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Abstract

:

The coordinated use of electricity and a heat energy system can effectively improve the energy structure during winter heating in the northern part of China and improve the environmental pollution problem. In this paper, an economic scheduling model of an electric–thermal integrated energy system, including a wind turbine, regenerative electric boiler, solar heat collection system, biomass boiler, ground source heat pump and battery is proposed, and a biomass boiler was selected as the auxiliary heat source of the solar heat collection system. A mixed integer linear programming model was established to take the operating cost of the whole system as the target. A day-ahead optimization scheduling strategy considering the demand side response and improving new energy consumption is proposed. In order to verify the influence of the coordinated utilization of the flexible load and energy storage equipment on the optimal scheduling in the model built, three scenarios were set up. Scenario 3 contains energy storage and a flexible load. Compared with scenario 1, the total cost of scenario 3 was reduced by 51.5%, and the abandonment cost of wind energy was reduced by 43.3%. The use of a flexible load and energy storage can effectively reduce the cost and improve new energy consumption. By increasing the capacity of the energy-storage device, the wind power is completely absorbed, but the operation and maintenance cost is increased, so the capacity of energy storage equipment is allocated reasonably according to the actual situation.
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1. Introduction


Under the background of increasing energy demand and serious damage to the global ecological environment, developing a clean energy industry, promoting the revolution of energy production and consumption, and building a clean, low-carbon, safe, and efficient energy system are the directions of future energy development [1,2,3]. Electric–thermal integrated energy systems (IESs) can reduce the operating cost of the whole system through the coordination of the electric–thermal energy unit and load and at the same time, improve the consumption rate of new energy and improve the level of large-scale development and utilization. At present, the IES has become the focus of energy transformation and development in countries all over the world [4,5,6]. The research of this paper involves energy storage, a ground source heat pump, a solar heat collector system, a flexible load, and a scheduling optimization strategy. The following is analyzed based on the research of scholars from these aspects.



	
Energy storage






Energy storage is the “soul” of electric–thermal IES, which can effectively improve energy efficiency and reduce consumption costs [7,8,9,10]. In reference [11], under the environment of time-sharing electricity prices, an electricity–thermal IES regulation strategy considering heating network transmission delay and heating storage is proposed. Taking the heating network system as scheduling resources, the heating load transfer of the system can be realized. In reference [12], the heating reserve of the heat storage unit is converted into the generating reserve of the unit and incorporated into the constraints. In reference [13], the Benders decomposition algorithm is used to effectively solve the optimal scheduling problem of the electric–thermal IES, including heating storage, electric boiler, and carbon capture equipment, which effectively promotes the wind power consumption and improves the economy and low-carbon performance of the whole system. Reference [14] simulates the uncertainty of wind power output, considers the thermal energy-storage characteristics of the water supply pipeline of the heating system and the thermal delay of the heating network pipeline, and takes the lowest energy purchase cost of the system as the objective function to put forward the scheduling plan of the system. In reference [15], the optimal scheduling problem of the IES, including the ground source heat pump, combined cooling, heating, and power supply system, and many kinds of energy supply and storage equipment is studied. In reference [16], the CCHP system with photovoltaic and energy-storage equipment is established, and the influence of energy storage on the system is analyzed. In reference [17], the effect of heat storage equipment on wind power consumption of the lifting system is analyzed by constructing the scheduling model of the cogeneration unit, including heat storage. In order to improve the capacity of wind power consumption, a joint system of wind power and energy-storage equipment is established, and the particle swarm optimization algorithm is used to optimize the scheduling of each equipment, in reference [18]. In this paper, the framework structure of an electric–thermal integrated energy system is presented, including wind turbines, batteries, regenerative electric boilers, ground source heat pumps, solar heat collection systems, and biomass boilers. Energy-storage equipment includes a battery and heat regenerator. For the first time, a biomass boiler as an auxiliary heat source for solar heat collection systems is proposed in this paper.



	2.

	
Ground source heat pump and solar heat collector system







At present, a ground source heat pump and solar heat collector system are added to the integrated energy system to improve the economy of the system and the infiltration ratio of new energy. Reference [19] presents the design of an IHS with a wind turbine, photovoltaic, diesel generator, and battery and mobile energy-storage systems (ESSs). A multi-objective optimization to minimize the total cost of construction, maintenance, and operation of sources and ESSs within the IHS and the emission level of the system using two separate objective functions is proposed. In references [20,21], the thermal performance of an energy pile-solar-collector-coupled system for underground solar energy storage was investigated using numerical modeling. The results suggested that a lower flow rate should be adopted for the energy pile-solar-collector-coupled system to save the operational cost of the circulation pump. In reference [22], a new combined energy system composed of the parabolic dish solar collector, stirling engine, and thermoelectric device is proposed. In reference [23], the influence of distributed generation on the transmission line is studied, and the optimal control strategy of distributed generation is proposed. In reference [24], the effect of different operation strategies of the combined system on the system performance and soil temperature variation is discussed. Reference [25] designs a novel solar-assisted ground-source heat pump system with the heat-cascading of borehole heat-exchangers and realizes both cascaded heat-storage and heat-utilization. In reference [26], a novel combined cooling, heating, and power or trigeneration system driven with a gas engine and flat plate solar collector is proposed. In reference [27], to find an optimal economic solution for solar district heating (SDH), an evaluation model based on the levelized cost of heat is developed. Reference [28] establishes the analytical model for a hybrid heating system, containing a solar collector, air-source heat pump, and water tank, and provides guidance for practical design of the heating system with multiple heat source and TES equipment. Reference [29] presents the numerical simulation of a solar-assisted ground-coupled heat pump system, which can provide both space heating and domestic hot water. Reference [30] proposes a complete two-wavelength band radiation model of a direct-absorption solar collector. Reference [31] develops an exergy-based hierarchical control for the ACUREX solar collector field.



	3.

	
Scheduling optimization strategy







Fully considering the flexible load in the optimal scheduling can improve the energy-consumption capacity of the system [32,33]. Combined with the characteristics of all kinds of translatable loads, the load translation of cooling and thermoelectric loads is carried out in reference [34], and an optimal scheduling model, including economic, environmental, and energy operating costs, is established. In order to fully utilize the flexibility potential of the CCHP system, reference [35] divides the system with the energy supply process in an analytical viewpoint of flexibility and proposes a novel operational strategy of following system flexibility to schedule energy dispatch. Reference [36] fully considers the robust optimal scheduling method of virtual power plant heat and power cogeneration under flexible load. the coordinated optimization effect of many kinds of flexible loads is improved. In reference [37], a scheduling strategy suitable for load aggregators to reduce the real-time demand response of a flexible load is proposed, which is optimized by the combination of mixed integer linear optimization and Monte Carlo simulation based on Copula to realize the real-time random scheduling of a residential flexible load. In this paper, considering the demand-side response of the two kinds of flexible load, which can reduce the load and shift the load, in coordination with the electricity storage and heat storage unit, an economic day-ahead optimization scheduling model of an electric–thermal integrated energy system is proposed.



