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A B S T R A C T   

A working fluid performs a Brayton cycle that is fed by a heat input from a solar power tower and from a 
combustion chamber, which burns natural gas. This hybrid system is described by a complete model that includes 
all the main losses and irreversibility sources (optical and thermodynamic). Numerical implementation and 
validation is performed based on a Spanish commercial plant. On-design computations are carried out varying 
the pressure ratio for four working fluids (dry air, nitrogen, carbon dioxide, and helium), for different number of 
stages and for recuperative and non-recuperative configurations. When adjusting the pressure ratio, an 
improvement of about 7 % in overall thermal efficiency is predicted for a dry air single-stage recuperative 
configuration with respect to a standard commercial gas turbine. A study about the main energy losses in each 
plant subsystem for some particular plant layouts is accomplished. A two-compression and expansion stages 
recuperative Brayton cycle working with air is expected to give overall thermal efficiencies about 0.29  at design 
conditions, which is about a 47% increase with respect to the simplest single-stage configuration. It is stressing 
that fuel consumption from the reheaters maybe higher than that of the main combustion chamber for multi- 
stage layouts. Off-design hourly curves of output records for the four seasons throughout a day are analyzed. 
Greenhouse emissions are also analyzed. Specific carbon dioxide emissions are smaller for helium than for dry 
air, when they both work in a single-stage non-recuperative configuration.   

1. Introduction 

Climate change together with the finite reserves of fossil resources 
has made necessary the transformation of the energy paradigm towards 
new, cleaner, and renewable ways of producing energy. Concentrating 
Solar Power (CSP) technology constitutes one of the best ways to fulfill 
these requirements, taking into account its reliability and flexibility for 
storing or hybrid operation [1]. Particularly, the hybridization of com-
bustion power plants is considered as a growing opportunity in the way 
to cleaner energy production [2]. For the production of energy at the 
level of a few megawatts central tower plants are expected to be, 
simultaneously, highly efficient and highly flexible in which respect to 
the technology for producing the energy through a power block [3]. The 
combination with other renewables as photovoltaic is also being 
analyzed [4]. These plants are constituted essentially by three sub-
systems with different physical and engineering nature: the solar field 

collecting the solar power and redirecting it to the tower, the solar 
receiver where the energy is concentrated and transferred to the work-
ing fluid, and the power subsystem, that converts energy as heat to 
mechanical energy through some thermodynamic cycle [5]. 

The solar collector in these plants is an arrange of individually non- 
concentrating mirrors with a two-axis tracking system which focus light 
on a central receiver at the top of a tower. A common array to distribute 
heliostats by looking for an optimized distribution is the radial staggered 
[6]. The optimization process involves to calculate repeatedly the 
annual energy collected by the field in terms of the considered optimi-
zation variables. Most important losses should be considered, as cosine 
losses, shading and blocking, spillage, and atmospheric attenuation. It is 
also necessary to define a figure of merit, as for instance, the ratio be-
tween the cost of the field and the total thermal energy collected during 
a year [7]. The final aim is to reduce the levelised cost of electricity 
(LCOE). Different techniques have been employed during the last years, 
from biomimetic layouts [8], to computationally expensive Monte Carlo 
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ray-tracing tools (as SolTRACE [9]), and also analytical methods for 
simultaneously optimize heliostat field (heliostat locations and number) 
and the tower (tower height and receiver size) as HFLCAL, Campo Code 
or others [10–12]. 

Solar receivers are one of the crucial elements in any CSP installa-
tion, particularly central tower plants. Their design and manufacturing 
materials should comprise high reliability, cost-effectiveness, and a long 
operational lifetime [13]. Higher plant efficiencies require good 
light-heat conversion efficiency in the receiver [14]. This energy con-
version is affected at least by four kind of losses: reflection, radiation, 
convection, and conduction. There are essentially two types of receiver 
concepts: cavity receivers and external absorption ones (for instance, a 
cylindrical array of tubes). The former use to have lower radiative losses 
than tubular, but higher convective losses [15]. Cavity receivers usually 
have only one aperture, so the sunlight is received only from one side, so 
the heliostat field should not have circular symmetry. In these receivers, 
outlet temperatures about 1000 �C have been reported using air as 
working fluid [16]. In any case, for temperatures from 650 to 750 �C 
radiation effects are very important. An increase in solar absorptance 
and a decrease in thermal emittance are key factors to improve thermal 
receiver efficiency. Existing paint-based coatings, as Pyromark 2500 
(currently used in central towers), with a good absorptivity are not very 
durable because deposition techniques nowadays only allow a limited 
adherence [14]. So, research lines in this field are focused to improve 
adhesion and maintain the optical properties above 650 �C [17]. 

In which respect to the thermal power block that transforms the heat 
released by the solar receiver in mechanical energy, most usual ther-
modynamic cycles are based on Rankine and Brayton cycles, i.e., steam 

or gas turbines, and their combination [5]. The former are usually 
associated to storage with molten salts in central towers, so the working 
fluid for the solar receiver is different to that for the power cycle itself 
and at least a steam generator is required. Several plants are nowadays 
working on this concept, not only prototype plants, but also commercial 
ones, as GEMASOLAR (Spain) [18], Crescent Dunes (USA) [19], and 
Noor III at Ouarzazate (Morocco) [20]. An interesting review on this 
type of plants with a summary of plants in operation and under con-
struction is due to Behar et al. [21]. 

In the case of Brayton-like cycles usually the solar receiver heats air, 
which flows at high pressure coming from the compressor. This tech-
nology is normally linked to hybrid operation in such a way that a 
combustion chamber in series with the solar receiver increases, when 
necessary, the temperature to ensure that the turbine inlet temperature 
remains approximately constant. This guarantees an approximately 
constant power output, independently of seasonal, meteorological var-
iations or even nighttime [22]. An increase on overall performance is 
obtained when a bottoming Rankine cycle is considered to take advan-
tage of the usually high temperature of exhaust gases. The Brayton cycle 
can operate in both open or closed cycle schemes and a good thermal 
efficiency is associated to a high turbine inlet temperature. This imposes 
a high working temperature for the solar receiver to get also reasonably 
good solar shares. Usually turbine inlet temperatures are around 
1100 �CC. These plants are still at the R&D&i stage. Most of prototype 
plant and experimental projects during the last years have been devel-
oped in Spain: SOLGATE [23], SOLHYCO [24], and SOLUGAS [25]. A 
major conclusion of all these projects is that the technology is feasible 
and interesting, but a research and development effort is still required to 

Nomenclature 

Aa aperture area of the solar field (m2) 
C solar collector concentration ratio 
Cn nominal cleanliness 
cw specific heat of the working fluid [J=ðmol KÞ] 
D distance between the centre of each heliostat and the aim 

point in the receiver 
f solar share 
fat attenuation factor 
fb blocking factor 
fsh shadowing factor 
fsp spillage factor 
G direct solar irradiance (W=m2 ) 
LR height of the receiver (m) 
M molecular weight of the working fluid (g= mol ) 
_m mass flow rate of the working substance (kg/s) 
_mf fuel mass flow rate (kg/s) 

N number of compressors or turbines when they are equal 
Nc=Nt Nt number of compressors/turbines 
OK total number of heliostats 
P power output (W) 
pamb ambient pressure (bar) 
pc critical pressure (bar) 
pH highest pressure during heat absorption (bar) 
pL pressure at the exit of the expansion processes (bar) 
j _QCj heat losses at the combustion chamber (W) 
j _QHj total heat-transfer rate absorbed from the working fluid 

(W) 
j _QHCj total heat rate input from the combustion chamber and the 

reheaters (W) 
j _QHSj heat rate input from the solar collector (W) 
j _QLj heat-transfer rate between the working fluid and the 

ambient (W) 
QLHV lower heating value of the fuel (J/kg) 
rp overall pressure ratio 
Rmin minimum radius of the heliostat field (m) 
Tc critical temperature (K) 
THC working temperature of the combustion chamber (K) 
THS working temperature of the solar collector (K) 
TL ambient temperature (K) 
T3 turbines inlet temperature (K) 
THT height of the tower supporting the receiver (m) 
UL effective conduction-convection heat transfer coefficient 

