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Abstract: Hybrid solar thermal power plants using the Brayton cycle are currently of great interest
as they have proven to be technically feasible. This study evaluates mechanisms to reduce fuel
consumption and increase the power generated, improving plant efficiency. An energy and exergy
model for the hybrid solar plant is developed using an estimation model for the solar resource to
determine the plant operation under specific environmental conditions. The effect of using different
working fluids in the Brayton cycle, such as air, and helium in transcritical conditions and carbon
dioxide in subcritical and supercritical conditions, is evaluated. Additionally, the plant’s exergy
destruction and exergy efficiency are evaluated. In those, it can be highlighted that the helium cycle
in the same operating conditions compared to other working fluids can increase the power by 160%,
increasing fuel consumption by more than 390%.

Keywords: Brayton cycle; concentrated solar power; hybrid solar thermal power plant hybrid; exergy
analysis; working fluid selection

1. Introduction

The growing demand for sustainable and efficient energy generation to reduce the
environmental impact is an issue of great concern. In this sense, solar thermal cycles are
an excellent alternative to be used where the solar resource is sufficient. One of these
cycles is the solar thermal Brayton cycle. This cycle can be highly viable when its efficiency,
emissions, assembly, and operating costs are considered, according to a comparison made
by Chen et al. [1], and also contributes to accomplishing some Sustainable Development
Goals (SDGs) [2].

Gas turbine cycles are typically open cycles that operate with air as the working fluid
and are suitable for locations with low water availability [3]. However, closed gas turbine cy-
cles allow different working fluids and alternative heat sources such as concentrating solar
systems, biomass, or nuclear reactors to be used [4,5]. According to Olumayegun et al. [6],
the main advantages of closed Brayton cycles are that, unlike the open cycle, it can use
solid fuels such as coal and biomass as well as solar, nuclear, and waste heat. Additionally,
using different working fluids with favourable thermal properties (e.g., helium, nitrogen,
carbon dioxide, argon, neon, and gas mixtures) can also avoid fouling and corrosion.

At first, the closed Brayton cycle using air as a working fluid and having the heat
source from fossil fuels seems to outperform open cycles [6]. However, efforts have been
made in order to improve open cycle performance, using low emission systems [7] or
studying high-temperature heat exchangers, using liquid or solid fuels, and searching
for high temperatures at the turbine inlet [8,9]. Nuclear energy is another possible heat
source for a closed Brayton cycle, including mobile power generation [10]. On the other
hand, using biomass in external combustion chambers for gas turbines reduces GHG
emissions and could be obtained from waste in many urban and rural areas. In addition,
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the combustion chamber can be a vertical gasifier [11]. In other cases, biomass has been
used to increase the turbine inlet temperature operating in a combined cycle to increase
net power [12]. Other studies show that pre-drying biomass with fuel moisture content
ranging from 50% to 80% can improve the efficiency by more than 10% [13], proving that
biomass drying can have a significant impact on the heat released and gas turbine working
fluid conditioning, especially when doing the initial heating [14].

Another promising energy source for closed-cycle gas turbine systems is concentrating
solar power (CSP) plants, which can deliver clean, renewable thermal energy even at turbine
inlet temperatures above 1300 K [15]. Studies have been based on solar concentration
systems, with a central tower and a heliostat field with hybridization systems to regulate
the operation for changes or the absence of a solar resource. Prototypes with up to 70%
solar contribution have been studied [16]. In addition, some cycle improvements have been
considered to increase its efficiency [17,18]. Other works have focused on the development
of thermodynamic models that allow an energy analysis of hybrid solar thermal plants
operating in Brayton cycles and the evaluation of the net power and efficiency [19,20], as
well as the evaluation of operating temperatures and fuel consumption [21–23].

Concerning working fluids, the air has been the typical fluid used in gas turbines,
but given the current need to improve the efficiency, alternative working fluids are being
sought to make significant advances in the operation of these systems. In this sense, carbon
dioxide presents itself as a promising option, especially in supercritical conditions (i.e.,
above Pc = 7.3773 MPa and Tc = 304.12 K). Supercritical carbon dioxide (SCO2) has the
advantages of being non-toxic, non-corrosive, and non-flammable. Additionally, given
its high density near the critical point, it allows more compact turbomachinery and heat
exchangers, significantly reducing the compressor’s work [24]. Conventional recuperators
for Brayton cycles have been evaluated within the SCO2 cycle, in which special care is taken
to avoid pinch point formation due to the high specific heat of the fluid at high pressure
and compared to a recompression cycle [25]. Additionally, the SCO2 cycle configurations
with pre-compression have been studied, achieving efficiencies higher than 45% and found
optimal operating conditions at the compressor inlet of 305 K and 7.7 MPa, with a pressure
ratio of 2.6 [26]. On the other hand, it has been demonstrated that SCO2 cycles can be
technically feasible and present overall efficiencies over 50%. Mechanisms continue to be
pursued to improve this efficiency using bottoming cycles, as is the case of transcritical
bottoming cycles of carbon dioxide, which determine a decrease in the levelized energy
cost when there is a turbine entry temperature increase [27,28]. Organic cycles have also
been included, considering several working fluids and improving efficiencies by up to
11% [29,30].

Another fluid that is expected to be helpful in closed systems is helium, whose main
characteristic is that its specific heat at constant pressure is approximately four times greater
than that of air, implying that enthalpy and temperature changes are more significant [31,32].
One of the first experiences reported with helium was a closed-cycle gas turbine used
to drive a cryogenic facility for gas liquefaction without power generation outside the
facility [33]. Then, in 1974, a power plant was installed that used blast furnace gas as fuel
and allowed the application of helium at high temperatures and on a large scale, followed
by another closed-cycle helium gas-turbine test facility [34]. Recently, a combined gas
turbine cycle with external combustion and a lower steam cycle was developed, where the
cooling gas in the primary system was helium and a mixture of helium and nitrogen for
the secondary system [35]. It is estimated that the advantages of helium as a working fluid
can be beneficial not only in power cycles; even the possibility of using it in closed cycles
for propulsion purposes is being studied, achieving better performance at a low scale [36].
Regarding the use of helium in Brayton cycles, it can represent essential advantages such
as high efficiency [37], good heat transfer coefficients, and lower pressure losses [6], which
favors the use of solar concentration systems [38].

