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Abstract: This paper analyses the performance of a future planned 500 MW ultra-supercritical pulverized coal power plant. The steam cycle 
configuration comprises a single-stage reheat, four high pressure feedwater heaters, three low pressure feedwater heaters and the deaerator. 
The electricity generation unit consists of a high pressure turbine, an intermediate pressure turbine, two double-flow low pressure turbines 
and the electric generator. The analysis is carried out for live steam temperature of 600 °C and pressure of 300 bar while the reheat steam 
temperature is 610 °C and the pressure is 50 bar. The condenser pressure is 0.039 bar. The analysis revealed that the ultra-supercritical 
power plant achieves a gross thermal efficiency of 47.39% and a net thermal efficiency of 45.14%. The specific CO2 emissions per unit of 
generated electricity are 733.4 kg/MWh. Relatively to existing subcritical units, the analyzed ultra-supercritical power plant achieves a net 
efficiency gain of 9%-pts. and a CO2 emission reduction of around 20%. 
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1. Introduction 
Fossil fuels are still the dominant energy source for electricity 

generation but declining under the accelerating expansion of 
renewable energy sources in the last decade. In 2019, the global 
generated electricity was 27005 TWh [1]. Conventional energy 
sources generated 74% of the worldwide electricity, whereas coal 
generated 9945 TWh (36.8%). The countries with more than 150 
TWh of generated electricity from coal power plants are the big 
economies such as China (4854 TWh), India (1137 TWh), USA 
(1054 TWh), Japan (326 TWh), South Korea (239 TWh), South 
Africa (217 TWh), Russia (182 TWh), Indonesia (177 TWh), 
Germany (171 TWh) and Australia (150 TWh). Among the other 
conventional energy sources, natural gas generated 6376 TWh 
(23.6%) of electricity, oil 835 TWh (3.1%) and nuclear 2830 TWh 
(10.5%). Renewable energy contributed with 26% to the total 
worldwide electricity: large hydro generated 4222 TWh (15.6%) of 
electricity, wind power 1430 TWh (5.3%), solar power 724 TWh 
(2.7%) while biomass and geothermal added 652 TWh (2.4%) [1].  

The total global proved reserves of coal are estimated at 1070 
billion tonnes, of which bituminous coal and anthracite represent 
750 billion tonnes while sub-bituminous coal and lignite represent 
320 billion tonnes. The proved coal reserves are those reserves that 
can be recovered with reasonable certainty using existing 
technologies and under acceptable economic conditions. With the 
present production rates, the proved reserves of coal are estimated 
to last 130 years. Almost two-thirds of the proved coal reserves are 
concentrated in four countries: USA (23%), Russia (15%), Australia 
(14%) and China (13%). At global scale, the total coal consumption 
rate is increasing, at an average growth rate of 0.8% per year. Most 
of this coal consumption growth is coming from China and India 
where the annual growth rates are 1.7% and 5.5%, respectively. 
Conversely, coal consumption is declining in the US (–5.1%) and in 
the EU (–3.0%), under the increasing environmental and climate 
change concerns. Coal-fired electricity generation is the single 
largest source of greenhouse gases. In 2018, total global CO2 
emissions caused by fuel combustion were estimated at 34 Gt, 
whereas coal-fired electricity generation was responsible for more 
than 10 Gt of CO2. Coal-fired power plant generate specific CO2 
emissions between 877 and 1130 kg/MWh per unit of electricity. 
These carbon emissions are twice as much as the emissions from 
natural gas power plants (422 – 548 kg/MWh) and up to twenty 
times the emissions from wind power (8 – 20 kg/MWh), geothermal 
power (20 – 57 kg/MWh) and solar PV (29 – 80 kg/MWh). 

