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Abstract

:

In regards to the cogeneration system in Northern China, mainly supported by combined heat and power (CHP) plants, it usually offers limited operation flexibility due to the joint production of electric and thermal power. For that large-scale wind farms included in the cogeneration system, a large amount of wind energy may have to be wasted. To solve this issue, the utilization of the electric energy storages and the thermal energy auxiliaries are recommended, including pumped hydro storage (PHS), compressed air energy storage (CAES), hydrogen-based energy storage (HES), heat storage (HS), electric boilers (EB), and heat pumps (HP). This paper proposes a general evaluation method to compare the performance of these six different approaches for promoting wind power integration. In consideration of saving coal consumption, reducing CO2 emissions, and increasing investment cost, the comprehensive benefit is defined as the evaluation index. Specifically, a wind-thermal conflicting expression (WTCE) is put forward to simplify the formulation of the comprehensive benefit. Further, according to the cogeneration system of the West Inner Mongolia (WIM) power grid, a test system is modelled to perform the comparison of the six different approaches. The results show that introducing the electric energy storages and the thermal energy auxiliaries can both contribute to facilitating wind power integration, and the HP can provide the best comprehensive benefit.
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1. Introduction


The power system in Northern China is mainly dependent on coal-fired combined heat and power (CHP) units, which produce electric power in conjunction with thermal power [1]. In the present work, this kind of power system is broadly defined as the cogeneration system [2]. Since the power production of the CHP units is constrained by the heat demand, the cogeneration system may have a limited operational flexibility. Note that, since a large number of wind farms have been built in the nonflexible cogeneration system in Northern China [3], wind power curtailment is a significant issue to be dealt with. In a sense, a potential solution is to employ additional equipment whose expected functions are to improve the flexibility of the power system and reduce the curtailment of wind power. Considering the practical situation of Northern China, both electric energy storages [4,5] and thermal energy auxiliaries [6,7] can be appreciatively applied. For electric energy storages, their essential functions are to directly consume the surplus wind power. For thermal energy auxiliaries, they are able to provide extra thermal power and liberate the CHP units from heat demand, and then the electric power output of the CHP units can be further reduced. Thus, more wind power can be allowable for integration into the power grid.



Many studies have explored the benefits of electric energy storages for promoting the utilization of wind power. The effectiveness of the pumped hydro storage (PHS) for consuming surplus wind power was verified in [8,9,10]. Cost-optimal capacity of the PHS was studied in [11,12], a simulation platform was designed for optimizing the PHS capacity. Gu et al. in [13] and Cleary et al. in [14] evaluated the performance of the compressed air energy storage (CAES) in the system with significant renewable energy production, and stated that the CAES was the most attractive energy storage to be deployed at the utility scale, except for the PHS. The PHS and the CAES were used to store the excess renewable energy in [15], and this can contribute to reducing the operational cost of the conventional generators. In previous studies [16,17], the “Power-to-Gas” technology is regarded as the promising option for large-scale energy storage, except for the PHS and CAES. The studies of the “Power-to-Gas” energy storage, also named as hydrogen-based energy storage (HES), were performed in [18,19,20], which covered the accommodation of curtailed wind power, suppression of the wind power fluctuation, and advanced the control method of the wind power system. In these references, fuel cells were regarded as the best partner for the utilization of hydrogen. In addition, there are some reports focusing on battery energy storage (BES), magnetic energy storage (SMES), and flywheel energy storage (FES) [21,22,23,24]. Their cooperation with renewable energy sources for the promotion of the system performance has been preliminarily confirmed.



For the application of thermal energy auxiliaries in facilitating the wind power integration in the cogeneration system, related studies of heat storage (HS), electric boilers (EB), and heat pumps (HP) were reported in [25,26,27], and their positive effects were well verified in the Nordic countries. The HS was proved to be effective on the improvement of the system flexibility in [28]. Yu et al. proposed a linear optimization model to handle the scheduling problem of the cogeneration system with the HS [29]. Liu et al. investigated the optimal capacity of the EB by considering multiple system constraints [30]. The demonstrated results provided a good reference for studying the comprehensive benefit coupled with the EB. The cooperation of CHP plants with EBs and energy storages in micro energy grids was explored in [31], focusing on the optimal planning problems. The HP is actuated by renewable energy for district heating in [32,33], and the utilization efficiency of renewable energy is effectively enhanced. In addition, utilizing different kinds of heating devices might be a possible choice [34,35,36], but this kind of approach should consider an increased difficulty of scheduling management.