[W=ðm2 KÞ] 
wr width-height ratio of the heliostat surface 
α effective emissivity 
αS solar altitude angle (rad) 
ΔR radial distance between two adjacent rows (m) 
εHC εHS combustion chamber/solar collector heat exchangers 

effectiveness 
εc εt isentropic efficiency of the compressors 
γ mean value of the working fluid adiabatic coefficient 
η overall thermal efficiency 
ηc combustion efficiency 
ηh thermal efficiency of the Brayton heat engine 
ηheli optical efficiency of each heliostat 
ηs solar collector efficiency 
η0 optical efficiency of the whole field 
ρ actual mirror reflectivity 
ρH=ρL ρL irreversibilities due to pressure drops in the heat input/ 

heat release 
ρn nominal reflectivity 
σ Stefan-Boltzmann constant (W m� 2 K� 4 ) 
ω incidence angle of the Sun radiation onto the heliostat 

surface (rad )  

R.P. Merch�an et al.                                                                                                                                                                                                                             



Renewable and Sustainable Energy Reviews 119 (2020) 109590

3

get commercially competitive prices of electricity [26]. 
This work is focused on the last point. Particularly, on the develop-

ment of thermodynamic models for the whole plant, including all sub-
systems, that could allow to guide the design of future plants based on 
this technology. A compelling review on the thermodynamic optimiza-
tion of the solar Brayton cycle was written by Le Roux et al. [27]. Osorio 
et al. [28] as well as McMahan et al. [29] and Zare et al. [30] have tried 
to model the plant in terms of a reduced set of parameters. But also 
detailed analysis, including thermoeconomic issues, based on simulation 
software have also been developed [31,32]. 

Thermodynamic models, as the one considered in this work, allow a 
comprehensive description of all plant subsystems, and so, to study the 
interactions among subsystems. Non-complex equations can be obtained 
by means of some physical parameters with a clear interpretation, so 
sensitivity analysis, and optimization processes can be implemented. 
Recently, our group presented a thermodynamic model emphasizing the 
details and losses in the power block [33]. In this paper a more complete 
model is addressed, incorporating, a detailed (but at the same time 
comprehensive) description of the solar subsystem. Particularly, 
including all the details necessary to obtain precise estimations for the 
optical efficiency the solar field. The model is dynamic, so it allows to 
predict the behavior of any plant parameter along any day of any season. 
And also is flexible because different working fluids can be analyzed as 
well as different layouts for the Brayton cycle (including single- or 
multi-stage compression and expansion). The model is validated for a 
plant of a commercial size, GEMASOLAR [18], of about 20 MW. The 
main sources of losses are identified and quantified for several plant 
configurations and daily curves of the main subsystems, and the whole 

plant are presented. Also the predicted temperatures of all subsystems 
are estimated. As a global conclusion it can be said that there is a wide 
inventory of options to design plants with the desired level of efficiencies 
or temperature limits. Once a pre-design plant scheme is adopted there is 
still a way to estimate the corresponding economic records, that is out of 
the scope of this work. 

A brief description of the model developed in this work, either op-
tical for the heliostat field or themodynamic for the power block, is 
presented in Sec. 2 and Appendix A. Its model implementation together 
with its validation are shown in Sec. 3 and Appendix B. Afterwards, Sec. 
4 contains an on-design analysis of the solar plant. The performance of 
four different working fluids (dry air, nitrogen, carbon dioxide, and 
helium) in several expansion and compression configurations and in 
both recuperative and non-recuperative cases is studied against the 
pressure ratio for the design point. As a consequence, three configura-
tions are selected looking for an improved overall thermal efficiency 
with respect to the pressure ratio. For these three configurations, an off- 
design analysis is carried out in Sec. 5. Different output records are 
plotted throughout a day for the four seasons and carbon dioxide 
emissions are estimated. In addition, heliostats field efficiency is studied 
at the design point as well as in real fluctuating conditions. 

2. Thermodynamic model 

The overall system analyzed is a multi-stage gas turbine hybridized 
with a central solar tower in order to obtain a stable power output, in-
dependent of the solar irradiance conditions. A diagram of the consid-
ered system is shown in Fig. 1. The working fluid is first compressed by 

Fig. 1. Scheme of the hybrid thermosolar gas-turbine plant considered, which is composed of a solar subsystem (solar field and central tower receiver), a main 
combustion chamber, an arbitrary number of compressors (Nc), and an arbitrary number of turbines (Nt). Between every pair of compressors, an intercooler is 
considered and, similarly, between every pair of turbines, an intermediate reheater is needed. 
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means of a number Nc of compressors with Nc � 1 intercoolers between 
them. Inlet temperature is assumed the same for all compressors. Af-
terwards, the fluid is heated by means of three different heat sources: a 
recuperator, a solar field, and a main combustion chamber. Then, Nt 
expansion stages are next. It will be assumed that the inlet temperature 
for all turbines is the same, so Nt � 1 reheaters are required. And, finally, 
the recuperator and a subsequent heat exchanger connected to the 
ambient release the necessary excess heat for starting the cycle again. 
This last heat exchanger is necessary because the model is considered as 
closed. So, the overall plant is composed of three subsystems: the solar 
subsystem, the combustion one, and the heat engine. The proposed 
thermodynamic model includes all the main losses and irreversibilities 
sources as depicted in Fig. 2. 

In this section, the thermodynamic model of the considered plant is 
summarized since it has been recently detailed in Ref. [33]. Then, the 
attention is focused on the novel model aspects of this contribution. 

2.1. Overall efficiency 

The overall system thermal efficiency, η, can be expressed in terms of 
the net mechanical power, P, of the direct normal solar irradiance, G, of 
the heliostats field aperture area, Aa, of the lower heating value of the 
fuel, QLHV , and of the total fuel mass flow, _mf , which is the addition of 
that consumed at the main combustion chamber and at the reheaters: 

η¼ P
G Aa þ _mf QLHV

(1) 

By defining the solar share, f, as the fraction of energy provided to 
the fluid that comes from the solar subsystem and by doing some ther-
modynamic calculations [34], the following expression for the overall 
thermal efficiency is achieved: 

η¼ ηh ηs ηc

�
εHS εHC

ηc f εHC þ ηsð1 � f ÞεHS

�

(2)  

where ηh represents the thermal efficiency of the heat engine, ηs that of 
the solar subsystem (solar field and receiver), ηc the efficiency of the 
combustion chamber, εHS the effectiveness of the solar receiver as heat 
exchanger that transfers the solar heat input to the working fluid, and 
εHC the effectiveness of the heat exchanger associated to the combustion 
chamber, that it is required because a closed Brayton cycle is being 
assumed. All formal definitions are explicitly shown in Ref. [33]. 

Another important parameter is the fuel conversion rate, re, or the 
performance relative to the energy input with an economical cost. The 
definition proposed by Heywood [35], when implemented in our model 
[34], yields to: 

re¼
η ηs ηh εHS

ηs ηh εHS � η f
(3) 

For pure solar operation ( _mf ¼ 0), f ¼ 1, and re→∞ and for only 
combustion operation, f ¼ 0, so re ¼ η. 

2.2. Solar subsystem model 

2.2.1. Solar field geometry 
The considered field is a circular heliostat field around the central 

tower, whose lowest part is always considered as the spacial reference 
origin, and its geometry is depicted at Fig. 3. The solar volumetric 
receiver is located atop of the tower and it is composed of several cy-
lindrical tubes disposed symmetrically as the walls of a cylinder around 
a downing pipe in the centre of that cylinder. 

The heliostat field is made up of several rows of heliostats and each 
heliostat is composed of a reflecting surface mounted on a support 
pedestal over the ground, with a two-axis tracking system that allows it 
to follow the Sun movements in the sky. The heliostat surface is a 
rectangular plane mirror, whose width-height ratio is wr ¼ LW=LH. 
Heliostats are disposed in the field taking into account that their 
orientation changes with Sun tracking, as it can be observed in Fig. 4. 
Additionally, a safety distance between heliostats, DHs, must be 

Fig. 2. Temperature-entropy diagram of the irreversible multistage Brayton cycle experienced by the working fluid in the considered plant. Solar receiver tem-
perature, THS, and ambient temperature, TL, are fluctuating parameters. 
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considered [36]. 
Heliostats are disposed in an equidistant way over a circumference. 

