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Abstract

:

The application of the large-capacity energy storage and heat storage devices in an integrated energy system with a high proportion of wind power penetration can improve the flexibility and wind power accommodation capacity of the system. However, the efficiency and cost of the flexible resource should also be taken into consideration when improving the new energy accommodation capacity. Based on these considerations, the authors try to construct a joint optimal scheduling model for day-ahead energy storage and heat storage that considers flexibility. The power supplies and devices will be modeled separately, which enables a universal applicability. The objective function is the minimum cost and wind curtailment. Various practical constraints are taken into account. The mixed integer programming and software GLPK is used to program and solve. The actual operation data of a provincial power grid in northern China is used to conduct simulation analysis in four different working conditions. The results show that the model can maintain economical efficiency under different working conditions. In addition, it can adjust and dispatch various power supplies and devices efficiently, significantly improving wind power accommodation of the system.
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1. Introduction


Great changes have taken place in the field of energy development. The only way to achieve sustainable development is to promote energy revolution and develop renewable energy. As a mature renewable energy, wind power has been developed and utilized on a large scale. In 2050, 60% of China’s electricity will come from renewable sources [1]. By then, the installed capacity of wind power generation will reach 2396 GW, and the proportion of power generated by wind will be 35.2%. However, there still exists the problem of wind curtailment in its power system, which has become an urgent challenge for the healthy development of the wind power industry.



The insufficient flexibility of a power system is the main reason for difficulty in wind power accommodation [2,3]. China has a vast area and there are abundant high-quality wind energy resources in the northern regions. However, their power systems are dominated by thermal power units. In their actual operation, peak-shaving is usually undertaken by thermal power units. The penetration ratio of wind power has been increasing in recent years, and its reverse peak regulation characteristics and large fluctuations have brought certain difficulties to the formulation of the dispatching plan. As a result, the dispatching department usually adopts means of wind curtailment or even shuts down the units to ensure the stable operation of the power grid, which leads to energy waste and economy loss. Furthermore, during the heating period of more than half a year in north China, the combined heat and power (CHP) units usually are operated under the mode of “Following the thermal load” (FTL) in order to meet the demand for heating [4,5] (Refer to Table A1 for all acronyms). The demand for thermal load at night is high but the electrical load is low. The electric power generation level of the CHP unit adopting the mode of “FTL” is relatively higher, and the remaining power space is small. It is in this period that the wind resource is abundant. So, the application of “FTL” results in a large amount of wind curtailment. Nowadays, thermal power (TP) and CHP units have been transformed by installing heat storage devices (HSD) and electric boilers (EB) [6,7,8,9,10,11,12,13,14]. In addition, new flexible resources such as energy storage devices (ESD) and pumped storage power stations have been further developed [15,16,17,18,19]. The advancement in these two aspects provides new options for the peak regulation of power systems. In References [9,10], by adding HSDs, the “FTL” mode of CHP units was decoupled, and its adjustment ability was improved; Reference [11] systematically summarized the comprehensive energy system, which goes beyond the scope of the power system. The use of large-capacity heat storage will improve the optimization capacity of the energy system over a wide time and space range, and increase the capacity of renewable energy consumption. However, this paper did not provide any analysis of specific implementation modes and application effects. Reference [12] proposed a wind power consumption method for adding an EB to a CHP unit, which reduced the cost of power generation and improved the capacity for wind power consumption. Reference [15] proposed the basic idea of using ESDs to solve these problems.



