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Abstract  This study analyzes the performance of an integrated power generation system
that combines a gas turbine combined cycle (GTCC) with a methanation process. The
methanation process uses hydrogen provided by a power-to-gas (PtG) process and carbon 
dioxide captured from the exhaust gas of the GTCC. The research aim was to maximize the
GTCC performance through an effective integration between the GTCC and methanation. Two
methods were proposed to utilize the steam generated from the methanation process. One was 
to supply it to the steam turbine bottoming cycle of the GTCC, and the other was to inject it into
the GT combustor. Also investigated was the injection of oxygen generated in the PtG process
into the gas turbine combustor. The largest improvements in the power and efficiency were
predicted to be 19.3 % and 4.9 % through the combination of the steam supply to the bottoming 
cycle and the oxygen injection to the combustor.  

 
1. Introduction   

The use of renewable energy is increasing rapidly because of escalating concerns about 
global warming and air pollution. Worldwide renewable power capacity is expected to increase 
by 1200 GW(50 %) between 2019 and 2024 [1]. Most of the increase in renewable energy is in 
solar and wind power. Solar photovoltaic (PV) energy alone accounts for almost 60 % of the 
expected growth and onshore wind power accounted for one quarter. However, solar and wind 
power is intermittent and fluctuates, whereas the electric energy in a conventional power sys-
tem is controllable. Hence, the power grid might become unstable as the capacity of renewable 
energy increases in electric power grids. One solution is to store a large part of the generated 
renewable energy in energy storage systems (ESSs) to supply it stably to the power grid [2].  

To select an appropriate ESS, many options including type selection, optimal sizing, and con-
trol strategy should be considered [3]. Various ESSs are being installed and operated, including 
batteries, but most of them are not practical for storing large amounts, and there are usually 
discrepancies between the locations of demand and generation. On the other hand, the power-
to-gas (PtG) is appropriate for seasonal storage. Furthermore, energy stored with the PtG can 
be distributed any time and in any place if conventional power plants need to produce more 
electricity [4]. 

PtG stores hydrogen by electrolyzing water using renewable energy. The electrolysis tech-
niques used in the PtG process include alkaline electrolysis (AEC) and polymer electrolyte 
membrane electrolysis (PEMEC), which are low-temperature types, as well as solid oxide elec-
trolysis (SOEC), which is a high-temperature type [5]. AEC is the most mature and low cost 
technology [6] and PEMEC has higher flexibility and faster cold-start characteristics than AEC 
[7]. SOEC has higher efficiency than the low-temperature types but it is still in the research-
and-development stage [8]. 

PtG can play different roles in various energy systems. Operators can determine the role of  
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the PtG using appropriate assessments such as techno-
economics, life cycle assessment and multi-criteria decision 
analysis [9]. Ferrero et al. [10] assessed the cost of the final 
product when hydrogen is employed for fuel cells and 
Burkhardt et al. [11] evaluated the environmental impact re-
lated to the production of hydrogen and its dispensing to state-
of-the-art fuel cell electric vehicles. Guandalini et al. [12] pro-
posed a system integrating PtG with gas turbines by injecting 
hydrogen into the natural gas grid, showing that the integrated 
system improved the dispatchability of wind energy by flexible 
operation of the gas turbines.  

The hydrogen generated by PtG can be either supplied to 
the gas grid or used as fuel of power and energy systems di-
rectly or after being reformed. Also, there are many efforts to 
convert the hydrogen to others. In particular, attempts are be-
ing made to convert the hydrogen into synthetic natural gas 
(SNG) through methanation process for more convenient use 
of the hydrogen in conventional power generation systems. 
The integrated technology combining the PtG process and 
methanation process is called a power-to-methane (PtM). 

PtM was first proposed for recirculating the carbon generated 
from coal-fired thermal power plants in 1994 [13], and a pilot 
plant was established in 2003 [14]. A 6-MW pilot PtM plant was 
first installed in Werlte, Germany, in 2014 [15]. The PtM is cur-
rently used a lot in Europe, where the penetration of renewable 
energy is high. It has been investigated extensively in Germany 
in particular, and many PtM plants are in operation [16]. Bailera 
et al. [17] researched how to size and manage a cogeneration 
system that combines PV, PtG, and an oxy-fuel boiler. Blanco 
et al. [18] expected the enormous potential of PtM in the EU 
energy transition to a low carbon system in 2050. Various pro-
jects have been performed in the US as well, and several PtM-
related studies have been conducted. One example is a PtM 
pilot plant that is being operated on a college campus to supply 
electricity [19]. 

Methane is the primary component of SNG generated by the 
methanation process and can be supplied to the natural gas 
grid because its properties are highly similar to those of natural 
gas. Therefore, the integration system of PtM and conventional 
power plants, such as gas turbines, could be a solution to the 
variability of renewables. Gas turbines have secured the posi-
tion of a major power source during the past decades. The 
reason for the rapid growth is their high thermal efficiency. 
Furthermore, high operational flexibility is another important 
factor. In particular, their capability of high ramp-rate and fast 
start-up for high cycling duty is a very important advantage in 
modern dynamic electric power grids. Therefore, the future of 
gas turbines is also bright because the growth of renewable 
energy would naturally require rapid-responding power sources 
to compensate for the intermittency of the power generation 
from renewable sources [20, 21]. 

