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Abstract 
The objective of this investigation is to analyze the impact of the flue gas re-
circulation (FGR) ratio on the different energy inputs and outputs of a 
SNGCC power plant as well as its overall efficiency. Simulation results indi-
cate that increasing flue gas recirculation increases the energy consumed by 
the recirculation compressor and the energy produced by the gas turbine. On 
the other hand, it decreases the production of energy of the steam turbine and 
the energy consumed by the pump of the steam cycle. The overall energy effi-
ciency of the SNGCC power plant is highest (41.09%) at a value of 0.20 of the 
flue gas recirculation. However, the flue gas composition with a FGR ratio of 
0.37 is more suitable for effective absorption of carbon dioxide by amine so-
lutions. Based on the low heating value (LHV) of hydrogen, the correspond-
ing overall efficiency of the power plant is 39.18% and the net power output 
of the plant is 1273 kW for consumption of 97.5 kg/hr. of hydrogen. 
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1. Introduction 

According to the U.S. Energy Information Administration, the burning of fossil 
fuels was responsible for 76 percent of U.S. greenhouse gas emissions in 2016 
[1]. As natural gas (NG) is the cleanest fossil fuel for electricity production, 
gas-fired power generation plants are expected to play a significant role in order 
to reduce carbon dioxide emissions from the power generation sector. Moreover, 
because of the complementary temperature ranges of the Brayton GT cycle and 
the Rankine steam cycle, natural gas combined cycle (NGCC) can produce sig-
nificantly improved thermodynamic cycle efficiency [2]. Besides its advantages 
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related to the lowest carbon dioxide emissions, natural gas (NG) is also the rec-
ommended combustible because it reduces the operating cost of the plants by 
avoiding corrosion and other technical problems in the facilities caused by im-
purities such as H2S, SOx, NOx and HCl. However, the corresponding molar 
percentage of CO2 in flue gas is only about 3% - 3.5% [3]. For an effective CO2 
capture by amine solutions, it is recommended to obtain a molar percentage of 
CO2 in the flue gas around 10 - 15 [4]. Consequently, the cost of CO2 capture 
from natural gas-fired power generation plants is high because of the large 
amount of energy needed in the stripper to obtain leaner amine. Compared to 
the heavier combustibles, the operating cost of the CO2 capture unit is also 
higher due to a higher concentration of oxygen responsible for amine degrada-
tion and corrosion problems. High Flue Gas Recirculation (FGR) ratios are 
therefore recommended in order to increase the CO2 concentration and decrease 
the O2 concentration in the flue gas to be treated in the absorption unit. The re-
circulated flue gas is often utilized as the secondary air (dilution air) to cool 
down the blades of the gas turbine. 

The Natural Gas Combined Cycle (NGCC) power generation plant is the best 
technology to meet the ever-growing energy needs of the United Arab Emirates 
and reduce the country’s environmental impact. However, even with the UAE’s 
massive amount of proven natural gas reserves, the country still needs to import 
natural gas in order to satisfy the energy market. Utilizing carbon dioxide emis-
sions for the production of synthetic natural gas (SNG) will therefore be valuable 
to contribute to the sustainable production of electricity in the United Arab 
Emirates. In light of this, a Synthetic Natural Gas Combined Cycle (SNGCC) 
power plant was introduced in a previous investigation and defined as a com-
bined cycle plant where the fuel is synthetic natural gas (SNG) produced by a 
methanation reactor. The feed of the methanation reactor is the recycled stream 
of carbon dioxide of a CO2 capture unit treating the flue gas of the SNGCC 
power plant [5] [6]. As shown in Figure 1, the simplified SNGCC (Synthetic 
Natural Gas Combined Cycle) power plant is divided into eight different control 
volumes: (a) Air Compressor, (b) Combustor (CC), (c) Combustion Turbine 
Generator (GT), (d) Steam Turbine Generator (ST), (e) Heat Recovery Steam 
Generator (HRSG), (f) Condenser, (g) Pump and (h) Methanation reactor [6]. 

