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Abstract—We investigate the impact of spectral dependence
of ground surface reflectivity on albedo and rearside irradiance
measurements necessary for bifacial photovoltaic (PV) module
performance estimation and monitoring. Because PV modules
are spectrally selective, albedo and irradiance measurements
performed with common irradiance sensors may require spectral
mismatch corrections when used for performance prediction. We
investigate via simulation the differences in spectrally responsive
albedo measured with thermopile pyranometers and crystalline
silicon PV reference cells in comparison to a typical crystalline-
silicon bifacial PV module. Simulations are performed for nine
different representative ground surface materials using simulated
solar spectra together with spectral reflectivity data distributed
with the SMARTS simulation software. For the materials con-
sidered, the results show that albedo spectral mismatch relative
to the bifacial module is distributed over a range of ±9.2%
for thermopile pyranometers versus only ±3.7% for a typical
PV reference cell. We consider the impact of this spectrally-
responsive albedo mismatch on bifacial PV module rearside
irradiance measurements. Using synthesized rearside spectral
irradiance distributions, we find that for the nine different ground
surface materials the predicted rearside irradiance measurement
deviates from the effective irradiance observed by the PV module
by on the order of 16.5 W/m2 for the pyranometer and 3.6 W/m2

for the PV reference cell. We discuss the implications for bifacial
albedo and irradiance measurement.

Index Terms—photovoltaic (PV) systems, bifacial, resource
assessment, pyranometer, reference cell

I. INTRODUCTION

With the rapid adoption of bifacial photovoltaic (PV) mod-
ules the measurement of albedo and bifacial rearside irradiance
has become of increasing importance, for both resource as-
sessment on prospective sites and performance monitoring of
built systems. However, best practices are not yet completely
defined and industry participants have many questions about
the impact of different measurement choices.

Among the areas of uncertainty is the importance of spectral
response of irradiance sensors relative to the spectral response
of PV modules. The spectral reflectivity of ground surfaces can
significantly alter the spectrum of ground-reflected radiation
versus that of downwelling radiation from the sky, and it is
well known that this has an important influence on bifacial PV
performance [1]. However, there are few reports that provide
quantitative assessments of the spectral mismatch of albedo
and irradiance measurements versus bifacial PV modules for
different irradiance sensor types.

Here we will present a summary of bifacial module spectral
mismatch of albedo and irradiance measurement using both
thermopile pyranometers, which are broadband sensors, and
PV reference cells, which have spectral selectivity similar to
that of PV modules, based on simulations similar to those
in [2] [3]. Our aim is to provide relevant examples of the
uncertainty of effective albedo and irradiance for both types
of irradiance sensors in typical situations.

II. SPECTRALLY RESPONSIVE ALBEDO

A. Definitions

In the context of PV performance estimation, albedo is the
reflectivity of a particular ground material for incident solar
radiation. For simplicity it is common to consider the albedo of
a ground surface to be a constant, however in fact it depends on
wavelength as well as angle. Therefore the spectral response
of a measuring device or PV module affects the amount of
ground-reflected radiation that is detected or available for PV
power generation.

Following [4] [5] we define the spectrally responsive albedo
as

ρS =

∫
R(λ)SR(λ)G(λ)dλ∫

SR(λ)G(λ)dλ
(1)

where G(λ) is the spectral irradiance of incident solar ra-
diation in a horizontal plane at wavelength λ, SR(λ) is the
spectral response of the measurement device or PV module,
and R(λ) is the spectral reflectivity of the ground surface. The
denominator represents downwelling incident solar radiation
and the numerator represents ground-reflected upwelling radi-
ation. The subscript S distinguishes the spectrally responsive
albedo from the total albedo neglecting spectral response.
In (1) we neglect angular responsivity, but comment on its
importance below.

Using (1) we define spectrally responsive albedos ρPyr
S ,

ρRefcell
S , and ρModule

S for a thermopile pyranometer, PV refer-
ence cell, and PV module, respectively, by using the spectral
response of each device for SR(λ), with the device indicated in
the superscript. In the case of a bifacial PV module, SR(λ) in
the numerator and denominator could be different, as discussed
below.