In references [38,39,40], in view of the increasingly serious environmental pollution problem, a multi-objective optimization model of a CCHP microgrid considering polluting gas emissions is established. In references [41,42,43], combining renewable energy with a CCHP microgrid is proposed in order to solve the problem of wind–solar consumption and reduce the energy consumption of the CCHP system. In references [44,45,46], the heat transfer process in the basic components of a thermal system from the perspective of energy flow is introduced, and it puts forward an electric–thermal IES optimization model. In reference [47], an active distribution network planning model is proposed, which includes multiple options, such as the expansion of substations, addition of CCHP systems, gas boilers, and central air-conditioning. In references [37,48], using a matrix form to construct the input and output model of the CCHP system, the system evaluation model is established.



At present, the units of the IES are mainly the wind turbine (WT), photovoltaic (PV), combined cooling, heating and power system (CCHP), and electric refrigeration unit (EC) or absorption refrigeration unit (ABC). The optimal scheduling strategy of the system uses the NSGA-II algorithm or alexa tool to solve the optimization problem. Moreover, there are few IESs in which the solar heat collector system (SHCS), ground source heat pump (GSHP) with biomass boiler (BB), and the BB are selected as the auxiliary heat source of SHCS. In this paper, the structure of an IES is proposed for the first time, and the optimal scheduling strategy of the IES with this structure has not been studied and reported.



In order to enrich the system structure and energy equipment types of the IES and make the IES more extensive, on the basis of existing research, an electric–thermal IES is established in this paper, which includes a wind turbine (WT), SHCS, GSHP, BB, regenerative electric boiler (REB), and battery. The REB consists of an electric boiler (EB) and a regenerator (RG). For this IES structure, a day-ahead scheduling optimization model is proposed. Considering the demand-side response of the two kinds of flexible load, which can reduce the load and shift the load, in coordination with the electricity storage and heat storage unit, the optimization model is solved by Pyomo-GLPK. Pyomo-GLPK is an open source solver, which can be easily combined with other software programs and can be widely used in practical engineering projects. Through three scenarios, the system operating costs of different schemes are compared, and the effectiveness of the optimization strategy proposed in this paper is verified. At the same time, compared with other commercial solvers, the computing time of the Pyomo-GLPK algorithm is equal to that of other commercial solvers.



Accordingly, the main contributions of this paper are as follows:




	(i)

	
Proposed the framework structure of an electric–thermal integrated energy system including wind turbines, batteries, regenerative electric boilers, ground source heat pumps, solar heat collection systems, and biomass boilers. For the first time, proposed a biomass boiler as an auxiliary heat source for solar heat collection systems.




	(ii)

	
Considering the demand-side response of the two kinds of flexible load, which can reduce the load and shift the load, in coordination with the electricity storage and heat storage unit, an economic day-ahead optimization scheduling model of electric–thermal integrated energy system is proposed.




	(iii)

	
Established a mixed integer linear programming model to take the operating cost of the whole system and improve the consumption of new energy as the target, and used Pyomo-GLPK to solve the model.










2. Electric–Thermal IES Model


In order to enrich the system structure and energy equipment types of the IES and make the IES more extensive, on the basis of existing research, the structure of the electric–thermal IES is proposed, as shown Figure 1, which includes WT, batteries, REB, GSHP, SHCS, and biomass boilers (BBs). The REB consists of an electric boiler (EB) and a regenerator (RG). Among them, the wind turbine uses clean energy wind energy to generate electricity. Batteries as an electric storage device, combined with a time-sharing electricity price, meet the flexibility of users. When the WT and batteries cannot meet the electric load, the user buys electricity through the power grid. The SCHS generates heat power by absorbing solar energy for use by users. The BB is as the auxiliary heat source of SHCS, which uses biomass fuel for heating. The REB can transform electric energy into thermal energy and store heat. The GSHP uses geothermal energy to supply heat under the drive of electric energy. The user load in this paper includes electric load and heating load, in which the electric load is divided into general electric load and flexible electric load.



For the IES structure of Figure 1, a day-ahead scheduling optimization model is proposed. Considering the demand-side response of the two kinds of flexible load, which can reduce the load and shift the load, in coordination with the electricity storage and heat storage unit, the optimization model is solved by Pyomo-GLPK.



2.1. REB Model


The REB makes use of the electricity price during the low period of the night, which provides users heat demand and at the same time converts electric energy into heat energy and stores it in the RE of the boiler. When heat is needed, the heat transfer of the RE is realized through a high-efficiency heat exchanger (HE), so as to meet the heat needs of users and play the role of cutting the peak and filling the valley. The REB is an ideal substitute for coal to electricity, and the operating cost is only 1/3 that of the traditional electric direct heating boiler. The REB has the advantages of no pollution, zero emission, and a low operating cost, which can effectively solve the problems of the high pollution of traditional coal-fired boilers and high operating costs of traditional electric direct heating boilers. REB uses a low electricity price for heating.



Based on the electrothermal conversion efficiency of REB equipment, the electric energy is converted into heating energy. The energy conversion model of REB is as follows:


   Q  R E B , t   =  η  R E B    P  R E B , t    



(1)




in which QREB,t is the heat generation power of the REB in the t time period (kW). ηREB is the conversion efficiency of the REB. PREB,t is electric power in the t time period (kW).



The characteristics of the heat storage part of the REB can be described as the relationship among equipment capacity, input and output capacity, heat transfer efficiency, and heat loss. Moreover, the heat transfer model can be expressed as follows. The REB heat storage capacity at the current time is the heat storage capacity at the previous time plus the input heat minus the output heat in Δt steps.


   S  R E B , t + 1   =  S  R E B , t   ( 1 −  η  l o s s 1   ) + (  Q  R E B , t   i n    η  r , i n   −    Q  R E B , t   o u t      η  r , o u t     ) Δ t  



(2)




in which ηloss1 is the heat loss coefficient of the heat storage part.    Q  R E B , t   i n     and    Q  R E B , t   o u t     are the heat storage and release of the regenerator of the REB in the t time period, respectively. SREB,t and SREB,t+1 are the heat storage capacity in the t time period and t + 1 time period, respectively. ηr,in and ηr,out are the heat storage efficiency and exothermic efficiency, respectively.