The IEA sustainable development scenario predicts the 
reduction of CO2 emissions from the coal-fired power plants by as 
much as 50% by 2030 [2]. In order to halve coal-fired emissions in 
the next decade, existing coal power plants will be either retrofitted 
with biomass co-firing or carbon capture and storage (CCS) 
technology or discontinued. However, the share of advanced coal-
fired technologies is expected to grow in order to meet the ongoing 

growth in global electricity demand [2]. These advanced coal-fired 
technologies include supercritical coal power plants, integrated 
gasification combined cycles (IGCC), coal-fired units upgraded 
with oxy-fuel combustion, pre-combustion and post-combustion 
capture, utilization and storage of carbon dioxide (CCUS) [3].  

Subcritical power plants (SUBC) achieve thermal efficiency in 
the range between 34% and 40% (based on coal LHV) with the 
global average efficiency around 36% [4]. On the other side, 
modern supercritical power plants (SC) reach efficiencies between 
42% and 45% [5]. Ultra-supercritical power plants (USC) achieve 
even higher thermal efficiencies [6] by employing advanced metal 
alloys capable of withstanding extreme steam temperatures and 
pressures [7-8]. A record-high net efficiency of 47.5% was achieved 
by the RDK Block 8 unit in Germany. The RDK Block 8 uses 
superheated steam having temperature of 600 °C and pressure of 
275 bar at the turbine inlet. Future planned ultra-supercritical coal 
power plants will approach net electricity efficiency of 50% [9]. 

Increased thermal efficiency results in reduced CO2 emissions. 
Ultra-supercritical power plants are expected to achieve a 10%-pts 
efficiency gain over conventional coal power plants. While a 
conventional coal power plant achieves 36% net efficiency, an 
ultra-supercritical (USC) unit would reach 45% net efficiency. In 
other words, the USC unit generates 25% (0.45/0.36 = 1.25) more 
electricity than the subcritical unit per unit of fuel heat input. If the 
conventional unit emits CO2 at a rate of 900 kg/MWh, the USC unit 
would emit CO2 at a rate of 720 kg/MWh (900/1.25 = 720). The 
supercritical unit achieves a CO2 emission reduction of 20% over 
the subcritical unit.  

2. The ultra-supercritical coal power plant 
Figure 1 shows the configuration of the analyzed supercritical 

steam cycle. This configuration comprises a single-stage reheat and 
eight feedwater heaters (FWH). Three feedwater heaters (FWH 1-3) 
and the deaerator are placed between the condenser and the 
feedwater pump (FWP), in the low-pressure preheating line. Four 
feedwater heaters (FWH 4-7) are placed between the feedwater 
pump and the steam generator, in the high-pressure preheating line. 
The steam enthalpy content is transformed into useful work in the 
high pressure (HP) turbine, in the intermediate pressure (IP) turbine 
and two double-flow low pressure (LP) turbines, which drive the 
electric generator. The electromechanical efficiency of the electric 
generator is assumed 0.98 [10]. 

The steam generator produces superheated steam at a 
temperature of 600 °C and pressure of 300 bar, state ①. The total 
thermal losses of the steam generator (flue gases, ash, radiative heat 
losses) are set at 5% of the fuel LHV input, returning an efficiency 
of the 0.95. In the high pressure (HP) turbine, steam expands to the 
cold reheat pressure of 50 bar, state ③. The cold reheat ⑤ is 
brought into the boiler reheat section and enters the IP turbine at 
state ⑥. In the IP turbine, steam expands to state ⑩ and is brought 