This paper is structured as follows: Section 2 describes the models used, starting with
the solar radiation model that allows an hourly irradiation distribution based on monthly
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average daily values. Next, a thermodynamic model of a hybrid solar plant of a closed
Brayton cycle is developed, where the irreversibilities in the processes of compression,
expansion, and heat transfer are considered. Finally, the exergy destruction models for the
different components of the system are presented. Section 3 describes the conditions of the
working fluids used in this study. Section 4 shows the plant simulation for the Colombian
conditions, including evaluating the thermal efficiency at maximum conditions and power
as a function of the pressure ratio for each working fluid. The simulation and search for
an optimum operation point are performed in the same section. Finally, Section 4 presents
the conclusions regarding the models and analysis developed and the specific operating
conditions in Colombia.

2. Materials and Methods

This section describes the models for solar resource evaluation. In addition, the
schematic of the Brayton cycle solar thermal plant and its respective description are pre-
sented together with the plant’s thermodynamic model for the energy and the exergy
destruction analysis.

2.1. Solar Model

Among the hourly solar radiation models, the daily integration model developed
by Gueymard [39,40] was initially designed to predict monthly hourly average global
irradiance and was validated with data from 135 meteorological stations. This model is
considered the most accurate after being compared and verified against others already
developed and validated [41,42]. In the daily integration model, the total irradiance on a
horizontal surface Ih is defined as the sum of its components, the direct radiation Ibh and
the diffuse Idh; as a result, direct radiation is defined as follows:

Ibh = Ih − Idh. (1)

The time-of-day relationships for diffuse rd and global rtg radiation are introduced below:

rd = Idh/Dh, (2)

rtg = Ih/Hh, (3)

where Dh and Hh represent the long-term monthly daily average for total and diffuse
radiation, obtained from the National Aeronautics and Space Administration (NASA) [43].
These data are calculated with information from 22 years of analysis. The direct radiation
as a function of the hour-day ratios and global and diffuse radiation is expressed as follows:

Ibh = rtg Hh − rdDh, (4)

where the ratio rd is obtained according to the following equation [43]:

rd = (π/T)(cos ω − cos ωs)/(sin ωs − ωs cos ωs), (5)

where ωs is the sunrise angle for a given day and ω is the hourly angle over the same day.
These values are estimated according to the literature [44]. On the other hand, the average
daily extraterrestrial radiation on a horizontal surface, Ho, can be estimated as

Ho = (24/π)ωsREsc sin ho, (6)

where R = (Do/D)2 is the mean distance between the sun and the earth correction factor,
D is the distance between the sun and the earth, which varies according to the location of
the earth in the elliptical orbit around the sun, Do is the mean annual distance between the
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sun and the earth, estimated to be 1.496 × 1011 m. This correction factor can be estimated
using the following equations:

R = 1.00011 + 0.034221 cos x + 0.00128 sin x + 0.000719 cos 2x + 0.000077 sin x, (7)

x = 360(n − 1)/365.242 (8)

In addition, ho represents the mean daily solar elevation outside the atmosphere and
is estimated with the following equations:

sin ho = qA(ωs)/ωs, (9)

q = cos L cos δ, (10)

A(ωs) = ωs sin ωs − ωs cos ωs, (11)

where L is the latitude of the location where the solar resource will be estimated, and δ is
the declination calculated according to [44]. In addition, the mean brightness index Kt and
the sunshine duration So per day are introduced using the following equations:

Kt = Hh/Ho, (12)

So = (24/π)ωs. (13)

The relationship between the horizontal hourly radiation and the total horizontal daily
radiation is established by the factor rtg, is obtained as follows:

rtg = rd((1 + q(a2/a1)A(ωs)rd(24/π))/(1 + q(a2/a1)B(ωs)/A(ωs))), (14)

where a2 takes the more excellent value between 0.054 and the calculated using least-squares
adjustments. The values of a1 and a2 are estimated as follows:

a1 = 0.41342Kt + 0.61197K2
t − 0.01886KtSo + 0.00759So, (15)

a2 = 0.28116 + 2.24p75Kt − 1.7611K2
t − 1.84535 sin ho + 1.681 sin3 ho, (16)

and B(ωs) being obtained from

B(ωs) = ωs

(
0.5 + cos2ωs

)
− 0.75(sin(2ωs)). (17)

The verification and validation using the DI model were carried out with the value of
direct solar radiation in Seville, Spain. The model results are compared with the measured
values for a particular day using the Mean Absolute Bias Error (MABE) and the Root Mean
Square Error (RMSE), finding 0.2010 and 0.2266, respectively. The results show that the DI
model has been adequately implemented; the validation details can be found [45].

2.2. Schematic and Energy Model of Hybrid Solar Thermal Plant

The thermodynamic analysis of the solar thermal plant carried out in this work is based
on the schematic in Figure 1. In this, the configuration of a closed-cycle hybrid concentrating
solar thermal power plant operating is shown; it is composed of a compressor (process 1–2)
and a turbine, both considered under adiabatic and irreversible conditions. Then, a recuper-
ator or regenerator takes advantage of the working fluid temperature at the turbine outlet
to increase the air of the fluid that comes at the compressor outlet (process 2–3), where the
heat transfer process is isobaric. Next is the solar receiver (process 3–4), which receives
the concentrated irradiation from the heliostat field and delivers heat to the working fluid
through a heat exchanger. Subsequently, the combustion chamber (process 4–5) burns natu-
ral gas and releases heat into the working fluid using a heat exchanger. Finally, the working
fluid enters the turbine (process 5–6), generating the system power. After the regenerator, a
heat exchanger (process 1–6) regulates the inlet temperature of the compressor.
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Figure 1. Schematic diagram of the hybrid solar thermal power plant.