Our aim in albedo measurement is to estimate the perfor-
mance of a PV system. Accordingly, we define a spectral
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Fig. 1. Incident horizontal spectral irradiance for albedo simulation.

mismatch factor versus the PV module for albedo measured
by each of the irradiance sensors as

MPyr = ρPyr
S /ρModule

S (2)

and
MRefcell = ρRefcell

S /ρModule
S (3)

B. Simulations

For simulations on spectrally responsive albedo, we used
the Bird spectral model [6] to generate a representative clear-
sky spectral irradiance distribution G(λ) corresponding to the
standard reporting conditions set forth for the IEC 60904-3
reference spectrum, with the exception that the receiving
plane was chosen to be horizontal, rather than at 37◦ tilt, in
order to represent global horizontal radiation. Fig. 1 shows the
simulated spectrum.

We performed simulations for nine different ground sur-
face materials using spectral reflectivity files included in the
SMARTS simulation software [7] to generate R(λ) for each
material. Spectral reflectivities for each of the materials are
shown in Fig. 2. Several of the curves were linearly extended
down to 0.3 microns when the data supplied by SMARTS
ended at 0.5 microns. Note that many of the materials exhibit
higher reflectance in the infrared region above 1.2 microns (the
band edge for silicon PV response) and reduced reflectance
below approximately 0.6 microns.

Fig. 3 shows the normalized spectral response curves used
for the simulations. For the spectral response of the thermopile
pyranometer, SRPyr (λ), we used [8]. For SRRefcell(λ), we
used a spectral response measurement performed at the Na-
tional Renewable Energy Laboratory (NREL) for a repre-
sentative Atonometrics mono-crystalline silicon PV reference
cell. For the PV module we obtained representative spectral
responses from the front and rear sides of a bifacial PV module
by averaging measured spectral response curves for the six
commercially available bifacial PV modules reported in [9].
While Fig. 3 shows normalized curves, each of the SR(λ)
functions includes a calibration scaling constant chosen such
that

∫
SR(λ)G0(λ)dλ = 1000 W/m2, where G0(λ) is the IEC
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Fig. 2. Spectral reflectance of nine ground surfaces from SMARTS database.
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Fig. 3. Normalized spectral responses of irradiance sensors and module.

60904-3 reference spectral irradiance for standard reporting
conditions.

For thermopile pyranometers and reference cells the SR(λ)
we use in the numerator and denominator of (1) are equal,
since identical sensors would be used facing up and down.
However for the bifacial module the SR(λ) in the numerator
and denominator are the slightly different spectral responses
of the front and rear of the module, respectively.

C. Results

Fig. 4 shows the simulation results for the spectrally respon-
sive albedo of the thermopile pyranometer, PV reference cell,
and PV module for each of the nine ground surfaces. Note that
the albedo varies greatly depending on the specific properties
of the material – for example dark, light, or white sand; wet
or dry soil; green or dry grass.

Fig. 5 shows spectral mismatch factors for the thermopile
pyranometer and PV reference cell relative to the PV module,
MPyr and MRefcell calculated by (2) and (3). MPyr is
higher when the ground surface has a high reflectivity in the
infrared beyond the silicon band edge (e.g. dark sand) and
generally lower when the ground surface has relatively lower
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Fig. 4. Results of simulation for spectrally responsive albedo.

reflectivity in the infrared (e.g. white sand, snow). MRefcell

follows a roughly opposite trend, with smaller variation. For
the nine materials simulated, the spectral mismatch factor for
the pyranometer ranges from 0.86 to 1.04 versus 0.94 to 1.01
for the PV reference cell. The range of variation for the
reference cell is smaller due to its spectral response being
similar to that of the module.
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Fig. 5. Albedo spectral mismatch versus module.

III. REARSIDE IRRADIANCE

While albedo values are used for bifacial PV performance
estimation, for performance monitoring of fielded bifacial
PV modules it is desirable to directly measure the rearside
irradiance. However, the different spectal responsivities of
irradiance sensors and PV modules can yield differences
between measured irradiance and effective irradiance available
to the module.

To estimate the magnitude of these variations, we have
simulated the rearside spectral irradiance distribution for rep-
resentative conditions, using an approach guided by [10]. As
in [10], we consider a bifacial PV module at the standard re-
porting conditions of IEC 60904-3 (including 37◦ module tilt,

air mass 1.5, and other standard conditions) and estimate the
rear spectral irradiance based on direct and diffuse components
of the incident front spectral irradiance and their reflectance
from the ground surface onto the rear of the module, as well as
the illumination of the module rearside with diffuse irradiance
from the sky. We generate the incident front direct and diffuse
spectra using the Bird model [6]. We synthesize the rearside
spectral irradiance distribution according to