From the abovementioned references, electric energy storages and thermal energy auxiliaries have different theoretical effects on improving the wind power integration in the cogeneration system, and their application values have been confirmed to a certain extent. Note that the existing reports generally focused on the comparison for pure electric energy storages [37,38,39] or thermal energy auxiliaries [40,41,42], and only a few scholars carried out the comparative analysis of electric energy storages and thermal energy auxiliaries [43,44]. Very few works contributed to the general evaluation method, which was applicable to these two kinds of additional equipment, and conducted a systematic comparison in the cogeneration system with the high penetration of wind power. Moreover, since calculating the capacities of the electric energy storages and thermal energy auxiliaries is crucial to the evaluation, and the existing methods are too complex to be employed [11,12,30,45], it is of significance to propose a feasible and efficient approach to calculating the capacities of the two kinds of additional equipment.



Aiming at the above issues, this paper considers the utilization of different electric energy storages and thermal energy auxiliaries, including PHS, CAES, HES, HS, EB, and HP. In this study, a wind-thermal conflicting expression (WTCE) is proposed to quantify the contradiction between district heating and peak-shaving for wind power integration, and it is regarded as a critical factor to find a fast solution of the required capacities of electric energy storages and thermal energy auxiliaries. Further, the comprehensive benefit is defined as the indicator to evaluate the performance of the additional equipment, and the impacts of these additional equipment on the CHP units and wind power accommodation are studied in detail.



This paper is organized as follows: Section 2 states the function of the electric energy storages and thermal energy auxiliaries in the cogeneration system, and puts forward a formulation method for the comprehensive benefit of each equipment. In Section 3, the West Inner Mongolia (WIM) power grid is selected to conduct case studies, and related calculations and discussions are carried out. In Section 4, conclusions are given and some following-up plans are suggested.




2. Methodology


2.1. Operation Characteristic of Combined Heat and Power (CHP) Units


The CHP units are classified as back-pressure units and extraction-condensing units. As shown in Figure 1a, the produced electric power of the back-pressure units depends linearly on the output of the thermal power, thus leading to a limited operation flexibility. For the extraction-condensing units, the operation region in Figure 1b is described as an irregular quadrilateral [46]. Obviously, the feasible operation region of the extraction-condensing units is much bigger than that of the back-pressure units. In fact, a majority of the CHP units belong to the extraction-condensing units in Northern China [47], and this kind of CHP is selected to conduct the theoretical analysis as follows.



As shown in Figure 1b, the operation zone of the CHP unit can be formulated as a set of inequalities:


     m a x {  P i  m i n   −  k  i , D C   ·  Q i t  ,  k  i , B C   ·  Q i t  +  b i  } ≤  P i t  ≤  P i  m a x   −  k  i , A B   ·  Q i t      0 ≤  Q i t  ≤  Q i  m a x       



(1)




where     k  i , D C     ,     k  i , B C     , and     k  i , A B      are the slopes of the segments DC, BC, and AB, respectively.



In winter, the CHP units are forced to serve as the source of district heating, and they usually operate at the minimum condensing steam state, which is labeled as the segment BC in Figure 1b. The coupling relationship between the outputs of the thermal power and the electric power is expressed as     P i  =  k  i , B C   ·  Q i  +  b i    ( 0 <  k  i , B C   < 1   ). The thermal power output of the CHP units is adjusted to follow the heat load, and the electric power production is constrained by the thermal power. This operating characteristic greatly limits the flexibility of the CHP units. More details about the operating principle of the CHP units can be found in [48].




2.2. Wind-Thermal Conflicting Expression (WTCE)


It is assumed that, when the curtailment of wind power occurs at time t, the i-th CHP unit operates at the point     (   Q  i , 0  t  ,  P  i , 0  t   )    , and other plants in the system operate at the minimum power output. If the wind power curtailment is expected to be reduced, the electric power output of the CHP units has to be cut down, and accordingly, the produced thermal power is supposed to be decreased. The reduced thermal power and electric power of the i-th CHP unit are denoted as    Δ  q i t     and    Δ  p i t    , respectively, and the increased integration of wind power is expressed as:


   Δ  W  c o n  t  =  W  c o n , 1  t  −  W  c o n , 0  t  =   ∑  i = 1  I   Δ  p i t      



(2)




where     W  c o n , 0  t     and     W  c o n , 1  t     are the wind power integration before and after the CHP units play the role, respectively;    Δ  W  c o n  t     is the increased amount of wind power integration.