In this respect, the integration of gas turbines with PtM could 
be a future-oriented research topic. However, although a lot of 
studies on the PtM have been presented recently as summa-
rized above, only a few studies have been performed on the 

integration of the PtM with gas turbines. Sterner [22] proposed 
the idea of integration but did not analyze the performance in 
detail. Bailera et al. [23] performed a study on the PtM inte-
grated with an oxy-combustion power plant, which is not com-
mercialized yet. Therefore, a detailed analysis on the perform-
ance characteristics of the PtM-gas turbine integrated system 
is required, and we aimed to propose a direct integration of a 
gas turbine with a methanation process using the hydrogen 
from PtG as fuel for the GTCC. 

The carbon dioxide in the exhaust gas from the gas turbine 
is captured and used for the methanation process. Actually, 
the power system is not a simple gas turbine but a gas turbine 
combined cycle (GTCC) which combined a gas turbine and a 
steam turbine. The aim of our study was to evaluate the ther-
modynamic performance of the directly integrated system, 
which has not been conducted until now. Prakash and Singh 
[24] suggested an idea of combining the GTCC with PtM. 
However, the produced methane in their system was not used 
directly for the GTCC but used for a GT which was installed 
separately. In our study, the methane from the PtM process is 
directly used as fuel of the GTCC, partially replacing the natu-
ral gas fuel. In addition to suggesting a new integrated power 
plant system, we proposed two methods to maximize the per-
formance of the integrated system. Firstly, the steam gener-
ated from the methanation process is injected into the gas 
turbine’s combustor. Next, the oxygen generated from the PtG 
process is injected into the inlet of the gas turbine combustor. 
Performance improvement in each method were compara-
tively analyzed. 

 
2. Configuration and modeling  
2.1 Case definition 

Three cases of designing the system, defined in Table 1, 
were compared. Case 1 combines a carbon capture process 
(CCP) and a methanation process (MP) with a GTCC, as illus-
trated in Fig. 1. Our simulation did not include the PtG process 
that generates the hydrogen because our research focus was 
given to the utilization of syngas from methanation, and it was 
assumed that the required hydrogen was purchased from the 
PtG operator (i.e. the hydrogen producer). 

The GTCC system was designed based on the TITAN 130 
from Solar Turbines, Inc., which is a 15-MW class gas turbine 
that is applicable to distributed power generation. A dual or 
triple-pressure steam bottoming cycle is not economical for 
small gas turbines, so a single-pressure heat-recovery steam 

Table 1. Definition of cases. 
 

Case 1 GTCC + CCS + methanation 
(steam supply to bottoming cycle) 

Case 2 GTCC + CCS + methanation 
(steam injection at combustor) 

Case 3 GTCC + CCS + methanation 
(steam supply to bottoming cycle) + oxygen injection 
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generator (HRSG) was adopted. To maximize the power out-
put of the bottoming cycle, the steam turbine was divided into 
two sections, a high pressure steam turbine (HPST) and a low 
pressure steam turbine (LPST), and a reheater was installed 
between them. 

The thermal energy required in the CCP is supplied by the 
exhaust gas of the GTCC, which is explained in more detail in 
Sec. 2.3. The carbon dioxide captured by the CCP was used in 
the methanation process, and the SNG generated by methana-
tion was used as the fuel for the gas turbine. The methanation 
process generates heat, which is used to produce steam. This 
steam is supplied to the outlet of the HPST to increase the net 
power of the bottoming cycle. On the other hand, in case 2 (Fig. 
2), the steam was injected into the combustor to increase the 
net power of the GTCC further by increasing the power of both 
the gas turbine and bottoming cycle simultaneously. 

The oxygen generated from the PtG process is generally 
sold to consumers. However, it is also possible that the oxygen 
could be injected into the gas turbine combustor to further in-
crease the power output and efficiency of the GTCC. This idea 
is reflected in case 3 (Fig. 3). In this system, the steam gener-
ated by methanation is supplied to the bottoming cycle, as in 
case 1. It was also assumed that oxygen is purchased from the 
PtG operator as with the hydrogen. 

2.2 System modeling 

2.2.1 Design specifications of the gas turbine com-
bined cycle 

The gas turbine simulation was performed using in-house 
code [25] that was developed in MATLAB [26]. The perform-
ance of the Titan 130 was simulated using the specifications 
from the Ref. [27]. The gas turbine modeling explained in this 
section is rather brief for the sake of the compactness of this 
paper. Details of the modeling can be referred to Ref. [25]. The 
design specifications of the gas turbine are outlined in Table 2. 
ISO conditions were used for the ambient air (1 atm, 15 oC). 
The natural gas included 89.0 % CH4, 8.7 % C2H6, 1.7 % C3H8, 

Table 2. Design specifications of the gas turbine. 
 

Components Parameters Reference Simulation 

Pressure ratio 17.1 17.1 Input 
Compressor 

Isentropic efficiency [%] 83 83 Input 

Fuel flow rate [kg/s] N/A 0.862 Calculated 
Combustor 

Pressure loss [%] N/A 4 Assumed input 

Isentropic efficiency [%] N/A 91.7 Calculated 

Firing temperature [oC] 1177 1177 Input 
Turbine exhaust temperature [oC] 496 496 Input 

Turbine 

Turbine inlet mass flow [kg/s] 49.8 49.8 Input 

Mechanical efficiency [%] N/A 97.6 Assumed input 
Gear box efficiency [%] N/A 96.6 Assumed input 

Generator efficiency [%] N/A 96.0 Assumed input 

Net power [MW] 15 15 Input 

Performance 

Net efficiency [%] 35.2 35.2 Input 

 

 
Fig. 2. Configuration of case 2. 

