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Backside irradiance modelling for photovoltaic (PV) modules is not simple and straightforward as it highly
depends on the situation of an actual system. In addition, the irradiance conditions can change from one side of a
PV system to the other due to the reflections from the ground or surroundings. Currently, all available models are
based on analytical methods. Here, we present a new empirical model for backside irradiance for fixed PV
systems modelled by a Gaussian function on the backside irradiance share and compare the results with an

analytical model. Furthermore, we have applied different backside irradiance calculations to a PV performance
rating model and compared the results. Our calculations, verified with the data from three different locations in
Europe, have shown that for common PV systems, where the backside irradiance share is relatively low, annual
PV performance calculations can be performed with a fixed backside irradiance share value.

1. Introduction

In recent years, bifacial crystalline silicon solar cells have been the
leading technology in the photovoltaic (PV) market. By the end of 2024,
90% of all fabricated silicon-based solar cells were already bifacial.
Similarly, more than 60% of the module market is expected to use
bifacial PV modules in the following years, with an additional 30% of
monofacial PV modules incorporating bifacial solar cells [1]. Although
bifacial cells require additional manufacturing steps, such as the back-
side texturing and AR coating, they enable a significant reduction in the
metal consumption for the electrical contacts. As a result, bifacial PV
modules are now widely used in various applications, including
open-rack systems, rooftop and even in integrated PV systems.

The bifacial cells in monofacial PV modules can benefit from internal
reflections from the backsheet [2], but the main benefit can be achieved
in open-rack systems where direct or reflected sunlight can reach the cell
from both sides. To achieve this, bifacial PV modules require a glass/-
glass or, in some cases, a glass/transparent backsheet structure that al-
lows light also to enter the cell from the rear side. To minimise back
shading, junction boxes at the back side are moved to the sides or centre
of the module to ensure they do not cover the surface of a cell and block
light from reaching the cell.

The widespread use of bifacial solar cells in both monofacial and
bifacial PV modules raises the question whether the current standard
measurement procedures under standard test conditions (STC), which
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are primarily designed for direct light, and energy rating models are still
good enough. There is a need to analyse whether such standardized
conditions need to be adapted for bifacial modules. A technical speci-
fication for the measurement of current-voltage characteristics, pub-
lished in 2019 [3], describes recommendations for the correct
measurement of the output power of a bifacial PV module.

However, given the aforementioned variety of configurations in
which bifacial PV modules are used, the adequacy of existing energy
rating models remains uncertain.

The main challenge is to accurately model the backside irradiance,
which varies significantly depending on the environmental conditions
and system configurations. Currently, the backside irradiance is
modelled using sky- and ground-view factors, calculated by using the
solar and PV system geometry or by ray tracing models.

Vogt et al. [4] propose to define the backside irradiance according to
the IEC 61853-3 standard [5] for energy estimation. Several researchers
have published energy assessment models that analytically simulate the
backside irradiance based on the geometry of the sun’s position and the
PV system. Yusufoglu et al. [6] treated the backside irradiance as a
ground-reflected light using the sky-view factor principle. The same
approach, where the ground reflected light is reduced by the
self-shading of the module, is used in Ref. [7]. Ground view factor cal-
culations influenced by module shading are used also by Ref. [8]. Wang
et al. [9] use solar geometry to calculate the ground reflected light and
backside irradiance. At Sandia National Laboratories a true geometric
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model for backside irradiance was developed [10], using both the ge-
ometry of the sun and the geometry of the PV system to accurately
calculate backside irradiance. A step further was taken by Valdivia et al.
[11], where a ray tracing model was used to simulate the backside
irradiance.

Common to all models is that they need information about the ge-
ometry of the PV system and often require a lot of computational power.
Models based on view factors can reliably estimate the backside irra-
diance, particularly when the front irradiance used in the calculations
has been measured. However, they cannot account for reflections from
the modules in the back row or the mounting frames. Models using view
factors require only basic geometric data on the PV system, such as the
inclination angle and height, and ground albedo values. In contrast,
geometric and ray tracing models require more precise information
about the supporting structure’s geometry. Additionally, they can
include albedo and reflectivity from all surrounding surfaces, resulting
in a higher accuracy, but they are also more complex and computa-
tionally time-consuming.

