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A newmethod for determining the optimal heat-exchanger layout in a heat recovery steam generator and
its operating parameters are presented in this paper. A robust mathematical model is developed, where
arbitrary steam-pressure levels and steam-reheating levels can be set. The method considers all the pos-
sible heat-exchanger layouts, in both serial and parallel arrangements of steam pressure levels or steam
reheating levels. The maximum thermodynamic efficiency of the steam-turbine cycle is set as the objec-
tive function. The results show that the optimal high pressure in heat recovery steam generator without
reheating is in the region of subcritical pressures, whereas that for a heat recovery steam generator with
reheating is in the region of supercritical pressures. In the case of similar water or steam temperature
profiles in the heat exchangers of different steam pressure levels or reheating level, from a thermody-
namic viewpoint, it is justified to use a parallel heat-exchanger arrangement.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The electrical energy consumption in the world increases each
year, i.e., the consumption of fossil fuels increases yearly. The use
of fossil fuels causes greenhouse gas emissions such as CO2 emis-
sions, which, according to many scientists, are one of the main
causes of climate change. To reduce CO2 emissions, the European
Union (EU) imposed the ‘‘2020 Climate & Energy Package,” which
is a set of binding legislations for ensuring that the EUmeets its cli-
mate and energy targets by the year 2020. The main goals of this
legislation are a 20% reduction in greenhouse-gas emissions, a
20% improvement in energy efficiency, and obtaining 20% of total
produced energy from renewables [1]. The need to improve the
thermodynamic efficiency of the combined-cycle power plant
(CCPP) is emerging as one of the measures of the proposed EU
2020 package for increasing energy efficiency.

The best modern CCPPs achieve a thermodynamic efficiency of
above 60%. Examples are CCPP Irsching 4 in Germany with a ther-
modynamic efficiency of 60.4% [2] and CCPP Bouchain in France
with a thermodynamic efficiency of 62.22% [3]. The thermody-
namic efficiency of the CCPP (gCCPP) can be increased in two ways:
by increasing the thermodynamic efficiency of the gas-turbine part
of the power plant (gGT) or by increasing the thermodynamic
efficiency of the steam-turbine part of the power plant (gST). How-
ever, not every increase in gGT or gST results in a corresponding
increase of gCCPP, because increasing gGT does not necessarily
increase gST . The same is valid for an increase in gST. There is an
optimal change in gGT=gST that results in an increase in gCCPP [4].
Contemporary CCPPs have an almost continuous expansion curve
in the gas-turbine part of the cycle, that ranges from approximately
1500 to 600 �C and continue in the steam-turbine part of the cycle,
from 600 to 25 �C. Minimal disruption exists, only because of the
necessary temperature difference between the flue gas and the
fresh steam at the steam-generator outlet. In a heat recovery steam
generator (HRSG), unlike in a conventional steam generator, the
temperature difference between the inlet flue gas and the fresh
steam is relatively small; thus, it comes to pinch-point occurrence
[5]. The diagram in Fig. 1 shows the relationship between the tem-
perature profile of the flue gas and working fluid and the
exchanged heat flux. In this case, the working fluid enters an HRSG
with a temperature of 25 �C, and the flue gas enters the HRSG with
a temperature of 600 �C. The flue-gas temperature decreases as it
transfers heat to the working fluid, whose temperature increases.
At the saturation temperature, the temperature profile of the
working fluid (subcritical pressures) remains constant, i.e., the
working fluid evaporates. During the evaporation, the specific heat
capacity of the working fluid becomes infinite. Because of this phe-
nomenon, which affects the working-fluid temperature profile, it
can be said that the pinch point is the result of the increase in
the specific heat capacity of water heated in the economizer and
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Nomenclature

grad HRSG radiation heat losses to the environment
DP double pressure
fg flue gas
FP feed pump
h enthalpy [J/kg]
HP high pressure
i,k pressure-level index
IP intermediate pressure
j reference to the HRSG element within individual

pressure level
LP low pressure
PFP feed-pump electrical power [W]
PST steam-turbine electrical power [W]
qm mass flow, [kg/s]
RH reheating
SH superheating
SP single pressure