 

 
Fig. 3. Configuration of case 3. 
 

 
Fig. 1. Configuration of case 1. 
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and other hydrocarbons. The lower heating value (LHV) was 
49426 kJ/kg. 

The flow rate of natural gas was calculated from the net 
power, efficiency, and the LHV of the fuel. The turbine effi-
ciency was determined using the known turbine exhaust tem-
perature (TET). The net power and efficiency of the gas turbine 
were defined using Eqs. (1) and (2), respectively. The results of 
the design analysis accurately coincided with the net power, 
efficiency, and turbine outlet temperature in the specification 
data. 

 
( )GT Turb Comp mech gear genW W W η η η= −   (1) 

( )
.GT

GT

NG

W
m LHV

η =
×

  (2) 

 
Aspen HYSYS [28] was used for the performance analysis of 

the steam turbine bottoming cycle. The properties and compo-
sition of the gas turbine’s exhaust gas obtained from the gas 
turbine simulation were input into HYSYS, and the bottoming 
cycle performance was calculated [29]. The primary design 
parameters of the bottoming cycle are listed in Table 3. The 
table also shows the simulated performance of the GTCC plant. 
The HPST inlet pressure was set to 41.5 bar referring to the 
design data of an actual GTCC plant that uses the gas turbine 
adopted in this study [30]. The isentropic efficiency was as-
sumed to be 89 % for both turbines. 

The HRSG is composed of four heat exchangers: an 
economizer (ECON), evaporator (EVAP), superheater (SPHT), 
and reheater (RHT). Each one was assumed to be a counter-
flow heat exchanger. The design performance was simulated 
using the energy balance equation in Eq. (3), and the net 
power of the bottoming cycle was defined using Eq. (4) [31]. 

 
( ) ( ), , , ,g g in g out s s out s inm h h m h h− = −   (3) 

( ) ( ) / .ST ST gen p moW W Wη η= −∑ ∑   (4) 

 
The net power and efficiency of the GTCC are defined using 

Eqs. (5) and (6), respectively. 
 

CC GT STW W W= +   (5) 

( )
.CC

CC

NG

W
m LHV

η =
×

  (6) 

 
The net power of the gas turbine in the GTCC plant is less 

than that of the standalone mode (GT-alone) by 2.9 % because 
there is additional pressure loss at the HRSG: 5 % pressure 
loss in the HRSG was assumed. The additional pressure loss 
causes the turbine exit pressure to rise. This decreases the 
expansion ratio of the turbine, which reduces the turbine power 
production. The predicted steam turbine power was 6.28 MW. 
The net GTCC power and efficiency were 20.9 MW and 
48.9 %.  

2.2.2 Off-design model of the gas turbine combined 
cycle 

The gas turbine operates in off-design conditions when SNG 
is used as the primary fuel instead of natural gas (which the gas 
turbine is designed for) and when oxygen or steam is injected. 
Furthermore, the bottoming cycle also operates in off-design 
conditions due to the variations in the exhaust gas conditions 
such as the temperature, composition, and flow rate. Therefore, 
a full off-design simulation was required for the entire GTCC 
system. A compressor map [32] with similar design perform-
ance was corrected and used to reproduce the off-design per-
formance data that have been released for the target gas tur-
bine [33]. The compressor map used in the simulation is shown 
in Fig. 4, where all the parameters are normalized using design 
values. Actually, the mass flow rate and speed were expressed 
as a relative semi-dimensionless parameter as follows. 

 

Relative semi-dimensionless mass flow: 

,

in

in d

m PT
P

m PT
P

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠
⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

 (7) 

Table 3. Bottoming cycle design parameters and GTCC performance. 
 

Components Parameters Simulation

Pressure [bar] 0.04 
Condenser 

Steam flow rate [kg/s] 3.53 

Inlet pressure [bar] 41.5 
HPST 

Inlet temperature [oC] 456 

Inlet pressure [bar] 2.56 
LPST 

Inlet temperature [oC] 410 
Isentropic efficiency [%] 89 

ST 
Generator efficiency [%] 96.0 

Pump Motor efficiency [%] 95.0 
Pinch point temperature [oC] 10 

HRSG 
Exhaust temperature [oC] 170 

Bottoming 
cycle 

Performance Net power [MW] 6.28 
Net power [MW] 20.85 

GTCC Performance
Net efficiency [%] 48.9 
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Fig. 4. Normalized compressor map. 
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Relative semi-dimensionless speed: 

,

.in

in d

N
RT

N
RT

⎛ ⎞
⎜ ⎟
⎝ ⎠
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (8) 

 
In general, turbine inlet can be assumed to be in a choking 

state. Therefore, the choking Eq. (9), which is widely used for 
industrial gas turbines, was used as the off-design model of the 
gas turbine [34]. 

 
1
12, .

1
in in

in in T

m T
const    =

A P R

γ
γγκ

κ γ

−
+⎛ ⎞ ⎛ ⎞

=⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎝ ⎠⎝ ⎠
  (9) 

 
The off-design models of the gas turbine were validated 

through a comparison of the predicted off-design performance 
results with the manufacture’s data. Fig. 5 illustrates an exam-
ple of the good agreement of the predicted variation in the full 
load power output of the target engine with that of the manu-
facturer’s correction curve [33]. 

