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Abstract 11 

Ray-tracing tools are commonly used to optically characterize solar concentrators, but 12 

the International Standards used to certify collectors for heating do not allow the use of 13 

these tools to analyse the optical behaviour of solar thermal systems. Solar 14 

concentrators for the medium temperature range often are of large dimensions and 15 

cannot be easily reoriented to the sun without an expensive rotating test platform 16 

suggested by the International Standards; therefore, some deficiencies can be detected if 17 

the standards procedures are applied to these types of concentrating collectors. In this 18 

paper, the use of ray-tracing tools combined with thermal experimental data is proposed 19 

to determine the energy balance coefficients by a Weighted Least Square adjustment 20 
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(WLS). The main advantages of this methodology are that the measurement of the 21 

thermal efficiency at normal incidence and solar concentrator reorientation are not 22 

required, the optical behaviour of the system can be determined for any position of the 23 

sun, and it can be used for in situ measurements for large-scale solar thermal collectors.  24 

 25 

Keywords: Standard collector testing; Variable geometry; IAM; Ray-tracing; In situ 26 

measurements; Solar concentrator. 27 

Nomenclature 28 

 29 

 : solar absorbance of the absorber tube (-). 30 

opt

b0 optical efficiency of the collector relative to beam solar radiation (-) 31 

opt

d0 : optical efficiency of the collector relative to solar diffuse radiation (-) 32 

i: incidence angle (º) 
33 

L: longitudinal incidence angle (º) 
34 

T: transversal incidence angle (º) 
35 

: reflectance of the reflector (-) 36 

σ: standard deviation combining all optical errors (mrad) 37 

Aa: aperture area of the collector (m
2
) 38 

bi: fitting parameters 39 

Ca : ratio of collector and receiver apertures (-) 40 

c1 : heat loss coefficient respect to (tm-ta)=0 K (Wm
-2

K
-1

) 41 

c2 : dependence to the temperature of the heat loss coefficient (Wm
-2

K
-2

) 42 

c5 : effective thermal capacity (Jm
-2

K
-1

) 43 

F : focus distance (m)

 44 

F’: heat removal factor also called thermal efficiency (-) 45 

GDNI: direct normal irradiance (Wm
-2

) 46 

GT: global irradiance on collector plane (Wm
-2

) 47 

GdT: diffuse irradiance on collector plane (Wm
-2

) 48 
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GbT: direct irradiance incident on collector plane = GDNI×cosi (Wm
-2

) 49 

Kb: incidence angle modifier relative to the direct incidence radiation (-) 50 

Kd: incidence angle modifier relative to the diffuse radiation (-) 51 

k: extinction coefficient (m
-1

) 52 

N: total number of mirrors 53 



Q : output power (W) 54 

t: time (s) 55 

ta: ambient temperature (ºC) 56 

te: output fluid temperature (ºC) 57 

tin: inner fluid temperature (ºC) 58 

tm: average fluid temperature tm = (te + tin)/2 (ºC) 59 

W : aperture width 

60 

y: fitting dependent variable 

61 

zi: fitting independent variable 

 62 

 

 63 

 64 

Abbreviation 65 

CPC: Compound Parabolic Collector 66 

CSFMSC: Curved Slats Fixed Mirror Solar Concentrator 67 

CCStaR: Concentrating Collector with Stationary Reflector 68 

ETC: Evacuated Tube Collector 69 

FMSC Fixed Mirror Solar Concentrator 70 

FPC: Flat Plate Collector 71 

IAM: Incidence Angle Modifier 72 

ISO: International Organization for Standardizatio 73 

LFR: Linear Fresnel Reflector 74 

MAE: mean absolute error 75 

ME: mean error 76 

MLR: multiple linear regression 77 

PTC: Parabolic Trough Collector 78 

RMSE: root mean square error 79 

SRTA: Stationary Reflector with Tracking Absorber 80 

WLS: Weighted Least Square 81 
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1. Introduction 82 

Solar thermal concentrator devices focus sunlight into a receiver in order to obtain 83 

elevated efficiencies at high temperatures. In some cases, the geometry of these devices 84 

is modified in function of the position of the sun. For example, in the Linear Fresnel 85 

Reflector (LFR) [1] the mirrors are moved to redirect the sun rays into a fixed linear 86 

receiver; and in the case of the Fixed Mirror Solar Concentrator (FMSC) [2], or the 87 

Stationary Reflector with Tracking Absorber (SRTA) [3], the receiver moves within a 88 

circular path while the reflector remains static. Another typical example is the 89 

configuration of a central tower plant [4], where the reflectors (heliostats) are moved to 90 

reflect the sun rays towards a central point receiver. All these optical systems are 91 

examples of a variable geometry concentrator, and differ from the designs of the 92 

Parabolic Trough Collector (PTC), and parabolic dishes, where the relative position 93 

between the mirror and the receiver does not change during the day (the geometry 94 

remains constant). 95 

New types of collectors in the medium temperature range (80-250ºC) [5] have emerged 96 

lately, such as the LFR from PSE AG [6] and the fixed-mirror CCStaR prototype 97 

(Concentrating Collector with Stationary Reflector) [7]. These solar concentrators are 98 

systems with variable geometry, and a testing procedure is needed in order to certify 99 

their behaviour in real working conditions; as is the case for the ISO standards used to 100 

certified conventional collectors for domestic hot water or space heating, i.e. Flat Plate 101 

