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Abstract 

In the last decades, concentrating solar power (CSP) has been gaining increasing attention as a sustainable technology for producing 
electricity. Nowadays, in the world, 483.6 MWs are produced by CSP plants of which 457 MW are already in commercial stage, 
whereas the other 430 MWs are under construction. In this paper, a solar tower with an unfired closed Joule-Brayton cycle of 10 
MW peak power, located in Seville, is analyzed. The cycle, that employs only atmospheric air, without fuel consumption, relies on 
the possibility to vary the mean density of the air flowing in the plant. By using an auxiliary compressor and a bleed valve, a 
variable mass flow rate can be obtained so to keep the temperature at turbine inlet constant. On the other hand, in the concentrated 
solar plant, the number of installed heliostats can reflect towards the receiver the nominal thermal power, even with reduced values 
of the DNI. With the increase of the radiation, when the thermal energy flux achieves the limit tolerable by the receiver, a part of 
heliostats is defocused. On the contrary, in the presence of transients, due, for example, to clouds or in case of low solar radiation, 
the mirrors will be all, or in part, oriented towards the receiver face, so to keep constant the receiver outlet air temperature at the 
design value. Both the above mentioned control systems, without any fuel addition, act with the common goal of maintaining 
constant the air temperature at turbine inlet. However, they intervene at different times: at rated power, heliostats work, while the 
air flow rate is kept constant at the maximum value; when the nominal conditions are no longer achievable (the DNI values are 
insufficient), the adjustment is performed through the modulation of the pressure base control system, focusing the entire surface 
of the mirrors on the receiver. The analysis shows how the interaction between these systems influences the number and size of 
heliostats to be installed in the solar field. The study of the state of art has demonstrated that, in tower systems currently in operation, 
without storage, a solar multiple of 1.3 is generally used; our contribution shows how, with the air density control system, this 
value may be reduced, with consequent benefit on the heliostats cost. The numerical tests have been carried out by using the 
WINDELSOL software to optimize the heliostat field configuration and the THERMOFLOW, for the thermodynamic analysis. 
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1. Introduction 

The use of solar energy as a source of energy production has reached a technological maturity such as to enable its 
adoption not only for the direct production of electricity, but also for the indirect production of energy carriers, like 
hydrogen [1][19]. Nowadays, the adoption of concentrating solar power (CSP) plants is spreading more and more. 
About 483.6 MWs of energy are produced by CSP plants: 457 MWs are generated by commercial towers, whereas 
430 MWs are expected to be produced in a near future. [2]. In this paper, we propose a solar thermal power plant, that 
uses an air unfired Joule-Brayton cycle in closed loop. Nowadays, some examples of this kind of energy systems, in 
Europe, can be found in Spain [3] or in France [4]. 

 The considered system, (shown in figure 1), is composed by a solar tower and heliostats field,  an intercooler  and 
regenerated gas turbine, a low temperature heat exchanger, an auxiliary compressor and a bleed valve. No combustor 
is used, though typically employed in this kind of plant [3,4] , and the only thermal energy source is represented by 
the direct solar radiation. 

The analysis proposed in this paper is aimed at determining the best configuration of the heliostats field, the solar 
multiple, and the tower, for the specific control system, so to minimize the LCOE. 

 
Nomenclature  
GT  Gas turbine 
DNI    Direct normal radiation [W/m2] 
TIT Temperature inlet turbine [°C] =T3  
SM   Solar multiple  
P1 min  Minimum level of pressure base [bar] 
P1 max  Maximum level of pressure base [bar] 
LCoE   Levelized cost of electricity [$/kWh] 
CSP   Concentrated solar power  
β   Compressor/expansion ratio 
T1   Cycle base temperature [°C] 
TOT        Temperature outlet turbine [°C] = T4 

ΔMc Mass variation in the cycle [kg] 
Δρc Density variation in the cycle [kg/m3] 
Vc Air volume of the system [m3] 
ΔPc Pressure base variation [bar] 
R Universal constant gas [J/kgK] 
Tc Average temperature of cycle [°C] 
Ws Specific work [kJ/kg] 
Wt Turbine work [kJ/kg] 
Wc1 Compressor work of first compressor [kJ/kg] 
Wc2 Compressor work of second compressor [kJ/kg] 
cp Heat capacity [kJ/kg°C] 
T2 Temperature outlet second compressor [°C] 
Pth SF Thermal power solar inlet solar field [kWth] 
m ̇ Mass flow of the cycle [kg/sec] 
ΔH Enthalpy variation of the air between second compressor stage point and inlet turbine point [kJ/kg] 
α Pay back factor 
i Real discount rate 
n Useful life of plant [Years] 
kins Annual rate of insurance 
Cinv Investment cost [$] 
CO&M Operating and maintenance cost [$] 
Enet Net energy product [GWh] 
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1.1. Plant description 

We consider a plant with an unfired intercooled and regenerated closed air Joule-Brayton from the nominal power 
of 10 MW. Figure 1 shows the system layout, whereas Table 1 summarizes the main plant characteristics of the plant.  