Figure 2 shows the temperature–entropy diagram representing the whole cycle of
the solar thermal plant. In this figure,

.
Qhs is the heat supplied by the solar concentrating

system (process 3–4),
.

Qhc is the heat supplied by the combustion chamber heat exchanger
(process 4–5) and

.
Qh is the waste heat released by the system to the environment with

temperature T0 (process 7–1). Additionally, the pressure drop ∆ps in the heat supply
(process 2–5) and ∆pi for heat rejection (process 6–1) are considered.

Figure 2. Plant temperature vs. entropy diagram.
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According to the system diagram, the energy balance in the compressor can be ex-
pressed as

.
Wc =

.
m(h2 − h1), (18)

where
.

Wc is the compressor work. The overall cycle pressure ratio rp and the pressure ratio
for the compressor rc, are defined as

rc = rp =
P2s

P1
(19)

In Equation (18),
.

m is the working fluid mass flow, and h is the enthalpy in each
defined state. Finally, the isentropic compressor efficiency can be expressed as

ηc = (h2s − h1)/(h2 − h1), (20)

The regenerator supplies heat to the working fluid leaving the compressor from the
energy available in it at the turbine outlet, only if the inequality T6 > T2 is satisfied and is
related by the regenerator efficiency as follows:

ηr = (h7 − h6)/(h2 − h6) = (h3 − h2)/(h6 − h2), (21)

The energy balance and isentropic efficiency ηt of the turbine are presented below,
where

.
Wt is the work of the turbine and rt is the pressure ratio for the turbine.

.
Wt =

.
m(h6 − h5), (22)

rt =
(

DpsDpirp
)
= P5/P6s, (23)

ηt = (h6 − h5)/(h6s − h5), (24)

Finally, pressure losses occur in the heat transfer processes associated with each equip-
ment (processes 2–5 and 6–1); consequently, the lines in Figure 2 are not continuous. As a
result, and in order to evaluate the pressure losses analytically, overall loss coefficients Dps
in the heat supply process (process 2–5) and Dpi in the heat exhaust process (process 6–1)
are defined, as shown in Figure 2. These coefficients are defined as follows [32,33]:

Dps =
(

Ps − ∆ps
)
/Ps, (25)

Dpi =
(

Pi − ∆pi
)
/Pi, (26)

where Ps and Pi are the upper and lower pressure of the cycle, and ∆p is the pressure drops
according to Figure 2. Therefore, the pressure losses in the heat addition and extraction
processes are considered at the turbine inlet and outlet.

After passing through the compressor, the working fluid receives three heat additions.
The first of these occurs in the regenerator, as explained above; the second one occurs in
the solar concentrating system, in which solar radiation is initially received by the heliostat
field, which reflects heat

.
Qr, evaluated as

.
Qr = η0 Ao Ibh. (27)

This heat reaches the central tower receiver, where heat loss,
.

Qp, occurs.
.

Qhst is the
heat available in the receiver, which is estimated as

.
Qhst =

.
Qr −

.
Qp. (28)

In Equation (27), η0 is the optical efficiency of the heliostat field, which depends on
aspects such as the cosine efficiency losses, surface quality, cleanliness, tracking system,
and reflectivity, among others. Since this work’s objective is not to estimate this efficiency,
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the overall efficiency of the heliostat field reported in the literature will be used [46]. On the
other hand, the heat losses in the receiver

.
Qp can be evaluated by assigning linear values

for the temperature difference regarding convection and conduction losses and nonlinear
values for radiation losses [47]. In this case, the analysis is performed according to the
definition of losses in the central receiver as follows:

.
Qp = Ar

(
hw(Ths − T0) + Ucond(Ths − T0) + ασ

(
T4

hs − T4
0

))
(29)

where Ths is the temperature of the central receiver, hw and Ucond are the convective and
conductive heat transfer coefficients, respectively, α is the emissivity of the surface of the
central receiver, σ is the Stefan-Boltzmann constant and Ar is the receiver area. In the above
equation, a conduction and convection heat transfer coefficient Ul can be included, thus
expressing

.
Qp as

.
Qp = Ar

(
Ul(Ths − T0) + ασ

(
T4

hs − T4
0

))
. (30)

The receiver delivers heat,
.

Qhs, to the working fluid (process 3–4), through a heat
exchanger with efficiency ηis [21,48]; both are defined as follows:

ηis = (T4 − T3)/(Ths − T3), (31)

.
Qhs = ηis

.
Qhst =

.
m(h4 − h3). (32)

The above expressions allow the solar concentration system efficiency to be evaluated
as follows:

ηs =
( .

Qr −
.

Qp

)
/(Ibh Ao). (33)

Replacing values in Equation (33) and solving ηs gives

ηs = η0 −
Ul(Ths − T0)

Ibh(Ao/Ar)
−

ασ
(
T4

hs − T4
0
)

Ibh(Ao/Ar)
. (34)

The third and final process of heat delivery to the working fluid (process 4–5) occurs
in the combustion chamber, which can be evaluated as

.
Qhct = ηccQlhv

.
m f , (35)

where
.

Qhct is the heat available in the chamber, ηcc is the combustion chamber efficiency,
Qlhv is the lower heating value of the fuel and

.
m f is the fuel mass flow rate. Similarly, as in

the receiver, heat is delivered to the working fluid, as

.
Qhc = εic

.
Qhct =

.
m(h5 − h4), (36)

using a heat exchanger with effectivity εic [21,48], defined as

εic = (T5 − T4)/(Thc − T4). (37)

On the other hand, the values of
.

Qhs and
.

Qhc represent the external heat delivered to
the working fluid by the solar concentrating system and the combustion chamber. Therefore,
.

Qh, is defined as the total heat delivered to the working fluid expressed as

.
Qh =

.
Qhc +

.
Qhs =

.
m (h5 − h3). (38)
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The definition of the heat input makes it possible to determine the solar factor, which
is the fraction of the solar heat received by the working fluid,

f =
.