to the LP turbines where it expands to state ⑰. The turbine 
isentropic efficiency, including inlet valve losses, is 0.90 for the HP 
turbine, 0.94 for the IP turbine, and 0.885 for the LP turbines [10]. 
The moisture content in the exhaust steam ⑰ is 0.1 (steam quality 
0.9) and depends on the reheat pressure in ⑥. Generally, the steam 
reheat pressure is limited to one-fifth of the live steam pressure to 
prevent excessive moisture contents in the exhaust steam. Higher 
reheat pressure could increase the steam cycle efficiency but at the 
cost of faster turbine blade erosion in the last stages of the LP 
turbines. Inside the water-cooled condenser, exhaust steam is turned 
into liquid condensate ⑱. Waste heat from the condenser is 
rejected into the atmosphere by wet cooling towers. It is assumed 
that the cooling water temperature increases 8 °C in the condenser. 
The cooling water inlet and outlet temperatures are calculated 
assuming a cooling tower efficiency of 75% at ambient temperature 
of 20 °C and relative humidity of 50%. The difference between the 
condenser steam saturation temperature and the cooling water outlet 
temperature is 4 °C. These assumptions return a condenser pressure 
is 0.039 bar, whereas the cooling water temperature is 16.4 °C ㊲ at 
the inlet and 24.4 °C ㊳ at the outlet. 

After the condenser, the condensate pump (CP) sends feedwater 
to the LP preheating train, ⑲. The isentropic efficiency of the CP is 
assumed 0.80. The low-pressure feedwater heaters (FWHs 1-3) are 
heated by steam extractions ⑭, ⑮ and ⑯ from the LP turbines. 
Passing from one to the next FWH, feedwater is heated to states ㉑, 
㉓, and ㉕. The deaerator removes dissolved oxygen and other 
gases while heating feedwater to ㉖ using steam extracted from the 
IP turbine ⑨. The deaerator is a direct-contact heat exchanger 
inside which feedwater mixes with superheat steam. The FWP 
pumps feedwater up to the pressure in the steam generator and 
provides the water head necessary to match pressure losses in pipes 
and FWHs ㉗. The isentropic efficiency of the FWP is assumed 
0.85. The pressure drop in the steam generator is assumed 50 bar for 
main steam and 5 bar for reheat steam [10]. The pressure drop in the 
steam pipes is 0.03, expressed as fraction of inlet steam pressure. 
The FWP is not electric-driven but instead a feedwater pump 
turbine (FWPT) supplies the necessary power for FWP operation. 
The FWPT uses low-pressure steam extracted from the IP/LP 
crossover pipe ⑪. The FWPT isentropic efficiency is assumed 
0.90. Exhaust steam from the FWPT ㊱ is sent to the condenser.  

Table 1. gives the list of assumptions and input parameters for the 
analysis of the ultra-supercritical coal-fired power plant. 

Table 1: Input parameters for the USC coal power plant 
Parameter Value 

Fuel type: bituminous coal 

Coal composition: 

carbon (C) 0.659 
hydrogen (H) 0.043 
oxygen (C) 0.08 
nitrogen (N) 0.014 
sulfur (C) 0.01 
ash 0.117 
moisture 0.077 
coal LHV 26.3 MJ/kg

Net electric power 500 MW 
Superheat steam temperature 600 °C 
Superheat steam pressure 300 bar 
Reheat steam temperature 610 °C 
Reheat steam pressure 50 bar 
IP/LP crossover pressure 5 bar 

Turbine isentropic 
efficiency 

HP turbine 0.90 
IP turbine 0.94 
LP turbines 0.885 

Steam pressure drop 
superheat line 50 bar 
reheat line 5 bar 
steam pipes 0.03×pin 

Steam generator efficiency (LHV based) 95 
Generator electromechanical efficiency 0.98 
Feedwater pump (FWP) isentropic efficiency 0.85 
Condensate pump (CP) isentropic efficiency 0.80 
FWP turbine isentropic efficiency 0.90 
Feedwater heater (FWH) 
approach temperature 

cold end 5 °C 
hot end 2 °C 

Feedwater pressure drop in FWH 1 bar 
Cooling tower efficiency 75% 
Cooling water temperature difference 8 °C 
Condenser approach temperature 5 °C 
Ambient air temperature 20 °C 
Ambient air relative humidity 50% 
Auxiliary power need (% of net electricity) 5% 

 