TP triple pressure
wf working fluid
xi proportion of mass flow of lower pressure levels

compared to mass flow of HP pressure level
Dh enthalpy increment [J/kg]
DTPP pinch point
gCCPP thermodynamic efficiency of CCPP
gGT thermodynamic efficiency of gas-turbine part of power

plant
gHRSG thermodynamic efficiency of HRSG
gSC thermodynamic efficiency of steam-turbine cycle
gST thermodynamic efficiency of steam-turbine part of

power plant
UGT outlet gas turbine heat flux [W]
UHRSG,ex heat flux exchanged in HRSG [W]
UHRSG,in inlet heat flux to the HRSG [W]

Fig. 1. Flue gas and working fluid temperature profiles inside an HRSG.
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its infinite value during evaporation on one hand and a result of the
small temperature difference between the inlet flue gas and the
fresh steam on the other hand. The increase of the aforementioned
temperature difference always reduces the pinch-point effect. A
consequence of the pinch-point effect is the inability to cool the
flue gas to temperatures close to the inlet feed water temperature.

This reduces the thermodynamic efficiency of the HRSG (gHRSG).
Thus, to achieve a high gST, it is necessary for the gHRSG and the
thermodynamic efficiency of the steam cycle (gSC) to be high,
which are mutually opposing parameters in HRSGs. Therefore, it
is necessary to determine the optimal relationship between these
two values. This optimal relationship between gHRSG and gSC can
be achieved only via the simultaneous optimization of the heat-
exchanger layout of the HRSG and the working-fluid parameters
(pressure, temperature, mass flow). Modern HRSGs have more than
one pressure level. Additional pressure levels offer lower pressures
and lower superheating temperatures. They allow further utiliza-
tion of the flue-gas waste heat in contrast to systems with only
Please cite this article in press as: Čehil M et al. Novel method for determining
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one pressure level [6]. Unfortunately, the gSC of these additional
pressure levels is lower than the gSC of the first pressure level.
Many studies have been performed on the optimization of a CCPP.
Some studies use a thermoeconomic approach, which is a compro-
mise between improving the thermodynamic efficiency and reduc-
ing investment costs. Valdes et al. [7] optimized the combined
cycle with HRSGs having one and more pressure levels, using the
production cost per unit of generated electricity and the annual
cash flow as objective functions. Optimizing the heat-exchanger
layout was not an aim of their work. They optimized only the
working parameters, such as the pressure and temperature. Kato-
vicz and Bartela [8] optimized a HRSG with triple-pressure (TP)
steam and a reheater, analyzing the influence of the fuel price on
the optimum operating parameters. The objective function was
the net present value of investment. They did not optimize the
heat-exchanger layout. Rahim [9] performed a sensitivity analysis
for single, double, and TP HRSGs in a CCPP. They performed a para-
metric analysis of the influence of the working parameters on the
optimal heat-exchanger layout for heat recovery steam generators. Energy
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thermodynamic efficiency of a CCPP. Feng et al. [10] optimized
three different layouts of a dual-pressure HRSG. Naemi et al. [11]
optimized the performance of an HRSG using different objective
functions (exergy waste and exergy destruction). They only opti-
mized the working parameters. Tajik Mansouri et al. [12] studied
different configurations of HRSGs with two and three pressure
levels and the same gas turbine as the topping cycle (Brayton
cycle) and evaluated the exergy efficiency of each configuration.
Rovira et. al. [13] developed a thermoeconomic optimization
model whose objective function minimized the price of electricity,
considering that power plants often operate with a partial load.
More complex optimization methods based on exergoenergetic
analyses are also the focus of researchers. Exergoeconomic theory
combines the second law of thermodynamics [14] with economic
principles in order to consider the cost of thermodynamic imper-
fections (losses) in the total cost of running a power plant [15].
In recent years, interest in the exergoeconomic optimization of
power-plant operation has grown, including cogeneration systems
[16] and systems with renewable energy sources [17]. Ahmadi and
Dincer [18] applied exergoeconomic theory for the optimization of
a CCPP with two pressure levels of steam and additional fuel com-
bustion while observing the impact of fuel prices on the optimiza-
tion parameters. Petrakopoulou et al. [19] performed a thorough
exergoeconomic analysis to determine the potential benefits of
using a system with TP steam. Carapelluci and Giordano [20]
applied two methods for optimizing the operating parameters of
a CCPP: a) minimizing the cost per unit of generated electricity
and b) minimizing the objective function representing exergoeco-
nomic losses associated with thermodynamic irreversibility. The
optimization was performed for different configurations of com-
bined power plants with different pressure levels of steam, differ-
ent gas turbines, and different fuel prices.

