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CHAPTER 5 

MODELING AND ANALYSIS OF SOFC INTEGRATED 

COMBINED CYCLES WITH THREE DIFFERENT BOTTOMING 

STEAM TURBINE CYCLES 

5.1 Introduction 

As indicated in Chapter 2, a myriad of potential SOFC–GT hybrid cycle 

configurations have been proposed and investigated. These hybrid systems can achieve 

high fuel-to-end-use efficiency with low emissions and also make major contributions to 

new and secure fossil-fueled energy infrastructure [1]. From literature review in Chapter 

2, it was also found that SOFC integrated combined GT–ST cycle is more efficient than 

the SOFC–GT cycle. The HRSG is the most crucial component in any CC plant (with or 

without SOFC) where the waste energy of the GT exhaust gases is utilized for generating 

steam for the bottoming ST (Rankine) cycle. In a conventional boiler, the rate of steam 

generation depends upon the power load and fuel LHV; accordingly, the necessary 

amount of fuel is burnt to meet the steam demand. It would also depend upon the exit 

flue gas temperature, which is usually assumed in most of the cases. This scenario in a 

HRSG is however different. Arbitrary assumption of the exit gas temperature or the 

steam generation rate in HRSG may lead to cross temperature situations where the flue 

gas temperatures at evaporator and economizer exit might become less than the 

respective steam saturation temperature in the evaporator and economizer water inlet 

temperature. Under this situation, no steam generation can occur in HRSG. Exhaust gas 

flow rate, its composition and temperature are very crucial in a HRSG as they greatly 

influence the steam production. The steam pressure is also another important factor in 

HRSG with significant effect on steam generation rate and the final exit gas temperature. 

Some of the recent trends in HRSG design include use of (i) multiple-pressure units for 

maximum energy recovery, (ii) high temperature superheaters or reheaters in CC plants 

and (iii) auxiliary firing for efficient steam generation [2]. 

Besides the above, there are certain other drawbacks of the Rankine cycle for its 

use in bottoming applications. Steam/water as working fluid in the Rankine cycle is not 

suitable for high temperature application due to its low critical temperature (375°C). 

Also due to heat addition at constant vaporization/evaporation temperature, there is 

always a high temperature difference between the hot flue gas and evaporating water in 
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the HRSG. Consequently, with high temperature difference between the hot exhaust gas 

source and the water/steam, the exergy destruction or the irreversibility associated with 

heat transfer would be more. 

In order to reduce the temperature difference between the hot and cold fluid 

stream, sometime the Rankine cycle is substituted with the Kalina cycle [Fig.5.1] where 

a mixed working fluid of variable composition is used; a very common is the mixture of 

water and ammonia. The ammonia has low boiling point and hence it evaporates first 

reducing its concentration in the mixture. As a result, the boiling temperature of the 

mixture increases which in turn reduces the temperature difference between the hot 

exhaust gas and the fluid in the vapor generator causing a rise in the efficiency of the 

bottoming cycle.  

 

Fig. 5.1: Flow scheme of the Kalina cycle. 

Advanced Rankine cycles are also used to maximize energy recovery from hot 

exhaust gas in HRSG.  Some of these cycles are discussed below. 

5.1.1 Advanced bottoming ST (Rankine) cycles 

5.1.1.1 Multi-pressure HRSG 

A very recent trend which is used in HRSG design for maximum heat recovery is 

the use of second (dual) or third pressure level (triple pressure) where steam in the 

HRSG, instead of producing at a single pressure level is produced at two pressure levels 

in the dual pressure cycle (high and low) and at three pressure levels (high, intermediate 
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and low) in the triple pressure cycle.  Fig. 5.2 and Fig. 5.3 show three such typical 

arrangements of dual pressure and triple pressure HRSGs.  
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Fig. 5.2: Dual pressure HRSG with reheat 

 

 

Fig. 5.3: Triple-pressure heat recovery steam generator with reheat [1] 

Usually with a single-pressure HRSG, it is possible to generate about 30% of the 

total plant output in the steam turbine. The power output of the ST cycle can be increased 

by up to 10% through use of dual-pressure arrangement and a few more percentage of 

power enhancements is possible through usage of triple-pressure cycle [1, 3]. 

Efficiency as high as 58.5% was reported for a CC plant that used ABB 

manufactured GT–26 gas turbine with a triple-pressure reheat HRSG [4]. Jericha et al. 

[5] proposed steam bottoming cycle with five and even more pressure levels in 
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combination with steam turbo-chargers for obtaining higher efficiency. These are certain 

arrangements that are practiced for (i) utilizing high temperature exhaust heat with a 

minimum temperature difference and (ii) avoiding use of mixed working fluid as in the 

Kalina cycle. 

Bottoming ST cycle with multi-pressure HRSG is however not very cost-

effective for small scale power generation.  There are certain other methods such as (i) 

water flashing (ii) steam recompression (iii) steam flow splitting which can be used to 

simplify heat recovery in the HRSG. These are briefly discussed in the following 

subsections.  

5.1.1.2 Water flashing  

Water flashing is a concept proposed by Dechamps [6] in which vapor at low 

pressure is produced by extracting pressurized water from the boiler drum and flashing it 

in a flash tank (Fig. 5.4). With the use of water flashing, efficiency is improved over the 

single pressure cycle and it is almost comparable with the dual-pressure HRSG scheme. 

5.1.1.3 Steam recompression  

Cheng et al. [7, 8] proposed the concept of steam recompression where the steam 

pressure in the steam drum is raised by means of a compressor (Fig. 5.5).  This is useful 

in a situation where it involves low steam flow rate and it is difficult to split the flow into 

different pressure levels. Steam recompression bottoming cycle is comparable to the 

conventional dual-pressure cycle and one notable advantage is that it requires smaller 

boiler surface area [9]. 

  
Fig. 5.4: Water flashing [1] Fig. 5.5: Steam recompression [1] 
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5.1.1.4 Steam flow splitting  

The concept of steam flow splitting and recompression is another way that 

provides operating flexibility to a ST (Rankine) cycle in cogeneration mode under 

various heat loads [10]. In this system, the excess steam is recompressed to initial 

pressure by a compressor driven by a back-pressure ST (Fig. 5.6) and a constant flow 

through the main ST guarantee the full power load while maintaining different heat load 

conditions. This is certainly better and more efficient than a conventional cogeneration 

system where varying heat load conditions are accomplished through (i) expansion of 

excess steam in an expensive low pressure condensing part of the ST which at full heat 

load would result in significant energy loss, (ii) dumping of excess steam in a dump 

condenser which by any means can’t be a good solution (iii) use of steam injection in a 

GT which however is possible but would demand a specially designed turbine to work in 

this mode.  