Collectors (FPC), Evacuated Tube Collectors (ETC), and Compound Parabolic 102 

Collector (CPC).  103 
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There are standards that provide the testing procedure for the thermal performance of 104 

solar systems. The withdrawn European norm EN 12975-2 [8] and the new version of 105 

the International Standard ISO 9806:2013 [9] that replaced the European Standard [8] 106 

are applicable to the most typical collectors available in the market (FPC, ETC, and 107 

CPC), where the quasi-dynamic thermal performance of glazed and unglazed liquid 108 

heating solar collectors is specified. Tracking concentrating collectors were more 109 

detailed in those standards [8, 9] because of the separation between direct and diffuse 110 

efficiency gives a more accurate characterization of a tracking concentrating collector. 111 

Unfortunately, the standards cannot be applied to concentrators with complex Incidence 112 

Angle Modifiers (IAM), as is the case for variable geometry collectors, because they do 113 

not specify the procedure for experimentally determining the IAM when it is not 114 

feasible to obtain all the measuring angles. The American Standard ASTM 905 [10] 115 

applies the quasi-steady state conditions to a one- or a two-axis tracking reflecting 116 

concentrating collector. This testing method can be applied to collectors with a 117 

geometric concentration ratio of seven or greater, as the effects of diffuse irradiance on 118 

performance are negligible. However, this testing method is not intended for, and may 119 

not be applicable to fixed-mirror tracking-receiver collectors. On the other hand, the 120 

American Standard ASHRAE 93 [11] can be applied to a solar concentrator, even 121 

though only direct radiation is used for the steady-state model, and not much detail to 122 

particular testing processes for solar concentrators with variable geometry is mentioned. 123 

In many studies, the thermal testing procedures stipulated in the standards have been 124 

applied to a solar concentrator. Jaramillo et al [12] tested a PTC according to the 125 

ASHRAE 93 [11], as well as Nkwetta and Smyth [13] did for a low-concentrator 126 
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evacuated system. Xu et al [14] realized a comparison of three outdoor test methods for 127 

determining the thermal performance of PTC’s: the steady-state method of the 128 

ASHRAE 93 [11], the quasi-dynamic method of the EN 12975-2 [8], and a new 129 

dynamic method developed by the authors. In addition, solar concentrators can be 130 

thermally characterized by energy balance equations, and as a result, there are many 131 

studies that have not implemented the standards but have instead applied their own 132 

models, with examples being, the latter study mentioned above [14], or the experimental 133 

validation for a LFR prototype by Pino et al [15], or the newly proposed models to 134 

characterize solar thermal collectors [16, 17]. 135 

The authors of this paper had tested in [18] a solar concentrator prototype with variable 136 

geometry called CCStaR V2 (a prototype similar to the one analysed in this paper called 137 

CCStaR V1). A new procedure to characterize the prototype optically and thermally, 138 

based on the quasi-dynamic model of the standard EN 12975-2 [8], was presented, of 139 

which “dummy variables” method [19] and the optical results of a ray-tracing 140 

simulation used as initial hypothesis for the energy balance equation were the main 141 

contributions. The study showed some deficiencies in the EN 12975-2 standard for 142 

variable geometry concentrators such as: the lack of definition for the requirements of 143 

the IAM in the testing procedure, the lack of the thermal efficiency procedure if the 144 

efficiency at normal incidence could not be acquired from testing due to the 145 

characteristics of the solar concentrator (collectors with large structures and with 146 

cumbersome orientation adjustments), and difficulties in obtaining  the effective thermal 147 

capacity term for solar thermal concentrators. We proposed in [18] the use of ray-148 

tracing software in order to assess the initial hypotheses for the collector thermal model, 149 
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stipulating the condition that the simulation results must fall within a ±5% error from 150 

the experimental results. In this procedure, it was also found necessary to add the heat 151 

removal factor F’ obtained from previous testing.  152 

Therefore, if solar concentrators with variable geometry must be certified, 153 

experimentation with these systems would be of great value to propose new changes in 154 

the future standards revisions. 155 

The solar concentrator prototype tested in this paper, the CCStaR V1, is made up of a 156 

fixed parabolic mirror with a moving receiver that tracks the sun in a circular path. 157 

Although a parabola only has one focus point for normal incidence, given a high enough 158 

F/W ratio (where F is the focus distance and W the aperture width), the radiation 159 

dispersion can be confined to a reduced area for all significant sun angles (from the 160 

energy point of view). Furthermore, the radiation concentration area falls in a circular 161 

path which can be easily tracked with the rotating arm of the tube receiver shown in 162 

Figs. 1(a) and (b). The receiver angle position θr is the angle between the axis that links 163 

the receiver to its rotational axis and that of the parabola, see θr in Fig. 2(b). The 164 

receiver is positioned at an angle θr=2θT, where θT is the incidence angle on the reflector 165 

in the transversal plane. 166 

In this paper, a new methodology is proposed to characterize the thermal efficiency 167 

curve of a variable geometry collector, where the obtained IAM results from a ray-168 

tracing program are introduced as the known independent variables in the energy 169 

balance equation. The main differences with respect to the previous studies are: 170 

