
Wan, A
 

 PERFORMANCE  DEGRADATION  ANALYSIS  OF 

COMBINED  CYCLE  POWER  PLANT  UNDER 

HIGH  AMBIENT  TEMPERATURE 

by 

Anping WAN 

a,
 

b

 and Ting CHEN 

a,
 

b*

 

a Department of Engineering, Zhejiang University City College, Hangzhou, China 
b Key Laboratory of Urban Rail Transit Intelligent Operation and Maintenance Technology & 

Equipment of Zhejiang Province, Zhejiang Normal University, Jinhua, China 

Original scientific paper 
https://doi.org/10.2298/TSCI210221226W 

The mechanism of performance degradation of a natural gas combined cycle 
power plant under high ambient temperature is studied by analysing the perfor-
mance characteristics and thermal properties of the working fluids. Real operat-
ing data under typical seasonal conditions are collected and studied. The results 
reveal that the power output of the natural gas combined cycle system decreases 
by 22.6%, and the energy efficiency decreases from 57.28-56.3% when the ambi-
ent temperature increases from 5-35 °C. Gas turbine total power output and 
steam turbine power output decrease by 17.0% and 16.2%, respectively, as ambi-
ent temperature increases from 5-35 °C. The enthalpy difference of the flue gas 
between the turbine inlet and outlet change slightly with varying ambient temper-
ature. The fuel and air input decrease by 16.0% and 16.2%, respectively, as am-
bient temperature increases from 5-35 °C. By analysing the calculated results, 
the decrement in air and fuel input d is considered as the immediate cause of sys-
tem power output reduction. The proportion of power consumed by air compres-
sor reaches 50.4% at 35 °C. This is considered to be caused by air compressor 
idle. 

Key words: natural gas combined cycle, performance degradation, enthalpy, 
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Introduction  

With the increasing demand for electric power and awareness for environment pro-

tection, the development of power generation technologies has been moving to the direction 

of high power output and clean production [1-5]. Power generation by using clean energy 

sources, such as solar energy, wind energy, and geothermal energy are more environmentally 

friendly than fossil fuel, and they have been becoming more and more important [6-10]. 

However, clean energy sources are highly depended on the local natural conditions and local 

natural resources. By now, fossil fuel is still the main energy source for power generation. In 

China, about 90% of the electricity is generated from hydro-power plant and coal-power plant 

[11].  
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Natural gas combined cycle (NGCC) power plants that use gas turbines (GT) and 

steam turbines (ST) have been attracted great attention due to their high efficiency and short 

start-up time [12-14]. 

Although natural gas-based power plant only accounts for about 5% in China, it 

tends to increase in a long period. Thermal performance investigations on NGCC power 

plants have been carried on actively [15-22]. The ambient temperature is an important factor 

that has a considerable effect on the thermal performance of an NGCC power plant. Sen et al. 
[23] investigated the thermal performance of an NGCC power plant in Turkey in the ambient 

temperature range of 8-23 °C. The results reveal that the electricity production and efficiency 

of the GT decrease with the increase in the ambient temperature, and an air cooling system is 

recommended to increase the electricity production and efficiency. Hashmi et al. [24] studied 

the combined effect of inlet air cooling and fouling on the performance of industrial turbines. 

They concluded that both of the inlet air temperature has a great impact on the thermal per-

formance of GT. By applying reheating, recuperation, and coolant inter-cooling on the GT, 

Kwon et al. [25] investigated the performance enhancement of a combined cycle power plant 

(CCPP). Yazdi et al. [26] compared the effects of using absorption chiller, heat pump, and in-

let fogging systems for cooling the inlet air of a GT power plant for four cities in Iran under 

different climate conditions. The results showed that the inlet air cooling systems is effective 

in increasing the power output. In warm and dry climates, the absorption chiller system and 

the inlet fogging system exhibit the best performance. In the humid climates, the heat pump 

system is recommended. Liu et al. [27] investigated the performance of a power plant with a 

novel inlet air cooling system. They revealed that when the power plant with novel air cooling 

system produces 1.8-14.4% higher power output than that without inlet air cooling for inlet air 

temperatures ranging between 28 °C and 40 °C.  

