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Abstract

Due to decrease of oil reserves, the international commitment for the reduction of pollutant emissions and environmental
protection, renewable energy sources are intensively studied, including solar energy applications. However, solar energy is not
constant and one possible alternative are solar hybrid thermosolar power plants. A hybrid solar gas turbine has three subsystems:
a solar concentrator with heliostat field and central tower receiver, a combustion chamber, and a regenerative gas turbine. A previous
thermodynamic analysis allowed shows an energy and exergy study of the plant, from a thermodynamic model of the system that
has a method of solar resource estimation. However, this analysis did not allow evaluation of the energy losses in the system compo-
nents, although the original model considered the typical irreversibilities of these cycles. This work aimed to develop a thermody-
namic model that estimates the energy losses in the subsystems and the solar hybrid gas turbine components from a few parameters.
The model estimated the energy losses for a Brayton cycle hybrid solar thermal plant throughout the day July 20 in Barranquilla,
Colombia. A Dymola compiler in Modelica language was used to evaluate the model, which facilitates the estimation of the results
at different times of the day. In this case, the computations were performed hourly throughout the day. In the results, energy losses
were 16 % in the solar concentrator when the solar resource was the maximum at noon and close to 1 % in the combustion chamber.
Therefore, the hybrid solar Brayton cycle system is technically feasible and reduces fuel consumption. Consequently, it is important
to continue developing concentration systems and reduce their energy losses.

Keywords: gas turbine, energy losses, solar concentrator, heliostat field, central tower, energy flows, solar radiation, effi-
ciency, combustion chamber, power plant.
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1. Introduction

Over the past ten years, the energy demand from fossil fuels increased by 1.7 % annually,
while the demand for renewable energy, including hydropower and biofuels, increased by 4.4 %
annually. However, 80.3 % of the energy consumed comes from fossil fuels [1]. For example,
in Colombia, 69 % of the electrical power is generated by hydraulic systems, 29 % by thermal
plants using coal and natural gas, and only 0.3 % by renewable sources [2].

Solar energy is an important source of renewable energy. Photovoltaic systems have reached
a significant level of technological maturity; however, researchers still seek to develop materials
with greater efficiency [3]. Solar radiation can also be concentrated by a relationship between a re-
flecting surface that receives the direct radiation and concentrates it on a smaller receiving surface.
The concentrated energy at the receiver is delivered to a working fluid within a power cycle, de-
fining Concentrating Solar Power (CSP) cycles [4]. Concentrating solar power systems range from
a parabolic dish, Fresnel, parabolic trough, and heliostat to central tower field concentrators, the
last two being the most developed at present [5].
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Although there are several concentrating solar power systems, the most developed are the
parabolic trough and central tower heliostat systems, which have been successfully applied in
steam cycles with and without thermal storage [6]. An application under development focuses on
coupling CSP systems with gas turbines, which can operate in several configurations and power
ranges, making them very versatile in terms of location and type of application [7, 8].

Gas turbines can generate more power by increasing the maximum temperature of the cycle.
However, the solar resource is not constant, which is a challenge that can be solved by hybridi-
zation with a combustor that keeps the turbine inlet temperature as high and stable as possible,
even when the solar resource is not available [9]. Hybrid gas turbine systems with heliostat field
solar concentrators and central towers are not commercially available except for small models up
to 100 kW [10]. However, experimental designs in investigation and development confirm that the
technology is technically feasible [11, 12]. Hybrid CSP systems with gas turbines still require im-
portant work in the coupling and control of the hybrid heat supply system with the power cycle [13],
the solar receiver [14], and the use of combined cycles [7]. Moreover, the possibility of using dif-
ferent working fluids, such as carbon dioxide, in supercritical conditions can generate significant
advances for its high efficiency due to the low work required by the compressor [15, 16].

The northern region of Colombia has the potential to develop concentrating solar thermal
systems [17]. Then, it is important to evaluate the operation of these systems in this region and
contribute to the search for new energy sources that allow diversifying Colombia’s energy basket.

The main goal of this work is to evaluate the energy losses and flows of a solar hybrid Bray-
ton cycle power plant with a heliostats field concentration system and receiver in a central tower.
In the development of the work, the following objectives are met. First, develop a model for esti-
mates the energy losses and flows in the different components of the plant subsystems during an
average day of the year. Second, the plant operation is evaluated in Barranquilla, Colombia, using
its climatic conditions and the parameters of a plant called Solugas in Spain.