 
Fig. 1. The steam cycle configuration  for the 500 MW ultra-supercritical coal-fired power plan



In the HP preheating train, feedwater is subsequently heated to 
states ㉙, ㉛, ㉝ and ㉟, before being evaporated and superheated in 
the steam generator. The high-pressure feedwater heaters FWHs 4-5 
are heated by steam extractions ⑦ and ⑧ from the IP turbine 
while FWHs 6-7 are heated by steam extractions ② and ④ from 
the HP turbine. All the FWHs are shell-and-tube heat exchangers, 
where feedwater flows in the tubes and the extracted steam flows in 
in the shell side. This steam is first desuperheated, then condensed 
and finally subcooled in the shell side. The outlet temperature of the 
subcooled liquid condensate is 5 °C above the feedwater inlet 
temperature. The feedwater outlet temperature is 2 °C below the 
steam saturation temperature at the steam extraction pressure. Water 
and steam properties are calculated using the IAPWS-IF97 standard 
built in the CoolProp database. 

The input parameters necessary for thermodynamic calculations 
on the supercritical steam cycle is the power plant net electric 
power (Ṗel,net) of 500 MW, the coal composition, the superheat and 
reheat steam conditions, the isentropic efficiencies of turbines and 
pumps, the steam and feedwater pressure drops, the approach 
temperatures, all given in Table 1. The power plant gross electric 
power (Ṗel,gross) is obtained adding auxiliary power (Ṗel,aux) to the net 
electric power.  

el,gross el,net el,auxP P P= +    (1) 

The auxiliary power is necessary for the operation of combustion air 
fans, flue gases fans, cooling tower fans, mill grinders, flue gas 
treatment (electrostatic precipitators, DeSOx and DeNOx 
treatment), cooling water pumps, condensate pumps, water 
treatment, and ash handling. Generally, the auxiliary power needs 
represent 4-6% of the power plant electric power, feedwater pumps 
(FWP) excluded. In the present study, the auxiliary power is 
assumed 5% of the net electric capacity, that is 25 MW. The FWP is 
not accounted for in the auxiliary power since the necessary work is 
provided by the FWP turbine running on steam extraction from the 
IP/LP crossover (Figure 1.). The live steam mass flow rate is 
determined from the gross electric capacity and the mechanical 
work obtained in the HP, IP, and LP turbines, taking into account 
the electric generator electromechanical efficiency (ηgm)  

( )
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gm 11 j i i
i j
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m

h hη ε −

=
 

− −  
 

 


  (2) 

The live steam mass flow rate ṁsteam produced in the steam 
generator is reduced by the steam extractions in the HP, IP and LP 
turbines. A total of nine steam extractions exist in the steam cycle 
configuration in figure 1: two from the HP turbine (ε2, ε4), three 
from the IP turbine (ε7, ε8, ε9), one from the IP/LP crossover pipe 
(ε11) and three from the LP turbines (ε14, ε15, ε16). The enthalpy 
difference (hi–1–hi) in equation (2) is the actual steam enthalpy drop 
obtained as the product of isentropic enthalpy drop and turbine 
isentropic efficiency. The fuel heat input (LHV) is the sum of the 
heating duties for steam superheat and reheat, supplied in the steam 
generator by the coal LHV content at an efficiency of ηsg 
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The power generated by the HP and IP turbines are 

( ) ( )( )T,HP steam 1 2 2 2 3 T,HP1s sP m h h h hε η = − + − − 
   (4) 
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The sum of the steam extraction from the HP and IP turbines is 

( ) ( )HP+IP 2 4 7 8 9ε ε ε ε ε ε= + + + +  (6) 

The power generated in the LP turbines is  
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The FWPT drives the FWP by using steam extracted from the IP/LP 
crossover pipe. The quantity of extracted steam is determined from 
the equation that equates the FWPT generated power to the FWP 
consumed power  

