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Abstract: In order to provide more grid space for the renewable energy power, the traditional coal-fired power 

unit should be operated flexibility, especially achieved the deep peak shaving capacity. In this paper, a new 

scheme using the reheat steam extraction is proposed to further reduce the load far below 50% rated power. Two 

flexible operation modes of increasing power output mode and reducing fuel mode are proposed in heat 

discharging process. A 600 MW coal-fired power unit with 50% rated power is chosen as the research model. The 

results show that the power output is decreased from 300.03 MW to 210.07 MW when the extracted reheat steam 

flow rate is 270.70 t·h−1, which increases the deep peak shaving capacity by 15% rated power. The deep peak 

shaving time and the thermal efficiency are 7.63 h·d−1 and 36.91% respectively for the increasing power output 

mode, and they are 7.24 h·d−1 and 36.58% respectively for the reducing fuel mode. The increasing power output 

mode has the advantages of higher deep peak shaving time and the thermal efficiency, which is recommended as 

the preferred scheme for the flexible operation of the coal-fired power unit. 
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1. Introduction 

Increasing the proportion of renewable energy power 
and reducing the thermal power can reduce the carbon 
emissions significantly [1, 2]. China aims to achieve 
carbon peak in 2030 and carbon neutralization in 2060 
[3], which means that developing renewable energy is 
China’s future national policy. At the end of 2020, the 
total installed capacity of electric power in China has 
reached 2200.58 GW, of which the installed capacity of 
renewable energy accounts for 42.4%. And the total 
electric power generation of China was 7 147 000 GWh 

in 2020, of which the electricity generated by renewable 
energy only accounted for 7.51%. The data shows that 
although the installed capacity of renewable energy 
accounts for a large proportion, the proportion of 
renewable energy power generation into the grid is lower 
due to its intermittence and instability. How to improve 
this situation is an urgent problem to be solved. Therefore, 
the power generation from the traditional coal-fired 
power unit (CFPU) should be reduced to allow 
large-scale renewable energy power generation into the 
fixed capacity grid [2, 4]. In the future, the traditional 
CFPU will need to be altered from the main power 
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Nomenclature   

Symbols TV throttle valve 

B coal consumption rate/g·kW–1·h–1 WT water tank 

cp 
specific heat of molten salt at 
constant pressure/J·kg–1·K–1 

Greek symbols 

G mass flow rate/t·h–1 τ Time/h 

h specific enthalpy/kJ·kg–1 γ enthalpy difference of drainage water/kJ·kg–1

LHV lower heating value of coal/kJ·kg–1 φ enthalpy difference of water/kJ·kg–1 

p pressure/kPa Subscripts 

Q heat power/MW c exhaust steam of low pressure steam turbine 

q enthalpy difference of steam/kJ·kg–1 cha heat charging process 

T thermodynamic temperature/K coal coal into the boiler 

W power output of the unit/MW cond condensate water 

Abbreviations cond,by bypassed condensate water 

CFPU coal-fired power unit c-salt low temperature molten salt 

CP condensate water pump dw drainage water 

CT cold molten salt tank discha heat discharging process 

FP feed water pump feed feed water 

HPT high pressure steam turbine feed,by bypassed feed water 

HT hot molten salt tank h-salt high temperature molten salt 

IPT intermediate pressure steam turbine ms molten salts 

IPM increasing power output mode pw pressurized water 

LPT low pressure steam turbine r reheat steam 

MWHE molten salt-water heat exchanger s main steam 

PWT pressurized water tank sd drainage water of extracted steam 

RH regenerative heat exchanger sT stage of turbine 

RFM reducing fuel mode T turbine 

SWHE steam-water heat exchanger w water 

SMHE steam-molten salt heat exchanger 0 parameters before off-design 

 
generation mode to the flexible operation mode [2, 5], so 
it is important to investigate the flexible operation mode 
of coal-fired power unit to let more renewable power 
generation access to the power grid. 

In the past, for the renewable energy installed capacity 
was small, the renewable energy power generation has 
less impact on the grid, so the main role of CFPU is to 
increase the ramp rate of the unit under the off-design 
conditions [6, 7] to satisfy the requirements of renewable 
energy power access to the grid. Wang et al. [8] found 
that a revised water fuel ratio control strategy could raise 
the flexible operation of supercritical CFPU by increasing 
the ramp rate from 10 MW·min–1 to 30 MW·min–1 under 
the load from 50% to 100%. Zhang et al. [9] adopted the 
condensate throttling method to fast change the unit load 
by 4.04% under the 100% rated load. Wang et al. [10] 
revised the bypassed feed water mode, and the dynamic 
response rate increased two times under the load from 
40% to 100%. Zhao et al. [11] analyzed the influence of 

