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Abstract

:

To combat energy shortage, the multi-energy system has gained increasing interest in contemporary society. In order to fully utilize adjustable multi-energy resources on the demand side and reduce interactive compensation, this paper presents an integrated demand response (IDR) model in consideration of conventional load-shedding and novel resource-shifting, due to the fact that participants in IDR can use more abundant resources to reduce the consumption of energy. In the proposed IDR, cooling, heating, electricity, gas and so forth are considered, which takes the connection between compensation and load reductions into consideration. Furthermore, a bilevel optimal dispatch strategy is proposed to decrease the difficulty in coordinated control and interaction between lower-level factories and upper-level multi-energy operators in industrial parks. In this strategy, resources in both multi-energy operator and user sides are optimally controlled and scheduled to maximize the benefits under peak shifting constraint. In the normal operation mode, this strategy can maximize the benefits to users and multi-energy operators. Particularly in heavy load conditions, compared to the conventional electricity demand response, there are more types of adjustable resources, more flexibility, and lower interactive compensations in IDR. The results indicate that optimal operation for factories and multi-energy operators can be achieved under peak shifting constraint and the overall peak power value in industrial park is reduced.
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1. Introduction


With the increasing global energy crisis, the consensus is that low energy efficiency and high energy costs, due to separated planning and operation for cooling, heating, electricity, and gas systems, are the most important issues to be solved [1,2]. Due to its advantages in improving energy efficiency, reducing operational costs, and enhancing dispatching flexibility, the multi-energy system (MES) emerges as an attractive solution [3].



MES is a complex integrated system containing many subsystems, such as cooling, heating, electricity, gas, etc. [4,5]. There are various energy conversion devices in MES, including combined cooling, heating and power (CCHP), combined heat and power (CHP), wind turbine (WT), gas boiler (GB), gas turbine (GT), micro turbine (MT), electric air conditioner (EAC), absorption chiller (AC), heat pump (HP), energy storage (ES), etc. [6,7]. Energy efficiency can be improved by the complementary and cascade utilization of various energy resources [8].



From the perspective of an external power network, MES can be regarded as a controllable and flexible integration unit to support the beneficial interaction with the power network, and demand response (DR) plays an important role in the interaction [9]. Currently, electricity demand response has been widely used in power systems for peak-load shifting, to obtain the benefits of reducing the reserve capacity and postponing equipment investment [10,11]. With more and more implementation of distributed generation and microgrid, DR starts to be actively applied in commercial building microgrids and residential energy systems [12,13]. In [14], a framework for home microgrids considering coalition game and demand-side management is presented. Participation of residential players can be improved and profits can be increased by the optimal use of the existing electrical/thermal resources in residential microgrids. In [15], a dynamic optimal dispatching strategy for a small building microgrid utilizing virtual energy storage system is discussed. The virtual energy storage system will discharge when the electricity price is high, so the operational costs can be reduced. In this strategy, only thermostatically controlled loads are regarded as flexible resources. An integrated model of residential MES is designed in [16] to achieve optimal operation of energy devices. The objective is to minimize the user’s energy costs. By applying home load management, a user’s electricity load can be shifted to low price periods. In this paper, relatively less flexible resources are discussed and only time-based DR is taken into consideration. According to [17,18], an overload condition of the distribution transformer will be caused on account of the increasing number of electric vehicles. To avoid distribution transformer upgrading and reforming, DR can be used as a load shaping tool. The detailed strategy and flow are described, but flexible loads are still restricted to conventional load-shifting.



Given what has been discussed above, the DR is mostly applied in a single electricity system, which only takes electricity load-shifting and electricity load-shedding into consideration. Flexible DR is only possible when users have some shiftable or curtailable loads. Meanwhile, the electricity usage habit and electricity consumption will be greatly impacted to affect users’ comfort and satisfaction in energy consumption. Therefore, it is obvious that adjustable resources on the demand side cannot be fully utilized by conventional electricity DR.



The decrease of total energy consumption without reducing the user’s comfort and satisfaction can be realized in integrated demand response (IDR), utilizing various complementary and coupling energies in MES such as cooling, heating, electricity, and gas [19,20]. The cooling, heating, electricity, and gas are integrated in IDR to maintain an energy supply–demand balance at peak periods. The basic concept and characteristics of IDR are briefly introduced in [21]. By considering energy market prices, users can cut down operational costs by adjusting the dispatch strategy of cooling, heating, electricity, and gas in MES. According to [22], the gas-electricity multi-energy system is modeled. The peak electricity and gas load can be coordinated by using the optimized demand response. However, the model of gas demand is relatively simple and so the details are not described. The integrated demand response program is built for hybrid gas and electricity systems in [23,24]. The energy resources of the smart energy hubs are able to be reasonably switched based on electricity price and its changes. Both smart energy hubs and utility companies can benefit from the IDR program. However, the devices discussed in this paper only involve a micro turbine and gas boiler. A stochastic optimization strategy of MES considering the thermal energy market and demand response is given in [25]. Stochastic programming is used to solve the uncertainties of demand, prices, and wind speed. The MES energy cost can be significantly decreased by the thermal demand response, but the cooling and gas DR are not taken into consideration. In [26], optimal operation of hybrid electricity, gas, and heating systems considering IDR is proposed to improve the energy efficiency and the ability to accommodate renewable energy sources. Unfortunately, fewer details are considered in the model of IDR, so IDR is not fully and clearly described.