2. Materials and methods

2. 1. Object of the study

A crucial parameter in evaluating concentrating solar power systems is the availability of
information on direct solar radiation at a particular place, ideally from reliable long-term mea-
surements [4]. However, many countries like Colombia have no robust infrastructure to measure
and process solar radiation data over large areas. In this sense, researchers have developed models
to estimate solar resources in different locations and days of the year, such as the Daily Integra-
tion (DI) model developed by [18]. The DI model is considered the most accurate after being com-
pared with measured data and results from similar models at different locations [19, 20].

It is necessary to evaluate the energy losses in the hybrid solar turbine and develop a model
for estimates the energy losses and flows in the different components of the plant subsystems
during an average day of the year. The plant operation is evaluated in Barranquilla, Colombia,
using its climatic conditions.

2. 2. Solar model

In the DI model, the total irradiance on a horizontal surface, Iz, is the sum of its compo-
nents, the direct irradiance, Iy, and the diffuse irradiance, I,. Therefore, direct radiation is shown
in equation (1):

Iy =TI, — 1. Q)]

To distribute values during the day, let’s present below the hour-to-day relations for dif-
fuse 7, and global 7, radiation, according to equations (2) and (3):

74 =1q, / D, )
=1y, / Hy, 3
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Dy, and Hj, represent the long-term monthly average daily value for total and diffuse radiation
found at the National Aeronautics and Space Administration [21]. Equation (4) express Direct
radiation as a function of the time of day and global and diffuse radiation:

Iy =1, Hp — 14Dy C))

2. 3. Thermodynamic model of energy losses

This research considered a hybrid Brayton cycle solar plant (Fig. 1) shows the scheme, and
Fig. 2 displays the diagram where the plant’s main subsystems and energy flows. The plant has
three subsystems. The first is a solar concentration subsystem with a central tower and a heliostat
field. The second is a combustion chamber that consumes natural gas to complete the energy supply
required by the third subsystem, defined as the power cycle.
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Fig. 1. Schematic of the Brayton Cycle Hybrid Solar Power plant
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Fig. 2. Power plant energy flows

In [22, 23] has been presented a detailed thermodynamic model of a hybrid solar Brayton
cycle power plant operation. Based on this model, the energy flows are shown below, including
energy losses in the different components of the plant. The description of the energy flows and
the variables in Fig. 2 are described below. In the solar concentrator, the heliostat field of the
area A, receives direct solar radiation (Fig. 1, 2). Therefore, the energy flow entering the plant
through the solar concentrating system is defined by the equation (5):

Qis = Ly Ay. ®)
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The heliostat field is characterized by its optical efficiency (n,), defined as a function of
blocking and shadowing, intersection, mirror, cosine, and atmospheric effects.

However, using constant average values to analyze the concentration system is pos-
sible, according to [13, 24], which allows defining energy losses in the heliostat field (L,), by
equation (6):

L, = I A (1-m,). (©6)

The receiver area (A,) concentrates the energy flow from the heliostat field. This area con-
tains the receiver losses (L), including conduction and convection losses, which a single coeffi-
cient can summarize Uj, as shown in the first term of equation (7) [25]. In addition, the receiver
presents losses by radiation described in the second term of equation (7), where a is the receiver
emissivity, ¢ is the Stefan-Boltzmann constant, and T, and T, are the receivers and room tempera-
tures, respectively:

L =UiA (Tys - T,) + acA, (Tj ~ T.}). (7

In the tower receiver, the fluid receives energy through a heat exchanger characterized by
its efficiency &, so the fraction of energy lost is multiplied by the heat entering the heat exchanger,
Energy lost in the heat exchanger (L;z,,) of the solar receiver as seen in the equation (8):

Lips =(]bhAn —Ipp Ay (1—710)—[‘;'5)*(1—8}[:)- (8)

Regarding the combustion chamber, the energy input (Q;.) with the fuel can be defined as
a function of lower heating value (Qy;,) and the mass flow of the fuel (m/) (see equation (9)):

Qic = Quomy - ©

Considering that the efficiency 1. defines the combustion, and equation (10) estimates the
losses in combustion process (L) is:

L= thvmf(1 = MNee)- (10)

In the combustion chamber, the working fluid receives energy through a heat exchanger
characterized by efficiency (gj.). In this sense, equation (11) estimates the energy lost in the com-
bustion chamber heat exchanger:

Lipe = (thvmf _thvmf(1_ncc))*(1_8hc)' (11)

The energy entering the system through the solar concentrator and combustion chamber is
estimated by equation (12):

Qir = Qic + Qis = myQupo + I3 As. (12)
The thermal engine receives a total energy Qp, which is the heat that the working fluid (m)
gets, represented by the sum of the heat delivered in the combustion chamber Q. and in the solar
concentrator Qy; (13). Where (%) is the enthalpy in each state:
Q= Qi + Qus =m(hs — hy)+ m(hy — h3). (13)
The power output of solar hybrid power plant, P, is evaluated by equation (14):
Pn:m(hs—hﬁ)+m(h2—h1). (14)
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Equation (15) shows the overall efficiency power plant (1), It is the relationship between
power and the total energy entering the plant:

n=~k/Q,. (15)

In addition, the cycle dissipates heat into the environment, Q,, through a heat exchan-
ger [9, 13], which is expressed in equation (16):

Qa = m(h7 —h1). (16)

The model in general is ideal for a pre-design stage of this plants, at another level detailed
engineering is required to complete the design. The concentration model is simple and does not
take into account the variation in optical efficiency, but it is useful in the preliminary analysis of
the use of solar energy.

