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Abstract 

The scale of 2.4 MW MCFC was taken to construct a high-efficiency and economical power generation 
system without CO2 emission into the atmosphere for utilizing its exhaust gas. The conventional steam 
turbine power generation system (STGS) was evaluated and the net generated power (NGP) was estimated to 
be only 133 kW and the STGS is not economically feasible. A CO2-caputuring repowering system was 
proposed, where low temperature steam (LTS) produced at HRSG by using exhaust gas from MCFC is 
utilized as a main working fluid of a gas turbine, and the temperature of LTS was raised by combusting fuel in 
a combustor by using pure oxygen, not the air.  It has been shown that NGP of the proposed system is 264 
kW, and CO2 reduction amount is 608 t-CO2/y, compared to 306 t-CO2/y of STGS. The CO2 reduction cost 
was estimated to be negligible small, even when the costs of oxygen production and CO2 liquefaction 
facilities etc. were taken into account. 

1. INTRODUCTION 
Reduction of CO2 emission into the atmosphere has 

becoming increasingly important for mitigating global 
warming.   Improving power generation efficiency is 
fundamental way to reduce CO2 emission.  Capturing 
CO2 from exhaust gas at electric power plants is also 
considered to be extremely effective for greatly reducing 
CO2 emission into the atmosphere. 

 
Nowadays, MCFC (Molten Carbon Fuel Cell) has 

been attracting much attention, since it has relatively 
high-efficiency and does not receive bad effects of CO  

  

and can use abundant coal gas. Constructing a combined 
cycle power generation system (CCPS) to utilize the 
waste heat of exhaust gas of MCFC is well known as a 
method to further improve its power generation efficien- 
cy.  However, since the temperature of exhaust gas of 
MCFC is low compared to SOFC (Solid-Oxide Fuel 
Cell), it is not so easy to construct a high-efficiency and 
economical CCPS when the scale of MCFC is not large 
enough. 

 
In the present paper, the scale of 2.4 MW MCFC is 

taken as an example of the MCFC (1) to construct a high-
efficiency and economical power generation system 
(HEES) without CO2 emission into the atmosphere.  
First, the conventional steam turbine power generation 
system (STGS) was evaluated for constructing the CCPS.    

 
Second, a CO2-caputuring repowering system based on 
oxy-fuel combustion(2)-(6), that utilizes exhaust gas of 
MCFC, is proposed for constructing a HEES, a kind of 
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repowering system, for utilizing its exhaust gas.  The 
thermodynamic and economical characteristics of the 
proposed system are evaluated.  

 
The proposed system is based on gas turbine 

technology, so that it is relatively easy to increase the 
turbine inlet temperature (TIT).  Hence it will finally be 
evaluated how much the characteristics and economics 
can be improved when the TIT of the proposed system is 
increased to or higher than 1000 degree Celsius (to be 
denoted as deg C hereafter). 
 

2. OUTLINE OF THE SYSTEMS 
 

2.1 Outline of the MCFC 
  Table 1 shows assumed major characteristics of a 
MCFC adopted as an example whose exhaust gas should 
be utilized (1).  As can be seen from Table 1, the 
exhaust gas temperature is 340 deg C, and is relatively 
low because the heat generated in the fuel cell is utilized 
to increase power generation efficiency. 

 
2.2 Outline of the Conventional Steam Turbine 
System 
  Figure 1 shows the schematic diagram of a 
conventional steam turbine power generation system 
(STGS) for utilizing exhaust heat from MCFC.  As 
shown in Fig. 1, super-heated steam produced at HRSG 
(Heat Recovery Steam Generator) by using exhaust heat 
included in exhaust gas of the MCFC is used to generate 
power in the STGS. 

 
2.3 Outline of the Proposed System 
  Figure 2 shows the schematic diagram of the proposed 
CO2-capturing H2O turbine power generation system 
(the gas turbine is referred to H2O turbine to distinguish 
from conventional gas turbine in which the air is used as 
the working fluid, and the present system is referred to 
the proposed system or HTPS hereafter).  In the 
proposed system, low-temperature saturated steam (LTS) 
produced at HRSG by using the exhaust gas from MCFC 
is utilized as the main working fluid of the H2O turbine, 
and the temperature of LTS is increased nearly to 1000 
deg C by combusting fuel in a combustor by using pure 
oxygen, not the air.   