Due to the limitations of the currently available models, we looked
for an empirical model that could be used universally. Empirical models
have the benefit of including all the local effects that cannot be foreseen
in an analytical model, but they can deviate in the accuracy throughout
the year and at different irradiance levels if only one fitting curve is
used. While an empirical model does not require PV system geometry, it
does require backside irradiance measurements during the training
period.

Bouchakour et al. [12] applied performance models developed for
monofacial modules to estimate the energy yield of bifacial PV modules
and found that analytical models outperform the empirical models.
Recently, we reported an energy rating model for bifacial PV modules
where the backside irradiance was defined from the average measured
annual share of the backside irradiance [13].

A persistent problem in all energy rating models for bifacial PV
modules is the accurate definition and modelling of the backside irra-
diance. In this paper, we address the challenges of modelling backside
irradiance for fixed PV systems, the limitations of both analytical and
empirical models, and the performance of a new empirical model for
backside irradiance.

The paper is divided into three main sections. In the first part the
challenges of backside irradiance modelling are discussed, focusing on
measurement issues and non-uniformity. Next, a new empirical model
for backside irradiance is presented and its performance compared to an
analytical model. Finally, the simulated irradiance is used to calculate
PV system performance indicators. The objective of this paper is to
assess the importance of backside irradiance modelling in the calcula-
tion of bifacial PV system performance indicators, with the specific aim
of determining whether such modelling is essential for an accurate
evaluation. This question is addressed and discussed in detail in the
conclusions of the paper.

2. Backside irradiance modelling: situation, issues and models

Nowadays, solar irradiance models are well developed with both,
analytical and heuristic approaches providing reliable simulations of
clear-sky global horizontal irradiance (GHI) with reasonable accuracy.
The first broadband model dates back to the 1960s, i.e. ASHRAE [14],
followed by widely used models such as Bird [15] and, Ineichen [16],
among others. A comprehensive comparison of these models has been
published by Gueymard [17]. Analytical cloudy-sky models were pub-
lished by Kasten et al. [18] and Badescu [19].

In the recent years, the popularity of analytical models has declined,
as energy performance assessment models are now based on measured,
satellite-derived data (SARAH [20] and CLARA-A2 [21]) or reanalysed
datasets such as ERA5 or CAMS [22]. Plane-of-array irradiance is typi-
cally calculated using transposition models like mostly cited Perez
model [23] or Hay model [24].
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While these models can adequately simulate front and back irradi-
ance for vertically mounted modules, challenges arise for tilted modules,
where backside irradiance is dominated by reflected light. Conventional
models may fail to meet the accuracy requirements for backside irra-
diance under these conditions. The backside obstruction, seasonality of
reflectivity and the non-uniformity of the light reflected from the ground
are the key issues in calculating backside irradiance thus new models for
backside irradiance have to be developed. The following subsections
describe the specific conditions for backside irradiance modelling.

2.1. Location and mounting situation

The location and, in particular, the mounting structure have a major
impact on the backside irradiance. Therefore, bifacial PV systems
require special support structures that ideally do not cover the cells from
behind. However, in practice, support rails are required to ensure the
stability and resistance in all weather conditions (Fig. 1). The distance
between the module and the support elements can have a direct effect on
the shading of the back of the PV modules; closer rails produce sharper
shadows.

Ground clearance is another critical factor, as it affects the module’s
own shading and, consequently, the reflected irradiance. Fig. 1 clearly
shows how the proportion of the visible ground that is shaded varies
depending on the distance of the module above the ground.

2.2. Partial shading and non-uniform illumination

In addition to the modules’ self-shading, support elements such as
aluminium rods near the cells (see picture on Fig. 1 — left) do not only
partially shade the cells, but also cause a reflection. Consequently, a
single cell may experience three conditions: “normal” back side irradi-
ance (marked as “G” in Fig. 2), enhanced irradiance from reflections
(“G+” in Fig. 2) and reduced irradiance due to shading (“G-” in Fig. 2).

