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A B S T R A C T

The combustion process of gas turbine systems is typically associated with the highest thermodynamic in-
efficiencies among the system components. A method to increase the efficiency of a combustor and, consequently
that of the gas turbine, is to increase the temperature of the entering combustion air. This measure reduces the
consumption of fuel and improves the environmental performance of the turbine. This paper studies the in-
corporation of a volumetric solar receiver into existing gas turbines in order to increase the temperature of the
inlet combustion air to 800 °C and 1000 °C. For the first time, detailed thermodynamic analyses involving both
energy and exergy principles of both small-scale and large-scale hybrid (solar-combined cycle) power plants
including volumetric receivers are realized. The plants are based on real gas turbine systems, the base opera-
tional characteristics of which are derived and reported in detail. It is found that the indications obtained from
the energy and exergy analyses differ. The addition of the solar plant achieves an increase in the exergetic
efficiency when the conversion of solar radiation into thermal energy (i.e., solar plant efficiency) is not ac-
counted for in the definition of the overall plant efficiency. On the other hand, it is seen that it does not have a
significant effect on the energy efficiency. Nevertheless, when the solar efficiency is included in the definition of
the overall efficiency of the plants, the addition of the solar receiver always leads to an efficiency reduction. It is
found that the exergy efficiency of the combustion chamber depends on the varying air-to-fuel ratio and, in most
cases, it is maximized somewhere between the applied inlet combustion air temperatures of 800 °C and 1000 °C.

1. Introduction

In recent years, the international community has focused its efforts
on the development and better understanding of the hybridization of
solar energy with conventional power plants. The main motivation of
this is to decrease the cost of electricity, as well as to promote regional
energy independence, reduce CO2 emissions and increase the standard
of living of a society [1]. The wider development of technologies based
on solar energy from the 1980s until today has led to hybridization
proposals of several concentrated solar power (CSP) technologies. CSP
technologies include parabolic through, solar tower, volumetric re-
ceiver, fresnel or dish [2]. The most suitable technology depends on the
project, since parameters like the direct normal irradiance, climate
conditions, and space availability have to be taken into account.

Until today, most solar thermal plants have been coupled with
steam cycles achieving efficiencies of about 42%. This kind of power
plant hybridization facilitates minimal modification to the original
design of a power plant [3]. However, the coupling of solar plants with
gas turbines results in a significantly higher total efficiency [4,5]. There

are two main ways to couple solar plants with conventional power
plants: either by using the solar energy in the heat recovery steam
generator (HRSG) or, if applicable, in the gas turbine (GT) system of the
plant.

Several studies related to the hybridization of parabolic trough
collectors and volumetric receivers with conventional power plants can
be found in literature. Nevertheless, the published works use energy
analysis to compare and evaluate energy systems that may lead to
misleading conclusions. In the present paper exergy analysis is used as
the main evaluation tool of newly proposed hybrid systems.
Furthermore, different definitions of the efficiency that can lead to
significantly contrasting results among different research studies are
discussed.

Antonanzas et al. (2014) [1] analyzed the overall potential for solar
thermal integration in 51 combined-cycle gas turbines (CCGTs) in Spain
under different operational scenarios. They found that when the air
temperature increases, the efficiency of the power plant decreases,
while in these periods, the direct normal irradiation (DNI) is higher.
Therefore, the hybridization of a combined cycle with a solar plant can
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be used to alleviate the production drop. However, it is not possible to
define a specific way for the integration, due to the different opera-
tional conditions and locations of the conventional plants. Amelio et al.
(2014) [4] evaluated the performance of an integrated solar combined-
cycle power plant in Spain (Almería), where parabolic collectors were
used to heat up the air entering the combustion chamber of the GT.
Once the air was compressed, it flowed through the parabolic collector
to be heated with solar energy. To compare the power plant efficiency,
with or without solar energy, three expressions for the efficiency were
defined. One definition included the solar power available to the col-
lectors; another definition included only the thermal power generated
by the collectors, while the last definition excluded the solar energy
input. The study showed that the net average annual efficiency of the
plant was higher in comparison with the reference combined-cycle ef-
ficiency without solar integration, for all efficiency definitions. Alqah-
tani et al. (2016) [6] studied integrated solar combined-cycle power
plants (ISCCs), comprised of a CSP plant (with parabolic trough system
an oil as the heat transfer fluid) and a natural gas-fired combined-cycle
power plant. The authors compared the levelized cost of electricity
(LCOE) of four power plants: standalone CSP, concentrated solar power
with energy storage, standalone natural gas combined cycle and ISCC.
The authors concluded that the ISCC can reduce the LCOE in compar-
ison with the other hybrid or renewable plants. Saghafifar and Gadalla
[7] investigated the hybridization of a 50 MW-power plant with a solar
plant involving a volumetric solar receiver in the United Arab Emirates
and optimized it thermo-economically. The optimization included
several important parameters of the power plant, such as the inlet
temperature of the GT system and the pressure ratios of the turbines. It
was concluded that the installment of a new hybrid power plant would
be more economical than the hybridization of the already existing
plant.

Another type of a CSP plant used in hybridization scenarios with
ISCCs includes an air receiver that can be either tubular [8] or volu-
metric [9,10]. A review of solar volumetric receivers can be found in
[11]. Spelling et al. [12] developed a dynamic model to determine the
thermodynamic and economic performance of a solar combined cycle
power plant. The receiver consisted of an open volumetric receiver,
where the solar radiation was concentrated in porous ceramic foam.
The temperature of the air was increased in contact with the porous
material and a packed-bed volumetric air storage unit was used to
stabilize the air temperature. The authors found that this hybridization
could compete with current solar thermal technologies, in terms of

LCOE, depending on the magnitude of the initial investment.
Several different designs for the volumetric receiver can be found in

literature. In 2006 Heller et al. [13] presented the results of an ex-
perimental prototype solar powered gas-turbine system installed in
Plataforma Solar de Almeria in Spain in 2002. A solar receiver cluster
able to provide pressurized air at 1000 °C was developed in the fra-
mework of the project SOLGATE. This temperature was higher than the
800 °C previously achieved at a pressure of 15 bar by researchers of the
German Aerospace Center (DLR) [10]. The air is directly introduced
into the combustion chamber of the gas cycle, using a by-pass to control
the temperature of the air at the inlet of the combustion chamber.
Heller et al. described the configuration of the plant, the component
efficiencies and the operation experience, during the successful test of
the solar GT for 100 h of operation. Pozivil et al. (2013) [14] also de-
veloped a pressurized air-based solar receiver for power generation in
GTs. This work presented two prototypes of a solar receiver of 3 kWth

and 35 kWth. The use of this receiver allowed the heating of pressurized
air in the range of 4–30 bar and 800–1200 °C. The analysis of the vo-
lumetric receiver and its integration into a GT showed that the power
cycle efficiency increased with higher turbine inlet temperature. On the
other hand, the efficiency of the solar receiver decreased at a higher
operating temperature, due to the radiation losses. The thermal receiver
efficiency was defined as the ratio between the thermal power absorbed
by the air flowing through the solar receiver over the concentrated solar
flux incident on receiver aperture.

