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Abstract—The cycles of the steam-injection gas-turbine systems 

are studied. The analyses of the parametric effects and the optimal 
operating conditions for the steam-injection gas-turbine (STIG) sys-
tem and the regenerative steam-injection gas-turbine (RSTIG) system 
are investigated to ensure the maximum performance. Using the ana-
lytic model, the performance parameters of the system such as thermal 
efficiency, fuel consumption and specific power, and also the optimal 
operating conditions are evaluated in terms of pressure ratio, steam 
injection ratio, ambient temperature and turbine inlet temperature 
(TIT). It is shown that the computational results are presented to have 
a notable enhancement of thermal efficiency and specific power. 

 
Keywords—gas turbine, RSTIG, steam injection, STIG, thermal 

efficiency.  

I. INTRODUCTION 
N recent years the humidification of a gas turbine system 
with water or steam injection is of great important factor to 
enhance the thermal efficiency and the specific power output 

of a gas turbine. Moreover the gas turbine humidification has 
the potential of reduced specific investment cost, decreased 
formation of nitrogen oxides (NOx) in the combustor, and 
improved part-load performance compared with combined 
cycles. The basic idea of gas turbine humidification is that the 
injected water or steam increases the mass flow rate through the 
turbine and augments the specific power output. Many different 
cycles with water or steam injection have been suggested, 
although only a few have been commercialized [1-3].  

Evaporative inlet fogging is a simple, proven and cost ef-
fective approach for recovering lost gas performance [4-5]. 
When the mass fraction of water is in the order of 1%, the 
process is considered as low-fogging. High-fogging generally 
denotes higher liquid mass fractions, and droplet evaporation is 
projected to occur during compression. The energy to sustain 
evaporation cools the air under compression, reducing the 
mixture volume and hence the compression power. White and 
Meacock [6] and Kim and Perez-Blanco [7] studied the 
wet-compression process employing transient heat and mass 
transfer analysis of evaporating droplets suspended in the air 
stream. It was shown [7] that the water injection ratio, com-
pression ratio and droplet initial radius be reported as the sig-
nificant variables to define the evaporation time. The com-
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pressor power could be reduced to 70% of its value for a 
compression ratio of 25 and an injection ratio of 10% [7]. Pe-
rez-Blanco et al. [8] investigated for the general case of eva-
poratively-cooled compression with high-pressure refrigerants. 
The performance of gas turbine cycles with wet compression 
(WCG), and also of wet compression followed by recuperation 
of residual exhaust heat (RWCG) were studied by Kim and 
Perez-Blanco [9, 10]. In the RWCG cycle case, the compressor 
discharge was preheated in a recuperator by the turbine exhaust 
gas, expecting the high thermal efficiency based on the reduc-
tion of the fuel input to reach the given TIT.  

STIG systems can enhance the thermal efficiency and spe-
cific power with relatively low cost by using heat recovery 
steam generator (HRSG), which is generating the steam from 
water being heated by the exhaust gas. When water or steam is 
injected after compressor outlet, power output at turbine can be 
increased whereas the compression work maintains nearly 
constant. Wang and Chiou [11] simulated STIG system with 
inlet air cooling (IAC) and reported that the system imple-
menting both steam injection and IAC can boost both power 
output and heat rate remarkably. When the energy of the gas 
turbine exhaust can be recovered by preheating water or ge-
nerating steam for injection or preheating the combustion air in 
a recuperator, the thermal efficiency is raised. In case of a 
recuperated gas turbine, the added water before the combustor 
reduces the temperature of the compressed air at the inlet to the 
recuperator, and then increases the energy recovery rate from 
the exhaust gas. Bassily [12] and Nishida et al [13] reported 
that the RSTIG systems can have higher efficiency and lower 
pressure ratio for the maximum efficiency compared with STIG 
systems. 

In this paper, the comparative potential of the performance of 
STIG and RSTIG systems are discussed. The characteristics of 
the STIG and RSTIG systems such as thermal efficiency, spe-
cific power and fuel consumption are investigated in terms of 
the parameters such as pressure ratio, steam injection ratio, 
ambient temperature and TIT. And also the optimal operating 
conditions for the maximum thermal efficiency are presented 

II.  SYSTEM ANALYSIS 
The schematic diagrams of STIG and RSTIG cycles are 

shown in Fig. 1. In the STIG system, air and fuel are com-
pressed from ambient pressure to combustion pressure. Water 
at ambient temperature is compressed and enters into HRSG 
and goes out as steam. In the combustion chamber the steam is 
injected to the compressed air and fuel and the flame adiabatic 
temperature is reached at constant pressure. The hot gas is then 
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expanded and heats the water within HRSG and then is ex-
hausted. In RSTIG systems, liquid and vapor of water produced 
in the HRSG are mixed with compressor discharge. The ex-
haust gas at turbine exit is used to preheat the humid air within 
the recuperator before the air enters into the combustion 
chamber and also to heat the water within HRSG. 