Although the wind power integration is promoted, the cogeneration system suffers from the shortage of supplied thermal power. Thus, the WTCE is defined as the confliction between wind power integration and heating supply. In consideration of the relationship between    Δ  p i t     and    Δ  q i t    , the WTCE is derived as:


   Δ  W  c o n  t  =   ∑  i = 1  I   Δ  p i t    =   ∑  i = 1  I    k  i , B C   · Δ  q i t    ≈  k  a v     ∑  i = 1  I   · Δ  q i t    =  k  a v   ·  Q  l a c k  t    



(3)






    k  a v   =     m i n       ∑  i ∈ I      (  k  a v   −  k  i , B C   )  2          



(4)




where     Q  l a c k  t     is the insufficient heating power which can be supported by additional heating devices.



The WTEC is a critical factor in calculating the capacities of the additional equipment for the reason that the capacities of the electric energy storages are determined by the    Δ  W  c o n  t    , and the capacities of the thermal energy auxiliaries are bounded by     Q  l a c k  t    . Details about the method will be introduced in the following section.




2.3. Additional Equipment for the Promotion of Wind Power Integration


According to Equation (3), there will be a trade-off between wind power consumption and district heating in the cogeneration system without additional equipment. This conflict is supposed to be mitigated by introducing electric energy storages or thermal energy auxiliaries. In view of investment cost, coal consumption, and CO2 emissions, the comprehensive benefits for the PHS, CAES, HES, HS, EB, and HP are discussed in this subsection.



2.3.1. Electric Energy Storages


Figure 2 shows a simplified model of the cogeneration system with electric energy storages, which takes the PHS, CAES, and HES as the candidates. From this figure, the electric power is generated by the CHP plants, wind farms, and other plants, and the thermal power demand is supported by the CHP plants. In the following, the basic principles of applying the PHS, CAES, and HES for the wind power integration are presented in brief.



For the PHS, its working philosophy is to let the wind energy be stored in the form of water’s gravitational potential energy, and this stored energy can be reused by the control of hydroelectric turbines. Regarding the CAES, the operation principle is that the wind power drives the compressor to pump the air into an underground cavern, and the compressed air usually mixes with natural gas to produce the electric power by use of the gas turbines. Concerning the HES, its application mechanism is that the wind power activates water electrolysis to generate hydrogen, and the hydrogen is commonly used for the regenerative fuel cell to produce the electric power. On the whole, the suggested three kinds of electric energy storages offer similar theoretical influence on the cogeneration system: consuming surplus wind power during the off-peak periods and transforming the stored energy into electricity during the peak-load periods. On one hand, the electric power and thermal power demands are satisfied simultaneously. On the other hand, the electric power from the CHP units can be reduced, and it is helpful to save the coal cost and the CO2 emission cost. During a scheduling period, it is assumed that the increased wind power consumption is expressed as     ∑  Δ  W  c o n  t  Δ t   , the economic benefit created by the electric energy storage is formulated as:


    C p  b e n e f i t   = (  c  c o a l   + α ·  c  c a r b o n   ) ·  P  c o a l   ·  η p  ·   ∑  t ∈ T    Δ  W  c o n  t  Δ t     



(5)




where     c  c o a l      is the cost of the standard coal, $/ton;     c  c a r b o n      is the CO2 emission cost, $/ton;   α   is the coefficient of CO2 emission of standard coal;     P  c o a l      is the approximate amount of the standard coal required for electric power production, kg/MWh;     η p     is the energy efficiency, %;    p   ∈   P H S , C A E S , H E S   ;    Δ t    is the time interval, in hours.



The employment of electric energy storage increases the cost of the system, including investment cost and maintenance cost. In consideration of the differences in lifetime of the storages, the total cost is amortized into each day during the lifetime periods:


      P  c a p , p   =   ∑  t ∈ T    Δ  W  c o n  t  Δ t        C p  i n v e s t   =  1 D  · [   r   ( 1 + r )    y p      r   ( 1 + r )    y p    − 1   +  ε p  ] ·  c p  ·  P  c a p , p       



(6)




where     P  c a p , p      is the energy capacity and the power capacity is assumed to be ideal;     y p     is the life time of the storage, year; r is the bank lending rate, %; D is the running days per year, day. The maintenance cost is usually expressed as a percentage of the investment cost [30], and the percentage is denoted as “the maintenance cost ratio”,     ε p    , in the present work.



In light of Equations (5) and (6), the comprehensive benefit     C p  t o t a l      caused by introducing the electric energy storages is expressed as:


      C p  t o t a l     =  C p  b e n e f i t   −  C p  i n v e s t   = f (  ∑  Δ  W  c o n  t  Δ t   )       = { (  c  c o a l   + α ·  c  c a r b o n   ) ·  P  c o a l   ·  η p  −  1 D  [   r   ( 1 + r )    y p        ( 1 + r )    y p    − 1   +  ε p  ] ·  c p  } ·   ∑  t ∈ T    Δ  W  c o n  t  Δ t        



(7)







From Equation (7),     C p  t o t a l      is a linear function of     ∑  Δ  W  c o n  t  Δ t   .




