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ARTICLE INFO ABSTRACT

Hydro and thermal generation power systems dominate the Colombian electricity sector. In 2017, Colombia
installed electrical generation capacity was 16.8 GW. Renewable energy sources represent at least 85% of the
total generation, being hydro the principal source. Several alternatives had been evaluated through the years to
improve the Colombian energy matrix and capacity, including solar photovoltaic and wind plants; despite that,
no consensus about the appropriate solution in terms of the available resource, energy demand, and energy mix
has been attained. Thermosolar power plants arise as an alternative to produce energy in sites where nearly
constant solar irradiance throughout the year is available, which is the case for most Colombian cities. This work
concerned the evaluation of a single-stage hybrid Central Solar Power (CSP) plant at a location on the Caribbean
Colombian coast. The study is focused on establishing the effect of local environmental conditions (ambient
temperature and solar resource availability), as well as some operational cycle parameters (heat exchanger
effectiveness and the system pressure ratio) on the CSP plant performance. Additionally, site emplacement
conditions, i.e., proximity to the power grid, presence of conventional thermal power plants, proximity to
principal cities, and availability of natural gas), are also considered to attain the factors that might constrain the
plant optimal operating conditions. The CSP plant and the Direct Normal Irradiance (DNI) model results ob-
tained fitted in good agreement the experimental data from the literature used for validation. Results have
shown a global plant efficiency of 35% without solar resource which is reduced to 30% when solar contribution
attains its maximum value at midday. Additionally, fuel-saving per day varies between 9.21% and 6.3% during
the months of maximum and minimum global radiation, respectively. Finally, that the combustion chamber, its
associated heat exchanger and the one that is in direct exchange with the surroundings, are the components with
the most exergy destruction, as expected. From the above, it is sensible to explore alternatives regarding dif-
ferent working fluids that could be used in lower temperature cycles and other applications for heat recovery.
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1. Introduction

The Colombian electrical sector is mainly supported on hydropower
and thermoelectric plants, dispatched trough the National
Interconnected System (SIN for the Spanish acronym) [1]. With an in-
stalled capacity of 16.8 gigawatts (GW) by 2017, Colombian electrical
generation system has a share of 69.85% of hydropower and 29.02% of
thermal power plants [2]. The remaining 1% corresponds to non-con-
ventional renewable sources (i.e., solar PV and wind), Combined Heat
and Power and self-generation plants, as shown in Fig. 1. Hydropower
generation supply to the SIN increased by 21% for 2017 compared to
the previous year. Meanwhile, thermal power decreased by 55.4% for
the same period, coinciding with the end of the longest “el Nifo” event
since 1950 [3].

* Corresponding author.
E-mail address: cesar.nieto@upb.edu.co (C. Nieto-Londofio).

https://doi.org/10.1016/j.tsep.2020.100679

Available online 14 August 2020

The electricity demand in Colombia is expected to increase above
37% between 2015 and 2030 [1]. To cope that, the Colombian gov-
ernment had proposed renewable energy policies aiming the im-
plementation of alternative energy sources and its incorporation into
the energy market [4]. Despite this kind of initiatives and the country’s
renewable energy potential, hydro and thermal power plants dominate
current electrical expansion plans, with a recently growing interest in
the implementation of solar photovoltaic and wind power plants [5].
Hydropower dominance is the result of low energy costs and high hydro
potential in the country. However, the construction of large dams car-
ries a significant environmental footprint because reservoirs modify the
river’s ecosystem. On the other side, thermoelectric plants energy costs
dominated by fuel prices volatility, and at the same time, are a growing
source of Greenhouse Gases despite some efforts to use alternative fuels
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day /. Exergy efficiency of the Brayton heat engine
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th Heat input from the combustion chamber, kW rp Overall pressure ratio
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Fig. 1. Composition of installed electricity generation capacity in Colombia in 2017 [3].
[6]. capacity worldwide rose from 1.1 GW in 2011 to 4.8 GW by 2015,

Concentrated Solar Power (CSP) plants have gained attention in the
last years as an alternative to reduce fossil fuel consumption for elec-
tricity generation, increase power generation and its associated en-
vironmental impact, among others [7-9]. Installed solar thermal

representing a 436% growth in just four years [6]. However, the
commercial interest in these plants is limited to their higher Levelized
Cost of Electricity (LCOE) when compared with conventional power
generation systems [10]. Efforts in this regard are deemed essential to
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the study of efficient thermodynamic power cycles to increase its per-
formance to get more significant power production with reduced fuel
consumption, and therefore, decreasing emissions and eventually costs
[11-13].

Different approaches focused on studying the coupling of Brayton
cycles and CSP plants to improve its performance, define future con-
figurations, and evaluate the effect of different working fluids on the
overall efficiency [14,15]. In this regard, other works have developed
the analysis of arrangements that allow increasing availability of CSP
plants using thermal storage [16] Thermal storage are a first solution
for energy utilisation to fill the gap between demand and supply to
improve the energy efficiency of this kind of systems. Alternatives for
thermal energy storage include sensible heat storage, latent heat sto-
rage, thermochemical energy storage, and phase change materials heat
storage [17]. Recovering waste heat can be also implemented regarding
the efficiency of the system through various waste heat recovery tech-
nologies to provide valuable energy sources and to reduce the overall
energy consumption [18]. Other works suggest that solar energy col-
lection can be improved by using magnetic nanofluids [19]. Conversely,
hybridization of CSP plants are an alternative for its operation during
null or low solar irradiance as a substitute for thermal storage, in par-
ticular for those based on Brayton cycles [20]. In this aim, Gas Turbine
(GT) plants have a wide range of advantages when compared with
Steam Turbine (ST) power plants, showing a more compact config-
uration, and the possibility to use fewer water requirements. Ad-
ditionally, GT has demonstrated significant improvements in efficiency
to reduce fuel consumption [21]. Besides, GT plants can be integrated
with CSP plants [10], with tower and central receiver systems operating
at higher temperatures and improving its efficiency [22,23].

Small combined cycle plants with solar concentration systems could
be used in industrial or residential sectors [24]. Thermosolar power has
also been proved to use in greener ammonia synthesis utilising hy-
drogen produced from solar thermal cracking of methane [25]. Naka-
tani and Osada [26] presented the evaluation of integrating small gas
turbines with a central tower concentration system with heliostats
achieving temperatures at the central receiver output greater than
850 °C. Meanwhile, Kin et al. [27] performed a parametric study and
optimisation of closed Brayton power cycle considering variations in
the charge amount of working fluid. The results of this study allow
concluding that the charge amount must be used as a control parameter
during the design and operation of closed Brayton cycles.

Thermo-economic analysis of existing CSP systems considering the
integration with combined cycles [28] and the use of evolutionary al-
gorithms for its optimisation [29] are significant approaches to the
development of these plants. Life Cycle Models were used to estimate
CSP system costs being, the heliostats field and the combustion cham-
bers and boilers the subsystems with the highest impact in the overall
system cost [30]. Annual performance, fuel consumption and emissions
of a hybrid thermosolar central tower Brayton plant is analysed in [31]
by means of a thermodynamic model, where subsystem models con-
sider all the primary irreversibility sources existing in real installations.
As results, it is observed that any improvement in the Brayton heat
engine efficiency, will conduce to an increase of performance on the
overall thermal efficiency. Additionally, a hybrid Brayton thermosolar
tower power plants study for different fluids and plant configurations is
analysed in [32], including main energy losses in each plant subsystem
for some particular plant layouts. Results showed that specific carbon
dioxide emissions are smaller for the plant operating with helium when
compared with dry air, both working in a single-stage non-recuperative
closed cycle.

Most of the CSP plants with Brayton cycles reported in the literature
are composed of one compression and expansion stage [33] or at most,
a combination of one or two compression or expansion stages as de-
scribed by Behar [34]. Additionally, thermoelectric solar power plant
studies have been carried out with solar radiation data measured for the
city of Seville, Spain, in which the operation of the plant has been
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evaluated for typical days during the four local seasons [35]. Thermo-
dynamic models have also been developed for energy analysis of solar
gas turbines with arbitrary numbers of compression and expansion
stages [36]. Simulated values for heat losses due to radiation and
convection in central towers showed deviations between 5.4% and
16.2% compared to experimental data [37].