 

 

Fig. 5.6: Steam flow splitting in a ST based cogeneration plant 

5.1.2 Pinch point analysis 

The heat transfer in a heat exchanger is governed by the temperature difference 

between the hot and cold stream. The maximum possible heat transfer is limited by the 

minimum allowable temperature difference at certain location in the heat exchanger. The 

point where temperature difference is minimum is called the pinch point and the 

associated thermodynamic analysis is called as pinch point analysis. Pinch point analysis 
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provides a systematic methodology for energy saving in heat exchange processes [11, 

12].  

In a HRSG, the pinch point is the difference between the exhaust gas temperature 

at evaporator exit and the steam saturation temperature. Pinch point directly affects the 

steam production and the gas and water/steam temperature profiles. Approach point 

which is the difference between the saturated steam temperature and water temperature 

at evaporator inlet is another important HRSG design parameter. Selection of appropriate 

pinch and approach point is of paramount importance in HRSG design as they affect the 

size of the heat exchangers (superheater, evaporator, and economizer). No doubt, a low 

pinch point is desired for increased steam production but in the limit when it is very low, 

the heat exchanger size would increase infinitely making it costly and unrealistic. The 

pinch and approach points for unfired HRSGs are usually in the range of 15-30°C [2]. 

5.2 Objective 

In this research study, the multi pressure steam boiler concept is adopted in order 

to reduce temperature difference between hot exhaust gas and water and also as a means 

of reducing heat transfer irreversibility in the HRSG.  A novel SOFC–GT–ST 

configuration with triple pressure reheat ST cycle is considered to analyze 

thermodynamically with the help of first law (energy) and second law (exergy) of 

thermodynamics. Further, the performance of this combined cycle configuration is 

compared under identical conditions with two other configurations, having dual pressure 

reheat and single pressure bottoming ST cycles. Pinch principle is applied in modeling 

HRSG of the three systems.  The effect of approach point is however not considered to 

avoid further complexity in HRSG modeling.  

5.3 Hybrid SOFC–GT–ST system configuration with triple pressure reheat ST cycle 

 The SOFC–GT–ST system configuration with triple pressure reheat ST cycle is 

shown in Fig. 5.7. In this schematic, the GT exhaust is utilized for preheating fuel and air 

subsequently in the fuel recuperator (FR) and the air recuperator (AR). The exhaust 

gases leaving the AR is finally utilized to produce steam in the HRSG at three pressure 

levels viz. high pressure (HP), intermediate pressure (IP) and low pressure (LP). Fuel 

(methane) and air are compressed in the fuel compressor (FC) and air compressor (AC) 

respectively. Certain amount of compressed fuel is fed into the SOFC anode via the FR 
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and the pre-reformer (PR). A PR is used because in SOFC integrated power systems, 

often partial reforming is done to avoid problems associated with entrance region local 

sub-cooling, inhomogeneous temperature distributions, thermal stress and anode carbon 

deposition etc. Therefore, 30% fuel reforming [13] is considered in the PR and this is 

achieved by mixing steam extracted from the ST at the desired pressure.   Remaining 

70% fuel is reformed internally within the SOFC utilizing the left over steam from the 

PR and the heat of the exothermic electrochemical reaction. A part of the compressed 

fuel is fed directly into the combustor (by-passing the FR, PR and the SOFC) which is 

burnt along with the SOFC off residual fuels (hydrogen, methane and carbon monoxide) 

and excess air. The superheated steam produced in the HRSG at HP level is first 

expanded to IP and then further reheated in the reheater. Steam is again produced in the 

HRSG IP stage which is fed into the ST together with the original steam at same pressure 

and temperature for expansion in the ST. Steam is also produced in the HRSG at LP 

level for expanding it together with the original steam up to the condenser pressure. One 

open water heater (OWH) is used for the purpose of feed water preheating.  
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Fig. 5.7: SOFC–GT–ST configuration with triple pressure reheat ST cycle 

5.4 Dual pressure reheat and single pressure ST cycles 

 The dual pressure reheat and single pressure ST cycles are also shown separately 

in Fig. 5.8 and Fig. 5.9. The topping GT cycle is the same in all the three configurations. 

In the single pressure ST cycle (Fig. 5.9), steam is produced at a single pressure of 40 bar 
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while in the dual pressure reheat cycle, steam is produced at two pressure levels (200 and 

40 bars). The steam produced at 200 bar is first expanded to 40 bar and then further 

reheated in the reheater. Steam is again generated in the HRSG at 40 bar which enters the 

ST together with the reheated steam at same temperature for expansion in the ST.  The 

SOFC–GT–ST configuration with single pressure HRSG shown in Fig. 5.9 is different 

from the one presented in Fig. 3.1 in Chapter 3. In this configuration, we have considered 

one OWH which was not present in the previous configuration.    
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Fig. 5.8: SOFC–GT–ST configurations with dual pressure reheat ST cycle 
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Fig. 5.9: SOFC–GT–ST configurations with single pressure ST cycle 

5.5 Modeling assumptions 

The thermodynamic modeling which is used for simulation of the three SOFC–

GT–ST configurations in this chapter is based on the following assumptions: steady state 

operation; identical cells in the SOFC stack; adiabatic cells with negligible heat loss to 

the surrounding; ideal gas model for anode, cathode and combustion gases; identical  
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temperature of anode and cathode exit stream; negligible kinetic and potential 

energy; standard reference state of 298.15 K and 1.01325 bar; negligible chemical 

exergy of air and negligible fuel thermo-mechanical exergy. The input parameters 

assumed for simulation of the SOFC–GT–ST systems with triple pressure reheat, dual 

pressure reheat and single pressure ST cycle are shown in Table 5.1, Table 5.2 and Table 

5.3 respectively.  The other input parameters shown for the compressors, SOFC, 

combustor, GT cycle and the recuperators in Table 5.1 for the system with triple pressure 

reheat are same for the other two systems with dual pressure reheat and single pressure 

ST cycles.  