When additional flow is injected into the combustor, the flow 
rate of the turbine increases, and the pressure ratio of the 
compressor increases due to the operation matching of the 
compressor and turbine [35]. Accordingly, when steam or oxy-
gen is injected into the combustor, the pressure ratio of the 
compressor also increases. This implies that the compressor 
operation point moves toward the surge point. For safe opera-
tion of the compressor, it is necessary to move away suffi-
ciently from the surge point. Hence, the surge margin must be 
predicted using the following equation: 

 

Surge margine = 100(%) .Surge operation

operation

PR PR
PR

−
×   (10) 

 
The effectiveness-NTU method was applied in the off-design 

analysis of the heat exchangers of the HRSG. At the design 
point, the effectiveness of each heat exchanger was calculated 

according to Eq. (11) using all the temperature data which 
were outcomes of the thermodynamic analysis. Then, the de-
sign values of the NTU and UA were calculated by Eqs. (12) 
and (13). Eq. (12) was for the evaporator in which a phase 
change occurs and Eq. (13) was for all the other heat ex-
changers [36]. In the off-design state, the UA of each heat 
exchanger was corrected using Eq. (14), which represents the 
dependence of the UA with flow rate [32]. An index of 0.8 was 
adopted from the Dittus-Boelter correlation [36]. Then, the NTU 
and effectiveness at the off-design state were evaluated using 
Eqs. (12) and (13). Finally, the outlet temperatures of both the 
hot and cold side of each heat exchanger were predicted by Eq. 
(11). 

 
( )
( )

( )
( )

, , , ,

min , , min , ,

or

                                    where,   

h h in h out c c out c in

h in c in h in c in

p

C T T C T T
C T T C T T

C mc

ε
− −

=
− −

=

  (11) 

( )
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min

max

ln 1

                                    where,  0r

UANTU
C

CC
C

ε= = − −

= =
  (12) 

min

min

max

1 ln
1 1

                                     where,  

r r

r

UANTU
C C C

CC
C

ε
ε

⎛ ⎞−1= = ⎜ ⎟− −⎝ ⎠

=
  (13) 

0.8

( ) .d
d

mUA UA
m

⎛ ⎞
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⎝ ⎠
  (14) 

 
Stodola’s ellipse law was used for the off-design analysis of 

the steam turbines [37]. The turbine inlet pressure in the off-
design conditions was calculated by the following equation: 

 
2

2

1
,     where .

1

out

in

d inout

in d

P
P m T

PP
P

⎛ ⎞
− ⎜ ⎟ ⎛ ⎞Φ ⎝ ⎠= Φ = ⎜ ⎟⎜ ⎟Φ ⎝ ⎠⎛ ⎞
− ⎜ ⎟
⎝ ⎠

  (15) 

 
2.2.3 Carbon capture process 

CO2 is captured from the GTCC exhaust gas. In the capture 
process, CO2 is removed using an absorbent such as mono-
ethanolamine (MEA) or selexol. A CCP model with MEA as an 
absorbent was adopted based on the work of Øi et al. [38]. A 
diagram of the CCP which consists of the MEA process and 
CSU is shown in Fig. 6, and their design values are listed in 
Table 4. Aspen HYSYS was used for the CCP analysis as well. 
The CO2 capture rate of the MEA process was set as 85 %. 
The GTCC exhaust gas flows into the absorber inlet at 40 oC 
after two cooling steps. The number of stages of the absorber 
and desorber and the Murphee efficiency were referenced from 
the Ref. [31]. 
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Fig. 5. Comparison of variation in power output with ambient temperature 
between simulation and manufacture’s correction curve. 
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The CSU consists of two compression and condensation 
processes. Consequently, the captured CO2, which has 99.6 % 
purity, is stored as a gas at 30 bar and 40 oC. This gas is sup-
plied to the methanation process. The design values of the 
CSU were taken from Li and Yan [39]. The overall CO2 capture 
rate of the total plant is defined as the flow rate of the carbon 
dioxide captured by the CCP in the total carbon dioxide flow 
rate of the exhaust gas of the GTCC as shown in the following 
equation: 

 
2

2

,

,

.CO captured

CO generated

m
CR

m
=   (16) 

 
The total power consumption of the CCP is calculated by the 

following equation: 
 

, , ,         .
CCP MEA CSU

P MEA Comp CSU P CSU

W W W

W W W

= +

= + +∑ ∑ ∑
  (17) 

 
2.2.4 Methanation process 

The theoretical chemical equation of the methanation is 
shown in Eq. (18). The ideal mole ratio of hydrogen to carbon 
dioxide is 4:1. 

 
2 2 4 2CO 4H CH 2H O+ → +   (18) 

Methanation processes can be divided into catalytic 
methanation and biological methanation. Biological methana-
tion operates at 30-60 oC and atmosphere pressure but suf-
fers from low mass transfer and flexibility [40]. Therefore, cata-
lytic methanation was considered in this study. The most im-
portant factor in the catalyst process is temperature. If the 
temperature of the reactor is lower than 250 oC, the catalyst 
reaction does not occur, but if it is higher than 550 oC, a re-
verse reaction occurs. Therefore, the operation temperature of 
the reactor must be set between 250 and 550 oC [41]. Various 
reactors are used in the catalyst process, but an adiabatic or 
isothermal reactor is used primarily. The SNG that contains a 
considerable amount of methane can be obtained with only 
one isothermal reactor, but a complex channel is required, 
which makes the isothermal reactor very expensive. The 
channel design of the adiabatic reactor is easier than that of 
an isothermal reactor, but more than one reactor must be 
used [42]. 