Each one is associated to an angle θi (see Fig. 4). The heliostat field is 
divided into regions and rows. A region comprises one or more rows in 
which the increment of the azimuth angle, ΔαT, is constant [36]. For a 
particular region, the farther the heliostats from the tower, the more 
separated they are. When this available separation is high enough for a 
new heliostat to be placed, then a new region starts. There are several 
field expansion techniques in the literature. Here, Campo code model 
was followed [11,36]. The starting point is the densest layout, that af-
terwards is expanded. Because of shadowing and blocking effects 
(explained below) there is a balance effect and optimum densities are 
found because field expansion advantages prevail over its disadvan-
tages. In this work, heliostat densities were calculated as in a preliminar 
version of Campo code [36] with a simplified fixed blocking factor, and 
second, regions were completed up to find enough heliostats to 
approximately guarantee the desired turbine inlet temperature at design 
conditions. 

2.2.2. Solar field efficiency 
The optical efficiency of the whole field, η0, is the average of the 

efficiency of each heliostat [36]: 

η0¼ ηhel ¼

PNH

i¼1
ηheli

NH
(4)  

where NH represents the total number of heliostats in the solar field. And 
the optical efficiency of each heliostat is defined as a product of losses 
factors [36]: 

ηheli ¼ cos ω⋅fb⋅fsh⋅fsp⋅fat⋅ρ (5) 

In this equation cos ω stands for the cosine of the Sun radiation’s 
incident angle, fb represents the blocking factor, fsh is associated with a 
shadowing factor, fsp refers to a spillage factor, fat is related to an 
attenuation factor, and ρ is the actual mirror reflectivity. These six losses 

parameters are represented in Fig. 5. 
Cosine factor. The cosine effect constitutes the main factor of the 

optical efficiency [38]. In order to determine which is this incident angle 
of the Sun radiation in the heliostat surface, a study about the 
Sun-heliostat-receiver geometry should be accomplished by taking into 
account the law of specular reflection. This leads to an expression for ω 
that depends on each heliostat coordinates, receiver coordinates, and 
solar azimuth and altitude angles (see Fig. 3). An explicit equation for ω 
can be found in Ref. [36]. 

Blocking and shadowing factors. The blocking factor accounts for the 
energy loss because part of the reflected energy from a back heliostat can 
be stopped by an ahead one. On the other hand, the shadowing factor 
takes into account the energy loss when a heliostat projects a shadow on 
another heliostat, and then not all the surface of the last heliostat can 
reflect the sun radiation. The most complex elements affecting the op-
tical efficiency are precisely these blocking and shadowing factors [38]. 
Therefore, it is not easy to express them in an analytical way and 
simulate them accurately, so it is not unusual to take these factors as 
constant [39,40]. 

Spillage factor. The power delivered by each heliostat to the receiver 
is the integral over the receiver contours of the corresponding flux 
density function. The fraction outside receiver boundaries is called 
spillage. In this work it is assumed the formulation by Collado [7] in 
which the spillage factor depends on the dimensions of the receiver, 
heliostat area, and the effective dispersion of the sun shape on the 
receiver plane. Explicit equations can be found in Ref. [7]. Other for-
mulations as the one used in HFLCAL also consider dispersions associ-
ated to mirror surface errors and tracking errors [10,41]. This makes the 
spillage factor depend on each heliostat position with respect to the 
receiver, leading to calculations computationally more expensive. Both 
formulations were checked within our overall model and no significant 
differences found, so the analytical model from Ref. [7] was assumed. 

Attenuation factor. The attenuation factor, fat, takes into account the 
energy dissipation due to the energy absorption of the air molecules 
between the heliostats and the receiver. Clearly, this factor depends on 

Fig. 3. Reference frame of the solar field, Sun incidence in the heliostat field, and reflection towards the solar receiver, assuming a plain ground [37].  
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the distance between the centre of the heliostat and the aim point in the 
receiver, D [42]. So, it varies with the particular heliostat and, thus, for 
great solar fields, differences in attenuation are more significant than for 
smaller fields. It is usual to take an empirical formula for fat in terms of D. 
In this work the equations by Leary and Hankins [43] for distances 
below 1 km and Schmitz et al. [10] for longer distances are assumed. 

Mirror reflectivity. The actual reflectivity, ρ, of a mirror can be 
modeled as the product of two factors: the nominal reflectivity, ρn, and 
the nominal cleanliness, Cn, ρ ¼ ρn⋅Cn [41]. The importance of the actual 
reflectivity is not just related to the efficiency of the heliostat; but, in 
fact, it is also a function of the maintenance cost of the field since the 
nominal cleanliness depends on plant conservation. 

As a summary, it can be noted that only the cosine factor and the 
attenuation factor depend on the particular heliostat, the other four 
factors are independent of the heliostat. So, in the average optical effi-
ciency (see Eq. (4)), just the cosine and the attenuation factors are inside 
the summation, the other four terms are common factors. 

2.2.3. Solar subsystem efficiency 
In addition to all the aforementioned losses associated with the solar 

energy transfer from the heliostats to the receiver, another energy losses 
in the solar subsystem must be analyzed. These are the ones related to 
the heat transfer out of the receiver because of conduction, convection, 
and radiation. In this way, the solar subsystem efficiency is [33,44]: 

ηs¼ η0 �
1

GC
�
ασ
�
T4

HS � T4
L

�
þULðTHS � TLÞ

�
(6)  

where C is the concentration ratio, α refers to the emissivity of the 

receiver surface, σ is the Stefan-Boltzmann constant, UL corresponds to 
an overall conduction and convection heat transfer coefficient, THS is the 
solar collector temperature and TL, with the ambient temperature. 

The heat flux actually absorbed by the working fluid is: j _QHSj ¼

εHSGAaηs, where εHS refers to the effectiveness of the solar receiver, 
considered as a heat exchanger. 

2.3. Combustion subsystem model 

The model for the heat transfer from the main combustion chamber 
and the reheaters to the working fluid (see Fig. 1) includes the non- 
ideality of combustion and the losses in the combustion chamber, but 
also the losses in the associated heat exchanger. This applies both for the 
main combustion chamber and for all the reheaters. In this way, the heat 
rate transferred from the main combustion chamber and the reheaters to 
the working fluid can be expressed as: 

�
� _QHCp

�
�þ j _Qrehj ¼ ηc εHC QLHV

�
_mHCp þ

XNt � 1

i¼1
_mREHi

�
(7)  

where _mHCp is the fuel consumption rate at the main combustion 
chamber, _mREHi refers to the fuel mass flow entering the reheaters, εHC is 
the effectiveness of the heat exchangers (assumed equal), ηc combustion 
efficiency (also assumed the same), and QLHV the fuel lower heating 
value. 