Important assumptions used in this work are as follows. 
1) Gases are ideal gases whose thermodynamic properties are 

varied with temperature. 
2) The dry air at compressor inlet consists of 0.2095 moles of 

O2, 0.7902 moles of N2 and 0.0003 moles of CO2. 
3) The fuel is methane (CH4) and the combustion is complete 

and adiabatic. 
4) Compressors and turbine are characterized with polytropic 

efficiencies.  
5) The effectiveness of recuperator or HRSG is assumed 

constant.  
6) Pressure drop and heat loss of the systems are negligible.  

The gases considered in this study are O2, N2, CO2, H2O and 
CH4, which are numbered from 1 to 5 in order. The isobaric 
specific heat of gas of component i can be expressed as 

∑
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where 
iM  is molecular weight of gas of component i and T is 

the temperature in K. By using Eq. (1) enthalpy and entropy 
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where 
refT  is the reference temperature of 298.15K and 

0
is means the molar absolute entropy of gas of component i. If 

mass of gas of component i per unit mass of dry air is 
iα  kg/kg, 

moles of the component is denoted as 
iii M/αγ = . Then ther-

modynamic properties of gas mixture can be expressed as 
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where 0,,,,, shRM mmmm γα and s  are mass, moles, mole-
cular weight, gas constant, enthalpy, entropy function and 
entropy of gas mixture, respectively. Enthalpy of liquid water, 
hl, can be calculated as 

)()()( 4 ThThTh fgl −=                            (11) 
where hfg is the latent heat of vaporization of water. 

Air enters into the compressor at T1, P1 and RH1. All of the 
computations in this study are based on unit mass of dry air at 
compressor inlet. Water enters into HRSG at a rate of fw kg per 
1 kg of dry air. For a pressure ratio rp, the compressor discharge 
pressure is P2 = rpP1. The polytropic efficiencies of compressor 
and turbine, cη and tη are defined as [6-7]: 

 cdPvdh η/=                                 (12) 
dPvdh tη=                                  (13) 

Here the efficiencies of compressors and turbine are assumed to 
be decreased linearly with pressure ratio [11, 13]: 
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If the inlet condition of compressor or turbine is specified, the 
outlet temperature of compressor or turbine can be obtained 
from the following equations, which reflects the mixture en-
tropy change in the compressor or turbine [7, 9]: 

( ) cpmminout rRss ηα /ln00 =−                        (16) 

( )pmmtinout rRss ln00 αη−=−                        (17) 
The combustion process can be expressed as [15]  

OHCOOCH 2224 22 +→+                     (18) 
If mass of fuel per unit mass of dry air is 

fα  kg/kg, mole of fuel 

becomes as 
fff M/αγ = . From Eq. (18), it is known that mole 

of CO2 increases
fγ , mole of H2O increases 2

fγ , and mole of 
O2 decreases 2

fγ  during the combustion process. The fuel 

Fig. 1  Schematic diagrams : (A) the steam injection gas turbine
(STIG), (B) the regenerative steam injection gas turbine 

(RSTIG) 
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consumption per unit mass of dry air, 
fα , can be determined 

from the following equation [15]: 
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Here subscripts of r and p denote reactant and production, 
respectively, and 0

,ifh  is the enthalpy of formation of component 

i.   
The compressor discharge is preheated in the recuperator 

and water is heated in HRSG. The energy balance over the 
regenerator or HRSG becomes as 

incoutcouthinh hhhh ,,,, −=−                            (20) 

where subscripts h and c denote hot and cold fluid, respec-
tively. The effectiveness of heat exchanger is defined as the 
ratio of actual heat transfer rate to maximum possible heat 
transfer rate as [16]:  

maxq
q

=ε                                      (21) 

The maximum possible heat transfer rate, maxq , is obtained as:  

