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Abstract. This work presents the evolution of the operation of a regenerative hybrid solar gas
turbine in an average day of the year. The system is evaluated by means of a thermodynamic
model that includes a solar concentrated heliostat field solar concentrator with central receiver,
a combustion chamber, and the thermal engine. The model is applied in Barranquilla, Colombia
using local temperature and the solar radiation estimated with a theoretical model. Power output,
the global efficiency and thermal engine efficiency are estimated. Additionally, to estimate the
temperatures in different states of the cycle with and without regenerator. Finally, the impact of
the regenerator is evaluated, which can increase the temperature of the solar receiver by up to
13.6%, and the inlet temperature to the combustion chamber increases by 17.3% at noon, when
solar radiation is maximum.

1. Introduction

The growth in energy demand associated with population growth and industrial development reinforces
the need to develop new means of energy production that allow the reduction of polluting emissions.
concentrated solar power (CSP) are systems that concentrate solar energy to supply heat to a working
fluid within a power cycle and can help meet current energy needs [1]. The CSP systems coupled to gas
turbines stand out for their flexibility in terms of possible configurations, reliability in operation and
scalability in size and generation capacity [2].

In hours without solar resource, several alternatives have been developed as energy sources, among
them, thermal storages whose main restriction is the low operating temperature, which makes them very
useful in Rankine cycles [3]. To meet the high temperature requirements of Brayton cycles, it is possible
to use hybridization [4], which involves incorporating a combustion chamber, which should be
controlled to achieve an approximately constant turbine inlet temperature independent of solar resource
variations and guaranteeing continuous operation when radiation is not present [5]. An interesting solar
concentration option for this type of system is the heliostat field and tower with central receiver, which
is very well adapted to the inclusion of combustion chamber [6]. At the experimental level, a megawatt-
scale plant called Solugas has been developed with a 4.6 MW Mercury 50 gas turbine [7] and will serve
as a reference for this work.

This paper presents a model has irreversibilities in its components and a basic analysis of the solar
concentration. Additionally, with few parameters it allows evaluating temperatures, efficiency, and
power. Finally, an analysis of the plant under atmospheric conditions of Barranquilla, Colombia, is
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presented, showing the evolution of the main operating parameters of the plant throughout a day, such
as power, efficiencies, and temperatures.

2. Solar hybrid thermal power plant and models
This section presents the schematic of hybrid solar turbine and then describes the solar resource
estimation model and the thermodynamic model of the plant operation.

2.1. Overall plant model

The configuration of a closed-cycle hybrid CSP plant operating with air Figure 1(a) and temperature vs.
entropy diagram Figure 1(b) is observed. The plant layout consists of a compressor (process 1-2), a
regenerator (process 2-x). Next, a solar receiver (process x-y) receives concentrated irradiation from
heliostat field and delivers heat to the air through a heat exchanger. This is followed by a combustion
chamber (process y-5) that burns natural gas. The working fluid reaches turbine (process 3-4) and
ambient heat exchanger (process 1-z).

Combustion T

L, R T Y
- eoeptor Chamber

Heliostat
Field e
Eegenerator
Compressor
z
1@
Heat Exchanger S

(a) (b)

Figure 1. (a) scheme of the solar hybrid gas-turbine plant; (b) temperature-entropy diagram.

2.2. Solar estimation model

In Colombia, there is no access to direct solar radiation data in many parts of the country, and given the
need to estimate the solar resource, it is feasible to use models such as the one developed by Gueymard
(DI model) [8]. In DI model, the hour to day relationships for diffuse rq and global r; radiation is
introduced. Additionally, Dy, and Hy, represent long-term monthly daily averages for global and diffuse
radiation. Direct solar radiation Ig, can be estimates with Equation (1) [8].

Ig = rtHH_rdBHa (D

2.3. Power plant thermodynamic model

Based on the work carried out by Moreno et al [9] and according to system diagram, the thermodynamic
model is described below. The solar concentrating system efficiency can be defined by the Equation (2)
[9]. Where A, and A, represent the area of heliostat field and central receiver respectively, Ts is the
temperature of central tower receiver, U; is conduction and conversion heat transfer coefficient, a is the
central receiver emissivity, o is the Stefan-Boltzmann constant and 1 is the optical efficiency of the
heliostat field.