2.2. SHCS Model


As shown in Figure 2, the SHCS uses a heat pipe vacuum tube collector, which absorbs solar energy on a sunny day, heats the water entering the lower part of the heat storage tank into the upper part of the heat storage tank, and stores the heat in the heat storage medium. The heating hot water enters the heating coil under the action of the circulating water pump, and the return water of the heating system enters the bottom of the heat storage tank, which repeatedly transfers the heat to the room. At night or on cloudy and rainy days, the heat collector circulation pump stops working, and the heat storage tank supplies heat directly to the room. The auxiliary heat source replenishes the heat to the heat storage tank where appropriate to meet the needs of users.



The heating collection model of SHCS is related to the total area of the collector, the average solar radiation, the average heat collection efficiency, the heat loss rate of pipelines and heat storage devices, and the solar energy guarantee rate, as follows.


   Q  S H C S   =    A s   J t   η  S H C S   ( 1 −  η  p i p e   )  f  ,  



(3)




in which As is the total area of the collector, taking 3000 m2. Jt is the average solar radiation in the t time period (kJ/(m2·d)). ηSHCS is the average heat collection efficiency of the collector, which is dimensionless, taking 50%. ηpipe is the heat loss rate of pipelines and heat storage devices, taking 15%. f is taken as the solar energy guarantee rate, which is dimensionless, taking 60%.




2.3. BB Model


Limited by the season, climate, location, and other factors, solar energy is an unstable source of energy, which cannot be used on rainy, snowy, or even cloudy days. Therefore, in order to ensure the stable heat supply of the solar energy system, the solar energy system must be used in conjunction with the heating equipment of other energy sources, which is called an auxiliary heat source. When the solar radiation is insufficient, the auxiliary heat source is used as the energy supplement of the solar heat collection system. Biomass boilers use biomass energy as fuel. Compared with traditional boilers, the biomass boiler efficiency is higher, the exhaust gas temperature is low, and biomass energy belongs to renewable energy. On the one hand, the energy crisis has been alleviated, and on the other hand, environmental pollution has been reduced. Therefore, the biomass boiler is selected as the auxiliary heat source of the solar energy-collecting system in this paper.



The heating generation model of the BB is based on the weight of input fuel, the calorific value of fuel, and the thermal efficiency of the BB, as follows.


   Q  B B , t   =  η  B B    β  B B    W  B B , t    



(4)




in which QBB,t is the thermal power of BB in the t time period (kW). ηBB is the thermal efficiency of BB, taking 0.8. βBB is the calorific value of biomass solidified fuel (kW/kg), taking 5.4. WBB,t is the fuel weight of BB in the t time period, and the fuel price is 0.108 $/kg.




2.4. GSHP Model


The GSHP is used to extract the ground source heating for users to use. The heating model of the GSHP is based on the thermal efficiency ratio of GSHP and electric power of the GSHP, as follows:


   Q  G S H P , t   = c o  p  G S H P   ×  P  G S H P , t    



(5)




in which QGSHP,t is the thermal power of the ground source heat pump in the t time period. copGSHP is the thermal efficiency ratio of GSHP. PGSHP,t is electric power in the t time period.




2.5. Battery Model


As an electric energy-storage unit, the battery is an important part of the IES, which can effectively stabilize the fluctuation of new energy output, realize the time decoupling of energy production and consumption, and effectively solve the contradiction of the energy supply and demand mismatch. The output model of the battery is related to the current state of the battery, and it is the charging state when the battery output is negative and the discharge state when the battery output is positive, as follows:


   P  B a t t e r y , t   =       −  P  B a t t e r y , t   i n     ,    P  B a t t e r y , t   < 0        P  B a t t e r y , t   o u t     ,    P  B a t t e r y , t   > 0        



(6)




in which PBattery,t is the output power of battery in the t time period.    P  B a t t e r y , t   i n     and    P  B a t t e r y , t   o u t     are the input and output power of the battery in the t time period, respectively.




2.6. Flexible Load


The utilization of flexible load is one of the important means of demand-side management. Demand-side management compensates users by signing policy agreements with demand-side users to urge users to adjust energy consumption plans according to electricity prices. In this way, part of the rigid load is converted into flexible load, which enhances the coordination of the whole system, reduces the peak–valley difference in user power consumption, and ensures the safety and economy of the system operation. In this paper, two kinds of flexible loads are cited, which are reducible load and translatable load.



2.6.1. Reduced Load Model


Reduced load is that the user’s electrical load is reduced in accordance with the agreement signed with the user without affecting the normal demand.



The electric power    P  p e r , t   c u t     in the t time period after load reduction is the electric load before optimization minus the electric load, which can be reduced according to the proportion within the scope of the agreement, as follows:


   P  p e r , t   c u t   =  P  p e r , t   −  n t   α t   P  p e r , t    



(7)




in which Pper,t is the electric power in the t time period before user optimization. nt is the 0 or 1 state variable to judge whether the load is reduced or not. αt is the reduction ratio within the scope of the agreement.



The compensation cost Ccut after scheduling is the product of the sum power of the reduced load in a cycle and the compensation price of the unit power load in the agreement, as follows:


   C  c u t   =  C  c u t   p r i c e     ∑  t = 1  T    n t   α t   P  p e r , t      



(8)




in which    C  c u t   p r i c e     is the compensation price of unit power load in the agreement.




2.6.2. Translatable Load Model


The translatable load is that the power consumption time is continuous and the time length is fixed, and the load translation needs to be carried out as a whole. The acceptable translation time interval of translatable load is [t1–t2]. When the load shifts to the interval with τ as the starting time, in order to ensure the continuity of running time, it should meet Equation (9) [49].


    ∑  t = τ   τ +  t s  + 1     m t  =  t s     



(9)




in which ts is the duration of the translatable load and ts < (t2 − t1). mt is the 0 or 1 state variable to judge whether the load is translating or not.



After optimization, the translatable load power    p t  s h i f t     in the t time period is:


   p t  s h i f t   =  m t   P  s h i f t    



(10)




in which Pshift is the rated power of the translatable load. mt is the 0 or 1 state variable to judge whether the load is translating or not.



The compensation cost given to the user after scheduling is the product of the power sum of the translation load and the compensation price of the unit power load translation in the agreement.


   C  s h i f t   =  C  s h i f t   p r i c e     ∑  t = t 1   t 2 + t s + 1     P t  s h i f t     ,  



(11)




in which    C  s h i f t   p r i c e     is the compensation price of the unit power load translation in the agreement.






3. Day-Ahead Optimal Scheduling Model of Electric–Thermal IES Based on MILP


3.1. Objective Function


Considering the demand-side response and energy storage of the electric–thermal IES, through the coordination between different equipment to meet the load needs of users at the same time to find the lowest total operating cost of the whole system, the total operating cost F includes the cost Cele of purchasing electricity from the power grid, the purchase cost Cb of biomass fuel, the penalty cost Cwind of abandoning wind, and the cost Cyw of equipment operation and maintenance, as follows:


  min F =  C  e l e   +  C b  +  C  w i n d   +  C  y w   +  C  b c   ,  



(12)




in which F is the total operating cost of the system ($). Cele is the purchasing electricity cost. Cb is the purchase cost of biomass fuel. Cwind is the penalty cost of abandoning wind. Cyw is the operation and maintenance cost of energy equipment. Cbc is the flexible load compensation cost.



