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 14 

Abstract Potential investors in bifacial PV systems are still deterred by the uncertainty of energy 15 
yield predictions. Validation of the prediction methods and establishing an accuracy range is 16 
therefore a central prerequisite concerning the bankability of the bifacial technology.  17 

Because of the sensitivity on multiple additional factors compared to standard monofacial 18 
installations, the yield simulation of a bifacial PV array is far more complicated. The available 19 
simulation tools for bifacial systems still have to prove their reliability, also for predicting the effect 20 
of varying ambient and installation conditions. Moreover, bifacial devices enable new types of 21 
applications, such as vertical installations.  22 

In this work, we compare the results of simulation tools developed at ISC Konstanz and ECN.TNO, 23 
as well as the output of the commercial PVsyst simulation software, to measured data. The 24 
measured data is obtained by a test rig that carries out a continuous and automated variation of 25 
the tilt angle. The test rig is not a single stand-alone module but an array in order to include shading 26 
effects of real extended systems. In addition, the measurements focus on a central module, which 27 
represents the conditions of a typical device in an array. Days with differing light intensity and 28 
share of diffuse radiation were chosen to determine the impact of the insolation conditions on the 29 
simulation accuracy. General trends with regard to the sensitivity to tilt and insolation conditions 30 
are analyzed in order to evaluate the quality of state-of-the-art bifacial energy yield simulations.  31 
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Nomenclature 35 

αIsc  Temperature coefficient Isc [A.K-1] 36 

β  Tilt angle (ground to module plane) [°] 37 

γ  Ground refection coefficient 38 

ϵ  Clearness parameter in Perez model 39 

φPmax  Bifaciality factor of the power (Pmpp, rear / Pmpp, front) 40 

φIsc  Bifaciality factor of the current (Isc, rear / Isc, front) 41 

µVoc  Temperature coefficient (open circuit voltage) [mV.K-1]  42 

Θ  Angle of beam incidence [°] 43 

Γ  Technology dependent diode quality factor  44 

θz  Sun zenith angle [°] 45 

BGIx, meas Bifacial gain of the current (measured) 46 

BGIx, sim Bifacial gain of the current (simulated) 47 

DHI  Diffuse horizontal irradiance [W.m-2] 48 

E0  Irradiance at standard testing conditions: 1000 W.m-2 49 

Egap  Energy gap [eV] 50 

F1   Perez coefficient 51 

F2   Perez coefficient 52 

G(β)  Irradiance at tilt angle (β) 53 

Gfront  Averaged irradiance on module front side [W.m-2] 54 

Grear  Averaged irradiance on module rear side [W.m-2] 55 

GHI  Global horizontal irradiance [W.m-2] 56 

IL   Photogeneration current [A] 57 

Io   Dark saturation current [nA] 58 

Isc  Short circuit current [A] 59 

𝐼𝐼𝑆𝑆𝑆𝑆,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑒𝑒𝑓𝑓𝑓𝑓  Effective short circuit current (front side) [A] 60 



𝐼𝐼𝑆𝑆𝑆𝑆,𝑓𝑓𝑒𝑒𝑟𝑟𝑓𝑓
𝑒𝑒𝑓𝑓𝑓𝑓   Effective short circuit current (rear side) [A] 61 

Pmpp  Power at maximum power point [W] 62 

R  Reflection coefficient  63 

Rseries  Series resistance [Ω] 64 

Rshunt  Shunt resistance [Ω] 65 

T  Transmission coefficient 66 

Uc  Heat transfer coefficient [Wm-2.K-1] 67 

Voc  Open circuit voltage [V] 68 

VFx  View factor of module plane to x (x: sky, ground) 69 

 70 

1. Introduction 71 

Currently bifacial technology attracts considerable interest in the PV community and a constantly 72 
increasing share of bifacial capacity is also expected for the future (VDMA-PV, 2019). Due to 73 
technical progress, such as improved bifacial cell concepts or the availability of thin solar glass, 74 
the technology gets increasingly attractive (Libal and Kopecek, 2018) (Nussbaumer et al., 2018) 75 
(Osborne, 2017). Moreover, most of the advanced solar cell technologies, which are currently 76 
implemented in industrial production, allow a comparatively simple adaption to a bifacial layout 77 
(Romijn, 2017) (Veschetti, 2016). The interest in “peak shaving” and customized solutions for 78 
specific applications, further supports the development towards bifacial technology (Faturrochman 79 
et al., 2018) (Kreutzmann, 2017) (Guerrero-Lemus et al., 2016) (Soria et al., 2016) (Obara et al., 80 
2014) (Lim et al., 2014) (João, 2013) (Nordmann et al., 2012).  81 

The potential for an increased power output of bifacial modules was demonstrated by simulations 82 
and measurements on single modules or installations in various orientations (Libal and Kopecek, 83 
2018) (Stein et al., 2017) (Appelbaum, 2016) (Ishikawa, 2016) (Reise and Schmid, 2015) 84 
(Yusufoglu et al., 2015) (Van Aken et al., 2014) (Guo et al., 2013) (Sugibuchi et al., 2013) (Kreinin 85 
et al., 2010). Nevertheless, potential investors in bifacial technology are often deterred by the 86 
uncertainty of the yield predictions (Kopecek and Libal, 2018) (Meydbray, 2018), which is caused 87 
by the considerably more complicated conditions compared to monofacial standard installations.  88 

For freestanding bifacial modules, the optimum orientation is a trade-off between the front and 89 
rear side irradiance and the efficiency is dependent on factors such as the ground reflectance or 90 
the installation height. In real, extended systems, the arrangement of multiple modules has 91 
additional effects, such as direct shading by modules in adjacent rows or indirect shading of the 92 
modules surrounding, which results in a reduced effective albedo. Data of larger systems are rare 93 
and the results are linked to a specific mounting and/or the respective orientation. Accordingly, 94 
the generalization of field data from specific bifacial installations is difficult and the optimal 95 
installation conditions or module orientations are not known with sufficient accuracy.  96 