2.3.2. Thermal Energy Auxiliaries


Figure 3 shows simplified model of the cogeneration system with thermal energy auxiliaries, which uses the HS, EB, and HP for the candidates. In practice, the HS, EB, and HP can be installed at the supply side or the demand side. Installing the equipment at the supply-side is convenient for the operators to make the centralized scheduling plan. The distribution of the equipment at the demand-side is helpful for avoiding the transmission losses in the district heating network, but it may increase the cost in the demand-side management (DSM). In light of the current technological level of DSM in the heating network, the HS, EB, and HP are more favorable to be installed at the supply-side in Northern China. In this study, the comparison is conducted in the case of that all the equipment are installed at the supply-side, and the effect of the transmission losses on the comprehensive benefit which will be discussed in our further research is out the scope of the present work.



In the cogeneration system, the function of the HS is to control the store and release of the thermal power at different time ranges. During a scheduling period, the HS is charged on daytimes by extra thermal power from the CHPs under the premise of abundant heat supply. During the off-peak periods at which the wind power curtailment is prone to occur, a part of the heating supply will be served by the HS, and it can decouple the bundling generation of the thermal power and the electric power of the CHP units. Furthermore, it is available to consume more wind power by reducing the electric power output of the CHP units. During a scheduling period, the increased wind power consumption caused by the HS is expressed as     ∑  Δ  W  c o n  t  Δ t   , and the thermal power output from the HS is given by:


    Q  H S  t  =  Q  l a c k  t  =   Δ  W  c o n  t     k  a v       



(8)







In fact, because of the energy loss of the HS, the total thermal power generated by the CHP units increases slightly during a scheduling period. Thus, in respect to the reduction of the coal consumption and the CO2 emission, the variation of the CHP units’ thermal power and electric power should be taken into account. Accordingly, the economic benefit is indicated as:


    C  H S   b e n e f i t   = (  c  c o a l   + α ·  c  c a r b o n   ) · [  P  c o a l   ·   ∑  t ∈ T    Δ  W  c o n  t  Δ t   −  Q  c o a l   · ( 1 −  η  H S   ) ·   ∑  t ∈ T     Q  H S  t  Δ t   ]   



(9)




where     η  H S      is the energy efficiency of the HS, %; and     Q  c o a l      is the approximate amount of the standard coal required for thermal power production, kg/MWh.



Since the utilization of the HS also introduces an extra cost, the amortized investment cost of the HS is described as:


      P  c a p , H S   =   ∑  t ∈ T     Q  H S  t  Δ t        C  H S   i n v e s t   =  1 D  · [   r   ( 1 + r )    y  H S       r   ( 1 + r )    y  H S     − 1   +  ε  H S   ] ·  c  H S   ·  P  c a p , H S       



(10)




where     P  c a p , H S      is the energy capacity of the HS and the power capacity is assumed to be ideal.



Based on Equations (9) and (10), the comprehensive benefit of the HS can be expressed as a linear function of     ∑  Δ  W  c o n  t  Δ t    as follows:


      C  H S   t o t a l     =  C  H S   b e n e f i t   −  C  H S   i n v e s t   = f (  ∑  Δ  W  c o n  t  Δ t   )       = { (  c  c o a l   + α ·  c  c a r b o n   ) (  P  c o a l   −  Q  c o a l   ·   1 −  η  H S      k  a v     ) −  1 D  [   r   ( 1 + r )    y  H S         ( 1 + r )    y  H S     − 1   +  ε  H S   ] ·    c  H S      k  a v     } ·   ∑  t ∈ T    Δ  W  c o n  t  Δ t        



(11)







Being different from the HS, both of the EB and HP have the ability of producing thermal power independently by consuming electric power. In principle, it is not cost-effective to produce the low-grade thermal power by the high-grade electric power. Therefore, it is improper to use the electric power from the CHP units to produce thermal power, and the EB or the HP (EB/HP) is just activated by the wind power which, otherwise, will be wasted when excess wind power generation occurs.



Note that wind power integration is mainly affected by the following two factors: (i) along with the reduction of the electric power from the CHP units, more wind energy can be injected into the power grid; and (ii) since the EB/HP can produce thermal power by consuming electric power, promoting wind power consumption is achieved. If the increased wind power consumption is    Δ  W  c o n  t    , the reduction of electric power output of the CHP units should be:


    P  r e d u c e , q  t  =   ∑  i = 1  I   Δ  p i t    = Δ  W  c o n  t  − (  P  c a p , q   −  P  s u r , q  t  )   



(12)




where     P  c a p , q      is the power capacity of the EB/HP and     P  s u r , q  t     is the unemployed capacity of the EB/HP at time t;    q ∈ E B , H P   .