( ) ( ) ( ) ( )[ ]cinhcoutchinhhinh ThThThThq αααα ,,,,,min ,,,,max −−=      (22) 

III. RESULTS AND DISCUSSIONS 
The system parameters used in this work are summarized in 

Table 1. Typical cases of computations for STIG and RSTIG 
systems at T1 = 15 oC, P1 = 1atm, RH1 = 60%, rp = 10, fw = 
10% are shown in Table 2. Mass flow rates of O2, N2, CO2, and 
H2O(g) which are based on unit mass of dry air at compressor 
inlet are 23.23%, 76.72%, 0.05%, and 1.64%, respectively. 
After compression T2 is raised to 338.7oC whereas the mass 
flow rates of the components are not changed. In the STIG 
cycle, T3 at turbine inlet is held at constant value of 1200oC 
(TIT) and the mass flow rates of components are changed due 
to combustion as 12.67%, 76.72%, 7.31%, 17.58% in the order 
of components. T4 at turbine exit is fallen to 674.5oC and T5 of 
exhaust at HRSG exit is 459.1oC. Meanwhile, water at ambient 

temperature (T6 = T1 = 15oC) enters into the HRSG and all of 
them are converted to steam and T7 at HRSG exit is raised to 
372.6oC. The fuel consumption is 2.65% of mass flow rate of 
dry air.  

In the RSTIG cycle, water of 10% of mass flow rate of dry 
air at ambient temperature (T9 = T1 = 15oC) enters into the 
HRSG, and 9.33% of steam is generated from water and 0.67% 
is remained as water. Thus, at HRSG exit the working fluid is in 
the saturated condition and temperature T10 is raised to 180.5oC. 
The air coming out from the compressor is mixed with the 
two-phase mixture from HRSG in the mixer and T3 at recupe-
rator inlet is fallen to 304.0oC. At turbine inlet T5 is held at 
constant value of 1200 oC (TIT), too and the mass flow rates are 
changed due to combustion as 15.77%, 76.72%, 5.18%, 
11.64% in the order of components. At turbine exit T6 is fallen 
to 669.7 oC, and T7 at recuperator exit and T8 at HRSG exit are 
fallen to 383.8oC, and 188.1oC successively. The fuel con-
sumption is 1.87% of mass flow rate of dry air.  

In Fig. 2, the thermal efficiency is plotted versus the pressure 
ratio for various steam injection ratio. In both STIG and RSTIG 
systems the thermal efficiency increases with pressure ratio up 
to its maximum value and then subsequently decreases. The 
thermal efficiency of RSTIG is greater than that of STIG except 
at high pressure ratios. The optimum pressure ratio at which the 
maximum thermal efficiency occurs shifts to the right and 
upwards with increasing injection ratios, and the optimum 
pressure ratio in STIG is greater than that in RSTIG. In each 
system thermal efficiency increases with pressure ratio. How-
ever in RSTIG, it may not be possible to operate in the range of 

 
TABLE II 

TYPICAL COMPUTATIONAL RESULTS FOR T1 = 15OC, P1 = 1ATM, RH1 = 60%, RP = 10, FW = 10% 
position O2 

(%) 
N2 
(%) 

CO2 
(%) 

H2O(g) 
(%) 

CH4 
(%) 

H2O(l) 
(%) 

T 
(oC) 

P 
(kPa) 

h 
(kJ/kg) 

s 
(kJ/kgK) 

STIG1 23.23 76.72 0.05 1.64 0.00 0.00 15.0 101.3 294.1 6.87 
2 23.23 76.72 0.05 1.64 0.00 0.00 338.7 1013.3 639.6 6.99 
3 12.67 76.72 7.31 17.58 0.00 0.00 1200.0 1013.3 2119.6 9.73 
4 12.67 76.72 7.31 17.58 0.00 0.00 674.5 101.3 1287.7 9.85 
5 12.67 76.72 7.31 17.58 0.00 0.00 459.1 101.3 971.3 9.48 
6 0.00 0.00 0.00 0.00 0.00 10.00 15.0 101.3 -194.2 0.37 
7 0.00 0.00 0.00 10.00 0.00 0.00 372.6 1013.3 122.2 1.09 
8 0.00 0.00 0.00 0.00 2.65 0.00 15.0 101.3 13.0 0.31 
9 0.00 0.00 0.00 0.00 2.65 0.00 229.3 1013.3 27.6 0.31 

