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Abstract  High concentration photovoltaics (HCPV), equipped with high efficiency 15 

multijunction solar cells, have great potential in achieving cost-effective and clean electricity 16 

generation at utility scale. Such systems are more complex compared to conventional 17 

photovoltaics because of the multiphysics effect that is present. Modelling the power output 18 

of such systems is therefore crucial for their further market penetration. Following this line, a 19 

multiphysics modelling procedure for HCPV modules is presented in this work. It combines 20 

an open source spectral model, a single diode electrical model and a three-dimensional finite 21 

element thermal model. In order to validate the models and the multiphysics modelling 22 

procedure against actual data, an outdoor experimental campaign was conducted in 23 

Albuquerque, New Mexico using a HCPV monomodule that is thoroughly described in terms 24 

of its geometry and materials. The experimental results were in good agreement (within 25 

2.7%) with the predicted maximum power point. This multiphysics approach is relatively 26 

more complex when compared to empirical models, but besides the overall performance 27 

prediction it can also provide better understanding of the physics involved in the conversion 28 

of solar irradiance into electricity. It can therefore be used for the design and optimisation of 29 

HCPV modules.  30 
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High Concentrator Photovoltaic (HCPV) technology aims to reduce the cost of electricity by 34 

replacing the amount of expensive semiconductor material with relatively less expensive 35 

optical elements [1]. Although the room for improvements is still large, this technology has 36 

already shown promising results at locations with high solar energy resource and favourable 37 

economic scenarios [2].  38 

Nowadays, photovoltaic concentrators are largely based on high efficiency multijunction III-39 

V solar cells made up of several p-n junctions, usually a lattice-matched gallium indium 40 

phosphide/gallium indium arsenide/germanium (GaInP/GaInAs/Ge) structure to improve the 41 

absorption of the spectrum, and thus, to increase the cell efficiency ( cell) [3]. The optical 42 

configuration usually consists of primary and secondary optical elements. The primary optics 43 

concentrate the irradiance, while the secondary optics aim to improve the uniformity of the 44 

light on the solar cell surface and to increase the acceptance angle of the module [4]. In 45 

addition, concentrators typically use a passive cooling mechanism to remove waste heat from 46 

the cells [5]. 47 

As in any other type of power generation, the modelling of the electrical output of HCPV 48 

technology is crucial for optimising [6], monitoring, life cycle assessment [7] and to evaluate 49 

the profitability [8] and competitiveness of the technology [9]. The electrical modelling of 50 

HCPV is inherently different and more complex [10], and the understanding of the 51 

performance under real operating conditions is clearly lower [11], than conventional PV 52 

technology [12]. The performance of concentrator modules is strongly affected by spectral 53 

variation due to the use of multijunction solar cells and optical assemblies [13]. Moreover, 54 

the current-voltage (I-V) characteristics are significantly affected by the input irradiance and 55 



operating cell temperature (Tcell) [14]. The direct measurement of Tcell of HCPV modules is 56 

not possible in the majority of cases without damaging the concentrator due to supporting 57 

elements surrounding the cell. As such, Tcell measurements are usually estimated by using 58 

indirect methods, i.e. methods based on direct electrical measurements on the concentrator 59 

and methods based on atmospheric parameters [15].  60 

Bearing the above in mind, the scientific community has devoted considerable efforts in 61 

developing models tailored to the specific features of HCPV technology [16]. Empirical 62 

models based on outdoor measurements have been published elsewhere: examples include 63 

models based on the direct normal irradiance (DNI), Z-parameter and module temperature 64 

[17] or the DNI, ambient temperature (Tamb) and air mass (AM) [18]. Nevertheless, the 65 

majority of such models are focused on the estimation of the maximum power (Pmp) [19]. 66 

These methods are easy to implement by solar test labs and manufacturers but require an 67 

experimental setup to obtain the regression coefficients. A disadvantage of these models is 68 

that, since they do not take into account the detailed geometry, materials and design of the 69 

modules, they do not consider the fundamental relationships implicated in the electrical 70 

conversion of the concentrator modules. This usually leads to a poor understanding of the 71 

HCPV device under study and therefore, module optimisation is not possible [20]. The most 72 

advanced models that take into account the geometry and physical mechanisms of a HCPV 73 

system are the YieldOpt [21] and Syracuse [22]. YieldOpt combines SMARTS2 (The Simple 74 