Although the conclusion that the higher ambient temperature will lead to a degrada-

tion in the performance of NGCC power plant has been widely accepted, the mechanism of 

the degradation is stilled needed to be further investigated and revealed. In the existing litera-

ture, only the power output variation with weather conditions are displayed, there are few re-

sults about the variations of the flue gas proper-

ties and efficiencies of different components 

can be found. In this study, an NGCC power 

plant in Hangzhou, China, is investigated. The 

site figure of the power plant is shown in fig. 1. 

In addition to the system performance varia-

tions with weather conditions, the thermal 

properties of the flue gas at the inlet and outlet 

of the turbine are calculated and analyzed to 

help us to achieve better comprehension about 

the system performance degradation.  

Instructions 

The NGCC power plant system 

In this study, an NGCC power plant located in Hangzhou, China, is studied. This 

system consists of a PG9351FA GT, a triple-pressure heat recover steam generator (HRSG), a 

D10 ST, and a 390H hydrogen-cooled generator. The specifications and operation conditions 

of the NGCC power plant are listed in tab. 1. Compared with the ambient temperature, the ef-

 

Figure 1. The studied NGCC power plant in 

Hangzhou, China 
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fect of the relative humidity on the performance 

of NGCC power plant is small [23, 24], and the 

relative humidity in Hangzhou city changes little 

with season. Due to this reason, only the effect 

of the ambient temperature on the NGCC power 

plant performance is investigated. The blocks of 

the studied NGCC power plant system are illus-

trated in fig. 2. As shown in this figure, part of 

the compressed air enters the turbine to cool the 

blade so that the turbine can be operated under 

bearable temperature, and the percentage of the 

cooling air is approximately 18%.  

The operating state of the NGCC power 

plant system is monitored by using distribute 

control system (DCS) that is connected with 

transmitters installed in relevant nodes of the 

plant. The data is transferred to supervisory in-

formation system (SIS) and saved in the plant in-

formation real-time database. 

The main performance indicators of a 

CCPP are power output, P, and total thermal ef-

ficiency, ηNGCC. 

The power output is calculated: 

 GT STP P P= +  (1) 

where PGT is the net power generation of GT, 

and PST is the power output of ST. 

The energy efficiency of the system is: 

 NGCC
ng CC

3.6
P

M LHV



=  (2) 

where ηCC is combustion efficiency. 

The NGCC power plant system 

To understand the performance degradation of the NGCC system, it is necessary to 

calculate the thermal properties of working fluid at different positions accurately. In this 

study, the calculation is carried out by taking all the constituents in the working fluid into 

consideration. The constituents and properties of natural gas used in the present NGCC power 

plant are listed in tab. 2. The lower heating value (LHV) of the natural gas is 48625 kJ/kg. 

The specific heat of different compositions in the flue gas can be calculated: 
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The specific enthalpy can be calculated: 

 

Figure 2. Schematic of the NGCC power plant 
system 

Table 1. Specifications and operation 

conditions of the NGCC power plant 

Parameter Value 

Inlet air temperature, [°C] 5~35 

AC revolution speed, [rpm] 3000 

Cooling water inlet temperature, [°C] 13~31.8 

AC pressure ratio, γ 15.4 

AC efficiency 0.9 

CC efficiency 0.9 

ST efficiency 0.9 

Turbine efficiency 0.95 

HRSG efficiency 0.8 
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Table 2. Constituents and properties of natural gas 

The specific entropy can be calculated: 
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where ac,i, Ah, ah,i, Bh, As, as,i, Bs are constants. 

The thermal properties of wet air and the flue gas can be calculated: 

 mix

1

i

i i

i

X 
=

=  (6) 

where Ψ represents specific heat, specific enthalpy, or specific entropy, X – the molar ratio of 

each composition, and i represents different components. 