5.6 Thermodynamic modeling of the topping SOFC–GT cycle 

 The topping SOFC–GT cycles as shown above in Figs. 5.7-5.9 for the three 

systems with triple pressure reheat, dual pressure reheat and single pressure ST cycle are 

the same with that of Fig. 3.1 discussed in Chapter 3. Therefore, the thermodynamic 

modeling of the topping SOFC–GT cycle which was described in Chapter 3 will also be 

similar for the topping SOFC–GT cycles in these configurations (Figs. 5.7-5.9). As it 

was described in detail in Chapter 3, therefore, in this chapter, this is not repeated and 

instead, only the key points are highlighted.   

5.6.1 SOFC electrochemical and thermodynamic model 

As presented in Chapter 3, the actual voltage of a single fuel cell is the reversible 

open circuit voltage minus the cell over-potentials (ohmic activation, concentration). The 

reversible open-circuit voltage of a single fuel cell is calculated using the Nernst 

equation [27, 15]. Ohmic over-potential is calculated using current density, temperature 

dependent specific resistivity, coefficients and thickness values of SOFC components 

[16, 17].  The well-known Butler–Volmer equation is used to calculate the activation 

over-potential considering a transfer coefficient value of 0.5 [13, 17, 18]. Anode and 

cathode exchange current density are calculated using equations taken from reference 

[13]. Concentration over-potential is calculated considering porous electrode structure 

such as porosity, tortuosity, pore radius and mass transport in the porous electrodes 

through use of ordinary binary and Knudsen diffusion [13, 19].  
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Table 5.1: Assumed parameters for SOFC–GT–ST system with triple pressure reheat 

cycle 

 Parameter Value 

SOFC 

      Fuel flow rate  300 kmol/h
 

      Additional fuel flow rate 100 kmol/h 

      Fuel utilization factor     0.85 

      Air flow rate  45000 kmol/h
 

      Oxygen utilization factor                                                                                                 0.25 

      Steam to carbon ratio 2.5 

      Current density 0.3  A/cm
2
 

GT cycle  

      Compressor isentropic efficiency                                                                          85% 

      GT isentropic efficiency                                                                                          85% 

      Combustor efficiency                                                                                              95% 

      Recuperator (AR and FR) effectiveness                                                                                          75% 

      Generator efficiency  90% 

Pressure drop  

     SOFC pressure drop                                                                                              4% 

     Recuperator pressure drop (AR and FR)                                                                                        4% 

     Combustor pressure drop                                                                                          5% 

HRSG components  

2% for the gas side in all heat 

exchangers 

1.5 % in the HP, IP and LP 

economizers 

2% in the HP superheater 

2% in the reheater 

 3% in the IP and LP superheaters 

ST cycle   

     HP stage pressure 200 bar 

     IP stage pressure 40 bar 

     LP stage pressure 3.0 bar 

     OWH steam extraction pressure 1.5 bar 

     Condenser pressure 0.05 bar 

     ST isentropic efficiency 80% 

     BFP isentropic efficiency 80% 

     Generator efficiency  90% 

     Motor efficiency  75% 

Source: Reference [14, 22, 23] for pressure drop values 
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The same SOFC thermodynamic model which was presented in Chapter 3 is used 

for determining the molar flow rate of the gases taking part in the reforming, shifting and 

electrochemical reactions. These are determined using molar balance of the reacting 

species, equilibrium constant values of the reforming and shifting reactions and the fuel 

utilization factor. Next, the heat of the exothermic reactions (electrochemical and 

shifting) and the endothermic reforming reaction are determined and then heat balance is 

applied to calculate the SOFC stack temperature in an iterative manner. The SOFC 

current is calculated and then the SOFC electric power  
sofcPower is determined by 

multiplying the cell current with the cell voltage. More details about the SOFC 

thermodynamic model are available in [20, 16, 13, 21]. 

Table 5.2: Assumed parameters for SOFC–GT–ST system with dual pressure reheat 

cycle 

 Parameter Value 

 HRSG components  

2% for the gas side in all heat 

exchangers 

1.5 % in the 1
st
 and 2

nd
 stage 

economizers 

2% in the 1
st
 stage superheater 

2% in the reheater 

 3% in the 2
nd

 stage superheater 

ST cycle   

1
st
stage pressure 200 bar 

2
nd

stage pressure 40 bar 

OWH steam extraction pressure 1.5 bar 

Source: Reference [14, 22, 23] for pressure drop values 
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Table 5.3: Assumed parameters for SOFC–GT–ST system with single       

pressure ST cycle 

 Parameter Value 

 HRSG components  

2% for the gas side in all heat  

exchangers 

1.5 % in the economizer 

2% in the reheater 

 3% in the superheater 

ST cycle   

Single stage pressure 40 bar 

OWH steam extraction pressure 1.5 bar 
  

Source: Ref. [14, 22, 23] for pressure drop values 

5.6.2 SOFC irreversibility calculation  

As mentioned previously in Chapter 3, the chemical and the thermo-mechanical exergy 

of inlet and outlet streams are considered in SOFC irreversibility calculation. Chemical 

exergy of the component ‘ i ’ at electrode inlet and exit is calculated as given below [13, 

17]. 

  iich

i

ich XTRexnxE ln0,  

 

 (5.1) 

Similarly, thermo-mechanical exergy:  
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
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





0

0

00

00 ln)()(
p

p
RTsTsTThThnxE iiii

i

itm
    (5.2) 

Total exergy is the sum of the chemical and the thermo-mechanical exergy.  

tmch xExExE  
 

 (5.3) 

Thus SOFC irreversibility: sofcSOFC PowerxExExEI  873
     (5.4) 

5.6.3 Modeling of other components of the topping GT cycle  

The other components of the topping GT cycle are also modeled following the 

same procedure described in Chapter 3.The composition and temperature of the burnt gas 

at the combustor exit are determined through energy balance and stoichiometry of the 

fuel combustion reactions [17]. The combustion gases (CO2, H2O, O2 and N2) are 
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assumed as ideal gas mixture. Molar specific heat and enthalpy of the combustion gases 

are calculated considering those as temperature dependent. The total mass flow rate, 

mass based specific heat and characteristic gas constant of the combustion gases are 

calculated following the procedure outlined in reference [24]. The compressors (AC and 

FC), the PR and the GT are modeled using methods described in reference [13]. The PR 

with 30% fuel conversion is modeled using the partial pre-reforming reaction taken from 

reference [13] and accordingly, the concentrations of species at PR outlet are determined 

from mass balance. Effectiveness-NTU method is used for modeling AR and FR.     

