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a b s t r a c t

The objective of this paper is the analysis and the optimisation of several configurations of combined
cycle gas turbines using a partially recuperative gas turbine and heat recovery steam generators
(HRSG) of two and three pressure levels.
The proposed configuration consists of the thermal recuperation of a fraction of the total exhaust gas

mass flow, which preheats the air exiting from the compressor. The exhaust gas mass fraction that is not
directed to the recuperator goes to the high temperature heat exchangers (superheaters and reheaters).
As the temperature of the gas at the superheater inlet is maintained, the temperature of the produced
steam is not decreased and the performance of the steam cycle is also maintained.
In order to analyse and homogeneously compare the proposed configuration to the conventional and

completely recuperative ones, three optimisations are carried out: (1) a thermodynamic optimisation,
maximising the thermal efficiency; (2) a thermodynamic optimisation with the total heat exchange area
constrained; and (3) a thermo-economic optimisation that minimises the generation cost.
Results show the convenience of using recuperative gas turbines for the dual pressure configurations

and, especially, the use of partial recuperation for both dual and triple pressure configurations. In almost
all cases the optimal recuperative mass fraction is located at roughly 90%. In dual pressure level heat
recovery steam generators, the use of a recuperative gas turbine is advisable both from the thermody-
namic and economical points of view, but results are improved using high partial recuperation. In triple
pressure level configurations, fully-recuperative gas turbines are not advisable but the performance and
cost may be enhanced if the gas turbine is partially recuperative.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

As it is well known, commercial combined cycle gas turbines
(CCGT) comprise a gas turbine as the high temperature cycle and
a steam cycle as the low temperature one. Several configurations
of gas turbines and Rankine cycles are commonly used, that allow
very high heat-to-electricity conversion efficiency. The most usual
configurations are well established since several decades ago [1,2],
and they include several pressure levels at the heat recovery steam
generator (HRSG) and heat recovery of the gas turbine cooling
(using air or steam from the Rankine cycle). Najjar [3] makes a
comprehensive analysis on the different technologies that may
be installed.

In the technical literature there are many works aimed to
increase the thermal efficiency of combined cycles, some of them

including analysis of the suitability of the use of a recuperative
gas turbine cycle. Among them stand, for example, those carried
out by Franco [4–6], which show the convenience of using sequen-
tial combustion together with a recuperative gas turbine; Carcasci
and Facchini [7], who study heat recovery of the gas turbine cool-
ing and also sequential combustion; the works of Bassily involving
recuperative gas turbines [8] and air/steam blade cooling [9,10].
Sequential combustion, intercooling and supplemental firing of
the exhaust gas have been also studied in [11], the utilization of
heat from the turbine cooling is studied in [12,13], the use of recu-
perative gas turbines also in [14] and the effect of the steam quality
at the exit of the steam turbine on the results of the optimisations
is studied in [15]. Finally, in [16,17] authors suggest heat recuper-
ation to pre-heat not only the air at the compressor outlet but also
the fuel entering to the combustion chamber.

Although some of these works may advice the use of recupera-
tive gas turbines, this solution has not been commercially consid-
ered. As it is well known, recuperative gas turbines include an
additional heat exchanger (recuperator) that preheats the air
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coming from the compressor using the exhaust gas coming from
the turbine, which allows fuel saving due to the air preheat.

One of the reasons why this configuration has not been consid-
ered is that the turbine exhaust temperature decreases during the
recuperation process, which leads to an exergy decrease of the hot
stream that is directed to the HRSG. Therefore, quality of the pro-
duced steam decreases and, consequently, also the efficiency of
the steam cycle, which reduces, at some extent, the overall effi-
ciency improvement of the combined cycle.

In summary, although with the use of recuperative gas turbines
the efficiency of the combined cycle may increase in comparison to
a non-recuperative one, the effect of having a lower temperature at
the inlet of the HRSG penalizes this improvement that may not be
significant, and this, together with the complexity of including a
recuperator, makes not advisable its installation.