The TREMPTM process from Haldor Topsøe for the adiabatic 
reactor was referenced [23], and the required design values 
are listed in Table 5. The configuration of the process is shown 
in Fig. 7, where the solid line indicates the fluid flow, and the 
dotted line indicates the heat flow. Aspen HYSYS was used for 
the analysis, and the design parameters of each component 
are listed in Table 5. Inside the adiabatic reactor, a reaction 
occurs to minimize the Gibbs free energy. After the first reactor, 
approximately 72.5 % of the total flow rate can be recirculated 
to reduce the number of adiabatic reactors. After the second 
and third reactors, the generated water is removed by a con-
denser. In the methanation process, electric energy is con-
sumed in the operation of a blower that is required for the recir-
culation of the working fluid. 

As a result of the analysis, SNG containing 95.0 % methane, 
4.0 % hydrogen 0.6 % CO2 and 0.4 % H2O by volume was 
obtained. The LHV of SNG is 49260 kJ/kg, which is slightly 
lower than that of the natural gas. The efficiency of the 
methanation process is defined by Eq. (19). The analysis result 
indicated an efficiency of approximately 83.1 %, which is within 
the range reported previously [22]. 

Table 4. Design parameters of MEA process and CSU. 
 

Components Parameters Value 

Capture rate [%] 85 

Inlet gas temperature [oC] 40 

Number of stages in absorber 10 
Murphree efficiency in absorber 0.25 

Desorber temperature [oC] 120 

Number of stages in desorber 6 

MEA 
process 

Murphree efficiency in desorber 1.0 

CO2 compressor pressure [kPa] 3000 

Cooler outlet temperature [oC] 25 CSU 

Compressor isentropic efficiency [%] 95 

 

 
Fig. 6. Configuration of the carbon capture process. 
 

Table 5. Design parameters of methanation process. 
 

 Pressure  
[bar] 

Temperature  
[oC] 

CH4  
mole fraction [%]

H2 30.0 15.0 N/A 

CO2 30.0 40.0 N/A 
R1 inlet 30.0 308 15.8 

R1 outlet 29.5 594 24.8 

R2 inlet 28.6 250 24.8 
R2 outlet 28.2 411 30.6 

R3 inlet 27.0 250 72.6 

R3 outlet 26.8 376 81.2 
SNG 26.3 40.0 95.0 

 



 Journal of Mechanical Science and Technology 34 (10) 2020  DOI 10.1007/s12206-020-0923-8 
 
 

 
4339 

2 2

.SNG SNG
MP

H H

m LHV
m LHV

η ×=
×

  (19) 

 
Steam was produced using the heat generated by the 

methanation process. According to the referenced TREMPTM 
process [23], the inlet temperature of each reactor (R1, R2 and 
R3) needs to be maintained constant to guarantee a target 
production rate of SNG. Therefore, in our modeling, the hot 
side outlet temperature of each heat exchanger (HEX2, HEX3 
and HEX4) was maintained to be constant. The simulated SNG 
production rate was almost the same as that of the Ref. [23], 
which validated our modeling. The temperature of the pro-
duced steam was determined from the flow rate of the steam. If 
the steam flow rate decreases, it could be impossible to re-
cover the heat in the process because the temperature of the 
cold side increases. Conversely, if the flow rate of steam in-
creases, it might be in a two-phase liquid-vapor mixture state 
because the outlet temperature of the cold side decreases. 
Therefore, the steam flow rate is limited to a certain range. The 
steam is supplied into the bottoming cycle (cases 1 and 3) or 
injected into the gas turbine combustor (case 2). In each case, 
the change in performance in the GTCC system combined with 
the methanation process was analyzed for changes in flow rate 
within a range limited by physical boundary conditions. 

 
2.3 Operation strategy 

The GTCC system combined with the methanation process 
has the following operation sequence. First, carbon dioxide is 
captured through the CCP from the exhaust gas of the GTCC. 
Thermal energy is required to heat the MEA solution of the 
CCP desorber. In the case of a large GTCC, the heat is gener-
ally supplied by the steam drawn from the middle stage of the 
steam turbine [30]. If this method were adopted, the HPST 
outlet steam would have to be used. However, the gas turbine 
used in this study is small, so the exhaust gas temperature is 
lower than that of a large gas turbine. Moreover, the heat re-
covery rate of the HRSG is lower than that of the large GTCC 
because the HRSG is the single-pressure type. Therefore, if 
steam is supplied from the HPST outlet, enough heat cannot 
be supplied for the MEA process. As an alternative, the ex-
haust gas that passes through the HRSG was used as a heat 
source. The first cooler in Fig. 6 was installed for this purpose. 
The second cooler was adopted to fix the absorber inlet gas 
temperature at 40 oC. The temperature of the GTCC exhaust 
gas at the HRSG exit (i.e. the temperature of the incoming 
exhaust gas in Fig. 6) was set as 270 oC to supply sufficient 
heat to the MEA solution at the desorber. Because of this 
measure, the net power of the bottoming cycle inevitably de-
creases.  

All of the carbon dioxide captured by the CCP was used in 
the methanation process. The molar flow rate of hydrogen 
required for the methanation process was determined in pro-
portion to the molar flow of carbon dioxide. This hydrogen is 
received (or purchased) from the PtG. The SNG produced from 

the methanation process were used as fuel for the gas turbine. 
However, natural gas was additionally supplied because the 
flow rate of the produced SNG was 16-18 % lower than the fuel 
flow rate required to maintain the firing temperature at the de-
sign value (1177 oC). 