steam extraction throttling methods of the regenerative 
heater on the ramp rate of the unit, and found that the 
maximum average power ramp rate in a minute is 6.19% 
rate power by adopting the throttling method of 1st–3rd 
regenerative heater under the load from 50% to 100%, 
which greatly improved the flexible operation of the unit. 
Wang et al. [12] regulated the coordinated control 
strategy and the heat source regulation mode to increase 
the ramp rate of the unit to 13.20 MW·min–1 under the 
87.12% rated load, with the help of the characteristics of 
large thermal inertia of district heating network. The 
above researches show that improving the ramp rate of 
the unit can increase the load changing ability of the unit 
instantaneously. So that the small-scale fluctuating 
renewable energy can be smoothly accessed to the grid. 
However, with the future increasing installed capacity of 
renewable energy, the limited regulating capacity of this 
method cannot provide enough space for large-scale 
renewable energy power generation. 
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In order to provide enough space for renewable energy 
power generation access to the grid, the flexible 
operation of the unit was proposed [13, 14]. From the 
perspective of power generation side, broadening the 
operation range of the unit under stable load is the most 
effective means to realize the flexible operation. Richter 
et al. [15] studied that the unit load could be reduced to 
93% from 100% through hot water storage without 
changing the operation mode of CFPU. Trojan et al. [16] 
investigated that integrated hot water storage into CFPU 
could reduce the unit load from 76.50% to 56.52%. Li et 
al. [17] reduced the load of 600 MW unit from 100% 
rated load to 86.70% rated load by using the reheat steam 
extraction and heat storage. Krüger et al. [18] integrated 
the thermal energy storage into the steam power plants to 
regulate the load range, and found that the output power 
was decreased by 4% under 100% rated load in heat 
charging process. Those studies proved that the 
utilization of the steam extraction can achieve the 
flexible operation of the CFPU under the stable load. 
However, the previous studies are mostly focused on the 
load regulation from 100% rate power by extracted steam 
and heat storage. With the increasing demand for flexible 
operation of CFPU, the deep peak shaving capacity under 
lower load operation should be proposed.  

Generally, the unit load reduction capacity is limited 
by the minimum stable combustion load of 40% rated 
power [19, 20] and the minimum denitration parameters 
of 45% rated power [20]. This research studied the load 
regulation in different operation modes during flexible 
operation of CFPU; the flexible operation scheme takes 
the stable unit load of 50% rated power as the peak 
shaving base load. Wei et al. [21] studied on the flexible 
operation of coal-fired power unit by main steam 
extraction to further reduce the load from the 50% rated 
load. For the higher exergy loss of the main steam 
extraction flow through a throttle valve, a new scheme 
using the reheat steam extraction is proposed to further 
reduce the load of CFPU far below 50% rated load. The 
sensible heat and latent heat of the extracted reheat steam 
are stored in molten salt and pressurized water, 
respectively, during the heat charging process. The stored 
heat in molten salts is returned to heat the bypassed feed 
water and the stored pressurized water replaces the 
condensate water in the heat discharging process. The 
proposed system can provide two heat discharging modes: 
increasing power output mode (IPM) and reducing fuel 
mode (RFM). Such a scheme has not been found in the 
published journals. The innovation of this paper is that on 
the one hand, the load reduction operation is conducted at 
50% rate load of the unit to be further reduced by 15%; 
on the other hand, two heat discharging models are 
constructed to achieve the flexible operation of CFPU. 
The objectives of this paper is to investigate the 
relationship between the extracted reheat steam flow rate 

and the deep load reduction capacity, and analyze the 
thermal performance of CFPU by IPM and RFM 
separately to complete the deep peak shaving. The deep 
peak shaving time and the influence of the pressure of 
pressurized water on IPM and RFM were studied. 

2. Flexible Operation System of CFPU by Heat 
Storage 

2.1 Flexible operation system 

A 600 MW subcritical CFPU was chosen as a research 
model. The flexible operation system includes the 
traditional coal-fired power unit, the heat charging and 
discharging systems, as shown in Fig. 1 and Fig. 2.  