“dummy variables” were not used, the experimental measurement of the thermal 171 
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efficiency at normal incidence was not required, and the heat removal factor F’ was 172 

obtained from the test. 173 

   174 

Fig. 1. (a) A parabola with a high F/W ratio focusing sun rays on a receiver for normal 175 

incidence, and (b) the same parabola focusing sun rays on a receiver for θT=30º incidence angle. 176 

Reproduced in [18]. Copyright 2014 by Elsevier. 177 

 178 

   2. The solar concentrator with variable geometry 179 

From an optical point of view, a great difference exists between fixed geometry and 180 

variable geometry collectors, as the former type usually has a simple model for the IAM 181 

(i.e. the Souka and Safwat IAM model [20] which is used in many standards, i.e. [8, 9, 182 

11]), while variable geometry concentrators usually have a complex IAM that is not 183 
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easily predictable [18, 21]. On account of this, standards must explain in detail the 184 

procedure used to obtain the IAM values for all transverse and longitudinal angles.  185 

 186 

2.1 Related work 187 

The company Tecnología Solar Concentradora SL (www.tsc-concentra.com), in 188 

collaboration with the University of the Balearic Islands (UIB), has developed a solar 189 

concentrator with fixed mirror and tracking absorber called CCStaR. The CCStaR 190 

project started in 2006 with the aim of bringing to the market a solar collector able to 191 

work between 100 and 200ºC that could at the same time be easily integrated onto light 192 

building roofs. The CCStaR optical principles were based on the Fixed Mirror Solar 193 

Concentrator (FMSC) geometry [2]. The FMSC emerged in the seventies as an effort to 194 

reduce the electricity production costs of solar thermal power plants [22]. The FMSC 195 

concept was the starting point for the CCStaR project (see [23] for more details about 196 

this geometry).     197 

While the original idea for the CCStaR project was to develop a solar concentrator 198 

based on the FMSC, it was demonstrated that replacing the flat mirrors with curved 199 

ones resulted in a better optical performance [24, 25]. The design with curved mirrors 200 

has been named the Curved Slats Fixed Mirror Solar Concentrator (CSFMSC). In a 201 

previous study [26], an optical analysis using ray-tracing tools was made in function of 202 

three design parameters: the number of curved mirrors N, the ratio of focal length and 203 

reflector width F/W, and the aperture concentration Ca (defined as the ratio of the mirror 204 

aperture/absorber aperture). Further studies on the thermal behaviour of both geometries 205 

http://www.tsc-concentra.com/
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(FMSC, CSFMSC) have been presented recently [27, 28], and comparing the results of 206 

both geometries, it was shown that the CSFMSC, with only one parabolic mirror, is the 207 

design with a higher solar energy capture. 208 

During the CCStaR project, three prototypes were constructed and evaluated. The first 209 

one was based on the FMSC geometry with nine flat mirrors (N=9) and a ratio F/W=1.5, 210 

while the other two were based on the CSFMSC geometry with one parabolic mirror 211 

(N=1), and a ratio F/W=1.5 for the second prototype and a ratio F/W=1.1 for the third. 212 

The testing results of the first prototype (called CCStaR V0) have been presented in 213 

[21], where a ray-tracing program developed by the authors (described in [23]) was used 214 

in order to determine the optical behaviour of the system, and the results showed great 215 

agreement between the simulated and tested results (the CCStaR V0 prototype was 216 

tested only at ambient temperature). A complex IAM was observed for this first 217 

prototype, where the transverse IAM curve was not an easy fit. For the third prototype 218 

(CCStaR V2), an optical and thermal characterization was presented in [18]. The same 219 

ray-tracing program [23] was used to set the initial hypothesis for the optical terms of 220 

the energy balance equation proposed in the standards [8, 9], and “dummy variables” 221 

where used due to the complexity of the IAM. During the CCStaR V2 testing campaign, 222 

the normal incidence was obtained experimentally, as it is mandatorily specified in the 223 

standards [8, 9]. It should be noted that it was only possible to measure the thermal 224 

behaviour at a normal incidence near the time of summer solstice, because the CCStaR 225 

V2 cannot be reoriented to the sun easily without an expensive rotating test platform 226 

due to the large mirror dimensions (a fixed mirror with gross area of 43.7 m
2
). 227 
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In this paper, a new methodology to characterize variable geometry collectors is 228 

presented that has been applied to the second CCStaR prototype that was constructed 229 

(the CCstaR V1). The methodology consists of first validating a theoretical ray-tracing 230 

model with experimental results at near ambient temperature, and in which the heat 231 

removal factor F’ is obtained in this first step. Once the theoretical ray-tracing model 232 

was validated, it was then used to calculate the optical efficiency for each sun position 233 

during the testing campaign in order to introduce the IAM values in the energy balance 234 

equation as known independent variables. Therefore, “dummy variables” were not used, 235 

and therefore it was unnecessary to measure the thermal efficiency at normal incidence. 236 

Finally the heat loss coefficients are determined from data series at average working 237 

temperatures greater than the ambient. The results showed that the ray-tracing tools 238 

proved to be very helpful to extend the scope of the standards. 239 

 240 

2.2 Description of the CCStaR V1 prototype   241 

The tested prototype is the CCStaR V1 (Concentrating Collector with Stationary 242 

Reflector Version 1), and it was manufactured with the following design parameters: 243 