The effectiveness of the method for solving the problem of wind curtailment by improving the flexibility of the system has been confirmed in practice. On January 1, 2017, the operation rules of northeast electric auxiliary service market were published. After a six-month implementation period, the curtailment rate in northeast China has been greatly reduced. Curtailment rates in Heilongjiang, Jilin, and Liaoning dropped to 16%, 24%, and 9%, respectively. By the first half of 2019, curtailment rates in the three provinces had dropped to 2.0%, 3.3%, and 0.6%. However, the consequent increase in auxiliary service costs has also attracted attention from all parties. On November 5, 2019, the Comprehensive Department of the National Energy Administration issued the "Notice on the Relevant Situation of Electric Power Ancillary Services in the First Half of 2019". Compensation expenses were 2.49 billion yuan, seeing an increase of 69.4% year-on-year, of which peak shaving compensation expenses were 2.45 billion yuan, an increase of 73.8% year-on-year. This phenomenon has led people to think about some new questions: Is the use of flexible resources efficient? Can the optimization of dispatching reduce the overall auxiliary service costs while improving the power grid’s ability to absorb new energy?



Based on problems above, this paper builds a joint optimization and scheduling model for electric storage and heat storage that considers flexibility. By using electric boilers and heat storage devices, the rigid constraint of “FTL” for CHP units is decoupled. The fluctuation and intermittency of the output of renewable energy and the peak-valley characteristics of the power load are further stabilized by energy storage devices. The cost of each flexible resource scheduling is taken into consideration in the objective function. Effective resource dispatch improves the flexibility of the system. While improving the system’s ability to absorb new energy, the model also ensures the economic efficiency of the system.



The paper is structured as follows: In Section 2, the operating characteristics of electric-heat integrated energy system are introduced. The powers sources and devices models are described in detail in Section 3. The overall optimal scheduling model is provided in Section 4, and the case study is presented in Section 5. Finally, the conclusions are drawn in Section 6.




2. Electric-Heat Integrated Energy System


In the electric-thermal integrated energy system, the use of HSDs can help achieve thermal-electrolytic decoupling. In addition, ESDs can match the fluctuating and intermittent new energy output. It can coordinate with TP units, CHP units, EBs, and HSDs to increase flexibility, further improving the system’s new energy consumption. In addition, the thermal system and electrical system are also highly complementary in physical characteristics. On the one hand, the transmission and distribution network of the thermal system has certain heat storage characteristics. Compared with the "time-to-use" of the power of the electrical system, a thermal system has greater inertia. As a result, it has a natural tolerance to the volatility and intermittency of electricity. On the other, an electric power system has a large spatial range of transmission and optimized allocation capabilities that a thermal system lacks. If the function of energy storage can be added to it, then the inertia and flexibility of a thermal system can be further improved. The fluctuation and intermittent nature of the new energy output in the power system and the peak and valley characteristics of the power load can be better suppressed as well.



A structure diagram of the electric-heat integrated energy system is shown in Figure 1. Electric boilers are used on the power supply side, and only abandoned wind power is used to supply electric for heating because thermal energy has lower quality compared with electrical energy. This method of energy use is more reasonable.




3. Powers Sources and Devices Models


As shown in Figure 1, the integrated energy system consists of three parts. The power generation sector consists of CHP units, TP units, and wind power units, which produce electricity and heat. Storage system includes HSDs, ESDs and EBs. The heat generated by an EB is partly supplied by direct heating and partly stored in a HSD. HSDs and ESDs are used for energy storage, mainly including batteries, storage tanks. The third part is loads, including thermal load and electrical load. In this paper, TP units, CHP units, HSDs, ESDs, and EBs are modeled separately. Modularization makes the model more universally applicable.



3.1. Conventional Thermal Power Units


3.1.1. Operation Costs Model




   f i G  (  P  i , t  G  ) =  a i    (  P  i , t  G  )  2  +  b i   P  i , t  G  +  c i   



(1)




where    f i G  ( • )   is the cost function of TP unit  i .    P  i , t  G    is its output power.    a i   ,    b i    and    c i    are the quadratic, linear, and constant cost coefficients, respectively.




3.1.2. Constraints


Generation from the TP units is bounded by the following inequality constraints:


   P  i , min  G  ≤  P  i , t  G  ≤  P  i , max  G   



(2)




where    P  i , min  G    and    P  i , max  G    are the upper and lower limits of the TP unit  i , respectively.



