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ABSTRACT 

Interest in smart networks has increased over the past decade. One of the main advantages 

is the possibility of producing electricity on site and autonomously. In this scenario, small 

or very small generators, installed near of the places of consumption, play a fundamental 

role. A real possibility is offered by the Micro Gas Turbine (MGT). Such a machine has the 

possibility to follow the electric load of the network and is also suitable to use solar energy 

as a source of heat in the cycle, through the concentration of direct normal radiation (DNI). 

With the solar power supply, the regulation capacity of the MGT can be exploited in order 

to convert all the thermal power collected. 

In this work, the solar field, of an unfired closed solarized micro gas turbine employing air 

as working fluid with mass flow control system, has been analyzed. The mass flow control 

system is able to adjust the mass flow rate by means of a variation in density, to control the 

turbine inlet temperature (TIT), as the incoming thermal power varies. The volumes of the 

engine, as well as the speed triangles, do not change; therefore, by keeping a TIT constant, 

it is possible to control the power production, according to the incident solar radiation, 

without a degradation of efficiency. The concentrating solar tower and receiver systems are 

able to produce thermal power suitable in MGT and in this case represent the only one heat 

source. The heliostats field control system operates together with the mass flow one, so the 

optimization of the solar field plays a fundamental role in controlling the TIT and increasing 

the energy production. This article illustrates the study of the heliostat field suitable for the 

aforementioned control system. Different heliostats size and solar multiple (SM) have been 

taken in to account to choose the best configuration of the solar field. The analysis has been 

carried out by the open source Solar PILOT, while the weather data of Seville town have 

been considered. The results show that the heliostats field best configuration allows getting 

a substantial energy production and let to adjust the solar flux precisely in order to control, 

with the mass flow control system, the TIT. 
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1. INTRODUCTION

Nowadays, the primary energy demand has increased, rising 

up to 62.5% compared to 20 years ago. The necessity of the 

renewable sources has prompted the government policies, 

around the world, to encourage the development of new 

energy production systems at first to reduce National Power 

Grid impact [1]. The solar energy appears the most suitable 

source for this purpose. It is clear that the measurement [2] and 

prediction [3] of the energy available plays a fundamental role. 

Moreover, its integration in different sectors such as 

buildings by means of hybrid energy systems [4] or handling 

its excess by means of storage technologies [5] are getting 

attention within the scientific community. 

The Concentrating Solar Power system (CSPs), is a 

technology that concentrates the solar radiation making it 

available, through a heat transfer fluid (HTF), as a heat source 

in a power thermodynamic cycle. The most efficient power 

cycle, as we know is the Joule-Brayton one, that in a closed 

configuration allows to use different HTF; in addition, it is 

possible to work under pressurized conditions [6].  The use of 

the air, as HTF, in MGT with CSTs was explored [7], and in 

addition the employ of Thermal Energy Storage was also 

analyzed [8]. 

This option is among the most attractive alternatives for the 

replacement of natural gas in electrical industrial applications 

and goes in the same direction as what is proposed in the civil 

field [9] for the containment of CO2 emissions. 

 The parametric analysis of the solar field for the unfired 

closed Joule Brayton cycle was conducted for different size 

power rate of the gas turbine [10] and the optimization of the 

best SM was carried out [11]. 

In this work the design of the heliostats field for a solarized 

micro gas turbine of a peak power of 500 kW with mass flow 

regulation system will be carried out. Particular attention will 

be paid to the solar multiple (SM) and the heliostats sizes. 

Several manufacturers of micro gas turbine were taken into 

account with the MTG products [12].  

For the purposes of the calculation, the technical data of the 

Ansaldo Turbec T 100 were then considered [13]. The same 
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turbine, conveniently customized, is employed in Aora Solar 

system [14]. 

Increasing the pressure base of the gas turbine, it is possible 

to rise up its peak power. In this case, a pressurization of 5 

time was supposed, due to the mechanical resistance of the 

solar receiver. 

 

 

2. METHODOLOGY 

 

As above mentioned, the heliostat field design was carried 

out by SolarPilot (Solar Power Tower Integrated Layout and 

Optimization Tool). SolarPILOT TM is software developed by 

the National Renewable Energy Laboratory (NREL) [15]. It is 

able to define and generate the characteristics of central 

receiver systems.  