Steam was injected into the combustor in case 2, and oxy-
gen was injected in case 3. The pressure of the injected steam 
and oxygen was set as 1.2 times the inlet pressure of the com-
bustor so that they could be injected smoothly. The minimum 
surge margin for stable compressor operation was assumed to 
be approximately 10 %. The maximum flow rates of the in-
jected oxygen were then determined. It was assumed that up 
to 6 kg/s of oxygen (12.5 % of the compressor inlet air) could 
be injected into the combustor. The net power and efficiency of 
the total system were defined as follows:  

 
net GT ST CCP MPW W W W W= + − −   (20) 

( ) ( )
2

.net
net

H NG

W
m LHV m LHV

η =
× + ×

  (21) 

 
3. Results and discussion 
3.1 Performance outline 

Table 6 summarizes the performance specification of the op-
timal design condition of each case, which was selected as a 
result of a parametric analysis on the major design variables. 
The process and result of the parametric analysis will be ex-
plained in the next three sections. Before we proceeded to the 
detailed examination of the results, we checked the compatibil-
ity of the syngas fuel with the natural gas which is the design 
fuel of the gas turbine.  

The Wobbe index defined by Eq. (22) is generally used to 
compare the combustion energy of various fuel gases. Using 
this index, we can determine the possibility of using the SNG 
produced from the methanation process in the gas turbine 
combustor. 

 
Wobbe index = / .mix mixHHV SG   (22) 
 
We assumed that the proposed technology can best be dis-

seminated in Europe because the renewable energy penetra-
tion in electric power grids is high in Europe. The Wobbe index 

 
Fig. 7. Scheme of the TREMPTM methanation process. 
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of SNG was 14.57 kWh/Nm3, which is within the index range of 
natural gas supplied in Europe [43]. Therefore, the combustor 
can be used without modification even though it was designed 
for standard natural gas. 

The LHV of the SNG was slightly lower than that of the natu-
ral gas. Therefore, the flow rate of the total amount of fuel sup-
plied to the combustor is slightly higher than that of the deign 
state in all cases because the TIT is controlled to be constant 
at the design value. Due to the increase of the gas mass flow 
rate in the turbine as a result of the increased fuel flow rate, the 
GT power increases slightly in comparison to the design state. 
Both the net power output and efficiency were the highest in 
case 3. The next three sections describe the performance 
characteristics of each case and a comparison among them. 

 
3.2 Case 1: gas turbine combined cycle inte-

grated with carbon capture and methana-
tion process 

The major design variable is the steam flow rate produced in 
the methanation process. There are upper and lower limits of 
the steam flow rate. The steam generated from the methana-
tion process is mixed with the exiting steam from the HPST 
(see Fig. 1). Thus, the pressure of the generated steam is fixed 
at the HPST outlet pressure. The temperature of the steam 
should also be lower than the HEX2 inlet temperature which is 
577 oC (see Fig. 7). At a fixed pressure, the lower flow rate is, 
the higher the steam temperature becomes. The lowest possi-
ble flow rate was 2.8 kg/s. When the flow rate becomes too 
high, steam begins to condense. The upper limit to avoid con-
densation was 3.6 kg/s. As a result, the possible range of the 
steam flow rate was between 2.8 kg/s and 3.6 kg/s. 

Fig. 8 is the result of the parametric analysis. It shows the 
changes in inlet flow rates and temperatures of the HPST and 
LPST according to the flow rate of steam supplied by the 
methanation process. A higher flow rate of steam generated in 
the methanation process results in a lower temperature of the 
produced steam. Therefore, a higher flow rate of supplied 
steam results in a higher flow rate at the LPST inlet but a lower 
inlet temperature. 

The power of the LPST decreased as the supplied flow rate 
increased because the inlet temperature decreased signifi-
cantly, while the increase in the flow rate of the LPST inlet was 
relatively small. Furthermore, the power of the HPST de-
creased as the flow rate of the supplied steam increased. The 
increase in the flow rate of the LPST inlet resulted in higher 
heat recovery for RHT and lower heat recovery for EVAP. 
Therefore, a higher flow rate of the supplied steam led to a 
lower inlet flow rate of the HPST, and it reduced the HPST 
power. 

Therefore, the power increase was the biggest when the 
steam flow rate was 2.8 kg/s, which was the lower limit. So, this 
point was selected as the optimal design condition, the result of 
which was listed in Table 6. At the design condition, the 
amount of carbon dioxide captured using the CCP from the 
exhaust gas of the GTCC was 2.13 kg/s, and the amount of 
hydrogen used in the methanation process was 0.366 kg/s. 
The methanation process generated SNG at 0.734 kg/s, and 
the mole fraction of methane was 95.0 %. The additional natu-
ral gas flow rate was 0.151 kg/s. Thus, the net fuel flow rate to 
the GT combustor was 0.885 kg/s. which was 0.12 % higher in 
comparison to the design state leading to 2.7 % higher GT 
power. The surge margin was 21.2 %, which is 0.2 %p lower 
than the design value. But the reduction was quite marginal. 

The net power of the steam turbines was 6.75 MW, which 
was 7.5 % increase from the reference power of 6.28 MW (see 
Table 3). The sum of the gas turbine and steam turbine powers 
were larger than that of the design state. When including the 
CCP and MP power consumptions, the net system power out-
put was predicted to be 20.73 MW, which was almost compa-

Table 6. Performance analysis results. 
 