At the same time, the units are constrained by the climbing speed:


  − R  D  i , max  G  ⋅ Δ t ≤  P  i , t + 1  G  −  P  i , t  G  ≤ R  U  i , max  G  ⋅ Δ t  



(3)




where   R  D  i , max  G    and   R  U  i , max  G    are the maximum downward and upward climb speed of unit  i , respectively.   Δ t   is the interval per unit time.





3.2. CHP Units


3.2.1. Operation Costs Model




   f i  CHP    (   P  i , t   CHP   ,  H  i , t   CHP    )  =  μ 1  +  μ 2   P  i , t   CHP   +  μ 3   H  i , t   CHP   +  μ 4     (   P  i , t   CHP    )   2  +  μ 5     (   H  i , t   CHP    )   2  +  μ 6   P  i , t   CHP    H  i , t   CHP    



(4)




where    f i  CHP   ( • )   is the cost function of CHP unit  i .    P  i , t   CHP     is the electrical output of unit  i .    H  i , t   CHP     is the heat output of unit  i .    μ 1  ~  μ 6    are cost coefficients.




3.2.2. Constraints


Considering the general actual operation, CHP units in this model are steam extraction units without adjusting the extraction volume, that is, they are operated in the mode of the fixed thermoelectric ratio. The heating ratio constraint is as follows:


   P  i , t   CHP   =  H  i , t   CHP   /  k i  CHP    



(5)




where    k i  CHP     is the electric heating rate of CHP unit  i .



Like TP units, the CHP units must meet the upper and lower limits of output constraint:


   P  i , min   CHP   ≤  P  i , t   CHP   ≤  P  i , max   CHP   ,    



(6)




where    P  i , min   CHP     and    P  i , max   CHP     are the lower and upper limits of the CHP unit  i , respectively.



The same goes for the climbing speed constraint:


  − R  D  i , max   CHP   ⋅ Δ t ≤  P  i , t + 1   CHP   −  P  i , t   CHP   ≤ R  U  i , max   CHP   ⋅ Δ t  



(7)




where   R  D  i , max   CHP     and   R  U  i , max   CHP     are the maximum downward and upward climb speed of CHP unit  i .





3.3. Heat Storage Devices


3.3.1. Operation Costs Model




   f i  HS    (   H  i , t   i n   ,  H  i , t   out    )  =  α  i , t  +   λ 1   H  i , t   in   +  α  i , t  −   λ 2   H  i , t   out    



(8)




where    f i  HS    ( • )    is the cost function of HSD  i .    α  i , t  +    and    α  i , t  −    are the heat storage and release state signs, respectively. They are both 0 or 1. When they are equal to 1, it means that the device works in the heat storage state or release status.    H  i , t   in     and    H  i , t   out     are the heat storage power and heat release power, respectively.




3.3.2. Constraints


The capacity of HSDs is limited, and the rate of heat storage and heat release is also capped. Therefore, the specific constraint expression is as follows:


  0 ≤  S  i , t  H  ≤  S  i , max  H  ,    



(9)






   {      0 ≤  H  i , t   in   ≤  H  max   in         0 ≤  H  i , t    out      ≤  H  max   out          



(10)




where    S  i , t  H    is the stored heat capacity.    S  i , max  H    is the total capacity of the device.    H  max   in     and    H  max   out     are the upper limit of the heat storage power and heat release power, respectively.



In actual operation, it is approximately believed that heat leakage loss power is proportional to heat storage. In addition, the HSD is generally required to be in an operating cycle, usually 1 day, and then it will be restored to the original heat storage. The specific constraint expression is as follows:


   {      Δ t  (   H  i , t   in   −  H  i , t   out   −  k i   S  i , t  H   )  =  S  i , t + 1  H  −  S  i , t  H         S   N T   H  =  S 0 H         



(11)




where    k i    is the heat leakage ratio.