 
  Therefore composition of the combustion gas becomes 
only H2O and CO2, and the separation of CO2 gas from 
H2O liquid (condensate) can be physically and automati- 
cally performed at the outlet of the condenser in the 
proposed system(2)-(6). 
 
 

Table 1  Assumed major characteristics of a MCFC 
adopted as an example 

 
Item Assumed value 

Fuel cell power output 2400 kW 
Net power generation efficiency 47% 
Exhaust gas temperature 340 deg C 
Flow rate of exhaust gas 14.33 t/h 

 
 
 

 

 
 
 
 

Fig. 1  Structure of a conventional steam turbine 
power generation system (STGS) for utilizing waste heat 
from MCFC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Schematic structure of the proposed CO2-

capturing H2O turbine power generation system (HTPS) 
 
 

3. EVALUATION OF CHARACTERISTICS 
 

3.1 Premises for Estimating Fundamental Thermo- 
Dynamic Characteristics 
  The characteristics data of the MCFC shown in Table 
1 were used as the basic conditions in evaluating 
characteristics of the two systems.  The both power 
generation systems investigated are consisted of a variety 
of element equipment and the fluid flowing them.  
Hence fundamental characteristics of the systems such as 
generated power and fuel consumption can be obtained 
by estimating the behavior of the fluid flowing between 
each equipment based on the thermodynamic characteri- 
stics.  Partly modified simulation models which were 
developed by the authors, have been employed to 
estimate power generation characteristics of the two 
investigated systems.  As for detailed explanation of 
simulation methods used for characteristics estimation, 
refer to Ref. (7). 
 
  Table 2 shows major exogenous variables and 
parameters used for estimating systems' characteristics, 
and the values of the exogenous variables and parameters 
used for characteristics simulation.  
  

It is well know that TIT and turbine inlet pressure 
(TIP) give great influences on the performance of steam 
and gas turbine generation systems.     The TIT of the  



   
 

Table 2  Major exogenous variables and parameters 
used for estimating systems' thermodynamic charac- 
teristics 
 
(a) Exogenous variables 

Item STGS HTPS  
Turbine inlet steam pressure (ata) *a  - 
HRSG output steam temperature 
 (deg C) 

 
-  

 
**b 

Turbine inlet temperature  
(deg C) 

 
-  

 
850 

Condenser outlet pressure (ata) 0.3 0.5 
Condenser outlet temperature  

(deg C) 
 
-  

 
68.68 

 
(b) Exogenous parameters 

Item STGS HTPS 
Terminal temp diff of HRSG  

(deg C) 
 
60 

 
60 

Turbine adiabatic efficiency (%) 80 80 
Dryness of turbine outlet  

steam (%) 
 
> 92 

 
> 92 

Pump adiabatic efficiency (%) 75 75 
Generator efficiency (%) 96 96 
Miscellaneous power  

consumption rate 
 
5 (%) 

 
5 (%) 

Combustor combustion  
efficiency (%) 

 
- 

 
99 

Compressor adiabatic efficiency 
 (%) 

 
- 

 
80 

Temperature efficiency of  
regenerator (%) 

 
- 

 
75 

Heating & heated side pressure
 loss rate of regenerator (%) 

 
- 

 
5 

Unit oxygen production power  
(kWh/t-O2) 

 
- 

 
237.9 

*a: 8.0 to 12.0 by 0.5  **b: 120 to 260 by 10 
 
 

STGS was assumed to be the obtainable highest 
temperature, and the TIT of the HTPS was assumed to be 
850 deg C, considering that cooling of turbine blade is 
difficult for small scale H2O turbine. The best value of 
the TIP was searched by changing TIT from 8.0 to 12.0 
ata (kg/cm2) for STGS, and 2.02 to 47.9 ata for HTPS, 
since the temperature of saturated steam was changed 
from 120 to 260 deg C in the HTPS.  

 
Condenser outlet pressure (CPres) also gives a great 

influence on the performance of the two systems.  The 
Cpres of the HTPS was set to 0.5 ata, higher by 0.2 ata 
compared to that of the STGS. This is because CO2 gas 
formed by combustion reaction of the fuel is included in 
the condenser outlet gas of the HTPS.  It was assumed 
that dryness of turbine outlet steam should be higher than 
92% for avoiding turbine blade mechanical destruction.  
The fuel used was assumed to be CH4 only, for 
simplicity of discussion.     