The simulation of bifacial systems is more complicated as compared to monofacial installations. 97 
While the use of simulation tools is state-of-the-art and widely accepted to calculate the yield of 98 
projected monofacial standard systems, their adaption for bifacial systems is still ongoing and their 99 
reliability needs to be proven by comparison with measured data. 100 

Several institutes and companies currently work on the development of suitable models, 101 
algorithms and software for bifacial applications (Chudinzow et al., 2019) (Chiodetti et al., 2018) 102 
(DiOrio and Deline, 2018) (Janssen et al., 2018) (Mermoud and Wittmer, 2018a) (Berrian et al., 103 
2017) (Dassler, 2017) (Gali, 2017) (Hansen et al., 2017) (Kunath, 2017) (Castillo-Aguilella and 104 
Hauser, 2016) (Lindsay et al., 2016b) (Shoukry et al., 2016) (“Solarworld,” 2016) (Reise and 105 
Schmid, 2015) (Wang et al., 2015) (Yusufoglu et al., 2015).  106 

These models use different approaches to simulate the amount of irradiance reaching the rear 107 
side of a bifacial module, such as view factors, ray tracing, and empirical modelling (Liang et al., 108 
2019) (Pelaez et al., 2019) (Chiodetti et al., 2018) (Deline et al., 2017) (Marion et al., 2017) 109 
(Castillo-Aguilella and Hauser, 2016) (Hansen et al., 2016) (Lindsay et al., 2016a) (Van Aken, 110 
2016). The different approaches and algorithms vary in complexity and the prediction accuracy 111 
may show a differing dependency on the relevant factors concerning the ambient and the 112 
installation conditions.  113 

The presentation of data obtained on a test array for the systematic measurement of bifacial 114 
modules (Nussbaumer et al., 2019) (Baumann et al., 2017) (Klenk, 2017) sparked the interest of 115 
groups, which work on corresponding simulation tools. In this work, the prediction accuracy of 116 
these models is tested by a comparison of measured and simulated data. The focus of this work 117 
is not the comparison of long-term measurement data with simulation results, but the simulation 118 
of specific conditions. Days with different light intensity and share of diffuse radiation were chosen 119 
to determine the impact of the irradiation conditions on the simulation accuracy. Front side and 120 
rear side effects are respectively analysed and discussed. Due to the properties of the test rig, the 121 
simulation validation is respectively possible for a tilt angle range from 0° to 90°. Accordingly, it is 122 
possible to reveal irradiation and tilt angle related dependencies of the simulation tools.  123 

 124 

2. Measurement set-up 125 

The data aquisition is done on the BIFOROT (Bifacial Outdoor Rotor Tester), which enables a 126 
continuous tilt angle variation. The BIFOROT is located on the roof of the ZHAW (Zurich University 127 
of Applied Science) in Winterthur, Switzerland. It is a 3x3-module array for the systematic 128 
measurement of bifacial systems with varying mounting conditions (Klenk, 2018) (Klenk, 2017) 129 
(Baumann et al., 2017). This array is based on commercially available, 60-cell modules (Megacell, 130 
MBA-GG60-270) with a nominal frontside power of 268 Wp and a bifaciality factor for the power 131 
of 78 %. The basic set-up of the BIFOROT is depicted in Fig. 1, the implemented test rig is shown 132 
in Fig. 2.  133 

The most relevant device for this work is the bifacial module in the center of the 3x3 matrix, marked 134 
red in Fig.1 and labeled as M2 in Fig. 2. This module in the center is best suited to represent the 135 
shading situation for a typical location in an extended bifacial PV system. The benefit compared 136 



to more common test set-ups with stand-alone modules, is the similarity to extended, real-world 137 
installations with direct shading by other modules and indirect shading of the reflecting ground. 138 
Additional shading elements are applied to one side, a further extension of the array was not 139 
feasible due to the limited available space on the roof of the building. 140 

Three rows of modules with manually adjustable distance between the rows are mounted on 141 
vertically adjustable pillars. An important and unique feature of the BIFOROT is the automated 142 
and continuous variation of the tilt angle in certain steps. In the experiments presented, twelve 143 
angles in the range of 0° to 90° were selected. All panels change their tilt angle continuously and 144 
coordinated with the central row. At each step an I-V curve of the center module M2 is measured 145 
in order to get the power as a function of the tilt angle. One complete cycle is finished within one 146 
minute. This allows the I-V curve measurement for different tilt angles at otherwise virtually 147 
identical conditions and reveals the sensitivity of the simulations on the tilt. With 60 I-V curves and 148 
Pmpp values per hour for each tilt angle position there are thus 720 I-V curves and Pmpp values per 149 
hour. The Pmpp values can be summed over the course of the day to obtain the daily yield. The I-150 
V curve measurements of the BIFOROT is controlled by a LabView program. A set of load values 151 
is respectively adjusted (Keysight N3305A, communication via Keysight 82357B interface) to 152 
measure the I-V curves (Nussbaumer et al., 2019). 153 

The BIFOROT includes several features to analyze bifacial system properties, such as 154 
measurement of the rear side irradiation homogeneity, front and rear side measurements of 155 
bifacial modules (modules M1, M3 in Fig. 2) and others. The modules M1 and M3 respectively 156 
have a covered front and rear side in order to reveal the corresponding characteristics.  157 

  158 

 159 

Fig. 1. Measurement set-up with permanently turning modules. The most relevant module in the 160 
center, which is best suited to represent the actual conditions in real installations, is marked red. 161 

 162 



 163 

Fig. 2. BIFOROT installation on the roof of the ZHAW in Winterthur. White reflecting roofing foil is 164 
placed below the array. M1, M2 and M3 are similar bifacial modules. M1 has a covered front side, 165 
M3 a covered rear side. 166 