A general thermodynamic model for an irreversible solar Brayton
cycle considering heat loss at the receiver was used to determine the
temperature operation and the overall efficiency of the cycle [38]. In
other studies, system irreversibilites were considered, such as those due
to heat transfer within the Joule-Brayton cycles to determine optimal
operating conditions [39]. Heat losses are a significant concern for the
design and operation of CSP power plants due to the higher tempera-
tures attained in some components of the cycle. Thermodynamic
models had been used to predict the effect of the airflow and parabolic
trough collector’s temperature on CSP plants performance [40]. These
models had also been used to predict the impact of minor geometric
modifications over the plant performance. For instance, the heat
transfer improvement to the working fluid as a consequence of adding
fins to the receiver tubes, implied an increase in the receiver’s efficiency
up to 91.5% [41]. Some other authors had evaluated the use of re-
heating methods over the system efficiency [42]. In the same direction,
entropy minimisation models had been used to explore strategies to
reduce losses due to high heat transfer rates at the concentrator [43].
Small-scale Brayton cycle plant optimisation using air as working fluid
included heat loss at the receiving open cavity coupled to the collector’s
plate [18] and the study over the efficiency of the open cavity with an
inner tube and the plant operation [44].

In [45] a multi-objective optimisation study of simple closed
Brayton cycle with one isothermal heating process is presented. For the
optimisation, the dimensionless power density is used as the optimi-
sation objective. Additionally, the effects of inlet temperature ratios of
combustion chambers on the optimal performances are analysed. Re-
sults show that adding a convergent combustion chamber to the cycle
can increase the dimensionless power density by 18.57%. An optimi-
sation of a super-critical carbon dioxide Brayton cycle is presented in
[46]. The pressure ratio and the flow split fraction were examined for
sensitivity analysis and optimisation of the cycle. The study showed
that the cycle thermal efficiency was improved by changing the channel
shape due to a reduction in heat exchanger’s pressure drop. A closed-
loop, indirect, super-critical Carbon Dioxide (sCO2) power cycle for
fossil-fuel, solar thermal and nuclear applications is presented in [47],
where its ability to achieve higher efficiency and compactness is stu-
died. Optimisation of the whole plant was performed being the pressure
ratio the design variable. Results indicate that the sCO2 Brayton cycle
considered, attained maximum plant efficiency at a different GT pres-
sure ratio. It was also probed that the optimum GT pressure ratio to
realise the maximum cost reduction in sCO2 cycle is higher when
compared to the equivalent steam Rankine cycle.

Regarding the study of solar plants by using exergy approaches, in
[48] an exergo-economic analysis and optimisation of a solar double
pressure organic Rankine cycle is presented. Exergo-economic criteria
revealed that solar collector has the most value of exergy destruction
and high investment costs of the collector. Exergy analysis have been
also explored to estimate that a parabolic trough concentrator destroys
close to 70% of the total plant exergy [49]. On the other side, Zare and
Hasanzadeh [50] present an energy and exergy study of a solar plant
with helium and organic bottoming cycle. Additionally, an exergy
analysis of a super-critical hybrid carbon dioxide central tower solar
plant for different locations in Saudi Arabia [51] presents that the most
considerable destruction of exergy occurs in the field of heliostats and
the combustion chamber. Ahmadi et at [52] done a thermodynamic
study of a small-scale trans-critical CO2 power cycle. They used a flat
plate collector and a storage tank as a heat source and liquefied natural
gas (LNG) as the heat sink. Results showed that condensation tem-
perature has a significant effect on the performance of the system;
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however, the system efficiency and the net power output are less sen-
sitive to the change in inlet temperature of the turbine. Other, exergy
models for Brayton plants with different heat sources, including con-
ventional systems and renewable systems, have been developed [53],
showing that most significant exergy destruction occurs in the com-
bustion chamber and is reduced with the addition of heat sources at a
lower temperature. Some of the latest studies of super-critical carbon
dioxide cycles included the evaluation of technical and economic as-
pects [54].

Regarding the study of alternatives for the Colombian’s energy mix
diversification, this paper presents the performance evaluation of a
hybrid solar central thermal power plant at a location on the Caribbean
Colombian coast considering local environmental conditions such as
ambient temperature and solar resource availability. The Brayton CSP
hybrid plant is composed of a central tower plant, a heliostats field, and
an external combustion chamber that ensures the power production
during low or nil solar resource contribution. First and second law
balances are used to quantify the effect of ambient temperature and
irradiation conditions for a location in Colombia over a specific day to
establish the corresponding impact on CSP energy and exergy effi-
ciencies. The exergy destruction and the influence of the pressure ratio
of the plant are alos evaluated. The plant models and thermodynamic
properties of the working fluid are assessed using the Modelica [55]
compiler Dymola ® [56]. Air properties at any cycle states are estimated
with the DryAirNASA model from the Modelica. Media. Air library
using the definition of each state from two thermodynamic properties,
enthalpy (h) pressure (p), temperature (T) or entropy (s) [57,58].

The document is organized as follows: Section 2 describes the
models used in this work, beginning with the solar radiation model that
allows finding a daily distribution of the Direct Normal Irradiance
(DND). Then, the thermodynamic model for the hybrid solar closed
Brayton cycle is depicted, including irreversibilites accounted in the
process. The exergy destruction models for each system component are
also described in section Section 2. Section 3 presents the solar radia-
tion model validation, using data reported in the literature for a plant
with similar conditions. Then, the simulated plant results for the Co-
lombian conditions are shown in Section 4, including thermal efficiency
and power produced, where pressure ratio variations are included to
estimate optimal operating conditions. In Section 5, the exergy eva-
luation of each component is presented. Finally, Section 6 comprises the
conclusions of this work.

2. Model and plant configuration

This section describes the DNI model used for the evaluation of solar
irradiation regarding Colombian conditions. The CSP plant scheme with
a Brayton Cycle is presented, as well as the thermodynamic models used
for the energy and exergy analysis.

2.1. Solar radiation model

Evaluation of solar concentration system under specific irradiation
site conditions require access to the Direct Normal Irradiance of the
emplacement site. In the case of Colombia, those values are not publicly
accessed. Since this information is fundamental to design and simulate
concentrating solar system [57], a DNI model is required to predict the
irradiance behaviour through the day. Daily average values and global
diffuse solar radiation are used to obtain hourly data during a specific
day of the month; from these values, the hourly distribution DNI is
determined following the model proposed by Liu and Jordan [59].
Among the models that evaluate hourly radiation, the daily integration
model developed by Gueymard [57] was designed to predict the
monthly average global hourly radiation and was validated with data
from 135 weather stations. This model is considered the most accurate
after being compared and verified against others already developed and
validated models [60,61] since it includes atmospheric attenuation
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introduced through time angles allowing a better prediction [62]. The
total radiation on a horizontal surface, I, is defined as the sum of its
components: direct radiation I, and diffuse radiation I,; therefore,
direct radiation is defined as:

Ion = In — lap, @

where the hourly daily ratios for diffuse 7; and global radiation 7, are
defined as,

_—
4= =

Dy, 2
and,

I
e = —,
“TH, 3)

being D, and H, the long-term average daily total and diffuse irradia-
tion on a horizontal surface, respectively. These values can be obtained
from the National Aeronautics and Space Administration (NASA) [63]
and are calculated using twenty years of analysed data. Direct radiation
is a function of daytime, and can be defined in terms of the global and
diffuse radiation, as

Iy, = ngHy — 13Dy, (@)
where the relation r; is obtained according to [60], as

7T COSW — COSg
t sinw — sinw; 5)

where ws is the sunrise angle for a given day, w the solar hour angle
along the same day estimated according to the methodology proposed
by Goswami [58] and t the time. The daily average extraterrestrial ir-
radiation on a horizontal surface, H,, is estimated as:
H, = %wSRESCsinhO ®)
being E. the solar constant (1367 W/m?) and R = (D,/D)?, the average
sun-earth correction factor; D is the distance between the sun and the
earth, which varies according to the location of the planet according to
the elliptical orbit around the sun. D, is the average annual distance
between the sun and the earth estimated at 1.496 x 10'! m. This
correction factor is estimated as,