Thus far, no studies have involved the simultaneous optimiza-
tion of the HRSG heat-exchanger layout and the operating param-
eters of each pressure level. The proposed simultaneous
optimization is essential for determining the HRSG configuration
of a CCPP topping cycle, which allows the determination of the
optimal thermodynamic efficiency of a power plant. The mathe-
matical model described in this paper allows the determination
of the optimal HRSG heat-exchanger layout (heat exchangers of
each pressure level can be in their mutual parallel and/or serial
positions) and working parameters by using a genetic algorithm
as the main optimization algorithm.

2. Mathematical model

The relationship between the thermodynamic efficiencies of the
steam-turbine cycle, gas-turbine cycle, and combined power plant
is given by the following equation:

gCCPP ¼ gGT þ ð1� gGTÞ � gST ð1Þ
From a mathematical viewpoint, Eq. (1) is a function of two

equally significant variables and can be rewritten as

gCCPP ¼ gST þ ð1� gSTÞ � gGT ð2Þ
However, in reality, there is a difference between the impacts of

gGT and gST on gCCPP, because gGT does not depend on gST, whereas
the theoretical maximum of gST depends on gGT. At a constant gas-
turbine inlet temperature, gST is inversely proportional to gGT

because an increase of gGT reduces the output flue-gas temperature
from the gas turbine and thus reduces the average temperature of
the heat delivered to the steam-turbine cycle. Carefully examining
Eq. (1) reveals that the bottom cycle would not have an available
heat ratio of 1� gGT but would be reduced by the loss of radiation
owing to the temperature difference between the outer casing of
the gas turbine and the environment, the losses in the gas-
Please cite this article in press as: Čehil M et al. Novel method for determining
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turbine electrical generator, and other mechanical losses. Because
of their minor impact on gGT, these losses are not considered
[21]. Considering them is not necessary for this study, because
the amount of heat delivered to the HRSG is represented by the
HRSG flue-gas inlet temperature, i.e., only gST is optimized, which
indirectly affects the increase of gCCPP.

The thermodynamic efficiency of the steam-turbine part of the
combined cycle is

gST ¼ gSC � gHRSG ð3Þ
The thermodynamic efficiency of the steam-turbine cycle is

gSC ¼ ðPST � PFPÞ
UHRSG;ex

ð4Þ

The thermodynamic efficiency of the HRSG is

gHRSG ¼ UHRSG;ex

UHRSG;in
ð5Þ

gSC depends on the fresh steam temperature and the condensation
temperature. To increase gSC, the temperature of the fresh steam
should be as high as possible and the condensation temperature
should be as low as possible, in accordance with Carnot’s theorem.
Heat exchangers in HRSGs are arranged in a network. In the direc-
tion of the flue gas stream, there is an arbitrary series of heat
exchangers. Each of the series represents a different steam-
pressure level or steam-reheater level. Because the reheating
behaves as a separate steam cycle, each reheating level must pro-
vide an additional series of heat exchangers in the heat-exchanger
network. Fig. 2 schematically shows the steam turbine plant with
three pressure levels (high pressure (HP), intermediate pressure
(IP), and low pressure (LP)) and the high-pressure reheater (RH).
This setup allows a parallel arrangement of any two or more heat
exchangers belonging to different steam-pressure levels or reheat-
ing levels.