The saved heat production,     Q  r e d u c e , q  t    , of the CHP units equals to the thermal power supplied by the EB/HP. Substituting Equation (12) into Equation (3),     Q  r e d u c e , q  t     can be formulated as:


    Q  r e d u c e , q  t  =  Q  l a c k  t  =   Δ  W  c o n  t  − (  P  c a p , q   −  P  s u r , q  t  )    k  a v     =  η q  · (  P  c a p , q   −  P  s u r , q  t  )   



(13)







Based on Equation (13), the electric power consumed by the EB/HP is expressed as:


    P  c a p , q   −  P  s u r , q  t  =   Δ  W  c o n  t    1 +  η q  ·  k  a v       



(14)







In order to avoid the redundant configuration of the EB/HP, the power capacity is supposed to be optimized when the increased consumption of surplus wind power is     ∑  Δ  W  c o n  t  Δ t   . The power capacity is derived from the linear optimization function as follows:


      m i n      P  c a p , q         s . t .      ∑  t ∈ T    (  P  c a p , q   −  P  s u r , q  t  )   =     ∑  t ∈ T    Δ  W  c o n  t  Δ t     1 +  η q  ·  k  a v           0 ≤  P  c a p , q   −  P  s u r , q  t  ≤ Δ  W  c o n  t       



(15)







The electric power and thermal power of the CHP units are reduced at the same time, contributing to the cost-cutting of the coal fuel and the CO2 emission. The comprehensive benefit of the EB/HP is expressed as:


      C q  b e n e f i t     = (  c  c o a l   + α ·  c  c a r b o n   ) · (  P  c o a l   ·   ∑  t ∈ T     P  r e d u c e , q  t  Δ t   +  Q  c o a l   ·   ∑  t ∈ T     Q  r e d u c e , q  t  Δ t   )       = (  c  c o a l   + α ·  c  c a r b o n   ) · (  P  c o a l   ·  k  a v   +  Q  c o a l   ) ·    η q  ·   ∑  t ∈ T    Δ  W  c o n  t  Δ t     1 +  η q  ·  k  a v          



(16)






    C q  i n v e s t   =  1 D  · [   r   ( 1 + r )    y q      r   ( 1 + r )    y q    − 1   +  ε q  ] ·  c q  ·  P  c a p , q     



(17)






    C q  t o t a l   =  C q  b e n e f i t   −  C q  i n v e s t   = f (  ∑  Δ  W  c o n  t  Δ t   )   



(18)







Based on the aforementioned analysis, the comprehensive benefits caused by different additional equipment are closely associated with the summation of the increased wind power integration during the scheduling period. Thus, the forecast error of the wind power has little effect on the formulation of the comprehensive benefit. Considering the mathematical relationship between the comprehensive benefit and the increased wind power consumption, specific case studies are carried out in the following section, and it is expected to provide a systematic comparison of the electric energy storages and the thermal energy auxiliaries.






3. Case Studies


3.1. Data and System Configuration


During the case studies, a simplified cogeneration system referring to the power system of WIM is built. The installed capacity of the CHP units is 1000 MW, contributed by two 300 MW CHP units (C240/N300-16.7/538/0.4, Harbin Turbine Co. Ltd., Harbin, Heilongjiang Province, China) and two 200 MW CHP units (C140/N200-12.75/1.08/0.245, Harbin Turbine Co. Ltd., Harbin, Heilongjiang Province, China). The capacities of the conventional condensing units and the hydropower units are 1800 MW and 90 MW, respectively. The total capacity of other types of units is set as 260 MW.



A typical day in the winter is chosen to support the details of the research, that is, the scheduling period is 24 h and    Δ t    is 1 h. The range of the electric power demand is about 2300 MW–2700 MW, and the range of the thermal power demand is about 910 MW–1100 MW. It is assumed that the thermal power demand is completely dependent on the CHP units without additional equipment. The maximum output of the wind power is 900 MW. The electric power outputs of all kinds of units are shown in Figure 4. The generated wind power and integrated wind power are distinguished by curves with different colors in Figure 5. The shadow indicates that the curtailment of wind power occurs from 22:00 p.m. to the next day 7:00 a.m. The total amount of surplus wind power is about 1884 MWh. The parameters of the six candidates are listed in Table 1 and other necessary data are listed in Table 2.