Fig. 4. Radial staggered distribution for the heliostats field [7].  
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2.4. Multi-stage Brayton cycle model 

For the multi-stage Brayton power block it is considered a working 
fluid behaving as an ideal gas with temperature dependent specific 
heats. Details on the assumptions for the losses or irreversibilities 
considered are summarized in Appendix A as well as the explicit equa-
tions for temperatures T2 and T4 in terms of the geometric and irre-
versibilities parameters. All other cycle temperatures can be calculated 
from those [33,45]. The power output provided by the plant, P, and its 
thermal efficiency, ηh, can be calculated through the heat rates by means 
of the cycle temperatures in terms of all the irreversibilities and geo-
metric parameters: P ¼ j _QHj � j _QLj and ηh ¼ P=j _QHj. The total heat input 
rate absorbed by the working fluid, j _QHj, can be calculated as: 

j _QH j ¼ j _QHSj þ
�
� _QHCp

�
�þ j _Qrehj

8
>>>>><

>>>>>:

j _QHSj ¼ _m
Z Tx’

Tx

cwðTÞ dT ¼ f j _QH j

�
� _QHCp

�
� ¼ _m

Z T3

Tx’

cwðTÞ dT

j _Qrehj ¼ _m cw;34 εtðNt � 1Þ
�
1 � a� 1=Nt

t

�
T3

(8) 

And the heat released by the working fluid to the ambient, j _QLj, is: 

j _QLj ¼ _m
Z Ty

T1

cwðTÞ dT þ _m
cw;12

εc
ðNc � 1Þ

�
a1=Nc

c � 1
�
T1 (9) 

Finally, it is important to stress that, as a consequence of the as-
sumptions made in this model for the sequence of heat absorption pro-
cesses, the following conditions for temperatures hold (see Fig. 2): 

T3�Tx0 � Tx (10)  

THS � Tx (11)  

THC � Tx0 (12)  

3. Numerical implementation and working fluids 

The thermodynamic model of the Brayton cycle was previously 
validated [33,34] by comparing with the SOLUGAS Project [25]. This 
project, developed by Abengoa Solar near Seville (Spain), tested a 
Brayton hybrid turbine in a pre-commercial scale of about 5 MWe. The 
present work is focused on the optimization and estimation of output 
records for a larger plant, in a commercial scale of about 20 MW. To 
achieve that aim the main system dimensions are taken from a com-
mercial plant called GEMASOLAR [18] working on that power output 
range although within a different concept: Rankine cycle with molten 
salt storage. This plant includes a circular heliostat field and a cylin-
drical receiver. Details on the numerical parameters to run the model 
and its validation are contained in Appendix B. 

In this work, a thermodynamic study of the plant performance for 
different working fluids is accomplished looking for better output re-
cords. However, the necessary study of the technical features of the 
devices is not carried out here. As stated by Olumayegun et al. [46], the 
most usual working fluids developing closed cycles in gas turbines are 
air, nitrogen, carbon dioxide, helium, and other noble gases and also gas 
mixtures. In this study, we consider the first four gases as working fluids. 
The widest experience in the design and operation of these cycles is 
associated to air cycles. However, the associated turbine inlet temper-
atures are high. Nitrogen has very similar characteristics than air but the 
curve for constant pressure specific heat is slightly different, specially for 
temperature between 300 and 900 K. The advantages of helium are the 
low pressure losses and its good heat transfer coefficient. But its design 
experience is smaller and its turbine inlet temperatures are also high. 
Finally, for the carbon dioxide, solar applications for supercritical CO2 
are being studied in order to reduce the work required by the compressor 
[33,47], but researches with subcritical CO2 are still scarce. 

In the particular case of the pressure and temperature intervals 
experienced by the fluids, three of them develop subcritical cycles: dry 
air, nitrogen (N2) and carbon dioxide (CO2); meanwhile, the other one, 
helium (He), develops a transcritical cycle (see Fig. 4 of [33]). Table 1 

Fig. 5. Energy losses factors of the heliostat efficiency.  
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collects some thermodynamic data for these fluids, including critical 
pressure and temperatures. The approximate Brayton cycles developed 
by each fluid in p � T diagrams were presented in Fig. 4 of [33]. In all 
cases, the specific heats are considered as temperature dependent. 
Polynomial fittings were taken from Ref. [48]. The explicit form of the 
polynomials can be found in Table 1 of [33]. It is interesting the fact that 
the average specific heat of the helium is four times the ones of the other 
fluids, as it can be seen in Table 1. 

4. On design pre-optimization 

In this section, numerical plant output records are analyzed for 
different configurations and different working fluids at the design point 
(see Table 4 in Appendix B). The efficiency of each heliostat is computed 
and represented in Fig. 6. It has been proven that the highest efficiency is 
related to the heliostats opposite to the Sun [42]; therefore, to the North 
heliostats at design point (noon). The average efficiency of the heliostats 
field at these conditions is 0.4961. 

The evolution of the overall thermal efficiency, the fuel conversion 
rate, the power output, the solar collector temperature, and the solar 
share with the pressure ratio is depicted for the aforementioned working 
fluids and for different configurations in Figs. 7–11. The analyzed cases 
correspond to the one-turbine and one-compressor configuration (N ¼
1), both recuperative and non-recuperative; and to the two (N ¼ 2), 
three (N ¼ 3), and infinite expansion and compression stages (N→ ∞) 
only in the recuperative mode. The cases of infinite stages are repre-
sented in order to visualize the maximum values that the variables could 
take, as a limit case. 

The overall thermal efficiency in this study (Fig. 7) behaves in a 
similar way that for a smaller plant, SOLUGAS of about 5 MW [25,33] 
(note that in Ref. [33] heliostat field efficiency was calculated in an 
approximate averaged way). At the light of this figure, it can be 
concluded that only for some fluids (He, air, and N2) and N ¼ 1 overall 
efficiency has a maximum in terms of rp, i.e., there is an optimum 
pressure ratio. In all other cases, curves increase monotonically, so 
larger pressure ratios lead to larger overall efficiencies. Numerical 
values are larger for He because of the reasons that will be detailed later 
on. For N ¼ 1 and small values of rp overall efficiency in the recuperative 
case is larger than in the non-recuperative one for all fluids except CO2. 
In the latter recuperation is advantageous in all the surveyed interval of 
pressure ratios. 

In addition, curves of the fuel conversion rate, re (see Fig. 8), for He 
resemble those for SOLUGAS (see Fig. 10 in Ref. [33]). However, for the 
other three working fluids, these fuel conversion rate curves are quite 
different. Now, re decreases with the pressure ratio for any number of 
compression/expansion stages in an approximately exponential way, 
very fast up to values of rp ’ 4 � 5 (depending on the multi-stage 
configuration) and more slowly afterwards. This change is due to the 
new scaling up of the plant. Numerically, high values for re are found 
(about 4 times larger than for SOLUGAS) except for He. For N ¼ 1 
non-recuperative layout, re, always increase with rp (also except for He 
where there is a wide plateau in the interval rp ’ 10 � 20). 

In the case of the power output, P, evolutions are very similar to 

those of overall efficiencies as it can be observed in Fig. 9. Only for He, 
N2, and air and for the single stage plant configuration power output 
displays a (flat) maximum as a function of rp. 

Another interesting variable evolution is the solar collector temper-
ature, depicted in Fig. 10. There is a noticeable difference between non- 
recuperative and recuperative configurations. In the first case, the 
temperature rises with the pressure ratio and, in the second one, it de-
creases. It should be also highlighted that the temperature increases 
when the number of expansion and compression stages does. It is of vital 
importance to control the solar collector temperature since the receiver 
materials themselves impose a temperature limit that could not be 
exceeded. Then, plant configurations associated with lower tempera-
tures are more interesting from the viewpoint of the materials for the 
receiver. The lowest temperatures are predicted for He in the non- 
recuperative single stage case for low pressure ratios. In this case, the 
tubular receiver associated with the circular solar field should withstand 
temperatures below 1000 K for rp < 12. Temperatures for dry air and the 
other fluids in the same non-recuperative single stage case are all over 
1000 K. For all multi-stage configurations smaller temperatures are 
required as rp increases. 

For case of He, as solar collector temperatures are smaller, the choice 
of a tubular receiver in a circular field could be feasible. However, when 
working with the other two configurations associated to higher tem-
peratures, current tubular receivers are not the best option. Thus, the 
tubular receiver and circular field should be replaced by a cavity 
receiver with a wedge field meanwhile the limits of temperatures are 
surpassed [13,15,17]. 

Table 2 summarizes the maximum values of the overall thermal ef-
ficiencies for the four working fluids and for different numbers of tur-
bines and compressors (assumed equal). Furthermore, the 
corresponding pressure ratio and the relative growth of the overall ef-
ficiency, of the fuel conversion rate, and of the power output are dis-
played. Comparison is always with respect to the design pressure ratio of 
the gas turbine (rp;DP ¼ 23:4). For the dry air single recuperative 
configuration, an increase of almost 7 % in the overall thermal efficiency 
could be reached by reducing the pressure ratio to the half. As it can be 
also deduced from Fig. 7, the global efficiency for He in the single 
recuperative case can be highly increased if the pressure ratio is dras-
tically reduced. Note that in some multi-stage configurations a positive 
increase or η corresponds to a decrease of re because of the corre-
sponding increase in fuel consumption. 