 167 

Weather data and environmental conditions are recorded by a meteostation on the rooftop and by 168 
measurement devices applied to the test rig. The meteostation includes a pyranometer to measure 169 
the global horizontal radiation, a horizontally mounted reference cell and a pyranometer with 170 
shadow ring for the measurement of the diffuse radiation. Another pyranometer and reference cell 171 
are mounted on the rotating mounting frame of module M2 as shown in Fig. 3. This pyranometer 172 
has a relatively fast response time of 3s, in order to allow a good measurement for each constantly 173 
changing tilt angle. The ambient temperature, the windspeed and other parameters are recorded 174 
at the meteostation, another temperature measurement is located at the test rig. In addition, the 175 
Voc characteristics of the modules can be used for a detailed temperature analysis.  176 

  177 



 178 

 179 

Fig. 3. Reference cell and pyranometer (green frame), which both turn with the module plane of 180 
the device M2. The second depicted pyranometer was temporarily applied for comparative 181 
purposes. Small sensors (red frames), which are not used in this work are placed along the rim of 182 
the modules to determine the irradiation homogeneity (Baumann et al., 2017).  183 

 184 

3. Simulation tools 185 

The measured data is compared to computations carried out with the commercial simulation 186 
software PVsyst (V6.8.1) and simulation tools developed at ISC Konstanz and ECN.TNO. These 187 
three tools have in common that they are able to model the energy yield of both monofacial and 188 
bifacial PV systems for a fixed tilt or if mounted on trackers. The simulation tools need as input 189 
the weather data (ambient temperature and wind speed) as well as irradiance data i.e. global 190 
(GHI) and diffuse (DHI) horizontal irradiance. Typical for bifacial applications is that also an 191 
accurate estimation of the ground reflection coefficient (albedo) is required. Using the GHI, DHI 192 
and albedo an irradiance model is used to calculate the irradiance on front and rear of the panel. 193 
These irradiance data are then fed into models describing the thermal and electric behavior. All 194 
three simulation tools consist of three main sub-models: the optical model (irradiance model), the 195 
thermal model and the electrical model. The main differences between the simulation tools 196 
considered in this study are in the irradiance model, but there are also some differences in the 197 
thermal and electric models.  198 

The ISC Konstanz simulation tool is called “MoBiDiG” which stands for Modelling of Bifacial 199 
Distributed Gain (Berrian et al., 2019) (Berrian et al., 2017) (Shoukry, 2015). MoBiDiG uses the 200 
thermal model that requires the nominal operating cell temperature (NOCT), the plane of array 201 
(POA) irradiance and the ambient temperature as inputs (Ross and Smokler, 1986). While the 202 
electrical model is based on one electrical diode equivalent circuit which has been solved using 203 
the Desoto model (De Soto et al., 2006). Regarding the optical model, the plane of the array on 204 
the front and rear side irradiance is composed of three main elements: the direct irradiance, the 205 
diffuse irradiance, and the ground reflected irradiance. The determination of front and rear 206 
irradiance due to the direct component is a straightforward geometrical calculation, which requires 207 
as input the position of the sun in the sky and the tilt of the PV module. However, in order to figure 208 
out how much diffuse irradiance contributes to the POA irradiance, MoBiDiG uses the Perez model 209 
(particularly with 1990 coefficients for the current work) that shows the most compelling results in 210 



comparison to other existing models (Perez et al., 1993) (Perez et al., 1990) (Perez et al., 1987). 211 
The ground reflected irradiance to the back side of the PV module are modeled with quasi 3D view 212 
factor concept taking into account shaded and unshaded areas on the ground as well as the layout 213 
of the PV system, i.e number of modules per row and number of rows. A detailed description of 214 
the irradiance model has been carried out in our previous work (Berrian et al., 2017).  215 

The irradiance model of BIGEYE V3 of ECN.TNO calculates the direct irradiance similarly to the 216 
MoBiDiG tool. It also uses the Perez model with 1990 coefficients to distinguish between the 217 
circumsolar and isotropic part of the diffuse irradiance. However, the necessary view factors of 218 
the module front and rear plane to the sky are fully 3D and numerically calculated. BIGEYE also 219 
calculates the non-uniform (i.e. affected by shading) distribution of direct and diffuse irradiance 220 
received by the ground. The ground reflected irradiance is then calculated from the ground 221 
reflection coefficient and the integrated irradiance received at each location of the ground 222 
multiplied with the numerically calculated view factor between the plane of the module and that 223 
location on the ground. Reflection loss increases at non-normal incidence are taken into account. 224 
A description of the tool is given in (Janssen et al., 2018) (Burgers et al., 2018) (Janssen et al., 225 
2015). Because of the numerically calculated view factors, BIGEYE can take into account finite 226 
lengths of arrays, variable inter-array distances and non-uniform tilt angles in a field. The thermal 227 
model of BIGEYE (Lamers et al., 2018) is based on a simple stationary heat balance. The electric 228 
model is a single-diode model. The temperature dependence of the photogeneration current IL is 229 
user-supplied, the temperature dependence on the diode ideality as well as the dark saturation 230 
current Io is calculated as outlined by (De Soto et al., 2006), using the bandgap value for silicon of 231 
1.12 eV. The total photogeneration is taken proportional to the front side irradiance augmented 232 
with rear side irradiance multiplied by the bifaciality factor for the power, i.e. the equivalent or 233 
compensated current method (Janssen et al., 2017).  234 

The commercial PVsyst simulation tool offers in its most recent versions also the option to simulate 235 
bifacial systems. A model describing bifacial modules for fixed tilt installations with regular rows 236 
was introduced in Version 6.6.0 (Mermoud and Wittmer, 2017), which was generalized to 237 
horizontal single axis trackers in Version 6.7.0 (Mermoud and Wittmer, 2018a) (Mermoud and 238 
Wittmer, 2018b). The approach calculates the front side irradiance like in a normal monofacial 239 
simulation, and then adds the rear side contribution to it. This calculation includes ground 240 
scattering to the front and backside of the modules, as well as direct and sky diffuse contributions 241 
on the backside. The bifacial model assumes that the rows of PV modules all have the same 242 
orientation and are spaced equally. In this way, the model can be fully described by a two-243 
dimensional cross section of the rows. This approximation is well suited for long regular rows as 244 
they occur in large scale ground mounted PV installations, or on flat rooftop installations. Since 245 
the experimental setup used in this work measures the center module, which is representative for 246 
modules inside a long row, the 2D bifacial model becomes a good approximation. Once the rear 247 
side irradiance has been calculated, the bifaciality factor of the PV module is applied to it. The 248 
result is added to the front side irradiance and then used as input for the single diode model that 249 
is used by PVsyst.  250 