Grear(λ) = a ·R(λ) ·GDNI
0 (λ)

+(b ·R(λ) + c) ·GDif
0 (λ)

(4)

where R(λ) is the ground surface spectral reflectance as before
and GDNI

0 (λ) and GDif
0 (λ) are the direct normal and diffuse

spectral irradiance distributions calculated with the Bird model
for standard reporting conditions. The constants a, b, and c
could be determined by a view-factor or configuration model
approach as in [10] [11] for the specific geometry of the
bifacial system and would vary with tilt, sun position, etc.
However since we are considering only a single representative
case, for simplicity we assign values a = 0.4, b = 0.4,
c = (1+cos(180◦−37◦))/2 = 0.1, which produce reasonable
results similar to [10]. This allows us to compare the effect of
different ground surface materials with different R(λ).
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Fig. 6. Simulated rear spectral irradiance for ground material “light sand”
compared to standard front spectral irradiance.

As an example, Fig. 6 illustrates our simulated rearside
spectral irradiance using R(λ) for “light sand,” compared
with the incident front side spectral irradiance corresponding
to standard reporting conditions. Note that the peak of the
rearside spectral irradiance is shifted to longer wavelengths
compared to the incident front spectrum, due to the ground
surface.

To compute the irradiance that would be measured by an
irradiance sensor mounted in the module’s rear plane or the
equivalent rearside irradiance available to the module, we
calculate

Erear =

∫
Grear(λ) ·SR(λ) · dλ (5)

using SR(λ) functions for the module rear, pyranometer, and
PV reference cell as shown in Fig. 3. Fig. 7 and Table I show
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these results. For light sand, the material used in [10], our rear
irradiance value of 140 W/m2 matches results in [10]. Fig. 7
and Table I illustrate the large variation in rearside irradiance
corresponding to different ground materials. In addition how-
ever they illustrate variations in irradiance measured by the
irradiance sensors versus the effective irradiance seen by the
module rear. In general, results from the PV reference cell
follow the module rear effective irradiance more closely than
those of the thermopile pyranometer. For example for light
sand all the values are within 2.0%, while for white sand
the pyranometer value is 6.6% below the module and the
reference cell value matches the module. As another example,
for wet soil all the values are very close, while for dry soil the
reference cell matches the module to 2.6% compared to 11.4%
for the pyranometer. Table I shows the root mean square of the
differences between each irradiance sensor and the module for
all nine materials – 3.6 W/m2 and 16.5 W/m2 for the reference
cell and pyranometer, respectively – which illustrates the order
of magnitude of the effects.

Dark Sand

Light S
and

White Sand

Wet S
oil

Dry Soil

Green Grass

Dry Grass

Concrete
Snow

0

100

200

300

400

500

R
ea

r 
Ir

ra
d
ia

n
ce

 (
W

/m
2
)

Module

Reference Cell

Pyranometer

Fig. 7. Simulated rearside irradiance measured with PV reference cell and
thermopile pyranometer compared with effective irradiance seen by rearside
of bifacial PV module. Data are listed in Table I.

Material Module Ref. Cell Diff. Pyr. Diff.
W/m2 W/m2 W/m2 W/m2 W/m2

Dark Sand 96.3 92.7 -3.6 100.8 4.4
Light Sand 139.6 136.8 -2.8 140.3 0.7
White Sand 172.6 172.4 -0.3 161.2 -11.4
Wet Soil 51.8 51.0 -0.7 52.9 1.1
Dry Soil 107.7 104.9 -2.7 95.4 -12.2
Green Grass 118.0 111.4 -6.6 105.4 -12.6
Dry Grass 187.5 182.4 -5.1 182.5 -5.0
Concrete 152.7 150.5 -2.1 131.5 -21.2
Snow 383.0 386.7 3.7 344.1 -38.9

Root mean square 3.6 16.5
TABLE I

SIMULATED REARSIDE IRRADIANCE DATA

Although the results presented in Fig. 7 and Table I cor-
respond only to one set of conditions, sensors, module, and
ground materials, they illustrate the types and range of effects
that can arise from ground surface spectral reflectance and

the potential impact on monitoring of bifacial systems using
rearside irradiance measurements.

One approach to minimizing the impact of ground surface
spectral reflectance on rearside irradiance monitoring is to per-
form spectral mismatch corrections for the selected irradiance
sensors in comparison to the PV modules. However, seasonal
effects that cause ground surface variation – such as variation
between dry grass and green grass – may still degrade the cor-
relation between measured irradiance and module performance
if not explicitly considered.