R = 1.00011 + 0.034221cosx + 0.00128sinx + 0.000719cos2
x + 0.000077sinx, (2]
where x is defined as,
_360(n — 1)
365.242 (8)

and h, is the daily average solar elevation outside of the atmosphere
and is solving the following system,

sinh, = M

ws (C)]
q = cosLcosS, 10)
and,
A(wg) = wg(sinwg — coswy), (11)

where L is the latitude of the site for which the solar resource is being
evaluated, and ¢ is the declination, according to [58]. The average
clarity index K; is defined as:
K, = ﬂ,

H, 12)
while the number of sun hours during the day S,, is

24
So = 7605. (l 3)
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The ratio of the horizontal hourly radiation to the total horizontal
daily radiation rg, is obtained as follows,

24
1+ q;Z—fA(cux)rd
g =Ta lLZB(Ws)

L+ 4 a4

where, a;, is estimated as,
a; = 0.41342K, + 0.61197K? — 0.01886K,S,, (15)

and a, corresponds to the maximum value between 0.054 and the value
calculated with,

a, = 0.28116 + 2.2475K; — 1.7611K[2 — 1.84535sinh, + 1.681sin%h,
1e6)
Finally, B(w;) is obtained as,

B(ws) = ws (0.5 + cos?wg) — 0.75sin2w; a7)

2.2. Hybrid solar plant configuration and energy model

The thermodynamic analysis of the CSP plant carried out in this
work is based on the scheme shown in Fig. 2. It consists of a closed cycle
that uses air as working fluid. Air is compressed (Process 1-2) and
expanded at the turbine (Process 5-6); both compressing and expansion
processes are considered under adiabatic and irreversible conditions.
Then, heat is recovered at constant pressure from air exiting the turbine
and transfer through the regenerator to the working fluid, increasing its
enthalpy at the compressor exit (Process 2-3). Next, the solar receiver
(Process 3-4) concentrates the irradiation from the heliostats field and
delivers heat to the air passing through a heat exchanger. To ensure
continuous operation through the day, a combustion chamber (Process
4-5) burns natural gas and delivers heat to the air by another heat
exchanger. Formerly, the air enters the turbine (Process 5-6), where the
power is obtained. After the regenerator, a heat exchanger rejects heat
to the surroundings (Process 1-6), regulating the temperature at the
compressor inlet.

Fig. 3 shows the T-s cycle diagram of the closed solar thermal plant
shown in Fig. 2. The heat Qy is supplied from the solar concentration
system (Process 3-4), Q. is the heat supplied at the combustion
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chamber (Process 4-5) and Qj is the residual heat released from the
system to the surroundings at a temperature Ty (Process 7-1). Heat
exchangers present a pressure drop A for the heat supply (Process 2-5)
and A,; for the heat rejection (Process 6-1).

The energy balance at the compressor can be expressed as follows,

W, = m(h, — hy), 18

being W, the compressor power and 7 the air mass flow rate. The global
pressure ratio for the cycle, r,, and the pressure ratio for the com-
pressor, 1., are defined as,

—p =B
TERT a9
where the isentropic efficiency of the compressor is as follows,
_ -
Ne =1
hy — (20)

being h; the enthalpy at each state and hy, the enthalpy of the isentropic
compression process. The regenerator transfers heat to the air exiting
the compressor, from heat recovered at the turbine exit when Ty > T,
limited by the regenerator effectiveness as follows:

hs—hy _ h;—he

&E=——"-=—"—

he —hy  hy — hg 21
The energy balance of the turbine is defined as,
W, = m(hs — hs), (22)
where W, corresponds to the work developed by the turbine at a de-
termined turbine pressure ratio, 7, defined as
Ps

1, = Dy Dpiry = —,
t ps=ptip 1:)6 (23)
with an isentropic efficiency, 7,, expressed as

he — h
n = Lo — 5

hes — hs’ 29

As mentioned before, pressure losses A, and A, are considered in
the heat exchangers during processes 2-5 (heat supply) and 6-1 (heat
loss), respectively; then, lines representing the deviation from ideal

J/ Combustion

4 Th‘lehv
_‘6’_ Receptor } Tp |Chamber
LN
5
|
¥ @ '
Heat 3 |
A, Exchanger
Heliostat >V
2 AVAVAY Turbine
Regenerator 4>|/
Compressor I\
1 Heat T
Exchanger <

Fig. 2. CSP hybrid power plant scheme.
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.

Fig. 3. T-s diagram of the plant.

conditions for both processes are shown in Fig. 3. To include this effect,
an overall loss coefficient D, is defined for the heat supply and D,; for
the heat loss [36,35], as

P —A
Dy =~

P, (25)
Dy = - AP",

P, (26)

where B, and P, are the high- and low- pressure values of the cycle,
respectively. If the heat input processes occurred under isobaric con-
ditions, states 2 to 5 would be on the line B; likewise, states 6 to 1
would be on the pressure line P, if heat is rejected at constant pressure.

The working fluid leaving the compressor passes through three
heating processes. The first one occurs in the regenerator as explained
before; the second happens in the solar concentration system, in which
the heliostats field receives the solar radiation, reflecting Q, to the
central tower receiver as,

: Ipn
= 7, A, 21
Qr =Moo 1000 (27)

The heat loss, Qp, affects the available heat Qy, as follows,
tht = Qr - Qp- (28)

In Eq. 27, 7, corresponds to the optical efficiency of the heliostat
field and depends on aspects such as losses due to cosine efficiency,
surface quality and cleaning, tracking system, reflectivity, among
others. In this work, the heliostats field overall efficiency reported in
the literature was used [64]. On the other hand, the heat loss in the
receiver, Q,, can be evaluated by assigning linear values of the tem-
perature difference for convection and conduction losses, and nonlinear
for radiation losses [65]. In this case, the analysis is performed ac-
cording to the heat loss in the central receiver expressed as,

Qp = A, [hw (Ths — To) + Ueona (Ths — Tp) + acr(T,fS - T(;t)]’ (29)

where Tj; is the temperature of the central receiver, h,, and U,,,q are the
convection and conduction heat transfer coefficients respectively, a is
the surface emissivity in the central receiver, o is Stefan-Boltzmann’s
constant and A, is the receiver area. In Eq. 29, a global heat transfer

coefficient, U, can be included that joins h,, and U,,,q coefficients; then,
Qp is rewritten as,

Qp = A [U(Ths — T) + ao (Ti; — T (30)

The receiver transfers heat, Qy, to the working fluid (Process 3-4) at
the heat exchanger as,

th = Eithst = n1(hy — h3), (31)

with the effectiveness ¢, [33,66], defined as,

L -1
EiS = -
T"’lS - Té (32)
The solar concentration system efficiency is defined as,
_ Qr - Qp
s = TimAs
1000 (33)
Replacing Eqgs. 30 to 32 in Eq. 33, permits to rewrite 7, as
_ UM —T) —ao(Ty — T7)
% = To Toi Ao '
1000 Ay (34)

The third and last heat addition to the working fluid (Process 4-5),
occurs in the combustion chamber, according to,

Qnet = 1, LHVrty, (35)

being 7. the efficiency of the combustion chamber, LHV the Lower
Heating Value of fuel, and 71, the fuel mass flow rate. Similar to the
receiver, the heat is transferred to the working fluid in the combustion
chamber, Q., by using a heat exchanger as,

th = EiCQth = m(hS - hﬁ), (36)
where the heat exchanger effectiveness ¢, is defined as [33,66],
L—-Ts

T = To @7

e =

The values of Qy, and Qy,, represent the external heat transfer to the
working fluid from the solar concentration system and the combustion
chamber, respectively. Thus, Q, the total heat transfer, is defined as:
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Qn = Qus + Qpe = ri(hs — ). (38)
The solar factor, f, is evaluated at the heat receiver, as:
f= % = th .
Qn Qe+ Qus (39)

Additionally, heat is transferred to the surroundings, Q., is ex-
pressed as,

Q ="(h7 — hy), (40)
with an effectiveness ¢, expressed as [33,35],

L-T
g =

-1 (41)

The Brayton heat engine efficiency, etay, is defined as
= %,
Qn (42)

being the net solar thermal power, W,,,, evaluated as,
We = Wi — W (43)

The overall plant efficiency can be expressed in terms of the turbine
and compressor power, the energy injected by the fuel and direct ra-
diation, as,

W — W,

. IphAo °
My LHV + o5 (44)

Finally, the fuel conversion rate of the plant is defined as the power
generated over the heat released from the fuel [35],

"Vnet
e LHV

Fo =

(45)

Although the fuel conversion rate is not a thermodynamic effi-
ciency, it allows considering the effect of fuel consumption over the
plant performance.