Details to the simulation parameters, which were used in the respective simulation tools, can be 251 
found in the Appendix – Simulation parameters. 252 

 253 



4. General aspects 254 

In this study, measured and simulated data are compared in order to determine the resulting 255 
accuracy and to reveal specific trends. Three days from October and November 2017 with differing 256 
insolation intensity and share of diffuse radiation were chosen (Fig. 4). While the 10/15/2017 257 
represents almost clear sky conditions, the 11/08/2017 is a completely overcast day with negligible 258 
direct insolation. As an example for a day with mixed conditions, the 11/02/2017 was selected. 259 
The aim of this approach is to reveal the specific properties of the respective simulations with 260 
regard to the irradiation conditions and tilt angles.  261 

 262 

Fig. 4. Three days with differing insolation intensity and share of diffuse radiation, ranging from 263 
an almost clear sky (10/15/2017, diffuse fraction: 18 %, Fig. 4a)), mixed irradiation conditions 264 
(11/02/2017, diffuse fraction: 72 %, Fig. 4b)) to a completely overcast day (11/08/2017, diffuse 265 
fraction: 99 %, Fig. 4c)), were chosen for the analysis. The measurement data of the sensors on 266 
the roof and of the rotating sensors at the BIFOROT at 0° tilt are shown. 267 



 268 

The dimensions, distances and angles as used in the experimental setup are schematically 269 
depicted in Fig.5. The row distance is 2.86 m, the module width 0.98 m. Due to the fixed height of 270 
rotational axis at 0.75 m the module height, typically defined by the ground clearance, the distance 271 
of the lower module edge to the ground, is varying.  272 

 273 

 274 

Fig. 5. Schematic drawing of the relevant dimensions, angles and distances. During the 275 
measurements, the row distance was kept constant at 2.86 m as well as the axis height (0.75 m).  276 

 277 

To obtain an increased albedo compared to the concrete ground a white roofing foil was placed 278 
beneath the test rig as shown in Fig.2. During the measurements that are presented in this work, 279 
the foil was moderately soiled and in a condition that is typical for several weeks of outdoor use. 280 
Even though a certain variation of the albedo was observed in extended measurements, a 281 
constant albedo factor of 0.51 was used in all models.  282 

The site used in the simulation is located at 47.50° N and 8.73° E, at 440 m above sea level. No 283 
horizon profile was applied in the simulations. 284 

 285 

5. Simulation results 286 

The output of bifacial modules is combined from the front and rear side contribution. It is therefore 287 
of interest to consider the respective contributions if the accuracy of simulations is investigated. 288 
The BIFOROT enables such an analysis by its setup.  289 

The results that will be discussed here are  290 
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 Calculated front side irradiance compared to data of a pyranometer on the module axis 291 
(M2). The front side irradiance is also compared to the Isc measured in M3. 292 

 The rear side irradiance as determined by the Isc difference of the modules M3 and M2 or 293 
directly by the Isc of M1. 294 

 Power output measured in M2. 295 

 296 

Simulations were done for all timestamps where data were available, with appropriate 297 
meteorological data at that timestamp. The simulation results include the power at each timestamp 298 
and all contributions to the front and rear side irradiance at each timestamp. Data on the current 299 
and voltage at the maximum power point are also available but will not be discussed here. 300 

 301 

5.1 Front side irradiance 302 

5.1.1 Front side irradiance compared to pyranometer data 303 

The simulation of the front side irradiance is well established in the simulation of monofacial 304 
modules. Nevertheless, tilt angles that can be a reasonable choice for bifacial installations also 305 
include conditions that are rarely applied to monofacial systems. In the course of the data analysis, 306 
the sensitivity of the output at specific conditions (low irradiation and steep tilt angle) to the 307 
irradiation measurement was highlighted and is presented here. 308 

Fig.6 shows the correlation between the simulated front side irradiance on the module plane and 309 
the irradiance measured with a pyranometer on the module axis. The simulated irradiance is the 310 
average over the module plane, but note that on the days considered the front side irradiance was 311 
essentially homogeneous. Only during the morning and evening hours and for steep tilt angles 312 
direct shading occurred. In Fig. 6 data from ECN.TNO is presented exemplarily, the results from 313 
the other groups are very similar. Note that for this comparison the simulated irradiance does not 314 
include the angular loss coefficient. The simulation is based on measured GHI and DHI irradiance 315 
data obtained by pyranometers with and without shadow ring on the roof (see also eq. (1) further 316 
below). The plotted data are hourly averages of the simulated results and measured data. The fit 317 
results correspond to a line through all data with intercept zero. The correlation of the data plots 318 
is very good with slopes close to one, except for the example at completely overcast conditions 319 
(11/08/2017).  320 

  321 



a) 322 

b) 323 

c) 324 

Fig.6. Measured and simulated irradiance (hourly average) on the front side of M2. The measured 325 
irradiance (x-axis) is recorded with the pyranometer on the module axis. The basis for the 326 
simulations is the irradiance measured with the pyranometer on the roof, transposed to the 327 
respective tilt angles, which are identified by spots of different colors. Calculations with BIGEYE. 328 

  329 



 330 

The deviation that occurred when performing the data evaluation for the covered day on 331 
11/08/2017 was thus analyzed in more detail. The irradiation data for the simulations shown in 332 
Fig.6 was measured with the pyranometer on the roof. Even though there is an apparently good 333 
similarity between the irradiation data from both pyranometers (see Fig.4 c)), the simulation was 334 
again performed with the data of the rotating one at 0° tilt angle. 335 