While frontside shading can have a large impact on the module
output power and can even lead to reverse bias on the shaded cell,
backside irradiance variations are less critical and cannot lead to a
reverse bias on the affected solar cells. Assuming that the average
backside irradiance is between 10 and 20% of the frontside irradiance, a
20% backside irradiance inhomogeneity will result in a maximum
variation of 4% irradiance inhomogeneity over the entire cell.

The effect of local inhomogeneities on the output power of a bifacial
solar cell/module can be simulated using SPICE simulations. The results
have already been presented in Ref. [13]. The simulations were per-
formed on a standard 120-half-cell PV module in a “butterfly” configu-
ration. If only half of a cell is shaded from the back side, the power loss is
negligible, only 0.1%.

Fig. 3 shows the variations in irradiance on the backside of the
module during a summer morning in Jaén (37.79° N, —3.78° E). Early in
the morning, the sun shines directly on the back of the module. Later, as
the sun’s azimuth and zenith angles change, the module frame begins to
shade the direct sunlight (second and third images in the top row of
Fig. 3). Later in the day, the cells only receive the light reflected from the
ground and the diffuse light. The amount of the reflected light depends
on the ground albedo and the amount of shadow of the module/PV
system casts on the ground. The images in the bottom row of Fig. 3 show
the movement of the self-shadow during the morning hours that visu-
alizes how strongly reflected light from the ground changes in the
morning hours.

2.3. Analytical models

Analytical models are based on site-specific data such as PV system
geometry, albedo and surroundings. Key input parameters include
global horizontal irradiance (GHI) and diffuse horizontal irradiance
(DHI). The backside irradiance is calculated as the sum of diffuse light
hitting the backside of the module, reflected light from the ground,
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Fig. 1. Mounting conditions of bifacial PV modules/systems. The amount of shading depends largely on the module’s ground clearance.

Fig. 2. Example of inhomogeneous backside illumination. Support elements
can both shade the cells and create reflections. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

reflections from surrounding objects and mounting structures, and the
direct light that can hit the backside of the module in the summer
months. An analytical model can achieve a very high level of accuracy
for the site for which it has been modelled, but cannot be easily applied
to another site without knowing all the relevant parameters. In general,
there are two mathematical approaches: the use of view factors and ray-
tracing models.

One of the first models using view factors for reflected light was
published by Yusufoglu [6] in 2014. Today, various view factor models
are widely used to model backside irradiance. Shoukry et al. is inte-
grating ground reflected light by using view factors including
self-shading influences of consecutive rows of modules [25]. Catena

By 18 o0

et al. [26] upgraded the previously mentioned approach by a better
calculation of shaded and unshaded areas. The total area is divided in
triangles for a better and faster calculation. Ledesma et al. is calculating
backside irradiance by using hypothetical case of infinite and homoge-
neous Lambertian reflector [27].

One of the most comprehensive analytical models for backside
irradiance has been developed by Hansen et al. [10] at Sandia National
Laboratories in the USA. The model was developed from data from a
small 4 module open-rack PV system by using 10 small reference
mini-modules mounted on the back side of the module. The model fol-
lows well the shape of the measured back irradiance at different loca-
tions on the back side of the module. The same authors also showed that
the inhomogeneity of the light on the back of the module varies from a
few percent to a few tens of percent in the morning and evening hours.
Another model has been published by Marion et al. [28], which also
takes into account the reflections from the rear rows of PV modules,
using correction factors (derived from the field of view) and
angle-of-incidence (AOI) values to estimate the backside irradiance. A
simplified model that can be applied to other sites has been developed
by Durusoy et al. [29].

Simplified analytical models that consider only the ground reflection
are used in the energy performance modelling of bifacial PV systems [6,
30]. Simulation programs such as PVsyst also adopt simplified view
factor models, using only albedo and the ground reflectance.