 
  The other values in Table 2 are based on previous  

Table 3 Estimated characteristics of the conventional   
system (STGS) and proposed system (HTPS) 

 
Item STGS HTPS 

HRSG output steam  
 temperature (deg C) 

 
280 

 
160 

Turbine inlet temperature  
(deg C) 

 
280 

 
850 

Turbine inlet pressure (ata) 11.0 5.69 
Turbine inlet flow rate (t/h) 1.02 1.43 
Generator power output (kW) 140 339 
Oxygen production and 
 compression power (kW) 

 
- 

 
39.2 

CO2 liquefaction power (kW) - 10.3 
Inhouse power rate (%) 5.38 22.2 
Net generated power (kW) 133 264 
Net generated power increase  
 rate (%) 

 
5.54 

 
11.0 

Net steam-base power  
 generation efficiency (%) 

 
17.2 

 
- 

Fuel consumption (kW) 0 429 
Fuel-base gross power  
 generation efficiency (%) 

 
- 

 
79.1 

Total net power generation  
 efficiency (%) 

 
49.6 

 
48.1 

 
 
analyses performed by the authors on a variety of power 
generation systems, and are considered to be realizable  
by applying present technologies.  
 
3.2 Estimated Characteristics of STGS 

The best results have been obtained when the 
pressure is 11.0 ata for STGS. Estimated characteristics 
of the STGS are shown in Table 3.  

  
  It can be seen from Table 3 that the net generated 
power has been estimated to be only 133 kW (net power 
increase rate of 5.54%).  This is because the exhaust gas 
temperature of the MCFC is relatively low and the 
turbine inlet steam flow rate is estimated to be only 1.02 
t/h. 
 
  3.3 Estimated Characteristics of the Proposed 
System 

Estimated characteristics of the proposed system 
(HTPS) are also shown in Table 3, where the best results 
obtained are described when the HRSG output steam 
temperature is 160 deg C for HTPS. 

 
  As can be seen from Table 3, the generator power 
output has been estimated to be 339 kW, that is, 2.42 
times greater than that of STGS. This is because that the 
turbine inlet gas flow rate is 1.43 t/h, being 1.40 times 
greater than that of STGS, and TIT is 850 deg C, being 
3.04 times higher.  However, 39.2 kW of oxygen 
production and compression power and 10.3 kW of CO2 
liquefaction power are required for the CO2-capturing 
proposed system. Hence the net generated power has 
been estimated to be 264 kW, 1.98 times greater than 



   
 

that of STGS. 
 

It should be noted that fuel-base gross power 
generation efficiency of the proposed system has been 
estimated to be very high, that is 79.1%, because 
saturated steam with relatively large enthalpy is used as 
the main working fluid of the H2O turbine instead of the 
air, and compression process of the air, which is 
remarkably energy-consuming process in the Brayton 
cycle, is not required for the HTPS.  Hence the 
proposed system has the advantage that the power for 
oxygen production and compression power as well as the 
liquefaction power of the captured CO2 become 
relatively small. 
 

It should also be noted that the total net power 
generation efficiency of HTPS, 48.1%, has been 
estimated to be higher than 47% of the MCFC, but to be 
lower than 49.6% of STGS.  This is because additional 
fuel is required to increase power output and that all the 
generated CO2 should be captured in the proposed 
system.  It needless to say that the net CO2 reduction 
effect can not be decided only by the power generation 
efficiency, because the power output should also be 
taken into account.   The CO2 reduction characteristics 
are evaluated in the next chapter. 

. 
 

4. ESTIMATED ECONOMICS AND CO2-
REDUCTION CHARACTERISTICS 

 
4.1 Premises for Evaluating Economics and CO2-
Reduction Characteristics 
  Various indices have been proposed for economic 
evaluation of power generation systems so far. Unit 
power cost, annual gross profit, and depreciation year 
were adopted in the present research. As for the 
definition of these indices, see Ref. (8).  Table 4 shows 
the major values assumed for performing economic 
evaluation(2)-(6), where Japanese yen was converted into 
US dollar by using the relation 100 yen = 1 US $, for 
simplicity of conversion. 