The net power output from the GT plant is calculated as follows.  

   genFCACGTGTnet WWWW  
,  

 (5.5) 

In the above equation, gen is the generator efficiency. Exergy destruction (irreversibility) 

occurring in various components is calculated as stated below. Compressor (AC and FC) 

irreversibility is calculated from the following equation [13]:  
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(5.6) 

 PR irreversibility:  

726 xExExEIPR
 

 
(5.7) 

The combustor irreversibility is determined from the following exergy balance equation. 

985 xExExEICombustor
 

 
(5.8) 

GT irreversibility: 

    TERRnTI GTsgGT ln1 ,0  
 

(5.9) 

The irreversibility in the recuperators (AR and FR) is calculated using Eq. (5.10). 

FRARI /
 = Decrease in exergy rate of hot stream - Increase in exergy rate of cold stream 

(5.10) 
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5.7 Thermodynamic modeling of the bottoming ST cycles  

The thermodynamic models developed for simulation of (i) triple pressure reheat 

(ii) dual pressure reheat and (iii) single pressure ST cycles are discussed in the following 

sub sections. A gas side pressure loss of 2% is considered in every heat exchanger in all 

three pressure stages of the HRSG including that in the reheater. In the water/steam line 

also, pressure drops (specified in Tables 5.1-5.3) in the HP, IP and LP economizers and 

super heaters are considered. Water line pressure losses in the evaporator, OWH and 

condenser are however neglected.   

5.7.1 Triple pressure reheat ST cycle 

The triple pressure reheat cycle consists of the HRSG, the ST, the condenser, four 

boiler feed pumps (BFPs), one OWH and a reheater. The HRSG consists of three 

sections viz. the HP, IP and the LP section. Each section of the HRSG has an economizer 

(ECO), an evaporator (EVA) and a super-heater (SUP). First, the thermodynamic 

properties of water and steam at all salient points of the cycle are determined using 

model equations taken from reference [25]. For calculating steam enthalpy at states 2

and 74  , the turbine isentropic efficiency value is used while water enthalpy at states 

9and 3111  is calculated using pump isentropic efficiency value. After calculating 

enthalpy values at these specific states, the corresponding temperatures are determined 

using another set of equations taken from reference [25] and finally the entropy values 

are calculated. 
 

The temperature of the combustion gas at state 12 is known a priori from the 

topping GT cycle. A temperature difference of 153°C between the flue gas at state 12b 

and saturated water at state a13 is selected to calculate the mass flow rate of steam in the 

HRSG HP stage (200 bar) using Equation, (5.11). The selected temperature difference is 

sufficient to maintain 15°C-20°C temperature difference between 14T  and 3T  at the 

entrance of the IP stage superheater.  The temperature 3T of superheated steam at 

reheater and IP stage superheater exit is the same which is assumed 693.15 K. Next, the 

temperature of exhaust gas at state points 12a is calculated.  

 

 a

bavpgg

HPs
hh

TTCm
m

 




131

1212,

,




 

(5.11) 
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In Eq. (5.11), avpgC , is the mass based average specific heat of the exhaust gas at 

temperatures 12T and bT12 . The molar specific heat of the combustion gases is calculated 

using Eq. (5.12) [26] and values of the coefficients  ia are taken from reference [27].   

4

5

3

4

2

321 TaTaTaTaa
R

C p


 
 (5.12) 

Mass flow rate and mass based specific heat of the combustion gases are determined as 

follows 

i

i

ig Mnm  
 

 (5.13) 

             i

ip

i

ipg
M

C
YC

,


        

(5.14) 

In the above equations, in , iY and iM are the rate form molar composition, mass fraction 

and molecular weight of the gaseous components.  

Flue gas temperature at state 13,  13T is initially assumed 1°C lower than bT12 . Next, 

avpgC , is determined by averaging its values at bT12  and 13T . Then from energy balance in 

the economizer of the HP section, the new gas temperature at state 13 is determined 

iteratively as follows: 

 

avpgg

aHPs

bnew
Cm

hhm
TT

,

3113,

12,13 

  


 

(5.15) 

In every iteration, newT ,13 is updated and calculation is repeated until the difference 

between two successive values is negligibly small.  

The steam produced in the HRSG HP stage at 200 bar is first expanded to 40 bar (IP 

stage) and then reheated in the reheater from 2T to 3T . In the reheater, the flue gas 

temperature decreases from 13T  to 14T  and the following iterative procedure is adopted to 

calculate the exhaust gas temperature at the reheater exit  14T .  
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Flue gas temperature at state 14,  14T is initially assumed 1°C lower than 13T . 

Next, avpgC , is determined by averaging its values at 13T  and 14T . Then from energy 

balance in the reheater, the temperature at state 14 is determined in an iterative manner 

calculating newT ,14 from Eq. (5.16) and updating its value until the convergence criteria is 

fulfilled. 

 

avpgg

HPs

new
Cm

hhm
TT

,

23,

13,14 


 



 

(5.16) 

Next, the mass of steam generated in the HRSG IP stage (40 bar) is determined using Eq. 

(5.17) assuming 40°C temperature difference between the flue gas at state 14b and 

saturated water at state a12 . This is also done to maintain a temperature difference in the 

range of 15°C to 20°C between 15T  and 5T  at entrance of the LP stage superheater.   

 
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bavpgg
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(5.17) 

avpgC ,  in the above equation is determined by averaging its values at temperatures 14T  

and bT14 . Flue gas temperature at state 14a is also simultaneously determined. Gas 

temperature at state 15  15T is calculated in an iterative manner using known values of

bT14 , IPsm ,
 , 21 h and ah 12 . 

Following the same procedure, next, the steam generation rate in the HRSG LP 

stage (3 bar) is calculated using Eq. (5.18). For this calculation however, a temperature 

difference of 20°C between combustion gas at state 15b and saturated water at state a11  is 

assumed. 
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(5.18) 

avpgC , in Eq. (5.18) refers to its average value at temperatures 15T and bT15 . 

Simultaneously, the gas temperature at state 15a is determined. And finally, the flue gas 

temperature at HRSG exit  16T  is calculated iteratively using known values of bT15 ,
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LPsm ,
 , 11 h  and ah 11 . Thus, the gas temperatures in the HRSG at all states from 12 to 16 

are calculated. 