2.3. The exergy model of the hybrid thermal solar plant

In this section, exergy balances for each component reduce to a
single constant flow system assuming that kinetic and potential exergy
changes are neglected, as wells as the chemical exergy at each of the
components in the cycles are defined as follows [67,68],

ZEq.j_Wc"'z miei_z tee, — Eqj = 0,
J i e (46)

being E,; the exergy associated with the heat transfer defined as,

. T) -
E,=|1-2]0.
q.J [ T})Qj

Additionally, in Eq. 46, Ey; corresponds to the destruction of exergy,

(47)

Mg {
 ——
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e; and e, are the exergies associated with the mass flow, expressed as
e=h—hy— To(s — so), (48)

being h and s the enthalpy and specific entropy, respectively. The
subscript O represents the properties of the working fluid at the en-
vironmental conditions. The compressor exergy destruction is evaluated
as,

Ege=m[( — hy) = Ty(s1 — )] + W, (49)
while the same expression for the turbine is,
Eq; = m[(hs — he) — Ty(ss — s6)] — Wi (50)

In the same way, the regenerator exergy destruction is expressed as,

Ed,rz [(he — h7 + hy — h3) — Ty (s¢ — 7 + $2 — s3)]. (51)

Additionally, between states 7 and 1, the CSP plant dissipates heat
to the environment at a temperature Tp; with an exergy destruction
associated to that process as follows,

Eqq = m[(h; — hy) — Ty(s; — s)]. (52)

For exergy destruction in the combustion chamber, the control vo-
lume contains both the combustion chamber and its heat exchanger (see
Fig. 4). The general exergy balance at the combustion chamber is ex-
pressed as,

Ed,cc = maEm,a + memj - (ma + md)Em,g + m[(h4 - hS) - ’IE)(S4 - SS)]7
(53)

where Ey, o, Epy and E,, , are the specific exergy of the air, the fuel and
exhaust gases, respectively. The above specific exergy values are esti-
mated from the mixture relation ratio expressed as E,, = E,/PM,, [53],
being PM,, the molar mass of the mixture and E, the chemical exergy of
natural gas, air or combustion products, which are estimated by,

j J
E, = E; + R, T Iny,,

2 ;y goi;yly, )
being y, the fraction and E; the specific exergy of each component in the
fuel, and R, the universal constant of gases. Therefore, it is possible to
determine the exhaust gases, the fuel and air inflow exergy destruction
for each stream to and from the combustion chamber.

Regarding the solar concentration system, the solar exergy total
input to the system is defined from the maximum available useful work
as a function of radiation according to [69,70],

4
Ex,s= Ibh Ao 1+l E _iﬁ s
1000 3\ T 3T,

while the total exergy at the receiver from the heliostat field is,
i . T
Eyi= Q,(1 - ﬁ)

my

(55)

(56)
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Fig. 4. Control volume for the combustion chamber and its heat exchange.



F. Moreno-Gamboa, et al.

Therefore, the exergy destroyed by the field of heliostat is,
Ed,he = Ex,s - Ex,i~ (57)
For the solar receiver, the destruction of exergy is,

Eqye = th(l - %) + m[(hs — hg) — To(s3 — s4)].

hs (58)

The total exergy destroyed by the solar thermal plant Ey , is defined
as

Ed,T = Ed,c + Ed,t + Ed,a + Ed,cc + Ed,he + Ed,rca (59)

while the overall exergetic efficiency 7,, can be expressed in the fol-
lowing way,

_ Waet
Nex = % 3 >
Ex,s + memJ (60)

and the exergetic efficiency of the Brayton heat engine eta,,

T) - W/;te[
“n T i [(hs — ha) = Ty(ss — s4)] (61)

Finally, the fraction of exergy destruction in each component is

evaluated as,
Ed"}

FEd,j ==
Ear (62)

3. Validation of the solar model and site selection

The solar resource model assessment with data reported by peers is
presented in this section. Available solar resource of three Colombian
cities is analysed regarding monthly values of global, Hy,, and diffuse,
Dyh, solar radiation to establish the most suitable place to simulate a
hybrid solar plant under specific radiation conditions of the selected
city.

3.1. DNI model validation

The daily integration model, presented in Section 2.1 (see Eq. 4), is

Thermal Science and Engineering Progress 20 (2020) 100679

used in this work to evaluate the hourly DNI for three Colombian cities.
The DNI model is assessed with solar radiation data reported for Sevilla
(San Lucar meteorologic station); to evaluate the direct radiation of the
Colombian sites. Regarding the Sevilla case, the global radiation value
for the day selected is 7.8 kWh/m?/day with corresponding diffuse
radiation of 1.7 kWh/m?/day [63]. The latitude of the place is 37.38°
north. Data are taken for day n = 210, corresponding to July 20. Fig. 5
presents San Lucar meteorologic station measurement of direct radia-
tion, Iyn,m, (blue triangles) and results from the DNI model evaluation,
Ihn,c, (red circles) through the indicated day [71].

Following the methodology proposed in [60,61,63], the values ob-
tained with the DNI model and those reported by the San Lucar station
are compared by evaluating the Mean Absolute Bias Error (MABE) and
the Root Mean Square Error (RMSE). The MABE provides long-term
performance information of the correlation allowing a comparison of
the actual deviation between calculated and measured values, term by
term through the absolute value of their difference as follows,

Na

1
— [Ton,e = Ton,ml]-
Ahgg o (63)

MABE =

Conversely, the Root Mean Square Error (RMSE) provides in-
formation in the short term and is determined as,

RMSE = | L % (e = Topm)?
thizl e (64
For instance, the MABE of the data obtained with the DNI model is
0.201, which is the range of 0 to 0.212 reported by Yao et al. [61]. Also,
the RMSE attains a value of 0.227 within the scope of 0 to 0.329 related
in [60,61]. The DNI model implemented achieves results fitted in good
agreement with the experimental data, as observed in Fig. 5 with an
acceptable error level. Then, in the following sections, the DNI model
stated in Eq. 4 will be used to evaluate the hourly direct radiation of the
cities with the potential to implement CSP plants in Colombia.

3.2. Selection of a Colombian city for the simulation of the hybrid thermal
solar plant under specific conditions

Fig. 6 shows the monthly average daily data through the year of
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Fig. 5. Estimated I, and measured Iy, direct solar radiation for Seville.
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global radiation for three Colombian cities: Cicuta, Cartagena, and
Barranquilla. These cities were chosen due to the proximity to con-
ventional thermal power plants, availability of natural gas and their
demographic expansion. Regarding the solar resource, as can be ob-
served in Fig. 6, the global radiation has a slight variation throughout
the year for all three Colombian cities, with the following lower and
upper limits: Clicuta 4.47 and 5.09 kWh/m?/day; Cartagena 4.45 and
6.46 kWh/m?/day and Barranquilla 5.44 and 6.99 kWh/m?/day. Fig. 6
also shows values for the monthly average daily data through the year
of global radiation for Seville (Spain). The lower and upper limits for
that city are 2.17 and 7.8 kWh/m?/day, respectively, implying a higher
variation during the year (as can be observed from the figure).