The focus analysis is the choice of the best configuration in 

term of the heliostat size and solar multiple, suitable for the 

pressurized micro gas turbine. 

 

2.1 Heliostats field parametric analysis  

 

In this part, the optimization for different solar multiple 

(from 1 to 1.3) and heliostat size will be performed, in order to 

maximize the overall cycle efficiency. First, it is necessary to 

choose the model to approximate the emission of radiation by 

the Sun, [16]; in this case the Limb-Darkened Sun was chosen, 

where the solar radiation φ is the function of the angular 

distance θ between the point considered and the centroid of the 

solar disk according to the following equation: 

 

𝜙(𝜃) = 1 − 0,5138 (
𝜃

0,00465
)

4

                                            (1) 

 
For the atmospheric attenuation it has been employed 

Delsol3 Clear Day, which provides a visibility of 23 km on 

clear day, for the DNI density, and TMY data of Seville [17] 

for the meteorological data.  

It was necessary to evaluate the engine cycle efficiency, 

imposed equal to 30%, and the auxiliary yield equal to 97%.  

The code calculates the gross and net power of the cycle as: 

 

�̇�𝑐𝑦𝑐𝑙𝑒 =  �̇�𝑝𝑏 ∙ 𝜂𝑐𝑦𝑐𝑙𝑒                                                            (2) 

 

�̇�𝑛𝑒𝑡 =  �̇�𝑐𝑦𝑐𝑙𝑒 ∙ 𝜂𝑎𝑢𝑥                                                           (3) 

 

Where: 

 

�̇�𝑐𝑦𝑐𝑙𝑒  is the gross power of the cycle; 

(1) �̇�𝑝𝑏 is the power needed for the power block; 

(2) 𝜂𝑐𝑦𝑐𝑙𝑒  is the referring efficiency of the power block;  

(3) �̇�𝑛𝑒𝑡 is the net power; 

(4) 𝜂𝑎𝑢𝑥 is the fraction of net power (reduction for auxiliary 

power requirement). 

The code evaluates also the net power of the heliostats field: 

 

�̇�𝑓𝑖𝑒𝑙𝑑 =  �̇�𝑖𝑛𝑐  𝛼 −  �̇�𝑙𝑜𝑠𝑠 − �̇�𝑝𝑖𝑝𝑒                                        (4) 

 
Where: 

(1) �̇�𝑖𝑛𝑐  is the power incident on the heliostats; 

(2) 𝛼 is the absorbance of the receiver; 

(3) �̇�𝑙𝑜𝑠𝑠 are the radiative losses; 

(4) �̇�𝑝𝑖𝑝𝑒 are the pipe losses. 

In table 1, the net power absorbed by the solar field shown 

for different solar multiple. 

 

Table 1. Power absorbed by solar fields 

 
SM Qfield 

1 1.7 

1.1 1.87 

1.2 2.04 

1.3 2.2 

 

It is also necessary to define two angles; the first one is the 

angle at the top of heliostats position, calculated in an 

anticlockwise direction, while the second represents the angle 

below of heliostats position, calculated in a clockwise 

direction. Both were imposed to 180 °. 

By setting the radial limits of the field, it is possible to 

choose boundary conditions on the height of the tower (Ht); in 

this case it was chosen a minimum distance of 0.75 Ht and as 

a maximum 7.5 Ht. 

The field configuration considered is the radial stagger 

layout, while as radial spacing method the "No Blocking-

dense" has been selected, because it minimizes the blocking 

effect between the rows. 

It has also been imposed the azimuthal spacing limit, equal 

to 1.33 [18]. 

It is necessary to define the geometry of the heliostats, 

defining the height Hh and width Wh, if the heliostat is 

composed by multiple panels, the number of panels in the 

horizontal and vertical directions and the space between the 

panels in every direction. 

The software, via the height and width of the heliostats, 

calculates the diagonal dimension Dh as: 

 

𝐷ℎ =  √𝑊ℎ
2 + 𝐻ℎ

2                                                             (5) 

 

Another important parameter to design the heliostat field is 

the canting method. The methodology for this process is not 

unique, but it is possible to classify it in two main groups: "on-

axis" "off-axis" [19]. In the first case, the panels are aligned to 

give a perfect reflection of the image when the center of the 

heliostat, the receiver, and the Sun are all aligned; in the 

second case, the panels are arranged to optimize the 

convergence of all the reflected images on the solar receiver 

for a particular time of the year.  