The behavior of solar share, Fig. 11, is easy to understand from the 
evolution of solar collector temperatures (see Fig. 10). Globally, the 
numerical values of f are smaller for He because THS are lower and so, 
more fuel is to be burned to achieve turbine inlet temperature. Nu-
merical differences between numerical values for He and the other fluids 
are important as seen in the figure. The evolution with the number of 
stages is identical for all fluids. As more compression/expansion stages 
are considered, collector temperature decreases and so, more fuel is 
burned in the reheaters. So, the solar share decreases with the number of 
stages. In respect to the evolution with the pressure ratio, for recuper-
ated configurations THS decreases with rp, and similarly does f. In this 
case, the better configurations to take advantage of the solar input are 
those with small pressure ratios. For the single stage, non-recuperated 
configuration, both THS and f increase with rp. 

The choice of possible optimum configurations is carried out taking 
into account three features: high overall thermal efficiencies, low solar 
collector temperatures, and large solar share (although the last two ones 
are not independent). Three particular configurations have been 
selected: α, dry air single non-recuperative (η ¼ 0:18, THS ¼ 1300 K, f ¼
0:60); β, dry air two compression and expansion stages recuperative 
(η ¼ 0:28, THS ¼ 1420 K, f ¼ 0:40); and γ, He single non-recuperative 
configuration (η ¼ 0:32, THS ¼ 925 K, f ¼ 0:16). The off-design anal-
ysis in the next section will be performed on these cases. 

A Sankey diagram is represented for each of these configurations (see 

Table 1 
Some thermodynamic properties of the four considered working fluids: molec-
ular weight (M), critical temperature and pressure (Tc and pc respectively) and 
mean values of the constant pressure specific heat (cw) and adiabatic coefficient 
(γ).   

He N2 Dry air CO2 

M (g/mol) 4.00 28.01 28.97 44.01 
Tc (K)  5.1953 126.19 132.84 304.13 
pc (bar)  2.2761 33.958 38.501 73.773 
γ  1.6667 1.3561 1.3458 1.1986 
cw [J/(g K)]  5.1965 1.1354 1.1202 1.1587  
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Fig. 6. Heliostat efficiencies at design conditions.  

Fig. 7. Overall thermal efficiency as a function of the pressure ratio for He (a), N2 (b), dry air (c), and CO2 (d). One, two, three, and infinite compression and 
expansion stages are considered. Circle markers indicate recuperative configurations and square ones corresponds to non-recuperative case (only for N ¼ 1). Three 
particular configurations, denoted α, β, and γ, are highlighted (as discussed hereinafter in the text). 
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Fig. 8. Fuel conversion rate as a function of the pressure ratio for He (a), N2 (b), dry air (c), and CO2 (d). One, two, three, and infinite compression and expansion 
stages are considered. 

Fig. 9. Power output as a function of the pressure ratio for He (a), N2 (b), dry air (c), and CO2 (d).  
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Fig. 10. Solar collector temperature as a function of the pressure ratio for He (a), N2 (b), dry air (c), and CO2 (d).  

Fig. 11. Solar share as a function of the pressure ratio for He (a), N2 (b), dry air (c), and CO2 (d).  
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Fig. 12). Energy inputs are those coming from the solar contribution and 
from combustion. In each plot, the total heat input rate is normalized to 
unity. In the two-stage example (Fig. 12(b)) two terms contribute to fuel 
combustion, that from the main combustion chamber, _mf ;HCpQLHV , and 
that from the reheater in between turbines, _mf ;REHQLHV . It is noteworthy 
that _mf ;REHQLHV is larger (about 3.7 times larger). This is because the 
heliostat field at design conditions is capable to increase the fluid tem-
perature to a value Tx’ not far from the turbine inlet temperature, T3 (see 
Fig. 2). On the other hand, the reheater has to increase the temperature 
from T4 (that is quite below T0x) to T3, so a comparatively larger heat 
input is required. Cycle temperatures will be discussed in detail below. 

These diagrams include also the main losses in each subsystem with 
this notation: _Q0 are the optical losses in the heliostat field, _Ql are the 
heat losses in the receiver, _QiHS are the losses in the heat transfer from 
the receiver to the working fluid of the turbine, _QC are the losses in the 
combustion chamber, and _QiHC are the losses in the heat exchanger 
associated to the combustion chamber. In all cases it is apparent that the 
main losses comes from the optical losses in the heliostat field. In the 
case of He, solar contribution is small and so, optical losses are small. In 
consequence power output (and also overall efficiency because heat 
input is normalized) is large. On the other hand, for dry air mono-stage 
recuperative configuration, solar contribution represents more than 
80 % of the total heat input. So, as a conclusion, in all configurations 
where the relative weight of the solar subsystem is large, optical losses 
are also large and the overall efficiency is smaller. A similar reasoning 
also explains the different scales in the values of the fuel conversion 
efficiency, re, displayed in Fig. 8. 

5. Off-design analysis 

In this section, a daily and a seasonal study is carried out by selecting 
four different days at the beginning of the four seasons. Solar field 
configuration was set at the design point (Fig. 6). Now, in off-design 
conditions, solar field for the four seasons is computed at any hour. 
For instance, Fig. 13, shows the efficiency of the heliostats and the 
averaged one at a particular hour (14:00 h UTC) for any season. The 
highest efficiency is found for summer and the smallest, for winter 
(relative increase in summer with respect to winter is about 13.1%) 
while autumn and spring lead to intermediate values. During summer no 

heliostat has efficiencies below 0.35. During winter there are more he-
liostats than in summer with high efficiencies (over 0.55) but at the same 
time there are a considerable amount of heliostats with poor efficiencies, 
between 0.20 and 0.25. So, the distribution of efficiencies has shorter 
tails to worse efficiencies in summer than in winter. These points are 
plotted as a bar diagram in Fig. 14. 

As it was aforementioned, the off-design analysis is carried out for 

Table 2 
Relative variations of output records achieved by choosing the optimum pres-
sure ratio regarding overall thermal efficiency in each case with respect to the 
design pressure ratio of the gas turbine (dry air, rp;DP ¼ 23:4, recuperative) are 
shown. The number of compression and expansion stages (N), the maximum 
overall efficiency, ηmax, its corresponding pressure ratio, rp;ηmax , and relative 
improvements of overall thermal efficiency, Δη, fuel conversion rate Δre, and 
power output, ΔP, are included.  

N  ηmax  rp;ηmax  
Δηð%Þ Δreð%Þ ΔPð%Þ

Dry air 
1 0.191862 12 6.91837 27.3001 3.173 
2 0.28144 30 56.8371 � 12:3100  90.98274 
3 0.310565 30 73.0677 � 13:9978  124.628  

1 0.192919 10 7.50699 30.0217 3.44557 
2 0.284472 30 58.5266 � 13:8591  95.8396 
3 0.315487 30 75.8101 � 14:9183  131.873  

1 0.191657 30 6.80423 31.0573 2.50332 
2 0.24847 30 38.4641 3.10643 50.1376 
3 0.266093 30 48.2845 � 1:67984  67.595 
He 
1 0.342435 4 90.8272 � 46:0711  349.6 
2 0.4313 10 140.349 � 42:9728  786.468 
3 0.475587 22 165.029 � 41:094  1182.7  

Fig. 12. Sankey diagrams for heat flows in the plant at the design point for 
three selected configurations, α, β, and γ. Heat input is normalized to unity in 
each case. (a) Dry air, non-recuperative, single stage; (b) Dry air, recuperative, 
N ¼ 2; and (c) He, N ¼ 1, non-recuperative. Notation for the losses: _Q0 are the 
optical losses in the heliostat field, _Ql are the heat losses in the receiver, _QiHS are 
the losses in the heat transfer from the receiver to the working fluid of the 
turbine, _QC are the losses in the combustion chamber, and _QiHC are the losses in 
the heat exchanger associated to the combustion chamber. 
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three configurations: α, dry air single non-recuperative case; β, dry air 
two compression and expansion stages recuperative layout; and γ, He 
single non-recuperative configuration. In this way, for the three selected 
optimum configurations, output records as efficiencies, fuel conversion 
rate, and solar share have been computed and represented throughout 
the four seasons (Figs. 15–17). Meteorological data employed in this 
simulation are taken from real measures not averaged nor smoothed 
[49] (see Fig. 3 in Ref. [34]). 