3.2. Comparison of the Six Candidates with Varying Integrated Wind Power


The generation of wind power is different for each day, and that will affect the result of the comprehensive benefit. In view of that the comprehensive benefit is expressed as a function that depends on the summation of the increased wind power integration, this subsection carries out the analysis with different amounts of the consumed wind power. The increased consumption of wind power is set from 10% to 100% of the total surplus wind power (1884 MWh), and the required capacities of electric energy storages and thermal energy auxiliaries change along with the variation of wind power integration, as shown in Figure 6. In addition, the energy capacities of the PHS, CAES, and HES are assumed to be the same according to Equation (6), thus, the capacity variation is depicted by the same green bar in Figure 6a.



The capacity of each equipment keeps growing regularly with the increase of wind power integration. For the energy capacity, the required capacity of the HS is much larger than that of other electric energy storages. For the power capacity, the required capacity of the HP is significantly smaller than that of the EB.



As can be seen from Figure 7, there is an approximate linear correlation between variations of the comprehensive benefit and wind power integration. Due to the superior energy efficiency of the HP, the comprehensive benefit of the HP is the top one. In spite of the large capacity, the comprehensive benefit of the HS is better than the other equipment except for the HP. This is because the investment cost of the HS is very low and. moreover, the saved coal caused by the HS is also considerable, as shown in Figure 8, contributing to a remarkable reduction of fuel cost and CO2 emission cost. The differences of the comprehensive benefits among the PHS, CAES, and the EB are not obvious. The saved coal caused by the PHS is a little better than the CAES and the EB, owing to its slight superiority of energy efficiency. Being different from the others, the HES shows poor performance on the comprehensive benefit. The effect on coal saving of the HES is the worst since the combination of an electrolyzer (energy efficiency 70%) and a fuel cell (energy efficiency 60%) brings on a lower coupled efficiency (approximately 42%). Such low energy efficiency and the considerable investment cost of the HES are collectively responsible for the negative comprehensive benefit.



Note that this study focuses on the performance comparison of the six candidates in daily scheduling and, regarding the capacity optimization of the six candidates in a longer time scale, such as one year or more, details will be conducted in our following-up tasks. Moreover, in consideration of the possible deviation caused by the inaccuracy of several data, further discussion is necessary.




3.3. Further Discussion


The performance of each equipment is greatly affected by the characteristic parameters, especially energy efficiency and unit equipment cost. Table 3 lists the variation range of each equipment’s energy efficiency, and the unit equipment costs are set to change from −20% to +20% of the initial unit cost set in Table 1. The total amount of the consumed wind power is set to be a constant value of 1884 MWh.



Figure 9 shows the comprehensive benefit of the six alternatives with variable energy efficiencies and unit equipment costs. Each color of the line indicates a level of the energy efficiency. The black axes of each radar map represent the settings of the unit equipment cost, namely, the left side of the radar map represents the increased percentages of the unit equipment cost while the right side represents the reduction. The blue wireframes represent the best comprehensive benefit under the highest energy efficiency, and the values are marked at the corner points.



Obviously, each radar map inclines to the right side without crossed lines. This is because the comprehensive benefit is proportional to the energy efficiency and, meanwhile, there is an inverse proportion to the unit equipment cost. The best comprehensive benefit of the HP, namely 82.69 k$, is better than that of other equipment. However, when the unit equipment costs of the HP and the HS both increase by 20%, the best comprehensive benefit of the HS (75.31 k$) is better than that of the HP (73.98 k$). The HES still shows poor performance even if the energy efficiency increases to 60%.



According to the above results, the approximate linear relationship between the comprehensive benefit and the increased amount of wind power integration is verified. Thus, the comparison results of the comprehensive benefit determined by the six alternatives are still convictive when the production of wind power varies in different days. Furthermore, in view of the best comprehensive benefit derived under the specific parameter setting which is achievable in practice, the six alternatives are sorted in descending order as: HP > HS > EB > CAES > PHS > HES.



In addition, the combination of different facilities is likely to further promote the comprehensive benefit. Electric energy storage, the CAES, and thermal energy storage, the HS, are chosen to cooperate with the HP, denoting as “CAES&HP” and “HS&HP”, respectively. Figure 10 shows the joint benefits of “CAES&HP” with the varying allocation ratio of the CAES to the HP under different proportions of the increased wind power consumption to the total surplus wind power, and Figure 11 shows the joint benefits of “HS&HP”. The allocation ratio represents the percentage of wind power consumed by one of the equipment. For example, if the allocation ratio of “CAES:HP” is “1:9”, it means that the CAES contributes to 10% of the increased amount of the integrated wind power while the HP takes up 90%.