F/W=1.5, N=1, and Ca=11.5. The optical principle of the CCStaR V1 is the same as the 244 

one of the CCStaR V2 and it is shown in Fig. 1 (see [18] for more details about the 245 

tracking receiver path). The construction of the V1 prototype is very similar to the V2, 246 

as the only main differences are element size, and that the V1 prototype is smaller than 247 

the V2 version (23.7 m
2
 and 37.4 m

2
 of aperture area respectively). 248 
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The Figure 2(a) is a drawing of the prototype. The gross dimensions are 4.5 m in width 249 

by 6 m long. The reflector consists of 32 parabolic mirrors distributed in eight 250 

longitudinal and four transverse rows. The receiver consists of 32 standard Sydney 251 

evacuated tubes also mounted in eight longitudinal and four transverse rows, and 252 

positioned on a mobile structure that tracks the sun trajectory on a circular path in order 253 

to optimize the focusing point onto the receiver. Two manifolds distribute the working 254 

fluid into the receivers. The reflector was made of aluminium sheets for solar 255 

applications. The width of each parabola was 540.5 mm, and the total aperture area 256 

(reflector surface) was 23.7 m
2
. The absorber surface was the inner cylindrical glass of a 257 

Sydney tube (47 mm diameter), while the outer glass tube was 58 mm in diameter. The 258 

CCStaR V1 was located on the rooftop of a building at the UIB in Mallorca, (latitude 259 

39º38'15'', longitude 2º38'47''E, and altitude 84 m) with a tilt angle of 15º and was 260 

oriented 9º East; see Fig. 2(b) for an entire visualization of the CCStaR V1 prototype.  261 

  262 

 263 

Fig. 2. (a) 3D image of the CCStaR V1 showing the main elements, and (b) picture of the 264 

CCStaR V1 installed at the UIB in Mallorca. 265 

 266 
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3. Testing methodology  267 

In order to test the CCStaR’s V1 and V2 prototypes under quasi-dynamic conditions, a 268 

test bench was constructed and was given as described in [18]. The only difference 269 

respect to the CCStaR V2 test bench is that a 12 kW cooler was introduced between the 270 

collector outer fluid and the air heater in order to measure the thermal efficiency at 271 

ambient temperature. Measurements of the sensors were recorded every five seconds, 272 

and the measurement uncertainty estimation was presented in the previous article (see 273 

[18] for more details about the bench testing). 274 

The testing methodology used for the CCStaR V1 prototype was the quasi-dynamic 275 

model that is explained in detail  in section 25.1.4 of the International Standard ISO 276 

9806 [9]. The Eq. (1) shows a slightly modified version of the model presented in this 277 

standard: 278 

    
dt

dt
cttcttcGKFGKF

A

Q m

amamdTd

opt

dbTb

opt

b

a

5

2

2100 '' 



         (1) 279 

The F’ is the heat removal factor, the 
opt

b0  and 
opt

d0  are the optical efficiency at normal 280 

incidence relative to the beam and diffuse solar irradiation respectively (only optical 281 

effects), the Kb and Kd are the IAM for the beam and diffuse solar irradiation 282 

respectively, and the ta is the ambient temperature. The variables GbT and GdT are the 283 

beam and diffuse solar irradiance, respectively, (both on the collector plane referred to 284 

with the T sub-index). The coefficients c1 and c2 are the heat loss coefficients referred to 285 

the difference between average fluid temperature tm and the ambient temperature ta. The 286 
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coefficient c5 is the effective thermal capacity which depends on the derivate in time of 287 

the mean fluid temperature dtm/dt. 288 

The coefficients related to the thermal losses due to the effects of wind speed (c3 and c6 289 

in the standards [8, 9]) were ignored because the selected testing days were all classified 290 

as “low wind speed” (wind speed lower than 2 m/s). Likewise, the coefficient related to 291 

the long-wave thermal losses (c4 in the standards [8, 9]) was also omitted because the 292 

effects of irradiation are reduced by the glass tube. 293 

The IAM terms are calculated by the ratio between the optical efficiency for any sun 294 

position and the optical efficiency at normal incidence: 295 

 
 

 
 3        

 ,

2        
 ,

0

0

opt

d

LT

opt

d
d

opt

b

LT

opt

b
b

K

K













 296 

where θT and θL are the transverse and longitudinal angles (for a definition of those 297 

angles see for example [18, 29]). 298 

For the FMSC and CSFMSC theoretical designs in [23, 26], it was shown that beam 299 

IAM can be factorized in a similar way to the CPC collectors by the product of the 300 

transverse and longitudinal IAM, Kb(θT,θL)=Kb(θT,0)Kb(0,θL)f(θT,θL), where f(θT,θL) is a 301 

function that takes into account the longitudinal end losses. 302 

Normally, the treatment of Eq. (1) is solved by Multiple Linear Regression (MLR) in 303 

order to obtain the constant parameters. The measure of thermal efficiency at zero 304 

thermal losses and normal incidence is mandatory in the standards [8, 9], so the values 305 
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opt

bF 0'  and 
opt

dF 0'  must be obtained experimentally. For bi-axial systems, the IAM 306 

depends on the transverse and longitudinal angles, hence the ISO 9806 mandates that   307 

the IAM curve be obtained for both principal planes and selected angles (20º, 40º, 60º 308 

…), and this can usually be done with mobile platforms for small-size  collectors. 309 

