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Abstract

:

The flexible mode of operation of coal-fired units can accommodate large-scale renewable power integration into the grid, providing more grid capacity. The flexibility transformation of coal-fired units in thermal power plants can be achieved through main steam extraction and reheated steam extraction. A 300 MW subcritical unit, 600 MW subcritical unit and 660 MW ultra-supercritical unit with six flexible operation modes were chosen as the research model to investigate the thermal adaptability for flexible operation. The results show that from the perspective of the source of steam extraction, the main steam extraction scheme is suitable for the flexible adjustment of peak load capacity, and the reheated extraction scheme is suitable for the flexible operation of low load and high thermal efficiency. Moreover, from the perspective of thermal performance adaptability, the 600 MW unit has a wider load regulation capacity than the 300 MW and 660 MW units, and is suitable as the peak shaving unit. This work can provide theoretical guidance for different types of coal-fired units in choosing flexible operation schemes.
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1. Introduction


Both the energy crisis and sustainability of energy have been considered the main factors restricting human development [1,2]. Additionally, the utilization of clean energy is an inevitable choice. The energy consumption mode will gradually develop to include clean and low-carbon renewable energy [3,4]. However, both the unpredictability [5] and discontinuity [6] of renewable energy can result in unstable power, which can seriously affect the power quality and the safety of the grid [7].



In order to improve the stability of renewable energy power generation entering the grid, scholars have proposed the integration of energy storage devices (e.g., gravity energy storage [8], thermal energy storage [9] and pumped hydropower storage [10]) with the renewable energy system to achieve a stable power output. However, with an increased installed capacity of renewable energy, the space provided by the grid for large-scale renewable energy is limited. So, improving the flexible operation of the coal-fired power unit (CFPU) [11,12] could increase the proportion of renewable energy access to the grid.



The existing literature shows that the flexible operation of CFPU can be achieved by using steam extraction and thermal energy storage [13]. Wei et al. [14] selected a 600 MW subcritical CFPU as an example to analyze the peak shaving capability, which found that the load of the unit decreased from 50%THA to 35%THA by steam extraction and thermal energy storage. Cao et al. [15] proposed the use of reheated steam extraction and thermal energy storage for 660 MW CFPU, along with the use of the stored heat to heat the feedwater in order to generate steam to drive the pump, thereby expanding the operating range of the CFPU from 198–660 MW to 188.41–685.15 MW. There are other [16,17,18] studies like the ones mentioned above, which will not be introduced in detail here. In addition to steam extraction and thermal energy storage, electric heat storage is also a means to achieve the deep peak shaving of CFPU. Cao et al. [19,20] utilized excess electric power to heat the molten salt. The power output of the 600 MW subcritical unit can be decreased to 500 MW from 600 MW, which increased the peak shaving capacity of 16.67% rated power. The unit load was increased to 106% rated power during the discharging process. These studies provide guiding principles for the integration of deep peak shaving.



In addition to studying the system integration method of CFPU, additional research has also been conducted on system parameters and integration modes related to heat storage and release. Wei et al. [13] studied the influence of the main steam extraction parameters and the unit load of the 600 MW subcritical CFPU on the flexible operation. Wei et al. [21] also studied the super/reheated steam integrated with 600 MW CFPU for flexible operation, considering that the efficiency of reheated steam extraction for thermal energy storage is higher. Wang et al. [22] proposed four deep peak shaving modes. Moreover, the maximum deep peak shaving capability was achieved through the method of extracted super steam and thermal energy storage. Ma et al. [23] have designed eight peak shaving schemes. One conclusion is the coupling of the intermediate-pressure steam turbine exhaust and electric heating molten salt; it was discovered that the molten salt heating bypassed water is the best deep peak shaving mode. These studies provide theoretical support for the integration of deep peak shaving.



The research mentioned above has achieved the flexible operation of CFPU with thermal energy storage schemes, and the unit load has been further reduced. The scheme integration method, parameter analysis and integration modes of the abovementioned studies were analyzed. However, the steam turbine extraction can cause many changes in operating conditions. These include the steam flow rate at the inlet of the low-pressure steam turbine being lower than the safe steam flow rate (30% rated steam flow rate) [24], which will cause the last-stage blade of the turbine to perform negatively. The lower steam flow rate into the low-pressure steam turbine results in steam excited vibration [25] or blade flutter [12]. In addition, as the extraction flow rate of the turbine system increases, the steam pressure at each stage of the extraction port decreases. When the saturated temperature corresponding to the pressure at the extracted steam port of the last stage is the same as the drainage temperature, the last regenerative heat exchanger needs to be cut off. The operation mode of the original unit will be changed.



Facing the above mentioned issues and the impact of different extraction methods on different types of CFPU, a new analysis for thermal adaptability of deep peak shaving is proposed. Therefore, this paper investigates the thermal adaptability in different types of CFPU when utilizing the flexible operation scheme of the main steam and reheated steam extraction. This research has not been reported; furthermore, the basis concerning the selection of the flexible operation scheme of CFPU is acknowledged.



