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A B S T R A C T  
 

In this study, various configuration designs of a Heat Recovery Steam Generator (HRSG) are examined to 
enhance the energy efficiency of a Combined Cycle Power Plant (CCPP). A novel approach to investigating 
ten applicable configurations of a dual pressure HRSG is used thoroughly to explore the best practice models 
from the energy-conserving perspective. Further, a fuel consumption assessment has been conducted to 
identify the best performance of the cycle and investigate the minimum pollutants released by each Heat 
Recovery Steam Generator (HRSG). The results revealed that four out of ten scenarios expressed considerably 
better performance in terms of fuel consumption, steam production, energy efficiency, and environmental 
considerations. Further, it was found that compared to conventional configurations, not only the selected 
scenarios managed to improve the low-pressure steam generation, but also 30 % fuel consumption saving in 
supplementary firing was achieved as both economic and environmental benefits. Moreover, the carbon 
dioxide saving potential for the best scenario is 51.37 kgCO2 MWh-1; consequently, the environmental benefit 
of it is calculated to be about 133,418 $ MWh-1. 
 

https://doi.org/10.30501/jree.2022.326260.1317 

1. INTRODUCTION1 

The upsurging consumption of fossil fuel has sparked some 
serious environmental problems on the global scale. 
Enhancing efficiency and mitigating pollutants are considered 
as the main concerns in any design of power generation 
plants. Therefore, improvement of thermal efficiency and 
reduction of fuel consumption of conventional cycles have 
gained much attention in tackle climate crises. There is no 
doubt that a Heat Recovery System (HRS), at any stage, plays 
a key role in conserving energy, not to mention the pivotal 
role of a Heat Recovery Steam Generator (HRSG) that is 
widely used as a critical component in various types of 
Combined Cycles (CC) [1]. Research on minimizing energy 
consumption and developing combined power generation 
systems in order to achieve better performance has deep roots 
in the literature [2, 3]. Some studies have highlighted the 
significance of recovering waste heat [4] and energy [5] into 
the cycle to improve energy efficiency, while many efforts 
have been made in the case of industrial sectors [6, 7]. 
Moreover, employing renewable energy sources in thermal 
cycles as well as using modern technologies such as gasifiers 
[8], fuel cells [9], and storage systems [10, 11] have attracted 
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the attention of many researchers. In previous literature, it is 
widely considered as a good way to supply the required fuel 
of thermal and power systems using renewable resources such 
as biomass and biogas to mitigate the environmental 
consequences [12]. Ultimately, the application of integrated 
cycles such as Combined Heat and Power (CHP) and       
poly-generation systems has been considered as a significant 
purpose of optimizing energy consumption and reducing 
environmental issues associated with the Combined Cycle 
Power Plants (CCPPs) [13], given that these systems are still 
broadly adopted as a key player in supplying electricity 
demand in every corner of the world. The main reason behind 
this broad application is ample resources of the Nature Gas 
(NG) which is available in huge amount and it gives higher 
overall thermal efficiency [14]. Given that the Heat Recovery 
Steam Generatior (HRSG) is an indispensable part of these 
cycles and its function is to recover the waste heat present in 
the exhaust gases of the gas turbine and to generate the steam 
to run a steam power cycle, it is broadly highlighted in 
previous studies. Table 1 lists a review of the literature 
regarding the optimum performance analysis of CCPPs. It 
offers the design parameters, objectives, examination method, 
and the outstanding results and observations. 
   different positions from the conventional arrangement. 
Moreover, effective parameters in the best feasible layout will 
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be selected by considering the environmental aspects as the 
main algorithm. Various heat exchanger layouts of the HRSG 
in a CCPP have been investigated to examine the maximum 
amount of generated steam at different pressure levels. In this 

regard, assessing the fuel consumption to identify the best 
performance of the cycle and investigating the minimum 
pollutants released of each HRSG configuration are 
accomplished. 

 
Table 1. Literature review of optimum performance analysis of CCPPs 

Design parameters Considerations Examination approach Key Findings Ref. 

Mass flow rate, HRSG 
inlet gas temperature Cycle efficiency Thermodynamic and 

parametric analyses 

Increasing the inlet gas to the HRSG until 650 
°C is favorable. Increase in this temperature 

reduces the efficiency. 
[15] 

Temperature, steam 
pressure and pinch point 

Energetic and exegetic 
efficiency 

Thermodynamic 
methodology 

By increasing the pinch point, the power to 
heat ratio also increases; however, the first-law 
and second-law efficiency decreases while the 

pinch point increases. 
Also, reheat process has received considerable 

improvement in output power and thermal 
power production. 

[16] 

pressure ratio, cycle 
temperature ratio, number 

of reheats and cycle 
pressure drop 

Power-output, thermal 
efficiency, and exergy 

destruction 

Thermodynamic analysis 
using second law 

The efficiency and power output reach 
maximum at an intermediate pressure ratio. 
50 % of the overall cycle exergy destruction 

occurs in the combustion chamber. 

[17] 

Operating conditions and 
cost related to fuel 

consumption, investment, 
and maintenance 

Cost, and mass flowrate 
Thermo-economic 
optimization using 
genetic algorithm 

Various methods are investigated to establish 
how to reduce the objective function. [18] 

Mass flow rate, HRSG 
inlet gas temperature and 

pressure 

Increasing efficiency over 
than 60 % without 
resorting new GT 

Thermodynamic analysis 
and parametric study 

Optimization of HRSG is sufficient to obtain 
the efficiency of a CCPPs in the order of 60 %. 

Gas to gas recuperation enhances the overall 
efficiency to 65 %. 

[19] 

Turbine Inlet Temperature 
(TIT), and pinch points 
the steam turbine inlet 

pressure 

Optimization of the 
triple-pressure reheat 

combined cycle, 
irreversibility reduction 

of a HRSG 

Thermodynamic analysis 
and parametric study 

Optimal triple-pressure reheat CC is 1.7 % 
higher in efficiency than the reduced 

irreversibility triple-pressure reheat CC. 
[20] 

Inlet temperature to 
HRSG, pressure level, 

cost 

HRSG pressure levels on 
exergy efficiency of 

combined cycle power 
plants 

Thermo-economic 
optimization 

Exergy destruction rate in HRSG is affected by 
an increase in the number of pressure levels 
and causes sensible improvement in exergy 

efficiency of the whole cycle. 