In 2015, del Río et al. [15], based on previous work realized in the
framework of the projects REFOS and SOLGATE, worked on the project
SOLTREC, where they studied the development and manufacturing of a
volumetric receiver for gas-turbine integration. The developed volu-
metric receiver with a diameter of 1500 mm and thermal power of
1.47 MWth was able to heat up the air to 1000 °C (with solar shares up
to 80%). The quartz window of the SOLTREC receiver was an improved
version of that of the SOLGATE. With this new prototype, the authors
studied the performance and cost reduction potential of the SOLTREC
receiver. In 2016, Korzynietz et al. [8] presented the obtained results of
the first megawatt scale solar-hybrid plant (SOLUGAS project) with a
solarized GT in San Lucar la Mayor (Spain) operated for more than
1000 h. The solar receiver was designed using metallic tubular receiver
technology and reached temperatures up to 800 °C. The plant used the
GT system MercuryTM 50 of 4.6 MW with an efficiency of 39% and 69
heliostats. The air was preheated up to 800 °C in the solar receiver, and
then, if necessary, cooled down to the maximum temperature tolerable

Nomenclature

E ̇ exergy rate (MW)
ṁ mass flow rate (kg/s)
Q ̇ thermal energy rate (MW)
r distance to the tower (km)
Ẇ power (MW)

Subscripts

at attenuation
bl blocking
D exergy destruction
F fuel (exergy)
hel heliostats
int intercepted
k component
L loss (exergy)
P product (exergy)
ref reflected
s shadding

tot overall system

Greek symbols

ε exergy efficiency
η energy efficiency
θ incidence angle

Abbreviations

CC combined cycle
COMP compressor
CSP concentrating solar power
DNI direct normal irradiation
GT gas turbine
HRSG heat recovery steam generator
ISCC integrated solar combined cycle
LCOE levelized cost of electricity
NG natural gas
pp percentage points
ST steam turbine
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at the inlet of the combustion chamber with the use of a by-pass. The
authors, defined the receiver thermal efficiency as the ratio of the en-
ergy absorbed by the air through the solar receiver to the input power
into the aperture of the receiver. They obtained values of solar receiver
efficiencies close to 80% at different operational conditions. These ef-
ficiencies are directly related with the cost of the plant, particularly that
of the solar field. Therefore, the authors proposed as objective for a
commercial system, a minimum receiver efficiency of 80%. They also
proposed to focus the research effort on the development of a com-
bustor allowing up to 1000 °C inlet temperature.

The study presented in this article focuses on the hybridization of
novel solar plants incorporating pressurized volumetric receivers with
conventional natural gas combined-cycle power plants, where solar
energy is used to preheat compressed air in GTs. The examined natural
gas plants involve three small-scale and two large-scale power plants.
All of the gas turbine models used are based on commercial models. The
goal is to reduce the natural gas consumption and improve the en-
vironmental performance of the turbines and overall plants. For the first
time, a study evaluating and comparing hybrid solar-combined cycle
power plants with volumetric receivers is realized using both exergy
and energy principles. The use of exergy analysis allows the accurate
comparison of the plants with increasing combustion temperature, not
possible with energy analysis. The optimal hybridization scenarios with
increased efficiencies are discussed in detail.

2. Power plant simulations

The power plants studied in this work are simulated using the
commercial software EbsilonProfessional [16]. The three small-scale
gas-turbine systems (4–10 MW) incorporate the following GT systems:
solar Mercury 50, Mars100 and GE10-1 [17–19]. All gas turbine sys-
tems are simulated in detail by being split into their three main com-
ponents: compressor, combustion chamber and expander. Operational
input parameters of the first two turbines are derived from the gas-
turbine library incorporated in EbsilonProfessional, as well as selected
Refs. [20,21]. Specific data for GE10-1 are extrapolated using in-
formation provided by the manufacturer [18]. The flow diagrams of the
base gas-turbine systems and their derived operational specifications
are presented in Fig. 1 and Tables 1 and 2.

As seen in Fig. 1, the GT Mercury 50 is an open-cycle power plant
incorporating a recuperator before the combustion chamber. The re-
cuperator preheats the air using thermal energy from the flue gases
exiting the expander. The net power output of the plant is 4.5 MW and
its energy efficiency is 37.9%.

The GT systems GE10-1 and Mars100 are coupled with Rankine
cycles to form combined-cycle power plants (Fig. 2). In these cases, the
flue gas exits the expander with a relatively elevated temperature and it
is sent to a HRSG. In this work, the HRSG generates steam at 80 bar and
live temperature close to 500 °C. The exact temperature of the steam in
each plant depends on the outlet temperature of each incorporated GT
system. In all of the cases the temperature difference between the

incoming flue gas and the outgoing superheated steam in the HRSG is
kept constant and equal to 20 °C. The generated steam is expanded in
the steam turbine of the plants down to 0.05 bar (operational pressure
of the condenser).

The net power output of the two combined-cycle power plants is
15 MW. 67% of this power is generated in the GT systems. The energy
efficiency of the combined-cycle power plant including the GE-10-1
turbine is 47.0%, while that of the plant including the Mars100 turbine
is 45.9%. Thermodynamic data at the stream level can be found in
Table A1 of the Appendix.

The above simulations constitute the base power plants or base si-
mulations. Each of those plants is then coupled with a solar plant to form
a hybrid structure. The flow diagrams of the hybrid plants are the same
as those of the base cases (Fig. 2), with only change the addition of the
solar receiver between the compressor and the combustion chamber of
the plants (Fig. 3). The solar plants include a volumetric solar receiver
and heliostats, the number of which can vary based on the required
load in each plant.

The goal of the solar plants is to increase the inlet temperature of
the air before the combustion chamber, in order to decrease the fuel
quantity in the GT system and thus increase the overall efficiency of the
plant. Once the air passes through the compressor of the GT, its pressure
and temperature are increased. The temperature of the air is then fur-
ther increased to 800 °C or 1000 °C (depending on the requirements of
the simulation) passing through the pressurized air receiver of the solar
plant. In this work, it is assumed that the total amount of the com-
pressed air passes through the solar receiver. The heated air is then sent
to the combustion chamber of the GT system. There, the fuel required to
reach the base inlet temperature of the expander of each GT system is
added. Together with the inlet temperature of the expander of the GT
systems, the net power output of the plants is also kept constant and
equal to those of the base simulations. This ensures that material and
operational limitations of the already existing GT are not violated.

A pressurized air receiver is modelled to increase the temperature of
the air coming from the compressor. This kind of receivers can be either
volumetric, made of porous structures, where the radiation is con-
centrated (the pressurized air passes through the porous media in-
creasing its temperature) [9], or they can consist of pressurized tubes
(e.g., the receiver designed in the project SOLUGAS [8]). To the au-
thors’ knowledge the efficiency of these receivers range between 0.68
and 0.92 [8,22,23].

The solar radiation is concentrated on the receiver by a heliostat
field. For this kind of receiver, the typical configuration of the solar
field is elliptically oriented [8]. This configuration has been adopted
here as well. Determining the optimal layout is essential from an eco-
nomic point of view, since the solar field has the highest investment
cost in a CSP plant and will thus have a significant impact on the
production costs [24]. The optical efficiency of the heliostats depends
on the optical properties of the mirrors (i.e., reflectivity), the solar in-
cidence angle between the sunrays and the heliostats, the shading, and
the blocking and attenuation factors [25]. The further a heliostat is

Fig. 1. Flow diagrams of gas turbine systems.
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located from the receiver, the more important the losses due to atmo-
spheric attenuation and spillage will be (see Eq. (1)). Thus, for large
systems a single oriented field can reduce the optical efficiency sig-
nificantly [22].

The solar field efficiency is typically calculated as the hourly per-
formance on a few representative days with clear-sky conditions
[26,27]. The nominal solar field efficiency varies depending on the
solar field layout: 0.7 for a circular field and 0.8 for an oriented field.
The annual efficiency decreases slightly due to the daily and seasonal
movement of the earth. For example, for a north-field the annual mean
field efficiency is around 65% [28]. Schmitz et al. [22] proposed a
design of a multiple oriented solar field that could improve the annual
solar field efficiency.