RSTIG1 23.23 76.72 0.05 1.64 0.00 0.00 15.0 101.3 294.1 6.87 
2 23.23 76.72 0.05 1.64 0.00 0.00 338.7 1013.3 639.6 6.99 
3 23.23 76.72 0.05 11.64 0.00 0.00 304.0 1013.3 709.9 8.00 
4 23.23 76.72 0.05 11.64 0.00 0.00 609.5 1013.3 1117.5 8.57 
5 15.77 76.72 5.18 15.84 0.00 0.00 1200.0 1013.3 2077.8 9.61 
6 15.77 76.72 5.18 15.84 0.00 0.00 669.7 101.3 1257.2 9.73 
7 15.77 76.72 5.18 15.84 0.00 0.00 383.8 101.3 849.6 9.21 
8 15.77 76.72 5.18 15.84 0.00 0.00 188.1 101.3 585.1 8.74 
9 0.00 0.00 0.00 0.00 0.00 10.00 15.0 1013.3 -194.2 0.37 

10 0.00 0.00 0.00 9.33 0.00 0.67 180.5 1013.3 70.3 0.99 
11 0.00 0.00 0.00 0.00 1.87 0.00 15.0 101.3 9.2 0.22 
12 0.00 0.00 0.00 0.00 1.87 0.00 229.3 1013.3 19.5 0.22 

 

TABLE I 
CALCULATION CONDITIONS FOR GAS TURBINE SYSTEMS 

symbol Parameter data unit 
T1 ambient temperature 25 oC 
P1 ambient pressure 101.325 kPa 

RH1 ambient relative humidity 60 % 
TIT turbine inlet temperature 1200 oC 

ε effectiveness of heat ex-
changers 0.83  

 fuel CH4  
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large pressure ratios or of small pressure ratios and large steam 
injection ratios. One of the reasons is that as pressure ratio 
becomes large, the compressor outlet temperature increases 
while turbine exit temperature decreases so that the temperature 
difference of the recuperator decreases to reach the minimum 
temperature limit of the heat exchanger. The other one is that 
when steam injection ratio becomes large, temperature differ-
ence in HRSG reaches the pinch point even though temperature 
difference at inlet or exit of HRSG is quite big.  

In Fig. 3, the fuel consumption which is defined as mass 
flow rate of fuel per unit mass of dry air is plotted against 
pressure ratio for various steam injection ratio. As pressure 
ratio increases, the fuel consumption in STIG decreases. 
However in RSTIG the fuel consumption increases with in-
creasing pressure ratio. In STIG, compressor outlet temperature 
increases with increasing pressure ratio. The necessary quantity 
of fuel for the fixed TIT is reduced, so fuel consumption de-

creases. But in RSTIG as pressure ratio increases, heat recovery 
by the recuperator is reduced significantly and air temperature 
entering into the combustor decreases, so fuel consumption 
decreases. In each system fuel consumption increases with 
steam injection ratio because of the increase of mass flow rate 
in the combustor. 

In Fig. 4, the specific power is plotted versus the pressure 
ratio for various steam injection ratio. In each system, the spe-
cific power which is defined as net work per unit mass of dry air 
shows a maximum value along pressure ratio. The specific 
power in RSTIG is a little smaller than that in STIG. For a given 
pressure ratio, specific power increases with increasing of 
steam injection ratio in each system because the mass flow rate 
in turbine increases whereas that in compressor is fixed. Figure 
5 shows thermal efficiency as a function of specific power. It 
can be seen that the pressure ratio for maximum specific power 
is a little bigger than that for the maximum thermal efficiency, 
which would have an advantage in operating a gas turbine 
system. 

As of the previous mentions, the thermal efficiency is 

5 10 15 20
10

20

30

40

50

RSTIGSTIG

 0%
 5%
 10%
 15%
 20%

Th
er

m
al

 e
ffi

ci
en

cy
, %

Pressure ratio

 fw=0%
 5%
 10%
 15%
 20%
 25%
 30%

Fig. 2  Thermal efficiency vs. pressure ratio for various steam 
injection ratios 

 