To ensure the arbitrary positioning of heat exchangers with dif-
ferent pressure levels, a sufficient number of heat exchangers in
each series was necessary. This way, any mutual position combina-
tion of heat exchangers could be described, in both the serial and
parallel directions. An optimization program determined the
enthalpy increment in each heat exchanger. The enthalpy incre-
ment could be equal to zero, which means that in this position,
there was no heat exchanger. Thus, the optimization routine deter-
mined the configuration of the HRSG.

Because the thermodynamic efficiency of a steam turbine
strongly affects the mechanical energy produced in the turbine, it
was necessary to avoid an erroneous calculation of the produced
mechanical energy, which occurs if the produced energy is calcu-
lated as a result of the multistage expansion in the turbine. For a
multistage expansion turbine, the produced mechanical energy is
higher than that in the case of a single expansion turbine. If the
energy produced for a single expansion turbine is calculated, the
erroneous calculation is avoided, as is case in this study. This is
why each pressure level has its own turbine. This way, the calcula-
tion of the multistage expansion in the turbine is avoided; each
pressure level expands from the working pressure to the condensa-
tion pressure. The problem with multistage/single expansion in
turbines is well-known in turbomachinery theory [22]. To simplify
the calculation, in this study, the thermodynamic efficiency of the
turbine is set to be constant and equal to 90%, which is a typical
approach [23].

The water and flue-gas pressure reductions are ignored because
they depend on the geometrical characteristics of the steam gener-
ator and are somewhat independent of the heat-exchanger
arrangement. The flue-gas pressure reduction can be reduced by
decreasing the flue-gas speed and increasing the cross sectional
optimal heat-exchanger layout for heat recovery steam generators. Energy
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Fig. 2. Schematic of the steam-turbine power plant.
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area of the steam generator. The water-pressure reduction can be
decreased by increasing the number of parallel lines in each heat
exchanger. Such calculations are in a lower hierarchical order of
optimization [24] and are therefore not covered in this paper.
Because of the large number of objective-function calculations
required, which reaches several hundred thousand for just one
optimization, the mathematical model must be simplified as much
as possible in order to perform the optimization in real time and
obtain physically feasible solutions. The mathematical model was
written in MATLAB, and the optimization was performed using
the MATLAB genetic algorithm optimization toolbox. Xsteam
tables were used for the water/steam physical properties. A simpli-
fied schematic of the calculation algorithm is shown in Fig. 3.

The basic algorithm equations are given as follows:

(a) for the ith working-fluid pressure level (from the HRSG outlet
towards the HRSG inlet):

hwf;iðjþ 1Þ ¼ hwf ;iðjÞ þ Dhi ð6Þ

Twf;iðjþ 1Þ ¼ f ðhwf ;iðjþ 1Þ; pwf;iÞ ð7Þ

Uwf;iðjþ 1Þ ¼ Uwf;iðjÞ þ Dhi � qmi
; ð8Þ

where

qmðiþ1Þ ¼ xi � qm1
ð9Þ

(b) for the jth element of flue gas (from the HRSG inlet towards
the HRSG outlet):