In the present study the simulation software SolarPILOT [29] de-
veloped by the National Renewable Energy Laboratory (NREL) is used
to reproduce all mechanisms of the CSP. The following assumptions are
made:

Environment: Cloudless year, visual range 40 km, limb-darkened
sun model and flat land.
Heliostat: 10 × 10 m, 8 facet columns, ideally focused, mirror re-
flectivity: 0.95, soiling factor: 0.95, reflective surface ratio: 0.97,
shading factor: 1 and availability: 100%.
Tower: two different tower heights of 80 and 200 m were simulated
for low and high thermal energy, respectively. For the simulations
where the heat absorbed by the air through the solar receiver is
bigger than 100 MWth, multiple receivers are simulated.
Receiver: a volumetric receiver with a secondary concentrator is
simulated with a planar receiver reducing the acceptance angle to
30°. The dimensions (width x height) of the receiver are 10 × 10 m.
The thermal efficiency of the receiver is η= 76.14% (for air outlet
temperature 800 °C) or η= 68% (for air outlet temperature
1000 °C) [23]. The receiver tilting angle is set to 30°.
The design point is the solar noon of the summer solstice (21st of
June).

Design characteristics and calculated efficiencies for the solar fields
of all plants studied in this paper are shown in Table 3. The results
presented in this table are obtained using SolarPILOT, developed by the
NREL [29].

Once the optimized heliostat field layout is generated, the optical
performance of every heliostat is calculated as:

=η θ η η η η ηcos · · · · ·hel ref s bl int at (1)

where, θcos is the angle between the heliostat normal and the solar
radiation direction.

The reflection efficiency, ηref , is calculated as the product of the
soiling factor and the mirror reflectance. The shading factor (or shading
efficiency, ηs) is considered constant and equal to one. The blocking
factor (ηbl) is calculated using the vector clipping method [30]. The 2D
Gauss-Hermite quadrature method is used to evaluate the intercept
factor (ηint) for individual heliostats. This analytical approach is in-
corporated into SolarPILOT [30]. Details on this numerical integration
method can be found in [31].

The attenuation factor can be calculated as:

= + − +η r r r r( ) 0.006789 0.10463· 0.017· 0.002845·at
2 3 (2)

Finally, the field performance can be calculated as:

=
∑ =η

η
Nfield

i
N

hel1
(3)

The combined efficiency of the total solar system (ηsol) is calculated
as: =η η ηsol field receiver . Potential practical technological challenges asso-
ciated with the construction and operation of the examined systems are
not studied.

Thermodynamic data at the stream-level of the hybrid plants can be
found in Tables A2 and A3 of the Appendix..

Table 1
Stream data of small-scale gas turbine systems (base simulations).

Stream Mercury 50 GE10-1 Mars100

Mass [kg/s] Temperature [K] Pressure [bar] Mass [kg/s] Temperature [K] Pressure [bar] Mass [kg/s] Temperature [K] Pressure [bar]

1 17.7 288.2 1.01 44.0 288.2 1.01 42.5 288.2 1.01
2 17.7 577.8 9.45 44.0 672.1 15.22 42.5 690.5 17.50
3 17.6 833.2 9.09 0.8 288.2 50.00 0.7 288.2 50.00
4 17.6 833.2 9.09 44.8 1324.4 15.02 43.2 1338.5 17.23
5 0.2 288.2 50.00 44.8 757.6 1.03 43.2 761.8 1.03
6 0.2 288.2 9.09
7 17.8 1359.6 8.81
8 17.8 888.4 1.01
9 17.8 647.8 1.01

Table 2
Operational input parameters of small-scale power plants.

Component Mercury 50 GE10-1 Mars100

Compressor
Isentropic efficiency [%] 87.0 85.0 87.0
Mechanical efficiency [%] 98.0 98.0 98.0
Inlet pressure [bar] 1.013 1.013 1.013
Outlet pressure [bar] 9.45 15.22 17.50

Expander
Isentropic efficiency [%] 88.0 89.4 87.0
Mechanical efficiency [%] 98.0 98.0 98.0
Inlet pressure [bar] 8.814 15.020 17.227
Outlet pressure [bar] 1.013 1.033 1.033

Steam turbine
Isentropic efficiency [%] – 95.0 95.0
Mechanical efficiency [%] – 99.0 99.0
Inlet temperature [°C] – 464 468
Inlet high pressure [bar] – 80.0 80.0
Outlet low pressure [bar] – 0.05 0.05

Pump
Isentropic efficiency [%] – 98.0 98.0
Mechanical efficiency [%] – 98.0 98.0

Generators
Electrical efficiency [%] – 98.5 98.5

Motors
Electrical efficiency [%] – 87.2 87.2

Heat recovery steam generator
Evaporator
Approach temperature [°C] – 6 6
Pinch point [°C] – 10 10

Superheater
ΔTmin [°C] – 20 20
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3. Methods

The evaluation of the overall power plants is realized using both
exergy and energy efficiencies, while the component-level assessment is
realized with exergy analysis. The definitions of exergy rates of fuel and
product for the individual components of the plants are shown in
Table 4.

The exergy destruction of component k is defined as the difference
between its exergy rates of fuel and product: = −E E Ė ̇ ̇D k F k P k, , , . The cal-
culation of the exergy destruction of the overall plant (tot) involves its
total exergy losses: = − −E E E Ė ̇ ̇ ̇D tot F tot P tot L tot, , , , .

The exergy efficiency at the component level is defined as the ratio
between the corresponding exergy rates of product and fuel: =εk

E
E

̇
̇
P k

F k

,

,
. In

this work, the efficiency of the overall plant is defined in two ways,
based on the thermodynamic boundaries depicted in Fig. 3. The first
definition (Eq. (4)) does not include the efficiency of the conversion of
solar radiation into thermal energy, while the second definition (Eq.
(5)) includes it (εsol: exergy efficiency of the solar receiver):

= =
+ − −

+ −
ε

E
E

W W W W
m e m e e

̇
̇

̇ ̇ ̇ ̇

( ̇ · ) [ ̇ ·( )]tot excl sol
P tot

F tot

GT ST comp pump

NG NG air air air
,

,

, ,2 ,1 (4)

Fig. 2. Flow diagrams of combined-cycle power plants.

Fig. 3. General flow diagram of hybrid systems.
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= =
+ − −

+ −
ε

E
E

W W W W
m e m e e ε

̇
̇

̇ ̇ ̇ ̇

( ̇ · ) [( ̇ ·( ))/ ]tot incl sol
P tot

F tot

GT ST comp pump

NG NG air air air sol
,

,

, ,2 ,1 (5)

where e and ṁ are the specific exergy and mass flow rates of material
streams, respectively, ε is the exergy efficiency and Ẇ is the power
output. The numerator of Eqs. (4) and (5) represents the total net power
output generated in each plant, calculated subtracting from the power
generated in the GT system and the steam turbine (ST), the required
power by the compressor (comp) and the pumps (pump). The de-
nominator includes the exergy input of fuel (natural gas, NG) and air,
subtracting the increase in exergy of the air exiting the compressor
(eair,1) and entering the combustion chamber (eair,2), achieved with the
solar plant.

It is apparent that Eq. (5) depends on the exergy efficiency of the
solar plant. Higher energy and exergy efficiencies of conversion of the
solar irradiation into useful thermal energy lead to higher overall plant
efficiencies.