Fig. 7 shows the evolution of diffuse radiation throughout the year.
The central receptor heat rate input (and then, the plant output power)
is directly proportional to the difference between the global and direct
radiation (see Eq. 27). From the values above, it is possible to confirm
that Ctcuta has the lowest variation throughout the year for both global
and diffuse radiations. Meanwhile, Barranquilla presents the most
moderate values of diffuse radiation compared to the other cities (1.09
and 2.04 kWh/m?/day), and are even closer to those reported in the
case of Seville (0.76 and 2.04 kWh/m?/day). Fig. 7,8 presents the
average annual values of Hj, and D, for the three Colombian cities and
Seville. It is observed that the highest average annual global radiation
values (as well as the monthly average, see Fig. 7) correspond to Bar-
ranquilla, even higher than that for Sevilla. Meanwhile, Ciicuta has the
lowest value of all three cities.

The behaviour exposed above, together with the thoughtful differ-
ence of the global variation throughout the year and the smallest
average variation of the diffuse radiation, even compared with Seville,
allows us to conclude that from the solar resource point of view,
Barranquilla is a good option for evaluating future development of a
hybrid solar plant in Colombia. Then, Barranquilla is selected due to the
availability of the solar resource, showing a minor resource variation
through the year with higher values of global radiation little offset by
low amounts of direct radiation. Likewise, the city is close to the power
grid with the presence of conventional thermal power plants (as an
option to a future diversification of the Colombian energy mix), and
availability of fossil fuel sources (natural gas in this case). Additionally,
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Barranquilla is a significant urban and industrial centre in the region
although, it has a very poor power quality and reliability.

The DNI model results for Barranquilla are used to simulate the CSP
plant under the specific environmental conditions of this city. In this
case, the average annual value of Hj, is 6.24 kWh/m?/day and of D, is
1.68 kWh/m?/day for the day 180 of the year [63]. Fig. 9 shows the
results of the I, for the average annual values (black squares) and when
H, is maximum in Barranquilla (blue triangles), that occurs at the
middle of March. In the same figure, is also plotted the I, when H, is
maximum for the case of Servile during July (red circles). It can be seen
that during the months of the maximum global radiation, the difference
of the I, between Servile and Barranquilla is only 4.8%; however, Se-
ville has more hours of radiation per day as an effect of the seasonality
through the year. Fig. 9 also presents average hourly temperature, T,
for Barranquilla (green dashed line) [72], that will be used to assess the
plant performance analysis in the following sections.

4. Energy analysis of a hybrid solar plant

This section presents the performance evaluation of a hybrid solar
plant under several conditions. Results reported for the Solugas ex-
perimental facility located in Sanldcar (Seville, Spain) [73], are used to
validate the thermodynamic model presented in Section 2.2. Section 4.1
offers the energy performance of the plant in terms of the evolution of
temperatures and derivated variables at different states through the
cycle. Power plant output and thermal efficiency behaviours are also
studied, as well as the influence of the pressure ratio and local radiation
on the plant operation are presented in Section 4.2 for specific condi-
tions of the city selected in Section 3.2.

4.1. Validation of the thermodynamic model for the hybrid thermosolar
plant

The thermodynamic model validation is carried out with informa-
tion from the Solugas experimental plant, a research project by the
Abengoa Company in the vicinity of Seville (Spain). That pilot plant has
a central tower system of 75 m high and a field of 69 heliostats, each of
them with a 121 m? reflective area [73]. The thermal plant has a
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Fig. 6. Global radiation through the year for Ctcuta (CU), Barranquilla (BA), Cartagena (CA) and Seville (SE).
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Fig. 8. Annual average values for H, and D, for Cdcuta (CU), Barranquilla (BA), Cartagena (CA) and Seville (SE).

Table 1 Table 2
Thermodynamic model assessment with data from the turbine manufacturer Thermodynamic model assessment with data reported of the Solugas plant.
working at full load on only combustion mode.
T [K] T [K] T; [K]
Woer [kW] M T; [K]
Model 620 1422 914
Model 4635.4 0.385 1422 Reference [73] 603 1423 921
Reference [74] 4600 0.39 1423 Error % 28 0.07 07
Error % 0.7 1 0.07

10
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Table 3
Thermodynamic model assessment with data from [35].
U f T [K] my [kg/s]
Model 0.298 0.327 1042.9 0.176
Reference [35] 0.300 0.341 1027 0.172
Error % 0.66 4.1 1.5 2.3

Caterpillar Mercury 50 gas turbine [74]. The Solugas plant is the first
hybrid thermosolar plant with a Brayton cycle in the scale of MW,
therefore complete and detailed results are unknown. However, the
general description of the operation and configuration reported allows
to simulate its performance [33]. The solar concentration system has an
emissivity « = 0.1, an overall heat loss coefficient Uy = 5 Wm™ 2K~ %,
and an optical efficiency 7, = 0.73 [38,75] [15,58]. The solar field
concentration relationship is C = A,/A, = 425.2, the heliostats area
field is A, = 8349 m? and the receiver area is A4, = 19.63 m>.

The Caterpillar Mercury 50 gas turbine has a pressure ratio r, = 9.9,
operates with an air mass flow rate ni; = 17.9 kg/s, a combustion
chamber operating temperature of T, = 1430 K, and operates at an
ambient temperature T, = 288 K [74]. Also, the regenerator effective-
ness is €, = 0.775. Regarding global pressure losses during the heat ab-
sorbing and dissipating process, pressure loss coefficients
Dps = Dp; = 0.908 are defined, representing approximately 9.2% of re-
lative pressure loss in each of them [36,35,76]. Likewise, the effec-
tiveness of the heat exchanger associated with the receiver, the com-
bustion chamber and for heat dissipated to the environment are defined
as g, = 0.8, g, = 0.98 and g = 1.00, respectively. The latter implies that
all the heat available in the working fluid is delivered to the environ-
ment as if the cycle was open. In the same way, the isentropic effi-
ciencies of the compressor and the turbine are 7, = 0.815 and 7, = 0.885
[33,35]. The compressor inlet pressure is settled to P, = 111.5 kPa.

Initially, the thermodynamic model is assessed with data reported
by the turbine manufacturer comparing the power output, W,,;, the heat
engine efficiency, 7, and the turbine inlet temperature, T; (see Table 1).
The model implemented in Dymola ® for this work is capable of re-
producing the power output with a deviation below 0.7% and the heat

Thermal Science and Engineering Progress 20 (2020) 100679

engine efficiency below 1%. Table 2 presents results for temperature
values at the compressor outlet T; and turbine inlet T; and outlet T, and
the corresponding data reported for the Solugas plant [73], where
minimal variations are observed. Finally, the overall plant efficiency, 7,
the solar fraction, f, and fuel consumption, 7, are compared with re-
sults reported in [35], where an excellent adjustment of the model is
obtained. The results in Table 3 show that the highest error (i.e., 4.1%)
is gathered for the solar factor while the other components and vari-
ables are kept below 2.3%. For the validation, the direct radiation used
was I, = 860 W/m? and a lower heating value for the natural gas of
LHV = 47121 kJ/kg [35]. These results allow checking the capacity of
the model applied for the study of CSP plants under different condi-
tions.

4.2. Energy performance analysis for the solar plant under Colombian
conditions

This section presents the energy evaluation of the solar plant under
the Barranquilla conditions, as indicated in Section 3.2. The objective of
this section concerns the performance evaluation of the CSP under the
specific site and operating conditions. It includes the influence of (1)
ambient and turbine inlet temperature; (2) the system pressure ratio;
and, (3) available radiation in Barranquilla considering the month with
highest and lowest monthly global average daily radiation. For all si-
mulations, the lower heating value of the fuel is set to LHV = 42624 kJ/
kg according to the natural gas available in the area.