The best joint benefits are marked out in the figures and listed with the comprehensive benefit of the HP in Table 4. Since the comprehensive benefit of the HP are much better than the CAES, the joint benefits of the “CAES&HP” decrease significantly along with the proportion reduction of the HP, as shown in Figure 10. As displayed in Figure 11, the joint benefits of the “HS&HP” are affected little by the varied allocation ratio, owing to the similar variation curves of the HS’s and HP’s comprehensive benefit. As can be seen from Table 4, the comprehensive benefit of the HP is greater than that of the “CAES&HP” in each case. Only the joint benefits of the “HS&HP” in bold are slightly larger than the comprehensive benefit of the HP when the increased wind power consumption reaches up to 80%, 90%, and 100% of the total surplus wind power. Correspondingly, the allocation ratios of the HS to the HP are 1:9, 2:8 and 2:8. The results suggest that in order to get the best benefit, the allocation of the equipment should be optimized according to the requirement of wind power accommodation in practice.





4. Conclusions


In order to promote wind power integration, this paper conducts the utilization of different electric energy storages and thermal energy auxiliaries, and performs a systematic comparison of HP, HS, EB, CAES, PHS, and HES. According to the operation characteristic of the CHP units, a WTCE is proposed to define the contradiction between the heat supply and the wind power utilization and, further, an efficient approach is put forward to calculate the required capacities of the HP, HS, EB, CAES, PHS, and HES. In terms of construction investment, coal saving, and CO2 emission reduction, an evaluation function of the comprehensive benefit is suggested. Finally, based on the numerical studies, the performance verification is done, and the following results are obtained:



(1) There is an approximate linear relationship between the comprehensive benefit and the amount of integrated wind power. The comprehensive benefit is affected by the summation of wind power consumption during a dispatching cycle instead of the amount of wind power consumed at each time interval. This makes the formulation method of the comprehensive benefit applicable for different wind production scenarios.



(2) The HP offers the best comprehensive benefit for the cogeneration system. The HS is low-cost, but its effects on coal saving is far inferior to the HP. Hence, the comprehensive benefit of the HS is slightly weaker than that of the HP. Compared to the HP and HS, the PHS, CAES, and EB have similar comprehensive benefits and also have no significant differences in coal saving. Owing to the poor energy efficiency, the HES is the worst choice for consuming surplus wind power. As a whole, in view of the integrated performance, the six candidates can be sorted in descending order as: HP > HS > EB > CAES > PHS > HES.



(3) Compared to just the use of the HP, the combined utilization of the HS and the HP is likely to provide better comprehensive benefit for the cogeneration system with very high penetration of wind power. Note that, if the HP cooperates with the device that has very poor comprehensive benefit, the combined benefits of them will be inferior to that of the HP, and this means that this kind of combination is not recommended.



(4) Changing the parameters, especially energy efficiency and unit equipment cost, will affect the specific calculation value of the comprehensive benefit. However, it will not subvert the comparison results in principle, since the parameter settings of the additional equipment in the case studies are practically achievable.



Advanced studies on different combined utilizations of electric energy storages and thermal energy auxiliaries are our following-up tasks. Optimal capacity configuration in consideration of the equipment location will be conducted in the future. Research results will be reported in later articles.
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Nomenclature




	
Abbreviation




	
CHP

	
Combined heat and power

	
SMES

	
Superconducting magnetic energy storage




	
PHS

	
Pumped hydro storage

	
HS

	
Heat storage




	
CAES

	
Compressed air energy storage

	
EB

	
Electric boiler




	
HES

	
Hydrogen-based energy storage

	
HP

	
Heat pump




	
BES

	
Battery energy storage

	
WTCE

	
Wind-thermal conflicting expression




	
FES

	
Flywheel energy storage

	

	