The ST power is calculated as follows. 
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(5.19) 

where, PRsm ,
  is the mass of steam extracted for mixing with fuel prior to its entry to the 

PR and OWHsm ,
  is the mass of steam extracted for feed water heating in the OWH.  

Pumping power required in the BFPs is calculated using Eq. (5.20).  
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OWHp  in the above equation is the OWH pressure in kPa. 

The net power output from the ST plant:  
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(5.21) 

In the above equation, motor  is the motor efficiency. Next, irreversible losses in the 

bottoming ST cycle components are determined. HRSG irreversibility is the sum of 

exergy destruction in the economizer, evaporator and superheater of all the three pressure 

sections plus the exergy destruction in the reheater. In a particular component, the 

irreversibility is calculated by subtracting the increase in exergy of the cold stream 

(water/steam) from the decrease in exergy of hot exhaust gas stream. 

Irreversibility in the other cycle components are determined as follows. 

ST irreversibility:  
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    (5.22) 

Condenser irreversibility:  
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Irreversibility in the BFPs:  
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(5.24 

 

OWH irreversibility:  
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(5.25) 

Exergy destructed with the exhaust gases is calculated considering both chemical and 

thermo-mechanical exergy of exhaust gas stream at the HRSG outlet. 

5.7.2 Dual pressure reheat ST cycle 

In the dual pressure reheat ST cycle (Fig. 5.8), the steam generation rate in the 

first stage (200 bar) and the gas temperatures at super heater, evaporator and economizer 

exit are calculated following the same procedure as adopted for the triple pressure cycle. 

The HP steam produced in the first stage is expanded to 40 bar and further reheated to 3T

in the reheater. Again 3T is considered 693.15 K and accordingly the gas temperature at 

reheater exit is calculated iteratively from energy balance. The exhaust gas is next used 

for generating superheated steam at 40 bar and 3T in the second stage (40 bar). The 

steam generation rate in the second stage and gas temperature at state 14a  aT14 are 

determined assuming 20°C temperature difference between bT14 and aT 10 . Finally, the gas 

temperature at HRSG exit  15T is calculated iteratively using known values of steam 

mass flow rate, 01 h , ah 10 and bh14 . The other parameters such as STW , BFPW , STnetW ,
 and 

irreversibility in various components are also calculated adopting similar procedure as 

described in section 5.7.1. 

5.7.3 Single pressure ST cycle 

In the single pressure ST cycle (Fig. 5.9), steam is produced at a single pressure 

of 40 bar and no reheating is considered. To calculate steam generation rate, the 

following equation is used considering 20°C temperature difference between bT12  and 

aT 8 .  
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avpgC ,  in the above equation is determined by averaging its value at temperatures 12T  and 

bT12 . Simultaneously, the gas temperature at state 12a and 13 are also determined. The 

net ST power and component irreversibility are then calculated using known values of 

enthalpy, entropy and mass flow rate at relevant points of the  single pressure ST cycle.  

5.8 Net power and efficiency of the combined plant 

The net power output of the SOFC integrated combined plant: 

STnetGTnetsofcCCnet WWPowerW ,,,
 

 
(5.27) 

The energy and exergy efficiency of the combined plant were calculated using the 

following equations.  
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LHV in Eq. (5.28) is the lower heating value and
4CHex  in Eq. (5.29) is the molar specific 

chemical exergy of fuel. Value of  
4CHex is taken as 830174.37 kJ/kmol.  

5.9 Performance analysis of SOFC–CC system with triple pressure reheat ST cycle 

and comparison with dual pressure reheat and single pressure ST cycle 

In this section, first, the performance results of the SOFC–GT–ST system with 

triple pressure reheat ST cycle is presented. After developing the thermodynamic model 

for the SOFC–GT–ST system with triple pressure reheat ST cycle, next a parametric 

analysis was done to investigate the effect of CPR on energetic and exergetic 

performance of the system. This was done also to investigate the effect of CPR on 

exhaust gas temperature at AR exit (state 12) and STIT  1T . The STIT was for this 

purpose assumed to be 20°C less than the exhaust gas temperature at state 12. This was 
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assumed to maintain a minimum temperature difference between the two mediums at 

superheater inlet and also to ensure that STIT in any case does not exceed the allowable 

limit of maximum 620°C [28]. A temperature difference range of 15–20°C is considered 

between flue gas and steam at superheater inlet in the high and intermediate pressure 

stages of the heat recovery steam generator (HRSG). Also, a temperature difference of 

20°C is maintained at the pinch point between flue gas and saturated water in the low 

pressure stage of the HRSG. 

5.9.1 Effect of CPR on performance SOFC–GT–ST system with triple pressure   

reheat ST cycle 

CPR was varied from 6 to 14 to evaluate its effect on net power and efficiencies 

(energy and exergy) of the system and also on irreversible losses (irreversibility) 

occurring in various system components. It was seen that the net power of the system 

increases with CPR. With increase in CPR, the SOFC power increases due to increase in 

cell voltage caused by reduction in the cell over potentials at higher operating pressure. 

The net GT power also increases with CPR due to increase in turbine expansion ratio 

(TER) and GTIT because the GT power increases at a higher rate than the corresponding 

increase in the compressor power at higher CPR. The net ST power however reduces 

slightly with CPR. With increase in CPR, temperature at state 12 decreases and therefore 

the STIT also decreases causing an overall reduction in the ST power. Low ST power at 

higher CPR could also be due to reduction in steam generation rate in the HP and LP 

section of the HRSG as there is an overall reduction in steam mass generated at higher 

CPR. All these results related to performance variation with CPR are shown in Table 5.4. 

Moreover, when CPR is increased, the steam required for fuel reforming in the PR is 

extracted at high pressure and this is also a factor that contributed to low ST power at 

higher CPR. However, compared to the reduction in ST power, the increase in SOFC and 

net GT power was more and therefore the net power output was more at higher CPR. 