The objective of the first part of this investigation was to use Aspen Plus soft-
ware and the Redlich-Kwong-Soave equation of state in order to simulate an 
adiabatic methanation reactor for the production of synthetic natural methane 
(SNG) using 1 kg/hr. of carbon dioxide [5]. In the second part of this study, As-
pen plus software with SRK equation of state was utilized for the simulation of 
the Synthetic Natural Gas Combined Cycle (SNGCC). A simulation was per-
formed in order to find the suitable percentage of the recycled flue gas for opti-
mum conditions of the carbon capture unit of the power plant. Our results 
showed that with a recycling 37% of the flue gas, the concentration of CO2 and 
O2 of the flue gas entering the CO2 capture unit were respectively equal to 10.2%  
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Figure 1. Schematic representation of a Synthetic Natural Gas Combined Cycle (SNGCC) [6]. 

 
and 2.01%. It was concluded that the flue gas composition with a FGR ratio of 
0.37 was suitable for effective absorption of carbon dioxide by amine solutions 
[6]. Since energy efficiency is the key parameter of energy conversion systems, 
the main objective of the third and last part of this investigation is to analyze the 
impact of flue gas recirculation on the different energy inputs and outputs of the 
SNGCC power plant and on its overall efficiency.  

2. Methodology 
2.1. General Description of the Synthetic Natural Gas Combined  

Cycle (SNGCC) Power Plant 

Following the process flow diagram (Figure 1): (1) Fresh air enters the com-
pressor. (2) It is then compressed to a higher pressure. Upon leaving the com-
pressor, air enters the combustion system, where it is mixed with the Synthetic 
Natural Gas (13) produced by the methanation reactor where recycled carbon 
dioxide (11) from the carbon dioxide unit reacts with hydrogen (12). It is as-
sumed in this paper that the hydrogen needed for the methanation of carbon 
dioxide is a product of a catalytic reforming plant that produces gasoline from 
heavy naphta fraction of an atmospheric distillation unit of crude oil. 

The combustion process occurs essentially at constant pressure. The exhaust 
gas (3) leaves the combustor and enters the Combustion Turbine Generator 
(GT). In the turbine section, the flue gas is expanded to produce electricity. The 
flue gas leaves the GT at high temperature. In the second part of the SNGCC, the 
hot stream from the gas turbine (4) will generate steam in a Heat Recovery 
Steam Generator (HRSG). The steam cycle consists of a HRSG, Steam Turbine 
Generator (ST), condenser, and pump to form a Rankine cycle for electricity 
production. Water (9) enters the HRSG at high pressure and the resulting steam 
(6) produces electricity in the steam turbine generator (ST). The saturated steam 
(7) leaving the steam turbine is first condensed (8) and then its pressure in-
creased (9) before returning to the HRSG. The exhaust gas (5) leaving the HRSG 
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is treated in a CO2 capture unit where lean gas (10) is sent to the atmosphere. 
The de-aerator of the steam cycle is not included in this investigation. 

2.2. Process Description of the Simulated SNGCC Power Plant 

As shown in Figure 2, a Synthetic Natural Gas Combined Cycle (SNGCC) with a 
flue gas recirculation is divided in four main sections (Methanation reactor, Gas 
turbine, Steam turbine and CO2 capture unit):  

2.2.1. The Methanation Reactor 
The hydrogen gas needed for the methanation of carbon dioxide comes from a 
catalytic reforming of heavy naphta. The maximum production of methane of 
0.875 kmol per kmol of CO2 was obtained for the following operating condi-
tions: [H2/CO2] ratio of 3.5, at relatively low temperature (250˚C - 270˚C) and 
high pressures 30 and 40 atm. After removing water, the synthetic natural gas 
(SNG) produced by the methanation is utilized as the fuel for the gas turbine of 
the power plant. 

2.2.2. The Gas Turbine 
Fresh air at local atmospheric conditions (40˚C) is compressed up to 40 bars in a 
three-stage compressor with intercooling at 40˚C. The adiabatic efficiency of 
85% is selected for the compressors [7]. SNG (Synthetic Natural Gas) mixes with 
fresh air in the combustor. It is assumed that combustion is complete and all the 
carbons in SNG converted to CO2.  