 
 
        
 
 
 
 
 
 
 
 
                     Table 1. GT data performed in Thermoflex  

 
 

Fig. 1.  Complete plant. 

 
The red line in the Figure 1 represents the path of the fluid work, whereas the blue line indicates the cycle made by 

the water in the cooling system. The air, after being compressed in the first compressor (1), passes into the intercooler 
(2), where it is cooled at the initial cycle condition. Subsequently it is recompressed by the second compressor (3), 
and it is sent to the first regenerator (4) and finally to the tower (5). Internally in the receiver of the tower, the air mass 
flow is heated up to a temperature of 800 ° C. This value also represents the TIT of the GT, not making use of the fuel 
inside the cycle, and it is a compromise adding the CSP plant with the engine system [5]. The fluid at high enthalpy 
value expands in turbine (6) and is cooled in a heat exchanger (9) that cools the air mass flow, in order to reestablish 
the initial cycle conditions. After the cooling, the air is compressed again, and the cycle re-begins. 

The system is able to vary the mass flow evolving in the cycle, while maintaining  at a constant rate the volumetric 
flow system. This condition can be accomplished through the variation of pressure, operated by an auxiliary 
compressor (10), placed at GT intake, and by a vent valve (7), placed before the heat exchanger (9). In  presence of 
high DNI values , the auxiliary compressor sucks air from the atmosphere, adding  mass air in the cycle; vice versa, 
in presence of transients due to clouds or for low DNI values , the vent valve  bleeds  air to the  ambient. The density 
air control implemented by these auxiliary components is necessary to adjust the exit air temperature from the receiver.  

In this discussion, it was hypothesized that the TIT coincides with the outlet air temperature from the receiver, and 
there are no heat losses between the turbine and the receiver.  

The choice of low TIT, does not require the cooling of the vanes of the turbine, thus favoring an increasing of net 
efficiency. The maximum and minimum temperatures (T1 e T3) are constant as well as the pressure ratio (β) of the 
cycle and the plant volume in which evolves the working fluid. Is therefore possible to operate a change of the fluid 
density, through the only pressure base variation of the cycle. 

The consequence is a mass variation inside the plant volume, according to the equation: 
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Fig. 2. T-s cycle diagram transformation 
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In Figure 2, it is possible to observed the T-s diagram that translate from the 1-2-2’-3-4-5-6-7 cycle to the 1*-2*-
2'*-3*-4*-5*-6*-7* cycle, when is performed the mentioned pressure base control. In this particular case an exaggerate 
increase of pressure has been operate to understand the make simpler the reading of the graph.  In this way it is possible 
to maintain unaltered the thermodynamic cycle, and, thus, the extremes temperature of the cycle. 

2. Methodology 

In our analysis, we have chosen a 10MW plant size with a compression ratio (β) of 6. The choice of having a low 
compression ratio in addition to the degree of heat recovery to be obtained through regeneration, depends upon the 
maximum pressure to which the receivers currently on the market may operate [6].  

The SM is proper parameters in order to optimize the heliostat field and to determine the GT energy required and 
estimated the energy annual production [9]. 

The SM has been defined as the ratio between the thermal power of the heliostat surface and the rate electric power 
system [7].  

GTrate

SFth

P

P
SM

,

,                               (3) 
 

The typical value of the SM is between 1.3 and 1.4 for plant without storage system, while it can also reach values 
that are 2.0 or higher in systems with thermal energy storage systems [8]. 

The configuration chosen for heliostats field is north field. In addition to the plant size [11], this choice is also 
justified by the difficulty deriving from the use of a surround field setup to control the density variation within the 
receiver [10]. The passage of clouds in a part of the field would create a decrease of the thermal power in input to the 
receiver, and thus a change of the temperature inside the air receiver, that would be difficult to control with the control 
system analyzed. 