It is also a constraint that a HSD cannot be operated both in heat storage and exothermic states. The specific constraints are as follows:


   α  i , t  +  +  α  i , t  −  ≤ 1  



(12)









3.4. Electric Storage Devices


3.4.1. Operation Costs Model




   f i  ES    (   P  i , t   in   ,  P  i , t   out    )  =  β  i , t  +   ω 1   P  i , t   in   +  β  i , t  −   ω 2   P  i , t   out    



(13)




where    f i  ES   ( • )   is the cost function of ESD.    β  i , t  +    and    β  i , t  −    are the electric storage and release state signs, respectively. They’re both 0 or 1. When they’re equal to 1, it means that the device works in the electric storage state or release status.    P  i , t   in     and    P  i , t   out     are charging power and discharging power, respectively.




3.4.2. Constraints


The constraint of ESD is similar to that of HSD. The capacity constraint, power storage and discharge constraint, and working condition constraint are mainly considered at the same time.





3.5. Electric Boilers


3.5.1. Operation Costs Model


The cost of the electric boiler is not taken into account, because it only uses the abandoned wind power for heating.




3.5.2. Constraints


The constraints of electric boiler mainly include the electric heat conversion ratio and upper limit of power consumption. Specific constraints are as follows:


   C i  eh    P  i , t   eh   =  H  i , t   eh    



(14)






  0 ≤  P  i , t   eh   ≤  P  i , max   eh    



(15)




where    C i  eh     is the electric heat conversion ratio. It is usually equal to 1.    P  i , t   eh     is the electrical power of the electric boiler.    H  i , t   eh     is the thermal power provided by the device.    P  i , max   eh     is the maximum power.






4. Overall Optimal Scheduling Model


4.1. Objective Function


To achieve the maximum absorption of wind power and overall economical efficiency of the system, the objective function of the model comprehensively takes into consideration the minimum wind curtailment and the lowest total operating cost of TP units, CHP units, HSDs, and ESDs. The specific objective function is as follows:


  min f =   ∑  t = 1    N T       ∑  i = 1    N W      P  i , t   Curt       + ε   ∑  t = 1    N T      (    ∑  i = 1    N  CHP       f i  CHP     +   ∑  i = 1    N  HS       f i  HS     +   ∑  i = 1    N  ES       f i  ES     +   ∑  i = 1    N G      f i G     )     



(16)




where    N T    is the total number of optimized periods.    N W    is the number of wind turbines.    P  i , t   Curt     is the wind curtailment power of wind turbine  i .  ε  is the cost penalty coefficient to ensure the overall economic efficiency of the system.    N  CHP    ,    N  HS    ,    N  ES    , and    N G    are the quantities of CHP units, HSDs, ESDs, and TP units.




4.2. Constraints


In addition to the constraint conditions of the above models, the system electrical load balance and thermal load balance constraints should also be considered:


    ∑  i = 1    N G      P  i , t  G    +   ∑  i = 1    N W      (   P  i , t  W  −  P  i , t   Curt    )    +   ∑  i = 1    N  CHP       P  i , t   CHP     +   ∑  i = 1    N  ES       β  i , t  −     P  i , t   out   =  P t  LD   +  R t  +   ∑  i = 1    N  ES       β  i , t  +     P  i , t   in   +   ∑  i = 1    N  eh       P  i , t   eh      



(17)






    ∑  i = 1    N  CHP       H  i , t   CHP     +   ∑  i = 1    N  HS       β  i , t  −     H  i , t   out   +   ∑  i = 1    N  eh       H  i , t   eh     =  H t  Load   +   ∑  i = 1    N  ES       β  i , t  +     H  i , t   in   +  k i   S  i , t  H   



(18)




where    P t  LD     is the electrical load at time  t .    R t    is the reserve at time  t .    H t  Load     is the heat load. What is more, the network security constraints are as follows:


   P  i , min  B  ≤  P  i , t  B  ≤  P  i , max  B   



(19)




where    P  i , t  B    is the power of branch  i  at time  t .    P  i , min  B   ,    P  i , max  B    are the limits of    P  i , t  B   .