Compared to small commercial buildings and smart houses, the scale of an industrial park is usually larger. In addition, the load of an industrial park accounts for a large share of the present power system, so the potential benefit of industrial park peak-load shifting is huge. However, there are few studies on multi-energy systems of industrial parks considering integrated demand response. Moreover, due to many interested parties and energy conversion devices in an industrial park, it is difficult to coordinate the multiple sources of energy. Therefore, a bilevel optimal dispatch strategy for a park-level multi-energy system considering integrated demand response is proposed in this paper.



The main contributions of this paper are as follows:




	
An integrated demand response model is built. In this model, the demand response for heating, cooling, and electricity is taken into consideration rather than single conventional electricity. There are more types of adjustable resources, more flexibility, and lower interactive compensations in the IDR program.



	
A bilevel optimal dispatch strategy is proposed to support the complex dispatch scheme and interaction of the industrial park. Resources in both multi-energy operator and factory sides are optimally controlled and scheduled with an economic objective under peak shifting constraints. The maximum interests of the lower-level factories and upper-level multi-energy operators can be ensured. A win-win situation for both multi-energy operator and factories can be created with this strategy. Meanwhile, computational difficulties and conflicts of interest can be eliminated.



	
To evaluate the validity and practicality of the strategy proposed in this study, four cases are discussed. The results show that the maximum benefit of the lower-level factories and upper-level multi-energy operator can be ensured. In heavy load conditions, to handle emergencies in the power network, the most economical adjustable resources are chosen by the multi-energy operator to ensure the electricity balance. Moreover, the proposed model of integrated demand response and bilevel optimal dispatch strategy in this paper will be adopted by an actual multi-energy system demonstration project in China.








The rest of this paper is organized as follows: a device model of a multi-energy system is provided in Section 2. An integrated demand response model is established in Section 3. The bilevel optimal dispatch strategy model is proposed in Section 4. The case studies and discussion are described in Section 5. Finally, the main conclusions are summarized in Section 6.




2. Device Model of Multi-Energy System


2.1. Model of CCHP


In a CCHP unit, natural gas is consumed by GT to generate electricity, and natural gas is consumed by GB to generate heating. Waste heat is recovered by a heat recovery steam generator (HRSG) and absorption chiller (AC). CCHP is more able than a conventional thermal power plant to increase the energy efficiency and to cut costs [27]. CCHP can be classified into two types: (I) fixed heat to electricity ratio (back-pressure steam unit) (II) adjustable heat to electricity ratio (condensing steam type unit).



	(i)

	
The equivalent model of gas conversion:









    F  g a s   =  F  G T   +  F  G B     



(1)






    F  G T   =    P  G T      η  G T       



(2)






    F  G B   =    Q  G B      η  G B       



(3)




where Fgas is the total input heat value of CCHP unit. FGT and FGB are the total input heat value of GT and gas boiler (GB), respectively. PGT and ηGT represent the electric power generation and efficiency rate of GT, respectively. QGB and ηGB represent the thermal power generation and efficiency rate of GB, respectively.



	(ii)

	
The equivalent model of heat to electricity of CCHP







The heat to electricity equivalent model of fixed heat to electricity ratio CCHP can be expressed as follows:


   α =    Q  CCHP      P  CCHP       



(4)




where α is the fixed heat to electricity ratio. QCCHP and PCCHP represent thermal and electricity power generation of CCHP, respectively.



The heat to electricity equivalent model of adjustable heat to electricity ratio CCHP can be expressed as follows [28]:


   Z =    Q  C C H P      P  c o n   −  P  C C H P       



(5)




where Z is a fixed value. Pcon denotes the generated electricity in full condensing mode.



	(iii)

	
The equivalent model of waste heat recovery of GT




	(a)

	
The equivalent model of HRSG







Waste heat of GT can be reclaimed by HRSG to produce hot water and steam. The equivalent model of waste heat recovery of GT can be formulated as follows [29]:


    Q  HRSG   out   =  η  AC    Q  HRSG   in     



(6)




where    Q  HRSG   out     and    Q  HRSG   in     represent the output and input thermal power of HRSG, respectively. ηHRSG denotes the efficiency rate of HRSG.



	(b)

	
The equivalent model of AC







Waste heat of GT can be reclaimed by AC for refrigeration. The equivalent model of heat to cooling can be described as in Equation (7) [30]:


    Q  AC   out   = C O  P  AC    Q  AC   in     



(7)




where    Q  AC   out     and    Q  AC   in     represent the output refrigeration and input thermal power of AC, respectively. COPAC indicates the coefficient of performance of heat to cooling.




