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Abstract. A simple hybrid solar thermal Brayton cycle plant thermodynamic model is evaluated
in northern Colombia, where the maximum solar radiation values in the country are found. The
model considers the different irreversibilities of the cycle and is coupled to a model for
estimating direct solar radiation as a complementary energy source for the plant. The stability in
the operation of the cycle is determined by a combustion chamber that complements the energy
supply. As a result of the analysis, this work presents the sensitivity analysis of different
operating parameters of the plant as a function of the areas of the concentration ratio of the solar
system when the contribution of this system is maximum. It is observed that fuel consumption
is reduced by 34.7% when increasing the concentration ratio between 200 and 700.

1. Introduction

The structure of the current energy markets must reduce polluting emissions and find alternative energy
sources. In Colombia, 69% of electrical energy is produced from hydraulic systems, 29% from thermal
plants that operate with coal and natural gas, and only 0.3% from renewable sources [1].

In the above scenario, there is a great expectation in concentrated solar power (CSP) systems [2]. A
developing application focuses on the coupling of CSP systems with gas turbines, which can operate in
different configurations and power ranges, making them very versatile in terms of location and type of
application [3]. The solar resource is not constant, which presents a challenge that can be solved with
hybridization using a combustor that ensures the turbine inlet temperature, even when the solar resource
is not available [4]. Hybrid gas turbine systems with heliostat field solar concentrator and central tower
are not commercially available except for small models of up to 100 kW [5], although experimental
systems at Investigation and development confirm that the technology is technically feasible [6]. As any
developing technology, hybrid CSP systems with gas turbine require important works in the coupling
and control of the hybrid heat supply system with the power cycle and the solar receiver [7].

Considering that the northern region of Colombia has the potential for the development of CSP
systems [8]. This paper presents a model for the estimation of direct solar radiation, coupled to a
thermodynamic model of a hybrid Brayton cycle solar thermal plant. From the variation of the area of
the heliostat field and the area of the receiver of the central tower, the influence of the concentration
ratio in different parameters of the plant is evaluated, when the solar radiation is maximum around the
solar noon.
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2. Solar hybrid thermal power plant and models
This section describes the Brayton cycle hybrid solar plant, the solar resource estimation model, and the
thermodynamic model of the plant.

2.1. Overall plant model

The analysis of the hybrid Brayton cycle solar power plant carried out in this work is based in the
schematic in Figure 1. In this, the configuration of a hybrid Brayton cycle concentrating solar power
plant is shown in Figure 1(a) and the temperature vs. entropy diagram as see Figure 1(b). The plant is
composed of a compressor-turbine. At the compressor outlet, the heat supply begins, starting with the
regenerator (process 2-x). Subsequently, the solar receiver (process x-y) receives the concentrated
irradiation from the heliostat field. The last heat supply process is a combustion chamber (process y-5).
After the regenerator, heat is dissipated to the environment by a heat exchanger (process 1-z).
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Figure 1. (a) scheme of the hybrid solar Brayton power plant; (b) temperature-entropy diagram.

2.2. Solar and optical model

Because of its operating conditions, a concentrating solar power system requires direct solar radiation
(Ipn1) at some location. Therefore, long-term measurements should be reliable. However, in many
places in countries such as Colombia these data are not available, but they can be estimated with
theoretical models, such as the one developed by Gueymard [9], called daily integration (DI) model.
The DI model, the total irradiance on a horizontal surface Iy, is defined as the sum of its components,
the direct Ipy and diffuse Iy radiation; therefore, the direct radiation is defined in the Equation (1) [9].

Ipnt = I — Ipn- (1)

In order to distribute the radiation values over the day, the hour to day relationships for diffuse ryq
and global ry radiation is introduced in the Equation (1) y Equation (2) [9].

rq = Ipn / Du, ()

ry = Iy / Hy, 3)
whereDy, and Hyrepresent the long-term monthly mean daily value for total and diffuse radiation,
which are found at the National Aeronautics and Space Administration website. Direct radiation as a

function of time-of-day ratios and global and diffuse radiation is expressed in the Equation (4) [9].