	
Index sets




	
i

	
Index set of the CHP units

	
p

	
Index set of electric energy storage




	
t

	
Index set of dispatch time interval

	
q

	
Index set of thermal energy auxiliaries




	
Symbols




	
   Δ  W  c o n  t    

	
Increased amount of wind power integration at time t, MWh

	
    Q  l a c k  t    

	
Insufficient amount of heating power supply, MWh




	
   Δ  p i t    

	
Electric power reduction of the i-th CHP unit, MWh

	
   Δ  q i t    

	
Thermal power reduction of the i-th CHP unit, MWh




	
    P  r e d u c e  t    

	
Electric power reduction of CHPs, MWh

	
    Q  r e d u c e  t    

	
Thermal power reduction of CHPs, MWh




	
    P  c o a l     

	
Standard coal required for electric power production, kg/MWh

	
    Q  c o a l     

	
Standard coal required for thermal power production, kg/MWh




	
    P  c a p , p     

	
Energy capacity of the electric energy storage, MWh

	
    P  s u r , q  t    

	
Unemployed power capacity of the EB/HP, MW




	
    P  c a p , H S     

	
Energy Capacity of the heat storage, MWh

	
    P  c a p , q     

	
Power capacity of the EB/HP, MW




	
    C  b e n e f i t     

	
Economic benefit, $

	
  η  

	
Energy efficiency, %




	
    C  i n v e s t     

	
Investment cost, $

	
  ε  

	
Maintenance cost ratio, %




	
    C  t o t a l     

	
Comprehensive benefit, $

	
r

	
Bank lending rate, %




	
    c  c o a l     

	
Cost of the standard coal, $/ton

	
y

	
Life time, year




	
    c  c a r b o n     

	
Cost of the CO2 emission, $/ton

	
D

	
Running days per year, day




	
  α  

	
CO2 emission coefficient of standard coal
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Figure 1. Operation regions of the combined heat and power (CHP) units: (a) back-pressure unit; and (b) the extraction-condensing unit. The thermal power and electric power are denoted as Q and P, respectively. A, B, C, and D are the extreme points. 
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Figure 2. Simplified model of the cogeneration system with electric energy storages. PHS: pumped hydro storage; CAES: compressed air energy storage; HES: hydrogen-based energy storage. 
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Figure 3. Simplified model of the cogeneration system with thermal energy auxiliaries. HS: heat storage; EB: electric boilers; HP: heat pumps. 
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Figure 4. Electric power outputs of the units. 
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Figure 5. Curves of generated wind power and integrated wind power. 
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Figure 6. Capacity variation of the six candidates: (a) energy capacities of electric energy storage and the HS; and (b) power capacities of the EB and the HP. 
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Figure 7. Comprehensive benefit of different equipment with varying consumption of wind power. 
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Figure 8. Comparison of saved coal of different equipment with varying consumption of wind power. 
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Figure 9. Comprehensive benefit of the six alternatives with variable energy efficiencies and unit equipment costs: (a) PHS; (b) CAES; (c) HES; (d) HS; (e) EB; and (f) HP. 
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Figure 10. The joint benefits of the CAES and the HP with varying allocation ratio of the CAES to the HP under each proportion of the increased wind power consumption to the total surplus wind power. 
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Figure 11. The joint benefits of the HS and the HP with varying allocation ratio of the HS to the HP under each proportion of the increased wind power consumption to the total surplus wind power. 
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Table 1. Parameters of the six alternatives.
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	Parameters
	PHS
	CAES
	HES
	HS
	EB
	HP





	Energy Efficiency
	85%
	71%
	42%
	99%
	98%
	3.5 (COP) 1



	Life Time
	50 years
	40 years
	15 years
	50 years
	20 years
	20 years



	Maintenance Cost Ratio 2
	0.9%
	0.46%
	1%
	0.5%
	0.5%
	1%



	Unit Cost
	79 $/kWh
	46 $/kWh
	151 $/kWh
	5.8 $/kWh
	150 $/kW
	870 $/kW



	References
	[49,50,51]
	[49,50,51]
	[50,51]
	[25,52]
	[44,52]
	[25,30,44]







1 COP is the abbreviation of coefficient of performance, and it is the ratio of the consumed electric power to the produced thermal power of the HP. 2 Maintenance cost ratio is the proportion of the total investment cost.
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Table 2. Other necessary data.
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	Items
	Ccoal
	Ccarbon
	α
	Pcoal
	Qcoal
	r
	D
	k_av





	Data
	120 $/ton
	4 $/ton
	2.66
	330 kg/MWh
	153 kg/MWh
	6%
	365
	0.48










[image: Table] 





Table 3. Variation ranges of energy efficiencies.
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	Parameters
	PHS
	CAES
	HES
	HS
	EB
	HP





	Energy Efficiency
	65–85%
	60–80%
	40–60%
	95–99%
	75–98%
	2.5–3.5 (COP)
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Table 4. Comparison of the joint benefits and the comprehensive benefit of the HP.
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	Proportion 1
	10%
	20%
	30%
	40%
	50%
	60%
	70%
	80%
	90%
	100%





	HP Benefit/k$
	8.38
	16.76
	25.02
	33.22
	41.42
	49.61
	57.58
	65.24
	72.54
	78.33



	CAES&HP Benefit/k$
	7.95
	15.90
	23.78
	31.57
	39.36
	47.15
	54.85
	62.44
	69.64
	76.62



	HS&HP Benefit/k$
	8.30
	16.61
	24.85
	32.99
	41.13
	49.27
	57.33
	65.27 2
	72.89
	80.48







1 Proportion of the increased wind power consumption to the total surplus wind power. 2 The values in bold indicate that the joint benefits of the “HS&HP” are larger than the comprehensive benefit of the HP.
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