The workflow of the traditional CFPU is described as 
follows. The main steam from the boiler enters the high 
pressure steam turbine (HPT) for expansion. The exhaust 
steam of HPT enters the boiler for reheating and then 
enters the intermediate pressure steam turbine (IPT) and 
low pressure steam turbine (LPT) successively. The 
exhaust steam of LPT enters the condenser to condense it 
into saturated water. The condensate water (low 
pressured water) is successively pumped into the 7th 
regenerative heater (RH7), RH6 and RH5 by the 
condensate pump (CP), and then enters the RH4. The 
feed water (high pressured water) in RH4 is successively 
pumped into RH3, RH2 and RH1 by feed pump (FP), and 
enters the boiler again to generate main steam. The 
heating steam source of RH1-RH7 is from the steam 
extraction port of the intermediate stages of the turbine. 
The drainage water of the previous regenerative heater 
enters the next stage regenerative heater by the 
step-by-step flow mode; namely the drainage water of 
RH1 flows through RH2 and RH3, and enters RH4, and 
the drainage water of RH5 flows through RH6 and RH7, 
and finally enters the condenser. In this way, the thermal 
cycle of the traditional CFPU is completed. 

In the traditional CFPU, its rated power of the 
subcritical CFPU is 600.18 MW. The 50% rated power 
(300.11 MW) is chosen as the basic operation load for 
further deep peak shaving, and the parameters of 50% 
rated power are selected as the basic research parameters. 
Table 1 shows the designed parameters of each nodes of 
the subcritical CFPU at 50% rated power. 

For the deep peak shaving of CFPU, a part of the 
reheat steam is extracted and isenthalpic depressurized in 
the throttle valve (TV), and then enters the steam-molten 
salt heat exchanger (SMHE) to heat the molten salts that 
coming from the cold molten salt tank (CT) to the hot 
molten salt tank (HT). The cooled extracted steam enters 
into the steam-water heat exchanger (SWHE) to heat the 
pressurized water from water tank (WT). The pressurized 
water is stored in pressurized water tank (PWT). The 
extracted reheat steam condenses in the SWHE and flows 
back to the condenser. 
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Fig. 1  Heat charging diagram of CFPU 
 

 
 

Fig. 2  Heat discharging diagram of CFPU 
 

During the flexible operation process, a kinds of binary 
mixed nitrate molten salts [22] and pressurized water are 
selected as the heat storage medium. The molten salts are 
used to store the sensible heat of the extracted reheat 
steam in the SMHE during the heat charging process and 
to heat the bypassed feed water in the heat discharging 
process. The thermophysical properties of molten salts 
are shown in Table 2. The pressurized water is chosen for 
storing the latent heat of the extracted reheat steam due to 
its higher heat storage density. 

The heat discharging process of CFPU is described as 
follows in Fig. 2. The steam generated by the boiler and 
the working fluid are same as that of the traditional 
CFPU. The steam condenses in the condenser and is 
stored in the WT. The pressurized water in the PWT 
enters RH4 and replaces all the condensate water of 
RH5-RH7, so the power output of LPT can be increased. 
Part of the feed water of RH4 enters RH3, RH2, RH1 and 
boiler, while the other part of the feed water of RH4 
enters the molten salt-water heat exchanger (MWHE) and 
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Table 1  Designed parameters of the subcritical CFPU at 50% rated power 

Node p/kPa T/K G/t·h−1 Node p/kPa T/K G/t·h−1 

s 9774 811.15 900.11 w5 1724 425.25 751.97 

r 1750 811.15 789.27 w6 1724 375.45 751.97 

1 3094 650.95 46.84 w7 1724 346.68 751.97 

2 1944 590.75 48.09 w8 1724 327.12 751.97 

3 1059 737.25 26.04 dw1 3001 488.15 46.84 

4 530 638.45 23.19 dw2 1886 458.85 95.65 

5 324 581.35 35.98 dw3 1006 435.15 121.69 

6 128 475.65 33.98 dw5 308 381.05 35.98 

7 43 370.96 22.15 dw6 121 352.28 69.96 

w1 18 227 508.65 900.11 dw7 40.8 333.81 92.10 

w2 18 227 482.55 900.11 cp 1724 – 751.97 

w3 18 227 453.25 900.11 fp 18 227 – 900.11 

w4 18 227 429.55 900.11 c 15 – 659.03 

 
Table 2  Thermophysical parameters of molten salts 

Categories Parameters 

Components KNO3-Ca(NO3)2 

Temperature range/K 463.15 to 833.15 

Density/kg·m–3 2357.57–0.6757T 

Specific heat/kJ·kg–1 1.12+6.11×10–4T 

 
is heated by the high temperature molten salts that 
coming from HT to CT. The heated feed water 
temperature is same as the outlet temperature of RH1, 
and the heated feed water enters the boiler, so the steam 
extraction from HPT and IPT can be decreased and the 
power output also can be increased. The cooled molten 
salts flows back to CT. Thus, the thermal discharging 
cycle is completed. 