Model of the Atmospheric Radiative Transfer of Sunshine, version 2) [23] which simulates 75 

the input spectral irradiance, ray tracing and a finite element analysis (FEA) model to 76 

calculate the spectral optical efficiency as a function of temperature [24], and a SPICE 77 

network model to calculate the I-V characteristics [25]. A function to calculate the external 78 

quantum efficiency (EQE) at any temperature is also included. YieldOpt also takes into 79 

account the alignment of the tracker and module. The Pmp prediction is then corrected to 80 



compensate for other losses that occur in the field, such as the losses due to inhomogeneous 81 

irradiance on the solar cell's surface. Steiner et al. [21] reported very low normalised root 82 

mean square errors (NRMSE, between 2.6% and 3.9%) in the Pmp predictions. The 83 

disadvantage however of this integrated modelling approach is the requirement of a large set 84 

of outdoor equipment, the lack of information regarding the coupling of ray tracing with the 85 

FEA model and also the heat transfer [26] within the module is not considered. On the other 86 

hand, the Syracuse model developed by Ekins-Daukes et al. [22] was used by Chan et al. [27] 87 

to calculate the performance of a CPV module in Japan. The model was extended to include 88 

aerosol optical depth (AOD) and precipitable water (PW); the latter was calculated by the 89 

relative humidity and Tamb. The atmospheric parameters were then imported to SMARTS2 90 

[23] to calculate the DNI. A function is incorporated to calculate the EQE at varying 91 

temperature. The model accounts for non-uniformities on the solar cell's surface. It was 92 

concluded that the modelling procedure can predict the energy yield of a CPV system within 93 

2%. The Syracuse model simulates the operation of a solar cell using fundamental physics 94 

and therefore a detailed knowledge of the composition and structure of the multijunction 95 

solar cells is required. In addition, outdoor measurements are required to obtain some of the 96 

parameters and details about the Tcell estimation are not provided. 97 

Based on these past works, the present work has been undertaken for the development of a 98 

multiphysics modelling procedure that accounts for the spectral, electrical and thermal 99 

performance of HCPV systems. This procedure can provide better understanding of the 100 

physics involved in the conversion of the incident irradiance into electrical power, and 101 

therefore can be used for the performance evaluation and the design and optimisation of 102 

HCPV modules. The multiphysics modelling procedure is based on a theoretical model 103 

developed by Theristis et al. [28, 29] where three models were integrated at the solar cell 104 

level: SMARTS2 was used to generate the spectrally resolved DNI, a single-diode electrical 105 



model calculated the electrical characteristics and a 3D thermal model predicted the thermal 106 

behaviour. This study moves one step beyond the theoretical model [30] and applies the 107 

procedure on a real HCPV module incorporating the optics and heat sink [31]. In addition, all 108 

the models that constitute the multiphysics procedure are validated through an outdoor 109 

experimental campaign that was conducted in Albuquerque, New Mexico.  110 

111 

A HCPV monomodule (DDM-1090×) was used for this work. It consists of a silicon-on-glass 112 

(SoG) Fresnel lens as the primary concentrator optic and an EMCORE 10  10 mm (cell 113 

area, Acell) triple-junction solar cell bonded to a direct bonded copper (DBC) substrate, i.e. a 114 

receiver. A secondary optic (refractive truncated pyramid) is used to homogenise the solar 115 

flux on the solar cell surface. The geometric concentration ratio (CRgeo) of the system under 116 

study is 1090×. 117 

The rated electrical characteristics of the EMCORE concentrator triple-junction (CTJ) solar 118 

cell are given in Table 1, where Isc is the short-circuit current, Imp the current at maximum 119 

power, Voc the open-circuit voltage and Vmp the voltage at maximum power. The 120 

transmittance of the SoG Fresnel lens and the EQE of the CTJ solar cell are shown in Fig. 1. 121 

The monomodule has an acceptance angle of approximately ±0.7°. 122 

 123 

Parameter Value  

cell (%) 39.6 

Isc (A) 6.48 

Imp (A) 6.34 

Voc (V) 3.19 

Vmp (V) 2.76 

124 



 125 

126 
 127 

The receiver is bonded to an aluminium finned heat sink. Positive and negative lead wires are 128 

attached to the assembly as a means of making external electrical contact to the single cell in 129 

the assembly. The assembly includes a bypass diode for routing current around the cell when 130 

the assembly is light starved relative to other receiver assemblies (RAs) in a series connected 131 

string of RAs. Ceramic sun shields in the assembly protect heat sensitive parts from exposure 132 

to concentrated sunlight. Silicone sealant waterproofs the assembly. The large fins on the heat 133 

sink passively cool the RA. Photographs of the assembly before and after mounting the RA in 134 

the monomodule are shown in Fig. 2 and 3 respectively.  135 

 136 

 137 

138 



 139 

140 
141 

 142 

To carry out this study, the CPV monomodule was mounted on a high-accuracy (within 0.3°) 143 

two-axis solar tracker at the CFV solar test site located in Albuquerque, New Mexico [33]. A 144 