( ) ( )FW 27 26
11 11 36 FWPT gm

FWP FWPT FWP

FW steam 11 11 steam
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The power plant gross efficiency ηgross is obtained dividing the 
gross electric power by the coal LHV fuel heat input, that is  

( )T,HP T,IP T,LP gmel,gross
gross

fuel,LHV fuel,LHV

P P PP
Q Q

η
η

+ +
= =

  
   (9) 

The power plant net efficiency ηnet is obtained including the 
auxiliary power consumption  

el,gross el,auxel,net
net

fuel,LHV fuel,LHV

P PP
Q Q

η
−

= =
 

   (10) 

3. Results and discussion 
Figure 2 shows the temperature-entropy chart while Table 2 

reports the ṁ-p-T data for the analyzed ultra-supercritical steam 
cycle. This steam cycle configuration uses a single stage reheat, 
eight steam extractions for seven FWHs and one deaerator as well 
as one steam extraction for the FWPT. It can be seen that steam 
superheat occurs above the critical point (CP) of the water-steam 
phase change region. The main steam cycle processes are drawn 
with bold lines while the steam extraction are drawn with dashed 
lines. The saturated liquid line and the saturated vapor line are 
drawn with dotted lines. The gross power output obtained from the 
turbines is 535.7 MW: the HP turbine generates 166.1 MW, the IP 
turbine 208.6 MW and the LP turbines 161.0 MW. An additional 
17.8 MW net electricity is generated by the FWPT, solely for 
powering the FWPs. This FWP consumption represents 3.6% of the 
power plant net electric power. The turbines gross power output is 
decreased due to electromechanical losses, which results in a gross 
electricity of 525 MW from the generator. The net electric power is 
500 MW, given the assumption of 25 MW power duty in the power 
plant auxiliary consumers. 

 

 
 

Fig. 2. Temperature-entropy chart of the USC steam cycle with superheat / 
reheat temperatures of 600 / 610 °C and pressures of 300 / 50 bar 



The coal consumption is 42.12 kg/s (151.63 t/h) and the coal 
LHV is 26.3 MJ/kg, yielding a gross fuel heat rate of 1107.7 MW. 
This translates into a specific fuel heat rate of 7975.8 MJth/MWel or 
2.216 MWth/MWel. The steam generator supplies a net heat rate of 
1052.4 MW to the steam cycle, obtained as the difference between 
the gross fuel heat rate and the heat losses in the steam generator 
(ηsg = 0.95). The live steam mass flow rate is 389.36 kg/s. The 
difference between the steam generator net heat rate (1052.4 MW) 
and the turbines gross power output (535.7 MW) is equal to the 
condenser thermal discharge (516.7 MW). The power plant gross 
efficiency is 47.39% and the net efficiency is 45.14%.  
 

Table 2: Calculated ṁ-p-T data for the USC steam cycle  
Point ṁ (kg/s) p (bar) T (°C) Point ṁ (kg/s) p (bar) T (°C)

1 389.36 300.00 600.00 20 44.08 0.23 33.55 
2 31.71 89.42 399.95 21 279.47 19.00 60.85 
3 357.65 55.00 333.87 22 29.95 0.85 65.85 
4 26.85 55.00 333.87 23 279.47 18.00 93.04 
5 330.80 55.00 333.87 24 15.26 2.47 98.04 
6 330.80 50.00 610.00 25 279.47 17.00 124.98
7 18.47 31.69 531.92 26 389.36 6.00 158.83
8 17.79 16.42 429.84 27 389.36 354.00 164.18
9 15.07 6.19 299.72 28 94.82 15.93 169.18