This paper not only clarifies the coupling and synergistic mechanism among the thermal parameters of the unit, the extracted steam parameters and the flexible operation load by using main steam and reheated steam extraction, but also achieves thermal adaptability in different unit types for different working scenarios. The main research objectives of this paper are to establish the flexible operation model of CFPU with the main steam and reheated steam extraction, investigate the steam extraction parameters effect on the load-reduction capacity of the unit, achieve the lower and upper limits of flexible operation load, obtain the peak shaving time and realize the thermal adaptability of different schemes to the CFPU.




2. Studied System


In this paper, the 300 MW unit, 600 MW unit and 660 MW unit are selected to establish the flexible operation model with the main steam extraction and reheated steam extraction, as shown in Table 1. The 300 MW and 600 MW units are the subcritical CFPUs. The 660 MW unit is the ultra-supercritical CFPU.



The system stores the sensible heat through the molten salt, while the latent heat of the main steam is stored in the phase-change material (the phase-change temperature is determined by the steam pressure). Pressure water is used to store latent heat when the pressure of reheated steam is low.



2.1. CFPU Integrating with the Main Steam Extraction


Figure 1 shows the flexible operation system of CFPU, which includes the traditional CFPU, charging system and discharging system. In the thermal system of the traditional CFPU, the main steam generated by the boiler passes through the high-pressure steam turbine (HP), the re-heater, the intermediate-pressure steam turbine (IP) and the low-pressure steam turbine (LP) to complete the power-generation process. The condensate water (low-pressure exhaust enters the condenser and condenses into water, and the pressure water at the outlet of the condensate pump is called condensate water) is pumped into the eighth reheater (RH8). The pressure water at the outlet of the feedwater pump is called feedwater, which is pumped from RH4 to RH3 by the feedwater pump (FP). In addition, RH1–RH8 extract steam from the turbine. The drainage water is gradually drained from RH1 to RH4. In particular, RH8 is only set in the 660 MW unit. The 660 MW unit has eight regenerative heaters, and the 300 MW and 600 MW units have seven regenerative heaters, respectively.



The traditional CFPU and the charging system operate simultaneously in the load-reduction process. The main steam enters the steam–molten salt heat exchanger (SMH) through equal enthalpy pressure reduction in the throttle valve (TV). The phase-change material is heated by cooling the extracted main steam and entering the phase-change heat exchanger (PCH) for heating. The condensate pressured water flows back to RH4. Thus, the unit achieves the load-reduction operation.



The traditional CFPU and the discharging system operate simultaneously in the load-raising process. Part of the condensate water at the outlet of the condensate pump enters RH8–RH4, successively. The other part condensate water enters RH4 with the same parameters at the outlet of RH5 after being heated by the PCH. The feed water at the outlet of the feed water pump flows into RH3–RH1 and the boiler. The heated feed water enters the boiler with same parameters at the outlet of RH1. The cooled molten salt returns to the CT. Thus, the unit realizes the load-raising operation.




2.2. CFPU Integrating with the Reheated Steam Extraction


Figure 2 shows the system of CFPU with the reheated steam extraction and thermal energy storage, which also includes the traditional CFPU, charging system and discharging system. The thermodynamic model of the traditional CFPU is described in Figure 1.



In the load-reduction process, part of the reheated steam enters the IP and completes the thermal process of the system. Another part of the reheated steam is extracted and enters the SMH by iso-enthalpy depressurization in the throttle valve. The low-temperature molten salt from the CT is heated by the extracted reheated steam in SMH. The high-temperature molten salt flows into HT. The pressurized water is heated by the extracted reheated steam. The reheated steam extracted after cooling condenses into pressurized water, which then flows back to the condenser. The heated pressured water flows into the pressure water tank (PWT). Thus, the unit achieves the load-reduction operation.



The pressure water in PWT directly enters RH4, while the condensate water enters the water tank during the heat released process. The workflow of the feed water at the outlet of the feed water pump is the same as that in Figure 1.




2.3. Flexible Operation Mode


The designed parameters of 300 MW, 600 MW and 660 MW units in 100%THA are shown in Table 2.



When investigating the flexible operation characteristics of the 300 MW, 600 MW and 660 MW units, the following assumptions should be made:




	(1)

	
The shaft seal leakage and valve stem leakage of the turbine should be ignored.




	(2)

	
The molten salts and phase-change materials are considered as ideal materials [21], which can meet the temperature requirements of each state points during the charging and discharging process.




	(3)

	
The pressure loss in the system is not considered.









Table 3 shows the flexible operation modes and its parameters of the 300 MW, 600 MW and 660 MW units.





3. Methodology and Validation


The system in this paper is explored using the first law of thermodynamics.



3.1. Charging and Discharging Process


During the loading process, the sensible/latent heat of the extraction is stored separately. The sensible/latent heat charging power is calculated based on Equations (1a,b) and (2), respectively. The total heat charging power is calculated based on Equation (3).


   Q   cha , Se    =  G  st   (  h s  −  h  dt   )  



(1a)






   Q   cha , Se    =  G  st   (  h r  −  h  dt   )  



(1b)






   Q   cha , La    =  G  st   (  h  dt   −  h  sd   )  



(2)






   Q  cha   =  Q   cha , Se    +  Q   cha , La     



(3)







The discharge power of the stored sensible heating bypass water and the stored latent heating bypass condensate water are calculated by Equations (4) and (5a,b). The total heat discharging power is calculated based on Equation (6).