The methodology chosen for optimization is "On-Axis at 

Slant": where the panels are aligned when the heliostat reflects 

on the tower. The parameters chosen for the focusing of the 

heliostats is the kind “At Slant” in which the focusing distance 

of the heliostat is equal to the distance between the centroid of 

the heliostat and that of the receiver. 

All the heliostats are characterized by optical errors, due to 

the uncertainty of the tracking system, along the zenithally 

(σel) and azimuthal (σaz) directions. Other are caused by the 

distortion of the surface along directions x, σ (s, x) and y, σ(s, 

y) and the reflection of solar radiation, along the directions x, 

σ(r, x) and y, σ(r, y), which are influenced by the wind, the 

gravity and the temperature. SolarPILOT assumes a normal 

distribution of these magnitudes and the user can set them by 

inserting the standard deviation of each individual magnitude. 

The software then goes to calculate the actual standard 

deviation of the image reflected by the heliostat σtot 

considering all error sources: 
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𝜎𝑡𝑜𝑡 = √4 (𝜎𝑒𝑙
2 + 𝜎𝑎𝑧

2 + 𝜎𝑠,𝑥
2 + 𝜎𝑠,𝑦

2) + 𝜎𝑟,𝑥
2 + 𝜎𝑟,𝑦

2   (6) 

 

The σel and σaz values have been chosen equal to 0 while for 

σ(r, x) and σ(r, y) a value that could range between 1.3 to 2.6 

mrad have been selected. The surface distortion, instead, 

varies for each type of heliostat. 

Then the reflectivity ratio, i.e. the ratio between the 

effective reflective area of the mirror and the total area, the 

reflectivity of the heliostat and the fouling factor, relative to 

the reflection of the heliostat when it is not perfectly clean has 

been chosen, and is was selected from  95% to 92% [18]. 

As already mentioned, three different types of heliostat 

(Type 1. large size, Type 2 intermediate sizes, Type 3 small 

size) have been analyzed and then a comparison has been 

made in order to evaluate which of them worked best for the 

plant. The heliostats data are shown in Table 2 [19]. 

 

Table 2. Heliostats data 

 Type 1 Type 2 Type 3 

Area [m2] 115.56 43.33 16.69 

Height [m] 9 6.42 3.21 

Length [m] 12.84 6.75 5.2 

Number of panel X direction [-] 4 3 2 

Number of panel Y direction [-] 4 2 1 

Surface reflectivity ratio [-] 0.9583 0.97 0.92 

Optical error [mrad] 2.6 1.8 1.3 

 

2.2 Solar receiver 

 

n this part the receiver design will be analyzed for the micro 

gas turbine application. First of all, a flat plate receiver has 

been selected in SolarPilot, so height and length of this 

component have been chosen to evaluate the receiver area. 

Then it has been imposed the average incident flux on the 

receiver, elected equal to 400 kW/m2 [20], the maximum one 

of 600 kW/m2 and an absorbance of 0.96, (because it was 

supposed that it was a silicon carbide absorber) [21]. After this 

evaluation, the power to heat the working fluid was the 

following: 

 

𝑃𝑤𝑓 =
𝑃𝑛𝑒𝑡

𝜂𝑐𝑦𝑐𝑙𝑒𝜂𝑎𝑢𝑥 
                                                                   (7) 

 

The incident power on the receiver has been calculated as: 

 

𝑃𝐼𝑛𝑐,𝑟𝑒𝑐 =
𝑆𝑀∙𝑃𝑤𝑓

𝜂𝑡ℎ,𝑟𝑖𝑐
                                                                   (8) 

 

The ratio between the incident power on the receiver and 

the average flux is the absorber area: 

 

𝐴 =
𝑃𝐼𝑛𝑐,𝑟𝑒𝑐

𝐹𝑙𝑢𝑥𝑎𝑣𝑒
                                                                           (9) 

 

The shape of the chosen absorber is square, so height and 

width have the same value. Then it was chosen the limit angle, 

which causes the radiation reflected by the heliostats, placed 

beyond this limit, which does not reach the receiver; so a 

square limit has been selected. The azimuth orientation equal 

to 0° and a start value of 0° for the zenith orientation of the 

receiver (then optimized in the calculation software progress) 

have been set. 