hfgðjþ 1Þ ¼ hfgðjÞ þ
Xn

k¼1

qm1
� Dhk

1� grad
ð10Þ

T fgðjþ 1Þ ¼ f ðhfgðjþ 1ÞÞ ð11Þ

Ufgðjþ 1Þ ¼ UfgðjÞ þ
Xn

k¼1

Dhk � qmk

1� grad
ð12Þ

(c) for calculating the pinch point:
DTpp;iðjÞ ¼ T fg;iðjÞ � Twf;iðjÞ ð13Þ

The constraint is

minðDTpp;iÞ ¼ 0 ð14Þ
Please cite this article in press as: Čehil M et al. Novel method for determining
Convers Manage (2017), http://dx.doi.org/10.1016/j.enconman.2017.03.033
Special attention was paid to finding the pinch point. The pinch
point mostly occurs at the water entrance to the evaporator, but at
higher pressures, the pinch point moves towards the economizer.
Because the water/steam and flue-gas conditions are known only
at the ends of the heat exchangers, if the pinch point is set at the
beginning of the evaporator, a physically impossible solution is
obtained and the calculation yields incorrect results because the cal-
culated rates of the mass flow through the steam generator are
higher thanwhat isphysicallypossible. Therefore, determining a real
pinch point is very important for an accurate mathematical model.
Each heat exchanger prior to the evaporator for each pressure level
was divided into 50 parts; thus, amore accurate temperature profile
of waterwas obtained. For each calculatedmass flow rate of the first
pressure level, the enthalpy and temperature profile of steam and
flue gas were determined. The mass flow rates of the other pressure
levels were already determined by their proportion in themass flow
of the first pressure level and represented additional independent
variables. Then, the temperature differences between the flue gas
and water/steam at the end of the heat exchangers were calculated.
The minimum of these differences was the pinch point. When the
pinch point decreases to zero, the greatest possible mass flow rate
is established. Each pressure level has its own steam turbine, in
which steam can expand to the condenser pressure. If the dryness
fraction at the steam-turbine outlet is less than 80%, the steam
expands to a higher pressure, atwhich the dryness fraction is exactly
80%. Thedryness fraction [27] is aboundarycondition imposed in the
mathematical model. Such a penalty has proven to be very effective
for obtaining optimal solutions because it avoids further constraints.
The fuel used in the calculation was natural gas, and its content is
shown in Table 1. The input data are shown in Table 2.
3. Results

In this chapter, the optimization results for different HRSG con-
figurations (single pressure (SP), SP with reheater (SP + RH), double
pressure (DP), DP with reheater (DP + RH), TP, and TP with reheater
(TP + RH)) are presented.

3.1. SP HRSG configuration

Fig. 4 shows a T–U diagram of the thermodynamically
optimized steam turbine plant. In the simplest case, there is no
optimal heat-exchanger layout for heat recovery steam generators. Energy
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Fig. 3. Simplified calculation algorithm flow chart.
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possibility of a parallel arrangement of heat exchangers. Thus, the
optimization is easy—only the vapor pressure must be specified in
order to determine the minimum allowed dryness fraction at the
turbine outlet at the maximum fresh steam temperature of
Please cite this article in press as: Čehil M et al. Novel method for determining
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565 �C. Fig. 4 also shows that the pinch point is not at the point
of the saturated liquid but is located within the economizer. In
the case of an SP configuration and zero pinch point, it is impossi-
ble to cool the flue gases below 128 �C. The detailed results for each
optimal heat-exchanger layout for heat recovery steam generators. Energy

http://dx.doi.org/10.1016/j.enconman.2017.03.033


Table 1
Fuel content.

Component Vol. %

Methane (CH4) 85.0
Ethane (C2H6) 5.0
Propane (C3H8) 3.0
Carbon dioxide (CO2) 3.5
Nitrogen (N2) 3.5
Hydrogen sulfide (H2S) 0.0

Table 2
Input data.

Value

Maximum steam temperature [24] 565 �C
Maximum pressure water/steam 1000 bar
Inlet flue-gas temperature [25] 600 �C
Mass flow of flue gas 1 kg/s
Steam condensation temperature 25 �C
Feed-pump efficiency [26] 84%
Steam-turbine efficiency 90%
HRSG heat losses to the environment [6] 0.5%
Mechanical and electrical losses [26] 2%

Fig. 4. T–U diagram for the thermodynamically optimized SP HRSG configuration.
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calculated HRSG configuration presented in this paper are shown
in Table 3.