Vaisala weather transmitter WXT520 [34] monitored the meteorological conditions of the 145 

location: wind speed and direction, relative humidity, barometric pressure, liquid 146 

precipitation (rainfall and hail) and ambient temperature. A CHP1 Kipp & Zonen [35] 147 

pyrheliometer measured the DNI, a Black Photon Instruments (BPI) tracking accuracy sensor 148 

[36] measured the tracker's accuracy with high precision and speed, BPI isotype sensors [37] 149 

measured the spectral composition of solar irradiance, a sun finder sensor kept the tracker 150 

facing the sun and a CMP6 Kipp & Zonen pyranometer [38] measured the global normal 151 

irradiance (GNI). The I-V characteristics of the monomodule were traced by a Daystar DS-152 

1000 I-V curve tracer [39] (Figure 4). This portable I-V curve tracer was designed for field 153 

use. A laptop was connected to the DS-1000 by a USB and was used to control the I-V curve 154 

tracer using the IVPC software [40] for Windows. The I-V tracer uses a capacitive load to 155 

vary the resistance across the monomodule's terminals in order to measure the output current 156 

and voltage and to calculate the electrical characteristics such as the Voc, Isc, Pmp, Vmp, Imp and 157 

fill factor (FF). 158 

 159 



 160 

161 
 162 

The most relevant parameters for modelling the broadband and spectrally resolved DNI have 163 

proved to be AM, AOD and PW [41]. Moreover, Bachour [42] concluded that sunphotometer 164 

measurements at ground level can reduce the uncertainty of the modelled DNI data. Hence, 165 

the atmospheric parameters were measured using a Solar Light Microtops II sunphotometer 166 

[43] (Figure 5); a five channel hand-held instrument measured the AOD at the following 167 

spectrum wavelengths ( ): 440 nm, 500 nm, 675 nm, 870 nm and 936 nm. The PW was also 168 

determined by the measurements at 870 nm and 936 nm. The AM was estimated by the sun 169 

position using the Gueymard formula [44]. 170 

 171 

 172 

173 
 174 



The I-V measurements were logged on the laptop every one minute and then transferred to 175 

the SQL database while the weather, irradiance and spectral measurements were directly 176 

recorded in the database every one minute using a Campbell Scientific CR1000 datalogger 177 

[45]. The sunphotometer was only used under clear-sky conditions (i.e. no visible clouds) to 178 

measure the AOD and PW. These data were then transferred to the database and SMARTS2 179 

was used to simulate the spectrally resolved DNI at every timestamp. The reference time is 180 

winter period UTC/GMT. 181 

 182 

 183 

184 
185 

 186 



The measurement of solar cell temperature in concentrating systems is not a trivial procedure. 187 

The thermocouple (TC) cannot be placed in the path of the concentrated beam because the 188 

measured temperature would be much higher than the real cell temperature. Therefore, 189 

indirect methods must be applied [46]. A TC is usually placed at the back surface of the 190 

module, however the temperature difference between the solar cell and back surface can be 191 

large. The temperature gradient can also be higher than 10 °C across the solar cell's surface 192 

itself [47]. In this monomodule, Suncore embedded five T-type thermocouples (TC1 - TC5) 193 

as close to the solar cell as possible (see Figure 6). In addition, a thermocouple (TC6) was 194 

also placed in the centre of the heat sink's base (i.e. "the root" [48]). The calibrated 195 

thermocouples offered an accuracy of ±1 °C.  196 

It should be noted that the module and measuring equipment were cleaned at least once a 197 

week or after rain. The monomodule's alignment was also checked periodically. In addition, 198 

all measuring equipment were within the calibration period. 199 

 200 

201 

As mentioned in the introduction, the multiphysics modelling procedure is based on a 202 

theoretical model developed by Theristis et al. [29, 30]. All the equations can be found in 203 

[28]. These models are integrated based on the process flow diagram in Figure 7 and are 204 

summarised as follows: 205 

 The SMARTS2 generates the spectral direct normal irradiance based on the measured 206 

values of AM, AOD and PW.  207 

 The single-diode model runs for an initial Tcell of 25 °C; the temperature dependence 208 

of EQE is taken into account using the method from YieldOpt [21]. The electrical 209 

model calculates the heat power (qheat) which is then introduced as a boundary 210 

condition in the 3D thermal model in COMSOL Multiphysics.  211 



 The 3D thermal model is simulated for a given Tamb and heat transfer coefficients and 212 

calculates the integrated volumetric Tcell. The "new" Tcell is then imported back to the 213 

electrical model which, in turn, calculates a "new" qheat.  214 

The procedure was repeated until a steady state between models was achieved.  215 