Nl = (1580 = 56 (1 = 10) = Ar(Ui(Ty = To) + ao(T = T8))) /(lsAo). ®

In the central tower receiver, heat is delivered to the working fluid, by means of a heat exchanger
with effectiveness gg; both defined in Equation (3) and Equation (4) [9].
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& = (Ty - Tx)/(Ts - Ty, 3)
Qs =m (hy - hx)- 4)

The ultimate heat supply is given in the combustion chamber Q. and heat exchanger of the
combustion chamber €. can be evaluated by Equation (5) and Equation (6) [9], where 1 is the
combustor efficiency, Qny is the lower heating value of the fuel and my is the mass flow rate of the fuel

Qc = Ncc € Qv Mg = M (h3 - hy)a Q)

g = (Ts - y)/(Tc - Ty)~ (6)

Also, is defined the total heat supplied (Qy,) to the working fluid (see Equation (7)) and solar factor
(see Equation (8)).

Qn = Qc + Qs = (hs —hy), (M

f= QS/QH = Qs/(Qc + Qs) 3

In addition, the cycle releases heat to the environment Q,, with an effectiveness &,, which is
expressed in Equation (9) and Equation (10) [9].

Qa =m (hz - hl): ©)

€ = (Tl - z)/(TO - Tz)- (10)

The efficiency of the thermal machine or power cycle 1, and the power output of the solar thermal
plant, P, are evaluated for Equation (11) and Equation (12) [9].

P, = m ((hs —hy) — (h, —hy)), (11)
Nme = Pn /Qu (12)
The overall efficiency of plant is estimated in Equation (13) [9].

N =Py /(¢ Quny + I Ao), (13)

Finally, the fuel conversion factor (see Equation (14)) [9] of plant is defined as the power generated
over the heat of the fuel consumed [2].

r¢ = P, /(¢ Qpy). (14)
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3. Result and discussion
This section presents the validation of the DI model and thermodynamic model. Additionally, the results
of the evolution of the operation of the hybrid solar turbine are presented.

3.1. Validation models

This section presents the validation of the models. Due to the lack of publicly available Iz data in
Colombia, the DI model is initially evaluated with data reported for Seville. The data obtained with the
DI model and those obtained in Meteosevilla website are compared by means of mean absolute bias
error (MABE) with a value of 0.2010085 and root mean square error (RMSE) with a value of 0.226616,
which are considered acceptable according to the literature [10]. Regarding the thermodynamic model,
the validation results are presented in Table 1 with maximum errors of 1% which indicates a strong
correlation of the model.

Table 1. Thermodynamic model assessment.

Py NMT T; (K) T, (K)
Model 4635.4 0.385 1422 914
Reference 4600 [11]  0.39[11] 1423 (2] 921[2]
Error % 0.7 1 0.07 0.7

3.2. Simulation and results analysis

The variation of the power output of the plant over the average day of the year with respect to the hourly
average ambient temperature it shows in Figure 2 [12]. Where the power is strongly influenced by the
ambient temperature because a reduction in Ty implies an increase in the net power given the increase
in the ratio between the maximum and minimum temperature of the cycle. The relative amplitude of the
power output is 3% and the solar radiation has no effect on the power output. Plant efficiencies have
been evaluated over the average day of the year and these curves are shown in Figure 3. Thermal engine
efficiency Ny, remains almost constant as it depends on Qy and P,. The influence of combustion
chamber efficiency and the solar concentration system is not observed and 1y, it reaches an average
value of 33.3%.
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Figure 2. Evolution of ambient temperature and Figure 3. Evolution of plant efficiencies over
plant power during the day. the day.

The overall efficiency of the plant, in addition to being influenced by the combustion chamber
system, is significantly impacted by the solar concentrator system and its efficiency, which is why it is
observed that in the central hours of the day n decreases as a result of energy losses in the solar
concentrator. In the case of Barranquilla, the hours of influence of the solar concentrator do not variate
much on the year since the sunrise and sunset times barely vary by 33 minutes throughout the year and
the influence of the seasons is not present. The same happens with the solar noon which varies around
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12 m throughout the year and at this time for the simulated average day. The average value of 1 at night
1s 30.7% and at noon it is 26.2%, a reduction of 14.6%.