Qhs/
.

Qh =
.

Qhs/
( .

Qhc +
.

Qhs

)
. (39)

Additionally, the cycle transfers heat to the environment,
.

Qa,

.
Qa =

.
m(h7 − h1), (40)

with an efficiency ηl [21,22],

ηl = (T1 − T7)/(T0 − T7). (41)

The overall power cycle efficiency, ηh, and the net power output of the solar thermal
plant, P, are evaluated as follows:

P =
.

Wt −
.

Wc =
.

Qh −
.

Qa, (42)

ηh =
.

(Wt −
.

Wc)/
( .

m f Qlhv + Ibh Ao

)
, (43)

Finally, the fuel conversion rate of the plant is defined as the power generated over
the energy of the fuel consumed [22],

re = P/
( .

m f Qlhv

)
. (44)

The fuel conversion rate considers fuel consumption and its effect on operating costs.
The plant’s solar and thermodynamic resource models are implemented in Modelica
language; for the validation of the thermodynamic model, the Solugas experimental plant
and the analysis presented by M Santos et al. [22] have been used. As a result, the proposed
model reaches errors in global efficiency of 0.66%, for the solar fraction of 4.1%, outlet
solar concentrator temperature of 1.5% and fuel consumption of 2.4%. The parameters and
details of the validation are presented in [45].

2.3. Hybrid Solar Thermal Plant Exergy Model

This section depicts the exergy model, for which the exergy balance of each component
is performed. Exergy destruction has been estimated for each component of hybrid central
tower and heliostat field concentrating solar thermal power plants [49]. In addition, the
energy and exergy study of a solar plant with helium and an organic lower cycle [50] and
the exergy analysis of a hybrid supercritical carbon dioxide central tower solar plant for
different locations in Saudi Arabia [51] have also been carried out. Finally, exergy models
have been developed for Brayton plants with different heat sources, including fossil fuel
burning and using renewable energy sources [52].

In the development of this model, it is assumed that the kinetic and potential exergy
changes are neglected, as well as the chemical exergy of the components and the general
exergy balance equation are reduced for a single steady flow system [31]. The equations
for the exergy destruction of the components such as the compressor (45), turbine (46),
and recuperator (47) are described below. In addition, as the cycle dissipates heat to the
environment, the exergy destruction is evaluated with Equation (48).

.
Ed,c =

.
m((h1 − h2)− T0(s1 − s2)) +

.
Wc, (45)

.
Ed,t =

.
m((h5 − h6)− T0(s5 − s6))−

.
Wt, (46)

.
Ed,r =

.
m((h6 − h7 + h2 − h3)− T0(s6 − s7 + s2 − s3)), (47)

.
Ed,a =

.
m((h7 − h1)− T0(s1 − s2)). (48)
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Additionally, it is required to estimate the exergy destruction in the combustion
chamber. For this purpose, the analysis of the exergy balance in a control volume containing
the combustion chamber and its heat exchanger is simplified. In this volume, the flows
of the working fluid

.
m and the fuel

.
m f are defined as inputs and the combustion product

gases as outputs (
.

ma +
.

m f ). Additionally, the working fluid from the receiver enters state 4
and exits state 5.

Then, the exergy balance in the combustion chamber is

.
Ed,cc =

.
maEm,a +

.
m f Em, f −

( .
ma +

.
m f

)
Em,g +

.
m((h4 − h5)− T0(s4 − s5)), (49)

where Em,a, Em, f and Em,g are the working fluid, fuel, and exhaust gases specific exergies,
respectively. The above specific exergy values are estimated from a relationship for mixtures
described as Em = Eq/PMm [46], where PMm is the molar mass of the mixture and Eq is
the chemical exergy of the natural gas, working fluid, or combustion products, which are
estimated by the following expression:

Eq =
j

∑
i=1

yiEi + RgT0

j

∑
i=1

yiLn(yi), (50)

where yi is the fraction of each fuel component, Ei the specific exergy of the fuel component,
and Rg the universal gas constant. Therefore, it is possible to determine the exergy of the
combustion chamber exit gases, fuel, and the working fluid entering the combustion chamber.

For the concentrating solar power system, the total solar energy input to the system
is defined based on the maximum available work as a function of the solar radiation,
according to [53,54],

.
Ex,s = Ibh Ao

[
1 +

1
3

(
T0

Ts

)4
− 4

3
T0

Ts

]
. (51)

The total exergy received by the receiver from the heliostat field is

.
Ex,i =

.
Qr

(
1 − T0

Ths

)
. (52)

Therefore, the exergy destroyed by the heliostat field is [49]

.
Ed,he =

.
Ex,s −

.
Ex,i. (53)

For the solar receiver, the exergy destruction is

.
Ed,rc =

.
Qhs1

(
1 − T0

Ths

)
+

.
m((h3 − h4)− T0(s3 − s4)), (54)

The total exergy destroyed by the solar thermal plant,
.
Ed,T , the overall exergy yield

ηex, and the exergy yield of the thermal machine ηexh are defined as

.
Ed,T =

.
Ed,c +

.
Ed,t +

.
Ed,r +

.
Ed,a +

.
Ed,cc +

.
Ed,he +

.
Ed,rc, (55)

ηex = P/
( .

Ex,s +
.

m f Em, f

)
, (56)

ηexh = P/
.

m((h5 − h3)− T0(s5 − s3)) (57)

Finally, estimate the fraction of destruction of each component as follows:

FEd,j =
.
Ed,j/

.
Ed,T (58)
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2.4. Description of the Working Fluids

The search for ways to increase the efficiency of different power cycles for gas turbines
continues. In this sense, alternative working fluids are presented as a viable option in
Brayton cycles, especially carbon dioxide, nitrogen, and some noble gases such as helium.
Although the research is in its initial stages, some experimental activities have already been
carried out in research centres without developing prototypes [6].