2.2. Model of Energy Storage


Energy storage (ES) is the key equipment in MES that can shift energy in the time dimension. ES is usually arranged to store energy during low tariff periods and discharge in high price hours to save on operational costs. With the advance of material technology, there are many types of ES on the market including battery storage (BS), thermal storage (TS), ice storage (IS), etc. [31]. There are various forms of energy storage, but the effect and constraints are similar. Generally, most energy storage devices can be expressed in the following model. The hourly remaining capacity in time t is calculated by Equation (8). The charge and discharge power of ES should not exceed its capacity limit, which can be described by Equations (9)–(11). Meanwhile, in the vast majority of case, ES cannot be charged and discharged at the same time t simultaneously, as expressed in Equation (12).


    W S  t + 1   =  W S t  ( 1 −  σ S  ) + (  P  S , c h    η  S , c h   −    P  S , d i s      η  S , d i s     ) Δ t   



(8)






   0 ≤  P  S , c h   ≤ C a p s  λ  S , c h     



(9)






   0 ≤  P  S , d i s   ≤ C a p s  λ  S , d i s     



(10)






    W  S , min   ≤  W S t  ≤  W  S , max     



(11)






    P  S , c h   +  P  S , d i s   ≤ 1   



(12)




where    W S t    and    W S  t + 1     are the level of ES in time t and t + 1, respectively. σS is the loss ratio of ES. PS,ch and PS,dis are the storing power and releasing power of ES, respectively. Caps means the capacity of ES. γS,ch and γS,dis denote the maximal storing and releasing rate of ES. WS,min and WS,max are the minimal and maximal level of ES.




2.3. Model of Electric Refrigeration and Heating Device


Electric refrigeration and heating devices consume electricity to generate cooling and heating. The conversion model of electric refrigeration and heating device can be formulated as follows:


    Q  E C   = C O  P  E C    P  E C     



(13)






    Q  E H   = C O  P  E H    P  E H     



(14)







Equations (13) and (14) denote the model of electric refrigeration device and electric heating device [29]. QEC and PEC indicate the output refrigeration power and input electric power of electric refrigeration device. COPEC is the coefficient of performance of electricity to cooling. Similarly, QEH and PEH indicate the output thermal power and input electric power of electric heating device. COPEH is the coefficient of performance of electricity to heating.





3. Model of Integrated Demand Response


Integrated demand response is established on the basis of conventional electricity demand response. The capability of energy complementation and integration of MES provide a basis for eliminating boundaries between electricity and other types of energy. In order to keep the energy balance at peak periods, not only conventional load-shedding but also novel resource-shifting should be involved in the IDR program [32]. IDR participants can use more abundant resources to reduce energy consumption. Conventional electricity demand response (EDR), heating demand response (HDR), cooling demand response (CDR), gas demand response, etc. are all included in the integrated demand response.


    P  I D R   =  P  E D R   +  P  H D R   +  P  C D R   +  P  o t h e r s     



(15)






    C  I D R   =  C  E D R   +  C  H D R   +  C  C D R   +  C  o t h e r s     



(16)







Equations (15) and (16) present total load reduction and compensation of IDR, respectively.



3.1. Model of Electricity Demand Response


Conventional electricity demand response program is categorized into time-based and incentive-based programs [33]. Interruptible load (IL) management is usually regarded as a vital implementation of the incentive-based program in an industrial park. The multi-energy operator signs an IL contract with large industrial customers that will cut power use to obtain a certain amount of compensation from a multi-energy operator.



Power outage costs on the user side will be caused by electricity load shedding in IL. Therefore, it is necessary for a multi-energy operator to offer interactive users reasonable compensations. In fact, power outage costs and compensations are determined by a customer’s load characteristics and increased with the amount of load shedding quadratically [34,35].


    C  E D R , i   =   ∑  t = 1  T   (  β i   P  E D R , i , t  2  +  μ i   P  E D R , i , t   )     



(17)




where CEDR,i is the compensation provided by multi-energy operator to interactive factory i. PEDR,i,t indicates the amount of load shedding of interactive factory i in time t. βi and μi are the coefficients of factory i, which are related to a customer’s load characteristics. T is the participation period.




3.2. Model of Heating and Cooling Demand Response


When factories’ electric load increases substantially in an industrial park, the electric power drawn from an external power network is likely to exceed maximum allowable value of a tie-line. Under such circumstances, the factories need to be advised to obtain more heating and cooling from the multi-energy operator. Meanwhile, a factory’s own electric refrigeration and heating devices are advised to be halted. While using less electricity, more electricity will be produced as a result of the higher cooling and heating load of CCHP. The equivalence relationship can be expressed as follows:


    P  H D R , i   = Δ  P i  + Δ  P  C C H P     



(18)






    P  C D R , i   = Δ  P i  + Δ  P  C C H P     



(19)






   Δ  P i  =   ∑  j = 1  m    P i     , j       



(20)






   Δ  P  C C H P   =   Δ  Q  H L , i      η  H R S G   α     



(21)






   Δ  P  C C H P   =   Δ  Q  C L , i    α    



(22)






    Q i  =   ∑  j = 1  m   ( C O  P  i , j    P  i , j   )     



(23)







Equations (18) and (19) indicate that the total power of load shedding in heating (or cooling) response in factory i are from two sources: (1) the electricity replaced and saved by heating (or cooling) demand response; (2) the increased electricity generation of CCHP. ΔPi is the total power of replaced and saved electricity by heating or cooling demand responses in factory i. PCCHP is the power of increased electricity generation of CCHP. Pi,j is the power of device j in factory i. Equations (21) and (22) denote the increased electricity generation of CCHP by heating and cooling demand responses, respectively. Equation (23) denotes the performance coefficient of electricity heating or cooling.