Due to increase in net power, the energy and exergy efficiencies also showed an 

increasing trend with CPR. Further it was seen that the majority of the total power was 

produced by the SOFC. At CPR 14, the SOFC contributed 59.065 % of the net power 

and the contribution of the GT and the ST plants to net power was 32.59 % and 8.345 % 

respectively.    
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Table 5.4: System performance at various CPR of SOFC–GT–ST system with 

triple pressure reheat cycle 

 

CPR 

 

    6     8    10    12    14 

SOFC power (MW) 26.699 27.527 28.129 28.452 28.671 

Net GT power (MW) 11.233 13.113 14.309 15.187 15.819 

Net ST power (MW) 5.065 4.590 4.330 4.149 4.051 

Total power (MW) 42.997 45.230 46.768 47.788 48.541 

Energy efficiency (%) 48.252 50.757 52.482 53.627 54.473 

Exergy efficiency (%) 46.615 49.035 50.701 51.817 52.633 

Single cell voltage (V) 0.550 0.568 0.581 0.588 0.593 

Stack temperature (K) 991 990 990 989 988 

GTIT (K) 1648.6 1649.3 1650.9 1651.8 1652.8 

STIT (K) 886.584 874.226 869.203 866.952 867.057 

 (kg/s) 3.654 3.319 3.180 3.116 3.119 

 (kg/s) 3.252 3.430 3.506 3.541 3.539 

 (kg/s) 0.664 0.527 0.468 0.441 0.441 

Irreversibility (MW)      

HRSG 3.670 3.638 3.626 3.621 3.621 

ST 1.030 0.928 0.873 0.849 0.832 

COND 0.125 0.115 0.111 0.109 0.109 

BPF 0.022 0.021 0.020 0.020 0.020 

PR 4.314 4.242 4.187 4.154 4.126 

SOFC 21.942 19.861 18.383 17.380 16.627 

CC 8.415 8.386 8.362 8.346 8.333 

GT 0.542 0.656 0.744 0.816 0.876 

FR 0.477 0.496 0.500 0.497 0.490 

AR 0.638 0.386 0.231 0.131 0.067 

FC 0.055 0.064 0.071 0.077 0.081 

AC 0.621 0.720 0.798 0.861 0.914 

Exhaust 1.331 1.335 1.336 1.337 1.337 

OWH 0.100 0.092 0.089 0.088 0.088 

Total 43.282 40.939 39.332 38.286 37.521 

HPsm ,


IPsm ,


LPsm ,

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Exergy destructed (irreversibility) in the system components at various CPR is also 

shown in Table 5.4. It was seen that the irreversibility in almost all the components 

decreases with CPR except in the GT, FC and AC. It was also observed that the 

irreversibility in the FR increases initially during CPR variation which however again 

decreases at higher CPR. The three components, in which the irreversibility showed an 

increasing trend with CPR, contribute very little to the total irreversibility; hence the 

total irreversibility of the system was less at higher CPR. Irreversible losses in the BFP 

and with the exhaust gas were not affected by CPR variation.  

5.9.2 Performance comparison of the triple pressure reheat cycle with (i) dual 

pressure reheat and (ii) single pressure ST cycle 

In this study, performance of three SOFC–GT–ST systems with (i) triple pressure 

reheat (ii) dual pressure reheat and (iii) single pressure ST cycle is compared under some 

identical operating conditions.  Reheating in the single pressure ST cycle was not 

considered because, steam was produced at 40 bar and therefore, the dryness fraction of 

steam at ST exit would always be higher than those of the triple and dual pressure reheat 

cycles. The performance comparison amongst the three cycles at CPR 14 is shown in 

Table 5.5. It was seen that the system with the single pressure ST cycle produced the 

highest power amongst the three. Of course, the presented results are specific to the 

assumptions made, modeling procedure adopted and operating conditions selected for the 

three bottoming ST cycles. The net power output was the highest for the system with 

single pressure ST cycle because, although the net ST power was comparatively less, but 

the SOFC and net GT powers were more compared to those of the other two cycles. The 

SOFC stack temperature (992 K) was 4°C higher than those of the dual and triple 

pressure reheat cycles (988 K). This was the reason that GTIT was also relatively high 

and consequently the SOFC and the GT of this particular combined plant could produce 

more power. SOFC power was more because the single cell voltage was high. Moreover 

relatively higher SOFC stack temperature caused reduction in the activation and ohmic 

over potentials leading to higher cell voltage, although the Nernst potential was slightly 

less for this cycle than those of the dual and triple pressure reheat ST cycles.  In the 

single pressure ST cycle, the steam from the ST (required for fuel reforming in the PR) 

was extracted at a higher enthalpy (3349.0 kJ/kg) than those of the dual and triple 



171 

 

pressure reheat cycles (3040.9 kJ/kg). This resulted in comparatively higher SOFC stack 

temperature.   

Usually, SOFC exhibits better performance at temperature above 800°C. High 

operating temperature demands use of expensive materials for the fuel cell electrodes, 

electrolyte, interconnects, seals and insulation. Further, SOFC operation at high 

temperature is highly energy intensive and maintaining a proper balance of plant is a 

challenging task. For an SOFC system to be cost effective, it must provide reasonable 

power output at lower operating temperature and therefore, research programs are 

underway in some countries to develop electrode-supported SOFC using new electrode 

materials and thin film electrolytes [29, 30, 31, 32].  Electrode-supported SOFCs can be 

operated at lower temperature in the range from 600°C to 800°C [33] in which the ionic 

resistance is low due to thinner electrolyte and hence, operating temperature reduces 

significantly.  

Table 5.5: Performance comparison of the SOFC–GT–ST systems with (i) triple pressure  

reheat (ii) dual pressure reheat and (iii) single pressure ST cycle 

 

 

Triple Pressure   

reheat cycle  

Dual pressure 

reheat cycle 

Single 

Pressure 

SOFC power (MW) 28.671 28.671 29.107 

Net GT power (MW) 15.819 16.511 17.514 

Net ST power (MW) 4.051 4.144 3.970 

Total power (MW) 48.541 49.326 50.591 

Stack temperature (K) 988   988 992 

GTIT (K) 1652.8    1652.8 1656.0 

Single cell voltage (V) 0.593 0.593 0.602 

Energy efficiency (%) 54.473 55.354 56.773 

Exergy efficiency (%) 52.633 53.475 54.846 

(kg/s) produced at 200 bar 3.119 2.947 – 

 (kg/s) produced at 40 bar 3.539 4.113 7.016 

 (kg/s) produced at 3 bar 0.441 – – 

Gas temperature at AR exit (°C) 613.91 607.84 600.79 

Steam quality at ST exit 0.888 0.888 0.956 
 

sm

sm

sm
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The SOFC stack temperature, in this analysis, was however found to be relatively 

low due to cell cooling by relatively a larger amount of air. Increased air supply to the 

SOFC affects fuel cell cooling and thus the SOFC stack temperature. Lower operating 

temperature results in faster start-up, lower thermal stress and longer life of the cell 

components. The power obtained from the ST of the triple pressure reheat cycle was 

4.430 MW; the corresponding power in the dual pressure reheat and single pressure ST 

cycles were 4.521 MW and 4.262 MW respectively. The total mass of steam generated in 

the triple pressure reheat cycle was the highest 7.099 kg/s compared to 7.06 kg/s and 

7.016 kg/s of the dual and single pressure cycles. In the triple pressure reheat cycle, the 

BFP pumping power was also comparatively higher which was 378.747 kW against 

376.475 kW and 292.203 kW of the dual pressure reheat and single pressure ST cycle. 