Supercritical carbon dioxide cycles are presented as very competitive options due to
the high density and low compressibility of CO2 near the critical point that conduces to
more compact equipment and higher efficiency process, i.e., the lesser work required in
the compressor than other working fluids [25]. However, considering that the pressure
ratio of the reference cycle is 9.9, this generates a maximum pressure of approximately
73 MPa, which makes it unfeasible from a technical point of view according to the maximum
pressure in pipelines [55]. Therefore, the cycle is defined as a theoretical supercritical carbon
dioxide cycle with rp = 9.9 (TSCO2) and its analysis is performed to compare the benefits
of this type of configuration under the same conditions for the other cycles.

Additionally, the supercritical carbon dioxide cycle operating with rp = 3.3 is defined to
achieve a technically applicable maximum pressure and is defined as (SCO2). The compres-
sor inlet pressure for the supercritical cycles is p1= 7.4 MPa. Additionally, subcritical carbon
dioxide cycles are little studied [32] and do not present advantages over the supercritical
ones regarding the significant reduction of the work required by the compressor. In this
work, a subcritical carbon dioxide cycle is also applied in the same conditions as the air
cycle, defined as (CO2). Another limitation that may exist in carbon dioxide cycles is the
maximum temperature. In this sense, studies of possible reactions of the fluid with the
materials have been carried out to reduce this possibility at maximum temperatures around
900 K [56]; however, some studies of these cycles reach temperatures above 1100 K [57].

According to other studies, the helium cycles present essential restrictions in the
turbine’s compressor system related to pressure changes in the size and design of blades
and shafts [58]. The present study evaluates a transcritical helium cycle in which the
reference pressure ratio of the Solugas project does not allow the operation of a regenerator
with rp = 9.9 since the inequality T6 > T2 is not fulfilled, as shown in Figure 3a. The p − T
diagram shows that the turbine outlet temperature is lower than the compressor inlet
temperature in the helium cycle. Results for simulation with helium without regenerator
(εr = 0) are defined as He, while in the cases when the pressure ratio includes a helium cycle
with regenerator (εr = 0.775), it is called Her which only operates for low-pressure ratios.
his work aims to perform a purely thermodynamic comparative analysis of the plant for
different working fluids to evaluate its operation throughout an average day of the year
and search for the best operating conditions in Barranquilla, Colombia. Given the above,
aspects of turbomachine design, such as the number of passes and blade and shaft sizes,
are not evaluated in detail, as Olumayegun et al. [59] described. The same irreversibilities
are assumed for all cycles and pressure and mass flow ratios. The only property changes
are to the compressor inlet pressure for the TSCO2 and SCO2 cycles, and the regenerator
effectiveness (εr = 0) for the He cycle. The model is implemented in Modelica language
using a Dymola compiler and free libraries for each fluid [59–61].
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Figure 3. p − T diagram (a), p − v diagram (b), for the cycles with the different conditions to
be simulated.

Figure 3a presents the pressure-temperature diagram using a logarithmic scale for
the pressure in order to visualize the significant pressure changes in supercritical cycles
between the maximum and minimum pressures. Additionally, it is observed that the inlet
temperature of the compressor T1 and the turbine T5, are similar in each cycle. How-
ever, the outlet temperatures of the compressor T2 and the turbine T6 change according
to the working fluid. However, the outlet temperature of the turbine T6 is lower than
the outlet temperature of the compressor T2 in the helium cycle. Additionally, the differ-
ences in the pressures of the supercritical cycles (TSCO2, SCO2) for the subcritical cycles
(TSCO2, He, Air) can be seen. With such pressures and temperatures, supercritical cy-
cles are guaranteed to operate above the critical point of carbon dioxide [31]. Likewise,
subcritical cycles are in the superheated steam region [32]. Additionally, Figure 3b shows
the specific pressure-volume diagram. The temperature and specific volume scales are
logarithmic to observe all the cycles in the same figure. However, according to the esti-
mated values, the most significant pressure changes occur in the supercritical cycles, with
values of 558.6 bar for the TSCO2 cycle, while for the subcritical cycles, the pressure change
is 10.235 bar. Regarding the specific volume variations, the minimum changes occur in
the supercritical cycles since the heat supply between states 2 and 5, the volume varies
in 0.044 m3/kg, and for the helium cycle, that value is 1.13 m3/kg. Generally, the most
considerable volume changes occur during this cycle, affecting power production.

3. Results and Discussion

This section presents the simulation results. The first part presents the comparative
analysis of energy parameters such as power, overall plant efficiency, fuel consumption,
and conversion rate. The second part presents the results of the exergy destruction of the
cycles with their fluids and exergy efficiency.
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3.1. Energy Analysis for Solar Radiation Conditions in Colombia

This section presents the results obtained for the energy analysis of the plant in
Barranquilla after applying the DI radiation model and the thermodynamic model for
the hybrid solar thermal plant validated, as shown in previous works [45,62]. The plant’s
ambient temperature and solar radiation conditions in Barranquilla are presented initially.
Subsequently, the influence of the pressure ratio on the power produced, overall efficiency,
and fuel conversion rate will be evaluated to find the optimum performance point.

For the simulation of the plant under that location conditions, the annual average
values of Hh = 6.24 kWh/m2/day and Dh= 1.68 kWh/m2/day [43], and an annual average
day n = 180 are assumed. Figure 4 presents the Ibh for the annual mean values of radiation
in Barranquilla (black squares). Additionally, the Ibh values for an average day of March
when Hh is maximum (blue squares) are presented for Barranquilla, compared to the
Ibh values estimated for Seville (red circles) when Hh is maximum in July. The hourly
average temperature values for the city of Barranquilla taken from [63] are also presented
to agree with the solar resource estimation, which will also be done every hour. Finally,
a lower heating value of 42624 kJ/kg is taken from Gas Natural S.A. ESP’s natural gas
quality report.

Figure 4. Comparison of Ibhc for Seville and Barranquilla.