3.2. SP+RH HRSG configuration

The optimization results for the SP + RH HRSG configuration are
identical to those for the SP configuration. Because of the small
temperature difference between the flue gas entering the HRSG
and the maximum steam temperature at the HRSG outlet (35 �C),
there is not enough available heat flow to be used for reheating.
The model shows that the introduction of the reheater to the HRSG
with one pressure level is thermodynamically justified only with
an increased inlet temperature of the flue gas entering the HRSG.

3.3. DP HRSG configuration

Fig. 5 shows a T–U diagram of the thermodynamically opti-
mized DP HRSG configuration. The HP level is identical to that
for an SP configuration without a reheater, whereas the LP level
has a higher dryness fraction at the steam-turbine outlet. In
Fig. 4, which shows the T–U diagram for the SP configuration, the
Please cite this article in press as: Čehil M et al. Novel method for determining
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pinch point is at a temperature slightly above 300 �C. Below this
temperature, the water curve separates from the flue gas curve,
which means that at temperatures below approximately 310 �C,
there is available thermal flow that cannot be used in the SP con-
figuration. This thermal flow is used by the second pressure level.
For this reason, the flue gas is cooled to 55.2 �C.

3.4. DP+RH HRSG configuration

Fig. 6 shows a T–U diagram of the thermodynamically opti-
mized DP + RH configuration. The parallel arrangement of heat
exchangers is almost always used. The introduction of the reheater
to a DP HRSG causes a drastic pressure increase in the HP level. To
achieve better results, calculations with different initial conditions
were performed. The results exhibited relatively small deviations
of gST, although the HRSG configurations and operating parameters
differed. According to these calculations, there are many solutions
with similar gST values. The LP level varies from 2 to 10 bar, and the
HP steam pressure is approximately 430 bar.

3.5. TP HRSG configuration

Fig. 7 shows a T–U diagram for a thermodynamically optimized
steam turbine plant with three pressure levels (TP) without a
reheater. In this case, as well as for the TP HRSG configuration,
genetic algorithms rarely change the initial pressures of the lower
pressure levels. The IP and LP levels, because of the reduced flow
rate of water/steam compared with the water/steam mass flow
rate of the HP pressure level and their lower gSC, have a smaller
impact then the HP level on gST. To obtain the best possible solu-
tion, several calculations were performed with different IPs and
LPs as the initial conditions. The optimal pressures reported by
other authors were also considered. Bassily [26] states that the
optimal pressures of the IP and LP levels were fairly constant
and, for the thermodynamically optimized (TP + RH) HRSG config-
uration, their values were 4.5 and 1.2 bar, respectively. For the TP
HRSG configuration with and without a reheater, this combination
of pressures yielded the best solution among several different com-
binations. The differences in the thermodynamic efficiency varied
by no more than 0.2% in absolute value, confirming previously sta-
ted assumptions that there are numerous pressure combinations of
lower pressure levels that yield very similar solutions.

3.6. TP+RH HRSG configuration

Fig. 8 shows a T–U diagram for the thermodynamically opti-
mized TP + RH HRSG configuration.

The thermodynamic efficiency of this plant is the highest
among all the plants considered thus far. The T–U diagram shows
that all the temperature curves at the pinch points adhere to the
flue-gas temperature curve, which indicates good utilization of
the waste heat in the HRSG. Additionally, there is a maximum pos-
sible matching of the reheater temperature curve with the temper-
ature curves of the HP economizer and superheater, which
suggests that this is a thermodynamically well-optimized
configuration.

In this case, gST is larger than that in the TP configuration,
despite the fact that flue-gas outlet temperature is higher than that
in the TP case. As previously stated, gST is the product of gHRSG and
gSC (Eq. (3)). A large gHRSG is insufficient to achieve a large gST. For
example, the steam generator can have a very high value of the
working-fluid flow. The flue gas is cooled to a temperature that
is almost equal to the temperature of the working fluid at the
entrance to the HRSG, and the working-fluid temperature at the
HRSG outlet is slightly higher than that at the HRSG entrance
optimal heat-exchanger layout for heat recovery steam generators. Energy

http://dx.doi.org/10.1016/j.enconman.2017.03.033


Table 3
Results for single, double, and triple-steam pressure level HRSGs with and without reheating.