There were four, three and two number of BFPs respectively in the triple pressure reheat, 

dual pressure reheat and single pressure ST cycle.  With the above values of ST and BFP 

pumping power obtained for the respective cycle, finally the net ST power was found to 

be the highest for the dual pressure reheat cycle followed by that of the triple pressure 

reheat and single pressure cycle.   

In the single pressure ST cycle, although the enthalpy of superheated steam at ST 

inlet (state1 ) was comparatively high, however the steam generation rate was the lowest 

in this cycle. And the enthalpies of steam at states 1– 4were such that it finally gave a 

ST power value which was the lowest amongst all.  This could be due its lower STIT 

(580.79°C) compared to 587.84°C of the dual and 593.91°C of the triple pressure reheat 

cycles.  However, since the SOFC power and net GT power were more, therefore, the 

highest total power was obtained for this cycle. Accordingly, the energy and exergy 

efficiencies of the SOFC–GT–ST system with single pressure ST cycle were also higher 

compared to those of the dual and triple pressure reheat cycles. The thermodynamic 

property data and mass flow rate at various states of the (i) triple pressure reheat (ii) dual 

pressure reheat and (i) single pressure ST cycle are given in Tables 5.6–5.8.  
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Table 5.6. Thermodynamic property and mass flow rate at various states of the triple 

.pressure reheat ST cycle 

Triple pressure reheat ST cycle 

State 
Temperature 

(°C) 

Pressure 

(bar) 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/kg K) 

Mass flow 

rate (kg/s) 

1
/ 

593.91 196 3525.9 6.501 3.119 

2
/ 

367.29 39.592 3136.8 6.657 3.119 

3
/ 

420.00 38.80 3263.3 6.856 6.658 

4
/ 

299.97 14 3040.9 6.955 3.750 

5
/ 

154.31 2.91 2771.1 7.116 0.442 

6
/ 

111.35 1.5 2675.9 7.178 0.434 

7
/ 

32.88 0.05 2286.1 7.496 2.910 

8
/ 

32.88 0.05 137.765 0.476 2.916 

9
/ 

32.91 1.5 137.947 0.477 2.916 

10
/ 

111.36 1.5 467.081 1.433 7.100 

11
/ 

111.38 3.045 467.284 1.434 0.442 

12
/ 

111.90 40.60 472.226 1.436 3.539 

13
/ 

114.17 203.00 493.596 1.447 3.119 

 

Table 5.7: Thermodynamic property and mass flow rate at various states of the dual 

pressure reheat ST cycle 

Dual pressure reheat ST cycle 

State 
Temperature 

(°C) 

Pressure 

(bar) 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/kgK) 

Mass flow 

rate (kg/s)  

1
/ 

587.84 196 3509.0 6.481 2.947 

2
/ 

362.06 39.592 3124.0 6.637 2.947 

3
/ 

420.00 38.80 3263.3 6.856 7.060 

4
/ 

299.97 14 3040.9 6.955 3.750 

5
/ 

111.35 1.5 2680.3 7.190 0.429 

6
/ 

32.88 0.05 2289.9 7.509 2.881 

7
/ 

32.88 0.05 137.765 0.476 2.881 

8
/ 

32.91 1.5 137.947 0.477 2.881 

9
/ 

111.36 1.5 467.081 1.433 7.060 

10
/ 

111.90 40.60 472.226 1.436 4.113 

11
/ 

114.17 203 493.596 1.448 2.947 
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Table 5.8: Thermodynamic property and mass flow rate at various states of the single  

pressure ST cycle 

Single pressure ST cycle 

State 
Temperature 

(°C) 

Pressure 

(bar) 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/kgK) 

Mass flow 

rate (kg/s)  

1
/ 

580.79 38.80 3631.8 7.334 7.016 

2
/ 

442.15 14 3349.0 7.435 3.750 

3
/ 

210.02 1.5 2893.1 7.686 0.390 

4
/ 

32.88 0.05 2454.0 8.045 2.876 

5
/ 

32.88 0.05 137.765 0.476 2.876 

6
/ 

32.91 1.5 137.947 0.477 2.876 

7
/ 

111.36 1.5 467.081 1.433 7.016 

8
/ 

111.90 40.60 472.226 1.436 7.016 
 

The irreversibility occurring in various components of the three systems at CPR 14 is 

shown in Table 5.9.  

Table 5.9: Component irreversibility of the SOFC–GT–ST systems with (i) triple   

pressure reheat (ii) dual pressure reheat and (iii) single pressure ST cycle 

Irreversibility (MW) Triple pressure reheat  Dual pressure reheat  Single Pressure 

HRSG  3.621 2.044 2.137 

ST  0.832 0.851 0.763 

COND  0.109 0.108 0.116  

BFP  0.020 0.020 0.007 

PR  4.126 4.115 4.011 

SOFC   16.627 16.330 16.070 

CC  8.333 8.333 8.319 

GT  0.876 0.900 0.932 

FR  0.490 0.489                  0.486 

AR  0.067 0.074 0.081 

FC  0.081 0.081 0.081 

AC  0.914 0.914 0.914 

Exhaust  1.337 2.568 1.900 

OWH 0.088 0.087 0.093 

Total  37.521 36.914 35.911 
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It was seen that the SOFC, combustor, PR and the HRSG were the major contributors of 

irreversibility in all the three systems. Further, it was found that, compared to the triple 

pressure reheat cycle, the total system irreversibility was comparatively less in the single 

pressure and dual pressure reheat cycle and it was the minimum in the SOFC–GT–ST 

system with single pressure ST cycle. It was a direct consequence of the HRSG 

irreversibility which reduced significantly in the single pressure and dual pressure reheat 

cycle. HRSG irreversibility was less in the dual pressure cycle because steam was 

produced in two stages and as such, the 3rd pressure stage (3 bar) was not there and 

therefore irreversibility occurred in this stage was additional in the triple pressure reheat 

cycle.  Moreover in the dual pressure reheat cycle, the irreversibility of the second stage 