Equation 4 [11] to estimate the tower height has been used.  
 

2
,

5.1
,, *719.32801*00887.0*5113.01.29 SFthSFthSFtht PPPH (4) 

 
The thermal power in input to the receiver has been evaluated as the entire heat input power to the Brayton cycle 

and calculated by the equation (5) through the data analyzed in Thermoflex (Table 1). 
 

                   HmP SFth,
                                       (5) 
 

By using the software WinDelsol, the best configuration for the heliostats field, the optical matrix, the optical losses 
of the field and the thermal receiver have been calculated. Then the data obtained by WinDelsol code with CSP system, 
simulated in Thermoflex software, have been interconnected. Thermoflex was used to simulate the yearly plant, 
hypothesized located in Seville. The data using in this analysis, to simulate an operating year of this plant,   in term of 
DNI, azimuth angle, zenith angle, ambient temperature, and relative humidity from TMY3[12]  of this town have been 
extrapolated. To explain the performance of the system, a case of a particular day,(21 June) have been shown.   

Finally, to compare the result of the plant with density control system and heliostat control system in optimum 
configuration, a plant in hybrid configuration have been assumed. This last one has a GT with the same peak power 
level as well as the TIT but not use the density control system, operating at atmospherical pressure condition. To 
control the cloud transient, in fact, the employment of a combustor using methane gas (CH4) to maintain the TIT at 
constant value of 800°C have been hypothesize. The analysis for CSP plant, are the same of the density control system 
in term of SM, and the results of the hybrid configuration plant are contained in [20]. 

3. Simulation 

This section is devoted to the presentation of the plant operation conditions with the aim of highlighting the 
behavior of the two control systems. In addition, we shall show the results of the simulations with the WinDelsol 
software for different system configurations, and we shall describe the LCoE method used. 
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3.1. Solar field control system analysis  

We consider the behavior of the heliostat field during a day without extreme variation of the DNI. The design point 
of CSP plant is 850 W/m2; so for higher level of this value, performs the heliostat control system that defocused a 
percentage of reflective area.  Table 2 and Figure 3 show the result obtained by Thermoflex; it is possible to observe 
how the control system of the heliostat field perform, i.e. through the defocusing of a determined number of heliostats 
when the direct solar radiation is too high compared to the design point.  In Figures 3 and 4 and it is possible to observe 
that for SM=1 no defocusing of the heliostats is performed.  

 
 

 

 

 

 

 

Fig. 3. Defocusing percentage of the heliostat field vs hour day                  Fig. 4. Defocusing percentage of the heliostat field vs DNI 

 

By increasing, the SM and, thus, the number of available heliostats, it is necessary to defocus more heliostats in 
the central hours of the day with high DNI values. 

Figure 3 shows the trend of heliostat defocusing during this day (June 21st) with a DNI peak of 932 W/m2 . In 
Figure 4, the performance of the heliostat control system vs direct normal radiation for the same day is shown. In both 
cases, it is possible to note as the adjustment of the heliostats is activated, when the DNI design point is achieved, 
especially in the middle hours of the day. On the contrary, it is possible to note that the adjustment of the heliostats is 
not necessary for low DNI values, and, thus, in the early hours of the morning and the last afternoon. In these moments, 
the entire heliostat field on the receiver is focused, so to provide the maximum value of thermal energy, and no 
adjustment is possible. 

3.2. Density control system analysis 

The density control system, by varying the pressure base of the cycle, produces as useful effect the translation of 
the thermodynamic cycle, in the T-s diagram, as the DNI varies, but keeping fixed the characteristic temperatures.  

 

 

 

 

 

 

 

Fig. 5. Pressure base adjustment in time function for different SM         Fig. 6. Pressure base adjustment in DNI function for different SM 

From Figure 6, it is possible to note, for considered day, the maximum value of pressure adjustment, that is 4.15 
bar whereas the minimum value is set to 1.01 bar. Figure 5 shows the trend of the pressure base control versus DNI.  