The cost Cele of purchasing electricity is the product of the time-sharing electricity price and the electricity purchased from the power grid, as follows:


   C  e l e   =   ∑  t = 1  T    λ  e l e    P  B u y , t      



(13)




in which λele is the time-sharing electricity price. PBuy,t is the electricity purchased from the power grid in the t time period. T is the total scheduling time period, which is 24 h.



The purchase cost Cb of biomass fuel is the product of the unit mass price of biomass fuel and the fuel weight of BB, as follows:


   C b  =   ∑  t = 1  T    λ  B b    W  B b , t      



(14)




in which λBb is the unit mass price of biomass fuel.



The penalty cost Cwind of abandoning wind is the product of the abandonment penalty coefficient of the wind turbine and the difference between the predicted power and actual power, as follows:


   C  w i n d   =   ∑  t = 1  T    λ  w i n d   (  P  w i n d , t   p r e   −  P  w i n d , t   )    



(15)




in which λwind is the abandonment penalty coefficient of the wind turbine.    P  w i n d , t   p r e     is the predicted power generation of the wind turbine in the t time period. Pwind,t is the actual power consumption of the wind turbine in the t time period.



The operation and maintenance cost Cyw of energy equipment is the product of the unit operation and maintenance cost of energy equipment and the output power of equipment, as follows:


   C  y w   =   ∑  j = 1  N     ∑  t = 1  T    λ  j , y w    P  j , t        



(16)




in which λj,yw is the unit operation and maintenance cost of energy equipment j. N is the total number of energy equipment components. Pj,t is the output power of equipment j in the t time period.



The flexible load compensation cost Cbc is the sum of the compensation cost Ccut and the compensation cost Cshift given to the user after scheduling.


   C  b c   =  C  c u t   +  C  s h i f t    



(17)








3.2. Constraint Condition


3.2.1. Electric Power Balance Constraint


The electric power input and output of the whole system should meet the balance of supply and demand, that is the output power is equal to the power consumption. The input electric power includes power purchase, wind turbine power, and the output power of batteries. The power consumption includes electric power of the REB, electric power of the GSHP, and electricity load demand, as follows:


   P  B u y , t   +  P  w i n d , t   +  P  B a t t e r y , t   =  P  R E B , t   +  P  G S H P , t   +  P  p e r , t   o p e    



(18)




in which    P  p e r , t   o p e     is the electricity load demand after optimization for users in the t time period.




3.2.2. Thermal Balance Constraint


The thermal load of the whole system satisfies the law of the conservation of energy. The heating generation equipment includes REB, RG, SCHC, and GSHP. The heating generation is equal to the heating load required by users, as follows:


   Q  R E B , t   +  A  o u t , t    Q  R E B , t   o u t   +  Q  S H C S , t   o u t   +  Q  G S H P . t   −  A  i n , t    Q  R E B , t   i n   =  Q  p e r , t    



(19)




in which    Q  S H C S , t   o u t     is the heating release of the SHCS in the t time period. QHp,t is the heating release of the GSHP in the t time period. Qper,t is the heating load required by users in the t time period. Ain,t and Aout,t are 0 or 1 variables representing the heat storage and heat release state of the REB, respectively.




3.2.3. REB Constraint


The REB is the equipment that consumes electricity to generate heat, which is the core equipment of system operation optimization, and is also the coupling device of electric power system and the thermal system.



	1.

	
The electric power constraint of the REB is that the electric power of the REB is less than the maximum electric power of the REB, as follows:


  0 ≤  P  R E B , t   ≤  P  R E B   max    



(20)




in which    P  R E B   max     the maximum electric power of the REB.




	2.

	
The REB can both release and store heat, and the charging and discharging power of the REB is restricted. The charging power is less than the maximum heat storage of the REB, and the discharging power is less than the maximum release heat power of the REB, as follows:


        0 ≤  Q  R E B , t   i n   ≤  Q  R E B   i n max    A  i n , t         0 ≤  Q  R E B , t   o u t   ≤  Q  R E B   o u t max    A  o u t , t          A  i n , t   +  A  o u t , t   ≤ 1        



(21)




in which    Q  R E B   i n max     and    Q  R E B   o u t max     are the maximum heat storage and release heat power of the REB, respectively.




	3.

	
In order to prevent the heat storage and heat release depth of the REB from being too large, the heat storage is restricted. The heat storage is less than the maximum heat storage of the REB, and the heat storage is greater than the minimum heat storage of the REB, as follows:


   S  R E B   min   ≤  S  R E B , t   ≤  S  R E B   max    



(22)




in which    S  R E B   max     and    S  R E B   min     are the maximum and minimum heat storage of the REB, respectively.




	4.

	
The operation constraint of the heat storage part of the REB is Equation (2).




	5.

	
In order to facilitate management, the heat storage of the initial state is equal to the end state, as follows:


   S  R E B , t   ( 0 ) =  S  R E B , t   ( T )  



(23)








	6.

	
Because the regenerator of the REB can only be stored by the electric boiler itself, the heat release of the electric boiler is greater than that of the regenerator, that is:


   Q  R E B , t   ≥  Q  R E B , t   i n    



(24)












3.2.4. SHCS Constraint


The SHCS stores heat in the heat storage tank for the cooperation of the collector and the auxiliary heat source and releases heat from the heat storage tank when the user needs heat.



	1.

	
This constraint of heat release capacity of the SHCS is that the heating release is less than the maximum heat release of the SHCS, as follows:


  0 ≤  Q  S H C S , t   o u t   ≤  Q  S H C S   o u t max    



(25)




in which    Q  S H C S   o u t max     is the maximum heat release of the SHCS in the t time period.




	2.

	
SHCS heat storage tank operation constraints:


   S  S H C S , t + 1   =  S  S H C S , t   + (  Q  S H C S , t   i n    η  s r , i n   −    Q  S H C S , t   o u t      η  s r , o u t     ) Δ t  



(26)




in which SSHCS,t and SSHCS,t+1 are the heat storage capacity of the heat storage tank in the t time period and the next time interval. ηsr,in and ηsr,out are the heat storage efficiency and release heat efficiency, respectively.




	3.

	
SHCS heat storage tank heat storage capacity constraints are that heat storage capacity is less than the maximum heat storage of the heat storage tank and is greater than the minimum heat storage of the heat storage tank, as follows:


   S  S H C S , min   ≤  S  S H C S , t   ≤  S  S H C S , max    



(27)




in which SSHCS,max is the maximum heat storage of the heat storage tank. SSHCS,min is the minimum heat storage of the heat storage tank.