 216 

217 
 218 

The spectral transmittance of the SoG Fresnel lens (Figure 1) has been assumed to be 219 

independent of any temperature changes. Moreover, the optical efficiency of the secondary 220 

optic has been adjusted to 80% to match the Isc at Concentrator Standard Test Conditions 221 

(CSTC). The inputs to the electrical model (  and  constants, diode ideality factor, n, and 222 

series resistance, Rs) are given in Table 2. 223 

 224 

Subcell 1 2 3 

 (A/(cm2 K4)) 5.3E-9 4.3E-8 10.5E-6 

n 1.82 1.68 1.5 

 2 2 2 

Rs (  0.045 

225 



The solar cell is attached to a DBC substrate but instead of aluminium oxide (Al2O3), it uses 226 

an aluminium nitride (AlN) which offers greater thermal conductivity (180 W/(m K) 227 

compared to 30 W/(m K) of Al2O3). A Schottky bypass diode 15 A is also incorporated to 228 

provide protection (from hot spots) to the cell. The CTJ receiver is attached to a radially 229 

finned aluminium alloy (Al-6063; will be referred to as Al) heat sink by a thermal interface 230 

material (TIM). The total area of the heat sink is 0.192 m2 and consists of 11 fins. Sylgard-231 

184 encapsulates the assembly. For simplicity, the contacts, terminals and packaging 232 

materials are not modelled. The Schottky diode is modelled as a silicon (Si) entity with a 233 

plastic packaging. The Sn-Ag-Cu (tin, silver, copper alloy) solder paste (between the solar 234 

cell and DBC board) and the TIM (between the DBC board and heat sink) are modelled as 235 

thin thermally resistive layers (0.125 mm thickness, k = 78 236 

[49]. The geometry, thermal boundary conditions and 237 

assumptions are illustrated in Figure 8 and explained in Table 3. The thermophysical 238 

properties (thermal conductivity, k, heat capacity, Cp and density, ) of the materials are 239 

given in Table 4. Table 5 shows the dimensions of each domain. 240 

 241 

242 



The solar cell is modelled as a heat source. The heat is transferred through the solid layers via 243 

conduction. All free areas inside the monomodule packaging release heat through natural 244 

convection (hin) and surface radiation. The finned heat sink is exposed to the ambient and 245 

releases heat to the environment through natural and forced (caused by wind) convection 246 

(hHS) and surface to ambient radiation. The ambient temperature is given and the initial 247 

temperature of all surfaces is assumed to be 25 °C.  248 

 249 

No Region Boundary Condition 

1 EMCORE solar cell surface Heat source at open-circuit conditions 

2 All free surfaces inside Natural convection, hin 

3 Extended heat sink facing ambient Mixed convection (natural & wind), hHS 

4 All free surfaces Surface radiation 

5 Below DBC and solar cell Thin thermally resistive layers 

6 Ambient Ambient temperature 

7 All surfaces Assume initial temperature (= 25 °C) 

250 
 251 

Material  Cp  3) 

Ge 60 320 5323 

Cu 400 385 8700 

Ag 430 235 10490 

AlN 180 740 3300 

Si 130 700 2329 

Al 200 900 2700 

252 
 253 

Domain Layer Thickness (mm) Length (mm) Width (mm) 



Solar cell Ge 0.185 10 10 

DBC substrate 

Cu 0.3 27.3 22.8 

AlN 0.635 28.3 23.8 

Cu 0.3 27.3 22.8 

Diode Si 1.2 6.15 4.75 

Heat sink 
Al base 5 101.6 101.6 

Al fins ~2.6a 65 - 75.8 101.6 

       a measured at the round edge of the fin and therefore it is an approximate value. 254 

255 
 256 

To ensure the integrated modelling procedure converges irrespective of the initial conditions, 257 

the Tcell(0) was varied and the volumetric solar cell temperature was calculated. Figure 9 258 

shows the convergence for initial conditions of Tcell(0) = 25 °C and Tcell(0) = 120 °C; both 259 

initial conditions result to the same Tcell after the 2nd cycle iteration. Therefore, it can be 260 

concluded that the process converges irrespective of the initial conditions, i.e. the Tcell(0). 261 