The extra cooling and heating resources produced by CCHP can be consumed by the factory for free with additional compensation from the operator to encourage the factory’s participation. The total compensation obtained by participants in heating demand response program can be expressed as in Equation (24):


    C  H D R , i   =   ∑  t = 1  T   (  λ i  Δ  P  i , t   +  c e  Δ  P  i , t   )       



(24)




where CHDR,i is the compensation obtained by factory i in heating demand response program; T is the participation period. ce is the current electricity price; λi is the corresponding coefficient of factory i.



Similarly, the total compensation obtained by participants in a cooling demand response program can be expressed by Equation (25):


    C  C D R , i   =   ∑  t = 1  T   (  λ i  Δ  P  i , t   +  c e  Δ  P  i , t   )     



(25)




where CCDR,i is the compensation obtained by factory i in a cooling demand response program.





4. Bilevel Optimal Dispatch Strategy


4.1. Bilevel Optimal Dispatch Framework in IDR


Profits are obtained by a multi-energy operator in the industrial park from supplying factories with cooling, heating, electricity, and ancillary services. The multi-energy operator often owns a substantial number of energy conversion devices such as photovoltaic (PV), CCHP, BS, etc. When its electricity generation is unable to meet the factory’s demand, a multi-energy operator can purchase electricity from an external utility company under the constraint of the maximal permitting power value of the tie line. Electricity, cooling, and heating are generated simultaneously by CCHP owned by a multi-energy operator. The electricity is transmitted to factories via distribution lines, and the cooling and heating can be supplied to users via a transportation pipe. Various forms of devices such as MT, PV, WT, BS, EAC, GB, and so forth may be installed on the factory side [36]. Insufficient energy power on the user side is supplied by the multi-energy operator. An overall schematic diagram and logic flow chart for the bilevel optimal dispatch strategy considering IDR are presented in Figure 1 and Figure 2, respectively.



Due to a large number of participants and potential conflicts of interest in park-level MES, it is difficult to coordinate and schedule multi-energy subsystems. As a result, the bilevel optimal dispatch strategy is necessary under such circumstances. Decision-makers at a lower level are factories’ EMS and decision-makers at the operator level are a multi-energy operator’s EMS [37]. Under normal operational conditions, the maximization of profit is set as a goal for both lower-level factories’ EMS and multi-energy operator’s EMS. In heavy load conditions, the multi-energy operator’s EMS chooses the most economical multi-energy resources on its own side and controls the demand-side resources to keep the power balance and realize peak load shifting.




4.2. Distributed Dispatch Strategy for Lower-Level Factories


The objective for lower-level factories is to minimize operational costs by optimal dispatch of controllable devices according to the day-ahead load prediction and energy price. When the power of a tie line exceeds the maximum allowable value under peak shifting constraint, the IDR program will be started.



4.2.1. Objective Function


The objective for lower-level factories is to minimize daily operation costs. The objective function can be formulated in detail as follows:


   min  f 1  =  C  e l e c t r i c i t y   +  C  h e a t i n g   +  C  c o o l i n g   +  C  g a s   −  C  I D R     



(26)




where f1 is the total operational costs. Celectricity, Cheating, Ccooling, and Cgas are the cost of purchasing electricity, heating, cooling, and gas, respectively.


    C  e l e c t r i c i t y   =   ∑  t = 1   24    (  c  g r i d  t   P  g r i d  t  Δ t )     



(27)






    C  h e a t i n g   =   ∑  t = 1   24    (  c  h e a t i n g    Q  h e a t i n g  t  Δ t )     



(28)






    C  c o o l i n g   =   ∑  t = 1   24    (  c  c o o l i n g    Q  c o o l i n g  t  Δ t )     



(29)






    C  g a s   =  c  g a s     ∑  t = 1   24    (    P  M T  t     η  M T     +    Q  G B  t     η  G B     )   Δ t   



(30)




where    c  g r i d  t    is the electricity price in time t.    P  g r i d  t    is the purchasing electricity power at time t. cheating is the price of heating.    Q  h e a t i n g  t    is the purchasing heating power at time t. ccooling is the price of cooling.    Q  c o o l i n g  t    is the purchasing cooling power at time t. cgas is the heat value price of gas.    P  M T  t    and ηMT are the power of electricity generation and efficiency ratio of a micro turbine.    Q  G B  t    and ηGB are the thermal power generation and efficiency ratio of a gas boiler.