4.3. Solution Method


At present, there are many methods to solve optimization problems, such as the nature-inspired algorithm [20,21,22] or numerical algorithm [23,24]. The mixed integer programming is adopted in this article. The GLPK, which is a mature open source software package, is used to solve this mixed integer programming problem. It uses the method of proximity search, which has the capability of quickly improving the first MIP incumbents and improves the solution speed significantly [25].





5. Case Study


The system parameters, work scenarios, and other information of the case are shown in Table 1.



As can be seen from Table 1, Fortran and GLPK are used to solve the example. Example data are from a provincial power grid, including two thermal power plants and two power storage plants. Thermal power plant A includes CHP units and HSDs. Power plant B includes CHP units, EBs and HSDs. The maximum capacity of the HSDs of the two thermal power plant is 300   MW ⋅ h   and 200   MW ⋅ h  , respectively. The maximum charge-discharge power of storage stations A and B is 25 MW and 20 MW, respectively. In the example, there are about 3000 regular variables and 1800 relaxation variables at one point in time, a total of about 5000 variables. Time granularity of 15 min is used, so there are 96 points in a day, a total of about 500,000 variables. Examples in this paper verify the practicability of this model from the perspective of four working conditions: ordinary operating conditions (condition 1), a small amount of wind abandoning conditions (condition 2), all-day wind curtailment conditions (condition 3), and conditions where the wind abandoning period is not long enough to fill HSDs (condition 4).



5.1. Ordinary Operating Conditions


The optimization scheduling result for condition 1 is shown in Figure 2.



As can be seen from Figure 2a,b, during the curtailment period, the electrical power output of CHP units of these two power plants decreased, leading to a decrease in heat output. Therefore, in order to meet the demand of heat load, HSDs releases heat to make up for the lack of heat output. Moreover, the capacity of HSDs is maximized. In addition, the electric boiler of plant B is also converted to heat during the wind curtailment period. Various resources are operated in a flexible way, thereby improving the absorption capacity of wind power effectively.




5.2. All-day Wind Curtailment Conditions


The optimization scheduling result for condition 2 is shown in Figure 3.



In this working condition, it can be seen from Figure 3a,b that the two HSDs hardly work. This is because the electric boiler does not need to store heat for HSDs. Otherwise, according to the operating conditions of HSDs, heat will be released at the end of a cycle, resulting in the loss of energy. There is no need to pump steam to the unit for heat storage, too. Otherwise the unit will increase the electrical output, further aggravating the wind curtailment. The coordinated operation of this model under this condition can alleviate the curtailment of wind and also take into account the economic efficiency of system operation.




5.3. A Small Amount of Wind Curtailment Conditions


The optimization scheduling result for condition 3 is shown in Figure 4.



It can be seen from Figure 4 that in this operating condition, the unit’s electric output also decreases. Electricity is also stored at two storage plants. The HSD capacity remains because the volume of wind curtailment is small and the wind curtailment period is too short. Under this condition, the model can solve the problem of wind abandoning well.




5.4. Conditions Where the Wind Curtailment Period Is Not Long Enough to Fill HSDs


The optimization scheduling result for condition 4 is shown in Figure 5.



Under this working condition, since the wind curtailment period is very short, the heat storage tank cannot be full, and the capacity of HSDs is insufficient. However, if the heat storage power of HSDs is increased, the heat storage capacity can be theoretically improved, thus the utilization effect can be enhanced.




5.5. Case Study Conclusions


The enhancement of wind power accommodation in four working conditions is shown in Table 2.



As can be seen from Table 2, under the four working conditions, the increased accommodation rate did not increase significantly due to the large amount of original wind curtailment that exceeded the absorption limit of the system. However, the increased consumption of curtailment power has a major improvement, among which the maximum is 2441.07   MW ⋅ h   in working condition 4. In working condition 3, the utilization rate of heat storage and energy storage device is low due to the low volume and the short period of wind curtailment, resulting in a relatively low amount of increased consumption of curtailment power. However, its increased accommodation rate is the highest, at 20.38%, which indicates that the effect of wind abandoning consumption lifting under this working condition is also relatively obvious. The four examples can prove that the model in this paper can satisfy various working conditions under actual operation condition, and the joint coordinated dispatching of various resources can greatly improve system flexibility and increase the absorption capacity of wind power. At the same time, it can be concluded that the configuration of heat storage device should consider not only the capacity of HSDs, but also the heat storage power of HSDs. In a word, the higher the heat storage power, the stronger its ability to adapt to various working conditions and the more applicable it is.