[21] 

Compression ratio, stack 
temperature and cooling 
steam ratio, temperature 
values of turbine inlet 

Overall thermal 
efficiency and power 

output of the GT cycle 
were optimized 

Thermodynamics 
optimization 

The combined cycle gas turbine plants 
indicates better power output at 400 MW. 

[22] 

Ambient conditions 

Electricity power 
generation and 

consumption of the fuel 
of the gas turbine cycle 

Thermodynamic and 
parametric analysis 

In comparison to the annual production in ISO 
conditions, the loss in electricity generation is 

about 2.87-0.71 %. 
[23] 

Steam quality at steam 
turbine outlet 

Overall output power and 
efficiency 

Multi-Objective 
Optimization (MOO) for 

the comprehensive 
thermodynamic analysis 

The steam turbine inlet temperature and 
pressure increase when the steam quality at the 

steam turbine outlet increases. 
[24] 

 
   A challenging problem that arises in this domain is the 
optimization of HRSG which not only is significantly 
important for the design of CCPPs but also plays a particular 
role in maximizing the power delivered to the Steam Turbine 
(ST) and improves the overall performance of the power 
cycle. As discussed earlier, achieving higher electric and 
thermal efficiency of the CCPPs requires optimizing the entire 
plant, and the three key components comprising the Gas 
Turbine (GT), HRSG, and Steam Turbine (ST). However, 
among the three mentioned component plants, the 

performance of the GT is of priority as the predominant 
influencer in the performance; most of the previous research 
studies in this field aim to solve this problem. However, the 
HRSG has rarely been studied directly. Furthermore, few 
studies have focused on different configurations of it as the 
HRSG component of the CCPPs can be made on order 
particularly for each GT unit, while the GT and ST can be 
selected from the set of commercially available range plants 
[24]. 
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Based on the aforementioned explanations, no comprehensive 
study has been performed on the optimal configuration of heat 
exchangers in the HRSG system, so far. In the proposed new 
approach, the arrangement of HRSG heat exchangers in terms 
of thermal efficiency has been evaluated simultaneously with 
the electrical efficiency of the whole CCPP. The mathematical 
model described in this study makes it possible to determine 
the optimal configuration of the HRSG heat exchanger. In this 
way, heat exchangers of each pressure level can be placed in. 
 
2. MATERIAL AND METHOD 

2.1. System description 

Figure 1 shows a chemotic flow diagram of a dual-pressure 
CCGT Power Plant. A CCGT Power Plant, generally, can be 
divided into three major subsystems: upstream cycle (Brayton 
cycle), downstream cycle (Rankin cycle), and HRSG. The 
system also includes other auxiliary equipment such as a 

pump, condenser, and cooling tower. In the upstream cycle, 
fresh air enters the compressor where compressed and leaves 
with higher temperature and pressure than the inlet point. In 
the combustion chamber, the compressed air and fuel, 
typically Natural Gas (NG) or diesel fuels, contribute to the 
combustion reaction. Then, combustion products will be 
expanded in the gas turbine for both generating electrical 
power employing generator and producing mechanical work 
for running the compressor. Further, the hot exhaust gas flow 
of GT, which is still capable of doing work, enters into the 
HRSG. In this study, there are several heat exchangers in dual 
pressure HRSG to use the thermal energy of this stream by 
passing through steps in the economizer, evaporator, and 
super heater. Eventually, superheat steam is produced to run 
High-Pressure (HP) and Low-Pressure (LP) steam turbines. 
The steam turbine sends its energy to the generator drive 
shaft, where it is converted into additional electricity. 

 

 
Figure 1. Schematic flow diagram of a dual-pressure CCGT power plant 

 
2.2. Model assumptions 

Several principal assumptions are considered to solve the 
model of the CCGT Power Plant. These assumptions which 
simplify the developed model and accelerate the calculation 
process are listed as follows: 

• All processes have been done in a steady flow and 
steady-state conditions. 

• Natural gas is considered as supplied fuel to the system. 
• The ISO ambient condition (Temperature of 288 K and 

pressure of 101.3 kPa) is assumed. 
• Siemens GT-V94.2 is used in Bryton Cycle. 
• 5 % pressure drop is presumed in the both combustion 

chamber and HRSG. 
• The HRSG unit is considered as a two-pressured unit. 
• The blowdown of HP and LP drums is assumed 2 %. 

• AP is considered to be characterized by 15 degrees. 
• 0.86 and 0.90 are assumed as isentropic efficiency of 

compressor and isentropic efficiency of gas turbine, 
respectively. 

   These assumptions are employed throughout the analysis to 
derive the corresponding equations of each system component 
[18, 25, 26]. 
 
2.3. System modeling 

The model was developed in Engineering Equation Solver 
(EES), which provided thermodynamic properties required to 
model and evaluate the performance of the CCGT Power 
Plant. For simplification, the calculation process model is 
divided into three major subsystems. Then, these sections are 
connected to provide an appropriate basis for both 
thermodynamic and environmental analyses of the system. 
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Further, first, the system subsections including compression 
and combustion, Gas Turbinr, dual-pressure HRSG, and 
Steam Turbine are explained by considering such design 
parameters as Compressor Pressure Ratio (CPR), Turbine 
Inlet Temperature (TIT), electricity power demand, blowing 
down amounts of high- and low-pressure drums, HP, and LP 
steam temperature and superheat approach temperature 
difference. Next, the environmental model is discussed. This 
study developed a mathematical model of an industrial gas 
turbine, validated the results through comparison of the actual 
performance of the Fars CCGT power plant located in Iran, 

and employed the same Siemens V94.2 turbines to produce 
electricity. Of note, the mentioned GT model is vastly used in 
the majority of power plants in Iran. 
 