Ray-tracing models require more computing power and a more
detailed technical model of the PV system. A detailed review of view
factors and ray-tracing models for backside irradiance has recently been
published by Ernst et al. [31]. Another ray-tracing model has been
published by Louw et al. [32].

In general, analytical models assume an isotropic distribution of the
diffuse light and Lambertian ground reflection. As a result, they can

Fig. 3. Irradiance from the back side of a bifacial PV system in the morning hours of May 2024 in Jaén (37.79° N, —3.78° E). (Time is shown in CEST).
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Fig. 4. Test bifacial PV system at the University of Jaén, Spain. Five of the nine PV modules were covered from the front to only absorb light from the back.
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Fig. 5. Backside irradiance measured by modules covered from the front side (left) and deviations from the mean value (right) (module names correspond to the

names shown in Fig. 4).

simulate backlighting very accurately on clear days, but are less accurate
on cloudy days when the diffuse light is not uniform.

2.4. Empirical models

Empirical models, based on backside irradiance measurements are
more versatile than analytical models, but offer less accuracy on an
hourly or daily basis. However, they can provide acceptable results for
annual simulations, performance evaluation and degradation analyses.
They are usually less computationally intensive and can be adapted to
any bifacial PV system, regardless of location or mounting conditions.
Additionally, empirical models include all local deviations in the irra-
diance (reflections or shading of the PV modules’ supporting structure)
since they are trained on measured values.

Currently, all available backside irradiance models are based on view
factors or ray tracing techniques. To our knowledge, there is no empir-
ical backside irradiance model in the scientific literature.

3. Development of a new empirical model
This section describes a new empirical model for modelling the

backside irradiance of bifacial PV systems. The model has been devel-
oped using data from a PV system installed at the University of Jaén,

12

Spain and verified using data from Ljubljana, Slovenia and Neuchatel,
Switzerland.

3.1. Description of the experimental setup

The PV system used in this study for modelling consists of 9 bifacial
PV modules, five of which had their front side covered with a white film
to block incoming light on the front surface (Fig. 4). These covered
modules were used as backside irradiance sensors. Additional instru-
mentation included a plane-of-array pyranometer, a reference cell and a
nearby albedo meter.

3.2. Back irradiance analysis

Using whole PV modules as irradiance sensors has some advantages
over small area reference solar cells or pyranometers. The integrated
irradiance measured by the module’s short-circuit current better reflects
the actual energy it would receive at its location, whereas reference cells
or pyranometers only provide spot measurements, so their value may
differ from the actual amount of energy a module receives.

Fig. 5 illustrates the measured irradiance values (left side) and the
deviations from the mean value. As expected, the modules at the edges
receive higher irradiance in the morning or evening hours (RS9 in the
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Fig. 7. Backside irradiance share versus solar azimuth over the whole year (left) and for clear-sky days (right). Colour represent the month. Values for month of April
deviate due to maintenance work on the floor reflector. The vertical dashed lines present when solar azimuth is perpendicular to the PV system azimuth. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

morning hours at the eastern end of the string; RS1 in the evening hours
at the western edge of the string). This is due to the higher ground
reflection in the area where the shadow cast by the modules is not
present. Due to an uneven ground albedo (with a highly reflective
ground surface below the modules) and a low sun position, the modules
on the east side received higher irradiance values in the early morning
hours than the modules on the west side of the string (and vice versa in
the evening hours). The central modules exhibit more consistent irra-
diance throughout the day. Morning and evening peaks in summer
(before 9 a.m. and after 7 p.m.) are caused by the direct sunlight hitting
the module from behind as the sun shines from the “back” of the module
when the difference between the sun’s azimuth angle and the module
orientation is greater than 90°.

The backside irradiance is analysed at the back of the central module
of the PV array (module RS5 in Fig. 4). Fig. 6a shows the calculated
backside irradiance share (Gpqck share) relative to the plane-of-array
irradiance Gy, at the centre of the PV array. Gpack share is defined as
Gpack divided by Gpeq. The colour represents the month (referenced as in-
plane rear-side irradiance ratio in IEC 61724-1 standard [33]). At low
global irradiance levels, the backside share is high but at G,o, > 500

W/m? it is mostly below 20% in Jaén. This is mainly due to illumination
from the back in morning and evening hours (in summer), and as also
under cloudy skies, when the ratio depends mainly on the sky view and
ground view factors.