Unit SP SP + RH DP DP + RH TP TP + RH

No. of variables 5 10 17 25 32 42
No. of serial heat exchangers 3 3 6 6 8 8
No. of parallel heat exchangers 1 2 2 3 3 4
Exchanged heat flux kW/kgFG 522.81 522.81 599.50 584.04 608.68 602.84
Flue gas enthalpy (outlet) 134.19 134.19 57.50 72.96 48.32 54.16
gSC % 39.99 39.99 37.81 39.57 37.64 38.71
gHRSG % 79.58 79.58 91.25 88.89 92.65 91.76
gST % 31.82 31.82 34.50 35.18 34.87 35.52
gexergy,total % 71.8 71.8 77.8 79.4 78.6 80.1
Flue gas outlet temp. �C 128.25 128.25 55.17 70.06 46.44 51.95
Net electrical power kW/kgFG 210.12 210.12 226.64 231.24 229.06 233.46

HP Pressure bar 198.4 198.4 198.0 427.4 198.0 413.8
Feed water temperature �C 26.3 26.3 26.3 27.8 26.3 27.7
Evaporation temperature �C 365.1 365.1 364.9 425.7 364.9 423.2
Live steam temperature �C 565.0 565.0 565.0 565.0 565.0 565.0
Steam mass flow (kg/s)/kgFG 0.157 0.157 0.157 0.128 0.157 0.127
Electrical power kW/kgFG 212.82 212.82 212.43 45.29 212.34 41.77
Feed-pump power kW/kgFG 2.70 2.70 3.69 6.45 3.69 6.2
Wet-steam ratio (turb. outlet) % 20.0 20.0 20.0 20.0

RH Reheating pressure bar 76.9 88.3
Reheating temperature �C 565.0 565.0
Pinch point �C 2.4 1.0
Steam mass flow (kg/s)/kgFG 0.128 0.127
Electrical power kW/kgFG 168.2 168.4
Wet-steam ratio (turb. outlet) % 13.6 14.4

IP Pressure bar 4.5 4.0
Feed water temperature �C 25.1 25.1
Evaporation temperature �C 147.9 147.9
Live steam temperature �C 318.2 240.3
Steam mass flow (kg/s)/kgFG 0.022 0.038
Electrical power kW/kgFG 16.52 26.31
Feed-pump power kW/kgFG 0.01 0.02
Wet-steam ratio (turb. outlet) % 8.5 12.4

LP Pressure bar 3.0 5.0 1.2 1.2
Feed water temperature �C 25.0 25.0 25.0 25.0
Evaporation temperature �C 133.5 152.1 104.8 104.8
Live steam temperature �C 306.9 152.7 276.9 144.7
Electrical power kW/kgFG 17.9 24.2 3.9 3.2
Feed-pump power kW/kgFG 0.0 0.0 0.0 0.0
Wet-steam ratio (turb. outlet) % 7.0 18.3 3.6 10.7

Fig. 5. T–U diagram for the thermodynamically optimized TP HRSG configuration. Fig. 6. T–U diagram for the thermodynamically optimized TP + RH HRSG
configuration.
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(Fig. 9). In this case, gHRSG is as high as possible, but gSC is zero
because the working fluid does not achieve evaporation and thus
electricity is not produced in the steam turbine.

The introduction of a reheater requires heat exchange at higher
temperatures, which necessitates the reduction of the working-
Please cite this article in press as: Čehil M et al. Novel method for determining
Convers Manage (2017), http://dx.doi.org/10.1016/j.enconman.2017.03.033
fluid flow of a higher pressure level compared with an HRSG with-
out a reheater. The low pressure level in both cases (TP + RH and
TP) is the same (same pressure), as is the temperature at which
the pinch point occurs. The total working-fluid flow (all three
optimal heat-exchanger layout for heat recovery steam generators. Energy
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Fig. 7. T–U diagram for a thermodynamically optimized plant with the TP HRSG
configuration.