3. Results and discussion

This section first presents the validation of the solar radiation estimation model and the
thermodynamic model of the plant. Then, it describes the plant’s operation results on an average
year’s day, and the energy flows in the cycle. Next, let’s use the Dymola compiler in Modelica
language to validate and simulate the models considering the city’s annual average Dj and H),
and hourly average temperature values [26]. Finally, [22] present the model details, validation,
and simulation parameters.

The data is collected from Meteosevilla on July 20, Spain, to validate the solar radiation
model (DI model), and considered the global radiation of H, = 7.8 kWh/m?/day and the diffuse ra-
diation of D, = 1.7 kWh/m?/day [21]. The latitude of the place is 37.38° North. Then, let’s compare
the results from the DI model with the data from Meteosevilla using the Mean Absolute Bias Er-
ror (MABE) and the Root Mean Square Error (RMSE). Finally, let’s obtain a MABE of 0.2010085
and an RMSE of 0.226616, which are acceptable according to [19, 20].

Table 1 compares the model results with data from the manufacturer of the Mercury 50 tur-
bine [27] for the power (P,) and the overall plant efficiency () with the Solugas project results [9],
obtaining maximum errors of 0.7 %, indicating a good correlation of model.

(2023), «kKEUREKA: Physics and Engineering»

Table 1
Validation of the thermodynamic model
Item P, (kW) n
Model 4,635.4 0.302
Reference 4,600 [27] 0.300 [9]
Error % 0.7 0.66

Considering that the plant’s primary function is to generate electricity, Fig. 3 shows the
variation of the plant’s output during an average day of the year (June 20) in Barranquilla, Co-
lombia, given its location and environmental conditions [26]. The results indicate that the power
variation is low since its relative amplitude is 3 % during the day and is not affected by the
inclusion of the solar concentration system. The above is because the power is subordinated to
the combustion chamber temperature, which is constant, and to the ambient temperature varia-
tions [28]. In addition, Fig. 3 also presents the evolution of the plant’s overall efficiency during
the day. This picture shows that the trend of | is also opposite to the ambient temperature when
there is no solar resource. However, when the solar concentrating system contributes energy to
the cycle, the overall efficiency decreases due to concentrator losses, generating a maximum
decrease in 1 of 14.2 %.

Let’s present the solar concentrator’s energy flows because of the influence of energy losses
on the system’s overall efficiency. First, Fig. 4 shows the energy received by the heliostat field (Q;s)
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and the energy delivered to the power cycle (Qps), representing an efficiency of 55.6 % at noon,
including optical losses (heliostats) in the receptor and the receiver heat exchanger.
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Fig. 3. Evolution of power and overall plant efficiency
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Fig. 4. Total energy entering the solar concentrator and energy
supplied to the power cycle

Fig. 5 displays the variation of the energy losses in the heliostat field (L,) that reach a maxi-
mum value of 1,444 kW at noon and represent a fraction of 0.093 concerning Q;7. The energy los-
ses in the heliostat field are a function of the optical efficiency (1,), which is a function of block-
age and shadowing, the effect of intersections, mirror selectivity, and cosine and atmospheric
effects. However, this research considered the average values used in the literature (1, = 0.73) [29].
Furthermore, the losses in the solar receiver, L,., are non-linear (see equation (7)) and reach
a maximum value of 200.7 kW at midday and a fraction of 0.015 of Q;. Finally, the receiver heat
exchanger losses (L;y;) are a function of the exchanger efficiency €, reaching a maximum value
of 741 kW at noon and representing a fraction of 0.051 of the total energy entering the system.

When direct solar radiation increases during the day, energy losses in the solar concentrator
increase due to the increase in heat transfer and the increase in temperature in the solar receiver.
In the evaluation, values of optical efficiency and solar receptor heat exchanger effectiveness in
particular cases were used, although in other cases lower values have been used with the respective
increase in energy losses in the solar concentrator [28].