 

 
Figure 2. Simulated Synthetic Natural Gas Combined Cycle (SNGCC) power plant process flow sheet. 
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2.2.3. The Steam Turbine 
The exhaust gases leave the gas turbine at atmospheric pressure and high tem-
perature. Flue gas enters the HRSG in order to produce steam at three levels of 
pressure: high pressure (HP) steam (173 Bars, 600˚C), an intermediate pressure 
(IP) steam (65 bars, 565˚C), and a low pressure (LP) steam (2 bars, 350˚C) with 
double reheat. The adiabatic efficiency of the turbine, generator, and condensate 
pump is selected as 75%, 94%, 65% respectively [8].  

2.2.4. CO2 Capture Unit 
The exhaust gas leaving the HRSG is cooled down until 40˚C before being di-
vided into two streams. The first stream is compressed and recycled to be mixed 
with the flue gas leaving the gas turbine to cool down the temperature of the 
stream before entering the gas turbine. The second stream is treated in a CO2 
capture unit where lean gas is sent to the atmosphere. The resulting concen-
trated carbon dioxide (95% CO2 - 5% H2O) leaving the desorption column is re-
cycled and utilized as the feed for the methanation process. For simplicity, the 
carbon dioxide capture unit is simulated as a column splitter. 

2.3. Simulation of the Effects of FGR Ratio on the Overall  
Efficiency of the SNGCC Power Plant 

Since energy efficiency is the key parameter of energy conversion systems, the 
impact of flue gas recirculation on the different energy inputs and outputs of the 
SNGCC power plant and on its overall efficiency are investigated. The objective 
is to compare the performance of equipment in the plant and the overall effi-
ciency of the SNGCC power plant when the FGR changes from 1% to 37%. For a 
typical Natural gas combined Cycle (NGCC), the fuel is methane. However, for 
the Synthetic Natural Gas Combined Cycle (SNGCC), the fuel is hydrogen en-
tering the methanation reactor. Based on the Low Heating Value of hydrogen 
(LHV = 119.96 MJ/kg), the simulation results of the effects of the flue gas recir-
culation ratio (FGR) on the energies input and output of the power plant and its 
overall efficiency are shown in Table 1. 
 
Table 1. Effects of FGR ratio on the energy streams of the power plant. 

FGR 
Total Energy 
Input in kW 
(WGT + WST) 

Total Energy  
Output in kW 

(WKrecycle + WK,air + 
WP) 

Total Net 
Output 
in kW 

Flow rate 
of H2 

(kg/hr) 

QHydrogen 

In kW 

Overall Energy 
efficiency 

(%) 

1 2535 814 1721 132.6 4418.5 38.95 

5 2537 846 1691 128.7 4288.6 39.43 

10 2540 891 1649 123.8 4125.3 39.97 

15 2541 941 1600 119.0 3965.3 40.40 

20 2559 997 1562 114.1 3802.1 41.09 

30 2552 1136 1416 104.3 3475.5 40.74 

37 2527 1254 1273 97.5 3248.9 39.18 
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2.3.1. Compressors 
In this study, fresh air at 40˚C is compressed up to 3.1 MPa in a three stage-com- 
pressor with intercooling at 40˚C. The pressure of the recycled gas is also in-
creased from 110 kPa to 3.1 MPa using a three-stage compressor with intercool-
ing at 40˚C. After leaving the Heat Recovery Steam Generator (HRSG), the flue 
gas is cooled to 40˚C before being recycled as a cooling system for the gas tur-
bine. Therefore, the pressure of the recycled flue gas is increased from 1bar to 40 
bars using a three-stage compressor with intercooling at 40˚C. 

Figure 3 shows a linear relationship between the energy consumption of both 
compressors. However, our simulation results indicate that the power consump-
tion for the air compressor is almost constant at around 735 kW. As expected, 
the flue gas recirculation ratio increases (slope = 12.46) the energy needed for 
the compression of the recycled flue gas.  

2.3.2. Steam Cycle 
The steam cycle contains High Pressure, Intermediate Pressure and Low Pres-
sure stages with two reheats. The effects of the flue gas recirculation on the pro-
duction of electricity by the steam turbine and the energy consumed by the 
pump of the water of the steam cycle are shown in Figure 4 and Figure 5. 