Parameters Case 1 Case 2 Case 3 

Supplied steam mass flow [kg/s] 2.8 N/A 3.0 

Injected steam mass flow [kg/s] N/A 3.6 N/A 

Injected oxygen mass flow [kg/s] N/A N/A 6.0 
Natural gas mass flow [kg/s] 0.151 0.171 0.171 

Hydrogen mass flow [kg/s] 0.366 0.417 0.416 

SNG mass flow [kg/s] 0.734 0.837 0.838 
Compressor pressure ratio 17.1 18.7 19.0 

Compressor inlet flow rate [kg/s] 48.9 48.7 48.7 

Exhaust gas flow rate [kg/s] 49.8 53.3 55.6 
HPST inlet mass flow [kg/s] 3.70 4.30 3.89 

Surge margin [%] 21.2 10.9 9.33 

GT power [MW] 14.70 18.87 18.31 
ST power [MW] 6.75 5.61 7.24 

CCP power consumption [MW] 0.64 0.74 0.73 

MP power consumption [MW] 0.08 0.09 0.09 
Net system power [MW] 20.73 23.64 24.73 

Net system efficiency [%] 40.66 40.74 42.67 
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Fig. 8. Variations in steam turbine inlet conditions with the flow rate of 
steam generated by the methanation process and supplied to the steam 
turbine in case 1. 

 



 Journal of Mechanical Science and Technology 34 (10) 2020  DOI 10.1007/s12206-020-0923-8 
 
 

 
4341 

rable to that of the design state (20.85 MW). The net system 
efficiency was 40.66 %. 

The decrease in the system efficiency from that of the design 
state is quite natural because the energy consumption in both 
the carbon capture and methanation processes was taken into 
account in the efficiency calculation of the PtM-GTCC com-
bined system. However, a direct comparison of the two effi-
ciencies has a limited value because the raw fuels are different. 
The major fuel was the hydrogen from the PtG process in the 
PtM-GTCC combined system, while the entire fuel is the natu-
ral gas in the conventional GTCC. Therefore, instead of putting 
an excessive importance on the absolute value of the efficiency 
drop from the conventional GTCC, it is more reasonable to 
make an effort to improve the system configuration further to 
achieve the highest possible efficiency of the PtM-GTCC com-
bined system. So, the target of our study was set at maximizing 
the gas turbine power output of the integrated PtM-GTCC sys-
tem, which in turn minimizes the efficiency penalty. In this re-
spect, case 1 was used as a reference case and two revised 
cases were proposed in search of the possibility of further per-
formance enhancement. 

 
3.3 Case 2: steam injection 

The major design variable in case 2 was also the flow rate of 
the steam produced in the methanation process. Because all of 
the produced steam was injected into the GT combustor, the 
variable will be called the flow rate of the injected steam in this 
section. 

Fig. 9 shows the variation in the net power output according 
to the flow rate of injected steam. The principle of selecting the 
lower limit of the steam flow rate was similar to that explained 
in the last section. The pressure of the generated steam was 
set at 1860 kPa, which was slightly higher than the compressor 
exit air pressure, because it should be injected into the com-
pressed air. The temperature of the generated steam was con-
trolled by the HEX2 inlet temperature (see Fig. 7) as was the 
case in the last section. The lowest steam generation rate to 
satisfy this temperature limit was 2.9 kg/s. 

The upper limit of the injected steam flow rate was posed by 
the surge margin of the compressor. As the injected steam flow 
rate increases, the turbine inlet flow rate increases, leading to 
increase in net power output of the GT. However, an increase 
in the injection flow rate increases the operating pressure ratio 
of the compressor, leading to a reduction in the surge margin. 
With 3.6 kg/s of steam injection, the pressure ratio increased 
by 1.6 (9.4 %), and the surge margin decreased by 10.3 %p, 
reaching the assumed minimum allowable value. The steam 
temperature decreases with increasing steam flow rate in the 
methanation process as was explained in case 1. Therefore, 
the flow rate of the fuel added to maintain the TIT of the gas 
turbine increases as the injected steam flow rate increases. 
Because the increase in fuel flow is dominant over the increase 
in power, net efficiency decreases as the injected steam flow 
rate increases. It was not easy to determine an optimal design 
steam flow rate because of the reversed trends of the power 
and efficiency. However, we selected the maximum steam flow 
condition (3.6 kg/s) as the nominal design condition because 
the rate of efficiency increase with decreasing steam flow rate 
is higher than the rate of power decrease. 

With 3.6 kg/s of steam injection, the net power of the gas tur-
bine increased by 4.2 MW (28.6 %) compared to case 1, as 
shown in Table 6. The power of the HPST increased by 
0.45 MW compared to case 1. In contrast, the flow rate of the 
LPST decreased, and the power of the LPST decreased by 
1.52 MW. Therefore, the total power of the steam turbine de-
creased to 5.61 MW, which is approximately 83 % that of case 
1. Consequently, the net system power increased by 2.91 MW 
(14.0 %) compared to case 1. The increase in the efficiency 
was marginal (about 0.1 %p). 

 
3.4 Case 3: oxygen injection 

In case 3, the steam generated from the methanation proc-
ess is supplied to the bottoming cycle of the GTCC as in case 
1. Therefore, the steam generation rate was determined using 
the same principle as in case 1. Then, major design variable 
was the injection flow rate of the oxygen. If oxygen is injected 
into the GT combustor, the net GT power output increases due 
to the increased turbine mass flow rate. This is the same rea-
son of the power boost in case 2 where steam was injected. As 
the oxygen injection rate increases, the net power output in-
creases steadily but the surge margin decreases. Fig. 10 
shows the trend. When the oxygen flow rate reached 6 kg/s, 
the surge margin reduced to 9.3 %, which was very close to 
the allowable lower limit. Therefore, we selected 6 kg/s as the 
design oxygen injection rate, and the performance summary at 
this operating condition was listed in Table 6.  