4.2.2. Constraints


	(i)

	
Electrical power balance


    P  g r i d   +  P  M T   +  P  P V   +  P  W T   +  P  B S , d i s   +  P  I D R   =  P  E L   +  P E     A C   +  P  H P   +  P  D M M E   i c e   +  P  D M M E   r e f   +  P B     S , c h     



(31)




where Pgrid is the purchasing electricity power. PPV and PWT denote the power of electricity generation of photovoltaic and wind turbine, respectively. PBS,dis and PBS,ch indicate the discharging power and charging power of BS, respectively. PEAC and PHP present the input power of EAC and HP.    P  D M M E   i c e     and    P  D M M E   r e f     are the input power of double mode main engine in ice-making mode and refrigeration mode. PEL is the total power of the electric load.




	(ii)

	
Heat balance


    Q  H R S G   o u t   +  Q  G B   +  Q  T S , d i s   +  Q  H P   =  Q  H L   + Δ  Q  H L   +  Q  T S , c h     



(32)




where    Q  H R S G   o u t    , QGB, and QHP are the output heat power of HRSG, GB, and HP, respectively. QTS,D and QTS,C represent the discharging power and charging power of TS, respectively. QHL is the total power of the thermal load.




	(iii)

	
Cooling balance


    Q  D M M E   c o o l i n g   +  Q  I S , d i s   +  Q  A C   +  Q  E A C   =  Q  C L   + Δ  Q  C L   +  Q  D M M E   i c e     



(33)




where    Q  D M M E   c o o l i n g    , QIS,dis, QAC, and QEAC are the output cooling power of double mode main engine in refrigeration mode, ice melting of IS, AC, and EAC, respectively.    Q  D M M E   i c e     is the cooling power of double mode main engine in ice-making mode. QCL is the total power of the cooling load.









4.3. Centralized Dispatch Strategy of Multi-Energy Operator


The objective of the multi-energy operator is maximizing the profit under the premise of meeting a factory’s energy demand in the industrial park. When the power of the tie line exceeds the maximum allowable value under peak shifting constraint, battery storage installed in multi-energy operator side will be utilized to smooth load fluctuation. If necessary, participating factories will be asked to join the IDR program to reduce the electricity load or increase the cooling or heating load from CCHP at the multi-energy operator side.



4.3.1. Objective Function


The objective for multi-energy operator is to maximize the profit. The objective function can be formulated in detail as follows:


   max  f 2  =  E  e l e c t r i c i t y   +  E  h e a t i n g   +  E  c o o l i n g   −  C  g r i d   −  C  g a s   −  C  I D R     



(34)




where f2 is the total profit. Eelectricity, Eheating and Ecooling are the profit of selling electricity, heating, and cooling. Cgrid, Cgas are the expense of purchasing electricity and gas from external electricity and a gas utility company. CIDR is the compensation cost for integrated demand response.




4.3.2. Constraints


	(i)

	
Maximum permitted power value of tie line under peak shifting constraint:


    P  g r i d   ≤  P  l i n e , max     



(35)




where Pline,max is the maximum permitted power value of a tie line under peak shifting constraint.




	(ii)

	
Total power value of IDR


   Δ  P  g r i d   =  P  E L   −  P  l i n e , max   −  P  C C H P   −  P  W T   −  P  P V   −  P  B S , d i s     



(36)






  Δ  P  g r i d   =  P  I D R    



(37)











Equation (36) shows the total over-limit power shortage under peak shifting constraint. Accordingly, Equation (37) shows the requirement of participation in IDR program to solve the problem of overload.





4.4. Problem-Solving Method


The models of upper-level and lower-level are binary mixed integer linear programming problems. The binary variable is introduced to handle coupling variables in the constraints; as an example, ES devices cannot be in both a charging and a discharging state at the same time [29]. The commercial computational software of linear interactive and general optimizer (Lingo) has been employed to solve this binary mixed integer linear programming problem.





5. Case Studies and Discussion


In this paper, case studies are conducted in an actual multi-energy system demonstration project of an industrial park in China. There are 13 lower-level factories and one multi-energy operator in the industrial park. The structure of the case study is established on the basis of Figure 1. Three major factories are selected for analysis, and the specific configuration and parameters of the factories and operator are shown in the Appendix A. Full details of time of use are shown in Table 1. According to the local rate, the price of gas is 0.5391 $/m3, which is equivalent to 0.0545 $/kW·h for heat value. The price of cooling and heating are 0.1250 $/kW·h and 0.1016 $/kW·h, respectively.



5.1. Distributed Optimal Dispatch of Lower-Level Factories


Using the distributed optimal dispatch strategy, Figure 3, Figure 4, Figure 5 and Figure 6 show that three factories achieve the objective of minimal operational costs. The total operational costs of Factories 1 to 3 are $2169.50, $3582.60 and $592.30, respectively. An operational costs comparison for the three factories with and without optimization is presented in Table 2.