Heliostat field efficiency is a function of cosine effect, blocking factor, attenuation, and shading,
along with mirror reflectivity. However, the basic solar concentrator model used takes a global average
value of the optical efficiency (no=0.73 [13]) and nonlinear losses in the central tower receiver, without
being a dynamic model. Figure 3 shows the evolution of 1.5 shown only when the system can provide
effective energy to the cycle, significant variations are observed in the morning and in the afternoon but
around noon. The curve forms a plateau due to the increase of the losses in the solar receiver that are a
function of Ts and in which 1y does not vary, despite the increase of Ig. At noon ns has a value of 69.1%.

Figure 4(a) shows the evolution of the operating temperatures of the plant throughout the day without
regenerator, which logically does not include the regenerator outlet temperatures (Ty and T,). The
compressor outlet temperature, T,, varies due to the influence of ambient temperature as does the
compressor inlet temperature Ty, both varying around 700 K and 305 K respectively. The tower receiver
takes the air from T, to Ty reaching a maximum value of 856 K and presenting a profile similar to that
of Ty and Ig. Additionally, the turbine inlet temperature T; is kept almost constant due to the operation
of the combustion chamber at values around 1420 K, which ensures that P, is also almost constant.

Figure 4(b) shows the evolution of the operating temperatures of the plant operating with regenerator
(.= 0.77), as well as the regenerator outlet temperatures T, and T, with average values of 852 K and
706 K, respectively. The above shows the reduction in fuel consumption since the combustion chamber
must provide heat from Ty and not from T, as it did without the regenerator. Finally, the solar receiver
temperature reaches a maximum value of 1038K and Ty, of 1000 K.
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Figure 4. Evolution of the plant temperatures; (a) without regenerator; (b) with regenerator.

According to the temperature variation in the operation of the plant, a direct effect on the reduction
of fuel consumption can be seen when part of the energy required by the plant is supplied by the solar
concentrator, as shown in Figure 5(a), which shows the evolution of the fuel consumption (1) of the
plant during the day of operation with the regenerator (£,=0.77). At night, fuel consumption varies as a
function of ambient temperature, but when the solar resource is available, my is reduced as a function of
the increased concentrator input. Figure 5(a) presents the consumption without solar concentrator
(dashed red line) and with the solar concentrator blue line, the area between the two lines is the daytime
fuel savings, which is estimated at 6.3%.

Figure 5(b) shows the fuel conversion factor ry, which remains approximately constant during
nighttime hours given the minimum variation in power and fuel consumption, but with the solar
contribution reaching a maximum value of 0.42. Additionally, the solar factor, which goes from zero at
night to a maximum value of 0.2546 at midday, indicates that the concentration system studied
contributes a maximum of 25% of the heat received by the power cycle.
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Figure 5. Evolution of fuel consumption; (a) solar factor; (b) fuel conversion rate.

4. Conclusions

A thermodynamic model of a thermal plant coupled to a solar hybrid system is presented, which has a
model for estimating direct solar radiation, which allows estimating the operating conditions of the plant
at any place and time of the year. Additionally, the model supports the ambient temperature of the site
and the temperature of the combustion chamber. The model also allows evaluating the operation of the
plant in different configurations, such as the elimination of the solar concentrator chamber and the
regenerator.

The Solugas experimental plant was used as a reference to evaluate the model and its possible
operation in the city of Barranquilla, Colombia. It is observed that technically the plant can operate in
this city, however, an optimization of the heliostat field and the configuration of the solar concentration
system is required, considering the possible variations in the distribution of the heliostats and the total
size of the field, in order to evaluate in detail its efficiency.

The concentrating solar power system can achieve a daily fuel consumption savings of 7.7% being
in the range estimated (between 4% and 11.7%) for the same configuration at Solugas, Spain. However,
a detailed analysis of the solar concentration system, especially the optical efficiency and the adequate
distribution of the heliostat field for the city of Barranquilla, where the application of this type of
technology is feasible, is deemed convenient.
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