4.2.1. Ambient and turbine inlet temperature effect over CSP performance

Gas turbine performance is affected by anything that changes the
density and mass flow rate of the air intake to the compressor, being
ambient temperature one of the main variables that have a significant
impact on working fluid’s temperature. It has been estimated that an
increase in this parameter conduces to a decrease in the turbine power
output affecting the overall thermal plant efficiency. In this regard,
Barigozzi [77] estimates that for a 10 °C rise in the ambient tempera-
ture, power output can decrease between 5% and 13%. The effective-
ness of the heat exchanger used to release residual heat from the system
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Fig. 9. Comparison of I, for Seville and Barranquilla.
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Fig. 10. Hourly compressor (a) inlet and (b) outlet temperatures.

to its surroundings (process 7-1, Fig. 2) is changed to include the am-
bient temperature effect on the closed Brayton cycle performance de-
fined in Section 2.2. The effectiveness of the heat exchanger associated
with the combustion chamber is also modified (process 5-6, Fig. 2)) to
account for the turbine’s inlet temperature over the heat engine per-
formance. Heat exchangers' effectiveness can range between 0.8 and

12

0.94 [78]. Taking into account the previous and considering Solugas
plant studies[73], in this work, the effectiveness of both heat ex-
changers are settled at 0.94 and 0.98. The effect of both effectivenesses
on the cycle temperatures are plotted in Figs. 10 to 11.

Fig. 10a shows hourly compressor inlet temperature as a function of
heat exchanger effectiveness. For the case when both heat exchanger
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Fig. 11. Hourly turbine (a) inlet and (b) outlet temperatures.
has an effectiveness of 0.98, the average compressor’s inlet temperature Additionally, the ambient temperature throughout the day (see Fig. 9)
is 308 K. As the heat exchanger effectiveness is reduced to 0.94, the influences both temperatures profiles. About the turbine, the inlet
average compressor’s inlet temperature rises to 325 K, representing a temperature presents an average decrease of 1.5% when the heat ex-
5.4% increase respect to the previous case. Meanwhile, the average changer effectiveness is reduced from 0.98 to 0.94 as plotted in
increase in compressor outlet temperature is 5.1% (see Fig. 9,10b). Fig. 11a; whereas, the outlet temperature diminish 1.7% (see Fig. 11b).
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Fig. 12. Daily evolution of net power plant output (a), turbine power outlet (b)
and compressor inlet (c¢) under Barranquilla conditions.

Contrary to the compressor’s temperatures trend, the ambient tem-
perature has a minimum effect on inlet and outlet turbine temperatures,
being more dominant by the incoming direct radiation and the com-
bustion process.

As expected, the ambient temperature and then compressor and
turbine temperatures have a strong influence on the power delivered by

14
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the plant, as seen in Fig. 12a, where hourly net power output is plotted.
It is possible to observe that a small reduction in heat exchangers’ ef-
fectiveness (and their corresponding effects on the temperatures) con-
duce to a significant decrease in the power obtained from the CSP. The
decline in net power output is analysed concerning the reference case.
Mainly when operating conditions are settled for the reference case and
the ambient temperature is changed from 288 K to 298 K, it leads to a
reduction in power of 5.1%. Moreover, in this case, when the effec-
tiveness is 0.98 the average power decreases by 6.22%, however, when
it is settled to 0.94 the power decreases by 17.5%, compared to the
Solugas plant operating conditions. Following [14], to have a quanti-
tative idea of the amplitude of the oscillations due to ambient tem-
perature variations, we have computed the relative amplitude defined
as (Buax — Bnin)/Bnin, Presenting a value of 3.0% when the effectiveness
is 0.98 and is 4.5% when the effectiveness is reduced to 0.94.

Fig. 12b shows the turbine outlet power, while Fig. 12¢ presents the
compressor inlet power. As expected, turbine power output increases as
the inlet temperature augments; meanwhile, compressor inlet power
tends to reduce as the inlet temperature is diminished. The average
compressor power inlet is 6626.72 kW when ¢,. = g = 0.94; though, as
heat exchangers’ effectiveness is increased, the required compressor
power reduces to 6271.48 kW, corresponding to 5.3% less power.
Meanwhile, the average turbine outlet power only increases by 1.5%
with the effectiveness variation, confirming that the compressor inlet
temperature is the most critical factor influencing the net power output.

Additionally, since the above results were achieved keeping
working fluid mass flow rate constant, any rise in the inlet compressor
temperature will result in an expected increase in the compressor inlet
power and the subsequent reduction in overall power plant output and
efficiency. As observed, in the case of the compressor’s temperatures,
ambient temperature variation also affects the power required by the
compressor and then the released power of the thermal plant
throughout the day. Regarding fuel consumption, it maintains a similar
behaviour for both heat exchangers’ effectiveness, with only 0.7% de-
viation when there is no solar contribution and 0.3% when it reaches
the highest point.

Fig. 13 presents the overall hourly efficiency of the plant, 7, and the
Brayton heat engine, 7,. It is possible to corroborate that during night
hours, the Brayton heat engine and the combustion process mainly
dominates the overall efficiency as heat losses affect it to a lesser de-
gree. However, as the solar contribution begins to be significant, the
value of 7, decreases (see Fig. 13), mainly due to the increase in solar
concentration system losses (i.e., the greater the radiation, the higher
the temperature in the concentrator and the greater are the losses).
Besides, the efficiency variation is function of the ambient temperature
mostly for the heat engine, due to the effect over the compressor be-
haviour throughout the day.

Overall efficiency is also affected by heat exchangers’ effectiveness
as well as by the combustion process [33,36]. In this sense, when both
heat exchangers’ effectiveness are 0.98, the overall plant efficiency
presents a maximum of 35.48% and a minimum of 30.01% representing
a relative breadth of 18.22%. A reduction in heat exchangers’ effec-
tiveness to 0.94 implies that 7 presents a maximum value of 30.90%
and a minimum of 26.56%, which is a relative amplitude of 16.3% (see
Fig. 13), having a firm downward on 7. On the other hand, hourly
Brayton heat engine efficiency is not influenced by the total heat de-
livered, Qj,, which is regulated by the heat exchanger associated with
the combustion chamber. In this case, the relative amplitude is only
2.2% when g, = g = 0.98. However, the average reduction in 7, is 9%
as the heat exchanger effectiveness is reduced (see Fig. 13).

Regarding the efficiency of the solar receiving subsystem, 7, neither
the variation in the ambient temperature nor the heat exchanger’s ef-
fectiveness has a significant effect on it, representing a changing in this
value that not exceed 0.02%. This behaviour is because 7, only depends
on the solar resources and the concentration system. Solar efficiency is
only evaluated when the solar resource contributes to the plant
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Fig. 14. Hourly central receiver temperature T;; and receiver outlet working fluid temperature Tj.

operation (i.e., when the concentration system provides effective heat
to the working fluid). It presents a minimal variation throughout the
day; increasing during the first hours of the morning and a decreasing at
the end of the afternoon. The above behaviour is explained because any
increase in the solar resource conduce to a rise in the receiver tem-
perature, Ty, and therefore in the heat losses to the ambient. The be-
haviour of 7, through the day is a function of the solar radiation
showing not much variation in regions near the equatorial line
throughout the year. It is crucial to indicate that reference values were
used for the development of the present work and a constant amount of
7, was used and no transient behaviour of T, as function of I,, was
reported in [35].

15

Finally, temperatures influenced by the solar concentration system
are shown in Fig. 14-16. The receiver outlet working fluid temperature,
T,, presents a difference that does not exceed 1% for both of the heat
exchanger’s effectiveness. Additionally, it is essential to observe that T,
has a parabolic shape that matches the pick of the solar resource and
keeps below the solar receiver temperature, Tj;. This temperature
reaches its maximum point around noon when heat losses in the re-
ceiver are higher and T, is 3.53% greater than T;.

4.2.2. Influence of the pressure ratio on CSP plant performance
The pressure ratio has a significant effect on gas turbine perfor-
mance. In this section, the influence of this variable is analysed
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Fig. 16. Influence of the pressure ratio on the overall and heat engine efficiency at different moment during the day.