5 10 15 20
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

RSTIG

STIG  0%
 5%
 10%
 15%
 20%

Fu
el

 c
on

su
m

pt
io

n,
 %

Pressure ratio

 fw=0%
 5%
 10%
 15%
 20%
 25%
 30%

Fig. 3  Fuel consumption vs. pressure ratio for various steam 
injection ratios 

200 300 400 500 600 700
10

15

20

25

30

35

40

45

50

55

rp=20

rp=2

RSTIG

STIG

 0%
 5%
 10%
 15%
 20%

Th
er

m
al

 e
ffi

ci
en

cy
, %

Specific power, kJ/kg

 fw=0%
 5%
 10%
 15%
 20%
 25%
 30%

 
Fig. 5  Thermal efficiency vs. specific power for various steam 

injection ratios and pressure ratio 
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known to have a maximum value along pressure ratio. The 
effects of ambient temperature and steam injection ratio on the 
optimum pressure ratio are shown in Figure 6. The result shows 
that the optimum pressure ratio in RSTIG is greater than that in 
STIG and decreases linearly with respect to ambient tempera-
ture and increases also with increasing of steam injection ratio 
in each system. Effects of ambient temperature on the maxi-
mum thermal efficiency are shown in Fig. 7. The maximum 
thermal efficiency of RSTIG is greater than that of STIG and 
decreases monotonically with respect to ambient temperature. 
It increases with steam injection ratio in each system. 

Figure 8 shows the effects of ambient temperature on fuel 
consumption under the conditions of the maximum thermal 
efficiency. In each system fuel consumption increases with 
ambient temperature and its increasing rate is getting greater as 
ambient temperature becomes higher, and increases with in-

crease of steam injection ratio. The effects of the ambient 
temperature on the specific power are shown in Fig. 9 under the 
conditions of the maximum thermal efficiency. In each system 
specific power has a minimum value, and the specific power in 
RSTIG is less a little than that of STIG. However, the variation 
of specific power due to ambient temperature is not significant. 
For a given ambient temperature, the specific power increases 
with increasing steam injection ratio in each system. Figure 10 
shows the characteristics of maximum thermal efficiency as a 
function of specific power. It can be said that effects of steam 
injection ratio are more significant than those of ambient 
temperature on the maximum thermal efficiency.  

Figure 11 shows the effects of TIT on the optimum pressure 
ratio. It is shown that the optimum pressure ratio increases 
linearly with respect to TIT and increases with increasing of 
steam injection ratio in each system. The maximum thermal 
efficiency is plotted versus TIT in Fig. 12. The maximum 
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Fig. 7 Maximum thermal efficiency vs. ambient temperature 
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thermal efficiency in each system increases with increasing TIT 
or steam injection ratio monotonically. However its increasing 
rate is reduced as TIT or steam injection ratio increases. The 
increasing rates for RSTIG are greater than those of STIG. 
Figure 13 shows variation of the fuel consumption under the 
conditions of the maximum thermal efficiency. Fuel consump-
tion in each system increases with increasing TIT or steam 
injection ratio. In Fig. 14, the specific power is plotted against 
TIT for various steam injection ratio. In each system as TIT or 
steam injection ratio increases, the specific power increases 
monotonically. In Fig. 15 the maximum thermal efficiency is 
shown. It is noted that effects of TIT in RSTIG are more 
significant than those in STIG.  

IV. CONCLUSIONS 
In this paper, the performance characteristics of the STIG 

and RSTIG systems have been thermodynamically analyzed. 
The main results are as follows. 
• In both STIG and RSTIG systems the thermal efficiency or 

specific power has a maximum value with respect to 
pressure ratio, and increases significantly with increasing 
steam injection ratio. In RSTIG, it may not be possible to 
operate in the range of large pressure ratios or of small 
pressure ratios and large steam injection ratios. 

• Fuel consumption per unit mass of dry air in STIG de-
creases whereas that in RSTIG increases with pressure ra-
tio. However, the fuel consumption increases with steam 
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Fig. 12 Maximum thermal efficiency vs. TIT for various steam 
injection ratios 
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injection ratio in each system. 
• In each system the maximum thermal efficiency or the 

optimum pressure ratio decreases with increasing ambient 
temperature and increases with increasing steam injection 
ratio or TIT. The maximum efficiency in RSTIG is greater 
than that in STIG. However the optimum pressure ratio in 

RSTIG is smaller than that in STIG. 
• In each system the specific power under the condition of 

maximum efficiency has a minimum value with respect to 
ambient temperature. However, the variation of specific 
power is negligible. The specific power increases notice-
ably with increasing the injection ratio or TIT. 
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Fig. 14  Specific power vs. TIT for various steam injection ratios
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Fig. 15  Maximum thermal efficiency vs. specific power for vari-
ous steam injection ratios 