3.2.5. BB Constraint


	1.

	
The BB output constraint is that heat production of the BB is less than the maximum heat release of the BB, as follows:


  0 ≤  Q  B B , t   ≤  Q  B B   max    



(28)




in which    Q  B B   max     is the maximum heat release of the BB in the t time period.




	2.

	
The BB climbing constraint is that heating gain in time t is less than the maximum increment of the BB and is greater than the minimum increment of the BB, as follows:


   U  B B   min   ≤  Q  B B , t   −  Q  B B , t − 1   ≤  U  B B   max    



(29)




in which    U  B B   max     and    U  B B   min     are the maximum increment and minimum increment of the BB in the t time period, respectively.








3.2.6. Battery Constraint


	1.

	
Constraint on the upper and lower limits of battery charging and discharging power:







The storage power of the batteries is less than the maximum charging power of the batteries and is greater than the maximum discharging power of the batteries, as follows:


        0 ≤  P  B a t t e r y , t   i n   ≤  P  B a t t e r y   i n max    A  i n 1 , t         0 ≤  P  B a t t e r y , t   o u t   ≤  P  B a t t e r y   o u t max    A  o u t 1 , t          A  i n 1 , t   +  A  o u t 1 , t   ≤ 1        



(30)




in which    P  B a t t e r y   i n max     and    P  B a t t e r y   o u t max     are the maximum charging and discharging power of the battery, respectively. Ain1,t and Aout1,t are 0 or 1 variables representing the charge and discharge status of the battery, respectively.



	2.

	
Battery capacity constraints:







The storage capacity of batteries at the current moment is the storage capacity of the previous moment plus the difference between charging power and discharging power, as follows:


   S  B a t t e r y , t + 1   =  S  B a t t e r y , t     ( 1 −  η  l o s s 2   ) + (  P  B a t t e r y , t   i n    η  B , i n   −    P  B a t t e r y , t   o u t      η  B , o u t     ) Δ t  



(31)




in which SBattery,t and SBattery,t+1 are the storage capacity in the t time period and the next interval, respectively. ηB,in and ηB,out are the storage and discharge efficiency, respectively.    S  B a t t e r y   max     and    S  B a t t e r y   min     are the maximum and minimum capacity of the batteries, respectively.



The storage capacity of batteries is less than the maximum capacity of the batteries and is greater than the minimum capacity of the batteries.


   S  B a t t e r y   min   ≤  S  B a t t e r y , t   ≤  S  B a t t e r y   max    



(32)




in which    S  B a t t e r y   max     and    S  B a t t e r y   min     are the maximum and minimum capacity of the batteries, respectively.



The storage capacity of the initial state is equal to the end state, as follows:


   S  B a t t e r y , t     ( 0 ) =  S  B a t t e r y , t     ( T )  



(33)








3.2.7. Reduced Load Constraints


Limit constraint for reduced load is less than the upper limit, as follows:


  0 ≤  α t  ≤  α t  max    



(34)




in which    α t  max     is the upper limit of the reduced load.





3.3. Model Solving Method


The MILP scheduling model of electric–thermal IES constructed in this paper is in the following standard form:


         min f ( x )      s . t .     g i  ( x ) = 0   i = 1 , 2 … n         z j  ( x ) ≤ 0   j = 1 , 2 … m         x  min   ≤ x ≤  x  max          



(35)




in which f(x) is the objective function.    g i  ( x ) = 0   and    z j  ( x ) ≤ 0   are the equality constraints and inequality constraints of the model, respectively.



Pyomo + GLPK is used to solve the MILP model. Because there is a nonlinear coupling relationship between the binary variable (0 or 1) of the equipment running state and the equipment output power, the following linearization method is used to deal with [17]. Figure 3 is the structure block diagram of date-ahead scheduling strategy.





4. Example Analysis and Verification


The example structure of this paper is shown in Figure 1, and the equipment includes the WT, SHCS, battery, REB, and GSHP. Taking 24 h as a scheduling cycle, the unit scheduling time is 1 h, and the new energy utilization and total cost of the model in different scenarios are compared. Among them, the wind turbine power forecast, time-sharing electricity price, heat load forecast and outdoor temperature, radiation forecast, and heat power of SHCS are detailed in Figure 4, Figure 5, Figure 6 and Figure 7. The relevant parameters of the power flexible load are shown in Table 1.



The composition of the electric load before optimization in each time period of the example is shown in Figure 8. Among them, the basic load is the non-optimized load, and the translatable load is the load for which the power supply time can be changed according to the plan, including a washing machine, disinfection cabinet, etc. The load that can be reduced is mainly the lighting, which can reduce the number of lights.



4.1. Basic Data


The operation parameters of each output equipment in the electric–thermal IES are shown in Table 2, and the operation parameters of energy-storage equipment are shown in Table 3. The BB is the auxiliary heat source of SHCS and the BB climbing power is 200 kW.



Figure 8 shows the comparison of electric load before and after optimization considering a power flexible load. As shown in Figure 9, the power loads are reduced between 08:00 and 21:00 while meeting the reduction conditions, which relieves the power supply pressure of the whole system. From the comparison between Figure 3 and Figure 7, it can be seen that the output power of the WT between 00:00–08:00 and 21:00–24:00 fully meets the power load demand. Therefore, the load is not reduced. Comparing Figure 7 and Figure 8, it can be seen that in the three hours between 17:00 and 20:00, the translatable load is shifted to between 03:00 and 06:00 in order to alleviate the power supply tension of the evening peak and reduce the peak–valley difference in the load. At the same time, it is beneficial to improve the economy of the system by translating from the peak time of the time-sharing price to the valley time.




4.2. Scheduling Analysis in Different Scenarios


In order to verify the influence of the coordinated utilization of flexible load and energy-storage equipment on the optimal scheduling in the model built in this paper, the following three scenarios are set up.



Scenario 1: On the basis of the structure of Figure 1, the flexible load, regenerator and battery are removed, as shown in Figure 10a.



Scenario 2: On the basis of Scenario 1, the regenerator and battery are added, as shown in Figure 10b.



Scenario 3: with flexible load, the system is configured with energy-storage equipment, as shown Figure 1.



Figure 11 and Figure 12 show the output balance curves of electrical load and heat load in Scenario 1, respectively. Figure 13 shows the heat balance diagram of the SHCS. These do not contain flexible load and battery and do not include the heat storage part of the REB under Scenario 1. The heat load of the whole system is supplied by the SHCS, REB, and GSHP. Moreover, the basic electric load and the electric power of the equipment are satisfied by the WT and power grid.