The integrated, simulated Gfront on a plane with zero tilt angle for that day was 943 Wh. The 336 
integrated irradiance of the rotating pyranometer at zero tilt was only 894 Wh, i.e. a 5 % deviation. 337 
A check showed that on 11/08/2017 the total, integrated irradiation measured by the pyranometer 338 
on the roof was 949 Wh, i.e. within 0.6 % of the simulated result. This indicates that the 339 
discrepancy is not due to the irradiance model or its implementation in the used simulation 340 
(BIGEYE) but due to a significant discrepancy (5 %) between the readings of the two 341 
pyranometers. The different readings can for example be caused by shading, particularly of the 342 
rotating pyranometer in the test array, that can affect the measured values and that may also show 343 
an angular dependency. 344 

In view of this discrepancy, another simulation was done using the zero tilt data of this rotating 345 
pyranometer for all angles (this means a difference in timestamp between meteorological data 346 
and module results of less than 1 minute). Fig.7 shows that with this approach the agreement is 347 
much better for all angles.  348 

 349 

 350 

Fig.7. In spite of the apparently good congruence of the irradiation data (Fig.4c)) from both 351 
pyranometers, the agreement for overcast conditions (11/08/2017) is significantly improved 352 
(compare to Fig. 6c)) if the irradiance data from the rotating pyranometer at 0° tilt angle is used. 353 
Calculations with BIGEYE. 354 

 355 



The ‘rotating pyranometer’ gives lower GHI, and therefore lower beam component (GHI-DHI), and 356 
a lower clearness parameter ϵ for the Perez model (Perez et al., 1993) (Perez et al., 1990) (Perez 357 
et al., 1987). According to the Perez model, the irradiance on a plane with tilt angle β is given by: 358 

 359 

𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 360 

(𝐺𝐺𝐺𝐺𝐼𝐼 − 𝐷𝐷𝐺𝐺𝐼𝐼 +  𝐷𝐷𝐺𝐺𝐼𝐼 ∙ 𝐹𝐹1) cos𝜃𝜃
cos𝜃𝜃𝑧𝑧

+ 𝐷𝐷𝐺𝐺𝐼𝐼 ∙ �(1 − 𝐹𝐹1) ∙ 𝑉𝑉𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐹𝐹2 ∙ sin𝛽𝛽�+ 𝛾𝛾 ∙ 𝐺𝐺𝐺𝐺𝐼𝐼 ∙ 𝑉𝑉𝐹𝐹𝑔𝑔𝑓𝑓𝑓𝑓𝑔𝑔𝑓𝑓𝑔𝑔 (1). 361 

 362 

Here θ is the angle of beam incidence, θz the sun zenith angle and γ the ground reflection 363 
coefficient. F1 and F2 are Perez coefficients depending on ϵ and the sky brightness. At horizontal 364 

tilt the ratio cos𝜃𝜃
cos𝜃𝜃𝑧𝑧

 is one, but it increases with tilt until it reaches a maximum, which is at 11/08/2017 365 

at about 60°. The view factor of the plane to sky decreases with the tilt angle. Any uncertainty in 366 
the horizontal beam component (GHI-DHI) or in F1, the parameter determining the circumsolar 367 
fraction, will be magnified at larger tilt angles, i.e. from a mere 5 % uncertainty in Gfront at zero tilt 368 
to 40 % at 90°, as shown in Fig.8.  369 

It is also apparent from Fig. 8 that the relative deviation is strongly dependent on the irradiation 370 
and that it is considerably more pronounced for conditions with low irradiance. These results show 371 
how sensitive simulation results can be to the quality of the horizontal irradiance input at cloudy 372 
days with low horizontal beam component (GHI-DHI). In the case of 10/15/2017, the beam 373 
component prevails and both pyranometers give very similar readings. Uncertainties in the beam 374 
component, and accordingly in the total irradiation, are therefore very small. Fig. 9 shows the 375 
respective deviations, (simulated-measured) to measured, of the calculated front side irradiance 376 
G for all three simulation tools for the selected days with varying irradiance conditions. In all 377 
following calculations, the GHI values from the rotating pyranometer at the axis at zero tilt were 378 
used for the simulations. 379 

  380 



a) 381 

b) 382 

c) 383 

Fig.8. Integrated irradiance from measurement and the two simulations with different pyranometer 384 
data. Any uncertainty in the horizontal beam component (GHI-DHI) or in F1, the parameter 385 
determining the circumsolar fraction, will be magnified at larger tilt angles. The relative error 386 
increases for conditions with low irradiance. Calculations with BIGEYE.  387 



 388 

a) 389 

b) 390 

c) 391 

Fig.9. Deviation, (simulated-measured) to measured, of the total front irradiation G at all tilt angles 392 
on all days.  393 



 394 

5.1.2 Front irradiance compared to Isc 395 

Similar to the approach shown in Fig. 6 anf Fig. 7 the BIFOROT also allows to correlate the Isc of 396 
M3, the bifacial module with covered rear side,  and the front irradiance G. Like for the irradiance, 397 
there is a good linear correlation. In contrast to Fig. 6 and Fig. 7 now also the tilt angle dependency 398 
is analyzed by the use of the tilt angle dependent G(β). By extrapolating the slope of the correlation 399 
to STC irradiation conditions an effective Isc for the front side can be calculated at each tilt angle: 400 

 401 

 𝐼𝐼𝐼𝐼𝐼𝐼(𝑀𝑀3,𝛽𝛽) = 𝐼𝐼𝑠𝑠𝑠𝑠,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐸𝐸𝑓𝑓𝑓𝑓 𝐺𝐺(𝛽𝛽)

𝐸𝐸0
    2). 402 

 403 

E0 is the STC irradiance of 1000 W.m-2. For G(β) we use the measured front side irradiance or the 404 
simulated front side irradiance at tilt angle β, leading to ‘measured’ and ‘simulated’ 𝐼𝐼𝑆𝑆𝑆𝑆.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑒𝑒𝑓𝑓𝑓𝑓 , 405 
respectively.  406 