2.3.1. Combined cycle gas turbine power plant 

In order to perform energetic analysis on the CCGT Power 
Plants, it is required to consider equations that are dominant at 
each component of the cycle. The equations regarding 
Compressor, Gas Turbine (GT), and Combustion Chamber 
(CC) are briefly presented in Table 2 [25]. 

 
Table 1. Governing equations on CCGT power plant [25] 

CCGT power plant relations Equations No. 

TACout = TACin �1 +
1
ηAC

�RPC
γair−1
γair − 1�� (1) 

ẇAC = ṁairCpair�TACout − TACin� (2) 

Cp = a + b
T

100 + c �
T

100�
−2

 (3) 

a = � ai × mfi

noc

i=1

 (4) 

b = � bi × mfi

noc

i=1

 (5) 

c = � ci × mfi

noc

i=1

 (6) 

RPC =
Pout
Pin

 (7) 

Heat Rate =  
3412
ηth

      �
Btu

kWh� (8) 

ṁFuel =
PWGT × Heat Rate

LHV  (9) 

O2theo = [2CH4 + 3.5C2H6 + 5C3H8 + 6.5C4H10 + 8C5H12] × ṁFuel (10) 

ṁairtheo =
O2theo
0.21 × MWair (11) 

ṁairAct = ṁairtheo × �
Excess Air %

100 + 1� (12) 

TGTout = TGTin �1 − ηGT �1 − RPT
1−γFG
γFG �� (13) 

ẇGT = ṁgCpFG�TGTin − TGTout� (14) 

RPT = RPC × (1 − ∆P) (15) 

Q̇ − Ẇ = � ṁouthout −� ṁinhin (16) 

HACin = a�TACin − TRef� +
b

100 �TACin
2 − �TACin × TRef�� + c(100)2 �

1
TACin

−
TRef

TACin
2� + HRef (17) 

SACin = a ln �
TACin
TRef

� +
b

100 × TACin × ln �
TACin
TRef

� + c(100)2 �
1

TACin
2� ln �

TACin
TRef

� − Rairln �
PACin
PRef

� + SRef (18) 

S′ACout = a ln�
T′ACout
TACin

� +
b

100 × T′ACout × ln�
T′ACout
TACin

� + c(100)2 �
1

T′ACout
2� ln�

T′ACout
TACin

� − Rairln�
PACout
PACin

� + SACin (19) 

ηACisen =
H′ACout − HACin
HACout − HACin

 (20) 

ṁCCouthCCout = ṁCCinhCCin + ṁFuel × �(ηCC × LHV) + �CpFuel × TFuel�� (21) 

HGTin = a′�TGTin − TACout� +
b′

100 �TGTin
2 − �TGTin × TACout�� + c′(100)2 �

1
TGTin

−
TACout
TGTin

2� + HACout (22) 
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SGTin = a′ ln�
TGTin

TACout
� +

b′
100 × TGTin × ln�

TGTin
TACout

� + c′(100)2 �
1

TGTin
2� ln�

TGTin
TACout

� − RFGln�
PGTin

PACout
� + SACout (23) 

S′GTout = a′ ln�
T′GTout
TGTin

� +
b′

100 × T′GTout × ln�
T′GTout
TGTin

� + c′(100)2 �
1

T′GTout
2� ln�

T′GTout
TGTin

� − RFGln�
PGTout
PGTin

�

+ SGTin 

(24) 

H′GTout = a′�T′GTout − TGTin� +
b′

100 �
T′GTout

2 − �T′GTout × TGTin�� + c′(100)2 �
1

T′GTout
−

TGTin
T′GTout

2� + HGTin (25) 

ηGTisen =
HGTin − HGTout
HGTin − H′GTout

 (26) 

 
Here, the RPC term in Equation (7) is the ratio of outlet air 
pressure to inlet air pressure that, according to the 
specifications of Siemens GT-V94.2, is equal to 11.31 [26]. 
To calculate the consumed fuel in a combustion chamber with 
regard to the heat rate, Equations (8) and (9) are used as 
follows [26]; then, the combustion equations can be written 
and solved as demonstrated in Equations (10-12) [26]. After 
solving Equations (8-12), required oxygen for combustion 
reaction will be obtained. Finally, by considering excess 
oxygen which is used to ensure complete combustion and 
increase mass flow rate, the actual amount of oxygen and air 
suction in the compressor will be obtained [26]. Since our 
work is always extracted from the expanding high pressure 
gas in the gas turbine system, outlet temperature and 
generated work are determined using Equations (13) to (15) 
[26, 27]. Further, the mass and energy balance equations for 
each component can be obtained from Equations (16) [26]. 
The calculation of enthalpy of flow in the inlet and outlet of 
each component is required for each correspondent equation 
of mass and energy balance as well as other cycle’s 
components [26]. The enthalpy and entropy of the hot stream 
entering the gas turbine are obtained from Equations (22-25) 
[26]. 
   Based on Equation (26) and isentropic efficiency of the gas 
turbine, the actual enthalpy of exhausted flow from the gas 
turbine can be obtained. The actual temperature of the outlet 
flow in the gas turbine as well as the entropy of the outlet 
stream from the gas turbine are in operating condition. Then, 
by considering the enthalpy of flow at the inlet and outlet of 
the gas turbine, the produced work by the turbine can be 
calculated using Equation (14) and in relation to the cycle. 
Finally, the net power generated by Gas Cycle (GC) as well as 
thermal efficiency of the gas cycle can be obtained by means 
of Equations (27) and (28), respectively [26]. 
 
WnetGC = WGT − WAC (27) 

ηthGC =
WnetGC

Qin
 (28) 

 
   In the steam cycle, the generated work by turbines can be 
obtained based on energy equation. With having pre-defined 
temperature and pressure of steam in LP and HP superheated 
conditions, the enthalpy of steams can be calculated. Then, by 
employing Equation (29), the work of steam turbine can be 
obtained. Further, according to the description given above, 
the net efficiency of the combined cycle power plant is 
calculated from integration of gas turbine cycle and steam 
cycle as described in Equations (30) to (32) [19, 26]. 
 