The exergy efficiency of the solar plant (εsol) is defined as follows:

= = =ε
E
E

E
Q

E
Q

ṅ
̇

̇
̇ ·Ψ

̇
̇ Ψsol

P sol

F sol

P sol

sol rad

P sol

sol abs

sol,

,

,

,

,

, (6)

where EṖ sol, is the exergy of the solar energy absorbed by the air stream
heated and EḞ sol, is the exergy of the solar energy irradiated from the
sun. The exergy of the solar irradiation is calculated based on the total
energy available from the sun. The ratio Ψ between exergy and energy
is defined as follows [32]:

= − + ( )Ψ 1 T
T

T
T

4
3

1
3

4
a
s

a
s

with Ta the ambient temperature and Ts the
apparent black body temperature equal to 5600 K.

Analogous to the exergy efficiencies, the energy efficiencies of the
plants are calculated using Eqs. (7) and (8):

= =
+ − −

+ −
η

Q
Q

W W W W
m h m h h

̇
̇

̇ ̇ ̇ ̇

( ̇ · ) [ ̇ ·( )]tot excl sol
P tot

F tot

GT ST comp pump

NG NG air air air
,

,

, ,2 ,1 (7)

= =
+ − −

+ −
η

Q
Q

W W W W
m h m h h η

̇
̇

̇ ̇ ̇ ̇

( ̇ · ) [( ̇ ·( ))/ ]tot incl sol
P tot

F tot

GT ST comp pump

NG NG air air air sol
,

,

, ,2 ,1 (8)

4. Results and discussion

The component-level results of the exergy analysis for the simula-
tions of the small-scale power plants (base and hybrid simulations) are
presented in Tables 5–7. Table 5 shows the results of the base simula-
tions. Tables 6 and 7 present the results of the hybrid plants, for com-
bustion inlet air temperatures of 800 °C and 1000 °C, respectively.
Stream-level data can be found in Tables A1–A3 of the Appendix. The
inlet temperature of the expander of the GT systems is in all cases equal
to that of the base case, since we study the effect of the addition of solar
receivers to chosen existing GTs. Thus, future technological progress of
GT systems is not accounted for here.

As seen, the base case of the Mercury 50 power gas-turbine plant has
an exergy efficiency of 36.3%, while the two combined cycles including
the turbines Mars100 and GE10-1 achieve significantly higher effi-
ciencies (44.7% and 45.1%). This shows the importance of the addition
of the bottoming cycle in the two combined-cycle plants that largely
increases the efficiency of individual GT systems (in the order of 35%).
Comparing the two combined cycles, we see that the plant with GE10-1
results in a higher overall efficiency, mainly due to the higher efficiency
of the GT system itself.

The incorporation of the solar plants to increase the inlet tem-
perature of the combustor of the GT systems to 800 °C, results in an
increase in the overall exergy efficiencies of the plants, when the effi-
ciency definition of Eq. (4) is used. The increase is in the order of 6
percentage points (pp) for Mercury 50, while it reaches 10 and 11 pp
for the combined cycles of Mars100 and GE10-1, respectively. These
results are primarily driven by the significantly reduced mass flow of
fuel required to reach the constant inlet temperature of the expander,
when compared to the base case. In addition, the efficiency of the
combustion process is significantly increased due to the increased inlet
temperature of the combustion air.

Calculating the operational exergy efficiencies of the plants using
Eq. (5), on the other hand, leads to different conclusions. In this case,
the efficiency is affected by the efficiency of the conversion of solar
radiation. This means that the higher the solar input, the higher the
associated efficiency penalty will be. Accounting for the conversion
efficiency approximately doubles the total exergy of the fuel of the
plants, when compared to that used in Eq. (4). This leads to sig-
nificantly decreased overall exergy efficiencies of the plants in com-
parison to their base operation. This efficiency reduction is in the order
of 6 pp in the Mercury 50 GT system and in the order of 12 pp in the
combined cycles (see Table 6). In addition, with Eq. (5) the difference
between the efficiencies of GE10-1 and Mars100 decreases significantly,
with the GE10-1 performing only slightly better than the Mars100.

Table 3
Design characteristics and calculated efficiencies of solar plant.

Outlet temperature of solar receiver Mercury 50 Mars 100 GE 10-1 SGT5-4000F SGT5-8000H

800 °C 1000 °C 800 °C 1000 °C 800 °C 1000 °C 800 °C 1000 °C 800 °C 1000 °C

No. of receivers [–] 1 1 1 1 1 1 1 3 3 5
No. of heliostats [–] 207 338 372 666 360 653 5166 8000 5619 9365
Solar field optical efficiency [%] 76.1 73.3 72.6 68.5 72.9 68.7 67.3 68.0 66.5 66.5
Optical efficiency incl. receiver [%] 71.5 68.9 68.2 64.4 68.5 64.6 63.2 63.9 62.6 62.6
Receiver thermal efficiency [%] 76.1 68.0 76.1 68.0 76.1 68.0 76.1 68.0 76.1 68.0

Overall solar energy efficiency [%] 57.9 49.8 55.2 46.6 55.5 46.7 51.2 46.2 50.6 45.2
Overall solar exergy efficiency [%] 43.3 38.7 39.7 35.0 39.6 34.9 37.2 35.0 36.7 34.2

Table 4
Definitions of exergy of the fuel and product for the examined power plants (based on
Fig. 2).

Component k EḞ k, EṖ k,

Compressor Ẇcomp −E Ė ̇2 1

Combustion chamber E3̇ −E Ė ̇4 2
Expander −E Ė ̇4 5 Ẇexp

Steam turbine −E Ė ̇23 13 ẆST
Economizer −E Ė ̇7 8 −E Ė ̇10 9
Evaporator −E Ė ̇6 7 −E Ė ̇11 10
Superheater −E Ė ̇5 6 −E Ė ̇23 40
Pump Ẇpump −E Ė ̇9 14
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Table 6
Component-level results of the exergy analysis for the small-scale hybrid power plants (inlet temperature of the combustion chamber: 800 °C).

Mars100 PGT10 Mercury 50

Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, . EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk . EL̇

Compressor 17.77 16.44 1.33 92.5 Compressor 17.23 15.75 1.47 91.5 Compressor 5.35 4.90 0.46 91.5
Combustion

chamber
15.38 10.78 4.60 70.1 Combustion

chamber
14.83 10.36 4.47 69.9 Combustion

chamber
7.01 4.90 2.10 70.0

Expander 30.59 28.26 2.33 92.4 Expander 30.18 28.22 1.95 93.5 Expander 10.50 9.83 0.66 93.7
Solar plant 70.53 11.99 58.54 17.0 Solar plant 35.57 12.69 22.87 35.7 Solar plant 7.72 3.34 4.38 43.3
Superheater 33.39 11.99 21.40 35.9 Superheater 1.31 1.14 0.17 87.1 Recuperator 3.13 2.80 0.33 89.3
Evaporator 3.19 2.85 0.34 89.3 Evaporator 3.17 2.84 0.34 89.4
Economizer 2.10 1.49 0.61 71.1 Economizer 2.10 1.49 0.61 70.9
Steam turbine 5.10 4.81 0.29 94.3 Steam turbine 5.06 4.77 0.29 94.3
Condenser 0.45 – 0.33 – Condenser 0.45 – 0.33 –
Pump 0.04 0.03 0.00 90.3 Pump 0.04 0.03 0.00 90.3
Cooling tower 1.00 – 0.04 – Cooling tower 1.00 – 0.04 –

Ex.Eff Eq. (4) 27.43 15.03 10.29 54.8 2.12 Ex.Eff Eq. (4) 27.59 15.49 9.92 56.1 2.18 Ex.Eff Eq. (4) 10.38 4.41 3.65 42.5 2.32
Ex.Eff Eq. (5) 45.65 15.03 28.50 32.9 Ex.Eff Eq. (5) 46.94 15.49 31.45 33.0 Ex.Eff Eq. (5) 14.75 4.41 10.34 29.9
En.Eff Eq. (7) 45.9 En.Eff Eq. (7) 46.4 En.Eff Eq. (7) 38.2
En.Eff Eq. (8) 31.8 En.Eff Eq. (8) 31.8 En.Eff Eq. (8) 29.3

Table 7
Component-level results of the exergy analysis for the small-scale hybrid power plants (inlet temperature of the combustion chamber: 1000 °C).