 407 

Fig. 10 shows that the simulated data and measured data are in good agreement with each other. 408 
This was already expected because of the good agreement of measured and simulated irradiance 409 
shown in Fig. 9. The measured results are in fair agreement with the STC ISC,front of 8.65 A. 410 
Deviations are expected because: 411 

1) The module will have additional reflection losses because the angle of incidence is larger 412 
than zero (angular loss coefficient is non-zero). Hence, the irradiance received by the 413 
module is less than seen by the pyranometers. This would lead to effective 𝐼𝐼𝑆𝑆𝑆𝑆.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑒𝑒𝑓𝑓𝑓𝑓
 values 414 

smaller than the STC value, and varying with the tilt angle and timestamp. The data in 415 
Fig. 10 do not suggest that the angular loss coefficient plays a major role here.  416 

2) The generated current increases slightly with temperature (3-4 mA.K-1). This effect should 417 
be similar for all tilt angles and would lead to higher effective 𝐼𝐼𝑆𝑆𝑆𝑆.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑒𝑒𝑓𝑓𝑓𝑓 Note that the 418 
BIFOROT rotation speed is so high that the actual cell temperature will be the effect of the 419 
irradiance average overall tilt angles. The measured values are usually larger than the 420 
STC values but the deviations are often larger than expected because of temperature 421 
alone, with module temperatures in the range of 5-35 °C.   422 

3) Inaccuracies in the measured irradiance and current. The fact that the measured 𝐼𝐼𝑆𝑆𝑆𝑆.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑒𝑒𝑓𝑓𝑓𝑓  423 

is always larger than the STC value indicates an underestimation of G or an overestimation 424 
of the front side current. 425 

4) The irradiance distribution on the module is not uniform. The cell with smallest irradiance 426 
will limit the current leading to smaller measured currents. 427 

428 



a) 429 

b) 430 

c) 431 

Fig.10. Measured and simulated effective Isc, front. The dotted horizontal line represents the STC Isc 432 
value of 8.65 A measured indoors. 433 
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 435 

5. 2 Rear side irradiance 436 

The rear side irradiance can be correlated to the Isc of rear side sensitive module M1 or to the Isc 437 
difference of the modules M3 and M2 (front side sensitive and bifacial module). While the first 438 
option is obviously more direct it turned out that the measurement results of the rear side alone 439 
are more prone to additional shading effects and the errors resulting hereof. As a result, there is 440 
always a certain difference between the Isc as determined by these options (Klenk, 2017). During 441 
the relevant measurement period, there was also an additional issue with the front row insolation. 442 
A construction crane erected close to the BIFOROT caused a shading of the front row area and 443 
resulted in pronounced ground shading below M1. At conditions with strong direct irradiance, this 444 
shading affected the output of M1 considerably. Consequently, the rear side data obtained by M1 445 
for the 10/15/2017 was erroneous, data between 12 PM and 3 PM would have to be omitted. 446 
Therefore, it was decided to define the rear side Isc for the simulations by the Isc difference of M2 447 
and M3. Figure 11 shows the simulated Grear  of the three simulation tools as a function of the 448 
ISC,rear. Grear is averaged over the plane of the module by all three tools, more information can be 449 
found in the appendix.  450 

There is an overall linear relationship but it is clear that more deviations from linearity occur than 451 
between front side measured and simulated irradiance (Figs. 6 and 7). Also, the differences 452 
between the three tools become apparent. This reflects the complexity of the calculation of the 453 
rear side irradiance, and the different choices made in the simulation codes.  454 

  455 



 456 

a) 457 

b) 458 

c) 459 

Fig.11. The simulated rear side irradiance is compared to the measured rear side Isc determined 460 
by the Isc difference of M2 and M3. The correlation graphs of the selected days are shown for all 461 
three tools. The respective tilt angle of the data points is not indicated to reduce the complexity.  462 



 463 

Tilt-angle resolved comparisons can be made from Figure 12. As was done for the front side 464 
(eq.  2) effective Isc values can be calculated: using  465 

𝐼𝐼𝐼𝐼𝐼𝐼(𝑀𝑀2,𝛽𝛽) − 𝐼𝐼𝐼𝐼𝐼𝐼(𝑀𝑀3,𝛽𝛽)  = 𝐼𝐼𝑠𝑠𝑠𝑠,𝑓𝑓𝑒𝑒𝑟𝑟𝑓𝑓
𝐸𝐸𝑓𝑓𝑓𝑓 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝛽𝛽)

𝐸𝐸0
   (3). 466 

 467 
The comparison is now with the rear STC value of 7.44 A. Again, temperature effects and angular 468 
dependent reflection have to be allowed for. Values of 𝐼𝐼𝑆𝑆𝑆𝑆,𝑓𝑓𝑒𝑒𝑟𝑟𝑓𝑓 that are significantly larger than the 469 
STC values are an indication that the simulation underestimates the irradiance on the rear or that 470 
the difference of the ISC in M2 and M3 is overestimating the contribution of the rear side to ISC. 471 
Figure 12 shows that values both substantially higher and lower than the STC value are found. 472 
The highest values were obtained with the PVsyst data, in agreement with the lower rear 473 
irradiance values shown in Figure 11. There does not seem to be a strong correlation with the tilt 474 
angle or the day (i.e. irradiance conditions), although the most variation in 𝐼𝐼𝑠𝑠𝑠𝑠,𝑓𝑓𝑒𝑒𝑟𝑟𝑓𝑓

𝐸𝐸𝑓𝑓𝑓𝑓 was found on the 475 

day with the highest beam component. Note, that the ratio of the 𝐼𝐼𝑆𝑆𝑆𝑆,𝑓𝑓𝑒𝑒𝑟𝑟𝑓𝑓
𝐸𝐸𝑓𝑓𝑓𝑓  and effective 𝐼𝐼𝑆𝑆𝑆𝑆,𝑓𝑓𝑒𝑒𝑟𝑟𝑓𝑓

𝐸𝐸𝑓𝑓𝑓𝑓  476 
represents an effective bifaciality factor for the current.  477 

  478 



a) 479 

b) 480 

c) 481 

Fig.12. Effective Isc, rear calculated using irradiance on the rear side of M2. The dotted horizontal 482 
line represents the STC value.  483 
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5.3 Bifacial gain in the current 485 