2.2 Flexible operation mode 

It can be seen from Section 2.1 that the stored heat can 
be released to the CFPU in the peak period of power 
consumption during the heat discharging process and the 
power output can be increased because the steam 
extraction flow rate of RH from the turbine can be 
decreased, so this heat discharging mode is designed as 
the IPM. Also, in general, when the power output 
remains constant (such as 300.03 MW) in the period of 
fixed power consumption, the coal mass flow rate into 
the boiler can be reduced during the heat discharging 
process because the flow rate of stream out of the boiler 
can be decreased to offset the increase in power output 
from the decrease in the steam extraction of RH from 
turbine. This heat discharging mode is defined as the 
RFM. 

The extracted steam pressure (pst) and temperature (Tst) 
behind the throttle valve is 500 kPa and 805.66 K, 
respectively. The outlet temperatures of SHME (Tdt) and 

SWHE (Tsd) are 473.15 K and 332.72 K, and the molten 
salts temperatures of HT (Th-salt) and CT (Tc-salt) are 
463.15 K and 633.15 K, respectively.  The pressure of 
the conventional pressurized water storage tank is 200 
kPa [23]. In order to understand the pressure influence of 
the pressurized water on heat charging and heat 
discharging processes, the pressurized water of 200 kPa 
and higher pressurized water of 400 kPa are selected as 
the research parameters. Therefore, according to the heat 
discharging operation modes and the pressure of the 
pressurized water, the flexible operation modes in heat 
discharging process of CFPU can be divided into four 
operating conditions, as shown in Table 3. 
 

Table 3  Flexible operation modes in heat discharging process 
of CFPU 

Heat  
discharging 

process 

Heat charging  
process 

Parameters of  
pressurized water 

IPM-I ppw =200 kPa ppw =200 kPa, Tpw =393.36 K 

IPM-II ppw =400 kPa ppw =400 kPa, Tpw =416.76 K 

RFM-I ppw =200 kPa ppw =200 kPa, Tpw =393.36 K 

RFM-II ppw =400 kPa ppw =400 kPa, Tpw =416.76 K 

3. Methodology 

The first law of thermodynamics is chosen to 
investigate the flexible operation of CFPU. 

3.1 Heat balance equation of flexible operation of 
CFPU 

According to the equation of flexible operation of 
CFPU described in Ref. [21], a new heat balance 
equation of the flexible operation of CFPU by integrated 
with reheat steam extraction is obtained, which is shown 
in Eq. (1). 
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where, qj, γj and φj are calculated by Eqs. (2)–(4) [21, 
24]. 

dw,j j jq h h                  (2) 

dw, -1 dw,j j jh h                  (3) 

w, w, +1j j jh h                  (4) 

where, j is the regenerative heater number (j=1,2,···,7). 
In traditional CFPU and charging process, Gfeed,by and 

Gcond,by are 0. In discharging process, Gfeed,by and Gcond,by 
are variables. 

The power output of CFPU can be calculated by Eq. 
(5) after calculating the Eq. (1). 
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    (5) 

The combustion and heat balance equations is 
calculated by Eq. (6) [24]. 

   coal b s s w1 r r 2LHVG G h h G h h          (6) 

where, LHV is 29 270 kJ·kg–1; ηb is the thermal 
efficiency of the boiler, which is 93.36%. 

3.2 Heat balance equation of heat charging and 
discharging processes 

The sensible heat of the extracted reheat steam is 
stored by using the molten salts, and the sensible heat 
charging power of the SMHE is calculated by Eq. (7). 
The latent heat of the extracted reheat steam is stored by 
using the pressurized water, and the latent heat charging 
power of the SWHE is calculated by Eq. (8). 

   cha.ms h-salt c-saltst r dt
cha.SMHE 3600 3600

pG c T TG h h
Q




   (7) 

   pw pw w8st dt sd
cha.SWHE 3600 3600

G h hG h h
Q




      (8) 

where, η is the thermal efficiency of the heat exchanger, 
which is 98%. 

The total heat charging power of the extracted reheat 
steam is defined by Eq. (9). 

cha cha.SMHE cha.SWHEQ Q Q            (9) 

The stored sensible heat is released to heat the 
bypassed feed water, and the heat discharging power of 
the MWHE is calculated by Eq. (10). The stored 
pressurized water is pumped to RH4 to replace the 
condensate water, and its heat discharging power is 
calculated by Eq. (11).  

 

 

feed,by w1 w4
discha.MWHE

discha.ms h-salt c-salt

3600

3600
p

G h h
Q

G c T T








   (10) 

 cond,by pw w8
discha.pw 3600

G h h
Q


         (11) 

The total heat discharging power is defined by Eq. 
(12). 

discha discha.MWHE discha.pwQ Q Q         (12) 

In the process of heat charging and heat discharging, 
the ratio of the sensible heat charging power to the total 
heat charging power must be equal to the ratio of the 
sensible heat discharging power to total heat discharging 
power, as shown in Eq. (13). 

cha.SMHE discha.MWHE

cha discha

Q Q

Q Q
           (13) 

Due to the off-design condition caused by the 
extracted reheat steam, the steam flow rate into the stage 
of the turbine is changed. The off-design model of the 
stage should be recalculated by Eq. (14) [25]. 