10 279.47 5.00 274.56 29 389.36 353.00 199.16
11 25.08 4.85 274.34 30 77.03 30.74 204.16
12 - - - 31 389.36 352.00 233.21
13 254.39 4.85 274.34 32 58.56 53.35 238.21
14 15.26 2.54 205.78 33 389.36 351.00 266.03
15 14.69 0.87 111.56 34 31.71 86.74 271.03
16 14.13 0.23 x = 0.95 35 389.36 350.00 298.71
17 210.31 0.04 x = 0.90 36 25.08 0.04 x = 0.90
18 279.47 0.04 28.39 37 15427.73 10.00 17.00 
19 279.47 20.00 28.55 38 15427.73 2.00 25.00 

 
The net efficiency of the analyzed USC steam cycle can be 

increased searching for the optimum reheat pressure. Figure 3 
shows how the reheat pressure affects the steam cycle efficiency. 
For a live steam pressure (p1) of 300 bar, the maximum steam cycle 
efficiency is obtained for reheat pressure (p6) of 110 bar. However, 
this reheat pressure moves the expansion curve ⑥-⑰ to the left of 
the constant entropy line in the Ts-chart, resulting with a steam 
quality of x = 0.85 in the final point ⑰. Generally, steam turbines 
operate with maximum moisture contents of 12%, meaning that the 
lowest allowed steam quality is x = 0.88. This lowest steam quality 
is achieved already for a reheat pressure of 70 bar, that is for a live 
steam/reheat pressure ratio of 4.3. Nevertheless, the net efficiency is 
45.58%, which represents a 1% relative increase over the baseline 
steam cycle with 45.14% net efficiency and 50 bar reheat pressure. 
The live steam pressure at the HP turbine inlet (p1) also affects the 
steam cycle efficiency. The live steam pressures of 350 bar, 300 bar 
and 250 bar yield the respective net efficiencies of 45.83%, 45.58% 
and 45.13%, all for a fixed reheat pressure of 70 bar. 

 
Fig. 3. The effect of reheat pressure on the USC steam cycle net efficiency 

4. Conclusions 
In the next decade, power plants employing ultra-supercritical 

coal and combined gas-steam cycle technologies are expected to 
replace conventional thermal power plants, especially in areas 
where a full shift to renewable electricity generation is not yet 
possible. Coal-fired ultra-supercritical steam cycles will achieve net 
efficiency of 45% or more. Steam generators, pipes and turbines 
will employ advanced metal alloys capable of withstanding extreme 
conditions, steam temperatures and pressures in excess of 600 °C 
and 300 bar. Relatively to subcritical units, ultra-supercritical units 
are expected to achieve around 10%-pts net efficiency gains and 
20% carbon emissions reduction. Still, carbon emissions from ultra-
supercritical coal power plants would be more than ten times larger 
than those from solar, wind and other renewable energy sources. 

In the observed ultra-supercritical steam cycle, the flue gases 
quantity and composition can be determined from coal consumption 
and composition. The 500 MW unit would have a total flue gases 
mass flow rate of 1728.0 t/h, whereas nitrogen (N2) participates 
with 1226.7 t/h, carbon dioxide (CO2) with 366.7 t/h, water vapor 
(H2O) with 70.0 t/h, oxygen (O2) with 61.6 t/h and sulfur dioxide 
(SO2) with 3.0 t/h. The specific CO2 emission per unit of electricity 
would then be 733.4 kg/MWh. For comparison, existing subcritical 
coal stations generate electricity at specific CO2 emissions of around 
900-1000 kg/MWh [11]. The flue gases treatment of conventional 
coal power plants comprises electrostatic precipitators for fly ash 
removal, desulfurization unit for SOx removal and the DeNOx unit 
for nitrogen oxides removal. Future planned ultra-supercritical coal 
power plants will be coupled to carbon capture and storage (CCS) 
technologies, beside the standard flue gases treatments. CCS 
integrated USC coal-fired units could generate electricity with CO2 
emissions as low as 100 kg/MWh, a 90% reduction over units 
without CCS. However, further improvements in the carbon capture 
technology are necessary in order to alleviate the electricity output 
penalty caused by the large CCS energy demand. 
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