The comparison of calculated and measured bifacial gain in the power would require a 486 
comparative power measurement of the bifacial module M2 and the front side sensitive module 487 
M3. However, during the presented measurements only Isc measurements were implemented for 488 
the front and rear side sensitive modules M2 and M3. The recording of the full I-V curve, and thus 489 
of the power, was only available for the bifacial module M2. Therefore the bifacial gain of the 490 
current was analyzed instead of the more common bifacial gain of the power.  491 

 492 

The bifacial gain in the current 𝐵𝐵𝐺𝐺𝐼𝐼  can be calculated as: 493 

𝐵𝐵𝐺𝐺𝐼𝐼,𝑚𝑚𝑒𝑒𝑟𝑟𝑠𝑠 = 𝐼𝐼𝑆𝑆𝑆𝑆,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐼𝐼𝑆𝑆𝑆𝑆,𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓

     (4) 494 

This measured value was calculated by integrating the currents over the whole day at each tilt 495 
angle and then taking the ratio. The simulated values were calculated from: 496 

𝐵𝐵𝐺𝐺𝐼𝐼,𝑠𝑠𝑠𝑠𝑚𝑚 = 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐺𝐺𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓

∙ 𝜑𝜑𝐼𝐼     (5) 497 

Here 𝜑𝜑𝐼𝐼 is the bifaciality factor for the current. i.e. the ratio of the rear and front STC values of the 498 
Isc obtained in previous indoor measurements. 499 

𝜑𝜑𝐼𝐼𝑠𝑠𝑠𝑠= 7.44 / 8.65 = 0.86    (6) 500 

Fig. 13 shows that the simulations reflect the trend in bifacial gain quite well. The measured bifacial 501 
gain strongly depends on the tilt angle and the irradiance conditions. For clear sky conditions there 502 
is a decrease in gain with tilt angle and an increase for the day where diffuse light predominates.  503 

  504 



 505 

a) 506 

b) 507 

c) 508 

Fig.13. The effective bifacial gain of the current from measured Isc data and from simulated 509 
irradiance data with an assumed bifaciality value of the current of 0.86. The calculated data is 510 
compared for all three simulation tools.  511 



 512 

5.4 4 Power output 513 

The power output can be directly compared to the measured output. In the simulations, the power 514 
bifaciality factor φPmax= 0.78 was used to calculate the current enhancement. The correlation 515 
graphs are shown in Fig. 14. The correlation is very good, leading to slopes very close to one. 516 
Note, that the power output also includes effects of temperature and of the specifics of the I-V 517 
curve.  518 

  519 



a) 520 

b) 521 

c) 522 

Fig. 14. Direct comparison of the simulated and measured power output for all three tools. In the 523 
simulations, the power bifaciality factor was used to calculate the current enhancement. The 524 
respective tilt angle of the data points is not indicated to reduce the complexity. 525 

 526 



Fig.15 shows the deviations in integrated power output, (simulated-measured) to measured, for 527 
all tilt angles at all days. Particularly for conditions with high direct irradiance share (10/15/2017), 528 
the deviations are remarkably small. For this day, the course over the tilt angles shows a 529 
characteristic dip for moderate tilt angles. For 30° to 45° the deviation is smaller than ± 2 % for all 530 
models and mostly well below ± 1 %. There is an increase of the deviation towards horizontal and 531 
vertical tilt for these irradiation conditions, but the deviation is within ± 3 %. 532 

Larger deviations were found for conditions with low direct irradiance. Again, the largest deviations 533 
are observed for horizontal and vertical tilt. For the conditions with low direct irradiation, the course 534 
of the deviations show an increasing trend towards steeper tilt angles. There is also an “offset” 535 
between the models; the maximum deviation can be found at horizontal or vertical mounting.  536 

The maximum deviation at completely overcast conditions varies for the respective models is 537 
below 10 %. The total deviation of all simulations is in a range of about ± 10 %. For conditions with 538 
mixed irradiation, the same trends can be observed, however with a lower deviation for the 539 
respective models of about 6 % and a total variation of all models of about ± 6 %. 540 

It has to be pointed out that the significance of the described pronounced deviations at overcast 541 
conditions for the annual yield is limited due to a small contribution to the total yield. 542 

  543 



a) 544 

b) 545 

c) 546 

Fig. 15. Deviation, (simulated-measured) to measured, of the total power output at all tilt angles 547 
on all days.  548 

 549 



6. Conclusions 550 

The prediction accuracy of three simulation tools was tested with the BIFOROT test rig at varying 551 
irradiation conditions and tilt angles. The aim of this work is not a comparison of long-term 552 
measurement and simulation data, but the analysis of characteristic trends and dependencies at 553 
specific conditions. 554 

The simulated front side irradiance is as good as the irradiance data enables. At days with 555 
predominantly diffuse light, the results are very sensitive to the small difference between the 556 
measured GHI and DHI. It was demonstrated how small uncertainties in the beam component are 557 
enhanced for steeper tilt angles. Even though this affects both mono- and bifacial modules, 558 
installations with the latter ones may be more prone to this effect, because the two-sided light-559 
sensitivity allows a wider range of possible tilt angles. Largest deviations of the respective front 560 
side irradiation simulations are found for small tilt angles or vertical module orientation. Due to the 561 
larger contribution of the front side for south-oriented modules, related effects will dominate the 562 
overall accuracy at conditions with low direct irradiation and corresponding orientation.  563 

Rear side measurements are more affected by inhomogeneities and shading by the mounting, 564 
particularly at conditions with high direct irradiation share. Although all simulation tools showed a 565 
good correlation with the rear side current, distinct differences between the three tools were 566 
observed. A clear correlation between these differences and the approach used by each tool, 567 
however, cannot be made at this stage.  568 