Fig. 8. T–U diagram for a thermodynamically optimized plant with the TP + RH
HRSG configuration.

Fig. 9. T–U diagram for an HRSG with a very high working-fluid flow at the first
pressure level.
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pressure levels) is lower for TP + RH than for TP, and this is why the
flue gas cannot be cooled to the temperature for the TP case.
Despite this phenomenon, by the introduction of a reheater, the
average gST of a power plant increases (the mean effective temper-
ature of the heat increases). The conclusion is that the introduction
of a reheater has a greater overall impact (positive: gST increases)
on gST than gHRSG has (negative: gST decreases).
4. Conclusion

The newly developed mathematical model allows the simulta-
neous determination of the optimal heat-exchanger layout and
the optimal operating parameters of the steam-turbine part of a
combined power plant for any flue-gas temperature at the gas tur-
bine outlet. In contrast, in previous studies by other researchers,
the heat-exchanger layout was determined in advance according
to previous experience, and only the operational parameters were
optimized. The mathematical model presented in this paper allows
for the parallel arrangement of any two or more heat exchangers
belonging to different steam pressure levels or reheating levels.
The analysis was performed for a flue-gas temperature of 600 �C,
which is the approximate temperature currently practically used
at the gas turbine outlet. With regard to the maximum tempera-
tures, such a plant is currently feasible, but the high thermody-
namically optimal pressure of fresh steam, which is greater than
400 bar if the plant has reheating, is problematic. According to
Eq. (1), to increase the thermodynamic efficiency of a combined
power plant with three pressure levels and a reheater (approxi-
mately 60%), gGT should be greater than 38%, but because the gST

of a thermoeconomic optimal plant is lower than 35.52%, which
is the thermodynamic maximum, gGT should be increased. As
shown in Table 3, the introduction of additional pressure levels
reduces the average gST of a cycle but allows the significant
increase of gHRSG, which results in an increase of gST. By using the
proposed optimization method, a large gHRSG with the maximum
possible average gST can be determined. gST depends strongly on
the properties of the working fluid, and because gHRSG almost
reaches its maximum, the emphasis for the increase of gST should
be placed on the increase of the average gST, which—along with
the temperature increase at the gas turbine inlet—is the only factor
that can increase gCCPP. It has been shown that for a flue-gas tem-
perature of 600 �C, the supercritical pressures are thermodynami-
cally optimal only in plants with reheating, whereas in plants
without reheating, thermodynamically optimal pressures are sub-
critical. This is because of the properties of water as a working fluid
and the fact that to achieve the maximum gST, it is necessary to
achieve the maximum allowable moisture content at the steam-
turbine outlet. In this study, the maximum allowable moisture
content was considered to be 20%, which is similar to the value
used by other researchers. A reduction of the maximum allowable
moisture content would result in a lower thermodynamically opti-
mum pressure of the HP steam, which is closer to the design solu-
tions. The introduction of a reheater to cycles with two or three
pressure levels increases gST, whereas the introduction of a rehea-
ter to cycles with a single pressure level reduces gST because the
temperature difference between the flue-gas inlet temperature
and the temperature of the pinch point is small, which indicates
insufficient heat flux for the simultaneous superheating and
reheating of steam. In this case, the impact of the gHRSG reduction
is more significant than the impact of the gST increase. The same
occurs in cycles with two or three pressure levels, but here, the sec-
ond and third pressure levels increase gHRSG along with the higher
average gST of all the pressure levels. The optimal solutions for the
heat-exchanger position often involve a parallel arrangement of
heat exchangers within the HRSG. The obtained results are not
optimal heat-exchanger layout for heat recovery steam generators. Energy
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the outcome of assumptions but rather a direct result of the opti-
mization process. Some researchers have used parallel arrange-
ments of heat exchangers, but most researchers do not realize
the thermodynamic benefits of this approach and exclusively use
serial heat-exchanging surfaces.
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