 262 

 263 

264 
265 

The Generalised Minimal RESidual (GMRES) solver was used for this model. A physics-266 

controlled mesh setting was initially tested but due to the much greater size of heat sink as 267 



compared to the CTJ receiver, the configuration was meshed using the user-controlled mesh 268 

sequence. Therefore, a non-uniform mesh was applied. A mesh independency analysis was 269 

conducted by progressively increasing the number of elements until the temperature change 270 

was minimised. From Fig. 10 and 11 it can be seen that for a number of elements higher than 271 

about 800,000 (i.e. mesh sequence number 8 in Figure 11) the temperature difference 272 

between the finest mesh setting and the investigated one was near zero. Therefore, an 273 

extremely fine mesh was applied on the CTJ receiver and a fine mesh on the heat sink. This 274 

resulted in 875,664 elements over a 226,500 mm3 mesh volume. The maximum temperature 275 

difference between the selected mesh and other finer mesh settings was 0.01%. 276 

 277 

 278 

279 
 280 



 281 

282 
283 

284 

The experimental validation of the multiphysics modelling procedure is presented in this 285 

section. As mentioned in Section 2, the outdoor experimental validation was performed in 286 

Albuquerque, NM for a Suncore HCPV monomodule. Initially, the spectral changes have 287 

been monitored under clear-sky conditions using a sunphotometer that measured the AOD 288 

and PW. These values were then imported in SMARTS2 to generate the spectrum which, in 289 

turn, was used as an input in the electrical model that simulated the electrical characteristics. 290 

The three-dimensional FEA model predicted the thermal behaviour of the monomodule. The 291 

procedure validates each model independently and also as an integrated model according to 292 

the process flow diagram presented in Section 3. 293 

294 

The prediction accuracy of DNI is the most important parameter when a performance of a 295 

HCPV system is assessed. As described earlier, sunphotometer measurements were taken 296 

manually during clear-sky days. The solar spectrum was then generated using SMARTS2. In 297 

order to gain confidence in the simulated spectra, a comparison between measured and 298 

modelled broadband DNI was conducted. 299 



A summary of maximum, minimum and average values of the relative AM calculation and 300 

sunphotometer measurements (AOD, PW) from 25/06/2015 to 21/08/2015 in Albuquerque, 301 

NM is given in Table 6. Due to the season (summer period in a northern hemisphere site), the 302 

majority of relative AM values (79.2%, or 145 out of 183 datapoints) are between AM = 1 303 

and AM = 2. The AOD values range from 0.05 to 0.27 and the PW range is between 0.83 cm 304 

and 2.17 cm.  305 

 306 

Parameter Maximum Minimum Average ASTM G173-03 

AM 8.09 1.02 1.63 1.5 

AOD 0.27 0.05 0.10 0.084 

PW (cm) 2.17 0.83 1.43 1.42

307 
308 

 309 

The simulated DNI values were compared to pyrheliometer measurements. Pyrheliometers do 310 

not measure the spectral distribution but the broadband DNI, hence the simulated broadband 311 

DNI was obtained by the trapezoidal integral of the spectral DNI modelled by SMARTS2. In 312 

order to quantify the accuracy of the simulated DNI the following statistical parameters were 313 

used:  314 

The absolute root mean square error (ARMSE) [50]: 315 

21
( )

N

i
i

ARMSE DNI
N

 
 

  (1) 
 

The NRMSE [51]: 316 

,

100
1 N

measured i
i

ARMSE
NRMSE

DNI
N

 
 

(2) 
 

The mean bias error (MBE) [52]: 317 



,

100 N
i

i measured i

DNI
MBE

N DNI
 

 
(3) 

 

The mean absolute error (MAE) [50]: 318 

1 N

i
i

MAE DNI
N

 
 

(4) 
 

where 319 

modelled measuredDNI DNI DNI   
(5) 

 
and N is the number of datapoints (or predictions). 320 

A comparison over 183 datapoints is illustrated in Figure 12. It can be seen that there is good 321 

agreement between modelled and measured data; NRMSE = 5.75%, ARMSE = 50.61 W/m2, 322 

MAE = 30.51 W/m2 and MBE = -1.85%. Taking a careful look at the comparison in Fig. 12 323 

and 13, it can be seen that the highest residuals occur for low values of irradiance; this issue 324 

is consistent with studies by Chan [53] and Gueymard [54]. Moreover, high residuals have 325 

also been noticed during the early morning and late afternoon hours, where the AM was 326 

relatively higher. 327 

 328 

 329 

330 
331 



 332 

333 
 334 

Since the main parameter affecting the DNI under clear-sky conditions is the AM, a filter was 335 

applied for AM < 2. The filtering criterion reduced the datapoints to 145 and the comparison 336 

is shown in Figure 14. The AM < 2 filter has significantly improved the accuracy of the 337 