 
Although various methods have been proposed to 

estimate CO2 reduction quantities, the same method 
described in Ref. (5) was adopted in the present study.  
That is, the annual generated power energy in the 
investigated system was first estimated.  Second the 
fuel (CH4) amount was estimated to generate the same 
power energy amount in the conventional power plant 
having the power generation efficiency of 50%.  Lastly, 
the generated CO2 quantity from burning the fuel was 
calculated and assumed to be equal to the CO2 reduction 
quantity, since both the investigated systems emit no 
CO2 into the atmosphere. 

 
4.2 Discussions on the Results Estimated for STGS 
  Estimated economical and CO2 reduction character-
istics of the conventional system (STGS) are shown in 
Table 5. 
 
   

Table 4  Values assumed for economic evaluation 
 

Item Assumed value 
Unit cost of power generation  
facility 

 
1000 $/kW 

Unit cost of oxygen production 
facility 

 
82e+3 $/t-O2/h 

Unit cost of CO2 liquefaction 
facility 

 
3.1e+6/t-O2/h 

Life time of the facilities 15 year 
Rate of facility maintenance cost 5 %/year 
Interest rate of capital 5 %/year 
Unit cost of fuel 4e-3 $/MJ 
System operation rate 66.67 % 
Man-power cost 75e+3 $/year 
Average power selling cost 0.12 $/kWh 
 
 
Table 5  Estimated economical and CO2 reduction 

characteristics of the conventional system (STGS) and 
the proposed system (HTPS) 

 
Item STGS HTPS 

Total facility cost (e+3 $) 140 512 
Cost rate of oxygen production  

facility (%) 
 
- 

 
19.9 

Cost rate of CO2 liquefaction  
equipment (%) 

 
- 

 
14.0 

Depreciation cost (e+3 $/y) 13.5 49.4 
Maintenance cost (e+3 $/y) 7.02 25.6 
Fuel cost (e+3 $/y) 0 36.0 
Annual power generation cost  

(e+3 $/y) 
 
95.6 

 
186 

Annual power selling income  
(e+3 $/y) 

 
93.1 

 
185 

Annual gross profit (e+3 $/y) -2.43 -1.16 
Unit cost of power ($/kWh) 0.123 0.121 
Depreciation year of the capital  

(year) 
 
20.5 

 
15.5 

Amount of captured CO2  
(t-CO2/y) 

 
0 

 
494 

Amount of CO2 reduction  
(t-CO2/y) 

 
306 

 
608 

Cost of CO2 reduction ($/t-CO2) 7.94 1.91 

 
 

  It can be seen that the annual gross profit has been 
estimated to have negative value and depreciation year of 
the capital to be longer than the life time of the facilities, 
and that the STGS is not economically feasible. Hence 
the estimated power increase of 5.54% is difficult to be 
realized from the economical point of view.   
 
  However, the amount of CO2 reduction is estimated to 
be 306 t-CO2/y and the cost of CO2 reduction to be only 
7.94 $/t-CO2.  Hence installation of STGS into MCFC 
system can be considered to be a good measure for 
reducing CO2 emission.  



   
 

                      

 
(a) annual gross profit 

 

 
(b) unit cost of power 

 

 
(c) depreciation year of the capital 

 
Fig. 3  Estimated economical indices of annual gross 
profit, unit cost of power, and depreciation year of the 
proposed system when TIT is changed from 120 to 260 
deg C 
 
 
4.3 Discussions on the Results Estimated for HTPS 
  Figure 3 shows the estimated economical indices of 
annual gross profit, unit cost of power, and depreciation 
year of the proposed system, when TIT is change from 
120 to 260 deg C, that is, TIP is changed from 2.02 to 
47.9 ata.  It can be seen from Fig. 3 that economics is 
estimated to be best when TIT is 160 deg C.  This is be- 
cause that fuel-base power generation efficiency is in-  

 
Table 6  Estimated thermodynamic, economical and 

CO2 reduction characteristics of the proposed system 
(HTPS) when TIT is raised from 850 to 1000 deg C 

 
Item HTPS HTPS 

Turbine inlet temperature  
 (deg C) 

 
850 

 
1000 

HRSG output steam  
temperature (deg C) 

 
160 

 
160 

Turbine inlet pressure (ata) 5.69 5.69 
Turbine inlet flow rate (t/h) 1.43 1.47 
Generator power output (kW) 339 419 
Oxygen production and 
 compression power (kW) 

 
39.2 

 
49.4 

CO2 liquefaction power (kW) 10.3 13.0 
Inhouse power rate (%) 22.2 22.5 
Net generated power (kW) 264 325 
Net generated power increase  
 rate (%) 