For the case of the CCstaR V1 and V2 prototypes, the usual method described above is 310 

not applicable because of the large dimensions of the prototype do not allow 311 

reorienting. Therefore only IAM values at the sun incidence angles available during the 312 

testing campaign can be obtained. In Sallaberry et al. [18], the thermal behaviour at 313 

normal incidence was measured because the sun trajectory allowed it. However, this 314 

implies that the experimental campaign can only be performed when the sun passes 315 

through the zenith of the collector. Therefore, another methodology is required to obtain 316 

the constant parameters in Eq. (1) if, due to the collector configuration, the sun does not 317 

pass through the zenith of the collector. Moreover, this new methodology can be useful 318 

for in situ measurements. 319 

The new methodology described here, which combines ray-tracing results with thermal 320 

and climatic measurements, enables the c’s coefficients to be obtained without 321 

measuring the 
opt

bF 0'  and 
opt

dF 0'  values. The proposed method consists of rewriting  322 

Eq. (1) when the collector is working at average temperature near to the ambient 323 

temperature as: 324 

 
dt

dt
cGKGKF

A

Q m
dTd

opt

dbTb

opt

b

a

500' 



    (4) 325 

We call Eq. (4) the optical model. For the optical model, the curve to fit is: 326 
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 2211 zbzby                         (5) 327 

where 
aA

Q
y



 is the dependent variable, and zi are the independent variables defined as: 328 

(7)                                                 

(6)                    

2

001

dt

dt
z

GKGKz

m

dTd

opt

dbTb

opt

b



 

 329 

Hence the parameters to determine in the fitting are related to the parameters: 330 

(9)                        

(8)                           '

52

1

cb

Fb




 331 

Here the heat removal factor F’ is obtained by fitting the compared ray-tracing results 332 

and experimental data at ambient temperature, because the optical terms 
opt

bbK 0  and 333 

opt

ddK 0  were determined previously by ray-tracing simulation for each sun position 334 

during the testing campaign. Note that the optical terms (
opt

bbK 0  and 
opt

ddK 0 ) are 335 

considered as independent variables in the model, hence the problem of not having a 336 

clear IAM model is avoided. 337 

Once the optical model is validated (it means that Eq. (4) reproduces the experimental 338 

results within ±5 % difference) the thermal model (Eq.(1)) is used to obtain the heat loss 339 

coefficients by using data series with average working temperatures greater than the 340 

ambient. 341 
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The uncertainty of each characteristic parameter has been calculated according to the 342 

method published in the ISO 9806 [9] and the International Standard [30]. The 343 

uncertainties of the sensors were described in [18]. 344 

In order to validate the integrity of the thermal model (Eq. (1)) with respect to the 345 

experimental values, three error estimators were used: the mean error ME, the mean 346 

absolute error MAE, and the root mean square error RMSE. Equations (10-12) show the 347 

expressions for each error estimator: 348 

(12)        
1
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(11)                
1

MAE

(10)                    
1

ME
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 349 

 350 

4 Ray-tracing simulations 351 

A forward ray-tracing code was implemented and described in [23], with an update 352 

adding diffuse radiation simulation given in [18]. In the ray-tracing program, the 353 

geometry of the solar concentrator can be composed by static and mobile surfaces. The 354 

mobile surfaces change their location depending on the sun location, which it is very 355 

useful to analyse variable geometry concentrators optically. The optical efficiencies 356 

(beam and diffuse) have been calculated with this program, but first a simple geometric 357 
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characterization was conducted to determine the real position of each evacuated tube 358 

respect to its parabolic mirror. 359 

 360 

 4.1 Geometrical characterization 361 

The position of both edges of each tube was measured with a laser meter and a caliper 362 

to find the relative position between each receiver tube and its corresponding parabolic 363 

mirror. It was possible to measure deviations within ±1 mm tolerance between the 364 

theoretical and the real position. In Fig. 3 the deviation in vertical and transverse 365 

position from the theoretical position is shown, and in Tables 1 and 2 the values of the 366 

relative positioning error are shown for each receiver tube. It can be observed that the 367 

errors in the transverse direction (Table 1) were not greater than 4 mm. This positioning 368 

error, despite being very small compared to the overall dimensions of the device, could 369 

cause significant losses for sun angles corresponding to low solar elevation. However, it 370 

should be noted that only two tubes were positioned with an error > 2 mm. With regard 371 

to errors in the vertical direction (Table 2), the tubes in the central part were quite well 372 

positioned. However, at the edges, where the deformation of the support structure was 373 

greater, the errors were rather large, and reached values up to 18 mm. Nevertheless, it 374 

was observed that 14 tubes were positioned with a vertical error of ≤ 2 mm. 375 
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 376 

Fig. 3. Deviation in relative positioning, transverse and vertical directions, between the receiver 377 

tube and the parabolic mirror   378 

 379 

Table 1. Relative positioning errors between reflectors and receiver tubes in the tranverse 380 

direction. 381 

Transverse relative 

positioning errors (mm)  

Longitudinal row 

1 2 3 4 5 6 7 8 

T
ra

n
sv

e
rs

e
 r

o
w

 1 
front edge -1 0 1 0 -1 2 2 0 

back edge -1 -1 0 0 0 0 -1 -1 

2 
front edge 0 1 0 0 -1 -1 1 2 

back edge 1 1 1 1 3 2 4 2 

3 
front edge 0 1 0 1 1 1 0 1 

back edge 1 1 1 1 2 1 0 0 

4 
front edge 0 1 -1 0 0 0 2 2 

back edge 0 0 -2 1 -1 1 2 -1 

 382 
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Table 2. Relative positioning errors between reflectors and receiver tubes in the vertical 383 

direction. 384 

Longitudinal relative 

positioning errors (mm)  