Figure 4 indicates a linear relationship between the energy produced by the 
steam turbine and the value of the flue gas recirculation (FGR) ratio. Increasing 
the flue gas recirculation has negative effects (slope = −4.35) on the energy pro-
duced by the steam turbine because less heat is available in the Heat Recovery 
Heat Generator (HRSG). 

Figure 5 shows that flue gas recirculation has a small negative effect (slope = 
−0.3) on the energy consumption of the water pump of the steam cycle.  

2.3.3. Gas Turbine 
The net output of the gas turbine increases with the temperature of the exhaust 
gas but it is limited by the metallurgical limitation for the gas turbine being uti-
lized. The effects of Flue Gas Recirculation (FGR) ratio on the temperature of  
 

 
Figure 3. Effects of FGR ratio on energy consumption of compressors. 
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Figure 4. Effects of FGR ratio on energy production by the steam cycle. 

 

 
Figure 5. Effects of FGR ratio on energy consumption by the water pump. 

 
the exhaust gas leaving the combustor are therefore investigated and the simula-
tion results are shown in Figure 6. 

As expected, Figure 6 shows that the flue gas recirculation decreases linearly 
(slope = −13.34) the temperature of the flue gas entering the gas turbine. In a gas 
turbine, the blades have a metallurgical limitation and the temperatures could 
vary from 800˚C to 1700˚C depending on their materials and whether or not 
they have cooling systems. 

Based on the information in Figure 7, the temperature 1500˚C (G-type Tur-
bine) is used in this study as the metallurgical limitation of the turbine. The ef-
fects of flue gas recirculation on the power generated by the gas turbine are 
shown in Figure 8. 

Figure 8 shows a linear relationship between the energy produced by the gas 
turbine and the value of the flue gas recirculation (FGR) ratio. The flue gas re-
circulation ratio has positive effects (slope = 4.42) on the energy produced by the 
gas turbine. 
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Figure 6. Effects of FGR ratio on the temperature of flue gas. 
 

 
Figure 7. Turbine inlet temperature and combined plant efficiency [7]. 
 

 
Figure 8. Effects of FGR ratio on the power generated by the gas turbine. 
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3. Effects of FGR Ratio on the Overall Efficiency of the SNGCC  
Power Plant  

Synthetic Natural Gas Combined Cycle (SNGCC) power generation is an energy 
conversion system of generating electric power that combines gas turbine power 
generation (CTG) with steam turbine power generation (STG). The thermody-
namic power cycles can be categorized as gas cycles and steam cycles. Gas tur-
bines operate using the principles of the Brayton cycle. The isentropic efficiency 
( isoη ) of the Brayton cycle can be expressed in terms of the temperatures and 
pressures entering (P1 & T1) and leaving (P2, T2) the compressor: 

1

1 1

2 2

1 1

k
k

iso
T P
T P

η

−

 
= − = −  

 
                       (1) 

where k is the specific heat ratio. Based on Equation (1), increasing the temper-
ature of the stream of gas leaving the compressor or increasing the pressure ratio 
will enhance the efficiency of the gas turbine. In this investigation, fresh air en-
ters the compressor at 40˚C and the temperature of the exhaust gas is limited to 
1500˚C. Based on these operating conditions, the isentropic efficiency of the gas 
turbine is 0.82. This value was selected as the adiabatic efficiency of the gas tur-
bine for the simulation of the synthetic natural gas combined cycle. The overall 
efficiency of the gas turbine could be estimated by the following equation:  

net output

SNG LHV
W

m
η =

×
                          (2) 

where net outputW  is the difference between the energy produced and the energy 
consumed by the different equipment of the combustion turbine generator 
(CTG), SNGm  is the mass flowrate of synthetic natural gas and LHV is the low 
heating value of natural gas. The hot stream (exhaust gas) is then utilized to 
produce more electricity by generating steam in the Heat Recovery Steam Gene-
rator (HRSG). A steam turbine in a combined cycle power plant operates using 
the principles of the Rankine cycle. Like the Brayton cycle, the ideal Rankine 
cycle operates on four internally reversible processes. The theoretical maximum 
efficiency of a Rankine cycle is the Carnot efficiency given in Equation (3).  