3.3. Solar field simulation 

In this section, we report the heliostats field simulation performed by the WinDelsol software for three values 
of the SM. The next Figures report the optical field losses [11] and the receiver losses for each configuration. More 
specifically, Figures a) report the heliostats field losses, as blocking, atmospheric transmissivity, spillage, and total 
optical efficiency, whereas Figures b) show the map incident heat flux on the receiver. 
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Fig.  7.a and 7.b  show the configuration for SM = 1.3 of the heliostats field. Fig. 7a) solar field configuration for SM of 1.3 Fig. 7 b) map 

incident flux on receiver surface 

 
Fig.  8. a) Solar field configuration for SM of 1.2. Fig. b) map incident flux on receiver surface  

 
Figures 8.a and 8.b show the results for the configuration for the SM=1.2, while  Figures 9.a and 9.b show the 

analysis for the SM=1.1. Finally, Figures 10.a and 10.b shows the results for the SM= 1.0. 

                                            Fig.  9a) Solar field configuration for SM of 1.1, Fig. 9b) map incident flux on receiver surface 

 

The results obtained by WinDelsol software as input data in Thermoflex software have been used. In particular, 
the loss coefficients show in figure 7a, 8a, 9a, 10a, for each SM configuration, and the data listed in the table 2 have 
been inserted. 
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Fig.  10 a) Solar field configuration for SM of 1. Fig 10 b) map incident flux on receiver surface        

  

Table 2. Data CSP plants using in Thermoflex simulation 

 
 

 

 

 

 

 

3.4. Cost analysis 

In order to perform the economic analysis, we have used the economic indicator LCOE expressed in USD / kWhel. 
Since the calculation of the LCoE depends on many different factors, with the aim of making the proposed analysis 
easily reproducible, some simplifications have been carried out [8]. The relation of the LCOE (6) used in this work is 
[13].For the costs and financial data we refered to [14], [15] [16]. 

Net

MOfuelinv

E

CCC
LCoE &*                         (6) 

4. Calculation 

The aim of the economic evaluation is the minimization of the LCoE by the optimal sizing of the solar field. In 
order to perform the analysis, we have used the financial data in Table 4, taken from [17]. Figure 11 shows the 
LCOE analysis.  

            Table 3.Investment cost,energy production and LCoE for each SM 
 

 
      Table 4. Total operation hours and its percentage of density control system 

 

 

Fig.  11. LCoE trend vs SM  

SM 1 1.1 1.2 1.3 

Heliostat number 410 451 492 533 

Tower structure height [m] 31,17 32,69 34,14 35,53 

Total reflective area [m2] 49268 54195 59122 64049 

Inner radius [m] 23,37 24,52 25,61 26,65 

Outer radius [m] 218,20 228,8 239,00 247,20 

SM  1 1.1 1.2 1.3 

Cinv [MUSD]  50.40 54.01 57.60 61.17 

Enet [MWh] 

LCoE [USD/kWh] 

 21.40 

0.265 

23.30 

0.259 

24.85 

0.257 

26.02 

0.259 

SM 1 1.1 1.2 1.3 

Tot [h] 2977 2551 2114 1784 

Density control system [%] 97.5 82.2 67.1 55.8 
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The economic analysis and the value of the LCOE has been determined as a function of the solar multiple. It is 
possible to observed in Figure 11, that the optimum value is obtained for a solar multiple of 1.2 and is equal to 0.257 
$/ KWh. Thus, the LCOE value, computed in this analysis, is less than 1.3 and 1.4, that represent the typical values 
for the CSP plants. As it is possible to note by increasing the SM, the adjustment is operated by the heliostat’s 
control system, whereas for low value of the SM, the adjustment is performed by the mass flow control system. In 
particular, for the SM=1 the mass flow regulation system works almost exclusively whereas for the SM=1.3 the two 
adjustment systems work both for about 50% of the operation hours. 

5. Conclusion 

We have observed that by the two control systems it is possible to increase the annual energy production 
minimizing the LCoE. In particular, by increasing the SM through the mirror field adjustment is possible to produce 
electricity at nominal operating conditions at full power for more hours during the year, whereas the mass flow control 
system is able to produce energy when the DNI have a low value. 

The optimum solar multiple value is 1.2, with a minimum value of LCOE of 0.257 $/kWh. The result is very 
promising, and it is very similar at the values of the other CSP system [18]. A lower value of the SM has a direct 
impact on the plant costs, contributing to reduce them. By considering that, in our analysis, the 25% of the system 
costs is related to the heliostats field, the estimated cost reduction is around 3.57 M $. Finally, this kind of plant, with 
other one of same GT peak power but in hybrid configuration to compare the result have been assumed [20]. Like the 
result, comparing the density control system plant with those the hybrid plant, we have that 266 g of CO2 per kWh 
product have been avoided. 
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