WST = ṁHP(hHPin − hHPout)+ ṁLP(hLPin − hLPout) (29) 

ηST =
wST − wPump

QinST
 (30) 

ηCCPP =
wGT − wAC + wST − wPump

QinCCPP
 (31) 

ηElectrical =
wGT − wAC + wST

QinCCPP
 (32) 

 
2.3.2. Dual pressure HRSG 

Two paths for exchanging heat in HRSG should be 
considered. The first path is where the hot exhausted gas flow 
from the gas turbine enters the HRSG unit and it moves 
towards the stack and eventually vents into the environment 
after passing through the exchanger tubes inside it. The 
second path is where the entering water to the HRSG unit 
passes through the inside of heat exchanger tubes until it is 
turned to superheated steam which will drive the steam 
turbine. In the base scenario of (A), for modeling superheated 
part and high-pressure evaporator, the following equations are 
employed [25]: 
 
ṁFG × CpFG × (Ta − Tc)

= ṁHP(h12 − h11) + ṁHP(h11 − h9)

+ ṁHP(1 + BLDHP %)(h9 − h8) 

(33) 

 
   In addition, for high-pressure economizer, low-pressure 
super heater, and the evaporator, we have Equation (34) as 
follows [25]: 
 
ṁFG × CpFG × (Tc − Tf)

= ṁHP(1 + BLDHP %)(h8 − h7)

+ ṁLP(h6 − h5) + ṁLP(h5 − h3)

+ ṁLP(1 + % BLDLP)(h3 − h2) 

(34) 

 
   Through Equations (33) and (34), the production values of 
high-pressure and low-pressure superheated steam will be 
obtained [24]. 
 
ṁDB × CpFG × �Tcnew − Tf�

= m′̇ HP(1 + BLDHP %)(h8 − h7)

+ m′̇ LP(h6 − h5) + m′̇ LP(h5 − h3)

+ m′̇ LP(1 + BLDLP %)(h3 − h2) 

(35) 
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After calculating the corrected temperature at point C, the 
HRSG input temperature is modified through Equation (36) 
[25]: 
 

ṁDB × CpFG × �Tanew − Tcnew�

= m′̇ HP(h12 − h11) + m′̇ HP(h11 − h9)

+ m′̇ HP(1 + BLDHP %)(h9 − h8) 

(36) 

 

   In the end, the temperature of the inlet flow into the HRSG 
that should produce the amount of required steam at different 
pressure levels will be determined. Also, by solving the mass 
and energy balance equations for the duct burner, the amount 
of auxiliary fuel that provides the supplementary firing system 
will be calculated. Then, the amount of air for delivering 
complete combustion can be calculated. 
 
ṁFG × hGTout + ṁFA × hFA

+ ṁAxFuel × �LHV + �CpFuel × TFuel��

= ṁDB × CpFG × Tanew 

(37) 

ṁFA =
ṁAxFuel
MWFuel

× 10.96 × MWair (38) 

ṁDB = ṁFG + ṁFA + ṁAxFuel (39) 

 
2.4. Environmental modeling 

The less a system generates CO2 emissions, the more 
environmentally-friendly the plant is [12]. In order to analyze 
the combustion products, the combustion equation must first 
be written and solved for each compartment of fuel to obtain 
the quantities of combustion products. In this equation, the 
amount of carbon dioxide and argon in the combustion air has 
been monitored. According to the general combustion 
equation for fuel, the following equation is given [28]. 
 

CxHy + n × �1 + �
Excess air %

100 ��

× (O2 + 3.72 × N2 + 0.04 × AR
+ 0.0014 × CO2)  
= n1 × CO2 + n2 × H2O + n3 × N2
+ n4 × AR + n5 × O2 

(40) 

 

   To evaluate the environmental expenses associated with 
CO2 emissions in conventional systems, Equation (41) is 
simply employed [27]. Herein, żCO2  is the environmental 
damage cost , ṁCO2 potential emission of CO2, and CCO2 is the 
unit damage cost which is equal to 0.024 $/kg [29]. Therefore, 
the carbon emission saving potential of the present study can 
be calculated for each configuration design through Equation 
(42), where ΩCO2ref  is the CO2 emission from a base scenario 
which is scenario (A) in this study. The environmental benefit 
(BENenv) of the best scenario designed can be calculated using 
Equation (43) [8, 27]. 
 
żCO2 = ṁCO2 × CCO2 (41) 
ΩCO2potential = ΩCO2ref − ΩCO2sys (42) 
BENenv = żCO2 × ΩCO2potential (43) 
 
3. METHODOLOGY 

3.1. Solution methodology 

In this work, a solution methodology is illustrated and 
indicated in Figure 2. The key intention of the proposed 

methodology is to offer the operation solutions based on 
technical model for engineers. The technical proposed model 
will be solved in three consecutive steps by employing all the 
required equations in a structured manner, as illustrated in 
Figure 2. Later, power and efficiency of each component as 
well as the pollutant emission for the winner scenario as 
dependent variables will be determin. 
 
3.2. Input parameters and validation 

The model developed in the preceding sections is used to 
simulate and evaluate the performance of the CCGT power 
plant. The model input parameters of the Bryton cycle of the 
studied plant are listed in Table 3. More details may be found 
in [18, 26]. Initial values for the CCGT power plant are 
presented in Table 4 and more details can be found in [25, 26]. 
   In order to ensure the model validation and accuracy, some 
modeling results of the CCGT power plant are compared to 
those of the installed CCGT power plant in south of Iran, and 
the results are shown in Table 5. It is observed that the 
presented results reasonably agree with the actual outcomes of 
the installed plants. 
   Besides, in Table 6, the values of the specific heat capacity 
have been calculated with minor difference from the measured 
values. As a result, the enthalpy of the flow can be accurately 
estimated. Thus, another major parameter of HRSG modeling, 
which is the enthalpy of hot gas flow entering it, was obtained 
with high accuracy. 
 
