients of TES



	TT,j
	Service life of TES j



	CU
	Operation and maintenance cost coefficient of TES



	Sj,t
	Capacity of TES j at time t



	Smin,j/Smax,j
	Lower/upper capacity limits of TES j



	Pmin,jTES/Pmax,jTES
	Lower/upper thermal power limits of TES j



	FDR
	Total incentive cost of DR



	ρ
	The incentive cost coefficient



	PΔL,t
	The value of dispatch load at time t



	Δt
	Dispatch time interval



	PLoad,t/PHeat,t
	Electrical load demand/thermal load demand at time t



	ζLmin/ζLmax
	Lower/upper values of load regulation rate



	χHmin/χHmax
	Lower/upper limited proportions of adjustment of thermal power demand



	F1
	Fuel cost of thermal power units



	Ch,i
	Fuel cost of thermal power unit i



	ai/bi/ci
	The cost coefficients of thermal power unit i



	Pi,t
	Power of thermal power unit i at time t



	Pmin,i/Pmax,i
	Lower/upper power generation limits of thermal power unit i



	rd,i/ru,i
	Lower/upper ramp rate limits of thermal power unit i



	F2
	Total cost of EES



	FEC,i/FEW,i
	Average daily investment cost/the operation and maintenance cost of EES i



	CEP/CEE
	Power/capacity cost coefficients of EES



	PEES,iR/EEES,iR
	Rated power/capacity of EES i



	Pi,tEES
	Power of EES i at time t



	TE,i
	Service life of EES i



	CO
	Operation and maintenance cost coefficient of EES



	SOCmin,i/SOCmax,i
	Lower/upper SOC limits of EES i



	Pmin,iEES/Pmax,iEES
	Lower/upper power limits of unit i



	F3
	Carbon cost



	CCP/CSP/CNP
	Environmental cost coefficient of CO2/SO2/NOx



	WC/WS/WN
	Emission of CO2/SO2/NOx



	δC/δS/δN
	Emission of CO2/SO2/NOx by a unit mass of coal combustion



	βm
	Unit-price of coal



	F4
	Operation cost of desulfurization and denitrification equipment and the emission cost of SO2 and NOx



	CS/CN
	Operation cost of desulfurization and denitrification device to remove unit mass of SO2/NOx



	η
	Efficiency of desulfurization and denitrification device



	F5
	Cost of wind curtailment



	CQ
	Unit-cost of wind curtailment



	PΔWind,t
	Wind curtailment at time t
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Figure 1. Heat-electricity relationship of CHP unit with TES. 
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Figure 2. The power curve of the industrial load before and after dispatch. 
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Figure 3. Structural diagram of the entire system. 
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Figure 4. Curve of prediction. 
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Figure 5. Comparison of CO2 emission. 
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Figure 6. Comparison of SO2 emission. 
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Figure 7. Comparison of NOx emission. 
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Figure 8. Comparison of wind power accommodation. 
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Figure 9. Electric power dispatch result of each unit. 
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Figure 10. Heat power dispatch results of combined heat and power (CHP) and thermal energy storage (TES). 
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Figure 11. Comparison of CHP. 
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Figure 12. Comparison of thermal power unit. 
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Figure 13. Comparison of demand response (DR). 
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Figure 14. The emission of CO2. 
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Figure 15. Comparison of the emissions of SO2 and NOx. 
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Figure 16. Wind power forecast and accommodation power. 
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Table 1. The parameters of dispatch models.
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	Parameter
	Value
	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	am(USD/MW2)
	0.0044
	bi(USD/MW)
	23.66
	CTE(USD/MWh)
	4000
	ρ(USD/MW)
	150



	bm(USD/MW)
	13.29
	ci(USD)
	16.22
	TT,i(year)
	20
	ζLmin
	0.9



	cm(USD)
	39
	Pmin,i(MW)
	55
	CU(USD/MW)
	10
	ζLmax
	1.1



	cv
	0.15
	Pmax,i(MW)
	150
	SOCmin,i
	0.2
	χHmin
	−0.1



	Pmin,ie(MW)
	100
	rd,i(MW)
	−60
	SOCmax,i
	0.9
	χHmax
	0.1



	Pmax,ie(MW)
	200
	ru,i(MW)
	60
	Pmin,iEES(MW)
	−50
	δC(kg)
	2600



	Pmin,ih(MW)
	150
	Smin,i(MWH)
	100
	Pmax,iEES(MW)
	50
	δS(kg)
	8.5



	Pmax,ih(MW)
	250
	Smax,i(MWH)
	800
	CEP(USD/MW)
	15,000
	δN(kg)
	7.4



	rd,iC(MW)
	−50
	Pmin,jTES(MW)
	−100
	CEE(USD/MWh)
	7000
	βm(USD/kg)
	0.6



	ru,iC(MW)
	50
	Pmax,jTES(MW)
	100
	TE,i(year)
	20
	CQ(USD/MW)
	100



	ai(USD/MW2)
	0.03
	CTP(USD/MW)
	8000
	CO(USD/MW)
	26
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Table 2. Dispatching results of different cases.
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Day

	
Emission of CO2 (kg)

	
Emission of SO2 (kg)

	
Emission of NOx (kg)

	
Wind Power Accommodation




	
DM I

	
DM II

	
DM I

	
DM II

	
DM I

	
DM II

	
DM I

	
DM II






	
1

	
1,017,394.29

	
1,051,038.37

	
3326.10

	
3436.86

	
2895.66

	
2991.42

	
76.06%

	
65.51%




	
2

	
1,040,712.35

	
1,042,928.91

	
3402.31

	
3451.56

	
2962.72

	
3005.24

	
72.56%

	
67.25%




	
3

	
1,063,664.58

	
1,066,625.36

	
3477.36

	
3504.21

	
3027.35

	
3043.56

	
77.98%

	
72.36%




	
4

	
1,024,336.73

	
1,029,335.86

	
3348.79

	
3365.20

	
2915.41

	
2929.70

	
71.46%

	
63.59%




	
5

	
1,036,482.57

	
1,084,466.21

	
3388.50

	
3545.37

	
2949.99

	
3086.56

	
79.46%

	
73.42%




	
6

	
1,073,234.91

	
1,077,280.69

	
3508.65

	
3521.88

	
3054.59

	
3066.11

	
84.32%

	
80.44%




	
7

	
1,048,089.14

	
1,052,719.62

	
3426.45

	
3441.58

	
2983.02

	
2996.20

	
75.35%

	
68.70%




	
Average

	
1,043,416.37

	
1,057,770.72

	
3411.17

	
3466.67

	
2969.82

	
3016.97

	
76.74%

	
70.18%
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Table 3. Optimized costs of dispatch model I and dispatch model II.
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	Model
	Fuel Cost (kUSD)
	Cost of TES (kUSD)
	Cost of EES (kUSD)
	Cost of DR (kUSD)
	Cost of Wind Curtailment (kUSD)
	Environmental Cost (kUSD)
	Total Dispatching Cost (kUSD)





	I
	110.87
	4.02
	21.02
	52.14
	1.02
	46.87
	235.94



	II
	118.90
	3.98
	23.97
	43.07
	1.84
	-
	191.76











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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