These figures present some common features and different numerical 
scales depending on the particular plant configuration. Among the 
common characteristics the following are stressed. Solar subsystem ef-
ficiency, ηs, always reaches a maximum about 10 h (UTC) and then de-
creases slowly during the daytime. It is slightly below the optical 
efficiency, η0, of the heliostat field because ηs includes also the heat 
transfer losses in the receiver. The thermal efficiency of the heat engine, 
ηh, is approximately constant during any day and any hour, it only de-
pends on the ambient temperature, because the turbine inlet tempera-
ture was considered as constant. Fuel conversion efficiency, re, increases 
during the daytime up to a maximum value about 14 h that corresponds 
with a decrease of the overall efficiency, η. During the daytime all 
subsystems are coupled and so, losses increase. During the night the 
solar subsystem is set off and all the losses come from the Brayton cycle. 
Solar share curves are widest and highest during summer but never 

reach f ¼ 1, i.e., for the dimensions of the heliostat field and receiver, 
the plant is always working on a hybrid mode. Maximum values as 
shown in Fig. 15, about 0.7, are reached for dry air in the case of a single 
stage non-recuperative configuration. On the other side, for He the solar 
share never goes up of about 20%. As was mentioned before for the 
Sankey’s schemes in Fig. 12 the largest values of overall efficiency are 
obtained in the case of He with a single stage non-recuperative config-
uration because the contribution of the solar subsystem is smaller. 

With respect to the temperatures of the heat absorption process (see 
Figs. 18–20), it is remarkable that the inclusion of a recuperator in-
creases the working temperature of the solar collector because the 
temperature of the fluid at the solar receiver inlet, Tx, is higher (about 
900 K, see Fig. 19). This fact makes that THS increases above 1400 K in 
summer. Actually, in this case (dry air, recuperative, N ¼ 2), the tem-
perature of the solar collector, THS, can be above that of the combustion 
chamber, THC, because losses in the heat transfer from the solar sub-
system to the fluid are larger. On the other side, solar receiver temper-
atures are below 1000 K for He, N ¼ 1, non-recuperative layout (see 
Fig. 20). In this case, the solar subsystem only increases the temperature 
of the working fluid from T2 to Tx’ about 100 K. 

Fig. 21 shows the natural gas consumption and the corresponding 
carbon dioxide emissions during a day for the three selected configu-
rations and both for hybrid and non-hybrid (only combustion) modes for 

Fig. 13. Solar field efficiency plot for a representative day of each each season at the same hour.  

R.P. Merch�an et al.                                                                                                                                                                                                                             



Renewable and Sustainable Energy Reviews 119 (2020) 109590

14

Fig. 14. Histogram corresponding to the number of heliostats with a given efficiency in the conditions of Fig. 13.  

Fig. 15. Daily and seasonal evolution of overall thermal efficiency (η, pink), heat engine efficiency (ηh, cyan), solar subsystem efficiency (ηs, magenta), heliostat field 
optical efficiency (η0, gold), fuel conversion rate (re, orange), and solar share (f, green) for configuration α. Time is represented in UTC hours. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 16. Daily and seasonal evolution of solar share and efficiencies for configuration β. Notation as in Fig. 15.  

Fig. 17. Daily and seasonal evolution of solar share and efficiencies for configuration γ. Notation as in Fig. 15.  
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Fig. 18. Daily and seasonal evolution of compressor outlet temperature (T2, green), solar collector outlet temperature (Tx’, solid orange), solar collector temperature 
(THS, dashed orange), turbine inlet temperature (T3, solid red), and combustion chamber temperature (THC, dashed red) for configuration α. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 19. Daily and seasonal evolution of temperatures for configuration β. Notation as in Fig. 18.  
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comparing purposes. In the three configurations, it is clear that the 
difference between hybrid and non-hybrid mode is higher in summer, as 
a consequence of the associated higher irradiance and number of solar 
hours. In the case of He in single non-recuperative mode (Fig. 21(c)), 
differences between hybrid and non-hybrid configurations are smaller, 
in accordance with the lower solar share obtained before, which means 
that the solar contribution is relatively small. The better saving in fuel 
consumption and emissions is obtained for dry air, single stage, non 
recuperative configuration. It is about 22%. For dry air, N ¼ 2, recu-
perative case, the savings in summer are about 13% and for the case of 
He, where the solar share is smaller, about 4%. In winter, the maximum 
savings are got for N ¼ 1, dry air, non-recuperative case and amount 
4%. 

Finally, it should be stressed that all the results obtained in this 
section were computed with the optimum pressure ratio calculated at 
the design point in Sec. 4. At those conditions solar irradiance was taken 
as G ¼ 760 W/m2 (Table 4). The optimization process was repeated for 
several other values of G and approximately the same values of the 
optimum pressure ratios were found. So, all the results presented in this 
section can be considered as independent of the particular values of the 
pressure ratios chosen for the plant configurations considered. In other 
words, it was checked that the decision about the optimum pressure 
ratio regarding global efficiency is consistent throughout any day and 
any season. 

6. Conclusions 

In which refers to pre-design conditions, this work shows that a key 
point is to design the system as a whole, including ingredients from the 
solar field (dimensions and efficiency), the solar receiver (size and 
temperature level), and the gas turbine (working fluid, pressure ratio, 
recuperation and number of compression/expansion stages). Particu-
larly, curves of all subsystems efficiencies as functions of the Brayton 
cycle pressure ratio were presented for four working fluids (dry air, ni-
trogen, carbon dioxide, and helium) at subcritical conditions (except for 

He where the cycle could be transcritical). Nitrogen and air lead to 
similar overall efficiencies and optimum pressure ratios although 
slightly better records are obtained for nitrogen. Helium causes very 
high power output and efficiencies (provided that the same working 
fluid mass rate is considered for all fluids for the sake of comparison). 
Subcritical CO2 leads to a similar thermal overall efficiency that dry air 
but shows better fuel conversion efficiencies (at higher pressure ratios). 

In all cases a substantial increase in overall efficiency is predicted 
when a single-stage plant configuration is substituted by a two- 
compressions two-expansions cycle (with a subsequent increase in fuel 
consumption). For larger number of compression/expansion stages, 
improvement is not so significant. The role played by a recuperator 
located in between the last turbine and the solar subsystem is also 
crucial. On one side, the recuperator increases overall efficiency 
(specially at low pressure ratios, although it depends on the peculiarities 
of the working fluid), but on the other it increases the temperature level 
of the solar receiver and so, the requirements for the materials. For all 
the fluids checked, solar receiver temperature decreases with higher 
pressure ratios for recuperative configurations and have the opposite 
behavior for single-stage non-recuperative layouts. In most configura-
tions, temperatures are well above 1000 K, except single-stage config-
urations for He. It is noticeable that single-stage configurations for CO2 
lead to temperatures quite below those for air or nitrogen. 

Numerical evaluation of losses in each plant subsystem was pre-
sented in detail. In relative terms, optical losses in the heliostat field 
seem to be the main bottleneck for the whole system. Thus, those con-
figurations with larger solar share provoke worse values of overall plant 
thermal efficiency (but probably better values of the fuel conversion 
efficiency). Sankey’s diagrams for losses show that there is a wide 
margin to set plant design for a particular solar field (by considering 
different working fluids, pressure ratios, number of compression/ 
expansion stages, recuperation, etc.). 