2 2
sT, sT, sT, +1 sT,

2 2
sT0, sT0,sT0, sT0, +1

i i i i

i ii i

G p p T

G Tp p





       (14) 

where, i is the number of turbine stages (i=1,2,···,8). 

3.3 Evaluating indicator of flexible operation system 
of CFPU 

3.3.1 Deep peak shaving time 

When the flexible operation of coal-fired power unit 
completes the process of heat charging and heat 
discharging, the relationship between charging time and 
discharging time is the key factor to determine the deep 
peak shaving time of CFPU. The charging time refers to 
the load reduction time when the heat of the extracted  
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reheat steam is stored in the heat storage system. The 
discharging time means the heat release time when all the 
stored heat is released to the CFPU. The deep peak 
shaving time refers to the total time of multiple load 
reduction every day by steam extraction. The relationship 
between charging time and discharging time is calculated 
by the ratio of discharging time to charging time, as 
shown in Eq. (15). The deep peak shaving time is 
calculated by Eq. (16). 

discha cha

cha discha

= =
Q

Q

 


             (15) 

deep
24

=
1+




                (16) 

where, θ is the ratio of discharging time to charging time; 
ε is the coefficient of heat preservation of HT and PWT, 
which is 95%; τdeep is the deep peak shaving time, h·d–1. 

3.3.2 Thermal efficiency and coal consumption rate 

The thermal efficiency and coal consumption rate are 
two important indicators to evaluate the thermal 
performance of the CFPU by completing the deep peak 
shaving. The thermal efficiency of the traditional CFPU 
is calculated according to Eq. (17), and the thermal 

efficiency of the CFPU completing the flexible operation 
is calculated according to Eq. (18). 

T
thermal

coal

3600
100%

LHV

W

G
           (17) 

 
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cha.T cha discha.T discha
thermal

cha.coal cha discha.coal discha

3600
100%

LHV

W W

G G

 


 


 


(18) 

where, ηthermal is the thermal efficiency, %. 
The coal consumption rate of the traditional CFPU is 

calculated by Eq. (19), and the coal consumption rate of 
the CFPU completing the flexible operation is calculated 
by Eq. (20). 

coal

T

1000G
B

W
               (19) 

 cha.coal cha discha.coal discha

cha.T cha discha.T discha

1000 G G
B

W W

 
 





    (20) 

3.4 Calculation process 

This work is carried out by using MATLAB. When 
calculating the thermodynamic parameters and thermal 
economy for the flexible operation system of CFPU, it 
should be assumed as follows: 

 

 
 

Fig. 3  Calculation flow chart of flexible operation 
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(1) The boiler must be operated at a stable combustion 
load; the boiler load can fluctuate in a small range, and 
the boiler is considered as a black box [26, 27]. 

(2) The pressure and temperature of main steam 
remain constant by adjusting the coal mass flow rate into 
the boiler during heat charging and discharging 
processes. 

(3) The steam extraction temperature of RH1-RH7 
should be constant under any working condition. 

(4) The pressure loss of the extracted reheat steam is 
ignored. 

(5) The pressurized water is saturated water in the 
pressurized water tank. 

(6) The molten salts are an ideal thermal energy 
storage material. It is considered that the temperature of 
the molten salt in the “hot” and “cold” tank is almost 
constant, so its thermophysical property parameters (such 
as specific heat, density and thermal conductivity) are 
almost constant. 

Fig. 3 shows the calculation process of the 
thermodynamic parameters for flexible operation system 
of CFPU. Firstly, the thermal parameters of 50% rated 
power will be given; the deviations between the 
simulation value and the design value are analyzed, and 
the power output of 35% rated power is calculated by 
using direct coal reduction method. Secondly, the power 
output of the CFPU is calculated by extracting the reheat 
steam in heat charging process. Thirdly, the power output 
of the CFPU is calculated by releasing the stored heat in 
heat discharging process. Finally, the deep peak shaving 
time, thermal efficiency and coal consumption rate are 
calculated. 

4. Results and Discussion 

4.1 Deviation analysis 

According to the calculation flow chart shown in Fig. 
3, the parameters of the traditional CFPU at 50% rated 
power are calculated. The deviations of main parameters 
between designed and simulation value are obtained. The 
deviation is defined as Eq. (21). 