   Q   discha , Se    =  G   feed , by    (  h   w 1    −  h   w 4    )  



(4)






   Q   discha , La    =  G   cond , by    (  h   w 5    −  h  cond   )  



(5a)






   Q   discha , La    =  G   cond , by    (  h  pw   −  h  cond   )  



(5b)






   Q  discha   =  Q   discha , Se    +  Q   discha , La     



(6)







In order to ensure that the charging and discharging time of the sensible/latent heat is equal, the ratio of sensible heat power to the latent heat is defined by Equation (7).


  θ =    Q   cha , Se       Q   cha , La      =    Q   discha , Se       Q   discha , La       



(7)






   Q  cha    τ  cha    η 2  ε =  Q  discha    τ  discha    



(8)




where η = 0.98 is the efficiency of the heat exchanger, and ε = 0.95 is the heat preservation coefficient.




3.2. Off-Design of Turbine


In the load-reduction process, the steam flow rate is reduced through the main steam extraction or the reheated steam extraction. In the load-raising process, the steam flow rate is increased through reducing the extracted steam flow rate of each extraction port of the turbine. So, the pressure at all stages is changed. Additionally, the off-design model can be calculated, as shown in Equation (9) [26].


     G  sTi      G   sT 0 i      =      p  sTi  2  −  p   sTi + 1   2     p   sT 0 i   2  −  p   sT 0 i + 1   2           T  sTi      T   sT 0 i         



(9)







In the 300 MW unit and the 600 MW unit, i = 1, 2,⋯, 7. In the 660 MW unit, i = 1, 2,⋯, 8.




3.3. Flexible Operation Heat Balance of CFPU


The heat balance equation of the system is rebuilt by Equations (1)–(6) and (9), which is then shown in Equation (10). Equation (10a,b) are used in the main steam extraction scheme and the reheated steam extraction scheme, respectively.


   [       q 1                              γ 2       q 2                           γ 3       γ 3       q 3                        γ 4       γ 4       γ 4       q 4                                 q 5                              γ 6       q 6                           γ 7       γ 7       q 7                        γ 8       γ 8       γ 8       q 8       ]   [       G 1         G 2         G 3         G 4         G 5         G 6           G 7       G 8         ]  +  [                      G  st   (  h  sd   −  h   w 4    )                          ]  =  [      (  G  feed   −  G  feed , by   )  φ 1        (  G  feed   −  G  feed , by   )  φ 2        (  G  feed   −  G  feed , by   )  φ 3         G  cond    φ 4        (  G  cond   −  G   cond , by    )  φ 5        (  G  cond   −  G   cond , by    )  φ 6          (  G  cond   −  G   cond , by    )  φ 7      (  G  cond   −  G   cond , by    )  φ 8         ]   



(10a)






   [       q 1                              γ 2       q 2                           γ 3       γ 3       q 3                        γ 4       γ 4       γ 4       q 4                                 q 5                              γ 6       q 6                           γ 7       γ 7       q 7                        γ 8       γ 8       γ 8       q 8       ]   [       G 1         G 2         G 3         G 4         G 5         G 6           G 7       G 8         ]  =  [      (  G  feed   −  G  feed , by   )  φ 1        (  G  feed   −  G  feed , by   )  φ 2        (  G  feed   −  G  feed , by   )  φ 3        (  G  cond   −  G   cond , by    )  φ 4  +  G   cond , by    (  h 4  −  h  pw   )       (  G  cond   −  G   cond , by    )  φ 5        (  G  cond   −  G   cond , by    )  φ 6          (  G  cond   −  G   cond , by    )  φ 7      (  G  cond   −  G   cond , by    )  φ 8         ]   



(10b)




where qj, γj and φj are calculated by Equations (11)–(13) [27].


   q j  =  h j  −  h  dj    



(11)






   γ j  =  h   dj - 1    −  h  dj    



(12)






   φ j  =  h  wj   −  h   wj + 1     



(13)







In the 300 MW unit and 600 MW unit, j = 1, 2,⋯, 7. In the 660 MW unit, j = 1, 2,⋯, 8.



In the traditional CFPU, Gfeed,by, Gcond,by and Gst are 0.



In the charging process, Gfeed,by and Gcond,by are 0, whereas Gst is variable.



In the discharging process, Gst is 0, Gfeed,by and Gcond,by are variables, where (h4 − hpw) is variable.




3.4. Power Output


The power output of the CFPU is calculated in Equation (14).


     W T  =  G s  (  h s  −  h 1  ) + (  G s  −  G 1  ) (  h 1  −  h 2  ) + (  G s  −  G 1  −  G 2  ) (  h r  −  h 3  )     +   ∑   m = 3    k − 1    ( (  G s  −   ∑   j = 1   m    G j    ) (  h m  −  h   m + 1    ) )   + (  G s  −   ∑   j = 1   k    G j    ) (  h k  −  h c  )    



(14)




where k = 8 in the 660 MW unit, and k = 7 in the 300 MW unit and the 600 MW unit.




3.5. Boiler


The boiler and the turbine are running in the off-design in the charging and discharging process. The mass flow rate of the feed water and reheated steam is changed. The heat balance of the boiler should be recalculated by Equation (15).