Table 4
Optimum points of efficiency.
7 (night) 7 (9 A.M.) 7 (noon) M
Tp 6 6.1 6.4 6.8
Value 0.3298 0.2950 0.2756 0.3604

concerning the efficiency and power output behaviour. Simulations
were developed with an average constant ambient temperature of 300 K
and varying CSP plant pressure ratio, r,, between 2 and 20. The heat
exchanger effectiveness associated with the combustion chamber and
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the one used to release residual heat from the system to its surroundings
is modified. First, net power output is assessed considering values for
ene = 0.98 and ¢ = 1, corresponding to values currently used for the
thermodynamic model validation and operation condition of the
Solugas plant (Section 4.1). The second case corresponds to the speci-
fications when ¢, = g = 0.94, as reported in Section 4.2.

Fig. 15 shows results for both cases considering the influence of the
pressure ratio on the net power output. The first case (dashed line)
corresponds to the operation of an open cycle (i.e., & = 1 means all the
heat available in the working fluid is delivered to the environment). As
can be observed, the maximum power (MP) is obtained for r, = 9.7,



F. Moreno-Gamboa, et al.

Thermal Science and Engineering Progress 20 (2020) 100679

05 —
Te (Hh,max)
04 |
03 * —
0.2
f (ﬁ h,max)
0.1 r
f (ﬁ h,min)
0 1 o 1 1 1 'Y 1 J
0 3 6 9 12 15 18 21 24
Hour
Fig. 17. Daily evolution of global radiation on solar share and fuel conversion rate.
03 r
0.28
0.26
o)
Q
> 024
a3
—/
S
&
0.22
0.2 ¢
0.18 Il Il Il Il Il Il Il J
0 3 6 9 12 15 18 21 24
Hour

Fig. 18. Daily evolution of global radiation on fuel consumption.

close to the operation point (OP) that occurs when r, = 9.9. Regarding
the second case (continuous line), it is possible to observe a decrease in
the net output power plant associated with the reduction in the heat
exchanger effectiveness. The maximum power point position moves to
the left respect the reference case to a value of r, = 8.6.

Fig. 16 shows overall and heat engine efficiencies as a function of
different moments during the day. In this case, the same average am-
bient temperature was used for the three cases, to observe the effect of
solar contribution. In this sense, results are obtained for (1) night hours
(i.e., when there is not solar contribution), and two specific hours of the
day (2) 9 A.M. and (3) noon. Table 4 also presents values of r,, for which
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7 and 7, become the maximum and their respective values. It is ob-
served that the optimum points vary respect the operation point
(rp,or = 9.9) and the maximum power point (r,yo = 8.6) through the
day. Minimum overall efficiency values are obtained at noon where
maximum heat losses are attained, while the behaviour improves as the
solar contribution comes nil during the night.

4.2.3. Influence of Barranquilla radiation variation on the CSP plant
performance

As indicated in Section 2.1, direct radiation depends on daily
average values of diffuse and global radiation in the specific location.
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Table 5
Molar fraction, standard chemical exergy and molar mass of natural gas com-
ponents in Barranquilla.

Component  Molar Standard chemical exergy =~ Molar mass [kg/
fraction [kJ/kmol] kmol]

CHy 0.8987 836510 16.43

CyHe 0.0587 1504360 30.07

CO, 0.0178 20140 44.01

C3Hg 0.0178 2163190 44.097

C4Hio 0.0073 2818930 58.124

The previous results were obtained with the annual mean values of both
global and diffuse radiation. In this section, the influence of global
radiation on the plant operation is presented and is estimated for the
middle day of March (n = 75) where the global radiation H, is max-
imum and for the middle day of November (n = 315) when it is
minimal. The average ambient temperatures of these two months are
also used [72]. Variations in the global radiation have a significant
effect on the amount of solar transfer to the working fluid, and then the
fuel consumption and the overall plant efficiency. Fig. 17 shows the
solar heat fraction transfer to the heat engine, f; as expected, the solar
resource variation disturbs the solar fraction. In particular, for the
month of lowest radiation, the solar factor decreases by 31.4% at noon
for the day of the month with more solar radiation. Fig. 18 shows the
daily evolution of fuel consumption for both the global radiation (hy-
brid conditions) and the plant operating without the solar concentra-
tion system (I, = 0). The area between consumption during hybrid
operation and the line of operation without the solar system represents
fuel savings. The estimated consumption is hourly-averaged to account
the radiation variation effect over fuel intake, implying a daily fuel save
of 9.21% when Hj, ;4 and 6.3% when Hj, ). A similar behaviour was
estimated for the Solugas plant, where average fuel savings varied be-
tween 4% and 11.7% depending on the season [35]. Additionally, the
fuel conversion rate, r,, presents a 12.3% decrease as solar contribution
reduce through the day and between both extreme conditions (see
Fig. 17) with a relative difference of 0.84%.

Fig. 19 shows the effect of the solar global radiation on the overall
plant efficiency. For the day of highest radiation, the relative amplitude
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of the yield is 20.88%, and for the day of the lowest radiation, it is
14.57%. Additionally, for the moment of the higher radiation (midday),
the overall efficiency decreases by 5.8%. Besides, the influence of ra-
diation changes on the solar concentration system efficiency daily
evolution can be neglected since it represents a relative difference of
0.84%. As observed, several factors can affect the cycle efficiency; in
particular, the pressure ratio presents a significant impact, showing that
for the evaluated range, n reduces by 49%. Conversely, when solar
radiation is maximum, the efficiency is reduced by 15% regarding the
night hours. Meanwhile, for the months of maximum and minimum
radiation, the difference in # is only 5%, while the temperature varia-
tion hardly varies the efficiency of the cycle by 2.3%.

5. Exergy analysis of the hybrid thermal solar plant

The previous section presented the thermal hybrid solar plant en-
ergy analysis under Colombian conditions. In this section, the exergy
analysis of the CSP plant is shown. As noted in Section 2.3, exergy
destruction is estimated from enthalpy and entropy values at each state
within the power cycle and the operating conditions of the solar con-
centration system. However, evaluation of fuel, air, and combustion
gases (including the combustion air excess) exergy is required to de-
termine the exergy destruction of the combustion chamber and the
associated heat exchanger.

According to the previous, Table 5 presents natural gas molar
composition used to evaluate the molar mass [67] and standard che-
mical exergy of each component [79]. Fuel specific energy is obtained
from Eq. 54, and then divided by the natural gas molar mass
PM,,; = 18.1749059 kg/kmol, which is average-weighted considering all
components [53]. The combustion air exergy is evaluated similarly, by
taking air as a reference with a composition 21% of O, and 79% of H,.
Regarding the exhaust gases, a combustion analysis was carried out
with 300% air excess to ensure complete combustion, leading to
T, = 48.82r;.

5.1. CSP plant components exergy destruction

Exergy destruction analysis complements the energy study per-
formed in Section 4. Results in this section are for the same hours used
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Fig. 20. Hourly evolution of exergy destruction (a) and exergy destruction fraction (b) of each component.

to estimated direct radiation with the DNI solar model and ambient
temperature T (see Fig. 9 and Section 3.2) for the conditions of Bar-
ranquilla. Fig. 20a shows hourly exergy destruction of all thermosolar
components. It is observed that the maximum exergy destruction occurs
at the combustion chamber, E;., reaching an average value of
6177.08 kW that decreases as fuel consumption is reduced (corre-
sponding to a rise in solar contribution) to a minimum of 4472.78 kW,
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representing a downward of 27.5%. Available chemical fuel exergy and
the elevate temperature of this process are the reasons for such high
exergy destruction values. Fig. 20a also shows that the daily evolution
of the exergy destruction of solar concentration components increases,
as the solar contributions become significant, reaching a maximum
value at midday: 2203.23 kW for the heliostat field and 630.99 kW for
the solar receiver.



F. Moreno-Gamboa, et al.

Table 6
Exergy destruction fraction of in each component.