Cold
Carnot

Hot

1
T
T

η = −                           (3) 

The thermal efficiency of a Rankine cycle is lower than that of a Carnot cycle 
operating between the same temperature levels. This is primarily because of the 
fact that the energy transfer as heat in the boiler does not take place at constant 
temperature in the Rankine cycle. The purpose of a reheating cycle is to remove 
the moisture carried by the steam at the final stages of the expansion process and 
improves the efficiency of the cycle, because more of the heat flow into the cycle 
occurs at higher temperatures. 

Based on Figure 9, the thermal efficiency of the Rankine cycle with reheat is 
given by Equation (4):  
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( ) ( ) ( )
( ) ( )

1 2 3 4 6 5 net-out

1 6 3 2 in

h h h h h h W
h h h h Q

η
− + − + −

= =
− + −

              (4) 

As shown in Figure 10, because of the complementary temperature ranges of 
the Brayton GT cycle and the Rankine steam cycle, synthetic natural gas com-
bined cycle (SNGCC) can produce significantly improved thermodynamic cycle 
efficiency. Based on the simulation results (Table 1), the overall energy efficien-
cy of the SNGCC power plant was highest (41.09%) at a value of 20% of the flue 
gas recirculation (FGR) ratio. The molar composition of CO2 and O2 with circu-
lation ratios of 0.37 and 0.20 are compared in Table 2. 
 

 
Figure 9. Ideal reheat rankine cycle [9]. 
 

 
Figure 10. T-S diagram of NGCC cycle [2]. 
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Table 2. Molar composition of flue gas without recirculation and with a FGR ratio of 
0.42. 

Component (%) FGR = 0.37 FGR = 0.20 

CO2 10.2 7.0 

O2 2.01 6.9 

 
It should be noted that the requirements of the composition of flue gas needed 

for effective absorption of the CO2 (CO2 ≥ 10% and O2 < 5%). Based on the re-
sults shown in Table 2, the most suitable composition of the flue gas for captur-
ing carbon dioxide by amines is at the value of FGR ratio of 37%.  

4. Discussion  

Figure 3 indicates a linear relationship between the FGR ratio and the energy 
consumption of the compressor. As expected, it was observed that the flue gas 
recirculation (FGR) ratio increased the energy needed for the compression of the 
recycled flue gas. On the other hand, our simulation outputs indicate that the 
power consumption for the air compressor was almost constant at around 735 
kW. For the stream cycle, the flue gas recirculation decreased both the energy 
produced by the steam turbine and the energy consumed by the pump. Howev-
er, the effects on the water pump were much smaller (Figure 4 and Figure 5). 
For the gas turbine, the metallurgical limitation of the gas turbine was fixed at 
1500˚C in this investigation. As expected, the flue gas recirculation decreased the 
temperature of the flue gas entering the gas turbine (Figure 6) and increased the 
energy produced by the gas turbine (Figure 8).  

As shown, in Table 1, the flue gas recirculation increased the overall efficiency 
of the plant to 41.09% at 20% FGR ratio. From higher values of FGR, the effects 
are negative. However, from the simulation results shown in Table 2, it is ex-
pected to have less efficient carbon dioxide absorption (7 < 10%). Moreover, it is 
also expected to have more corrosion problems in the carbon capture plant be-
cause the molar fraction of oxygen is higher than the limit value of 5%. 

5. Conclusion  

The objective of this third part of the investigation related to the proposed Syn-
thetic Gas Combined Cycle (SNGCC) is to analyze the impact of the flue gas re-
circulation (FGR) ratio on the different energy inputs and outputs of the power 
plant as well as its overall efficiency. It can be concluded that: 1) the flue gas 
composition with a FGR ratio of 0.37 is the most suitable for effective absorption 
of carbon dioxide by amine solutions. 2) Based on the low heating value (LHV) 
of hydrogen, the overall efficiency of the power plant is 39.18%. 3) The power 
plant has a total net output of 1273 kW for consumption of 97.5 kg/hr. of hy-
drogen. 
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