Longitudinal row 

1 2 3 4 5 6 7 8 

T
ra

n
sv

e
rs

e
 r

o
w

 1 
front edge -1 -4 -5 -6 -8 -10 -11 -12 

back edge 2 -2 -3 -1 -1 -1 0 0 

2 
front edge 1 1 1 1 2 1 5 3 

back edge -1 -1 0 0 2 2 3 0 

3 
front edge 0 -1 0 2 1 2 2 2 

back edge 2 2 1 1 1 0 0 3 

4 
front edge 0 -2 -3 -3 -2 -3 -2 -4 

back edge -8 -10 -13 -14 -14 -15 -15 -18 

 385 

4.2 Ray-tracing results 386 

In this Subsection the IAM curves are presented. Figure 4 shows a visualization of the 387 

ray-tracing for the CCStaR V1 for solar beam irradiation simulation. The geometry of 388 

the CCStaR V1 was modelled with the material physical properties of the prototype as 389 

reported by the manufacturers (see Table 3), and with the position errors displayed 390 

above. 391 

A convergence analysis was conducted before each numerical experiment in order to 392 

determine the minimum number of rays needed to be computed in the ray-tracing to 393 

obtain a result variability of less than 0.004. Nevertheless, the biggest contribution to 394 

the results is due to the errors associated to the input optical parameters, such as: the 395 

cover transmittance, receiver absorptance, and the mirror reflectance. A sensitivity 396 

study was conducted to assess the influence of the optical parameters on the ray-tracing 397 

results. We only considered errors for the normal incidence absorptance (α0=0.94±0.01), 398 

extinction coefficient (k=8±2 m
-1

), and mirror reflectance layer (ρ=0.91±0.01). Taking 399 
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into consideration the upper and the lower limit errors exposed above, the ray-tracing 400 

results varied by ±0.03 when the CCStaR V1 was simulated by the normal beam 401 

irradiation and diffuse irradiation. Therefore, we considered an accuracy of ±0.03 for 402 

the ray-tracing results to be a consequence of the input parameters. 403 

A total optical error was included for the mirror imperfections by considering a 404 

Gaussian distribution with a variance value of σ = 10 mrad, which includes the whole 405 

dispersion caused by the following sources errors: slope, scattering, tracking, and 406 

alignment [31]. The size of the sun was modelled by the Buie equations [32] with a 407 

circumsolar ratio of 0.05. 408 

Taking all of these considerations into account, by issuing 10
6
 rays at normal incidence, 409 

beam optical efficiency was determined to be 03.070.00 opt

b . 410 

 411 

Fig. 4. Optical simulation by ray-tracing program for beam solar irradiation. 412 

 413 

 414 
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Table 3. Optical properties of the materials. 415 

Element Property 

Mirror solar reflectance ρ = 0.91 

Standard deviation combining all optical errors σ = 10 mrad 

Glass tube refraction coefficient 1.526 

Glass tube extinction coefficient 8 m
-1

 

Solar absorptance at normal incidence  = 
 

Angular absorptance dependence (adopted from [33]) 

2.1

0 cos

1
057.01 










i

  

 416 

Figure 5(a) shows the results for the beam transverse and longitudinal IAM. It can be 417 

observed that the transverse IAM was greater than 0.8 for incidence angles up to 54º. 418 

An abrupt decrease occurred for an incidence angle of 60º, which is the transverse angle 419 

for which the tracking movement was stopped due to a mechanical intersection in the 420 

support structure of the prototype. The longitudinal IAM drops rapidly when the 421 

incidence angle increases; this was due to very high edge losses (there was a lack of 422 

reflective surface in the longitudinal direction between transverse beams, and also a lack 423 

of absorber surface in the longitudinal direction between the manifolds). 424 

The beam IAM for all combinations of the transverse and longitudinal angles was 425 

determined by ray-tracing and the results have been plotted in Fig. 5(b) (grey surface). 426 

The factorized approximation for the beam IAM was also plotted, and was calculated 427 

according to the expression Kb(θT,θL)=Kb(θT,0)Kb(0,θL)f(θT,θL), black points in Fig. 5(b), 428 

in order to compare this approximation given in [26] with the exact value obtained by 429 

ray-tracing simulation. The Pearson correlation between the IAM factorization and the 430 

ray-tracing results was r=0.966. Thus, the beam IAM factorized approximation was 431 

valid for this prototype, as it has been proven for theoretical CSFMSC designs in [26]. 432 
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It should be noted that the optical behaviour of the prototype was very irregular and not 433 

easily predictable by analytical methods, and as a result could only be calculated 434 

accurately with computer ray-tracing tools. Moreover, if the transverse and longitudinal 435 

IAM curves are given, and the beam IAM factorized approximation is validated, the 436 

beam optical behaviour of the CCStaR V1 can be obtained similarly to the bi-axial 437 

collectors by factorization. 438 

 439 

Fig. 5. IAM curves for CCStaR V1 collector calculated with ray-tracing program: (a) transverse 440 

and longitudinal IAM and (b) IAM values of the CCStaR V1 collector for overall angular range. 441 