In the present paper a different layout with partial recuperation
is proposed, which allows the use of a recuperative gas turbine and
the associated fuel saving, but avoiding the temperature decrease
of the exhaust gas directed to the HRSG. The proposed configura-
tion, using two and three pressure levels HRSGs, is analysed from
a thermodynamic and thermo-economic perspective in order to
show and quantify the possible advantages. Specifically, the main
parameters of the cycle are varied and three optimisations are per-
formed. Firstly, a thermodynamic optimisation that maximises the
thermal efficiency, in order to highlight the efficiency increase;
then, a thermodynamic optimisation but considering the total heat
exchange area, to homogeneously compare the different configura-
tions to the conventional ones; and finally, a thermo-economic
optimisation that minimises the generation cost and provides
information about the feasibility of the configurations.

2. Combined cycle gas turbine with partial recuperation

As mentioned, the objective of the proposed configuration (par-
tially recuperative CCGT, CCGTpr) is to allow fuel saving by means
of a recuperative heat exchanger but without decreasing the tem-
perature of the exhaust gas (Texh) of the gas turbine that goes to the
HRSG. Fig. 1 shows the scheme of the configuration. As observed,
the gas flow at the outlet of the turbine is divided into two streams.
A fraction of the gas goes to the recuperator while the other is
directed to the HRSG. The stream circulating by the recuperator
pre-heats the air coming from the compressor before it is intro-
duced in the combustion chamber. The other part of the exhaust
gas goes to the HRSG, whose layout differs from that of the conven-
tional ones, particularly in the high temperature zone.

Specifically, the HRSG is divided into two zones, one of high
temperature (HT) including only superheaters (and also the rehea-
ter if the HRSG includes one) that is fed by the exhaust gas stream
that is not directed to the recuperator; and the other of low tem-
perature (LT) following a conventional layout and that holds the
economisers, evaporators and superheaters of the intermediate
and low pressure levels. At the inlet of this zone, both exhaust
gas streams (coming from the HT and from the recuperator, respec-
tively) are mixed.

With such a layout, the gas turbine may work following a recu-
perative cycle while the HT part of the HRSG is still in contact with
the gas exiting from the turbine. Absolute inflow exergy at the HT
part of the HRSG is lower than conventionally, due to the lower
mass flow, but specific exergy does not vary and allows high qual-
ity steam production. This effect is depicted in Fig. 2, where it is
shown that the same amount of steam at the same thermodynamic

Nomenclature

Symbols
C cost (€, $)
CkWh generation cost (€ kW�1 h�1)
CCGT combined cycle gas turbine
CCGTr combined cycle with recuperative gas turbine
CCGTpr combined cycle with partially recuperative gas turbine
E, EQ exergy flow, exergy content of the thermal power (W)
g, G free Gibbs energy (J kg�1, W)
h, _H enthalpy (J kg�1, W), hours (h)
Hc heating value (J kg�1)
HRSG heat recovery steam generator
HT high temperature
I irreversibility (W)
LT low temperature
_m mass flow (kg s�1)
p pressure (Pa)
pp pinch point (K)
Q thermal energy (J kg�1)
r, rc pressure ratio, compression ratio (–)
re expansion ratio (–)
s, _S entropy (J kg�1 K�1, W K�1)
T temperature (K)
TIT turbine inlet temperature (K)
U overall heat-transfer coefficient and the heat exchange

area (W K�1 m�2)
UA UA factor, product of the overall heat-transfer coeffi-

cient and the heat exchange area (W K�1)
W power (W)fW equivalent mean power (W)

Greek letters
a recuperative mass fraction (–)
D increment
e effectiveness of the regenerator (–)
g efficiency (–)
gp polytropic efficiency of the turbomachinery (–)
gs isentropic efficiency (–)
n percentage of pressure loss (–)

Subscripts
a air, amortisation
amb ambient
CC combined cycle
comb combustion chamber
comp compressor
cond condensation
ex extraction
exh exhaust
f fuel
g gas
GT gas turbine
HP high pressure level
IP intermediate pressure level
LP low pressure level
max maximum
O&M operation and maintenance
R recuperator
ref reference
rh reheater
sh superheater
ST steam turbine
turb turbine
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