The horizontal and vertical acceptance angles, through 

which the receiver can accept the incident radiation, have been 

imposed equal to 180°. The thermal losses of the receiver of 

71.72 kW/m2 have been calculated while the pressure losses 

of the tower are 0.77 %. 

For the ray tracing, the Hermite method has been used and, 

to not damage the receiver and keep the highest possible 

efficiency of the system, the “image size priority” has been 

employed as a point focusing strategy. 

This choice is important, in fact, due to the not regular flux 

distribution, there are very high thermal gradient that causes a 

decrease of the lifetime and efficiency of the receiver [22]. 

An offset value of 2.5 for edge- x and edge-y was selected 

while the horizontal and vertical flux grid resolution equal to 

25 have been chosen. 

To evaluate the incident flux, efficiency matrix, receiver 

dimension and solar field, several number of simulation have 

been performed; in particular, the start values of 2.3 m of 

length and height and a zenith orientation of 0° have been set. 

Then the receiver area remained constant, varying the height, 

length and the zenith orientation from -65° to -45° generating 

for each simulation, a new solar field layout. 

 

 

3. RESULTS 

 

3.1 Heliostats field parametric analysis results 

 

In this section, it will be shown the solar field result 

obtained by solar pilot, used in Simulink/Matlab for the 

dynamic transient simulation of the system. 

At first it will be illustrated the results obtained for the Type 

3 heliostats for the three solar multiple analyzed, in design 

point, or rather azimuth 180° and zenith 76°. 

 

Table 3. Type 3 heliostats field results 

 
SM 1 1.1 1.2 1.3 

Heliostats 206 223 241 257 

Reflective area [m2] 3163.5 3424.5 3701 3354.7 

Receiver height [m] 1.8 1.8 1.7 1.8 

Receiver length [m] 3 3 3.18 3 

Optical total efficiency [%] 77.4 77.2 76.9 76.7 

Tower height [m] 55.5 56.5 57.5 60 

 

As it is possible to observe from table 3, increasing the SM, 

there is also an increase of the heliostats number, while the 

optical efficiency decreases due to the distance. In fact, 

becoming numerous the heliostats, consequently, it rises up 

the distance between the last heliostats row and the tower; this 

effect is a consequence of the interception effect. 

 

 
 

Figure 1. Solar field SM 1 Type 3 heliostats 

 

In figure 1 it is shown the solar field for SM equal 1 with 
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type 3 heliostats and in the others figures 2, 3 and 4 

respectively for SM 1.1, SM 1.2 and SM 1.3. 

 

 
 

Figure 2. Solar field SM 1.1 Type 3 heliostats 

 

 
 

Figure 3. Solar field SM 1.2 Type 3 heliostats 

 

 
 

Figure 4. Solar field SM 1.3 Type 3 heliostats 

 

As it can be seen, the maximum efficiency is related to the 

heliostats closest to the tower, i.e. for SM 1, and is 87.6%, 

while the minimum is relative to the heliostats farther from it 

and is 72%, for SM 1.3. 

 

 
 

Figure 5. Incident flux on the receiver for SM 1 and heliostat 

type 3 

 
 

Figure 6. Incident flux on the receiver for SM 1.1 and 

heliostat type 3 

 

 
 

Figure 7. Incident flux on the receiver for SM 1.2 and 

heliostat type 3 

 

 
 

Figure 8. Incident flux on the receiver for SM 1.3 and 

heliostat type 3 

 

 
 

Figure 9. An aiming point of the heliostats chosen for the 

simulations 

 

Figures from 5 to 8 show the solar flux incident on the 
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receiver surface for SM from 1 to 1.3 respectively, obtained 

with heliostats type 3. As can be observed, by increasing the 

solar multiple, there is an increase of both the average and the 

maximum flux, since the target point on the receiver shown in 

Figure 9 has been kept constant. 

For all configurations, the maximum value of the solar flux 

is reached in areas aiming more heliostats; vice versa in areas 

with less aiming of heliostats, the solar flux is lower. 

 

Table 4. Performance results of the solar fields for heliostats 

type 3 
SM 1 1.1 1.2 1.3 

Average heliostats 

field efficiency [%] 
66.08 65.89 65.53 65.49 

 

Table 4 resumes the annual average efficiency results 

obtained for heliostats type 3. 