As can be seen from Figure 11 and Figure 12, under Scenario 1, when the generation capacity of the WT at 0:00–07:00 is larger than the user’s basic electricity load and sufficient to supply the heat load, too much abandonment of wind energy can be avoided. The operation and maintenance cost of the REB is low; that is, priority is given to the use of REB for heating, and the GSHP is used for heating when the REB is insufficient.



During the period from 07:00 to 08:00, the generating capacity of the WT is not enough to support users’ basic electricity load and heat load; that is, under the condition of meeting the basic power load demand, surplus wind power is used to give priority to the efficient GSHP. Secondly, the REB is used to supply the user’s heat load. Finally the heat storage in the SHCS is used to supplement the heat energy.



During the period from 08:00 to 21:00, the generating capacity of the WT cannot meet the needs of users, users need to purchase electricity from the power grid. Therefore, at the peak of the electricity price, the heat load is first supplied by the heat energy of the SHCS, and then the GSHP is used. At an ordinary time of the electricity price, the SHCS and the GSHP cooperate with each other for heating.



During the period from 21:00 to 24:00, because the generating capacity of the WT is larger than the electricity load of users and there is no energy-storage equipment, at this time, the REB and the GSHP are heated, and the SHCS is used to assist the heating.



The balance curve of the electricity load and heat load in Scenario 2 is shown in Figure 14 and Figure 15. Moreover, Figure 16 shows the heat balance diagram of the SHCS. The balance curve of the electricity load and heat load in Scenario 3 is shown in Figure 17 and Figure 18. In addition, Figure 19 shows the heat balance curve of the SHCS. There is little difference in the balance curve between Scenario 3 and Scenario 2, but Scenario 3 considers more flexible power load than Scenario 2. The power load curve is smoother, and the optimization result is better.



During the periods of 0:00–08:00 and 21:00–24:00, in Scenario 3, the power generated by WT can store as much energy as possible in the batteries and REB regenerator while ensuring the daily load demand and equipment constraints. This is realized to increase the consumption capacity of wind power while storing energy.



The period from 08:00 to 12:00 and from 16:00 to 21:00:00 is the peak period of the electricity price, and at this time, the power generation of WT cannot meet the daily load demand, so priority is given to using the energy stored in the energy-storage device to supply the user’s demand. In order to reduce the system cost, it is possible to not purchase electricity from the power grid while meeting the load requirements. The electric load in Scenario 3 is optimized between 16:00 and 21:00. Compared with the heat load of Scenario 2, heat is provided by the regenerator of the REB. When the power consumption of Scenario 3 is reduced, the battery discharge can supply the electric load needed for heat generation. This reduces the use of heat storage devices and reduces the loss of equipment and energy.



The period from 12:00 to 16:00 is the normal period of the electricity price. Because the energy in the energy-storage device needs to be given priority to be released at the electricity price peak, it is necessary to purchase electricity from the power grid to meet the load demand and store an appropriate amount of energy to supply the electricity price peak at the same time.



During the period from 21:00 to 24:00, because the constraint conditions of energy storage equipment need to be met in Scenario 2 and Scenario 3, the heating part chooses the SHCS with lower cost to supply heat through auxiliary heat source compared with scenario 1 at this time.



In the whole operation cycle, the flexible load can make the load curve smoother. Determining the state of energy storage charge and discharge under the guidance of electricity price and the output power of WT can reduce the peak-valley difference of load, reduce the operating cost of the system, and further verify the economy of the model.



Figure 20 and Figure 21 are the energy storage diagrams of Scenario 2 and Scenario 3, respectively. It can be clearly seen from Figure 17 and Figure 18 that the output power of the energy-storage device in scenario 3 is smoother and the fluctuation is smaller, so the energy storage-device in scenario 3 has less loss and the system is more secure. In Scenario 3, due to the increase in flexible load, the flexible management of user load is realized. As can be seen from Figure 19, in Scenario 2, because there is no flexible load, the battery outputs power at the peak at 8:00–11:00 and charges the battery at 11:00–16:00. As can be seen in Figure 21, in Scenario 3, the battery power is relatively stable and so is the operation of the regenerator.



The costs of the system in three scenarios are shown in Table 4. Through the comparison of the scheduling results in Table 4, it can be analyzed that the use of flexible load and energy storage can effectively reduce the cost and improve the consumption capacity of wind power. Compared with Scenario 1, the total cost of Scenario 3 is reduced by 51.5%, and the abandonment cost of wind energy is reduced by 43.3%. Because Scenario 3 contains energy storage and flexible load, the wind power consumption is significantly increased, which plays a positive role in the economy of the system. The cost of operation and maintenance in Scenario 1 is lower, because the energy-storage equipment is added in Scenario 2 and Scenario 3 and the utilization rate of wind power is high, so the operation and maintenance cost of the equipment is higher. The energy-storage devices in Scenario 2 and Scenario 3 store energy as much as possible during the period of abundant wind power and electricity price valleys, so the SHCS is required to provide more heat than Scenario 1 to meet the heat load demand, resulting in an increase in fuel costs.




4.3. Influence of Power and Capacity of Energy-Storage Equipment on the System


In order to further verify the advantages of introducing an energy-storage device into the electric–thermal IES, on the basis of Scenario 3, the capacity and charge and discharge power of the battery are increased to 4000 kW and 1000 kW, respectively. The REB is equipped with 1500 kW, and the maximum heat storage of the REB is 4000 kW in Scenario 4. The operating costs of Scenario 4 are shown in Table 5.



The total operating cost of Scenario 4 is as much as 75.8% lower than that of Scenario 1, and the wind power is completely absorbed, but the operation and maintenance cost is increased. Although the scheduling effect of Scenario 4 is better, considering that the increase in equipment under the actual working conditions will increase the investment cost, it is necessary to configure the installation scale of the equipment reasonably according to the actual situation.




4.4. Influence of Power and Capacity of Energy-Storage Equipment on the System


The power output of WT and SHCS are affected by weather factors, and the prediction of wind power output has a strong uncertainty. In the actual system decision-making, it is often difficult to obtain an accurate probability density function, but it is relatively easy to obtain the range of uncertain variables, and the information needed is greatly reduced. In this paper, interval linear programming is used, which is an effective method to deal with uncertainty.



Figure 22 and Figure 23 show the uncertainty intervals of wind power and solar heat generation, respectively. Table 6 shows the cost range of Scenario 3 under different new energy fluctuations.



Figure 24, Figure 25 and Figure 26 show the optimal scheduling of Scenario 3 with the lowest total cost for the system when the fluctuation of renewable energy is 5%.