Daily and seasonal analysis have been reported for several selected 
plant configurations in hourly terms. For instance, dry air working on a 
single-stage non-recuperated cycle solar share is about 0.7 and allows 

Fig. 20. Daily and seasonal evolution of temperatures for configuration γ. Notation as in Fig. 18.  
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fuel savings (with respect to a plant operating in a pure combustion 
mode with natural gas) and CO2 emissions over 20% in summer and 
about 10% in winter (with solar shares about 0.3). Higher overall effi-
ciencies (about 1.5 times larger) are obtained for dry air in a two- 
compression two-expansion stages with recuperation. In this case, a 
solar share of 0.45 in summer is predicted (in similar conditions) with a 
fuel saving about 13% with respect to non-hybrid operation. Finally, for 
helium in a single-stage non-recuperative cycle, solar share decreases to 

0.2, solar receiver temperatures are considerable lower, efficiencies can 
reach values about 0.34, but fuel saving is poorer, about 4% in summer. 

7. Summary and future work 

A comprehensive model for CSP central tower power plants devel-
oping a hybrid Brayton cycle has been presented. The ultimate plant 
objective is to efficiently produce clean electricity at a scale of about 

Fig. 21. Natural gas consumption (left axis) and carbon dioxide emissions (right) for the four different seasons and in both hybrid and non-hybrid configurations. (a) 
Configuration α; (b) configuration β; and (c) configuration γ. 

R.P. Merch�an et al.                                                                                                                                                                                                                             



Renewable and Sustainable Energy Reviews 119 (2020) 109590

19

20 MW without intermittencies, with a reduced water consumption and 
with not too high investment costs. The model incorporates detailed 
solar field efficiency calculations and a simplified model for heat 
transfer losses at the tubular receiver. It also includes a flexible and 
realistic thermodynamic model for the gas turbine with all the main 
losses sources existing in real power blocks. So, the model for the overall 
plant encompasses rational, but at the same time comprehensive, sub-
models for the main plant subsystems. In this way efficiencies, solar 
share, power output, and other records can be obtained as combinations 
of the corresponding records for the plant subsystems. This approach 
allows, apart from obtaining realistic predictions for plant output pa-
rameters, to perform pre-design optimization studies considering the 
plant as a whole. And so, to propose overall plant configurations, to 
locate efficiency bottlenecks, and to propose optimum intervals for 
selected design parameters. Particularly in this work, different working 
fluids for the Brayton cycle developed by the gas turbine were analyzed, 
as well as single- or multi-stage compression and expansion plant lay-
outs. The relevance of a recuperator in which respect to overall plant 
efficiency and temperatures at the solar receiver was also explored. 
Moreover, the model allows for numerical computations at off-design 
conditions for whichever plant location and seasonal or meteorolog-
ical conditions. So, hourly curves can be obtained for any parameter and 
the influence of plant design estimated in close to reality conditions. 

As reference values to size the installation, GEMASOLAR plant di-
mensions were adopted [50]. This commercial plant, located at the 
south of Spain is based on a different concept, vapor turbine with molten 
salt storage, but one of the objectives of this work was to analyze the 
possibilities of a similar size plant working on a hybrid Brayton cycle 
without storage. Several subcritical and transcritical working fluids for 
the Brayton cycle were considered. The following conclusions were 
extracted:  

� Numerical overall efficiencies obtained for air and nitrogen are 
similar, as well as the optimum pressure ratios. Maximum effi-
ciencies are slightly above for nitrogen.  
� Subcritical carbon dioxide gives similar overall efficiencies but better 

solar share and fuel conversion efficiencies than air or nitrogen.  
� Transcritical helium provokes very good overall efficiencies but 

lower solar share because achieved solar collector temperatures are 
below those for the other fluids.  
� For all fluids collector temperatures for the optimized configurations 

are in the interval ½925;1420� K. 

Analyses, as the one developed here, suggest as possible lines for 
future research at least the following: to improve solar field design as a 
main restriction to enhance overall plant output records, to increase the 
temperature limits associated to the materials and the design of the solar 
receiver because most plant configurations require temperatures around 
or above 1000 K, to explore (simultaneously) thermodynamic plant 
configurations capable to produce good efficiencies at reduced 
maximum temperatures, and to analyze and experience the behavior of 
the turbomachinery (compressors and turbines) and heat exchangers 
with different working fluids in wide temperature and pressure in-
tervals. The achievement of at least some of these objectives could allow 
to suggest plant designs and materials that make this plant concept 
interesting from the commercial viewpoint to companies specialized in 
the production of clean energy. 
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Appendix A. Brayton cycle model details 

Next, the cycle stages developed by the working fluid, considered as an ideal gas with mass flow rate is _m and with temperature dependent specific 
heat, cwðTÞ, are summarized:  

1. In the first stage, the working fluid is compressed by means of Nc compressors, with an isentropic efficiency εc ¼ ðT2s � T1Þ=ðT2 � T1Þ, being T1 the 
temperature at which the working fluids enters the first compressor, T2, the exit temperature of the last compressor and T2s, the hypothetical 
temperature after compressions if they were isentropic. It is assumed that the T1 temperature is the same for all compressors because an intercooler 
is placed in between each pair of them.  

2. The second stage corresponds to the heat absorption process, divided into three substages. The working fluid temperature is first increased up to Tx 
by means of a recuperator with efficiency εr ¼ ðTx � T2Þ=ðT4 � T2Þ, where T4 refers to the temperature after the expansion process. Then, the solar 
heat is provided, rising the temperature up to Tx’. And, finally, heat from the main combustion chamber is absorbed by the working fluid, reaching 
the temperature T3. The global pressure decay in the total heat absorption process is quantified by the parameter ρH ¼ ðpH � ΔpHÞ= pH, even 
though each heat absorption substage has its own pressure losses. This parameter is a measure of the whole pressure decay in the heat input 
process. pH is the highest pressure and pH � ΔpH, the first turbine inlet pressure.  

3. The working fluid expansion takes place in the third stage through Nt turbines that have an associated isentropic efficiency, εt ¼ ðT4 � T3Þ= ðT4s �

T3Þ. T4s corresponds to the temperature after the expansion processes if they were isentropic. An intermediate reheater is needed between each pair 
of turbines for reaching the same inlet temperature, T3, in all cases.  

4. In the last stage, the working fluid releases the excess heat in two processes. First, by means of the recuperator, which decreases the temperature to 
Ty. And, then, with the help of a heat exchanger connected to the ambient, whose effectiveness is εL ¼ ðT1 � TyÞ=ðTL � TyÞ, recovering in this way 
the initial conditions of the cycle. TL refers to the ambient temperature. In the same way as in the heat absorption process, for the heat release 
process, a global pressure loss parameter can be defined: ρL ¼ ðpL � ΔpLÞ=pL, where pL is the pressure at the exit of the expansion processes and pL�

ΔpL is the lowest pressure. 

The global pressure ratio of the whole cycle is defined as: rp ¼ pH=ðpL � ΔpLÞ. One of the advantages of this model is that analytical expressions for 
the main cycle records can be obtained: all the temperatures involved in the cycle can be expressed in terms of a set of parameters associated with the 
cycle size and geometry and with the thermal irreversibilities, as our group shown in Ref. [34]. For T2 and T4, it is possible to obtain: 

T2¼
ð1 � εLÞð1 � εrÞ½εHCTHC þ εHSTHSð1 � εHCÞ� þ εLTL

�
Z � 1

t � ð1 � εHCÞð1 � εHSÞεr
�

�
Z� 1

c � ð1 � εLÞεr
��

Z� 1
t � ð1 � εHCÞð1 � εHSÞεr

�
� ð1 � εHCÞð1 � εHSÞð1 � εLÞð1 � εrÞ

2 (13)  
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T4¼
½εHCTHC þ εHSTHSð1 � εHCÞ�

�
Z� 1

c � ð1 � εLÞεr
�
þ εLTLð1 � εHCÞð1 � εHSÞð1 � εrÞ

�
Z� 1

c � ð1 � εLÞεr
��

Z� 1
t � ð1 � εHCÞð1 � εHSÞεr

�
� ð1 � εHCÞð1 � εHSÞð1 � εLÞð1 � εrÞ

2 (14) 

Zc refers to Zc ¼ 1þ 1
εc
ða1=Nc

c � 1Þ and Zt to Zt ¼ 1 � εt

 

1 � 1
a1=Nt

t

!