   G  coal   L H V  η b  =  G s  (  h s  −  h   w 1    ) +  G r  (  h r  −  h 2  )  



(15)




where LHV = 29,270 kJ/kg, and ηb = 93.36%.




3.6. Thermal Efficiency


The thermal efficiency is an important indicator to evaluate the thermal economy of the CFPU, and can be calculated by Equations (16) and (17).


   η  thermal   =    W T     G  coal   L H V   × 100 %  



(16)






   η  thermal   =    W  cha  . T     τ  cha   +  W  discha  . T     τ  discha     (  G  cha  . coal     τ  cha   +  G  discha  . coal     τ  discha   ) L H V   × 100 %  



(17)




where ηthermal is the thermal efficiency of the CFPU, %.




3.7. Calculation Process


Figure 3 shows the calculation process for the operation system.




3.8. Errors Analysis


The errors between the designed value and the simulation value of 300 MW, 600 MW and 660 MW units in 100%THA are shown as Figure 3, the results of which are shown in Table 4. The error analysis results in this section are referenced in the literature by Wei et al. [21]. The maximum error among the three units is the exhaust steam flow of the 300 MW units, which is −2.28%. The reason for this error is that the shaft seal leakage is ignored, and the exhaust enthalpy is calculated by extrapolation curve. The error can meet the requirements of engineering accuracy [28].





4. Results and Discussion


4.1. Effect on the Unit Load and Charging Power in the Load-Reduction Process


Figure 4 shows the flow rate of extracted steam and the relationship of the 300 MW, 600 MW and 660 MW units under 50%THA in the load-reduction process. The steam flow into the turbine decreases with the increasing extracted steam flow rate. Due in part to the fact that the main steam does not enter the HP for working in the load-reduction process, the load-reduction capacity of the main steam extraction scheme is higher than that of the reheated steam extraction scheme. When the extracted steam flow rate of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is 90 t/h, 236.75 t/h, 223.50 t/h, 142 t/h, 290.50 t/h and 158.30 t/h, respectively, the unit load can be reduced to 38.64%THA, 34.48%THA, 35.23%THA, 34.37%THA, 33.95%THA and 40.59%THA, respectively.



Among the six load-reduction schemes, the load-reduction capacity presents different limit values. The heat released from the drainage water of RH3 and the extracted main steam to RH4 can meet the heat balance demand of RH4. When the extracted main steam flow rate increases, the heat balance of RH4 will be destroyed, which results in the generation of wet steam. It does not meet the safe operation of RH4. In Cycle-Ⅱ, Cycle-Ⅳ and Cycle-Ⅴ, the main factor limiting the load-reduction capacity is the steam flow rate into LP.



The blade of the last stage will generate negative work or vibrate when the steam flow rate at the inlet LP is lower than 30% of the rated steam flow rate of the LP, which affects the economy and safety of the unit. If the extracted steam flow rate continues to increase, RH8 needs to be cut off when the saturated temperature corresponds to the extracted steam port pressure of RH8 as the drainage temperature, which changes the operation mode of the original unit.



Figure 5 presents the trend of flow rate of extracted steam and unit load of the 300 MW, 600 MW and 660 MW units under 50%THA in the load-reduction process. The charging power is increased from 0 to 68.24 MW, 187.52 MW, 177.49 MW, 130.38 MW, 266.71 MW and 154.20 MW when the extracted steam flow rate of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ during the load-reduction process is 90 t/h, 236.75 t/h, 223.50 t/h, 142 t/h, 290.50 t/h and 158.30 t/h, respectively. The charging powers of Cycle-Ⅰ and Cycle-Ⅱ are approximately equal at the same extracted main steam flow rate, which is caused by the approximately same temperature and pressure of the 300 MW and 600 MW units. The reason for this is that the charging powers of Cycle-Ⅳ and Cycle-Ⅴ are approximately equal at the same extracted reheated steam flow rate. The charging power of Cycle-Ⅲ is higher than that of Cycle-Ⅰ and Cycle-Ⅱ, and the charging power of Cycle-Ⅵ is higher than that of Cycle-Ⅳ and Cycle-Ⅴ. The reason is that the temperature and pressure of the ultra-supercritical unit are higher than those of the subcritical unit. The charging power of the reheated steam extraction scheme is higher than that of the main steam extraction scheme. The reason for this is that the bigger steam pressure results in the lower enthalpy at the same steam temperature.




4.2. Effect on Unit Load and Discharging Power in the Load-Raising Process


The stored heat is released to the original unit to increase the unit load in the load-raising process. Figure 6 shows the changes in discharging power of 300 MW, 600 MW and 660 MW with the bypassed condensate water flow rate and units under 50%THA in the load-raising process. The maximum bypassed condensate water flow rate can reach up to 396 t/h, 778 t/h, 724 t/h, 388.12 t/h, 753.59 t/h and 713.01 t/h of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ, respectively; furthermore, the discharging power is 44.48 MW, 93.92 MW, 89.38 MW, 38.10 MW, 73.97 MW and 80.45 MW, respectively.



The discharging power of the main steam extraction scheme is greater than that of the reheated steam extraction scheme at the same bypassed condensate water flow rate. Table 5 shows the ratio of the sensible/latent heat charging power. Since the temperature and pressure of the main/reheated steam of the ultra-supercritical unit are higher than those of the subcritical unit, the ratio of the ultra-supercritical unit is bigger than that of the subcritical unit. So, the discharging power is greater than that of the subcritical unit.