From the optimal dispatch results of the three factories, the following conclusions can be obtained:




	
The battery storage in Factory 1 can cut operational costs by charging and discharging according to the electricity price. Meanwhile, the peak of overall load curve of the whole industrial park is lowered. A mutual beneficial result for both Factory 1 and the operator is achieved by the optimal dispatch.



	
The cooling load for Factory 2 can be met by electric air conditioner (EAC) and ice storage. Ice storage is similar to battery storage. The ice is made, stored, and melted based on the electricity price. Dual-model chiller units are not allowed to operate in refrigeration mode and ice-making mode at the same time, so an electric air conditioner is used to provide cooling for factories when dual-mode chiller units operate in ice-making mode.



	
MT and GB work together to meet the thermal load of Factory 3. When the electricity price is high, MT works to produce both thermal energy and electricity. Any electrical power shortage may be compensated for by the grid. When the electrical price is low, GB is used to meet all thermal loads.









5.2. Centralized Optimal Dispatch of Multi-Energy Operator


The maximum permitted power value of a tie line in the industrial park under peak shifting constraint is set to 11 MW, so a multi-energy operator needs to sign IDR program contracts with factories in order to ensure the energy balance in the industrial park. Specific compensation tables based on the actual situation are shown in Table 3 and Table 4.



Case 1. Optimal dispatch in normal operation


In normal mode, the system operation is illustrated in Figure 7, Figure 8 and Figure 9 using the centralized optimal dispatch strategy. In this case, the energy balance can be kept by optimal and coordinated dispatch of CCHP and battery storage directly owned by a multi-energy operator. The total profit of multi-energy operator is $72,509.70 in Case 1.




Case 2. The load fluctuation alleviated by battery storage


According to the day-ahead forecast, the total electricity load power will be increased by 3.5 MW at 14 p.m., and the cooling and thermal loads remain unchanged. The optimal dispatch of electric resources in Case 2 is shown in Figure 10. The optimal dispatch of cooling resources and thermal resources are as in Figure 8 and Figure 9. The load fluctuation effect in the industrial park is mainly alleviated by discharging of the battery directly owned by the multi-energy operator. The total profit of multi-energy operator is $72,228.40 in Case 2.




Case 3. The load fluctuation alleviated by heating demand response


According to the day-ahead forecast, total electricity load power will be increased by 4.5 MW at 14:00, and the cooling and thermal loads remain unchanged. Over-limit power of a tie line under peak shifting constrain at 14:00 is 471 kW, as calculated by Equation (36). To maintain the energy balance, a multi-energy operator needs to turn off electric heating devices installed in IDR participants’ factories and guide factories in using heating from the operator’s CCHP. The total power of replaced electric heating is 125.6 kW; in addition, the total heating power increased by CCHP from the operator side is 502.3 kW. The total compensation expenses spent by a multi-energy operator on participating factories are $38.10, and the total profit of the multi-energy operator is $72,213 in this case. The optimal dispatch is shown in Figure 11 and Figure 12.




Case 4. The load fluctuation alleviated by electricity demand response


According to the day-ahead forecast, total electricity load power will be increased by 4.72 MW at 14:00, but the cooling and thermal load remain unchanged. Over-limit power of tie line under peak shifting constrain at 14:00 is 695 kW as calculated by Equation (36). To maintain the energy balance, the operator needs to turn off electric heating devices installed in IDR participants’ factories and guide factories in using heating from an operator’s CCHP. In addition, the electricity demand response participants come to the rescue by cutting 236.7 kW electrical power. The total electricity DR compensation is $472. The total compensation cost for an operator in a heating demand response program is $40.30. The total profit of the multi-energy operator is $71,766.90. The optimal dispatch is shown in Figure 13 and Figure 14. The profit comparison for a multi-energy operator with and without optimization is presented in Table 5.



From the optimal dispatch results in the four case studies, the following conclusions can be reached:




	
The thermal load can be satisfied by fixed heat to electricity ratio CCHP. The CCHP operates in the following thermal load (FTL) mode and supplies electricity, heating and cooling simultaneously for users in an industrial park. The shortage of electricity can be compensated for by an external power network with a tie line.



	
In normal operation, the battery storage directly owned by the operator stores cheap energy in flat and valley periods of electricity tariff and discharges when the electricity price is high to save on operational costs. Observing the maximum permitted power value of a tie line, the battery storage will discharge to eliminate the load peak when the power value of a tie line exceeds maximum the allowable value.



	
Due to the high compensation costs, IDR participants are only required to adjust their energy usage when the power of the tie line exceeds the maximum allowable value. Due to the low impact on the comfort level and satisfaction ratio, the compensation cost of the heating demand response program is lower than the cost of the electricity demand response program. In practice, the heating demand response is an operator’s favorite means of load shaving in an IDR program.



	
In an electricity demand response program, the compensation cost is in proportion to the square of the load shedding amount. To save on compensation costs, the total load shedding amount may be averaged for the three participating factories.