The following table 5 shows the results obtained for the type 

2 heliostats, i.e. those of intermediate dimensions. 

 

Table 5. Type 2 heliostats field results 

 
SM 1 1.1 1.2 1.3 

Heliostats 76 82 88 94 

Reflective area [m2] 3194.7 3446.9 3699.1 3951.3 

Receiver height [m] 1.9 1.7 1.9 1.9 

Receiver length [m] 2.84 3.18 2.84 2.84 

Optical total efficiency [%] 77.4 77.1 76.8 76.6 

Tower height [m] 54.5 56.5 57 58 

 

 
 

Figure 10. Solar field SM 1 Type 2 heliostats 

 

 
 

Figure 11. Solar field SM 1.1 Type 2 heliostats 

 

As already noted for the type 3 heliostat, also for type 2 

heliostat the increase in SM decreases the efficiency of the 

field due to the distance from the center of the tower. Table 4 

shows these results. 

The solar field layout for the heliostats type 2 are presented 

in figures from 10 to 13, for SM from 1 to 1.3.  

 

 
 

Figure 12. Solar field SM 1.2 Type 2 heliostats 

 

 
 

Figure 13. Solar field SM 1.3 Type 2 heliostats 

 

 
 

Figure 14. Incident flux on the receiver for SM 1and 

heliostat type 2 
 

 
 

Figure 15. Incident flux on the receiver for SM 1.1 and 

heliostat type 2 
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Figure 16. Incident flux on the receiver for SM 1.2 and 

heliostat type 2 

 

 
 

Figure 17. Incident flux on the receiver for SM 1.3 and 

heliostat type 2 

 

The incident flux results for the heliostats type 2 are shown 

in figures from 14 to 17. As before mentioned, for heliostats 

type 2 the flux density depends on the aiming point. 

 

Table 6. Performance results of the solar fields for heliostats 

type 2 

 
SM 1 1.1 1.2 1.3 

Average 

heliostats field 

efficiency [%] 

64.83 64.15 64.21 63.96 

 

Last heliostats type analyzed is the type 1, i.e. the big one. 

The main results obtained for this kind of heliostats are 

summarized in table 7. 

 

Table 7. Type 3 heliostats field results 

 
SM 1 1.1 1.2 1.3 

Heliostats 31 33 36 39 

Reflective area [m2] 3443 3654.5 3986.7 4318.9 

Receiver height [m] 2.6 2.5 2.4 2.4 

Receiver length [m] 2.08 2.16 2.25 2.25 

Optical total efficiency [%] 73.4 72.5 71.9 71.4 

Tower height [m] 53.5 54.5 56 57 

 

As it is possible to observe, the heliostats numbers, for each 

SM configuration, is low due to the high dimension of the 

heliostats, while the total optical efficiency decreases respect 

to the type 2 and type 3 cases. 

It is interesting to observe how the reduction of the 

interception effect is substantial with the SM increase (2%), 

respect to the other two kinds of heliostats.  

In the following figures 18, 19, 20 and 21 there are 

represented the heliostats field layout for all solar multiple 

analysed (1, 1.1, 1.2, 1.3). 

 

 
 

Figure 18. Solar field SM 1 Type 1 heliostats 

 

 
 

Figure 19. Solar field SM 1.1 Type 1 heliostats 

 

 
 

Figure 20. Solar field SM 1.2 Type 1 heliostats 

 

 
 

Figure 21. Solar field SM 1.3 Type 1 heliostats 
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Figure 22. Incident flux on the receiver for SM 1 and 

heliostat type 1 
 

 
 

Figure 23. Incident flux on the receiver for SM 1.1 and 

heliostat type 1 
 

 
 

Figure 24. Incident flux on the receiver for SM 1.2 and 

heliostat type 1 
 

 
 

Figure 25. Incident flux on the receiver for SM 1.3 and 

heliostat type 1 

 

In figure from 22 to 25 are represented the solar flux 

incident, for SM from 1 to 1.3. 

 

Table 8. Performance results of the solar fields for heliostats 

type 3 

 
SM 1 1.1 1.2 1.3 

Average heliostats field  

efficiency [%] 
59.38 58.85 58.1 57.49 

 

3.2 Comparison of the results  

 

In this part, the results obtained for the three kinds of 

heliostats will be compared. The comparison will be based on 

parameters as concentration ratio, total optical heliostats field 

efficiency, interception efficiency, annual average optical 

efficiency and receiver fluxes (average and maximum).  