As can be seen from the comparison between Table 6 and Figure 24, Figure 25 and Figure 26, the uncertainty of fluctuations in renewable energy will have an impact on the total cost. In the case of different fluctuations in renewable energy, there is a significant gap between the cost of purchasing electricity and the cost of abandoning wind. Because the fluctuation of renewable energy becomes larger and the range of data becomes wider, that is, it can meet the daily electricity demand at the same time, reducing the supply of wind power so as to achieve the low cost of purchasing electricity while abandoning the wind is also the lowest. It can be seen from Figure 24 that wind power generates too much electricity during the period from 0:00 to 5:00, so the interval minimum is selected to avoid excessive abandonment cost. In the following period of time, the wind power generation decreases and the load demand increases, so choose a larger value in the interval. It can be seen from Figure 25 that solar energy produces less heat and has sufficient heat storage capacity, so the maximum value of solar heat generation interval is selected. The gradual increase in operation and maintenance costs is due to the increase in the use of equipment of WT and SHCS, resulting in an increase in operation and maintenance costs. The lower limit of the compensation cost decreases with an increase in the fluctuation of new energy because of the fluctuation in wind power. By increasing the supply of wind power to reduce the amount of reduced load and translatable load to reduce the compensation cost, we can see the obvious reduction of the reduced load in Figure 24. The optimal lower limit of the fuel cost is 0 because of the increase in renewable energy supply, and the BB is no longer needed to replenish heat. It can be seen from Figure 26 that the output power of biomass boilers is 0. The optimal value of the fuel upper limit increases with the increase in new energy fluctuations because the supply of WT and SHCS becomes lower, which requires the BB to provide more heat.



Compared with that in Scenario 3, the capacity of the REB and batteries in Scenario 4 is larger. As can be seen from Figure 24, Figure 25 and Figure 26, in order to absorb more wind power, the electrothermal conversion rate of the REB is lower. Therefore, in the case of abundant wind power, the output of the REB in Scenario 4 increases obviously, while that of the ground source heat pump decreases obviously. The capacity of the energy storage equipment in Scenario 4 is larger, and Scenario 4 does not need to replenish the energy storage equipment in the normal period of electricity prices, and the energy stored by wind power can meet the energy demand during the peak period of electricity prices, so the power purchase cost of Scenario 4 is less than that of Scenario 3.





5. Conclusions


In this paper, firstly, a biomass boiler as an auxiliary heat source for solar heat collection systems is proposed. A day-ahead scheduling model of electric–thermal IES is constructed based on an MILP model, and an optimal scheduling method considering an energy-storage device and demand response is proposed, which is modeled and solved by Pyomo-GLPK. Three scenarios are set up. Scenario 3 contains energy storage and a flexible load. Compared with Scenario 1, the total cost of Scenario 3 is reduced by 51.5%, and the abandonment cost of wind energy is reduced by 43.3%. Compared with Scenario 2, the power load curve in Scenario 3 is smoother, and the optimization result is better. The use of a flexible load and energy storage can effectively reduce the cost and improve new energy consumption. Similarly, the optimal scheduling strategy proposed in this paper can effectively solve the problem of the uncertainty of new energy. On the basis of Scenario 3, by increasing the capacity of the energy-storage device, the wind power is completely absorbed, but the operation and maintenance cost is increased. Therefore, allocate the capacity of energy storage equipment reasonably according to the actual situation. The focus of this paper is the mutual cooperation between devices, ignoring the heat network transmission and the delay in user thermal perception. Therefore, on the basis of the model proposed in this paper, the impact of heat network transmission and user-perceived delay on system scheduling will become the focus of follow-up research.
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Abbreviations