3.2. Plant Energy Analysis

This section presents the plant simulation results for the energy variables for different
configurations with their working fluids. Initially, the power produced, overall efficiency,
fuel consumption, and fuel conversion rate throughout the day are evaluated; finally, the
influence of the pressure ratio on the power and overall efficiency is also analysed.

Figure 5 shows the CSP net power for the mentioned configuration in Section 2.2,
including results for the air cycle, which will be used as a reference. Figure 5a shows that
the CO2 cycle generates an average power of 3680.03 kW, 3.3% lower than the average
power of the air cycle. On the other hand, the SCO2 cycle generates the lowest power
with an average value of 2952.34 kW, 22.9% lesser than the power obtained for the cycle
operating with air as a working fluid. However, it should be considered that it has the
lowest pressure ratio value (rp = 3.3) compared with the operation with other fluids.
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Figure 5. Power evolution throughout the day. (a) shows that the CO2 cycle generates an average
power of 3680.03 kW, 3.3% lower than the average power of the air cycle; (b) shows results for the
TSCO2 cycle with an average power generation of 5018 kW, and the helium (He ) cycle with an
average power of 9957.39 kW.

On the other hand, Figure 5b shows results for the TSCO2 cycle with an average power
generation of 5018 kW, and the helium (He) cycle with an average power of 9957.39 kW.
These cycles deliver more power, 31.8% and 161% higher, respectively than the 3806.11 kW
produced by the air cycle. This increase in the power of the TSCO2 cycle is understood
as a purely theoretical cycle given the maximum pressures it handles. Instead, the power
increases significantly in the Helium cycle due to its high specific heat, as described above.
However, as shown in the following analysis, this is at the expense of lower efficiency
and higher fuel consumption. Figure 6 presents the variation of the solar fraction ( f ) as
a function of the presented fluid configurations. It is observed that f , for the cycle with
TSCO2 at noon, is only 1.9% lower than the air cycle. On the other hand, the CO2 and
SCO2 cycles show an increase in f of 11.2% and 30.9% for the air cycle at noon. Finally, the
helium (He) cycle shows a 74.2% decrease concerning air when f = fmax.
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Figure 6. Evolution of the solar fraction in the daytime.

Considering that solar radiation is maximum around noon (see Figure 4), the solar
fraction f (see Figure 6) will also be maximum at that time; this will be considered for
subsequent analyses. Figure 7 shows the working fluid influence on the cycle’s overall
efficiency. Regarding the SCO2 cycle, it has an overall efficiency 6.7% higher than that of
the average air when f = 0 (at night hours), but it is 2.2% lower when f = fmax at noon.
Additionally, the CO2 cycle has the average overall efficiency 9.1% higher than that of air
when no solar input occurs ( f = 0) and 6.1% higher for f = fmax.

Figure 7. Evolution of overall efficiency in the day.

Additionally, Figure 7 shows the efficiency curve for the cycle using TSCO2. This is
the condition with the highest overall efficiency, with an average increase of 35.8% when
f = 0 and 34.1% when f = fmax concerning the cycle operating with air. It is essential to
highlight that the helium cycle does not operate with a regenerator for that pressure ratio,
as explained before. This implies that more heat must be supplied from the combustion
chamber and, therefore, the overall efficiency is reduced. Likewise, the influence of the
solar concentration system on η, when the solar resource is available, is lower because the
solar fraction f decreases drastically, as shown below.
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Figure 8 presents the fuel consumption for the cycle operating with different working
fluids. As observed in the case of the solar fraction, the fuel consumption for the cycle with
TSCO2 is very close to the air cycle with a difference of less than 3%. In contrast, the cycle
with CO2 shows a decrease in fuel consumption between 11.5% and 15%; however, the cycle
operating with SCO2 has a decreased consumption between 26% and 34.2%, concerning
the air cycle when f = 0 and f = fmax, respectively. Finally, the helium cycle shows an
increase in fuel consumption between 291% and 394%, when f = 0 and when f = fmax,
respectively. The significant increase in the helium cycle fuel consumption is related to its
higher specific heat compared to other working fluids.

Figure 8. Evolution of fuel consumption during the day.

On the other hand, Figure 9 presents the plant’s fuel conversion factor evolution. It is
observed that, in general, the carbon dioxide cycles have better performance, with the cycle
with TSCO2 being the best with an increase in re of 35.9% to the air cycle when f = fmax.
Additionally, in the cycles with SCO2 and CO2, the value of re is 16.4% and 13% higher
than the air cycle when the solar fraction is a maximum. Finally, the helium cycle presents
the lowest value of fuel conversion factor, which is 46.7% lower than the air cycle when f
is maximum.

Figure 9. Evolution of the fuel conversion factor over the day.

Figure 10a shows the power cycle curves as a function of pressure ratio variation for
the supercritical cycles (TSCO2, SCO2), the air cycle, and the CO2 cycle. It is observed that
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the supercritical cycles present the highest power values; however, it starts to decrease
after rp = 17 where the maximum power is presented and, at the operating point (rp = 9.9),
presenting values 31.9% higher than the air cycle. The CO2 cycle has lower power values
than the air cycle for low-pressure ratios; however, the power grows continuously within
the range studied. Additionally, the air cycle power is only 3.7% higher compared to the
CO2 cycle at the operating point. Eventually, the power continuously grows in the range
of pressures from 2 to 20, surpassing the power delivered by the air cycle. Figure 10b
presents the evolution of the power values of the helium cycle, where it is observed that,
that with this working fluid, it is possible to produce more power than the studied cycles;
however, the maximum power is obtained at rp = 4.8. Then, it decreases significantly to
zero at rp = 17 due to the compressor’s excessive power consumption. Finally, the air cycle
maximum power occurs at rp = 8.9.

Figure 10. Influence of pressure ratio on cycle power. (a) shows the power cycle curves as a function
of pressure ratio variation for the supercritical cycles (TSCO2, SCO2 ), the air cycle, and the CO2

cycle; (b) presents the evolution of the power values of the helium cycle, where it is observed that,
that with this working fluid, it is possible to produce more power than the studied cycles; however,
the maximum power is obtained at rp = 4.8.