3.3. Scenario description 

Regarding the layout of heat exchangers in HRSG, 10 
designed scenarios are presented and discussed in Table 7 
labelled from (A) to (J). It is worth noting that among them, 
two scenarios of (G) and (H) have been presented and 
evaluated from different aspects in previous studies, whereas 
others are examined in the present study to explore the best 
configuration in terms of energy improvement.  First of all, in 
scenario (A), a low-pressure economizer, evaporator, and 
super heater as well as a high-pressure economizer, 
evaporator, and super heater are arranged along the length of 
HRSG and from the end to the first part close to the outlet of 
the gas turbine, while in scenario (B), it is shown that they are 
in the same order, except that the high-pressure economizer is 
fed from the output of low-pressure economizer, as depicted 
schematically below. Next, in scenario (D), the same layout of 
scenario (C) is considered; however, as is shown earlier, the 
high-pressure economizer inlet will be supplied from the   
low-pressure economizer as previously discussed. For a better 
understanding of the scenarios, Figure 3 presents the base 
scenario and Table 7 shows the all scenarios and their 
associated changes. 
   Further, in scenario (E), low-pressure super heater is 
deliverd to the beginning part of HRSG ahead of HP 
superheater, while in scenario (F), the economizers are 
connected. Furthermore, in scenario (G), the high-pressure 
economizer is moved ahead of the low-pressure superheater 
and after the low-pressure evaporator. In scenario (H), the 
outlet of the low-pressure economizer is connected to the inlet 
of the high-pressure economizer with the same arrangement; 
in scenario (I), the low-pressure super heater is moved 
forward, but the other heat exchangers have the same 
arrangement of first scenario (A). Finally, in scenario (J), the 
inlet and outlet of economizers are connected. 



M. Rasooli Mavini et al. / JREE:  Vol. 10, No. 1, (Winter 2023)   68-82 
 

74 

 
Figure 2. Solution procedure of the CCGT power plant model 

 
Table 3. Model input parameters for the Brayton cycle [18, 26] 

Parameters Value Unit 
Compressor isentropic efficiency 87 % 

Compressor flow rate 500 [kg/s] 
Combustion chamber efficiency 99 % 

Excess air 210 % 
Fuel flow rate 9.56 [kg/s] 

Pressure ratio of cycle 11.30 - 
Pressure loss 5 % 

Turbine isentropic efficiency 90 % 
Turbine inlet temperature 1333 [K] 

 
 

Table 4. Initial values for modeling of the presented CCPP 

Parameter Value Unit 
Electricity power demand 159,000 [kW] 
Ambient air temperature 288.15 [K] 

Ambient air pressure 101.30 [kPa] 

Reference temperature 273.15 [K] 
Reference pressure 101.30 [kPa] 

Approach temperature 15 [K] 
Fuel temperature 293.15 [K] 

Table 5. Thermo-physical property of medium fluid in the BC 

Items 
Model results 

Fars power 
plant 

Relative 
error(%) 

Inlet Outlet Inlet Outle Outlet 
Compressor 

Temperature [K] 304.95 626.9 304.9 629.95 0.48 
Pressure [𝐤𝐤𝐤𝐤𝐤𝐤] 101.30 1145 - - - 
Mass flow rate 

[kg/s] 
498.81 498.8 504.4 504.40 1.11 

Enthalpy [kJ/kg] 303.01 647.5 305.3 640.51 -1.08 
Combustion chamber 

Temperature [K] 594.3 1333 640 1333 0 
Pressure [𝐤𝐤𝐤𝐤𝐤𝐤] 1145 1087 - - - 
Mass flow rate 

[kg/s] 
498.8 508.3 504 513.5 1.01 

Enthalpy [kJ/kg] 612.00 1522 - - - 
Gas Turbine 

Temperature [K] 1333 796.7 1333 809.95 1.63 
Pressure [𝐤𝐤𝐤𝐤𝐤𝐤] 1087 101.3 - - - 
Mass flow rate 

[kg/s] 
508.3 508.3 513.5 513.50 1.01 

Enthalpy [kJ/kg] 1522 907.1 - 873.24 -3.87 
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Table 6. The specific heat capacity comparison with Fars power plant 

Specific heat Calculated [𝐉𝐉/𝐤𝐤𝐤𝐤.𝐊𝐊] Measured [𝐉𝐉/𝐤𝐤𝐤𝐤.𝐊𝐊] Relative error (%) 

N2 1.037 1.039 0.19 
O2 0.910 0.916 0.65 
𝐀𝐀𝐀𝐀 0.521 0.520 -0.19 

CO2 0.827 0.835 0.95 
Dry air 1.001 1.005 0.39 

 
 

 
Figure 3. Base scenario of (A) 

 
 

Table 7. Scenario comparison and highlighting the changes in each scenario with the previous one 

Scenario 
comparison Previous layout New layout 

Scn. B 
Vs. 

Scn. A 

  

Using low-pressure economizer preheated water for high-pressure economizer input 

Scn. C 
Vs. 

Scn. A 

  

Placement of high-pressure economizer after the low-pressure economizer 

Scn. D 
Vs. 

Scn. C 

  
Application of low-pressure economizer preheated water for high-pressure economizer input 
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Scn.E 
Vs. 

Scn.A 

  

High-pressure economizer placement before low-pressure evaporator and low-pressure superheater after high-pressure 
evaporator 

Scn. F 
Vs. 

Scn. E 

  
Using low-pressure economizer preheated water for high-pressure economizer input 

Scn. G 
Vs. 

Scn. A 

  
Placement of high-pressure economizer before the superheater 

Scn. H 
Vs. 

Scn G 

  

Using low-pressure economizer preheated water for high-pressure economizer input 

Scn. I 
Vs. 

Scn A 

  
Low-pressure superheater placement before high-pressure superheater 

Scn. J 
Vs. 

Scn. I 

  
Using low-pressure economizer preheated water for the high-pressure economizer input 
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4. RESULTS AND DISCUSSION 

In this section, the effect of different heat exchanger 
arrangements based on various scenarios on the system 
performance is determined and thoroughly discussed. The 
temperatures of hot exhausted gas flow passing through the 

HRSG for all scenarios are presented in Table 8. Also, the 
thermodynamic properties of flue gas for the base scenario 
(A) are presented in Table 9 (A) and water and steam flows 
are presented in Table 9 (B). 