	
Nomenclature




	
Acronyms and abbreviations




	
MILP

	
mixed integer linear programming




	
IES

	
integrated energy system




	
SHCS

	
solar heat collector system




	
GSHP

	
ground source heat pump




	
WT

	
wind turbine




	
REB

	
regenerative electric boiler




	
BB

	
biomass boiler




	
HE

	
heat exchanger




	
Parameters




	
As

	
total area of the solar collector




	
Ain,t

	
0 or 1 variable representing heat storage of REB




	
Aout,t

	
0 or 1 variable representing heat release state of the REB




	
Ain1,t

	
0 or 1 variables representing the charge status of the battery




	
Aout1,t

	
0 or 1 variables representing the discharge status of the battery




	
Jt

	
average solar radiation in the t time period




	
f

	
solar energy guarantee rate




	
N

	
total number of energy equipment components




	
    P  R E B   max     

	
maximum electric power of the REB




	
    Q  R E B   i n max     

	
maximum heat storage power of the REB




	
    Q  R E B   o u t max     

	
maximum heat release power of the REB




	
    Q  S H C S   o u t max     

	
maximum heat release of the SHCS




	
    Q  B B   max     

	
maximum heat release of the BB




	
    P  B a t t e r y   i n max     

	
maximum charge power of the battery




	
    P  B a t t e r y   o u t max     

	
maximum discharge power of the battery




	
    S  R E B   max     

	
maximum heat storage of the REB




	
    S  R E B   min     

	
minimum heat storage of the REB




	
SSHCS,max

	
maximum heat storage of heat storage tank




	
SSHCS,min

	
minimum heat storage of heat storage tank




	
    S  B a t t e r y   max     

	
maximum capacity of battery




	
    S  B a t t e r y   min     

	
minimum capacity of battery




	
T

	
total scheduling time period




	
    U  B B   max     

	
maximum increment of the BB heat




	
    U  B B   min     

	
minimum increment of the BB heat




	
αt

	
reduction ratio within the scope of the agreement




	
    α t  max     

	
upper limit of the reduce load




	
βBB

	
calorific value of biomass solidified fuel




	
τ

	
starting time




	
λele

	
time-sharing electricity price




	
λBB

	
unit mass price of biomass fuel




	
λwind

	
abandonment penalty coefficient of wind turbine




	
λj,yw

	
unit operation and maintenance cost of energy equipment j




	
Variables




	
Ccut

	
compensation cost of reduced load after scheduling




	
    C  c u t   p r i c e     

	
compensation price of unit power reduced load in the agreement




	
Cshift

	
compensation cost of translatable load after scheduling




	
    C  s h i f t   p r i c e     

	
compensation price of unit power load translation in the agreement




	
Cele

	
purchasing electricity cost




	
Cb

	
purchase cost of biomass fuel




	
Cwind

	
penalty cost of abandoning wind




	
Cyw

	
operation and maintenance cost of energy equipment




	
Cbc

	
flexible load compensation cost




	
copGSHP

	
heat efficiency ratio of GSHP




	
F

	
total operating cost of the system




	
Nt

	
0 or 1 state variable to judge whether the load is reduced or not




	
mt

	
0 or 1 state variable to judge whether the load is translating or not




	
QREB,t

	
heat generation power of the REB




	
    Q  R E B , t   i n     

	
heat storage of the regenerator of the REB




	
    Q  R E B , t   o u t     

	
heat release of the regenerator of the REB




	
    Q  S H C S , t   o u t     

	
heat release of the SHCS in the t time period




	
QBB,t

	
heat power of BB in the t time period




	
QGSHP,t

	
heat power of GSHP in the t time period




	
Qper,t

	
heat load required by users in the t time period




	
ηREB

	
conversion efficiency of the REB




	
ηloss,REB

	
heat loss coefficient of the heat storage part of the REB




	
ηREB,in

	
heat storage efficiency of the REB




	
ηREB,out

	
heat release efficiency of the REB




	
ηSHCS

	
average heat collection efficiency of solar collector




	
ηloss,pipe

	
heat loss rate of pipelines and heat-storage devices




	
ηBB

	
heat efficiency of BB




	
ηSHCS,in

	
heat storage efficiency of SHCS




	
ηSHCS,out

	
heat release efficiency of SHCS




	
ηB,in

	
charging efficiency of battery




	
ηB,out

	
discharge efficiency of battery




	
PREB,t

	
electric power of the REB




	
PBattery,t

	
output power of battery




	
    P  B a t t e r y , t   i n     

	
input power of battery




	
    P  B a t t e r y , t   o u t     

	
output power of battery




	
Pper,t

	
electric power before optimization




	
    P  p e r , t   c u t     

	
electric power after load reduction




	
    p t  s h i f t     

	
translatable load power in the t time period




	
Pshift

	
rated power of the translatable load




	
    P  w i n d , t   p r e     

	
predicted power generation of WT




	
Pwind,t

	
actual power consumption of WT




	
Pj,t

	
output power of equipment j




	
    P  p e r , t   o p e     

	
electricity load demand after optimization




	
PBuy,t

	
electricity purchased from power grid




	
SREB,t

	
heat storage capacity of the REB




	
SSHCS,t

	
heat storage capacity of heat storage tank




	
SBattery,t

	
storage capacity of battery




	
ts

	
duration of the translatable load




	
WBB,t

	
fuel weight of BB
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Figure 1. Electrical–thermal IES structure. 
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Figure 2. Solar collector system structure. 
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Figure 3. The structure block diagram of the date-ahead scheduling strategy. 
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Figure 4. Wind power generation predictive value. 
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Figure 5. Times electricity price. 
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Figure 6. Heat load prediction and outdoor temperature. 
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Figure 7. Irradiation prediction value and heat transfer power of solar. 
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Figure 8. Electric load before optimization. 
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Figure 9. Comparison before and after power flexible load. 
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Figure 10. Electrical–thermal IES structure in various scenarios. 
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Figure 11. Scenario 1 power load balance diagram. 
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Figure 12. Scenario 1 heat load balance diagram. 
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Figure 13. Scenario 1 output balance of solar collector system. 
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Figure 14. Scenario 2 power load balance diagram. 
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Figure 15. Scenario 2 heat load balance diagram. 
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Figure 16. Scenario 2 output balance of solar collector system. 
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Figure 17. Scenario 3 electric load balance diagram. 
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Figure 18. Scenario 3 heat load balance diagram. 
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Figure 19. Scenario 3 output balance of solar collector system. 
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Figure 20. Scenario 2 storage energy state. 
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Figure 21. Scenario 3 storage energy state. 
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Figure 22. Uncertainty interval of wind power output. 






Figure 22. Uncertainty interval of wind power output.



[image: Energies 16 03781 g022]







[image: Energies 16 03781 g023 550] 





Figure 23. Uncertainty interval of SHCS output. 
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Figure 24. Electric power balance diagram. 
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Figure 25. Heat power balance diagram. 
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Figure 26. SHCS heat power balance diagram. 
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Table 1. Demand-side response parameters.
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Load Type

	
Parameter






	
Reducible load

	
    α t  max   = 0.1   




	
    C  c u t   p r i c e   =   0.031   $  /  kWh     




	
Translatable load

	
[t1, t2] = [3, 22]




	
    C  s h i f t   p r i c e   =   0.0078   $  /  kWh     




	
    t s  = 3 h   
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Table 2. Output equipment parameters.
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	Equipment
	Maximum Power (kW)
	Efficiency
	Operation and Maintenance Cost ($/kW)





	WT
	4000
	-
	0.00154



	SHCS
	500
	-
	0.00025



	BB
	400
	0.8
	0.00230



	REB
	800
	0.98
	0.00246



	GSHP
	500
	3
	0.00400
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Table 3. Energy-storage equipment parameters.
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	Parameter
	Battery
	Heat Storage Tank of SHCS
	Heat Storage of REB





	Charging and discharging efficiency
	0.97
	0.98
	0.98



	Self-loss rate
	0.001
	0.001
	0.001



	Upper limit of charging (kW)
	900
	-
	500



	Upper limit of discharging (kW)
	900
	500
	500



	Initial energy storage (kW)
	1500
	700
	1500



	Upper and lower limits of energy storage
	[0.2, 0.9]
	[0.2, 0.95]
	[0.2, 0.9]



	Capacity (kW)
	3000
	3000
	3000



	Operation and maintenance cost ($/kW)
	0.0028
	0.00025
	0.00246
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Table 4. Operating costs under three scenarios.
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	Cost Item
	Scenario 1
	Scenario 2
	Scenario 3





	Electricity purchase cost ($)
	723.69
	386.29
	180.14



	Operation and maintenance cost ($)
	88.51
	113.80
	104.38



	Fuel cost ($)
	23.11
	43.45
	37.89



	Abandoned wind energy cost ($)
	217.34
	136.08
	123.94



	Compensation cost ($)
	-
	-
	66.25



	Total cost ($)
	1052.65
	679.62
	512.6
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Table 5. Operating costs in Scenario 4.
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	Cost Item
	Value ($)





	Electricity purchase cost
	74.55



	Operation and maintenance cost
	114.11



	Fuel cost
	0



	Abandoned wind energy cost
	0



	Compensation cost
	66.25



	Total cost
	255.03
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Table 6. The results of day-ahead economic operation under different fluctuations of new energy.
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	New Energy Fluctuations (%)
	Electricity Purchase Cost Interval ($)
	Operation and Maintenance Cost Interval ($)
	Abandonment Cost Interval ($)
	Compensation Cost Interval ($)
	Fuel Cost Interval ($)
	Total Cost Interval ($)





	±5
	[132.7, 253.0]
	[103.1, 106.0]
	[87.2, 87.2]
	[66.0, 67.0]
	[0.0, 49.9]
	[389.1, 563.2]



	±10
	[57.8, 326.5]
	[105,2, 107.8]
	[55.7, 55.5]
	[63.6, 69.2]
	[0.0, 69.2]
	[282.4, 628.2]



	±15
	[0.0, 396.6]
	[107.5, 109.3]
	[25.8, 23.9]
	[55.4, 74.7]
	[0.0, 88.2]
	[188.7, 692.8]
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