Mars100 PGT10 Mercury 50

Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇

Compressor 18.39 17.02 1.38 92.5 Compressor 17.83 16.31 1.52 91.5 Compressor 5.35 4.90 0.46 91.5
Combustion

chamber
4.40 2.80 1.60 63.6 Combustion

chamber
3.63 2.23 1.40 61.4 Combustion

chamber
2.31 1.50 0.81 64.9

Expander 31.29 28.90 2.39 92.3 Expander 30.87 28.86 2.01 93.5 Expander 10.38 9.72 0.66 93.7
Solar plant 53.53 20.09 33.44 37.5 Solar plant 56.11 20.95 35.16 37.3 Solar plant 16.71 6.46 10.24 38.7
Superheater 1.32 1.15 0.17 87.1 Superheater 1.29 1.12 0.17 87.0 Recuperator 3.11 2.80 0.32 89.8
Evaporator 3.19 2.85 0.34 89.4 Evaporator 3.17 2.84 0.33 89.5
Economizer 2.11 1.49 0.61 71.0 Economizer 2.10 1.49 0.61 70.8
Steam turbine 5.08 4.79 0.29 94.3 Steam turbine 5.03 4.75 0.29 94.3
Condenser 0.45 – 0.33 – Condenser 0.44 – 0.33 –
Pump 0.04 0.03 0.00 90.3 Pump 0.04 0.03 0.00 90.3
Cooling tower 1.00 – 0.04 – Cooling tower 1.00 – 0.04 –

Ex.Eff Eq. (4) 24.55 15.03 7.40 61.2 2.13 Ex.Eff Eq. (4) 24.65 15.50 6.95 62.9 2.20 Ex.Eff Eq. (4) 8.80 4.30 2.33 48.9 2.16
Ex.Eff Eq. (5) 61.92 15.03 46.90 24.3 Ex.Eff Eq. (5) 63.76 15.50 48.26 24.3 Ex.Eff Eq. (5) 19.04 4.30 14.74 22.6
En.Eff Eq. (7) 45.5 En.Eff Eq. (7) 46.0 En.Eff Eq. (7) 38.5
En.Eff Eq. (8) 22.8 En.Eff Eq. (8) 22.8 En.Eff Eq. (8) 21.3

Table 5
Component-level results of the exergy analysis for the small-scale power plants (base simulations).

Mars100 PGT10 Mercury 50

Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇

Compressor 16.69 15.44 1.25 92.5 Compressor 16.18 14.80 1.38 91.5 Compressor 5.35 4.90 0.46 91.5
Combustion chamber 33.58 22.71 10.87 67.6 Combustion chamber 34.24 23.00 11.24 67.2 Combustion chamber 12.47 8.61 3.86 69.1
Expander 29.36 27.14 2.22 92.4 Expander 28.97 27.11 1.86 93.6 Expander 10.63 9.96 0.67 93.7
Solar plant – – – – Solar plant – – – – Solar plant – – – –
Superheater 1.40 1.22 0.18 87.2 Superheater 1.36 1.19 0.18 87.2 Recuperator 3.15 2.80 0.35 88.8
Evaporator 3.20 2.85 0.35 89.1 Evaporator 3.19 2.84 0.34 89.2
Economizer 2.09 1.50 0.60 71.5 Economizer 2.09 1.49 0.60 71.3
Steam turbine 5.15 4.86 0.29 94.3 Steam turbine 5.11 4.82 0.29 94.3
Condenser 0.45 – 0.34 – Condenser 0.45 – 0.33 –
Pump 0.04 0.03 0.00 90.3 Pump 0.04 0.03 0.00 90.3
Cooling tower 1.00 – 0.04 – Cooling tower 1.00 – 0.04 –

Ex.Eff Eq. (4) 33.64 15.03 16.37 44.7 2.24 Ex.Eff Eq.(4) 34.30 15.47 16.52 45.1 2.31 Ex.Eff Eq.(4) 12.50 4.54 5.43 36.3 2.52
Ex.Eff Eq.(5) n/a n/a n/a n/a Ex.Eff Eq. (5) n/a n/a n/a n/a Ex.Eff Eq. (5) n/a n/a n/a n/a
En.Eff Eq. (7) 46.6 En.Eff Eq. (7) 47.0 En.Eff Eq. (7) 37.9
En.Eff Eq. (8) n/a n/a n/a n/a En.Eff Eq. (8) n/a n/a n/a n/a En.Eff Eq. (8) n/a n/a n/a n/a
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Although the GE10-1 requires a larger input of thermal energy (i.e.,
larger amount of solar radiation) to compensate for the relatively lower
output temperature of the compressor, it is characterized by a marginal
increase in solar plant efficiency.

When increasing the inlet temperature of the combustion chamber
to 1000 °C (Table 7), the exergy efficiencies of the combustion cham-
bers of the hybrid plants decrease in comparison to the previous case of
800 °C. Although the mass flow of natural gas decreases further due to
the increased inlet temperature of the combustion chamber, the mass
flow of the air increases significantly in order to keep the temperature
of the expander constant (increased air-to-fuel ratio). It is seen that the
efficiency of the combustion chamber is maximized for an inlet air
temperature between 800 °C and 1000 °C. Nevertheless, although the
individual exergy efficiencies of the combustion chambers decrease, the
total efficiencies of the plants, calculated using Eq. (4), continue to
increase notably (between 6.4 and 6.7 pp). This is due to the important
decrease in the exergy of the fuel of the plant substituted by the thermal
energy contribution of the solar plants. On the other hand, when Eq. (5)
is applied, the total exergy of the fuel increases by 2.5 times relative to
Eq. (4). In this case, the low efficiency of the solar conversion results in
a declining trend in the total efficiencies. The resulting efficiencies are
lower than those calculated for combustion air inlet temperature of
800 °C (a difference of 7 pp in the case of Mercury-50 and 8 in the other
two plants).

When looking at the energy efficiencies (Eqs. (7) and (8)), the re-
sults differ (shown in Tables 5–7). For Mercury 50 the energy efficiency
increases by 0.3 pp when the inlet temperature of the combustion
chamber is increased to 800 °C and by another 0.3 pp when it is in-
creased further to 1000 °C. This positive effect is due to the recuperator
of the plant that limits the negative effect of the solar thermal addition
on the denominator of the efficiency. On the other hand, the overall

energy efficiencies of the combined cycle power plants are seen to de-
crease with increasing inlet temperature of the combustion chamber.
Specifically, when increasing the inlet combustion temperature to
800 °C and 1000 °C the overall energy efficiency of Eq. (8) decreases by
approximately 0.6 and 1 pp relative to the base case. Thus, the energy
efficiency shows that higher temperatures at the inlet of the combustion
chamber do not improve the overall performance of the plant. This
result contradicts the results obtained using the exergy analysis and is
an indicator of the importance of exergy-based methods in the analysis
and evaluation of energy conversion systems.