 
Table 8. Flue gas temperature in each section of the proposed HRSG scenarios 

Flue gas 
stream line 

Scn. A 
T [K] 

Scn. B 
T [K] 

Scn. C 
T [K] 

Scn. D 
T [K] 

Scn. E 
T [K] 

Scn. F 
T [K] 

Scn. G 
T [K] 

Scn. H 
T [K] 

Scn. I 
T [K] 

Scn. J 
T [K] 

a 796.7 796.7 796.7 796.7 796.7 796.7 796.7 796.7 796.7 796.7 

b 735.7 735.7 735.7 735.7 737.1 737.1 735.7 735.7 736.1 736.4 

c 552.1 552.1 552.1 552.1 731.4 731.4 552.1 552.1 734.6 733.5 

d 503.1 519.2 546.8 546.8 552.1 552.1 550.8 549.5 552.1 552.1 

e 501.7 516.5 486.5 486.5 486.5 486.5 501.7 516.5 503.4 519.6 

f 486.5 486.5 437.4 453.5 438.6 454.3 486.5 486.5 486.5 486.5 

g 485.3 468.2 432.9 433.0 433.7 433.8 485.3 468.2 485.2 468.2 

 
Table 9 (A). Gas thermodynamic properties of dual-pressure HRSG 

scenario (A) 

Heat exchanger Tgi [K] Tgo [K] Mg,i [kg/s] Q [kJ] 
LP Economizer 485.3 486.5 508.3 683 
LP Evaporator 486.5 501.7 508.3 9116 

LP Super heater 501.7 503.1 508.3 810 
HP Economizer 503.1 552.1 508.3 29541 
HP Evaporator 552.1 735.7 508.3 109077 

HP Super heater 735.7 796.7 508.3 36743 
 
 

Table 9 (B). Water & steam thermodynamic properties of dual-
pressure HRSG 

HP 
Stream 

Temperature 
[°C] 

Pressure 
[𝐤𝐤𝐤𝐤𝐤𝐤] 

Enthalpy 
[kJ/kg] 

Mass 
flow rate 

[kg/s] 
12 470.0 5000 3364 64.48 
11 264.0 5000 2794 64.48 
10 264.0 5000 2794 64.48 
9 264.0 5000 1154 64.48 
8 249.0 2112 1080 65.77 
7 149.5 2112 631.2 65.77 

 

LP 
Stream 

Temperature 
[°C] 

Pressure 
[𝐤𝐤𝐤𝐤𝐤𝐤] 

Enthalpy 
[kJ/kg] 

Mass 
flow rate 

[kg/s] 
6 270.0 1500 2969 4.56 
5 198.3 1500 2792 4.56 
4 198.3 1500 2792 4.56 
3 198.3 1500 844.9 4.56 
2 183.3 2112 778.0 4.65 
1 149.5 2112 631.2 4.65 

 
4.1. Steam generation evaluations at high pressure 
and low pressure in HRSG 

A comparison of steam generation at high and low pressures 
in HRSG in each designed scenario is illustrated in Figure 4. 

As it can be clearly observed from the results, the scenarios 
(E) and (F) generate considerably more steam in the default 
state which is equal to approximately 20 kg/s at LP steam 
generation rate, while in worse scenarios which are (G) and 
(H), the LP steam generation rates correspond to 4.56 kg/s. 
The main reason behind this is the suitable arrangement of 
heat exchangers within the HRSG. It is worth noting that the 
steam produced in scenarios (E) and (F) is substantially 
greater than that in scenario (A) which is a presented 
conventional layout of heat exchangers in the HRSG. 
Moreover, LP steam production of scenarios (G) and (H) 
which are studied and suggested in the previous literature is 
considerably lower than that in the proposed scenarios in this 
study. Superior results conspicuously result from the proposed 
scenarios of (E) and (F) as they demonstrate the highest levels 
of LP steam production. 

 

 
Figure 4. LP & HP steam generation in different scenarios without 

duct burner 
 
4.2. Fuel consumption of duct burner for steam 
generation 

There is no doubt that fuel consumption in the thermal 
systems is of particular interest of examination to not only 
achieve higher efficiency but also lessen the operation cost as 
well as environmental side effects associated with it. 
Considering that all HRSG scenarios are designed to produce 

Sc. A Sc. B Sc. C Sc. D Sc. E Sc. F Sc. G Sc. H Sc. I Sc. J
HP Steam 64.48 64.48 64.48 64.48 62.95 62.95 64.48 64.48 64.08 63.71
LP Steam 4.56 8.98 18.04 18.04 19.63 19.63 4.56 8.98 5.05 9.88
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a specific amount of steam at specific pressures as illustrated 
in Table 1, the supplemental firing unit enables the system to 
track demand (i.e., producing more steam when the load 
swings upward than the unfired unit can produce). The duct 
burner must compensate for providing needed heat 
(temperature and mass flow rate) to the stream passing 
through the HRSG. If the heat rate at HRSG is not sufficient 
to generate a specific amount of steam, it operates to provide 
the required energy using auxiliary fuel. 
   In Table 10, fuel consumption of different configurations of 
HRSG with and without supplemental firing unit is illustrated. 
As can be observed, maximum fuel consumption belongs to 
scenarios (A), (G), and (I) in which duct burner used 1.055 

kg/s while superior results regarding fuel consumption 
belonged to scenarios (C), (D), (E), and (F) where duct burner 
consumed 0.317 kg/s and total amount of fuel consumption 
was equal to 9.884 kg/s to produce a specific and stable 
amount of steam at HP and LP pressures. This delivers 
significantly better results due to low fuel consumption 
corresponding to about 7 % saving in fuel. The main reason 
behind this fuel saving can be more efficient heat exchanger 
arrangement in related scenarios. This achievement can be 
more tangible when it comes to annual scale which immensely 
improves operation costs and mitigates the environmental side 
effects, finally resulting in huge annual cost saving. 