It is clear from Table 6 that the net power output of case 3 is 
larger than that of case 2: remember that the operating point of 
case 2 listed in Table 6 was the condition for the largest power 
generation. The steam generation rate in the methanation 
process is similar to that of case 1. The slight difference is due 
to the slight change in heat balance between the two systems. 
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Fig. 9. Net system power and compressor surge margin with respect to the 
injected steam flow rate in case 2. 
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The turbine exhaust mass flow was even greater than in case 
2, which was favorable in the steam turbine power production. 
Moreover, the efficiency is also higher in case 3.  

Compared to case 1, case 3 increased the net power of the 
gas turbine and bottoming cycle by 3.6 MW (24.6 %) and 
0.43 MW (7 %), respectively. Consequently, the net system 
power increased by 19 % to 24.73 MW. The injection of oxy-
gen increased the flow rate of fuel by approximately 13 % com-
pared to case 1. The flow rate of the fuel increased as the flow 
rate of injected oxygen increased. Because the power increase 
was larger than the increase in fuel flow, the system efficiency 
increased with increasing oxygen injection rate. Therefore, as 
the injection rate increases, not only the benefit of power but 
also that of efficiency over case 1 increase as shown in Fig. 11. 
At the selected design point of 6 kg/s injection, the efficiency 
gain over case 1 was predicted to be 2.01 %p (4.9 %). 

 
4. Conclusion 

In this study, performance characteristics of an integrated 
power generation system was analyzed, which generates SNG 
through methanation using carbon dioxide captured from the 
GTCC exhaust gas and hydrogen generated by the PtG. The 
main focus was on the injection of the steam produced by 

methanation and the oxygen produced by the PtG process into 
the gas turbine combustor. The goal was to improve the per-
formance of the GTCC system integrated with methanation. 
The results and conclusion are summarized as follows. 

In case 1, the steam flow rate generated in the methanation 
process was between 2.8 and 3.6 kg/s, and the steam was 
supplied to the steam turbine bottoming cycle. The power and 
efficiency of the overall system were the highest when the 
steam flow rate was the minimum. The optimum power and 
efficiency were 20.73 MW and 40.66 %, respectively.  

In case 2, the steam generated by methanation was injected 
into the GT instead of being supplied to the bottoming cycle. As 
the flow rate of the steam injected into the gas turbine in-
creased, the net power increased, but the rate of increase of 
the efficiency was lower. At the maximum injection flow rate, 
the net power and efficiency increased by 2.98 MW (14.8 %) 
and 0.1 %p in comparison to case 1. 

In case 3 where the oxygen generated by the PtG process 
was injected into the GT combustor, the net power and effi-
ciency improved considerably in comparison to case 1. With 
the maximum injection flow rate of oxygen, the net power and 
efficiency improved by 4.0 MW (19.3 %) and 2.01 %p (4.9 %), 
respectively. Case 3 provided the highest power and efficiency 
among the three cases in which the GTCC was integrated with 
methanation.  

The gas turbine is the most suitable power source to com-
pensate for the variability of renewables. PtG is also expected 
to play an important role as a large-capacity energy storage 
device for storing renewable energy. Therefore, integration of 
GTCC with a methanation process which uses hydrogen pro-
duced from PtG would contribute to the stable power supply in 
the future. Consequently, the result of this study could be the 
base of further research on the integrated system, for example 
a thermo-economic analysis. 
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Nomenclature----------------------------------------------------------------------------------- 

A : Area (m2) 
CCP : Carbon capture process 
Cp : Constant pressure heat capacity (kJ/kg∙K) 
CR : Capture rate 
CSU : Carbon separation unit 
h : Enthalpy (kJ/kg) 
HHV : Higher heating value (kJ/kg) 
HPST : High pressure steam turbine 
LHV : Lower heating value (kJ/kg) 
LPST : Lower pressure steam turbine 
MP : Methanation process 
m  : Mass flow rate (kg/s) 
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Fig. 10. Net system power and compressor surge margin with respect to 
the injected oxygen flow rate in case 3. 
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Fig. 11. Performance benefit of case 3 over case 1 with respect to the 
injected oxygen flow rate in case 3. 
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N : Rotation speed (RPM) 
PR : Pressure ratio 
SG : Specific gravity 
T : Temperature (K) 
U : Overall heat transfer coefficient (kW/m2K) 
W  : Power (kW) 
ε  : Effectiveness 
γ  : Specific heat ratio 
η  : Efficiency 

 
Subscript 

c : Cold side 
CC : Gas turbine combined cycle 
CCP : Carbon capture process 
Comp : Compressor 
d : Design 
e : Electricity 
hg : Gas 
gear : Gearbox 
gen : Generator 
GT : Gas turbine 
h : Hot side 
HP : High pressure 
in : Inlet 
LP : Low pressure 
Max : Maximum 
mech : Mechanical 
Min : Minimum 
Mix : Mixture 
MP : Methanation process 
NG : Natural gas 
out : Outlet 
P : Pump 
rev : Revision 
s : Steam 
ST : Steam turbine 
Turb : Turbine 
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