Designed value Simulation value
Deviation 100%

Designed value


  (21) 

The deviation analysis is shown in Table 4. The 
deviation of 4.65% in the extracted steam pressure of 
RH1 is the biggest. The work of steam is calculated by 
enthalpy, the influence of steam pressure on enthalpy is 
small, and this error can be ignored. Other deviations are 
less than that of the extracted steam pressure of RH1. The 
engineering accuracy requirements are satisfied [28]. So 
this novel model can be used to calculate the flexible 
operation of CFPU. 

Table 4  Deviation analysis 

 
Designed 

value 
Simulation 

value 
Deviation/% 

WT /MW 300.11 300.03 0 

ps/kPa 9774 9774 0 

Gs/t·h
–1 900.11 894.30 0.65 

pr/kPa 1750 1713 2.11 

p1/kPa 3094 2950 4.65 

p2/kPa 1944 1906 1.95 

p3/kPa 1059 1052 0.66 

p4/kPa 530 527 0.57 

p5/kPa 324 321 0.93 

p6/kPa 128 127 0.78 

p7/kPa 43 43 0 

4.2 Impact of extracted reheat steam flow rate on 
power output and heat charging power 

The influence of the extracted reheat steam flow rate 
on the power output and heat charging power is studied 
because they are utilized to calculate the deep peak 
shaving time, thermal efficiency and coal consumption 
rate for flexibility operation performance evaluation. Fig. 
4 shows the impact of the extracted reheat steam flow 
rate on the power output and heat charging power in the 
heat charging process. The power output decreases from 
300.03 MW to 210.07 MW when the steam extraction 
flow rate increases from 0 to 270.70 t·h–1. The increase in 
the extracted reheat steam flow rate results in the 
decrease in the reheat steam flowing into IPT and LPT, 
so the power output of CFPU is decreased. The peak 
shaving capacity of 15% rated power can be reached 
when the power output is reduced from 300.03 MW to 
210.07 MW. The power output of the unit with 200 kPa 
pressurized water is equal to that with 400 kPa 
pressurized water in the heat charging process due to the 
same parameters of the extracted steam. Meanwhile, the 
total heat charging power increases with the increase in 
the extracted reheat steam flow rate for the sensible and 
latent heat of steam is all stored in the molten salts and 
pressurized water. When the extracted reheat steam flow 
rate reaches 270.70 t·h−1, the total heat charging power 
with 200 kPa or 400 kPa pressurized water all is 248.53 
MW for the same parameters of the extracted reheat 
steam. 

Although the pressure of pressurized water has no 
effect on power output and heat charging power during 
the heat charging process, the pressure of pressurized 
water affects the flow rate of pressurized water. Fig. 5 
shows the impact of the extracted reheat steam flow rate 
on the flow rate of molten salts and pressurized water. It 
can be seen that with the increase in the extracted reheat 
steam flow rate, the molten salts flow rate and 
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pressurized water flow rate is increased. During this 
process, the molten salts flow rate is equal with 200 kPa 
or with 400 kPa pressurized water due to the same 
extracted steam parameters of SMHE, while the flow rate 
of 200 kPa pressurized water is higher than that of 400 
kPa pressurized water because the higher pressure 
pressurized water has a bigger heat storage density. When 
the extracted reheat steam flow rate is 270.70 t·h–1, the 
pressurized water flow rate of 200 kPa pressurized water 
is 2481.50 t·h–1, which is higher than that of 400 kPa 
pressurized water. 

 

 
 

Fig. 4  Impact of extracted reheat steam flow rate on power 
output and heat charging power 

 

 
 

Fig. 5  Impact of extracted reheat steam flow rate on molten 
salts and pressurized water flow rate 

4.3 Impact of pressurized water pressure on power 
output and coal mass flow rate 

The main objective of the flexible operation of CFPU 
is to increase the deep peak shaving time as much as 
possible, so it is necessary to analyze the maximum heat 
discharging power at different heat discharging mode. 
The results show that when the condensate water is all 
replaced by the heated pressurized water from PWT; that 
is the condensate water flowing into RH5-RH7 is 0, the 
heat discharging power reaches the maximum, under 
which condition the bypassed condensate water flow rate 
of IPM-I, IPM-II, RFM-I and RFM-II is 753.59 t·h–1, 
792.88 t·h–1, 717.31 t·h–1 and 734.72 t·h–1, respectively. 
The maximum heat discharging power of IPM-I, IPM-II, 
RFM-I and RFM-II is 73.97 MW, 105.69 MW, 70.40 
MW and 97.94 MW, respectively, by which the deep 
peak shaving time, thermal efficiency and coal 
consumption rate can be calculated in the later section. 
The impact of pressurized water pressure on power 
output and coal mass flow rate are investigated at the 
maximum heat discharging power, as shown in Table 5. 