Figure 7 shows the relationship between the discharging power and the unit load of the 300 MW, 600 MW and 660 MW units under 50%THA in the load-raising process. The raising discharging power increases the unit load. The unit load of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is increased to 53.77%THA, 54.16%THA, 53.81%THA, 53.07%THA, 53.01%THA and 53.28%THA when the discharging power is 44.48 MW, 93.92 MW, 89.38 MW, 38.10 MW, 73.97 MW and 80.45 MW, respectively, which is increased by 3.77%, 4.16%, 3.81%, 3.07%, 3.01% and 3.28% compared with the unit load of 50%THA. For the same reason as in Figure 6, the unit load increment of the main steam extraction scheme is greater than that of the reheated steam extraction scheme. The load increment of the 300 MW unit is greater than that of the 600 MW and 660 MW units at the same discharging power. The reason is that the flow rate of main steam of 300 MW unit is about half of 600 MW and 660 MW units. The impact of the same discharging power (or bypassed condensate water flow) on the steam pressure of each stage of the 300 MW unit is much greater than that of the 600 MW and 660 MW units, which results in a larger load increment of the 300 MW unit.



Figure 8 shows the changes in discharging power of the 300 MW, 600 MW and 660 MW units with the bypassed condensate water flow rate under 75%THA in the load-raising process. The changing relationship is similar to that in Figure 6. Due to the rising unit load, the main steam flow rate is increasing. The maximum flow rate of the bypassed condensate water in Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is 602.50 t/h, 1165.50 t/h, 1093.50 t/h, 570.31 t/h, 1091.90 t/h and 1042.60 t/h, and the discharging power is 81.47 MW, 167.01 MW, 159.25 MW, 55.98 MW, 107.17 MW and 117.64 MW, respectively.



Figure 9 shows the relationship between the discharging power and the unit load of the 300 MW, 600 MW and 660 MW units under 75%THA in the load-raising process. The changing relationship is similar to that in Figure 7. When the discharging power of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is 81.47 MW, 167.01 MW, 159.25 MW, 55.98 MW, 107.17 MW and 117.64 MW, respectively, in the load-raising process, the unit load is increased to 82.54%THA, 83.01%THA, 82.34%THA, 79.60%THA, 79.40%THA and 79.87%THA, respectively, which is increased by 7.54%, 8.01%, 7.34%, 4.60%, 4.40% and 4.87%, respectively, compared with the unit load of 75%THA.



The unit load increment of 75%THA is greater than that of 50%THA at the same discharging power. The reason is that the steam pressure of the turbine under 75%THA is higher than that of under 50%THA. The higher steam pressure has the greater work capacity; thus, the load increment of 75%THA is larger. Due to the maximum discharging power under 75%THA being greater than that under 50%THA, the maximum load increment of the unit under 75%THA is higher than that of the unit under 50%THA. The impact of the main steam extraction scheme on the maximum load increment is greater than that of the reheated steam extraction scheme. The reason is that the latent heat stored by the phase-change materials can heat the bypassed condensate water to the outlet temperature of RH5 under any working condition in the discharging process. When using the pressured water to store the latent heat, the pressure is a constant value, and the pressured water does not participate in temperature regulation. The pressure water with lower temperature results in the larger extracted steam flow rate of RH4. So, the load increment in the reheated steam extraction scheme is not obvious.



According to Figure 4, Figure 7 and Figure 9, the load operation range of the unit can be achieved when the unit is running at the load-reduction mode under 50%THA, at the load-raising mode under 50%THA, and at the load-raising mode under 75%THA, as shown in Figure 10. When the unit completes the load-reduction and load-raising operation under 50%THA, the unit load operation ranges of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ are 38.64–53.77%THA, 34.48–54.16%THA, 35.23–53.81%THA, 34.37–53.07%THA, 33.95–53.01%THA and 40.59–53.28%THA, respectively. When the unit completes the load-reduction operation under 50%THA and load-raising operation under 75%THA, the unit load-operation ranges of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ are 38.64–82.54%THA, 34.48–83.01%THA, 35.23–82.34%THA, 34.37–79.60%THA, 33.95–79.40%THA and 40.59–79.87%THA, respectively. The results show that the unit load operation range of Cycle-Ⅱ is the largest from the perspective of flexible operation load regulation. The scheme of Cycle-Ⅱ is the best, and Cycle-Ⅲ is second.




4.3. Effect on Charging and Discharging Time


The ratio of the discharging time is achieved under condition of load-reduction operation under 50%THA and load-raising operation under 50%THA, and under the condition of load-reduction operation under 50%THA and load-raising operation under 75%THA, respectively, as shown in Figure 11 and Figure 12.