The combustion chamber is the second energy source for the power cycle. Fig. 6 presents
the energy entering the combustor related to the lower heating value of the fuel (Q;.) and the
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energy delivered to the power cycle (Qy), with an efficiency of 96 %. The above makes sense
because the combustion efficiency is (. =0.98), and the efficiency of the heat exchanger in
the combustor is (g, =0.98). Therefore, the curve dip of Fig. 6 represents the fuel consump-
tion savings, with a saving of about 7.6 % during the day since this energy is supplied by the
solar concentrator.
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Fig. 5. Energy losses in the solar concentrator
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Fig. 6. Energy losses in the solar concentrator

Fig. 7 displays the heat losses in the combustion process (L) and in the combustion cham-
ber heat exchanger (L;,), which, concerning Q;, represent a fraction of 0.037 and 0.014, respective-
ly, when the contribution of the solar concentration system is maximum at noon. The hybridization
system through the combustion chamber regulates the operation of the plant and controls the fuel
supply to ensure a near-constant power output. Additionally, the combustion chamber allows the
turbine inlet temperature to be regulated and the power output to be controlled, when the solar
concentration system provides energy. Energy losses are associated with the efficiency of the com-
bustion process and the effectiveness of the heat exchanger.

Fig. 8 compares the energy flows in the plant’s three main subsystems, where the red line
represents the total energy input Q;r, showing that despite reducing fuel consumption with the
solar contribution, it also increases the total energy input to the system, reaching a maximum of
14,543 kW at midday. The green area represents the energy lost in the solar concentrator, whose
details are in Fig. 5, corresponding to a fraction of 0.16 of Q;r at noon.
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Fig. 7. Energy losses in combustion chamber
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Fig. 8. Total energy input to the system and total energy flows

The energy dissipated in the heat exchanger to the environment is almost constant during
the day. However, because of the input energy variation, it is a fraction of 0.51 at noon and
0.58 average at night hours concerning the total energy input. Therefore, the above proves that
using heat recovery systems for a particular application or lower supercritical carbon dioxide or
organic Rankine cycles (ORC) in this specific system is feasible.

The plant’s average power during the day is 4,328 kW (Fig. 8). Despite the variations in
the solar resource, the variation in power output is only 2.9 % due to the control of the combustion
chamber on the turbine inlet temperature (Fig. 1). However, the fraction of power varies concern-
ing Q;r. It represents the system’s overall efficiency (Fig. 3), which decreases with the start-up of
the solar concentrating system because of the energy losses of the latter. Furthermore, the loss frac-
tion in the combustion chamber is minimal and varies from 0.079 to 0.051 between night and noon.

The blue line of Fig. 9 represents the total energy flow entering the power cycle Qj, with
a daily average value of 11,758 kW and a relative variation of 0.6 %. The red area means the energy
supplied to the cycle by the combustion chamber Q.. Fig. 9 shows that as solar resource becomes
available, the energy supplied by the solar concentrator (orange) replaces part of Qj,, reaching
a maximum replacement at noon with a supplied energy of 2,963 kW when solar radiation is ma-
ximum, replacing 25.1 % of the total energy entering the power cycle. The energy supplied by the
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solar concentrator depends on direct solar radiation, the dimensions of the concentrator and its
operating parameters, which is why it requires important control elements, added to the difficulty
of concentrating the radiation in an uncontrolled environment.
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Fig. 9. Total energy entering the power cycle and supplied by the solar concentrator
and combustion chamber

Hybrid solar gas turbine systems are still in the development phase with several systems
created in experimental centers such as Solugas and PSA in Spain or Sciro in Australia. Among
its advantages is the possibility of operating in different configurations and a wide range of po-
wers, as well as its reduced need for water. These solar concentration systems can be coupled
to operating plants.

4. Conclusions

Heat losses in the combustion chamber are a function of fuel consumption. Despite being
the largest energy source supplied to the turbine, its losses barely reach 2.5 % at noon, including
the heat exchanger in the chamber. The above is because fuel consumption, like power, is inversely
proportional to ambient temperatures.

The energy entering the solar concentrator is small compared to that entering the combus-
tion chamber, due to the reduced size of the solar field, for the configuration evaluated with the
parameters of the Solugas plant. However, the losses in relative terms are much higher for the solar
subsystem, including the tower receiver heat exchanger, since this represents the optical losses and
is approximately 16 % of the total energy input to the plant when radiation is at its maximum. This
research used a simple model for the concentrator. Nevertheless, a detailed analysis of the heliostat
field distribution and the losses involved in solar tracking is desirable in future work.

Finally, the heat dissipated to the environment represents an essential fraction of the energy
entering despite having a regenerator. Therefore, the previous could facilitate the evaluation of
mechanisms to take advantage of this available heat in applications such as lower cycles.
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