5.3. Results Analysis and Discussion


Without optimization, the operational plan of the device cannot be properly arranged. Operational costs are much higher in the three factories, while profits are lower for a multi-energy operator. The overall peak power value in an industrial park is large. The total operational costs of Factories 1 to 3 are $2498.60, $3637.40 and $637.30, respectively. The total profit of the multi-energy operator is $69,179.10 in Cases 1 to 4. The power of the tie line in Cases 1 to 4 is 11.99 MW, 14.47 MW, 15.47 MW, and 15.69 MW, respectively.



Simulation results have validated the effectiveness of the optimal dispatch considering IDR under peak shifting constraints. The optimal operation of factories and the multi-energy operator is achieved under peak shifting constraints and the overall peak power value in an industrial park is significantly reduced. In the normal operation mode, a device is reasonably operated according to the energy price. For instance, the energy storage on the factory side and multi-energy operator side is usually designed to store energy during low tariff periods and discharge in high price hours to maximize the benefits. The MT on the factory side works to produce both thermal energy and electricity in high price hours to minimize operational costs. With optimization, the total operational costs of Factories 1 to 3 are $2169.50, $3582.60, and $592.30, respectively. The total profit of the multi-energy operator in Cases 1 to 4 is $72,509.70, $72,228.40, $72,213 and $71,766.90, respectively. The power of the tie line in Cases 1 to 4 is 11 MW. Compared with the results without optimization, the factories and multi-energy operator gain more profits and the overall peak power value in an industrial park is reduced. Particularly in heavy load conditions, factories can consume more heating or cooling from CCHP to generate more electricity. Furthermore, the computing time is on the millisecond level, which can meet the engineering demand.



Although there are important discoveries revealed by these studies, there are also limitations. The current algorithm is relatively preliminary. The presented binary mixed integer linear programming problem is solved by Lingo. More attention will be given to intelligent algorithm analysis. Then a more accurate and comprehensive IDR model needs further study and exploration.





6. Conclusions


With the development of multi-energy systems, IDR has proven to be a new demand response form that can ensure MES’ friendly interactions with the power network. In this paper, an integrated demand response model containing various types of flexible resources is established to fully utilize the adjustable multi-energy resources on the demand side and reduce the costs of compensation. Moreover, to decrease computational difficulty and conflict of interest in MES, a bilevel optimal dispatch strategy is proposed. The maximum profits of factories and multi-energy operators can be ensured via the bilevel optimal dispatch strategy. Four cases are analyzed to verify and validate the proposed strategy. The results show that using a distributed optimal dispatch strategy and multiple energy resources owned by lower-level factories can be coordinated to minimize operating costs. Similarly, the maximal profit of a multi-energy operator can be achieved and the overall peak power value in an industrial park can be reduced using a centralized optimal dispatch strategy. Particularly in heavy load conditions, the battery storage, heating demand response, and electricity demand response will be selected and implemented in turn to smooth the load fluctuation. A multi-energy operator has more choices at the peak time than ever, and a multi-energy operator is inclined to choose the most economical flexible resources in an industrial park. There are more types of flexible resources and lower interactive compensations in the IDR program. The steady-state dispatch of a multi-energy system based on the day-ahead prediction is mainly discussed in this paper. In the future, the intra-day dispatch strategy with an ultra-short-term load forecast and uncertainty of renewable energy resources and energy market will also be studied further.
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Abbreviations








	Nomenclature
	



	MES
	multi-energy system



	CCHP
	combined cooling, heating and power



	CHP
	combined heat and power



	GB
	gas boiler



	GT
	gas turbine



	MT
	micro turbine



	EAC
	electric air conditioner



	AC
	absorption chiller



	HP
	heat pump



	DR
	demand response



	TOU
	time of use



	IDR
	integrated demand response



	PV
	photovoltaic



	WT
	wind turbine



	BS
	battery storage



	EAC
	electric air conditioner



	HRSG
	heat recovery steam generator



	ES
	energy storage



	COP
	coefficient of performance



	IL
	interruptible load



	IS
	ice storage



	EDR
	electricity demand response



	HDR
	heating demand response



	CDR
	cooling demand response



	EL
	electricity load



	HL
	heating load



	CL
	cooling load



	FTL
	following thermal load



	TS
	thermal storage



	DMME
	double mode main engine



	EH
	electric heating device



	EC
	electric refrigeration device



	Greek symbols
	



	α
	heat to electricity ratio



	β
	second-order coefficient of load characteristic in EDR



	μ
	first-order coefficient of load characteristic in EDR



	λ
	load characteristic coefficient in HDR or CDR



	η
	efficiency



	γ
	charging and discharging rate



	English symbols
	



	F
	heat value



	P
	electric power



	Q
	thermal power



	W
	level of ES



	Caps
	capacity



	E
	profit



	c
	price



	L
	load



	t
	time



	i
	order of user



	j
	order of device



	T
	time period



	m
	total number of device



	dis
	discharging



	ch
	charging



	con
	condensing mode
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Table A1. Configuration of factories and multi-energy operator.






Table A1. Configuration of factories and multi-energy operator.





	
Factory No.