 
11.0 

 
13.5 

Fuel consumption (kW) 429 540 
Fuel-base gross power  
 generation efficiency (%) 

 
79.1 

 
77.5 

Total net power generation  
 efficiency (%) 

 
48.1 

 
48.3 

Total facility cost (e+3 $) 512 638 
Cost rate of oxygen production  

facility (%) 
 
19.9 

 
20.1 

Cost rate of CO2 liquefaction  
equipment (%) 

 
14.0 

 
14.1 

Depreciation cost (e+3 $/y) 49.4 61.4 
Maintenance cost (e+3 $/y) 25.6 31.9 
Fuel cost (e+3 $/y) 36.0 45.4 
Annual power generation cost  

(e+3 $/y) 
 
186 

 
214 

Annual power selling income  
(e+3 $/y) 

 
185 

 
228 

Annual gross profit (e+3 $/y) -1.16 13.8 
Unit cost of power ($/kWh) 0.121 0.113 
Depreciation year of the capital  

(year) 
 
15.5 

 
11.3 

Amount of captured CO2  
(t-CO2/y) 

 
494 

 
623 

Amount of CO2 reduction  
(t-CO2/y) 

 
608 

 
749 

Cost of CO2 reduction ($/t-CO2) 1.91 -18.5 

 
 
creased as TIT is raised, but generated steam flow at 
HRSG is decreased, and so net generated power output 
has the optimal value in the meaning that each 
economical index has the maximum or minimum value. 
Estimated economical and CO2 reduction characteristics 
of the proposed system (HTPS) when HRSG output 
steam temperature was set to 160 deg C are also shown 
in Table 5. 
 
  It can be seen from Table 5 that the total facility cost 



   
 

has been estimated to be remarkably high, that is 3.66 
times larger, compared to that of STGS because the cost 
of oxygen production and CO2 liquefaction equipment 
are additionally required.  However, annual power 
selling income is estimated to be 1.99 times larger, 
compared to that of STGS, since the net generated power 
output is 1.99 times larger, and hence the depreciation 
year of the capital is estimated to be 15.5 year, almost 
equal to 15 year, the life time of the facilities.     
 
  CO2 reduction amount has been calculated to be 608 t-
CO2/year, compared to 306 t-CO2/year of STGS, and 
the CO2 reduction cost has been estimated to be 
negligible small, even when the costs of oxygen 
production and CO2 liquefaction facilities, and their 
energy consumption were taken into account.   That is, 
1.91 US $/t-CO2, compared to 7.94 US $/t-CO2 of 
STGS. 
 
4.4 Effects of Raising Turbine Inlet Temperature of 
HTPS 
  The proposed system is based on gas turbine 
technologies, so that it is relatively easy to increase the 
turbine inlet temperature (TIT).  It has been evaluated 
how much the characteristics and economics can be 
improved when the TIT of the proposed system is 
increased, for example, to 1000 degree C.   

 
  Table 6 shows estimated thermodynamic, economical 
and CO2 reduction characteristics of the proposed 
system (HTPS) when TIT is raised to 1000 deg C.  It 
has been estimated that the net generated power is 325 
kW, increase rate of net generated power 13.5%, annual 
gross profit 13.8 e+3 $/y, unit cost of power 0.113 
$/kWh, and the depreciation year of the capital 11.3 year, 
that is HTPS is economically feasible. Hence CO2 
reduction is not cost-consuming for high-temperature 
proposed system but becomes to be profitable, that is the 
gain of 18.5 $/t-CO2. 
 

 
5. CONCLUSIONS 

 
  The scale of 2.4 MW MCFC was taken as an example 
of the MCFC to construct a high-efficiency and 
economical power generation system (HEES) in the 
present paper.  First, the conventional steam turbine 
power generation system (STGS) was evaluated for 
constructing a HEES. Second, a CO2-caputuring 
repowering system based on oxy-fuel combustion, that 
utilizes exhaust gas of MCFC, was proposed.  The 
characteristics of power generation and economics of the 
proposed system (HTPS) have been estimated, ant it has 
been shown that the characteristics of the HTPS are 
superior to those of STGS.  Finally it has been shown 
when the turbine inlet temperature of the proposed 
system is increased to 1000 degree C, CO2-capturing is 
not cost-consuming but becomes to be profitable, owing 
to improved power generation characteristics. 
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