When the unit completes the load-reduction and load-raising operation under 50%THA, the maximum ratio of the discharging time to the charging time of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is 1.40, 1.82, 1.81, 3.12, 3.29 and 1.75, respectively, which reveals that the unit can complete peak shaving operation for 10 h/day, 8.51 h/day, 8.54 h/day, 5.81 h/day, 5.59 h/day and 8.73 h/day. When the unit completes the load-reduction operation under 50%THA and load-raising operation under 75%THA, the maximum ratio of the discharging time to the charging time of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is 0.76, 1.02, 1.02, 2.12, 2.27 and 1.20, respectively, which indicates that the unit can complete peak shaving operation for 13.64 h/day, 11.88 h/day, 11.88 h/day, 7.69 h/day, 7.34 h/day and 10.91 h/day. The ratio of the discharging time to the charging time and the peak shaving time are shown in Table 6. The results show that Cycle-Ⅰ has the longest peak shaving time for the flexible operation. However, the load operation range of Cycle-Ⅰ is lower than that of Cycle-Ⅱ and Cycle-Ⅲ. Cycle-Ⅱ and Cycle-Ⅲ are better in terms for flexible operation range and the peak shaving time.




4.4. Effect on Thermal Efficiency


The thermal efficiency of the unit is obtained by taking the calculation conditions and the calculation data described in Section 4.3. The thermal efficiency difference between the thermal efficiency of base load and the thermal efficiency of flexible operation can be calculated by Equation (18). The difference in thermal efficiency is shown in Figure 13 and Figure 14.


  Δ  η  thermal   =  η  thermal   −  η  base    



(18)




where Δηthermal is the thermal efficiency difference, %, and ηbase is the thermal efficiency at base load, %.



The thermal efficiency difference of the unit rises with the increase in the charging power (extracted steam flow rate). The thermal efficiency difference increases with the rising charging power. When the unit completes the load-reduction and load-raising operation under 50%THA, the thermal efficiency of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is decreased by 1.79%, 2.05%, 1.81%, 1.15%, 1.15% and 1.28%, respectively. When the unit completes the load-reduction operation under 50%THA and load-raising operation under 75%THA, the thermal efficiency of Cycle-Ⅰ, Cycle-Ⅱ, Cycle-Ⅲ, Cycle-Ⅳ, Cycle-Ⅴ and Cycle-Ⅵ is decreased by 1.93%, 2.15%, 2.33%, 0.94%, 0.92% and 1.20%, respectively.



The thermal efficiency difference sequence of the three units Is the 600 MW unit, 660 MW unit and 300 MW unit in the scheme of main steam extraction and reheated steam extraction at the same charging power. The reason is that the 660 MW unit is the ultra-supercritical unit, and the pressure loss is greater than that of 600 MW unit in steam extraction process; thus, its thermal efficiency decreases more. On the one hand, the number of blade stages of the 660 MW unit low-pressure cylinder is less than that of the 600 MW unit, and the blade length of the 660 MW unit low-pressure cylinder is higher than that of the 600 MW unit low-pressure cylinder. On the other hand, the initial parameter of the 660 MW unit is higher than that of the 600 MW unit, and when the load reduction is the same (e.g., 10% THA), the efficiency of the low-pressure cylinder of the 660 MW unit is lower than that of the low-pressure cylinder of the 600 MW unit. Therefore, the thermal efficiency of the 660 MW unit decreases more than the 600 MW unit. Additionally, the thermal performance of 300 MW unit is lower than that of 600 MW and 660 MW units; thus, its thermal efficiency is the lowest. The results indicate that the scheme of reheated steam extraction is the best for flexible operation from the perspective of thermal efficiency. The reheated steam extraction scheme is more suitable for the 600 MW unit.





5. Conclusions


In order to achieve a synergistic relationship between the steam extraction parameters and thermal parameters of different types of coal-fired power units, this paper investigates the influence of thermal parameters of the 300 MW subcritical unit, the 600 MW subcritical unit and the 660 MW ultra-supercritical unit on the thermal adaptability of flexible operation. The following conclusions are drawn.



(1) The load regulation range of the 300 MW, 600 MW and 660 MW units under six operation modes is different. The maximum load-reduction capacity can be achieved by adopting the scheme the reheated steam extraction in the 600 MW unit; moreover, the load can be reduced to 33.95%THA from 50%THA.



(2) The main steam extraction scheme is suitable for the wide load flexibility regulation in the regard of load range and peak shaving time. The load range of the main steam extraction scheme of the 600 MW unit is the largest. When the unit completes a load-reduction and load-raising operation under 50%THA, the load range is 34.48–54.16%THA, and the peak shaving time is 8.51 h/day. When the unit completes a load-reduction operation under 50%THA and load-raising operation under 75%THA, the load range is 34.48–83.01%THA, and the peak shaving time is 11.88 h/day.



(3) The scheme of reheated steam extraction is ideal for low load flexibility regulation from the perspective of thermal efficiency. When the 600 MW unit with the reheated steam extraction scheme completes a load-reduction and load-raising operation under 50%THA, the thermal efficiency is reduced by only 1.15%.