The described analyses and evaluation was realized in the design
phase of the plants. As mentioned, the total power output of the com-
bined-cycle power plants was kept constant and equal that of the base
simulations. Thus, a slight increase in the power output of the GT
system due to the temperature increase from the solar receivers leads to
a small decrease in the power output of the steam turbine. Although the
mass flow of the fuel decreases with increasing input of the solar re-
ceiver, the mass flow of the air (air-to-fuel ratio) increases to keep the
temperature inlet of the expander constant. Overall, in the hybrid plants
we obtain larger flue gas mass flows, when compared to the base cases.
This leads to a decreased outlet temperature of the GT system that
consequently results in a somewhat increased temperature of exhaust
gases (the temperature differences in the HRSG are kept constant). The
exergy and energy efficiencies of the small-scale plants in the different
temperature scenarios are presented in Table 8.

The above evaluated small-scale power plants had approximate
capacities of 4–15 MW. In order to realize a more complete evaluation
of the solar technology studied, we also evaluate two large-scale sce-
narios. These include two combined-cycle power plants incorporating
the large-scale GT systems Siemens SGT5-4000F and SGT5-8000H. The
base simulations of these systems are based on the GT library of the
software EbsilonProfessional. Thermodynamic and operational data
used in the base simulations of the individual components of the GT
systems can be seen in Tables 9 and 10. The stream-level data of the
combined-cycle power plants that incorporate the two large-scale tur-
bines can be found in Table A6 of the Appendix of the paper. The results
of the exergy analysis at the component level of the base simulations of
the two plants and their simulations incorporating the solar plants are
presented in Tables 11–13.

In an analogous manner to the small-scale plants, the energy effi-
ciencies of the plants decrease with increasing inlet temperature of the
combustion chamber. The exergy efficiencies of the plants (using Eq.
(4)), on the other hand, increase significantly. The power plant with the
largest GT system (SGT5-8000H) results in the highest overall exergy
efficiency. When looking at the exergy efficiencies of the individual
components, that of the combustion chamber in SGT5-8000H con-
tinuous to increase with increasing contribution of the solar receiver.
On the other hand, in the case of SGT5-4000F, the efficiency of the
combustion chamber slightly decreases between the scenarios of inlet
combustor temperatures 800 and 1000 °C. As in the small-scale plants,
in SGT5-4000F the increasing mass flow of air starts to cause a

Table 9
Stream data of large-scale gas turbine systems (base simulations).

Stream SGT5-4000F SGT5-8000H

Mass [kg/s] Temperature [K] Pressure [bar] Mass [kg/s] Temperature [K] Pressure [bar]

1 706.6 288.2 1.01 855.6 288.2 1.01
2 706.6 721.6 19.04 855.6 721.6 19.50
3 15.4 288.2 50.00 20.2 288.2 50.00
4 722.0 1547.6 18.77 875.8 1608.5 19.23
5 722.0 850.4 1.03 875.8 890.7 1.03

Table 8
Result comparison of the two definitions of the energy and exergy efficiencies.

Energy efficiency Exergy efficiency

Eq. (1) Eq. (2) Eq. (1) Eq. (2)

GT-10
Base 46.98 – 45.10 –
800 46.38 31.78 56.14 33.00
1000 46.04 22.77 62.88 24.31

Mars100
Base 46.55 – 44.69 –
800 45.89 31.78 54.79 32.93
1000 45.52 22.76 61.21 24.27

Mercury 50
Base 37.87 – 36.35 –
800 38.20 29.33 42.52 29.91
1000 38.51 21.31 48.89 22.59
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reduction in the efficiency of the combustion chamber for an inlet
temperature somewhat lower than 1000 °C.

From the above we see that the addition of a solar plant has a po-
sitive effect on the operation of the combustion chambers of GT plants
up to a specific temperature. This temperature limit depends on the size

and the air-to-fuel ratio of the GT system and the inlet temperature of
the expander. In the five cases presented in this paper, the increase of
the combustion air to 1000 °C had a positive effect in only one large-
scale plant of a power output of 530 MW. Nevertheless, it is seen that
the effect of the temperature increase on the operation of the com-
bustion chamber does not dictate the effect on the overall plant. Thus,
to conclude whether the hybridization with a solar plant is beneficial or
not, we must look at the efficiency results of the total plants. Thus, it is
necessary to define explicitly the efficiency equation used, in order to
allow accurate and transparent comparisons.

5. Conclusions

This article studied the performance impact of the hybridization of
solar plants, including a volumetric solar receiver, with five existing gas
turbine systems. The aim of incorporating solar power systems was to
increase the inlet temperature of the combustion air of the gas turbine
systems by heating up the air exiting the compressor using solar energy.
Since the study was based on real gas turbine systems, the inlet tem-
peratures of the expanders were kept constant, while the fuel input, and
thus the air-to-fuel ratios of the systems, were varied to satisfy the new

Table 12
Component-level results of the exergy analysis for the large-scale hybrid power plants (inlet temperature of the combustion chamber: 800 °C).

Siemens SGT5-4000F Siemens SGT5-8000H

Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇

Compressor 344.68 315.26 29.42 91.5 Compressor 387.20 355.81 31.38 91.9
Combustion chamber 505.55 369.40 136.15 73.1 Combustion chamber 646.25 476.38 169.86 73.7
Expander 676.17 640.07 36.10 94.7 Expander 793.92 750.51 43.41 94.5
Solar plant 552.48 200.33 352.15 36.3 Solar plant 620.78 225.09 395.69 36.3
Superheater 49.32 43.16 6.17 87.5 Superheater 70.86 62.07 8.79 87.6
Evaporator 82.17 71.63 10.55 87.2 Evaporator 104.04 89.85 14.19 86.4
Economizer 50.11 37.58 12.53 75.0 Economizer 61.38 47.15 14.23 76.8
Steam turbine 141.42 133.40 8.03 94.3 Steam turbine 185.06 174.56 10.50 94.3
Condenser 11.82 – 8.79 – Condenser 15.10 – 11.23 –
Pump 0.97 0.87 0.09 90.3 Pump 1.21 1.09 0.12 90.3
Cooling tower 1.00 – 1.13 – Cooling tower 1.00 – 1.44 –

Ex.Eff Eq. (4) 707.04 421.25 255.52 59.6 30.27 Ex.Eff Eq. (4) 872.65 528.42 313.40 60.6 30.83
Ex.Eff Eq. (5) 1045.80 421.25 594.28 40.3 Ex.Eff Eq. (5) 1260.58 528.42 701.33 41.9
En.Eff Eq. (7) 53.8 En.Eff Eq. (7) 55.3
En.Eff Eq. (8) 39.5 En.Eff Eq. (8) 41.2

Table 11
Component-level results of the exergy analysis for the large-scale power plants (base simulations).