HRSG components reduced significantly due to 20°C temperature difference selected 

between bT14 and aT 10  as compared to 40°C between bT14 and aT 12 of the triple pressure 

reheat cycle. But, the 40°C temperature between bT14 and aT 12 of the triple pressure reheat 

cycle was otherwise essential in order to maintain 15°C-20°C temperature difference at 

LP stage superheater inlet.  In the single pressure cycle also, a temperature difference of 

20°C was selected between bT12  and aT 8 . Further, steam was produced at 40 bar in a 

single HRSG stage only without reheating, therefore the HRSG irreversibility was found 

less. However, its value was slightly more compared to that of the dual pressure reheat 

cycle. The irreversible losses in the combustor, FC, AC, FR of the topping cycle and 

condenser, OWH and BFP of the bottoming cycle were the same in the systems with 

dual and triple pressure reheat cycle. Irreversibility was also less in the SOFC and PR of 

the system with dual pressure reheat ST cycle compared to those of the triple pressure 

reheat cycle. It was only the ST, GT, AR and particularly the exhaust irreversibility 

which were more in the dual pressure cycle. The flue gas temperature at HRSG exit of 

the dual pressure reheat ST cycle was 221.09°C which was significantly higher than the 

corresponding temperature of the triple pressure reheat (151.7°C). Therefore, the loss of 

exergy with the flue gas was more in the dual pressure reheat cycle.  

In the system with single pressure ST cycle, irreversibility in majority of the 

system components was less compared to their values in the triple pressure reheat cycle 

components. The irreversibility in the compressors (FC and AC) of the two systems were 

the same and only the GT, AR, condenser, OWH and exhaust irreversibility values were 

slightly higher. It was due to irreversibility reduction primarily in the HRSG and SOFC 
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that contributed to overall low total irreversibility of the system with single pressure ST 

cycle in spite of the fact that the exhaust irreversibility at HRSG exit was relatively high. 

The flue gas temperature at HRSG exit of the single pressure ST cycle was 185.97°C 

which was higher than the corresponding temperature (151.7°C) of the triple pressure 

reheat cycle. Therefore, the loss of exergy with the flue gas was more in the single 

pressure ST cycle compared to that of the triple pressure cycle.  Since the flue gas 

temperature at HRSG exit of the single pressure ST cycle (185.97°C) was less than that 

of dual pressure reheat cycle (221.09°C), hence exergy loss was comparatively less.  

Mansouri et al. [23] evaluated exergetic performance of three combined power 

cycles (dual pressure HRSG, triple pressure HRSG without reheat and triple pressure 

HRSG with reheat) taking the same gas turbine as topping cycle and fixed GT outlet 

temperature of 584°C. The HP inlet steam pressures and temperatures were considered 

same (124 bar and 543°C) in all the bottoming plants. The IP inlet steam pressures and 

temperatures in the dual pressure and triple pressure without reheat cycles were also 

taken the same (10.3 bar and 258°C) although the IP and LP inlet pressure conditions 

were slightly different in the triple pressure reheat (543°C) cycle. They found that the net 

power and exergy efficiency of the combined cycle were more in the triple pressure 

cycles and it was the highest for the triple pressure reheat cycle.  The exergy losses due 

to heat transfer in the HRSG and the flue gas exhaust exergy were also less in the triple 

pressure reheat combined cycle. In the present analysis, however, an opposite scenario 

was observed i.e. the system with single pressure ST cycle outperforms the systems with 

dual and triple pressure reheat cycles. This is due to the fact that steam was extracted 

from the ST for fuel reforming in the PR and this affected the performance of the topping 

SOFC integrated GT cycle. As a result, the SOFC and net GT powers were more for the 

system with single pressure ST cycle and this made the difference in the net power 

output and efficiencies. As opposed to reference [23], the GT outlet temperatures and 

consequently, the STITs were also different in all the three bottoming cycles due to 

similar reasons. Moreover, the considered pinch point temperature difference was also 

responsible for lower HRSG irreversibility in the single pressure and dual pressure reheat 

ST cycles.  

 



177 

 

5.10 Summary   

A thermodynamic model was developed to analyze the energetic and exergetic 

performance of a SOFC integrated combined cycle power system with triple pressure 

reheat ST cycle. A parametric study based on CPR variation was performed to evaluate 

net power, efficiencies (energy and exergy) and irreversibility of the hybrid SOFC–GT–

ST system. It was found that the system develops more power output with high 

efficiency and low irreversibility at higher CPR. The performance comparison amongst 

the systems with three different bottoming ST cycles showed that the system with single 

pressure ST cycle performs better compared to those of the dual and triple pressure 

reheat cycles. The power and efficiency of the system with single pressure ST cycle were 

the highest amongst all and the total irreversibility was also the minimum for this cycle. 

The lowest power and efficiency were obtained for the system with triple pressure reheat 

cycle and it produced the highest total irreversibility. It is obvious that the system with 

triple pressure reheat cycle would be more complex than the system with single pressure 

ST cycle. The total cost of this plant including the capital, operating and maintenance 

cost would be high due to more number of components in it.  Therefore, the SOFC–GT–

ST system with single pressure ST cycle would be the most appropriate from this point 

of view. Future studies on thermo-economic optimization maximizing performance or 

minimizing irreversibility and total cost of the three configurations would provide a 

better understanding in this regard. Of course, the present findings are useful in 

providing a thorough understanding about the first and second law performance of the 

three systems and these are outcome of the selected range (15°C-20°C) of temperature 

difference at the superheater inlet of all the cycles. The presented results are also crucial 

due to pinch point temperature difference of 20°C, selected between flue gas and 

saturated water at the evaporator inlet of (i) HRSG low pressure stage (3 bar) of the triple 

pressure cycle, (ii) second stage (40 bar) of the dual pressure reheat cycle and (iii) the 

single stage (40 bar) of the single pressure ST cycle.   
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