	
Configuration

	
Type of Load






	
Factory 1

	
Capacity of PV (kW)

	
500

	
Electricity




	
Capacity of BS (MW·h)

	
6




	
Factory 2

	
Capacity of PV (kW)

	
500

	
Electricity and cooling




	
Capacity of IS (MW·h)

	
20




	
Factory 3

	
Capacity of PV (kW)

	
100

	
Electricity, cooling, and heating




	
Capacity of steam heat-exchanger (kW)

	
120




	
Capacity of HRSG (kW)

	
120




	
Capacity of GB (kW)

	
100




	
Multi-energy operator

	
Capacity of GT (MW)

	
25

	
Electricity, cooling, and heating




	
Capacity of HRSG (MW)

	
50




	
Capacity of steam heat exchanger (MW)

	
60




	
Capacity of BS (MW·h)

	
10
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Table A2. The parameters of devices in lower level and upper level.






Table A2. The parameters of devices in lower level and upper level.





	
Type of Devices

	
Parameters






	
MT

	
ηMT

	
0.3




	
HRSG in Factory 3

	
ηGB

	
0.73




	
GT

	
ηGT

	
0.348




	
α

	
1.8




	
HRSG in operator-level

	
ηGB

	
0.808




	
steam heat exchanger

	
ηHX,steam

	
0.9




	
BS

	
γBS,ch

	
0.2




	
γBS,dis

	
0.4




	
ηBS,ch

	
0.95




	
ηBS,dis

	
0.95




	
σBS

	
0.02




	
WBS,max

	
0.9CapBS




	
WBS,min

	
0.1CapBS




	
IS

	
γIS,ch

	
0.5




	
γIS,dis

	
0.5




	
σIS

	
0.03




	
WIS,max

	
0.9CapBS




	
WIS,min

	
0.1CapBS




	
EAC

	
COPEAC

	
4




	
DMME

	
   C O  P  D M M E   c o o l i n g     

	
3.68




	
   C O  P  D M M E   i c e     

	
2.94
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Figure 1. Overall framework schematic diagram. 






Figure 1. Overall framework schematic diagram.



[image: Energies 11 01942 g001]







[image: Energies 11 01942 g002 550] 





Figure 2. Logic flow chart for bilevel optimal dispatch strategy considering IDR. 






Figure 2. Logic flow chart for bilevel optimal dispatch strategy considering IDR.
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Figure 3. Optimal dispatch of Factory 1. 
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Figure 4. Optimal dispatch of Factory 2. 
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Figure 5. Optimal dispatch of electric resources of Factory 3. 
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Figure 6. Optimal dispatch of thermal resources of Factory 3. 
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Figure 7. Optimal dispatch of electric resources in Case 1. 
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Figure 8. Optimal dispatch of thermal resources in Case 1. 
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Figure 9. Optimal dispatch of cooling resources in Case 1. 
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Figure 10. Optimal dispatch of electric resources in Case 2. 
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Figure 11. Optimal dispatch of electric resources in Case 3. 
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Figure 12. Optimal dispatch of thermal resources in Case 3. 
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Figure 13. Optimal dispatch of electric resources in Case 4. 
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Figure 14. Optimal dispatch of thermal resources in Case 4. 
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Table 1. Time of use.






Table 1. Time of use.





	Time Period
	TOU
	Price ($/kW·h)





	00:00–08:00
	Valley
	0.0074



	09:00–14:00, 18:00–19:00, 23:00–24:00
	Flat
	0.1404



	15:00–17:00, 20:00–22:00
	Peak
	0.2266
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Table 2. Operational costs comparison for three factories with and without optimization.






Table 2. Operational costs comparison for three factories with and without optimization.





	
Factory No.

	
Operational Costs/$




	
Without Optimization

	
With Optimization






	
Factory 1

	
2498.60

	
2169.50




	
Factory 2

	
3637.40

	
3582.60




	
Factory 3

	
637.3

	
592.3
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Table 3. Compensation standard for heating and cooling DR.






Table 3. Compensation standard for heating and cooling DR.





	Factory No.
	Maximum Power Value/kW
	λi





	Thermal and refrigeration DR Factory 1
	60
	0.1547



	Thermal and refrigeration DR Factory 2
	70
	0.1828
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Table 4. Compensation for electricity DR.






Table 4. Compensation for electricity DR.





	Factory No.
	Maximum Power Value/kW
	βi
	μi





	Electricity DR Factory 1
	100
	0.0273
	0.1953



	Electricity DR Factory 2
	200
	0.0273
	0.2734



	Electricity DR Factory 3
	300
	0.0352
	0.2344
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Table 5. Profit comparison for a multi-energy operator with and without optimization.






Table 5. Profit comparison for a multi-energy operator with and without optimization.





	
Case

	
Pgrid/MW

	
Profit/$




	
Without Optimization

	
With Optimization

	
Without Optimization

	
With Optimization






	
1

	
11.99

	
11

	
69,179.1

	
72,509.7




	
2

	
14.47

	
11

	
69,179.1

	
72,228.4




	
3

	
15.47

	
11

	
69,179.1

	
72,213




	
4

	
15.69

	
11

	
69,179.1

	
71,766.9












© 2018 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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