 

 
 

Figure 26. Concentration ratio for the three different kind of 

heliostats 

 

From figure 26, it is apparent that the geometric 

concentration ratio increases as the solar multiple increases, 

for each heliostat size.  

In addition, while the values for the small heliostats (type 3) 

and intermediate (type 2) are almost equivalent, the results for 

the heliostats of greater size (type 1), assume higher values. 

Figure 27 shows the heliostats field optical. It can be noted 

that the efficiency decreases as the SM grows, due to the 

number of heliostats that are more distant from the tower, and 

thus have a lower efficiency. 

 

 
 

Figure 27. Solar field efficiency for the three  heliostat sizes 
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Even in this case, type 1 has worse performance than the 

others. The value of lower optical efficiency is mainly 

determined by the interception effect, as shown in Figure 28. 
 

 
 

Figure 28. Interception effect of the heliostats type for the 

SM configuration analyzed 

 

The interception effect is more evident for the heliostats 

type 1, because their size is greater than the one of the receiver 

(115.56 m2 against 5.4 m2) 

The receiver is not big enough to intercept the entire image 

reflected by the heliostat, and part of the flux will be "spilled" 

by the edges. 

Also for an annual efficiency, in the same way, there is the 

same effect as shown in Figure 29. 

 

 
 

Figure 29. Annual efficiency for all configuration 

 

3.3 Yearly simulation results 

 

Table 9 resumes the energy production results, obtained in 

the yearly simulation of the numerical model, by 

Matlab/Simulink for the three kinds of heliostats for all solar 

multiple. 

 

Table 9. Annual energy production [GWh] 

 
SM 1 1.1 1.2 1.3 

Type 1 0.90 0.94 0.99 1.03 

Type 2 0.92 0.97 1.02 1.06 

Type 3 0.94 1.00 1.04 1.08 

 

As it is possible to observe, by increasing the SM, the 

energy increases, but the best energy production is for the 

heliostats type 3 (the smallest one), that allows the production 

of higher energy amounts.   

The heliostats type 3 in heliostats field of SM 1.3 has the 

highest energy productions. 

Figure 30 shows the energy production during the 21st of June 

for the three heliostats for SM 1.3. 

The yellow line shows the performance of the biggest 

heliostat (type 1), the blue the ones of the intermediate and, 

finally, the green line the smallest one. 

As it can be seen, the heliostats type 1 doesn’t allow to 

control precisely the peak power; on the contrary, the type 3 

makes the regulation of the power, together with the mass flow 

control system, more accurate around the nominal design 

point. 

 

 
 

Figure 30. Heliostats types performances 

 

Figure 31 depicts the performance of the heliostats type 3 

for the three SM. It can be noted that the SM 1.3 allows to 

obtain the nominal power for a number of hours higher than 

the other configurations. Therefore, by this configuration, it is 

possible to increase the energy production. 

 

 
 

Figure 31. Heliostats type 3 performance for different SM 

 

 

4. CONCLUSIONS 

 

In this work, an optimization and design of the heliostat 

field has been carried out, for a micro solar turbine with a peak 

power of 500 kW, for three different sizes of heliostats and 
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four solar multiples. The power plant has two different logic 

of heliostat adjustments, in order to control the average 

incident flux of the receiver and the exceeding of TIT, and both 

are coordinated with the mass flow control system. The results 

show as the best configuration has SM 1.3, with small size 

heliostats; this allows to produce 1.08 MWh per year, and 

make a precise control of the peak power. Finally, this 

configuration represents the most suitable one for the mass 

flow control system employed in this kind of plant. The plant 

object of the present work does not use fuel; therefore, the 

optimization of the heliostats field has been performed with 

the aim of maximizing the conversion of solar energy. Energy 

production is sensitive to the efficiency of the field and 

therefore to the type of heliostats used. 
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NOMENCLATURE 

 

MGT Micro Gas Turbine 

DNI Direct normal radiation [W/m2] 

SM Solar multiple 

CSPs Concentrating Solar Power system 

HTF Heat Transfer Fluid 

NREL NationalRenewableEnergy Laboratory 

TMY Typical Meteorological Year 

 

Greek symbols 

 

 

 Solar radiation [W/m2] 

θ Angular distance [°] 
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