Then the temperatures of the air and flue gas can be determined from the thermal 

properties: 
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 Constituents Compression factor, Cj Volume ratio, Vj% Molar ratio, Xj% 

1 CH4 0.9981 98.109 98.09773 

2 C2H6 0.992 0.525 0.528168 

3 C3H8 0.9834 0.057 0.057845 

4 C4H10 0.9682 0.025 0.025769 

5 C5H12 0.945 0.016 0.016897 

6 C6+ 0.919 0.039 0.042352 

7 N2 0.9997 0.601 0.599969 

8 CO2 0.9944 0.629 0.631268 
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The GT performance analysis 

The isentropic efficiency and the power consumption of the air compressor are: 

 2 1
AC

2 1

sh h

h h


−
=

−
 (11) 

 AC a 2 1

1000
( )

3600
P M h h= −  (12) 

The isentropic efficiency and the total power output of the GT are: 

 3 4
GT,s

3 4s

h h

h h


−
=

−
 (13) 

 TB a 3 4

1000
( )

3600
P M h h= −  (14) 

Since part of the power that generated by the turbine is used to drive the AC, then 

the net power output of the GT is: 

 GT TB ACP P P= +  (15) 

The ratio of the power consumption of AC to the power output of TB can be calcu-

lated: 

 AC

TB

P
f

P
=  (16) 

The thermal efficiency of the GT is: 

 GT
GT,TB

ng CC

3.6
P

M LHV



=  (17) 

The ST performance analysis 

The ST consists of an high pressure (HP) steam turbine, an intermediate pressure 

(IP), and an low pressure (LP) steam turbine. The isentropic efficiencies of the three steam 

turbines and the power generation of the ST are: 

 5 6
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 ST f 5 6

1000
( )

3600
P M h h= −  (21) 

where the superscript h, i, and l represent the HP steam turbine, IP steam turbine, and LP 

steam turbine, respectively. 

Results and discussion  

To verify the analysis model, the comparison of the power output of the experi-

mental data and calculation results is shown in fig. 3. The analysis model is well matched 

with the practical data, the average difference is 2.43%. The results show that when the ambi-

ent temperature changes from 5-35 °C, the total power output of the NGCC system decreases 

by 22.6% from 433.16-335.21 MW, and the energy efficiency decreases from 57.28% to 

56.3%. 

To ensure a long stable operation of the GT, the inlet temperature of the turbine is 

controlled by adjusting mass-flow rates of fuel and air input and it is kept relative constant. 

The temperature variations of the flue gas at the inlet, T3, and outlet, T4, of the turbine with 

ambient temperature are displayed in fig. 4. 

  

Figure 3. Variations of NGCC power output  

and energy efficiency 

Figure 4. Variations of TB inlet and outlet 

temperature against ambient temperature 

The variations net power output of GT, PGT, the total power output of TB, PTB, and 

the power output of ST, PST, with ambient temperature are given in fig. 5. When the ambient 

temperature changes from 5-35 °C, PTB, PGT, and PAC decrease from 536.35-445.13 MW, 

290.37-215.3 MW, and 141.9-118.9 MW, respectively. The decrease of the PTB, PGT, and PST 

is 17.01%, 24.9%, and 16.2%, respectively.  

Figure 6 shows the variations isentropic efficiencies of different components with 

ambient temperature. The isentropic efficiency of turbine decreases as ambient temperature 

increases. However, the isentropic efficiency of AC increases at first, then decreases as ambi-

ent temperature increases, and its highest value of 0.87 is obtained when the temperature is 20 

°C. The isentropic efficiencies of HP and IP almost keep constant with changing ambient 
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temperature, and the isentropic efficiency of LP increases at first then decrease. In overall, the 

isentropic efficiencies of GT and ST changes slightly. 

  

Figure 5. Variations of power output of  
ST, TB, and GT 

Figure 6. Variations of isentropic efficiency 

 

The enthalpy variations of flue gas at the 

inlet and outlet of turbine are shown in fig. 7. 

When the ambient temperature changes from 5-

35 °C, the flue gas enthalpy at the inlet and out-

let increase from 48848.4 kJ/kmol to 49550 

kJ/kmol and 26646.9 kJ/kmol to 

27930.1 kJ/kmol, respectively. The difference 

in enthalpy between the inlet and outlet is al-

most kept constant with ambient temperature 

increase. It indicates that the power that gener-

ated by the GT is almost kept constant as tem-

perature changes from 5-35 °C. 