Ipnt = rtHH - l‘dBH, “4)
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The efficiency of the solar concentration power system (1)) (see Equation (5)) [4], can be defined as
a function of the optical efficiency (1), the losses in the central receiver by conduction and convection
(Uy), in the first term of Equation (5) and the losses by radiation which are the last term effective
emissivity (o) and Stefan—Boltzmann constant (o). In addition, the concentration area ratio (Heliostat
field area/receptor area (A, /A;)) and the ambient (Ty) and receiver (Ts) temperatures are included.

U(Ts=To)  ao(T¢-T§)
((pND(Ao/AD)  ((pND(Ao/AD)

MNs =MNo — Q)

2.3. Power unit model

According to Figure 1, a regenerative Brayton cycle is considered, with the irreversibility as shown in
the T-s diagram in the Figure 1(b). The complete thermodynamic model was previously detailed and
validated by our research group for central tower plants [10]. The total heat supplied to the power cycle
(Qy) equals the sum of Q and Q. which represent the external heat supplied to the working fluid by the
solar concentrating system and the combustion chamber respectively. These can be presented as a

function of the mass flow rate of the working fluid () and the enthalpies (h) as show in the
Equation (6) [10].

Qh = Qc + Qs = I‘h(h3 - hy) + rh(hy - hx) =m(h; — hy). (6)

The definition of the heat input makes it possible to determine the solar factor (f), which is the fraction
of the solar heat received by the working fluid, expressed as the Equation (7) [10].

f= Qs/Qh = Qs/(Qc + Qs) (7
The solar thermal power plant output, P is evaluated in the Equation (8) [10].
P =m(h; —hy) + m(h; —hy). (®)

Whit the Equation (9) [10] it is possible to determine power cycle performance is (N, = P/Qp) and
the overall performance (1) of the plant.

n= P/(rthlhv + IBA0)~ (9)

Fuel consumption can be estimated from the heat supplied by the combustion chamber, the efficiency
of the chamber (1), the effectiveness of its heat exchanger (g;.) and the lower heating value (Q,y)
using the Equation (10) [10].

e = l’h(h3 - hy)/nccsichhva (10)

Finally, the fuel conversion rate (r.) of the plant is defined as the power generated over the fuel
energy consumed as show the Equation (11) [4].

re = P/(M¢Qupy). (11)

3. Result and discussion

This section presents the details of the model validation and the results of the sensitivity analysis. In the
validation of the DI model in the city of Seville, Spain, for a day that is equivalent to July 20 and taking
data from Meteosevilla website, which have been compared with those estimated by the model through
mean absolute bias error (MABE) and root mean square error (RMSE), solar resource model
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assessments are performed. For the DI model the value MABE=0.201085 is within the range of 0 to
0.212 and for RMSE=0.226616 is within the range of 0 to 0.329 both ranges taken from Yao, et al. [11].

The validation of the thermodynamic model is performed by comparing the results with the
references [4,12]. The Table 1 shows the results of the validation of the thermodynamic model, where
it can be observed that the maximum deviation is 1.28% corresponding to the power cycle efficiency
(Mn), which determines a very good fit of the model used. The details of the model and validation
parameters can be found in detail in Moreno-Gamboa, ef al. [10].

Table 1. Thermodynamic model assessment.

P (kW) Ny n f e (kg/s)
Estimated model ~ 4615.15 0.385 0.302 0.338 0.170
Reference [4,12] 4600 039 0300 0.341 0.172
Deviation % 0328 128 066  0.88 1.16

The Figure 2(a) shows the power (P) and ambient temperature [13], with reverse behaviors and
relative amplitude of the power output is 3% throughout the day. The Figure 2(b) shows the hourly
evolution of the solar factor, which shows a maximum value around noon (12 m) with a value
fmax = 0.2546, coinciding with the solar noon for the city according to Global Monitoring Laboratory
(ESRL) website. At this time of the day the energy supply by the combustion chamber is reduced to a
minimum and is replaced by the energy supplied by the solar concentration system, while in the evening
hours the solar factor is f = 0. In addition, Figure 2(b) shows the evolution of the overall efficiency of
the plant, which decreases with the solar factor, due to the losses of the solar concentration system,
showing a maximum reduction of 18.22% around midday with respect to the night.