Fig. 6b and ¢ shows that backside irradiance never exceeds 200 W/
m?. The values in April (Fig. 6¢) are low due to the maintenance work on
the ground reflector.

The most interesting plot is the backside irradiance share versus the
solar azimuth angle as shown in Fig. 7 for all data and clear-sky data
(DHI < 0.2 * GHI), respectively. The backside irradiance share remains
almost constant when the sun shines from the front but deviates
significantly when the sun is shining from behind. Sun’s azimuth angle is
counted from north (East: 90°, south:180°, west: 270°).

The shape of the measured backside irradiance versus the solar azi-
muth can be modelled with an exponential function (with a shape of an
inverse Gaussian distribution function), which varies on a monthly
basis:
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Fig. 8. Monthly backside irradiance shares at clear skies (DHI/GHI < 0.5).
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where az and az are the solar azimuth angle and the azimuth angle of
the PV system, respectively. Fig. 8 illustrates the clear sky Gpack share
plotted against the solar azimuth angles.

The average values of the coefficients a, b, ¢, azp and y, are sum-
marized in Table 1. Their physical interpretations are illustrated in
Fig. 9. The coefficient a represents the slope of the tail in the morning
and evening hours and an average value can be used for all months.
Coefficient b influences the width of the Gaussian function “well” and
varies with regard to the length of the year. Similarly, the coefficient ¢
influences the width of the function as well as the “sharpness” at the
edges. The azy coefficient is related to the geographical location of the
site. It represents the position of the sun at noon. Jaén is located at W
3.8° thus azyp = 184. The constant backside irradiance share during the
day is denoted as effective albedo in this article. Finally, y, is the sum of
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Fig. 11. Simulated versus measured backside irradiance over one year in Jaén.
(Colour represents month). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

the effective albedo and the absolute value of the coefficient a.

The initial parameters of the Gaussian function are obtained by
fitting the measured Gpqck share Values for clear-sky data for each month.
The parameters b and y, show a monthly dependence, while for the
parameters a, ¢, and azp an annual average is used. The parameter b is
directly related to the length of the day, while the yj is related to the
effective albedo. A detailed comparison of the solar azimuth angle at
sunrise and factor b shows a perfect correlation, as shown in Fig. 10a.
The effective albedo value can also vary over the year and can be
modelled with a 4th order polynomial function as shown in Fig. 10b. In
addition to monthly changes, effective albedo changes also with the
share of the diffuse light (see Fig. 7). On cloudy days, the effective al-
bedo is almost twice as high as on clear days (see Fig. 7), therefore the
effective albedo is additionally corrected by the share of the diffuse
light.

The simulated backside irradiance compared to the measured one is
shown in Fig. 11, where colour represents the month of the year.

The simulations show a fairly good agreement with the measured
values. The deviations of the simulations at lower values (around 50 W/
mz), which are mainly visible in summer, are due to reflections and
shading in the morning and evening hours. The scatter at the higher
values is mainly due to the daily changes in the effective albedo values.
In winter time, when the zenith angle of the sun is high, the ground
below the PV modules is fully illuminated, while in the summer, when
the zenith angle of the sun is lower, the shadow cast of the PV modules
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Fig. 10. Correlation between parameter b and solar azimuth at sunrise (left) and monthly effective albedo (measured and interpolated - right).
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affects the proportion of the illuminated ground area and therefore the
effective albedo value. However, the direct light can be reflected directly
onto the back side of the module, which leads to an increase of the
effective albedo.