It can be seen that the pressurized water pressure 
makes contributions to the heat discharging power. The 
greater heat discharging power with the higher 
pressurized water pressure results in the greater flow rate 
of bypassed feed water, while the more extracted steam 
flow rate of RH1-RH3 can be replaced during heat 
discharging process. For example, the power output of 
IPM-I is 318.17 MW, while it is 328.31 MW for IPM-II, 
the power output increment of IPM-II is 10.14 MW 
greater than that of IPM-I because the reduced extracted 
steam flow rate of RH1-RH3 in IPM-II is higher than that 
in IPM-I. Compared with 50% rated power, the coal mass 
flow rate of RFM-I and RFM-II is all decreased, 
respectively. This reason is that there is no the extracted 
steam from the LPT, and the extracted steam of 
RH1-RH3 is decreased during the heat discharging 
process, so the power output of the steam turbine 
increases. At the condition of constant power output 
(300.03 MW), the main steam flow rate and the coal 
mass flow rate can be reduced. The decrease of the coal 
mass flow rate of RFM-II is 6.79 t·h−1, which is greater  

 
Table 5  Impact of pressurized water pressure on power output and coal mass flow rate 

Operation mode 50% rated power IPM-I IPM-II RFM-I RFM-II 

Bypassed condensate water flow rate/t·h−1 0 753.59 792.88 717.31 734.72 

Bypassed feed water flow rate/t·h−1 0 165.85 238.45 160.40 226.50 

Molten salts flow rate/t·h−1 0 232.69 332.50 221.48 308.11 

Heat discharging power/MW 0 73.97 105.69 70.40 97.94 

Power output/MW 300.03 318.17 328.31 300.16 300.04 

Main steam flow rate/t·h−1 894.30 894.30 894.30 845.80 820.60 

Coal mass flow rate/t·h−1 94.79 95.09 95.23 90.35 88 
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than that of RFM-I, for the reason that the heat 
discharging power of RFM-II is bigger than that of 
RFM-I. In addition, the heat discharging power of IPM-I 
is greater than that of RFM-I because the main steam 
flow rate of RFM-I is lower than that of IPM-I. The same 
reason is that the heat discharging power of IPM-II is 
greater than that of RFM-II. 

4.4 Impact of heat charging power on deep peak 
shaving time 

The deep peak shaving time of CFPU is a key factor to 
evaluate the peak shaving capacity of the unit. The deep 
peak shaving time is calculated according to Eq. (15) and 
Eq. (16) by taking the heat discharging power in Table 5 
and the heat charging power in Fig. 4. Fig. 6 shows the 
impact of the heat charging power on the deep peak 
shaving time. The raising heat charging power results in 
the decreasing of the deep peak shaving time. The reason 
is that the greater the heat storage capacity is, the more 
heat discharging time is required when the heat 
discharging power is constant, which results in the 
shorter time of deep peak shaving that can be participated 
in every day. The deep peak shaving time of the four 
operation modes is RFM-I, IPM-I, RFM-II and IPM-II 
from small to large. This is because the greater the heat 
discharging power results in the shorter the heat 
discharging time when the heat charging power is same. 
When the unit achieves the deep peak shaving of 
increasing by 15% rated power with IPM-I, IPM-II, 
RFM-I and RFM-II, the deep peak shaving time is 5.90 
h·d–1, 7.63 h·d–1, 5.69 h·d–1 and 7.24 h·d–1, respectively. 
So the IPM has the advantages of higher deep peak 
shaving time than that of RFM for flexible operation. 

 

 
 

Fig. 6  Impact of heat charging power on deep peak shaving 
time 

4.5 Impact of heat charging power on thermal 
efficiency and coal consumption rate 

When calculating the thermal efficiency and 
coal consumption rate of the CFPU in a whole heat 

charging and heat discharging cycle, the data described in 
Section 4.4 is selected as the calculation data.  

Fig. 7 shows the impact of the heat charging power on 
the thermal efficiency of CFPU in different heat 
discharging mode. The thermal efficiency is decreased 
with the increasing of the heat charging power because 
the steam flowing into the IPT and LPT decreases, and its 
pressure reduced, so the power output of the IPT and 
LPT driven by enthalpy drop of steam is decreased and 
the heat rate of CFPU is increased, which results in the 
reduction of the thermal efficiency. 