The concentration ratio is defined as the ratio between the area of the heliostat field and the area of
the central tower receiver (A /A;). This is the type of system where the concentration ratio can achieve
the widest range of application (100 to 1500) [2]. Considering the importance of the concentrator areas
in the operation of the system, this section evaluates the sensitivity of different operating parameters of
the plant with respect to the heliostat field and central tower receiver areas when the solar fraction is
maximum around noon as see in the Figure 2(b). This type of analysis is important when evaluating
designs and deciding on the investment to be made in the plant or in some of its components.
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Figure 2. (a) power and ambient temperature; (b) evolution of overall efficiency and solar fraction.

To analyze the sensitivity of plant parameters with respect to the areas (A,, A;), typical figures of
thermoeconomic analysis will be used useful in design processes. Figure 3 shows the evolution of the
overall efficiency as a function of the variation of the areas (A,, A;) maintaining a constant at a time
and represented on the horizontal axis the concentration ratio (A, /A;), which is evaluated in a range
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between 200 and 700 (Solugas plant value (A, /A)=425.2 [14]). A variation between -52% and +64%
can be observed in the real value defined the operating point (PO), in the range of the evaluated
concentration relationship. Figure 3 shows, that the variation of 1 (for f;,,) with respect to A, is almost
linear, nincreases when the area of the heliostat field decreasesdue to increased energy losses that
generates the optical efficiency. The overall efficiency decreases 14.3% in the evaluated range. On the
other hand, increasing A, shows a variation of only 1.8% increment in the overall efficiency, since this
is the area with the smallest concentration size, producing a less linear variation, especially at low
concentration ratios.

029

0.26 |

0.24 . . . . . g
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Ao /A
Figure 3. Sensitivity of the overall efficiency to
changes in the concentration ratio in fy, .

The concentration ratio has an important impact on the solar fraction, as shown in Figure 4(a), where
fmax increases by 260% with respect to the increase of (A,/A;) in the evaluated range when A, is
increased. This is because the larger the heliostat field area, the more solar radiation is received by the
system and the more energy is supplied to the power cycle. On the other hand, the increase of A, only
allows an increase of 8.4% in the maximum solar fraction. The increase of the solar factor determines
the reduction of fuel consumption by reducing the energy requirement of the power cycle to the
combustion chamber. Figure 4(b) shows the fuel consumption behavior of the system for f;;,,, inverse
to the behavior of the solar factor, where it is observed that by increasing A,in the evaluated range the
fuel consumption reduction is 65.2%. Additionally, by increasing A the decrease in fuel consumption is
only 2.6%.
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Figure 4. Sensitivity of the solar factor (a) and fuel consumption (b) to changes in the
concentration ratio in fy, .
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An important parameter in the operation of the concentrating solar system is the central tower
receiver temperature. Figure 5(a) shows the variation of the receiver temperature (Ts) in fmax with
respect to the concentration ratio given the higher power flux and it is observed that with the increase of
A,the increase of T is 23.6%, while with the increase of A the temperature increase is only 1.4%.
Finally, the efficiency of the solar concentrator (1) increases with the concentration ratio, as shown in
Figure 5(b). The variation of 14 is strongly affected by the radiative heat losses of the receiver as see in
the Equation (5), which are not linear. Additionally, increasing A generates an increase of ng by 8.4%
and increasing A, produces an increase of ng by 3.9%.
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Figure 5. Sensitivity of central tower receiver operating temperature (a) and sensitive
concentrator efficiency (b) to concentration ratio changes in fi,, ..

4. Conclusions

The models presented can evaluate important plant parameters and by including the estimation of the
solar resource by daily integration model allows applying the evaluation of the system in different
locations and days of the year.

The models presented can evaluate important plant parameters and by including the estimation of the
solar resource by daily integration model allows applying the evaluation of the system in different
locations and days of the year. The area of the heliostat field affects the system because increasing this
parameter also increases the possibility of receiving radiation and delivering energy to the cycle to
reduce fuel consumption but affects the overall efficiency due to the losses generated by the optical
efficiency, which in this case was assumed to be constant (g = 0.73). However, an optimization study
of the size and distribution of the heliostat field according to the location of the plant is required.

Although solar receivers are still a developing technology, the effective receiving area especially
affects the efficiency of the concentrator due to conduction, radiation and convection losses given the
high operating temperature of the receiver, in the other parameters evaluated effective receiving area
has a low influence on the variation of the same, however it does not allow such a linear variation.
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