The modelling challenges in the morning and evening hours in
summer can be better observed under clear sky conditions. Fig. 12 shows
the backside irradiance as a function of the azimuth angle of the sun in
the month of July. The colour represents the day. The peak is when the
sun starts to shine on the front side of the module (AOI <85°). There is
also a break in the curve between solar azimuth angles of about 80°. We
believe this is caused by two reasons. First, the shadow of the module
frame begins to spread across the back side of the module (see photos in
Fig. 3), and second, the angular dependence of the module becomes
constant around this point [34]. There are also some ’outliers’ in the
early hours at lower azimuths. These are caused by reflections of light
from the attica. These phenomena cannot be modelled by the single
Gaussian function (Eq. (1)), but do affect the accuracy of the model.

3.3. Verification and comparison with an analytical model

Backside irradiance modelling presents significant challenges, and
evaluating the quality of the results is not straightforward. To our
knowledge, no empirical models have been published to date, therefore,
in order to validate our approach, the results were compared with an
analytical model similar to that of Sandia Lab [10].

The model developed calculates the solar angles on an hourly basis,
separating the incident irradiance into direct and diffuse components.
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Fig. 14. Annual simulated vs. measured backside irradiance with analytical
model on a clear-sky summer day in Jéen.

Reflections are computed for both shaded and unshaded areas. In shaded
regions, a Lambertian reflection of diffuse light is assumed, while in
unshaded areas, both diffuse and direct light reflections are considered.

Fig. 13 shows a clear-sky daily profile comparing measured and
Fig. 14 modelled backside irradiance. While the model achieves an
almost perfect fit when the sun is high, deviations are more pronounced
during morning and evening hours, when sunlight enters from behind
the module. The main problem is before the sun’s azimuth becomes
perpendicular to the module orientation (marked with red circle in
Fig. 13) and the module frame starts to shade the back of the module.
The annual simulation of Gpgck is shown in Fig. 14. There are many
outliers in the morning and evening hours. There are also worse results
in the winter months when diffuse light plays a major role. The diffuse
light is treated isotropically.

The analytical and empirical results are very similar when the out-
liers or simulation results are omitted for solar azimuths below 90° or
above 270°. Fig. 15 shows the simulation root mean square (RMS) error
with regard to the measured values of both methods (omitting data from
morning and evening hours in analytical model).

The developed empirical model was further validated in two addi-
tional locations in Europe: Neuchatel, Switzerland and Ljubljana,
Slovenia. Both sites are equipped with Gp,q and Gpeck measurements, and
the PV system is located on a gravel-covered roof. The PV modules in
Ljubljana are approximately 1 m above the ground, while in Neuchatel
they are mounted in single-module row in a landscape orientation
directly above the ground. The validation was performed at the module
level. However, in all cases, the modules were mounted in a row, which
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Fig. 13. Simulated vs. measured backside irradiance with analytical model on a clear-sky summer day in Jaen.
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Fig. 15. Monthly RMS error of analytical and empirical model in Jaen.

means that their response is comparable to that of a PV system row. At
one location (Neuchatel), there were also rows behind the observed one,
as in a typical free-standing PV system, meaning that reflections from
the next row were also considered.

Fig. 16 compares simulated Gpqk values to measured data from these
locations. The results were generally consistent, although absolute
values in Ljubljana were approximately half of those in Jaén and values
in Neuchatel were almost an order of magnitude lower. The values in
Neuchatel are attributed to its specific installation conditions (small
ground clearance).

4. Discussion

Modelling backside irradiance in PV systems is a complex and
system-specific process. Therefore, there is no common, globally valid
simple model. Existing available models are based on the geometry of
the sun and the PV system, or at least on sky view factors. In contrast, our
new model uses an empirical equation to simulate the backside irradi-
ance. Both approaches can yield good results but the questions arise
whether an accurate backside irradiance is essential when calculating
the PV system performance indicators.

We applied the simulated backside irradiance to our recently
developed DDPRbifi model [13] and compared the results obtained
against measured backside irradiance and a fixed proportion of the
backside irradiance (average annual value). Fig. 17 shows the simulated
power output of a PV module using (a) measured irradiance, (b) a fixed
share, (c) the empirical backside irradiance model, and (d) the analytical
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backside irradiance model. All results are almost the same regardless of
the Gpqck used. Except the results with the analytical model deviate from
the measured one.