Variable Night (average) 12 P.M. (noon)
Turbine (FEW) 0.04495 0.04028
Compressor (FEd,c) 0.05382 0.04823
Regenerator (FEq,,) 0.0070 0.00685
Atmosphere heat exchanger (FEqq) 0.3060 0.2772
Combustion chamber (FEg ) 0.5881 0.3840
Heliostat field (FEq,ne) 0 0.1891

Central receiver (FEg,,c) 0 0.05418

Additionally, Fig. 20b shows the hourly variation of the exergy
destruction fraction of the thermosolar plant components. The helio-
stats field reaches a maximum contribution (18.97%) at noon, while the
solar receiver attains a maximum of 5.41% at that moment of the day.
The heat exchanger used to release residual heat from the system to its
surroundings is the second lager contributor to the exergy destruction
component of the plant, with an average of 3218.89 kW. Concerning
other parts, the variation of the exergy destruction is smaller, being the
regenerator the element that less exergy destroys with an average of
75.28 kW. Table 6 shows values for the exergy destruction fraction for
other components of the plant and two different moments during the
day. As expected, when the solar concentration system is included, the
exergy destruction fraction of the other components reduces at midday.

5.2. Influence of heat exchangers effectiveness on exergy destruction

As was presented before, the heat exchanger associated with the
combustion chamber and the one used to release residual heat from the
system to its surroundings have an essential effect on the energy per-
formance as well on the exergy destruction of the CSP plant. Following
the analysis presented in Section 4.2, the effectiveness of both heat
exchangers is settled to 0.94 and 0.98 to account for the effects of this
parameter (and compressor and turbine temperatures) on exergy de-
struction and efficiency throughout the day. Fig. 21a shows that the
exergy destruction of the heat exchanger associated with the combus-
tion has an average increase of 7.8% during no solar contribution hours
when heat exchanger effectiveness is reduced. In the case of the heat
exchanger that transfer heat to the environment, the increase is 8.98%
when effectiveness is decreased (see Fig. 21b). Heat exchanger effec-
tiveness variation affects the destruction of exergy of the plant, pre-
senting an average increase of 6.59% during the night and of 4.76% at
midday. Reduction of heat exchangers effectiveness leads to an increase
in the irreversibilities of the components and therefore, in the exergetic
efficiency of the plant, as presented in Fig. 22. Concerning the overall
plant and Brayton engine exergy efficiency, a performance reduction of
the plant is observed: overall exergy efficiency has an average decrease
of 13.32% at night and 11.77% at midday; however, the exergy effi-
ciency of the Brayton heat engine drop is 9.05%.

5.3. Influence of pressure ratio on the exergy efficiency

In this section, the evolution of the overall exergy efficiency during
night hours and two specific hours of the day (9 A.M. and 12 P.M) is
presented. Fig. 23 shows that exergy efficiencies have similar behaviour
to those obtained for the energy analysis (see Fig. 16). It is also ob-
served that the maximum values of efficiency and exergy efficiencies
are achieved for similar amounts of the pressure ratio between 5.7 and
6.1 (see Table 7). However, the importance of the overall exergy effi-
ciency 7, are lowered respect to those of the overall efficiency, mainly
due to the large amount of exergy destroyed at relevant components
such as the combustion chamber and the heat exchanger to the en-
vironment. Additionally, around noon, 7,, attains its minimum value
because of the inlet exergy to the solar concentration system (heliostats
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field and central receiver) as shown in Fig. 21. Regarding the exergy
efficiency of the heat engine 7),,, this is greater compared with the first
law heat engine efficiency 7),, due to the fact that less exergy enters the
Brayton heat engine and a smaller amount of exergy for the same power
is destroyed.

5.4. Influence of the global radiation in the exergy destruction

Global radiation also has an impact on the exergy destruction of the
solar concentration system, according to the proposed model. Fig. 24
shows the exergy destruction evolution when global solar radiation
attains its minimum and maximum value (see Section 4.2.3 for the
conditions used). An increase in the exergy destruction at the heliostats
field around 40.1% and 56.3% at the central tower receiver at midday
is observed, with a considerable variation between days of higher and
lower radiation. On the other hand, Fig. 25 presents the overall exergy
efficiency variation in terms of global radiation. At the moment when
solar contribution begins, a decrease in 7),, is observed, as is the case of
the overall efficiency 7 (see Fig. 19). In this sense, for the day with
higher global radiation, the relative amplitude is 10.3%, and for the day
with the minimum value, it is 7.3%. Finally, the influence of the am-
bient temperature variation trend is also observed on the exergy effi-
ciency, especially during no solar contribution operating conditions.

6. Conclusions

The DNI model used to estimate hourly solar radiation for the
Colombian cities, present RMSE (Mean Squared Error) and the MABE
(Means Absolute Bias Error) acceptable values according to the litera-
ture when was used to predict the global radiation of Seville, validating
its use for the study performed in this work. As observed in the results,
the city selected to evaluate the performance of a CSP plant under
Colombian conditions, presents an average global radiation value si-
milar to the reference case (Seville, Spain), but with a lower variation
throughout the year of this variable as well as the ambient temperature.

The thermodynamic models for both energy and exergy analysis had
been used to estimate the CSP plant operation at different times of the
day, where its accuracy was evaluated by systematically replicating the
results of the Solugas plant with an error level acceptable for this kind
of predictions. The model also allows different configurations of the
plant, such as the use or not of regenerator or hybridization system.
That allowed the model to be validated concerning data from a com-
mercial turbine and literature referring to a research and development
project that is currently in operation, the results of the validation shown
a good fit between the values estimated by the model and the reference
data. Results for the CSP power plant, in terms of energy and exergy
efficiencies, were evaluated to determine the effect of the selected site
and operational conditions on the overall plant performance.

Taking into account that in latitudes such as Colombia, the hours of
sunrise and sunset do not vary as much as if it occurs at very high
latitudes [35]. Then in hours of available solar resources, the increase
in the global radiation augments the solar fraction and therefore re-
duces fuel consumption. Thus, the influence of irradiation on the solar
fraction and fuel consumption is most noticeable. Solar radiation var-
iation affects a smaller proportion of the efficiency of the solar con-
centration system around noon, being significant near the sunrise and
sunset. Additionally, a rise in radiation implies an increase in exergy
destruction in both the field of heliostats and the solar receiver, which
decreases the exergetic efficiency of the plant. Then, the maximum
energy and exergy power values occur at higher-pressure ratios com-
pared with the point of maximum efficiency, which are presented in a
range of pressure ratios between 5.7 and 6.4. In contrast, the maximum
power of the cycle is given to 8.6.

Results for the operation of the CSP plant under Barranquilla con-
ditions using air as a working fluid present almost constant power va-
lues. The implementation of the combustion chamber as a
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Fig. 21. Influence on the exergy destruction of heat exchanger effectiveness at combustion chamber (a) and for release heat to ambient (b).

complementary device and the low variation in ambient temperature
conducted to a relative amplitude of 4.5%. Additionally, the reduction
in the heat exchangers effectiveness associated with the combustion
chamber and the heat release to the environment, have a direct effect
on the performance of the hybrid solar plant, by reducing power by
12% and overall efficiency in an average of 12.15%. Taking into

21

account the exergy destruction fraction in the combustion chamber
which reaches a maximum of 0.58, it is possible to develop a more
detailed analysis of said component and evaluate options such as the
use of alternative working fluids with different operating temperatures
to improve the plant’s performance. Additionally, the heliostat field
represents a significant exergy destruction fraction at noon, which
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Table 7
Optimum points of exergy efficiency.
e (night) Nex (9 AM.) 7 (MoON) Doxh
" 5.7 6 6.1 6
Value 0.2863 0.2695 0.2658 0.4980

opens the way to develop a process for optimizing the size and dis-
tribution of the field. Finally, the destruction fraction of exergy in the
ambient heat exchanger (=0.30), encourages the evaluation of a bot-
toming cycle to take advantage of the heat transfered to the
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environment. Additionally, it is observed that the Mercury 50 turbine
operates near its maximum power point, as seen in Fig. 15.

In the end, the performance of the CSP plant under Colombian
conditions presents a similar trend the behaviour reported for the only
know operative hybrid thermosolar plant in operation with a Brayton
cycle at the scale of MW. This supports the hypothesis that optimized
CSP plants in union with traditional fossil thermal cycles can be used to
produce energy in Colombia, decreasing dependence on fossil fuel and
the associated environmental impact.
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