Although this article conducted thermal adaptability analysis on 300 MW, 600 MW, and 660 MW units, the investment and economic feasibility of their retrofitting were not analyzed. In subsequent work, the author will discuss investment costs and optimization plans, carbon emission patterns during peak shaving and the coupling scheduling relationship between peak shaving and renewable energy sources. The method used will adjust the optimal ratio of renewable energy and coal-fired units in the power grid, and can better guide the promotion of carbon peaking and carbon neutrality.
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Nomenclature








	Abbreviations
	



	CFPU
	coal-fired power unit



	THA
	turbine heat acceptance



	RH
	regenerative heat exchanger



	HP
	high-pressure steam turbine



	IP
	intermediate-pressure steam turbine



	LP
	low-pressure steam turbine



	SMH
	steam–molten salt heat exchanger



	MWH
	molten salt–water heat exchanger



	SWH
	steam–water heat exchanger



	PCH
	phase-change heat exchanger



	PWT
	pressured water tank



	WT
	water tank



	CT
	cold molten salt tank



	HT
	hot molten salt tank



	Symbols
	



	Q
	heat power, MW



	G
	mass flow rate, t/h



	T
	thermodynamic temperature, K



	p
	pressure, MPa



	h
	specific enthalpy, kJ/kg



	LHV
	lower heating value of coal, kJ/kg



	W
	power output of the unit, MW



	q
	enthalpy difference of steam, kJ/kg



	Greek
	



	τ
	time, h



	γ
	enthalpy difference of drainage water, kJ/kg



	φ
	enthalpy difference of water, kJ/kg



	θ
	ratio of sensible heat power to the latent heat power



	Subscripts
	



	T
	turbine



	sT
	stage of turbine



	dw
	drainage water



	w
	water



	feed
	feed water



	feed,by
	bypassed feed water



	cond
	condensate water



	cond,by
	bypassed condensate water



	coal
	coal feeding into boiler



	s
	main steam



	r
	reheat steam



	c
	exhaust steam of low-pressure steam turbine



	sd
	drainage water of extracted steam



	cha
	charging process



	discha
	discharging process



	dt
	dividing temperature



	0
	parameters before off-design



	Se
	sensible heat of extracted steam



	La
	latent heat of extracted steam
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Figure 1. Flexible operation system of CFPU with main steam extraction and thermal energy storage. 
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Figure 2. Flexible operation system of CFPU with reheated steam extraction and thermal energy storage. 
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Figure 3. The calculation process for the operation system. 
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Figure 4. The trend of flow rate of extracted steam and unit load of 300 MW, 600 MW and 660 MW units under 50%THA in the load-reduction process. 






Figure 4. The trend of flow rate of extracted steam and unit load of 300 MW, 600 MW and 660 MW units under 50%THA in the load-reduction process.



[image: Energies 17 02185 g004]







[image: Energies 17 02185 g005] 





Figure 5. Relationship between extracted steam flow rate and charging power of 300 MW, 600 MW and 660 MW units under 50%THA in the load-reduction process. 
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Figure 6. The changes in discharging power of 300 MW, 600 MW and 660 MW units with the bypassed condensate water flow rate and under 50%THA in the load-raising process. 
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Figure 7. Relationship between discharging power and unit load of 300 MW, 600 MW and 660 MW units under 50%THA in the load-raising process. 






Figure 7. Relationship between discharging power and unit load of 300 MW, 600 MW and 660 MW units under 50%THA in the load-raising process.



[image: Energies 17 02185 g007]







[image: Energies 17 02185 g008] 





Figure 8. Relationship between bypassed condensate water flow rate and discharging power of 300 MW, 600 MW and 660 MW units under 75%THA in the load-raising process. 
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Figure 9. Relationship between discharging power and unit load of 300 MW, 600 MW and 660 MW units under 75%THA in the load-raising process. 
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Figure 10. Unit load operation range. 
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Figure 11. The ratio of discharging time to charging time under the conditions of a load-reduction operation under 50%THA and a load-raising operation under 50%THA. 
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Figure 12. The ratio of discharging time to charging time under the conditions of a load-reduction operation under 50%THA and a load-raising operation under 75%THA. 
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Figure 13. The thermal efficiency difference under the conditions of a load-reduction operation under 50%THA and a load-raising operation under 50%THA. 
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Figure 14. The thermal efficiency difference under the conditions of a load-reduction operation under 50%THA and a load-raising operation under 75%THA. 
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Table 1. Unit type.






Table 1. Unit type.





	Unit Level
	Rated Power (MW)
	Type





	300 MW unit
	300.19
	Subcritical, single reheat, direct air-cooled unit



	600 MW unit
	600.18
	Subcritical, single reheat, direct air-cooled unit



	660 MW unit
	660.02
	Ultra-supercritical, single reheat, direct air-cooled unit










 





Table 2. Design parameters of the unit at 100%THA.
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	State Point
	Units
	300 MW Unit
	600 MW Unit
	660 MW Unit
	State Point
	Units
	300 MW Unit
	600 MW Unit
	660 MW Unit