 
Table 10. Fuel consumption of CCGTs power plant in different configurations of dual-pressure HRSG 

Scenarios Fuel consumption (kg/s) Gas turbine (kg/s) Duct curner (kg/s) 

A 10.622 9.567 1.055 

B 10.38 9.567 0.813 

C 9.884 9.567 0.317 

D 9.884 9.567 0.317 

E 9.884 9.567 0.317 

F 9.884 9.567 0.317 

G 10.622 9.567 1.055 

H 10.38 9.567 0.813 

I 10.622 9.567 1.055 

J 10.38 9.567 0.813 

 
   Also, scenarios (B), (C), and (I) exhibit better results than 
the base scenario (A). The total fuel consumption in the 
mentioned scenarios is 10.38 kg/s, which corresponds to 
approximately 3 % saving. 
 
4.3. Electrical power and efficiency 

The power generation capacity of the steam cycle in both 
high-pressure and low-pressure steam turbines regarding 
different scenarios is illustrated in Figure 5. As can be seen, 
scenarios (C) and (D) produced maximum power in the steam 
cycle equal to 68.54 MW that causes approximately 12 % 
improvement in comparison with scenario (A) where it 
generates 61.17 MW. This enhancement is mainly due to 
better performance in low-pressure steam turbine power 
production which increased from 2.5 MW to 9.87 MW. 

 

 
Figure 5. Power production of steam cycle considering different 

scenarios 

   Further, scenarios (A), (G), and (I) exhibited approximately 
similar performance, while slight improvements can be seen 
in scenarios (B) and (H). An improvement in total steam 
production from 61.17 MW to 63.58 MW can be observed. 
This delivers significantly better results due to a more 
efficient heat exchanger arrangement in the HRSG. 
   Figure 6 shows the total net power production in both GC 
and SC for different proposed scenarios. As discussed earlier, 
from obtained results, it can be clearly understood that 
scenarios (C) and (D) had a greater level of power production 
equal to 218.33 MW. Also, it should be noted that the scenario 
(I), the most unfavorable one, can produce the net electrical 
power of 210.89 MW. 

 

 
Figure 6. Total net power production of gas gycle and steam cycle 

for different scenarios 
 
   Total net power and efficiency of CCPP, GC, and ST for 
different designed scenarios are illustrated in Figure 7. As can 
be seen, the designed heat exchanger arrangement of scenario 
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(C) has not only the best thermal and electrical efficiency of 
the system, but also produces the maximum power of 218.3 
MW, while the scenario (A) produces 210.98 MW electricity. 
Based on a comparison of different scenarios, it was found 
that the best performance in both power and efficiency 
belonged to scenarios (C) and (D). 

 

 
Figure 7. Total net power and efficiency of CCPP, GC, and ST for 

different scenarios 
 
   Further, Figure 8 shows a comparison between produced 
and consumed power in two scenarios (A) as base 
configuration and scenario (C) as the best designed heat 
exchanger arrangement. As is illustrated in two pie charts, the 
most striking difference in power production is related to the 
low-pressure steam turbine power production in scenario (C), 
which is remarkably enhanced due to new configuration 
design. 
   The low-pressure steam turbine power generation is 
improved from 2.5 MW in base scenario (A) to 9.87 MW in 
the best scenario (C) where the power production in low-
pressure steam cycle has been approximately quadrupled. In 
addition, overall power production of CCPP has been 
significantly improved from 210.98 MW to 218.3 MW, while 
consumed fuel has proved to be almost 7 % saving potential. 
The energy consumption in compressor is maintained 
constant, as expected. 

 

 
Figure 8. A comparison between produced and consumed power in 

scenarios (A) and (C) 
 
   In addition, the two T-Q diagrams with regard to scenarios 
of (A) as base configuration and scenario (C) as the best 
performed scenario are shown in Figures 9 and 10, 
respectively. 
   According to Figure 9, the GT hot flue gas at point (a) is 
incorporated into the HRSG at a temperature of 796.7 K and 
after passing LP as well as HP units leave the HRSG unit at 
point (g) with a temperature of 485.4 K. At the same time, 
feed water enters the HRSG unit at points (g) and (d). 

Moreover, after heat exchange, the superheat steam will leave 
the unit at the point (d) with a temperature of 543.2 K for   
LP-steam and at the point of (a) with a temperature of 743.2 K 
for HP-steam. 

 

 
Figure 9. T-Q profile of scenario (A) 

 
   This diagram clearly shows the amount of heat exchanged in 
each heat exchanger. It is observed that the highest amount of 
heat exchange belongs to the HP section of the HRSG and the 
highest value is in the HP evaporator heat exchanger. By 
comparing the temperature profile of hot flue gas passing 
through the HRSG from point (a) to (g) and temperature 
profiles of produced steam, it can be observed that there is still 
a great energy potential to be recovered and saved from the 
outlet gases. The higher the energy recovery is, the closer the 
temperature profile of the steam produced is to the 
temperature profile of the hot gas. 
   Figure 10 shows the temperature profile of scenario (C). It 
can be seen that in this scenario, compared to the base 
scenario (A), the steam temperature profile is much closer to 
the outlet gas temperature profile, which means higher and 
more efficient heat exchange and, consequently, more heat 
recovery from the hot outlet-gas flow. In scenario (C), the 
outlet gas temperature declines to 432.9 K, where its 
temperature is reduced by almost 53 K in comparison to the 
base scenario. Besides, in the LP unit, more heat is observed 
rather than the base scenario which leads to more steam 
production at 295.6 %. Ultimately, more power will be 
produced in the LP-steam turbine of the CCGT power plant. 
   By comparing these two diagrams, it is concluded that by 
changing the configuration of heat exchangers in HRSG, the 
amount of heat exchanged between the hot stream (flue gas 
from the gas turbine) and the cold streams (high-pressure and 
low-pressure steam flows) increases. This value will be at the 
highest possible value due to the minimization of the pinch 
point temperature difference. 