SMARTS2 generated DNI showing NRMSE = 2.80%, ARMSE = 25.64 W/m2, MAE = 16.75 338 

W/m2 and MBE = -1.62%. In addition, the regression analysis is illustrated in Figure 15. 339 

 340 

341 
342 



 343 

344 
345 

 346 

A summary of the errors for both comparisons is shown in Table 7. The MBE in both cases is 347 

negative and shows that the modelled DNI underestimates the measured. The NRMSE is 348 

5.75% when no filter is applied and as explained above, the higher residuals were due to the 349 

higher AM during the early morning and late afternoon hours; when the AM < 2 filter was 350 

applied the NRMSE dropped to 2.8%. The ARMSE and MAE of both methods are well 351 

below 100 W/m2 which according to the results of the DNI validation of Chan et al. [55] are 352 

reasonable. 353 

 354 

Method NRMSE (%) ARMSE (W/m2) MAE (W/m2) MBE (%) 

No filter 5.75 50.61 30.51 -1.85 

Filtered 2.80 25.64 16.75 -1.62 

355 
 356 

357 

Before validating the electrical model, it is important to validate the thermal behaviour of the 358 

monomodule in terms of temperature prediction on certain parts of the receiver. In order to 359 



achieve this in a relatively low computational time, a parametric study was performed in 360 

COMSOL Multiphysics by varying one parameter at a time for the following ranges:  361 

 heat  W, step 5 W 362 

 10 °C  Tamb  40 °C, step 10 °C 363 

 10 W/(m2
HS 

2 K), step 2 W/(m2 K)  364 

 365 
Since the I-V measurements were taken at open-circuit conditions (i.e. no electrical energy 366 

was harvested), the qheat was calculated by: 367 

4000

, ,2

280

( ) ( )heat oc geo SoG opt cellq DNI CR T A d  
 

(6) 
 

where TSoG( ) is the spectral transmittance of the SoG Fresnel lens and opt,2 is the optical 368 

efficiency of the secondary optic (homogeniser). 369 

 370 

Coefficient Solar cell Diode Heat Sink 

 (°C) 22.317 22.108 22.409 

 (°C/W) 0.654 0.437 0.385 

 0.995 0.993 0.995 

 -2K-1)) -1.305 -1.284 -1.308 

R2 0.986 0.984 0.983 

371 
372 

 373 

The solution time of the simulations of the parametric study was 6 hours, 42 minutes and 7 374 

seconds. Regression analysis was performed to quantify the temperatures on the solar cell 375 

(volumetric), diode (average on top surface) and heat sink (average on central fin; i.e. as close 376 

to the "root" as possible) as a function of the parameters described in the bullet points of this 377 

section (i.e. qheat, Tamb, hHS). The other TC readings were not compared since they were not 378 



modelled for simplicity. The equations are given below ((7) to (9)) and the intercepts, 379 

coefficients and R2 values are shown in Table 8. 380 

cell cell cell heat cell amb cell HST q T h  (7) 
 

diode diode diode heat diode amb diode HST q T h  (8) 
 

HS HS HS heat HS amb HS HST q T h  (9) 
 

For the temperatures comparison, the "clearest" day during the measurements period has been 381 

selected (13th of August 2015). The following filters have been applied to the measured data: 382 

 5 minute DNI deviation < 2%  383 

 tracking error < 0.3°  384 

 wind speed, WS < 5 m/s.  385 

No clear-sky filter was required. The convective heat transfer between the heat sink and 386 

ambient air is also affected by the wind speed and direction. Constant values of hHS exhibited 387 

a large error due to the variable forced convection caused by the wind. In order to take this 388 

into account the hHS has been optimised to fit the measured data [56]. Therefore, assuming 389 

that the natural and forced convective heat transfer coefficient was hHS = 15 + 390 

natural convective heat transfer coefficient inside the module hin = 5 W/(m2 K), the 391 

comparison of the measured against the simulated Tdiode is shown in Figure 16. The solar cell 392 

temperature prediction is also shown with an average T between the simulated cell and 393 

diode temperatures of about 15.5 °C. The highest residuals between simulated and measured 394 

diode temperatures occur around noon, although the DNI, Tamb, WS are relatively constant 395 