	Rated power
	MW
	300.19
	600.18
	660.02
	p4
	MPa
	0.76
	1.02
	1.20



	ps
	MPa
	16.67
	16.67
	26.47
	T4
	°C
	598.65
	634.15
	653.45



	Ts
	°C
	811.15
	811.15
	873.15
	p5
	MPa
	0.53
	0.62
	0.48



	Gs
	t/h
	958
	1848.80
	1878.90
	T5
	°C
	557.15
	575.65
	537.25



	pr
	MPa
	3.35
	3.41
	5.78
	p6
	MPa
	0.23
	0.24
	0.25



	Tr
	°C
	811.15
	811.15
	893.15
	T6
	°C
	464.40
	469.45
	470.95



	Gr
	t/h
	790.35
	1576.13
	1599.15
	p7
	kPa
	79.90
	81
	110



	p1
	MPa
	5.80
	6.08
	8.08
	T7
	°C
	366.65
	366.88
	394.65



	T1
	°C
	656.35
	658.45
	680.35
	p8
	kPa
	/
	/
	40



	p2
	MPa
	3.73
	3.79
	6.29
	T8
	°C
	/
	/
	349.15



	T2
	°C
	598.05
	595.65
	645.25
	pc
	kPa
	15
	15
	11



	p3
	MPa
	1. 70
	2.05
	3.07
	Gc
	t/h
	600.20
	1218.29
	1079.13



	T3
	°C
	707.85
	734.65
	792.95
	Gcond
	t/h
	751.55
	1457.65
	1395.83










 





Table 3. The mode of CFPU.
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Flexible Operation Mode

	
Parameters in the Charging Process

	
Parameters in the Discharging Process






	
Cycle-Ⅰ

	
Main steam extraction in 300 MW unit

	
pst = pdt = psd = 1 MPa

Tdt = 473.15 K

Tsd = 448.15 K

	
p1, p4, p5, T1, T4 and T5 is variable. Tcond = 327.12 K




	
Cycle-Ⅱ

	
Main steam extraction in 600 MW unit

	
pst = pdt = psd = 1 MPa

Tdt = 473.15 K

Tsd = 448.15 K

	
p1, p4, p5, T1, T4 and T5 is variable. Tcond = 327.12 K




	
Cycle-Ⅲ

	
Main steam extraction in 660 MW unit

	
pst = pdt = psd = 1 MPa

Tdt = 473.15 K

Tsd = 448.15 K

	
p1, p4, p5, T1, T4 and T5 is variable. Tcond = 320.83 K




	
Cycle-Ⅳ

	
Reheated steam extraction in 300 MW unit

	
pst = pdt = psd = 0.5 MPa

Tdt = 473.15 K,

Tsd = 332.72 K

	
p1, p4, T1 and T4 is variable. Tpw = 393.36 K, Tcond = 327.12 K




	
Cycle-Ⅴ

	
Reheated steam extraction in 600 MW unit

	
pst = pdt = psd = 0.5 MPa

Tdt = 473.15 K, Tsd = 332.72 K

	
p1, p4, T1 and T4 is variable. Tpw = 393.36 K, Tcond = 327.12 K




	
Cycle-Ⅵ

	
Reheated steam extraction in 660 MW unit

	
pst = pdt = psd = 0.5 MPa

Tdt = 473.15 K, Tsd = 326.43 K

	
p1, p4, T1 and T4 is variable. Tpw = 393.36 K, Tcond = 320.83 K











 





Table 4. Error analysis.
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WT (MW)

	
ps (MPa)

	
Gs (t/h)

	
Gr (t/h)

	
Gcond (t/h)

	
Gc (t/h)






	
300 MW unit

	
Designed value

	
300.19

	
16.67

	
957.997

	
790.35

	
751.55

	
600.20




	
Simulation value

	
300.19

	
16.67

	
945.92

	
801.40

	
737.18

	
586.50




	
Error (%)

	
0

	
0

	
−1.26

	
1.40

	
−1.91

	
−2.28




	
600 MW unit

	
Designed value

	
600.18

	
16.67

	
1848.80

	
1576.13

	
1457.65

	
1218.29




	
Calculated value

	
600.18

	
16.67

	
1843.59

	
1579

	
1443.60

	
1203.20




	
Error (%)

	
0

	
0

	
−0.28

	
0.18

	
−0.96

	
−1.24




	
660 MW unit

	
Designed value

	
660.02

	
26.47

	
1878.90

	
1599.15

	
1395.83

	
1079.13




	
Calculated value

	
660.00

	
26.47

	
1874.80

	
1603.80

	
1380.30

	
1059.70




	
Error (%)

	
0

	
0

	
−0.22

	
0.29

	
−1.11

	
−1.8











 





Table 5. Ratio of the sensible heat charging power to the latent heat charging power.
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	Work Mode
	Cycle-Ⅰ
	Cycle-Ⅱ
	Cycle-Ⅲ
	Cycle-Ⅳ
	Cycle-Ⅴ
	Cycle-Ⅵ





	θ
	0.3078
	0.3095
	0.3698
	0.2684
	0.2683
	0.3322










 





Table 6. Ratio of discharging time to charging time and peak shaving time.
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Cycle-Ⅰ

	
Cycle-Ⅱ

	
Cycle-Ⅲ

	
Cycle-Ⅳ

	
Cycle-Ⅴ

	
Cycle-Ⅵ






	
Load-reduction operation and load-raising operation under 50%THA




	
Ratio of discharging time to charging time

	
1.40

	
1.82

	
1.81

	
3.13

	
3.29

	
1.75




	
Peak shaving time

	
10

	
8.51

	
8.54

	
5.81

	
5.59

	
8.73




	
Load-reduction operation under 50%THA and load-raising operation under 75%THA




	
Ratio of discharging time to charging time

	
0.76

	
1.02

	
1.02

	
2.12

	
2.27

	
1.20




	
Peak shaving time

	
13.64

	
11.88

	
11.88

	
7.69

	
7.34

	
10.91
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