Siemens SGT5-4000F Siemens SGT5-8000H

Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇

Compressor 328.66 300.61 28.05 91.5 Compressor 369.79 339.81 29.97 91.9
Combustion chamber 810.51 572.19 238.32 70.6 Combustion chamber 989.37 704.92 284.45 71.2
Expander 658.01 623.13 34.88 94.7 Expander 773.89 731.88 42.01 94.6
Solar plant 1.00 0.00 1.00 50.0 Solar plant 1.00 0.00 1.00 50.0
Superheater 50.97 44.62 6.36 87.5 Superheater 73.01 63.96 9.04 87.6
Evaporator 82.64 71.89 10.75 87.0 Evaporator 104.52 90.10 14.42 86.2
Economizer 50.03 37.72 12.31 75.4 Economizer 61.20 47.27 13.93 77.2
Steam turbine 143.20 135.07 8.13 94.3 Steam turbine 187.23 176.60 10.62 94.3
Condenser 11.91 – 8.85 – Condenser 15.20 – 11.30 –
Pump 0.97 0.88 0.09 90.3 Pump 1.21 1.10 0.12 90.3
Cooling tower 1.00 – 1.14 – Cooling tower 1.00 – 1.45 –

Ex.Eff Eq. (4) 811.62 421.98 355.47 52.0 34.17 Ex.Eff Eq. (4) 990.62 529.23 425.58 53.4 35.81
Ex.Eff Eq. (5) n/a n/a n/a n/a Ex.Eff Eq. (5) n/a n/a n/a n/a
En.Eff Eq. (7) 54.1 En.Eff Eq. (7) 55.6
En.Eff Eq. (8) n/a n/a n/a n/a En.Eff Eq. (8) n/a n/a n/a n/a

Table 10
Operational input parameters of large-scale power plants (when different than those
shown in Table 2).

Component SGT5-4000F SGT5-8000H

Compressor
Isentropic efficiency [%] 84.0 85.0
Outlet pressure [bar] 19.04 19.50

Expander
Isentropic efficiency [%] 91.0 90.3
Inlet pressure [bar] 18.77 19.23
Outlet pressure [bar] 1.033 1.033

Steam turbine
Inlet temperature [K] 830 869
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operational conditions.
Three of the cases studied were small-scale power plants, involving

an open gas-turbine plant with a recuperator and two combined-cycle
power plants. Two large-scale plants were also studied in order to
evaluate possibilities for scaling-up the technology. All of the plants
were examined using exergy analysis at the component-level, while the
overall performance of the structures was evaluated using both energy
and exergy efficiencies. The efficiencies were defined in two ways: first,
neglecting and, second, including the solar-to-thermal conversion in the
solar plants. However, both definitions included the required thermal
energy to achieve the aimed temperature increase.

The overall exergy efficiencies of the plants (without including the
efficiency of the solar plant) increased significantly with increasing
inlet temperature of the combustion chamber (i.e., increasing solar
contribution). This was a direct result of the fuel mass flow that de-
creased with increasing combustor temperature. Since the outlet tem-
perature of the combustion chamber –and inlet temperature of the ex-
pander of the gas turbine system– was kept constant, the temperature
difference between the inlet and outlet of the combustor decreased as
its inlet temperature increased due to the solar receiver. However, it
was seen that the individual efficiencies of the combustion chambers in
the small-scale plants presented a maximum efficiency for combustion
inlet air temperatures between 800 °C and 1000 °C. This maximum
shifted towards the higher inlet temperature as the outlet temperature
of the combustor increased. This effect was more pronounced in the
large-scale plants. On the other hand, it was seen that the significant
amount of solar energy required to increase the inlet temperature of the
combustion chamber to 800 and 1000 °C caused a relative decrease in

the energy efficiencies of the plants. The only way to achieve increasing
energy efficiencies with higher inlet temperatures in the combustor and
constant inlet turbine temperature, would be to ignore the solar thermal
energy in the equation of the efficiency, by assuming zero cost and
thermodynamic penalty of the solar radiation.

When the efficiency of the solar plant (the conversion of solar ir-
radiation into thermal energy) was accounted for in the efficiency
calculation, it was seen that the exergy efficiency decreased with in-
creasing solar contribution, i.e., increasing temperature at the inlet
temperature of the combustor. This was due to the relatively low effi-
ciencies of the solar plants. This, in combination with the large solar
input, affected the overall results significantly. Similar results were
obtained when evaluating the hybridization scenarios for existing large-
scale combined-cycle power plants. Nevertheless, in this case, the im-
pact of including solar energy was relatively weaker than in the small-
scale plants.
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Appendix

See Tables A1–A6.

Table 13
Component-level results of the exergy analysis for the large-scale hybrid power plants (inlet temperature of the combustion chamber: 1000 °C).

Siemens SGT5-4000F Siemens SGT5-8000H

Component k EḞ k, EṖ k, EḊ k, εk EL̇ Component k EḞ k, EṖ k, EḊ k, εk EL̇

Compressor 354.96 324.66 30.30 91.5 Compressor 398.38 366.09 32.29 91.9
Combustion chamber 309.90 225.89 84.02 72.9 Combustion chamber 426.70 315.03 111.68 73.8
Expander 687.80 650.92 36.89 94.6 Expander 806.76 762.45 44.31 94.5
Solar plant 907.45 343.29 564.16 37.8 Solar plant 1018.61 385.34 633.27 37.8
Superheater 48.31 42.26 6.05 87.5 Superheater 69.53 60.89 8.64 87.6
Evaporator 81.88 71.45 10.42 87.3 Evaporator 103.74 89.70 14.04 86.5
Economizer 50.15 37.49 12.66 74.8 Economizer 61.48 47.06 14.42 76.5
Steam turbine 140.32 132.35 7.96 94.3 Steam turbine 183.71 173.28 10.42 94.3
Condenser 11.76 – 8.74 – Condenser 15.04 – 11.18 –
Pump 0.96 0.87 0.09 90.3 Pump 1.21 1.09 0.12 90.3
Cooling tower 1.00 – 1.12 – Cooling tower 1.00 – 1.43 –

Ex.Eff Eq. (4) 654.39 420.78 204.81 64.3 28.80 Ex.Eff Eq. (4) 813.39 527.90 256.77 64.9 28.72
Ex.Eff Eq. (5) 1292.34 420.78 842.76 32.6 Ex.Eff Eq. (5) 1554.33 527.90 997.71 34.0
En.Eff Eq. (7) 53.5 En.Eff Eq. (7) 55.1
En.Eff Eq. (8) 31.1 En.Eff Eq. (8) 32.6
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Table A2
Stream data of small-scale hybrid power plants (inlet temperature of the combustion chamber: 800 °C).

Stream Mercury 50 Mars100 GE10-1

Mass
[kg/s]

Temperature [K] Pressure
[bar]

Exergy
[MW]

Mass
[kg/s]

Temperature [K] Pressure
[bar]

Exergy
[MW]

Mass
[kg/s]

Temperature [K] Pressure
[bar]

Exergy
[MW]

1 18.03 288.15 1.01 0.028 41.73 288.15 1.01 0.065 42.48 288.15 1.01 0.066
2 17.94 577.78 9.45 5.005 41.73 690.54 17.50 16.503 42.48 672.07 15.22 15.820
3 17.94 288.15 9.09 7.862 0.30 288.15 50.00 15.379 0.28 288.15 50.00 14.828
4 17.94 1359.61 9.09 11.280 42.02 1338.04 17.23 39.275 42.76 1324.25 15.02 38.873
5 0.14 884.29 50.00 7.158 42.02 754.51 1.03 8.687 42.76 750.16 1.03 8.698
6 0.14 638.50 9.09 7.123 42.02 707.65 1.02 7.338 42.76 705.14 1.03 7.384
7 18.08 577.78 8.81 16.289 42.02 581.76 1.02 4.147 42.76 581.76 1.02 4.210
8 18.08 638.50 1.10 5.565 42.02 478.75 1.01 2.046 42.76 480.86 1.01 2.110
9 18.08 577.78 1.01 2.367 3.96 306.43 86.81 0.053 3.95 306.43 86.82 0.053
10 3.96 565.76 84.21 1.548 3.95 565.76 84.21 1.542
11 3.96 571.76 84.21 4.397 3.95 571.76 84.21 4.380
12 41.73 690.54 17.50 16.503 42.48 672.07 15.22 15.820
13 3.96 306.03 0.05 0.467 3.95 306.03 0.05 0.464
14 3.96 306.03 0.05 0.018 3.95 306.03 0.05 0.018
15 267.07 289.15 1.01 0.669 265.38 289.15 1.01 0.665
16 267.07 289.15 1.37 0.679 265.38 289.15 1.37 0.674
17 267.07 296.03 1.33 0.794 265.38 296.03 1.33 0.789
18 186.95 288.15 1.01 0.291 185.76 288.15 1.01 0.289
19 4.90 288.15 1.01 0.012 4.87 288.15 1.01 0.012
20 189.18 299.51 1.01 0.369 187.98 299.51 1.01 0.366
21 2.67 289.15 1.01 0.007 2.65 289.15 1.01 0.007

Table A1
Stream data of small-scale combined-cycle power plants (base simulations).