 

 
Figure 10. T-Q profile of scenario (C) 
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5. ENVIROMENTAL ASSESSMENT 

It is necessary to assess the environmental effects on thermal 
and power generation systems that generally provide their 
required energy using fossil fuels. In this study, the amount of 
fuel combustion products at the combined cycle power plant 
for a scenario with the lowest fuel consumption is studied and 
the results are presented in Table 11. 
   In terms of environmental analysis, the benefits of the 
proposed configurations are investigated and compared with 
the environmental damage triggered by a base scenario of (A) 
as reference. The CO2 emission cost rate of the scenario (C) is 
about 461.521 kgCO2/MWh which is considerably lower than 

the base scenario which is equal to 512.89 kgCO2/MWh. 
Moreover, ΩCO2potential of the system is 51.37 kgCO2/MWh; 
consequently, BENEnvof the system is equal to 133,418 
$/MWh. Accordingly, for fuel consumption of 10.61 kg/s in 
base configuration of gas turbine cycle with HRSG, scenario 
(A), the amount of 30.06 kgCO2/s is generated, equal to 2597 
ton/day. Since the designed configurations in scenarios (C), 
(D), (E), and (F) have the lowest fuel consumption, lower CO2 
production of about 2418 ton is the result. This value shows 
178.8 ton/day reduction in comparison with the base scenario 
of (A). 

 
Table 11. Calculated flue gas components of gas turbine for all the proposed scenarios 

Component 
Value 
Sc. A 
[kg/s] 

Value 
Sc. B 
[kg/s] 

Value 
Sc. C 
[kg/s] 

Value 
Sc. D 
[kg/s] 

Value 
Sc. E 
[kg/s] 

Value 
Sc. F 
[kg/s] 

Value 
Sc. G 
[kg/s] 

Value 
Sc. H 
[kg/s] 

Value 
Sc. I 
[kg/s] 

Value 
Sc. J 
[kg/s] 

CO2 30.06 29.38 27.99 27.99 27.99 27.99 30.06 29.38 30.06 29.38 
H2O 22.31 21.80 20.76 20.76 20.76 20.76 22.31 21.80 22.31 21.80 
O2 78.38 78.38 78.38 78.38 78.38 78.38 78.38 78.38 78.38 78.38 
N2 390.4 387.3 381.0 381.0 381.0 381.0 390.4 387.3 390.4 387.3 
Ar 5.986 5.939 5.843 5.843 5.843 5.843 5.968 5.939 5.986 5.939 

 
5. CONCLUSIONS 

Scenario base modeling was undertaken for different dual-
pressure HRSG configurations considering operational flue 
gas temperature and related initial values that represent the 
new evaluation approach of combined cycles. The expressed 
scenarios were selected due to the steam demand of the 
considered power plant and the technical possibility of the 
heat exchanger arrangement. Therefore, the primary purpose 
of this study was to present a method to increase the 
productivity of the HRSG systems. Results demonstrated that 
four of the ten considered HRSG models had a better 
operation in fuel consumption, steam production, power, and 
electrical efficiency than the conventional configuration. 
Besides, the environmental benefit of the best scenario proved 
to be a remarkable improvement. Eventually, concerning the 
HRSG model development, low-pressure steam generation of 
the scenarios of (C), (D), (E), and (F) was about four times 
higher than that in the base scenario of (A). It was shown that 
more energy could be absorbed in the HRSG by relocating 
super heaters and evaporators of the LP section. So, the 
following outputs were obtained: 

• Fuel consumption of duct burner of the selected 
configurations was almost 30 % less than the 
conventional type. 

• HRSG efficiency using four selected configurations was 
approximately 9 % higher than the base model. 

• Reduction of CO2 emission in the best scenario of (C) 
was about 6.88 % in comparison with the base model. 

• The environmental benefit of the best scenario was equal 
to 133,418 $/MWh. 
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NOMENCLATURE 
Symbols 
a, b, c Specific heat constants of steam 
a′, b′, c′ Specific heat constants of flue gas 
BLD Blow down (%) 
Cp Specific heat capacity at constant pressure (kJ/kg K) 
dT Temperature division 
h Specific enthalpy (kJ/kg) 
H Enthalpy at actual state (kJ) 
H′ Enthalpy at ideal state (kJ) 
LHV Lower heating value (kJ/kg) 
mf Mass fraction 
ṁ Mass flow rate (kg/s) 
ṁ′ Demand mass flow rate (kg/s) 
molė  Mole flow rate (kmole/s) 
MW Molecular weight (kg/kmole) 
n Mole of air in combustion reaction (kmole) 
n1, … , n5 Mole of products in combustion reaction (kmole) 
P Pressure (bar) 
PW Power (kW) 
Q Heat transferred (kJ) 
Q̇ Heat transferred rate (kJ/kg) 
R Gas constant (kJ/kg K) 
RPC Compressor pressure ratio 
RPT Turbine pressure ratio 
S Entropy at actual state (kJ/kg K) 
S′ Entropy at ideal state (kJ/kg K) 
T Temperature at actual state (K) 
T′ Temperature at ideal state (K) 
W output work (kJ) 
Ẇ Specific output work (kJ/kg) 
∆P Pressure difference (%) 
Greek Letter 
η Efficiency 
γ Specific heat ratio 
Subscripts and superscripts 
air Air 
AC Air compressor 
Act Actual 
CC Combustion chamber 
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CCPP Combined cycle power plant 
DB Duct burner 
Demand Demand 
Electrical Electrical 
Fuel Fuel 
FA Fresh air 
FG Flue gas 
FW Feed water 
GC Gas cycle 
GT Gas Turbine 
HP High pressure  
Eco Economizer  
Sup Super heater 
Sp Splitter  
HX Heat Exchanger 
in Inlet 
isen Isentropic state 
LP Low pressure 
net Net 
new New state 
out Outlet 
p Pump 
Ref Reference 
ST Steam turbine 
th Thermal 
theo Theoretical 
0 Initial state 
Acronyms and abbreviation 
AP Approach point temperature 
CCPP Combined cycle power plant 
CHP Combined heat and power 
EES Engineering equation solver 
LP Feed water 
PP Gas turbine 
HP High pressure 
HRSG Heat recovery steam generator 
LP Low pressure 
PP Pinch point 
TIT Turbine inlet temperature 
TOT Turbine outlet temperature 
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