The observed trends in bifacial gains and the measured total electrical output are well predicted 569 
by all three models. Particularly for conditions with high direct irradiance share, the deviations are 570 
remarkably small. In addition, the course over the tilt angles shows a dip for moderate tilt angles. 571 
For 30° to 45° the deviation is smaller than ± 2 % for all models and mostly well below ± 1 %. 572 
There is an increase of the deviation towards horizontal and vertical tilt for these irradiation 573 
conditions, but the deviation is within ± 3 %. 574 

The deviations get larger with decreasing direct irradiance share. Again, the largest deviations of 575 
each model are observed for horizontal and vertical tilt. For conditions with low direct irradiation, 576 
the course of the deviations shows a similar trend towards steeper tilt angles. There is however 577 
an “offset” between the models, the maximum deviation can be found at horizontal or vertical 578 
mounting. The maximum deviation at completely overcast conditions varies for the respective 579 
models in a range of about 10 %. The total deviation of all simulations is in a range of about 580 
± 10 %. For conditions with mixed irradiation, the same trends can be observed with a deviation 581 
for the respective models within about 6 % and a total variation of all three models of about ± 6 %.  582 

Summarized it can be said that the three simulation tools give similar results and are in agreement 583 
with the experiment, particularly for conditions with large direct irradiation share. This shows that 584 
bifacial yield modeling is reaching a stage of maturity.  585 

The prediction accuracy of the annual yield will be in between the extremely good results obtained 586 
for clear sky conditions and the ones with larger deviations for overcast days at very low or steep 587 
tilt angles. It has to be pointed out that the impact of overcast conditions for the annual yield is 588 
limited due to the comparatively small contribution to the total yield. In order to get a good estimate 589 
for the yield prediction of an entire year, a larger data set needs to be analyzed, ideally this would 590 
be the measurements of one full year.  591 



The small number of analyzed days makes it also difficult to study specific differences and trends 592 
of the three models. Also here, the analysis of a full year worth of data would allow to obtain more 593 
conclusive results. The BIFOROT system is still operating and has collected so far almost two 594 
years of data. Our aim is to present the analysis of this data in a future study. 595 

 596 

Funding sources 597 

The contribution of ISC Konstanz has been funded by the EC (Horizon 2020) and by the German 598 
BMWi (FKZ 0324088A) within the Solarera.net project ”Bifalo” 599 

  600 



Appendix  601 

MoBiDig simulation parameters  602 

Mid-hour averaged weather and irradiance data have been created for each day and tilt angle. 603 
The ground albedo has been set to 0.51; the axial height of BIFOROT system is set to 0.75 m and 604 
the clearance height has been calculated during the simulation for each tilt angle. The angle of 605 
incidence modifier has been used, considering the front glass has an antireflective coating while 606 
the back glass is without antireflective coating. 607 

Module Length (m) 1.66 
Number of Modules per Row 4 
Number of Rows 3 
AIM_model physicaliam 
Temperature coefficient of power (%/°C) -0.415 
φPmax (Bifaciality factor, power) 0.78 

Table 1: Input parameters as applied in the simulation with MoBiDiG 608 

 609 

MoBiDiG calculates the rear irradiance for twelve positions and uses the average for the electrical 610 
output calculation. 611 

 612 

BIGEYE simulation parameters  613 

BIGEYE carried out simulations for all timesteps at all the four days considered. The value of 614 
ground reflection coefficient was 0.51. The geometry of the field included three rows with for 615 
modules, i.e. including the dummy modules on the eastern side of the set-up.  616 

IL 8.648 A 
a 1.683 V-1 
I0 0.636 nA 
Rseries 0.231 Ω 
Rshunt 5000 Ω 
αIsc 0.0036 A/K 
Egap (@STC) 1.12 eV 
dEgap/dT 0.0002677 eV/K 
φPmax (Bifaciality factor, power) 0.78  

Table 2: BIGEYE parameters for the STC 1-diode equation, and additional parameters used for 617 
the I-V temperature/irradiance translation according to (De Soto 2006) 618 

 619 

(1-R-T) front 0.82  

(1-R-T) rear 0.82  



Uc 50 Wm-2·K-1 

Table 3: BIGEYE input parameters for the module thermal model 620 

 621 

BigEye calculates the irradiance on four points in each cell and takes the average over the whole 622 
module. 623 

 624 

PVsyst simulation parameters 625 

The measured data, which comes in one-minute intervals, was averaged, in order to get the hourly 626 
steps that are needed as input to the simulation. The simulation was performed with the ‘unlimited 627 
sheds’ model that allows a simplified calculation for regularly spaced rows. For the transposition, 628 
the Perez model is used. The calculation takes into account the direct and diffuse sky irradiance 629 
on the front and backside, including inter-row shadings. Furthermore, it computes the direct and 630 
diffuse irradiance reaching the ground, and the fractions scattered back to the front and rear side 631 
of the bifacial modules. For the comparison with pyranometer measurements, the simulated 632 
irradiance values do not contain IAM losses, since they do not occur with pyranometers. 633 

For the bifacial model, a ground albedo of 51 % was assumed. The height over ground was 634 
adapted for each tilt angle, such that the center of the PV module stayed at the height of the 635 
rotating axis.  636 

The temperature coefficient Uc was taken as 24 W/m2/K, which corresponds to a freestanding 637 
installation with reduced air circulation. The effect of wind speed was not taken into account.  638 

The single diode parameters, which are gathered in a so-called PAN file, are given in the table 639 
below. 640 

Isc(STC) 8.725 A 
µVoc -115 mV/K 
Γ 0.96  

I0STC 0.024 nA 
Rseries 0.265 Ω 
Rshunt 500 Ω 
φPmax (Bifaciality factor, 
power) 0.78  

Table 4: Single diode input parameters as applied in the simulation with PVsyst 641 

 642 

The irradiance distribution on the rear side of the modules is calculated by taking a regularly 643 
spaced set of points on the ground for which the total incoming irradiance has been computed 644 
before. The rear side irradiance is the weighted sum of these irradiances, where the weight is the 645 
view factor of each point towards the entire rear side of the modules. This view factor is the result 646 
of a numerical integration over infinitesimal view factors in all directions at the ground point. 647 
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