. Both ac and at are two parameters associated with pressure ratios of compressors and 

turbines: ac ¼ rðγ12 � 1Þ=γ12
p and at ¼ ðρHρLrpÞ

ðγ34 � 1Þ=γ34 . γ12 is the average value of the adiabatic coefficient in the temperature interval ½T1;T2� and γ34, the 
same but in the temperature interval ½T3;T4�. 

Appendix B. Numerical data and validation 

The main differences between GEMASOLAR plant and our model are summarized in Table 3. Regarding the power conversion system, our model 
employs a Brayton cycle instead of the Rankine used by GEMASOLAR because one of the objectives of this work is to compare both technologies in a 
similar size plant. Gas turbines consume less water than steam ones that is an additional advantage in regions with good solar conditions and (usually) 
scarce water resources. They are also efficient, reliable and flexible since thermal inertia is not too high [51]. 

Moreover, our model describes a system which gets the constant power by means of a combustion chamber rather than the molten salt storage 
system, that allows GEMASOLAR to produce energy up to 15 h without solar radiation [18]. This scheme is chosen because of its direct integration in 
gas turbine plants and because allows a very flexible plant operation avoiding an elevated number of heliostats. 

As it has been already mentioned, the gas turbine has been chosen looking for a commercial turbine with a power output similar to the one of 
GEMASOLAR, so the difference between both of them is about 1 MW. Finally, with this model, the total number of heliostats is an output parameter, 
not an input one as it is usual. This happens because the number of rows is elected and the maximum number of heliostats that fit in each row are 
placed in the field (taking into account all the considerations in Sec. 2.2). Then, the rows number is chosen by taking into account a Thermoflex® 
simulation performed for the overall model validation. In addition, although GEMASOLAR employs 2650 heliostats, in our simulation 1037 heliostats 
are considered. A higher number of heliostats results in too much high solar collector temperatures that the materials cannot withstand.  

Table 3 
Main differences between GEMASOLAR plant and our model.   

Our model Gemasolar 

Thermodynamic cycle Brayton (gas turbine) Rankine (steam turbine) 
Constant power Hybridization Molten salt storage þ
means (combustion chamber) small combustion chamber 
Power output 20.91 MW 19.9 MW 
Heliostats number 1037 (19 rows) 2650  

Next the main parameters set to run the model previously developed and its validation are detailed. Meteorological data (direct solar irradiance, G, 
ambient temperature, TL, and ambient pressure, pL) are taken from Meteosevilla  [49] and gathered in Table 4. June 20, 2013, at 12:00 h is chosen as 
the design point time. However, regarding the off-design analysis, four days representing the four seasons are selected  [34] and all the calculations are 
carried out every half an hour throughout each day. The location considered for the plant is the same as GEMASOLAR, Fuentes de Andalucía (Seville, 
Spain) [50].  

Table 4 
Meteorological, date and location data at the design point for the on-design 
simulation.   

Date and location 

φ 37∘33029:1100 N (Fuentes de Andalucía, Seville)  
Day of the year 171 
Time (h) 12 
Meteorological data[49] 
TL ðKÞ 296.55 
pL ðbarÞ 1.00439 
G ðW =m2Þ 760   

Heliostat field and solar receiver 

Table 5 
Table of parameters values employed in the Mathematica® simulation (GEMASOLAR plant [41]).  

Parameter Symbol Value 

Height of the tower supporting the receiver THT  130 m 
Height of the receiver LR  10.5 m 
Diameter of the receiver DR  8.4 m 
Height of each heliostat LH  10.95 m 
Width-height ratio of each heliostat wr  1.0  

Focusing � Simple 

(continued on next page) 
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Table 5 (continued ) 

Parameter Symbol Value 

Separation distance between adjacent heliostats ds  3.285 m 
Minimum radius of the heliostat field Rmin  65 m 
Standard deviation due to Sun shape σSun  2.51 mrad  

Blocking and shadowing fb⋅fs  0.95 
Actual mirror reflectivity ρ 0.836  

Main parameters associated to the solar subsystem are gathered in Table 5. A tubular receiver of 10.5 m height and diameter 8.4 m is placed at the 
top of a 140 m height tower. Every heliostat is assumed as square (wr ¼ 1), with 10.95 m of side. In this way, the heliostat area is approximately 120 
m2, the same as in GEMASOLAR  [50]. With respect to the heliostats distribution, a separation distance between adjacent heliostats of 3.285 m is 
considered  [36]. The diameter of the field is about 800 m. The minimum distance from the tower to the first heliostats row is taken as 65 m  [36]. The 
standard deviation due to Sun shape is assumed 2.51 mrad, as in  [36]. 

Regarding the optical efficiency of the heliostat field, the blocking factor and the shadowing factors are taken together and constant in such a way 
that fb:fsh ¼ 0:95 as other authors use to do [36,37,40]. Also, the actual mirror reflectivity, ρ ¼ 0:836, is the same for all the heliostats and it is the 
product of the nominal reflectivity (ρn ¼ 0:88) by the nominal cleanliness (Cn ¼ 0:95) [41]. 

A cylindrical receiver of height 10.5 m and of diameter 8.4 m is located at the top of the 150 m height tower. A simple focusing is supposed for 
simplicity, but the model can work also with double and triple focusing. 

Power block validation 

For the turbine choice and validation, the Thermoflex® database [52] has been employed. This database presents detailed information about 
different commercial gas turbines. The decision of the particular turbine has been done looking for a commercial turbine with a power output similar 
to the one of GEMASOLAR [18] (19.9 MW), an adequate turbine inlet temperature, and a good thermal efficiency. In this way, the Solar Titan 
250-30000S gas turbine (Caterpillar) [53] was chosen. For the compressor, the Solar C85 gas compressor [53] was elected because it has the largest 
isentropic efficiency (above 89 %) from among the compatible compressors with the Solar Titan 250 gas turbine. 

Turbine validation data are gathered in Table 6. The first block are input data. For numerical computations, the working fluid mass flow, _m, and the 
overall pressure ratio, rp, values are taken from Thermoflex® database [52]. The isentropic efficiencies of the turbine and compressor, εt and εc, are 
collected from Caterpillar® [53]. Pressure losses were assumed similar in the heat input and heat release, 9.4% in relative terms. The effectiveness of 
the recuperator was taken as 0.775. 

The other parameters in Table 6 are output records obtained from the Brayton cycle model in Sec. 2.4. For the power output, our model predicts 
20:91 MW, which means a deviation of � 0:89 % with respect to the Thermoflex® database. The predicted thermal efficiency deviates 2:37 % and the 
turbine outlet temperature, 2:95 %, which is the highest deviation. On the other hand, the smallest deviation corresponds to turbine inlet temperature, 
about 0:04 %. 

Then, it can be concluded that the thermodynamic model of the turbine agrees very well with Thermoflex® data. It is important to note that this 
validation has been carried out for the mono-stage configuration and for dry air as working fluid.  

Table 6 
Parameters and output records values for Thermoflex® data and for the Mathematica® simulation in the turbine validation. 
(*) This parameter was taken directly from Caterpillar information [53].  

Variable Thermoflex® 
data 

Mathematica® 
simulation 
(our model) 

Relative 
deviation 
(%)  

Input 
Working fluid mass flow 

( _m, kg=s)  
67 67 �

Overall pressure ratio 
(rp)  

23.4 23.4 �

Compressor isentropic efficiency 
(εt)  

> 0:89� 0.895 �

Output 
Power output 

(P, MW)  
21.20 20.91 � 0:89  

Heat Rate 
(HR, kJ=kWh)  

9256 9041 � 2:33  

Thermal efficiency 
(ηh)  

0.389 0.398 2.37 

Turbine inlet temperature 
(T3, K)  

1450 1451 0.04 

Turbine outlet temperature 
(T4, K)  

736 758 2.95  
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