 

 
 

Fig. 7  Impact of heat charging power on thermal efficiency 
 

Because the stored heat is released to heat the 
bypassed feed water and replace the condensate water, 
the additional heat rate entering into CFPU increases. 
The greater the heat discharging power results in the 
more additional heat rate, which is the reason why the 
thermal efficiency of IPM-I is larger than that of IPM-II 
at the same charging power. The steam pressure at each 
stages of the turbine decreases when the unit reduces the 
main steam flow rate to keep the unit power output 
constant, which results in the reduction of the thermal 
efficiency. Because the main steam flow rate of RFM-I is 
larger than that of RFM-II, the thermal efficiency of 
RFM-I is larger than that of RFM-II. They are the 
reasons why the thermal efficiency of IPM-I is larger 
than that of RFM-I and the thermal efficiency of IPM-II 
is larger than that of RFM-II. 

When the CFPU completes the deep peak shaving by 
taking the working condition of the increase of 15% rated 
power and the maximum heat discharging power, the 
thermal efficiency of IPM-I, IPM-II, RFM-I and RFM-II 
is 37.04%, 36.91%, 36.81% and 36.58%, respectively. 
Where, the thermal efficiency of IPM-I, IPM-II, RFM-I 
and RFM-II is lower than that of 50% rated power; the 
thermal efficiency of IPM-I, IPM-II and RFM-I is greater 
than that of 35% rated power (210.07 MW) without 
utilizing the steam extraction, and the thermal efficiency 
of RFM-II is lower than that of 35% rated power (210.07 
MW) without utilizing the steam extraction. So the IPM 
has more advantages than the RFM from the perspective 
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of the thermal efficiency. 
Fig. 8 shows the impact of heat charging power on the 

coal consumption rate of the CFPU. From Eqs. (17)–(20), 
it is found that the lower thermal efficiency of the CFPU 
will inevitably result in the higher coal consumption rate. 
The coal consumption rate is increased with the raising 
of the heat charging power because the thermal efficiency 
decreases with the increasing of the heat charging power 
as described in Fig. 7. The coal consumption rate of 
IPM-I is smaller than that of IPM-II because the thermal 
efficiency of IPM-I is larger than that of IPM-II. The 
same reason is that the coal consumption rate of RFM-I 
is smaller than that of RFM-II. At the same time, the 
coal consumption rate of IPM-I is smaller than that of 
RFM-I because the thermal efficiency of IPM-I is larger 
than that of RFM-I, and the coal consumption rate of 
IPM-II is smaller than that of RFM-II because the 
thermal efficiency of IPM-II is larger than that of 
RFM-II. 

When the CFPU completes the deep peak shaving by 
taking the working condition of the increase of 15% rated 
power and the maximum heat discharging power, the coal 
consumption rate of IPM-I, IPM-II, RFM-I and RFM-II 
is 325.45 g·kW–1·h–1, 326.54 g·kW–1·h–1, 327.40 
g·kW–1·h–1 and 329.42 g·kW–1·h–1, respectively. The coal 
consumption rate of IPM-I, IPM-II, RFM-I and RFM-II 
is larger than that of 50% rated power, and the 
coal consumption rate of IPM-I, IPM-II and RFM-I is 
lower than that of 35% rated power (210.07 MW) 
without utilizing the steam extraction, and the 
coal consumption rate of RFM-II is higher than that of 
35% rated power (210.07 MW) without utilizing the 
steam extraction. The IPM has more advantages than the 
RFM in terms of the coal consumption rate. 

 

 
 

Fig. 8  Impact of heat charging power on coal consumption 
rate 

5. Conclusions 

In order to increase large scale renewable energy 
access to the grid, the deep peak shaving of the coal-fired 

power unit needs to be achieved. This paper proposes a 
new flexible operation system to achieve the deep peak 
shaving by integrating with reheat steam extraction and 
heat storage. The load of coal-fired power unit can be 
further reduced at a stable load. The following 
conclusions are drawn: 

(1) The out power can be further reduced from 300.03 
MW to 210.07 MW by reheat steam extraction with the 
flow rate of 270.70 t·h−1, which increases the deep peak 
shaving capacity by 15% rated power.  

(2) The increasing power output mode operates during 
the peak period of power consumption; increasing the 
pressure of pressurized water can increase the power 
output of the unit. The deep peak shaving time and the 
thermal efficiency are 7.63 h·d−1 and 36.91%, 
respectively. 

(3) The reducing fuel mode operates during the peak 
period of power consumption at a constant power, 
increasing the pressure of pressurized water can reduce 
the coal mass flow rate into the boiler. The deep peak 
shaving time and the thermal efficiency are 7.24 h·d−1 
and 36.58%, respectively. 

(4) The increasing power output mode has the 
advantages of higher deep peak shaving time and thermal 
efficiency than that of the reducing fuel mode. If 
necessary, the increasing power output mode is 
recommended as the preferred scheme for the flexible 
operation of the coal-fired power unit. 
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