Given that the receiver is mobile, the optical efficiency for diffuse solar irradiation 442 

could depend on the position of the receiver, something which is not the case for a fixed 443 

geometry collector. A simulation by ray-tracing was performed to calculate the diffuse 444 

solar irradiation efficiency for different receiver positions, because the receiver angle 445 

position θr depends only on the transverse angle as it was explained in [18] (see Fig. 1). 446 

In this case, the ray-tracing results were determined by issuing 10×10
6
 rays for each 447 

receiver position. The results are presented in Fig. 6 for a tilt inclination of 15º. The 448 

maximum value was obtained when the receiver was positioned at the highest location 449 
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on the path circle,   154.0º0 T

opt

od  , and the minimum value was obtained when 450 

θT=20º,    133.0º20 T

opt

d  . Fig. 6 shows that the receiver position had a slight 451 

influence on the optical efficiency for diffuse solar irradiation, hence an average 452 

between θT = 0º-90º is a good approximation, which gives a value 03.014.00 opt

d  (the 453 

error was due to the input parameters in the ray-tracing). With this approximation, the 454 

IAM for diffuse irradiation is always Kd =1. 455 

 456 

 457 

 458 

 459 

 460 

 461 

Fig. 6. Diffuse optical efficiency  T

opt

d   obtained by ray-tracing simulation. 462 

 463 

5 Experimental results and discussion 464 

The prototype was tested at average working temperature tm from the ambient 465 

temperature up to 118ºC. The tests at ambient temperature were used to determine the 466 

collector heat removal factor F’, and to validate the ray-tracing simulations (the optical 467 

model explained in Eq. (4)). Tests were performed at an average working temperature 468 
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greater than the ambient temperature to determine the heat loss coefficients in the 469 

energy balance equation (Eq. (1)). 470 

In order to avoid any noise during the data processing, the requirements presented in 471 

Table 4 were used as data quality control. A preconditioning time of ten minutes was 472 

used where the data were to be checked but not to be used in the fitting. The tests were 473 

performed over 10 days, and 93 points were obtained (45 were at average working 474 

temperature near to the ambient, K 5 am tt , and 48 data points at higher temperature, 475 

range of 65ºC to 118ºC). 476 

Table 4. Requirements to obtain reliable points from experimental measurements. 477 

Sensor data Specification 

Preconditioning time 600 seconds 

Time for each stable point 300 seconds 

Deviation in the inlet temperature for each stable point ± 1 K 

Deviation in the volumetric flow for each stable point ± 1 % 

Beam solar irradiation for each stable point  GbT > 400 W/m
2 

Deviation in flow during the testing campaign ± 15 % 

 478 

In Figure 7(a) the tm-ta values versus global solar irradiance on the mirror aperture GT 479 

are shown for the stable experimental points. Most of the data were collected during 480 

sunny days with a TdT GG  ratio between 0.14 and 0.31, see Fig. 7(b). Stable points 481 

could only be measured in areas away from normal incidence because some ruptures of 482 

the Sydney tubes were detected at high irradiation concentrations (for more details 483 

about this cracking see [34]). Figure 8 shows the transverse and longitudinal angles 484 

obtained during the testing. It should also be noted that the transverse and longitudinal 485 
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angles tested in this experiment fall within the range of the most important sun angles 486 

for this geometry and location, as it was shown in [35].  487 

 488 

Fig. 7. Variability of the data: (a) temperature difference tm-ta vs global irradiance GT, 489 

and (b) diffuse irradiance GdT vs global irradiance GT. 490 

 491 

Fig. 8. Incidence angles during the testing. 492 

 493 

 494 
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5.1 Ray-tracing validation and F’ value determination 495 

The prototype was tested at ambient working temperature (tm ≈ ta ± 5 K) in order to find 496 

the F’ value and to validate the ray-tracing simulations. The WLS method exposed in 497 

[9, 30] was performed to obtain the b1 and b2 parameters given in Eqs. (5-9). The results 498 

of the WLS are shown in Table 5, where the value of the heat removal factor obtained 499 

was F’=0.934±0.009. 500 

For the goodness of fit in the adjustment regression, the t-ratio is defined as the 501 

value/uncertainty coefficient used. The t-ratio must be greater than two in order to be 502 

accepted into the efficiency curve [8, 36], even though the new version of the 503 

International Standard ISO 9806:2013 [9] states that the t-ratio must be greater than 504 

three. We can observe that the F’ value was obtained with a low uncertainty with a t-505 

ratio of 106, which is not the case of the capacity term c5 with a t-ratio of 2.6. 506 

Figure 9 shows the optical model Eq. (4) versus the experimental output power for the 507 

45 stable points at ambient temperature. There was a good agreement between the 508 

experimental and the theoretical values, as all the points fell within the ±5% error, as 509 

can be seen in Fig. 9. Hence, the optical model has been validated in view of the results 510 

and we determined that the beam efficiency at normal incidence was 511 

03.066.0' 0 opt

bF  , and the diffuse efficiency was 03.013.0' 0 opt

dF  . 512 

  Table 5. Parameters identified from fitting the optical model Eq.(4). 513 

Parameter Unity Value Uncertainty t-ratio 

F’ - 0.934 0.009 106 

c5 Jm
-2

K
-1 

-12647 4824 2.6 

 514 
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 515 

Fig. 9. Experimental output power at ambient working temperature versus optical model power. 516 