(less than 1% change). This can be attributed to the wind direction and the tracker position 396 

that have not been taken into account in the analysis. Nevertheless, the errors of the Tdiode 397 

prediction are NRMSE = 4.6%, ARMSE = 2.85 °C, MAE = 2.18 °C and MBE = 0.56%; 398 



these values are considered acceptable, because such systems typically operate at 399 

temperatures between 50 °C to 80 °C [57]. 400 

 401 
402 
403 

 404 

In addition, the comparison of the measured against the simulated heat sink temperature is 405 

shown in Figure 17 for NRMSE = 5.68%, ARMSE = 3.27 °C, MAE = 2.67 °C and 406 

MBE = 1.75%. The higher error, compared to the Tdiode, was expected because the TC was 407 

attached manually in the "root" of the heat sink. Equation (9) estimates the average 408 

temperature between the central located fins (assuming that it is directly below the solar cell) 409 

and therefore the higher errors were caused due to the inaccurate placement of the TC on the 410 

heat sink. The average T of simulated Tcell and measured THS was found to be 411 

approximately 20 °C. 412 

The predicted volumetric cell temperature has been compared with the Voc-Isc method; a 413 

procedure that is included in the draft of the IEC 62670-03 and calculates the cell temperature 414 

based on electrical measurements [46]. A very good agreement between the two methods is 415 

shown in Figure 18 for NRMSE = 3.03%, ARMSE = 2.36 °C, MAE = 1.94 °C and MBE = -416 

0.03%. 417 



 418 

419 
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 421 

 422 
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424 

 425 

 It has to be noted that the coefficients used for the estimation of temperature depend on the 426 

specific module's geometry, characteristics and materials. The coefficients will vary in other 427 

types of systems and should be fitted with experimental data and simulations. 428 

An example of the temperature distribution across the RA is shown in Fig. 19 for 429 

qheat = 80 W, Tamb = 40 °C and hHS = 20 W/(m2 K). The maximum cell temperature is 91.2 °C 430 

in the centre of the cell while the DBC board exhibits temperatures from around 68.7 °C at its 431 



edges to around 80.3 °C near the cell. The heat sink temperature ranges from around 59.2 °C 432 

at the edge to around 69 °C directly under the cell. The volumetric temperatures of the solar 433 

cell and heat sink are 86.7 °C and 62.4 °C respectively. 434 

 435 

 436 

437 
438 

 439 

440 

The mathematical equations used for the electrical modelling can be found in [28]. Moreover, 441 

the equipment used to measure the atmospheric, meteorological and irradiance parameters 442 

have been presented in Section 2. Here, the electrical model is validated against measured 443 

data at the test site in Albuquerque, NM.  444 

For the electrical validation, a clear-sky day was selected in order to examine the 445 

performance of the monomodule over a course of a day. Figure 20 shows the DNI and GNI 446 

variation on the "clearest" day (13th of August 2015, 10:32 am to 17:11 pm) during the period 447 

that the experiments were conducted. From Figure 20, it can be noticed that the highest 448 



residuals between modelled and measured DNI are during the first 3 measurements (before 449 

noon) with a | DNI| up to 48.2 W/m2 and the lowest down to 1.9 W/m2.  450 

 451 

452 
453 

 454 

As mentioned earlier, in order to calculate the Isc at any temperature, a function was created 455 

that calculated the EQE at different temperatures using a procedure based on interpolation 456 

published by Steiner et al. [21]. This procedure exhibited an average difference of 1% on Isc 457 

[21]. EQE data at different temperatures were not available for the EMCORE CTJ and 458 

therefore, the Spectrolab C1MJ was used for the EQE validation as a function of temperature 459 

(the rest of the analysis will be using the EQE of the EMCORE CTJ). Figure 21 shows a 460 

qualitative comparison of the calculated and measured [58] EQE at 45 °C for each subcell of 461 

the C1MJ solar cell. To quantify the difference, the Isc of the C1MJ cell was compared with 462 

the corresponding Isc calculated by the predicted EQE at AM1.5D. This resulted in a 463 

difference of 0.16% and 0.31% at 45 °C and 75 °C respectively. Higher differences (up to 464 

5.3%) were observed for the Ge subcell but are considered insignificant because the low 465 

voltage bottom subcell never limits the total current output [3].  466 
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 471 