Figure 11 shows the variation of η concerning rp when f is maximum. It can be
seen that the cycle with the highest overall efficiency occurs when carbon dioxide in
supercritical conditions is used, finding its maximum value at rp = 11.3. On the other
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hand, the air cycle which finds its maximum at rp = 6.3, presents an intermediate efficiency
at low-pressure ratios and is surpassed by the CO2 cycle after rp = 8, the latter reaching
its maximum at rp = 15.4. The helium cycle without regeneration has the lowest overall
efficiency and presents its maximum overall efficiency at rp = 6.8. However, when including
the regenerator, the regenerative helium cycle Her, the increase in efficiency is significant,
being close to the maximum of the air and CO2 cycles. Nevertheless, its maximum efficiency
is given at values of rp = 3.4 and, from rp = 6, the regenerative cycle does not apply because
the inequality T6 > T2 is not fulfilled.

Figure 11. Influence of pressure ratio on overall cycle efficiency.

Finally, Figure 12 presents values for fuel conversion factor when f = fmax as a
function of pressure ratio. It can be observed that the highest values of re are achieved
when the cycle uses carbon dioxide in supercritical conditions reaching the maximum at
rp = 8.2. On the other hand, the helium cycles present lower economic efficiency values,
especially the He cycle. Meanwhile, the Her cycle is the second cycle with the lowest re
value when the solar input is maximum. The CO2 cycle outperforms in economic efficiency
the air cycle from rp higher than 7, both having intermediate economic efficiencies for the
other working fluids.

Figure 12. Influence of pressure ratio on fuel conversion rate.
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3.3. Exergy Analysis of the Hybrid Solar Thermal Plant

This section presents the exergy analysis of the solar thermal plant. First, as presented
in Section 2.3, the exergy destruction is estimated from each state’s enthalpy and entropy
values within the power cycle and the operating conditions of the solar concentrating
system. In addition, the exergy destruction for the combustion chamber, its heat exchanger,
and the fuel and combustion products must be estimated with the amount of air required
for combustion. According to the above, to estimate the fuel exergy, the molar composition
of the natural gas is taken from the quality report of Gas Natural S.A. ESP, and the standard
chemical exergy [64] and the molar mass of each component in the fuel are obtained [31].
Then, this information is replaced in Equation (50) to estimate the fuel-specific exergy in
kJ/kmol, obtaining:

Eq, f = 898, 177.092 + 8.314T0(−0.449189975). (59)

Therefore, the natural gas chemical exergy, Eq, f , is divided by the natural gas mo-
lar mass obtained in a weighted average for its components [46], giving a value of
PMm, f = 18.1749059 kg/kmol. This guarantees that the units for the specific exergy of
natural gas, Em, f , are in kJ/kg. To estimate the chemical exergy of the combustion air, the
same process was carried out, taking as reference normal air with 21% H2 and 79% N2.
Regarding the exhaust gases, combustion analysis was performed with 300% excess air to
ensure complete combustion. Then, the amount of air that enters the combustion chamber
was estimated, being

.
ma = 48.82

.
m f .

The exergy destruction analysis is performed at the same instants where the solar
model estimates the Ibh, including ambient temperature T0 variations. Figure 13 shows
the evolution of the total exergy destruction for each cycle. It can be observed that the
cycles destroy little or nothing exergy when no solar resource is present, with a remarkable
influence of the ambient temperature on its variation. However, as solar radiation increases
and the concentrating system starts operation, the exergy destruction of these components
begins to rise. Therefore, the total exergy destruction increases until it reaches a maximum
around noon when the solar fraction is at its extreme. Figure 13 also shows that the cycle
that destroys more exergy operates with helium. This cycle presents total exergy destruction
on average 352% higher than the air cycle when no solar resource is present due to its
higher fuel consumption (see Figure 8). Additionally, the carbon dioxide cycles show lower
exergy destruction than the air cycle in a similar way to fuel consumption, with lesser total
exergy destruction in the SCO2 cycle.

Figure 13. Evolution of total exergy destruction for each cycle.
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Figure 14 shows the fraction of exergy destruction to the total exergy destroyed
variation in each cycle component operating with air; fractions variation at night is minimal.
This change when the solar resource becomes available, increasing the exergy destruction
in its components and reducing it in the combustion chamber. Additionally, Table 1 shows
the comparative values of the exergy destruction fraction for the component when f = 0
(average values) and f = fmax. It can be observed that when the solar fraction is maximum,
the exergy destruction fraction in the heliostat field reaches a maximum of 0.1891, while
this fraction is 0.05418 in the receiver. On the other hand, the exergy destruction fraction
decreases in the other components, especially in the combustion chamber, where it is
reduced by 34.6 % and 10% in the other components.

Figure 14. Evolution of the exergy destruction fraction of each component within the air cycle.

Table 1. Fraction of exergy destroyed in each component of the cycle with air.

Exergy Destruction Fractions Night (Average) 12 m (Noon)

F
.
Ed,t (Turbine) 0.05421 0.048560

F
.
Ed,c (Compressor) 0.07169 0.064210

F
.
Ed,r (Regenerator) 0.00709 0.006932

F
.
Ed,a (Environmental H. E.) 0.2948 0.266884

F
.
Ed,cc (Combustion Chamber) 0.57219 0.369223

F
.
Ed,he (Heliostat Field) 0 0.189661

F
.
Ed,rc (Central Receptor) 0 0.054451

Figure 15 presents the evaluation of the exergy destruction fraction of each component
during the simulated day for the studied working fluids. Figure 15a presents the exergy
destruction fraction for the TSCO2 cycle; it is observed that F

.
Ed,cc is 0.6444 when no solar

resource is present, which is 11.8% higher than the air cycle. The exergy destruction fraction
for the heat exchanger to the environment and regenerator is 27.8% and 716% higher in
the TSCO2 for the air cycle. In the supercritical carbon dioxide cycle (rp = 9.9) the solar

concentrating system fraction F
.
Ed,he and F

.
Ed,rc, are 11.8% and 11.2% higher than the air

cycle. Given the above, it is observed that although the TSCO2 cycle destroys less exergy
than the air cycle (see Figure 13), some fractions, such as those observed for the combustor,
heat exchanger to the environment, and solar concentrating systems, are higher than in the
air cycle, while the turbine and compressor fractions remain at lower values.
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Figure 15. Evolution of the exergy destruction fraction of each component for the cycles TSCO2

(a), SCO2 (b), CO2 (c), and He (d).