6. Conclusions


The key to improving the accommodation of wind power is to enhance the power system regulation ability under different working conditions and to improve the flexibility of that power system. In this paper, the coupling relationship between the power system and thermal system is analyzed. The electric–thermal integrated energy system is constructed. By using HSD and EB, the rigid constraint of "FLT" is decoupled, and the adjustment ability of CHP unit is improved. The fluctuation and intermittency of the output of renewable energy in the power system and the peak-valley characteristics of the power load are further stabilized by the ESD. Finally, a day-ahead energy storage and heat storage joint optimal scheduling model considering flexibility is established. Each power supply and device is modeled separately, which enables universal applicability. The objective function is the minimum cost and wind curtailment. Various practical situations are taken into account as constraints. The actual data of a provincial power grid in China are taken as an example, and the changes of the system operation before and after adding heat storage and energy storage are simulated to analyze four different working conditions. The results show that this model not only gives consideration to economic efficiency under different working conditions, but also coordinates and schedules various resources, effectively improving the flexibility of system and enhancing the absorption capacity of wind power.







Author Contributions


All of the authors have contributed to this research. Conceptualization, Y.Z.; methodology, Y.Z., F.X. and P.Z.; software, Y.Z.; writing—original draft preparation, P.Z.; writing—review and editing, Y.Z. and P.Z.; project administration, F.X.; supervision, D.C. and W.G.; data curation, X.C.; funding acquisition, B.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the State Grid Liaoning Electric Power Co., Ltd. Technology Project (NO. SGTYHT / 17-JS-199).




Acknowledgments


Thanks to my dear friends, Shengkai Guo, Pengxiang Huang, Yaya Zhang, and Yu Wang, for giving me valuable suggestions.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Table of full names and acronyms.






Table A1. Table of full names and acronyms.





	Full Name
	Acronym





	Combined heat and power
	CHP



	Following the thermal load
	FTL



	Thermal power
	TP



	Heat storage device
	HSD



	Electric boiler
	EB



	Energy storage device
	ESD
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Figure 1. The structure diagram of an electric-heat integrated energy system. 
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Figure 2. The optimization scheduling result of condition 1. 
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Figure 3. The optimization scheduling result of condition 2. 
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Figure 4. The optimization scheduling result of condition 3. 
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Figure 5. The optimization scheduling result of condition 4. 
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Table 1. Case information.






Table 1. Case information.





	Software
	Fortran and GLPK





	Date source
	Partial data of a provincial power grid



	Scale of scheduling
	Two thermal power plants with CHP units, HSDs and EBs, two power storage plants with ESDs



	Number of variables
	About 500,000



	Working scenarios
	Condition 1: ordinary operating condition

Condition 2: all-day wind curtailment

Condition 3: a small amount of wind abandoning

Condition 4: the wind abandoning period is not long enough to fill HSDs










[image: Table] 





Table 2. Wind power accommodation enhancement under four conditions.






Table 2. Wind power accommodation enhancement under four conditions.





	Working Scenarios
	    Original   Curtailment   Power / MW ⋅ h    
	    Optimized   Curtailment   Power / MW ⋅ h    
	    Increased   Consumption   of   Curtailment   Power / MW ⋅ h    
	Increased Accommodation Rate





	Condition 1
	182,911.00
	181,880.00
	1031.00
	0.56%



	Condition 2
	636,658.64
	634,269.83
	2388.81
	0.38%



	Condition 3
	2388.81
	1901.93
	486.88
	20.38%



	Condition 4
	611,873.52
	609,432.45
	2441.07
	0.39%
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