Tcell was calculated using the equation (7). Based on the inputs to the electrical model, the I-V 472 

curve comparison of the simulated and measured data is presented in Figure 22. Moreover, 473 

the comparisons between each simulated and experimentally measured parameter are 474 

exhibited in Fig. 23 and 24 for Isc, Voc and Pmp, FF respectively.  475 

 476 
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 488 

As can be seen from the Fig. 22 to 24, very good agreement between measured and simulated 489 

parameters has been achieved and a summary of errors is given in Table 9. It can also be 490 

observed that the error of Isc and Pmp predictions is highly influenced by the error of the 491 

spectrally resolved DNI input. Therefore, improvements on the measurement and/or 492 

calculation of spectral irradiance may reduce the errors further. 493 



 494 

Parameter NRMSE ARMSE MAE MBE 

DNI 2.78% 25.26 W/m2 22.05 W/m2 -1.51% 

Isc 2.84% 0.29 A 0.23 A 0.38% 

Voc 0.7% 0.02 V 0.02 V -0.57% 

Pmp 2.66% 0.54 W 0.47 W 0.28% 

FF 1.2% 0.01 0.01 0.46% 

495 

496 

An experimental campaign was conducted on a DDM-1090× monomodule in order to 497 

validate the accuracy of a multiphysics numerical model. The integrated modelling procedure 498 

was explained in detail and the inputs and boundary conditions for the particular 499 

monomodule were given. A mesh and initial conditions independency analysis was also 500 

presented.  501 

The modelling procedure was validated independently in terms of the irradiance simulation 502 

and temperature prediction and also integrated in terms of the electrical behaviour prediction 503 

using the aforementioned as inputs. As expected, SMARTS2 accurately predicted the spectral 504 

DNI input, especially for AM < 2 (NRMSE = 2.8%).  505 

Moreover, the Tdiode and THS have been compared with measured data and the simulated Tcell 506 

with the Voc-Isc method. Good agreement was achieved in all cases with NRMSE between 507 

3.03% and 5.68%. It is important to highlight that the proposed Tcell estimation method can 508 

be used at both maximum power point and open-circuit conditions.  509 

The electrical model was validated in terms of the Isc, Voc, Pmp and FF with NRMSE of 510 

2.84%, 0.7%, 2.66% and 1.2% respectively. As expected, the error of the spectral DNI input 511 

propagates into the prediction of the electrical characteristics, and therefore an improvement 512 

on the measurement and/or calculation of spectral irradiance may reduce the errors further.  513 



In summary, it was demonstrated that when adequate high-quality atmospheric data are 514 

available for a specific location, it is possible to accurately predict the spectral, electrical and 515 

thermal performance of HCPV systems based on this proposed multiphysics modelling 516 

procedure. Compared to empirical models, this multiphysics model provides a better 517 

understanding of the physics involved in the conversion of solar irradiance into electrical and 518 

thermal power and therefore, can be used for the design and optimisation of CPV modules. 519 

For example, HCPV designers could use this procedure to calculate the system cooling 520 

requirements and avoid over-sizing to reduce material usage, weight and cost, or under-sizing 521 

risking the system's reliability. 522 
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 Nomenclature 717 
 718 

Acell cell area, mm2 

AM air mass 

AOD aerosol optical depth 

Cp heat capacity,  

CRgeo geometric concentration ratio 

DNI direct normal irradiance, W/m2 

EQE external quantum efficiency 

FF fill factor 

GNI global normal irradiance. W/m2 

h conv. heat transfer coeff., W/(m2K) 

I current, A 

k thermal conductivity,  

n diode ideality factor 

Pmp maximum power output, W 

PW precipitable water, cm 

qheat heat power, W 

Rs series resistance, 

T temperature, °C 



TSoG transmittance of SoG 

V voltage, V 

WS wind speed, m/s 

Greek letters 

 constant 

 efficiency 

 constant A/(cm2K4) 

 wavelength, nm 

 density, kg/m3 

Subscripts 

amb  ambient 

HS  heat sink 

in  inside the monomodule 

mp  maximum power 

oc  open-circuit 

opt  optical 

sc  short-circuit 

Abbreviations 

Ag  Silver 

Al2O3 - Aluminium Oxide or Alumina 

AlN  Aluminium Nitride 

ARMSE  Absolute RMSE 

BPI  Black Photon Instruments 

CSTC - Concentrator Standard Test 

Conditions 

CTJ  Concentrator triple-junction 

Cu  Copper 

DBC - Direct Bonded Copper 

FEA - Finite Element Analysis 

GaInAs - Gallium Indium Arsenide 

GaInP - Gallium Indium Phosphide 

Ge - Germanium 

GMRES - Generalized Minimal RESidual 

method 

HCPV - High Concentrating Photovoltaic 

MAE  Mean Absolute Error 

MBE  Mean Bias Error 

N  Number of datapoints 

NRMSE  Normalised RMSE 

RA  Receiver Assembly 

RMSE  Root Mean Square Error 

Si - Silicon 

SMARTS2 - Simple Model of the 

Atmospheric Radiative Transfer of 

Sunshine, version 2 

Sn - Tin 

SoG  Silicon-on-Glass 

TC  Thermocouple 

TIM  Thermal Interface Material 