Although the results across the three methods are similar on an
annual basis, the simulation error on an hourly basis is more variable. A
clear-sky daily simulation profile for all three cases (from Fig. 17) is
shown in Fig. 18. Both simulated values of Gpq slightly overestimate
the backside irradiance and thus module output power around midday
and underestimate it in the morning and evening hours (Fig. 18 bottom).

These findings indicate that for the annual performance assessment it
may be sufficient to calculate the backside irradiance using only a
constant share of the Gy, irradiance or by applying a sky view factor.
For an accurate daily or instantaneous simulation, analytical models
with knowledge of all PV system parameters and ground albedo are
required. However, for annual power predictions, the backside irradi-
ance is not a critical parameter, at least for common sites in Europe or
sites at similar latitudes. Sites with high albedo values and therefore a
higher Gpqck share may require different considerations.

5. Conclusion

Modelling complex parameters such as solar irradiance is always
challenging. Many assumptions and simplifications must be made to
create a relatively simple and reliable model. Backside irradiance in-
troduces additional parameters, such as reflections and shading, to the
equation, making the problem even more complex. In this paper, we
present the issues associated with backside irradiance models and
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Fig. 16. Backside irradiation modelling results in Ljubljana (left) and Neuchatel (right). The simulation period is one year.
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Fig. 17. Simulated and measured power output of a PV module in Ljubljana (a — with measured backside irradiance, b — with fixed backside irradiance share, ¢ —
using empirical backside irradiance model, d — using analytical backside irradiance model).

350 17 —— Gback_measured
—— Gback_fixed
300 - —— Gback_modelled
2 250 -
Q
Q
£
8200
150 -
06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
1.02 A
1.00 1
% 0.98 -
0.96 - —— Gback_fixed vs. Gback_measured
—— Gback_model vs. Gback_measured
0.94 4 T T r T T r T T T T
06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00

Fig. 18. Simulated and measured module output power on a clear-sky day (top) and relative difference to the results when measure Gpacx were used (bottom).
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provide an overview of existing models, including a new empirical
model. Ultimately, we cannot provide a definitive answer as to which
model is superior. The majority of available models use view factors or
exact PV system geometry information. This can improve model accu-
racy if the data is available. However, if simulations are performed on an
unknown PV system for which only basic data is available (e.g. the
orientation and inclination angle of the modules and the distance be-
tween rows), this can lead to higher uncertainty. Furthermore, analyt-
ical models cannot consider local phenomena such as reflections and
shading due to railings. In contrast, empirical models do not require
knowledge of the geometry; however, they require information on
measured backside irradiance values for the training period. Measured
data can more accurately represent the situation on the back of the
modules.

Both analytical and empirical models are usually created for one
location in the system, or multiple calculations (and measurements in
the case of empirical models) must be carried out. Our study showed that
the new empirical model can compete with analytical models, with the
advantage of not requiring detailed knowledge of PV system geometry.
However, it does require initial training with measured backside irra-
diance data.

The new empirical model simulates the backside irradiance by
determining its share relative to Gy, The share of the back irradiance in
the total irradiance received by a bifacial module is generally consistent
throughout the day, with deviations in the morning and evening hours in
summer when the sun shines from behind. Our new empirical model
simulates the backside irradiance share as a ratio of the back to front
irradiance with respect to the solar azimuth. The share is modelled by an
exponential equation of inverse Gaussian distribution shape with the
parameters derived from the measured data in the training period.

The validation of the model was performed on PV modules at three
different locations in Europe. Since the model was derived from data in
the middle of the row of PV modules, the results are valid also for PV
systems with long rows where the backside conditions do not change
much. The situation at the edge modules is different and will be analysed
in our future work.

Performance calculations for PV systems show that precise backside
irradiance modelling is often unnecessary. Since the share of the back-
side irradiance is usually in the range of 10%, annually, a simple value of
a backside irradiance share over the whole year is sufficient for an
annual performance assessment and is also acceptable on an hourly level
for most common sites in Europe or similar latitudes. Sites with high
albedo may require additional analysis to account for their specific
conditions.
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