The variations of air mass-flow rate and 

fuel input are shown in fig. 8. When the weath-

er condition changes from 5-35 °C, the air 

mass-flow rate decreases by 16.4% and the fuel 

input decreases by 16.0%. As displayed in fig. 

5, PGT and PSTt decrease by 16.2% and 17.0%, 

respectively, as ambient temperature increases 

from 5-35 °C, which are extremely close to the 

decrease of fuel input and air input. It means 

that the power output decrease is mainly as-

cribed to the decrease in fuel and air input.  

Figure 9 shows the variations of f and AC 

power consumption. The ratio of PAC to PTB. It 

can be seen that the AC power consumption decreases significantly as temperature increases, 

especially when the temperature is higher than 15 °C. However, the ratio of PAC to PTB in-

creases slowly with increasing ambient temperature, and it reaches the highest value of 50.4% 

at 35 °C. The reason is that the AC rotating speed is kept constant at 3000 rpm, and it is inde-

 

Figure 7. Variations of specific enthalpies of 
flue gas at TB inlet and outlet 

 

Figure 8. Variations of air-flow rate and fuel 

input rate 
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pendent of the weather conditions, it means that 

the AC is idling high ambient temperature con-

dition to some extent compared to that under 

low ambient temperature condition. 

Conclusions  

The performance an NGCC power plant in 

Hangzhou, China, depending on the ambient 

temperature variations is examined. The mech-

anism of system performance degradation un-

der high ambient temperature is investigated by 

analyzing the thermal property variations of 

working fluids and the relationship between the 

power output and the fuel/air input. Considering that the humidity ratio in Hangzhou changes 

a lot with the seasons, which can have a considerable effect on the thermal property calcula-

tion, the thermal properties of the air and the flue gas are calculated according to their constit-

uents. 

The results show that power output of the NGCC power plant at 5 °C is 433.16 MW, 

while power output at 35 °C is 335.21 MW with a decrease of 22.6%. The reason for this re-

duction is that less fuel and air is compressed into the CC under high ambient temperature. 

The decrease proportions of the GT total power output and ST power output are very close to 

that of air and fuel input. The efficiencies of GT and ST change slightly as ambient tempera-

ture increases. Besides, the enthalpy difference between the inlet and outlet of the turbine is 

almost kept constant with the variation of ambient temperature. Thus, it can be concluded that 

the ambient temperature increase is not the essential cause that leads to the decrease in power 

output, air and fuel input reduction is the one. The energy efficiency of the system is 57.28% 

at 5 °C and 56.3% at 35 °C. The results reveal that the ratio of power consumed by AC to GT 

total power output is increased as ambient temperature increases. The reason is that the AC is 

kept rotating at a constant speed, less air is compressed under the high ambient condition, the 

AC is idle to some extent, and the GT efficiency is decreased.  
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Nomenclature  

Cond – condenser, [–] 
cp – specific heat, [Jkg–1K–1] 
Gen – generator, [–] 
f – ratio of Pac to Pt, [–] 
LHV – lower heating value, [kJkg–1] 
h – specific enthalpy, [kJkmol–1] 
M – mass flow rate, [kgs–1] 
P – power output, [MW] 
R – gas constant, [–] 
s – entropy, [kJkmol–1] 
T – temperature, [℃] 
X – molar ratio, [%] 

Greek symbol 

η – efficiency, [%] 

Superscripts 

h – high pressure steam turbine 
i – intermediate pressure steam turbine 
l – low pressure steam turbine 

Subscripts 

a – air 
f – flue gas 
mix – mixture 

 

Figure 9. Variations of f and AC power 
consumption 
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ng – natural gas 
s – isentropic 

Acronyms 

AC – air compressor 
Cond – condenser 
CC – combustion chamber 
CCPP – combined cycle power plant 
Gen – generator 

GT – gas turbine 
HP – high pressure steam turbine 
HRSG – heat recovery steam generator 
IP – intermediate pressure steam turbine 
LP – low pressure steam turbine 
NGCC – natural gas combined cycle 
ST – steam turbine 
TB – turbine 
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