Stream Mars100 GE10-1

Mass [kg/s] Temperature [K] Pressure [bar] Exergy [MW] Mass [kg/s] Temperature [K] Pressure [bar] Exergy [MW]

1 39.18 288.15 1.01 0.061 39.90 288.15 1.01 0.062
2 39.18 690.54 17.50 15.498 39.90 672.07 15.22 14.859
3 0.64 288.15 50.00 33.582 0.66 288.15 50.00 34.242
4 39.83 1338.55 17.23 38.209 40.55 1323.96 15.02 37.857
5 39.83 761.77 1.03 8.853 40.55 757.21 1.03 8.885
6 39.83 711.81 1.03 7.454 40.55 709.22 1.03 7.521
7 39.83 581.76 1.02 4.256 40.55 581.76 1.02 4.334
8 39.83 475.14 1.01 2.164 40.55 477.32 1.01 2.241
9 3.97 306.43 86.82 0.053 3.96 306.43 86.82 0.053
10 3.97 565.76 84.21 1.548 3.96 565.76 84.21 1.545
11 3.97 571.76 84.21 4.398 3.96 571.76 84.21 4.387
12 39.18 690.54 17.50 15.498 39.90 672.07 15.22 14.859
13 3.97 306.03 0.05 0.469 3.96 306.03 0.05 0.467
14 3.97 306.03 0.05 0.018 3.96 306.03 0.05 0.018
15 268.26 289.15 1.01 0.672 266.93 289.15 1.01 0.669
16 268.26 289.15 1.37 0.682 266.93 289.15 1.37 0.678
17 268.26 296.03 1.33 0.797 266.93 296.03 1.33 0.793
18 187.78 288.15 1.01 0.292 186.85 288.15 1.01 0.291
19 4.92 288.15 1.01 0.012 4.89 288.15 1.01 0.012
20 190.02 299.51 1.01 0.370 189.07 299.51 1.01 0.369
21 2.68 289.15 1.01 0.007 2.67 289.15 1.01 0.007
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Table A4
Stream data of large-scale combined-cycle power plants (base simulations).

Stream SGT5-4000F SGT5-8000H

Mass [kg/s] Temperature [K] Pressure [bar] Exergy [MW] Mass [kg/s] Temperature [K] Pressure [bar] Exergy [MW]

1 714.20 288.15 1.01 1.112 803.62 288.15 1.01 1.251
2 714.20 721.64 19.04 301.723 803.62 721.60 19.50 341.063
3 15.55 288.15 50.00 810.509 18.98 288.15 50.00 989.368
4 729.75 1547.56 18.77 873.908 822.61 1608.50 19.23 1045.978
5 729.75 850.44 1.03 215.897 822.61 890.71 1.03 272.086
6 729.75 757.80 1.03 164.922 822.61 776.26 1.03 199.081
7 729.75 581.76 1.02 82.279 822.61 581.76 1.02 94.565
8 729.75 435.94 1.01 32.247 822.61 419.98 1.01 33.361
9 100.05 306.43 86.82 1.339 125.38 306.43 86.82 1.678
10 100.05 565.76 84.21 39.060 125.38 565.76 84.21 48.950
11 100.05 571.76 84.21 110.954 125.38 571.76 84.21 139.047
12 714.20 721.64 19.04 301.723 803.62 721.60 19.50 341.063
13 100.05 306.03 0.05 12.372 125.38 306.03 0.05 15.784
14 100.05 306.03 0.05 0.463 125.38 306.03 0.05 0.580
15 7087.71 289.15 1.01 17.756 9048.14 289.15 1.01 22.667
16 7087.71 289.15 1.37 18.012 9048.14 289.15 1.37 22.994
17 7087.71 296.03 1.33 21.066 9048.14 296.03 1.33 26.893
18 4961.40 288.15 1.01 7.723 6333.70 288.15 1.01 9.859
19 129.96 288.15 1.01 0.325 165.90 288.15 1.01 0.414
20 5020.48 299.51 1.01 9.789 6409.12 299.51 1.01 12.496
21 70.88 289.15 1.01 0.178 90.48 289.15 1.01 0.227

Table A3
Stream data of small-scale hybrid power plants (inlet temperature of the combustion chamber: 1000 °C).

Stream Mercury 50 Mars100 GE10-1

Mass
[kg/s]

Temperature [K] Pressure
[bar]

Exergy
[MW]

Mass
[kg/s]

Temperature [K] Pressure
[bar]

Exergy
[MW]

Mass
[kg/s]

Temperature [K] Pressure
[bar]

Exergy
[MW]

1 18.49 288.15 1.01 0.029 43.19 288.15 1.01 0.067 43.97 288.15 1.01 0.068
2 18.40 577.78 9.45 5.134 43.19 690.54 17.50 17.082 43.97 672.07 15.22 16.375
3 18.40 288.15 9.09 8.063 0.08 288.15 50.00 4.398 0.07 288.15 50.00 3.633
4 18.40 1359.63 9.09 14.837 43.27 1338.37 17.23 39.966 44.04 1324.41 15.02 39.554
5 0.05 880.63 50.00 2.416 43.27 750.76 1.03 8.672 44.04 746.31 1.03 8.685
6 0.05 630.21 9.09 2.404 43.27 705.47 1.03 7.349 44.04 702.89 1.03 7.399
7 18.45 577.78 8.81 16.405 43.27 581.76 1.02 4.162 44.04 581.76 1.02 4.231
8 18.45 630.21 1.10 5.531 43.27 480.63 1.01 2.055 44.04 482.79 1.01 2.129
9 18.45 577.78 1.01 2.268 3.96 306.43 86.82 0.053 3.95 306.43 86.82 0.053
10 3.96 565.76 84.21 1.548 3.95 565.76 84.21 1.540
11 3.96 571.76 84.21 4.397 3.95 571.76 84.21 4.376
12 43.19 690.54 17.50 17.082 43.97 672.07 15.22 16.375
13 3.96 306.03 0.05 0.466 3.95 306.03 0.05 0.463
14 3.96 306.03 0.05 0.018 3.95 306.03 0.05 0.018
15 266.50 289.15 1.01 0.668 264.51 289.15 1.01 0.663
16 266.50 289.15 1.37 0.677 264.51 289.15 1.37 0.672
17 266.50 296.03 1.33 0.792 264.51 296.03 1.33 0.786
18 186.55 288.15 1.01 0.290 185.15 288.15 1.01 0.288
19 4.89 288.15 1.01 0.012 4.85 288.15 1.01 0.012
20 188.77 299.51 1.01 0.368 187.36 299.51 1.01 0.365
21 2.66 289.15 1.01 0.007 2.65 289.15 1.01 0.007
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