 517 

5.2 Thermal power curve fitting 518 

Once the optical model was validated, the 48 stable points at average working 519 

temperature greater than the ambient temperature were used to determine the thermal 520 

loss coefficients. The proposed model was the one given in Eq. (1) where the 
opt

bF 0'  521 

and 
opt

dF 0'  values from the previous analysis were used. Note that the beam IAM values 522 

(Kb) were required for the adjustment and obtained previously by ray-tracing simulation 523 

for each sun position in the tests. Hence, the proposed power curve was the one shown 524 

in Eq. (13), and has been called as Model 1. 525 

   
dt

dT
cttcttcGGK

A

Q m

amamdTbTb

a

5

2

2113.066.0 



     (13) 526 

Again, the WLS method exposed in [9, 30] was performed in order to obtain the c’s 527 

coefficients. The capacity term c5 was added in the thermal model due to the high 528 
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uncertainty obtained in the previous optical model. The results are given in Table 6, and 529 

it can be observed that the first thermal loss coefficient obtained a t-ratio lower than 2. 530 

Hence, a second model (Model 2) was proposed, only taking into consideration the 531 

second term for thermal losses, due to the high uncertainty on the c1 parameter, Eq. 532 

(14): 533 

 
dt

dT
cttcGGK

A

Q m

amdTbTb

a

5

2

213.066.0 



      (14) 534 

In Table 6 the results of the Model 2 are also shown, and it can be observed that the c2 535 

parameter was obtained with a t-ratio greater than 17, which is higher than the one 536 

obtained in the first model with a t-ratio of 2.91. 537 

For the c5 parameter, as was presented in [18], a high relative uncertainty was obtained. 538 

This was because it is not possible to obtain enough variability in time for the average 539 

temperature tm, due to the fact that cloudy days were not contemplated during the testing 540 

campaign because they do not provide representative data in a solar concentrator. Either 541 

way, the values obtained for the c5 in the three adjustments belong to the ranges limited 542 

by the uncertainties, and t-ratios greater than two were obtained. 543 

 544 

Table 6. Parameters identified from fitting the thermal models Eqs.(13-14). 545 

Parameter Unity Model 1  Model 2 

  Value Uncertainty t-ratio  Value Uncertainty t-ratio 

c1 Wm
-2

K
-1 

-0.3200 0.1976 1.62  - - - 

c2 Wm
-2

K
-2 

-0.0088 0.0030 2.91  -0.01349 0.00078 17.3 

c5 Jm
-2

K
-1 

-9102 3253 2.80  -8931 3232 2.76 

 546 
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Table 7 summarizes the model’s robustness. The ME, MAE, and the RMSE values are 547 

shown for both thermal models. It can be observed that similar values were obtained 548 

with a MAE error lower than 4%. From the ME values it can be seen that both models 549 

tend to slightly overestimate the power output. The same RMSE value 0.57% was 550 

obtained for both models, which indicates that both models reproduced the thermal 551 

behaviour of the prototype. 552 

On the other hand, the percentage of ±5% error values, when considering the model and 553 

experimental uncertainties, were found to be slightly better for Model 2, moreover, 554 

100% of the data series are within ±10% error for both models. For a graphical 555 

comparison between experimental and model values see Figs. 10(a-b). 556 

 557 

Table 7. Experimental and simulation comparison analyses. 558 

Residual coefficients Model 1 Model 2 

ME [%] -0.54 -0.66 

MAE[%] 3.93 3.83 

RMSE[%] 0.57 0.57 

Percentage series within 

±5% error considering uncertainties [%] 

96.8 100 

Percentage series within 

±10% error considering uncertainties [%] 

98.9 100 

 559 
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 560 

Fig. 10. Experimental output power versus thermal models power at a working temperature 561 

greater than the ambient. 562 

6. Conclusions 563 

This study tested a variable geometry solar collector for medium temperature 564 

applications, the CCStaR V1 prototype. Unlike previous studies, ray-tracing tools are 565 

used to introduce the beam and diffuse efficiencies as independent variables in the 566 

energy balance equation for a WLS adjustment.  567 

The first step consisted of performing a simple geometrical characterization to 568 

determine the real position between the receiver tubes and the parabolas, and a ±1 mm 569 

tolerance proved to be sufficient. Then, a ray-tracing model was validated using data 570 

series at ambient temperature, and the heat removal factor was determined with low 571 

uncertainty. Once the optical model is validated, data series at a temperature greater 572 

than the ambient temperature were used to determine the loss heat coefficients. Two 573 

thermal models were analysed, and both showed great agreement with experimental 574 

values, although only the second model gave results in t-ratios greater than two for the 575 
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curve parameters. It should also be noted that the c5 coefficient could have a high 576 

relative uncertainty, as the variations in the dtm/dt are not easily obtained for a solar 577 

concentrating collector because it operates normally with direct solar irradiation, which 578 

implicates that the test during cloudy days would not provide representative data. Thus, 579 

t-ratios greater than two could be acceptable for concentrating collectors of medium 580 

range temperature. 581 

This study has proved that combining ray-tracing tools with experimental data is a 582 

useful method to determine the energy equation balance of large solar concentrators. 583 

The main advantage is that measurement of thermal efficiency at normal incidence is 584 

not required, and it can be applied for in situ measurements of large-scale solar thermal 585 

collectors. 586 
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