Figure 15b presents the exergy destruction fraction of the SCO2 cycle (rp = 3.3), where
the highest value is observed in the combustor chamber, which is only 0.3% higher than that
of the air cycle; however, the F

.
Ed,a value is 34.6% lower than that of the air cycle. The solar

concentration system fractions F
.
Ed,he and F

.
Ed,rc are 23% and 25% higher in the supercritical

carbon dioxide cycle (rp = 9.9) compared to the air cycle. In the carbon dioxide cycles, the
exergy destruction fraction in the compressor and turbine is lower than that of the air cycle;
in this case, F

.
Ed,c and F

.
Ed,t are lower by 63.8% and 59.5%, respectively, concerning the air

cycle. In addition, the exergy destruction in the regenerator is higher due to the pressure
ratio reduction and, therefore, to the higher heat exchange in this equipment.

Figure 15c shows the exergy destruction in the subcritical carbon dioxide cycle. Since
the fuel and power consumption are similar to those for the air cycle, the exergy destruction
values are also similar in both cycles; however, the F

.
Ed,r value is 638% higher than that of

the air cycle, mainly because of the significant difference between the compressor’s and
the turbine’s outlet temperature and the higher heat transfer in the regenerator. Finally,
Figure 15d shows the exergy destruction fraction in the cycle operating with helium, where
it is observed that the F

.
Ed,r value is zero, and the values of F

.
Ed,c and F

.
Ed,t are, respectively,

67.5% and 142% higher than the values of the air cycle. The exergy destruction fractions of
the combustor and the heat exchanger to the environment are lower than the values of the
air cycle. The F

.
Ed,he and F

.
Ed,rc fractions barely reach values of 0.05706 and 0.01109 when

the solar input is maximum.
Figure 16 shows the CSP global exergy efficiency variation (ηex) for the cycles operating

with TSCO2, CO2 and SCO2. where increases of 35.9%, 9.8%, and 5%, respectively, at f = 0
with respect to the air cycle are observed. Meanwhile, when f = fmax the upsurges are
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34.4%, 6.9%, and 0.1% concerning the air cycle. Additionally, the cycle with helium presents
a decrease of 33% when f = 0 and 33.2% when f = fmax.

Figure 16. Evolution of global exergy efficiency during the day.

Finally, Figure 17 presents the pressure ratio influence on ηex values for the case
with a higher solar factor. It is observed that the curves are very similar to the energy
efficiency. In this case, the higher energy efficiency values correspond to the supercritical
carbon dioxide cycle that reaches its maximum point at values of rp = 10.9 with a value
of 0.3354. Conversely, the cycle operating with helium presents the lowest values of
ηex whose maximum value is 0.1956 at values of rp = 6.8. The air and CO2 cycles have
intermediate exergy efficiency values. Additionally, it is observed that the helium cycle
with a regenerator can increase the exergy efficiency but at low rp values.

Figure 17. Influence of pressure ratio on global exergy efficiency.

4. Conclusions

In this work, the carbon dioxide cycle was evaluated under supercritical conditions.
This is an excellent option as a variant to air cycles since its overall efficiency is higher by
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40% at its operating point (PO) and 38% at its maximum efficiency point (PM). Although
the maximum pressure limits its operation, it can generate more power, which makes
it necessary to limit its pressure ratio. Additionally, it was observed that, at a limited
pressure ratio of 3.3, efficiencies are close to the air cycle with rp of 9.9. This implies lower
fuel consumption at low-pressure ratios and higher efficiencies at higher pressure ratios.
Additionally, this cycle’s exergy destruction is also inferior; therefore, the exergy efficiency
is higher than that of air, 27.2% at the points of maximum exergy efficiency. Finally, the
subcritical carbon dioxide cycle, operating under the same conditions as the air cycle,
allows us to obtain a similar power output with slightly lower fuel consumption, with it
being possible to have an overall and exergy efficiency higher than the air cycle in 9.4%
and 9.3%, respectively, for rp = 9.9.

The helium cycle was initially simulated without considering the presence of a re-
generator because, at rp = 9.9 the turbine outlet temperature is lower than the compressor
outlet temperature. From the operation of the hybrid cycle with this working fluid, 161%
more power can be generated than the air cycle due to its high specific heat and adiabatic
coefficient. However, the fuel consumption is 394% higher than the air cycle, so efficiencies
are inferiors. Similarly, the energy efficiency is lower than in the other cases due to the high
fuel consumption, resulting in a lower solar fraction.

Finally, the cycles operating with carbon dioxide show the best performance, present-
ing their maximum power values at pressure ratios higher than 16, while the air cycle
presents maximum power values at pressure ratios lower than 9. Concerning energy and
energy efficiencies, the carbon dioxide cycles reach their maximum values at pressure ratios
higher than 10, while the cycles with other working fluids have pressure ratios lower than
this value. In this sense, the cycles with helium without a regenerator present the maxi-
mum energy and exergy efficiency values in pressure ratio values close to 7. In contrast,
the helium regenerative cycle presents its maximum with pressure ratio values between
3 and 4. Therefore, after analysing the results, the carbon dioxide cycles are presented
as an attractive option given their higher efficiency, especially the supercritical cycles at
low-pressure ratios and the subcritical ones at high-pressure ratios.
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