IV. OTHER FACTORS

A. Angular Response

In addition to spectral effects, the varying sensitivity of
irradiance sensors and PV modules to the angular distribution
of incident radiation could also have an impact on albedo and
relative irradiance measurements. Thermopile pyranometers
typically have a near-cosine angular sensitivity, while PV
modules and reference cells have a response that falls off faster
than cosine at large incidence angles due to reflection from the
air-glass-PV interfaces.

For rearside irradiance measurement, this effect should be
expected to be minimal since the irradiance reaching the
module rearside is primarily diffuse and normally does not
have significant contribution from high incidence angles. In
addition, when comparing PV reference cells to bifacial PV
modules the impact of incident radiation angular distribution
should be almost identical since PV modules and cells have
similar angular sensitivity.

For albedo measurements angular sensitivity may be more
of a concern particularly for measurement of incident radiation
from the sky, which has a high direct beam component on
clear days. In this case the angular sensitivity exhibited by
PV reference cells may result in lower relative irradiance
readings in the early morning and late afternoon due to sun
angle. However, this effect can also be corrected by employing
multiple reference cells to determine the direct and diffuse
irradiance separately [12] [13] and in the process the angular
sensitivity can be removed [14].

B. Spectral Response Variations

In order to explore the potential sensitivity of the results
presented in Fig. 5 and Fig. 7 to variations in the spectral
response of the PV devices, we have repeated the simulations
for various combinations of spectral responses for the PV ref-
erence cell and bifacial module. As a first step, we performed
the simulation for each of the six commercial bifacial PV
modules whose data are reported in [9]. This yielded results
very similar to those in Fig. 5 and Fig. 7. One of the features
observed in [9] is that five of the bifacial modules have poorer
short-wavelength response on the rear than on the front, while
one has equal rear and front response. Front and rear spectral
responses were also reported to be equal in [15]. Therefore we
repeated the simulations using the front side responses for both
front and rear, which would represent an improvement in the
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module technology. This yielded results in which the PV ref-
erence cell tracked the module significantly better than shown
in Fig. 5 and Fig. 7, with only approximately half the range of
variation, but no significant change for the pyranometer range
of variation. Finally, we repeated the simulations assuming use
of a more efficient silicon PV technology for the PV reference
cell, having better short and long wavelength response and
therefore better matching all six PV modules of [9]. This
yielded results in which the PV reference cell spectral albedo
and simulated rearside irradiance measurements matched the
module to within 1.5% for all ground materials.

The results of this sensitivity analysis suggest that the main
factors influencing the range of variation in Fig. 5 and Fig. 7
are the widths of the PV device spectral response curves,
that similar results could be expected with other typical cells
and modules, and that improvement in reference cell and/or
bifacial silicon module technology would likely lead to an
improvement in the results presented for the reference cell,
but no significant change for the pyranometer results. This
last point arises simply from the differences in technology:
thermopile pyranometers are designed to be broadband and
spectrally insenstive, while PV reference cells are designed to
have spectral sensitivity similar to PV modules.

However, our results of course only apply to mainstream
crystalline silicon PV and do not apply to other PV device
technologies, such as thin-film or novel materials.

V. CONCLUSIONS

Spectral effects must be considered in bifacial PV per-
formance estimation and monitoring, due to both the strong
impact of ground surface spectral reflectance on the rearside
spectral irradiance available for PV power generation as well
as the variability between reflectance spectra for different
ground surfaces.

In addition, the impact of spectral effects should be con-
sidered when measuring both albedo and rearside irradiance.
This impact depends on the choice of irradiance sensor. For our
simulation examples, we found that the mismatch of spectrally
responsive albedo relative to a bifacial crystalline silicon
PV module varies over a range of ±9.2% for a thermopile
pyranometer versus only ±3.7% for a crystalline silicon PV
reference cell when considering nine different representative
ground surface materials. Similarly, when comparing precited
rearside irradiance measurements to the effective rearside
irradiance available for PV power generation, the thermopile
pyranometer and PV reference cell showed deviations versus
the module on the order of 16.5 W/m2 versus only 3.6 W/m2,
respectively, across the nine simulated ground surfaces. These
differences arise from the fact that thermopile pyranometers
are designed to be broadband and spectrally insensitive while
PV reference cells are designed to match the response of PV
modules.

Based on these results, spectral mismatch corrections may
be needed to obtain highest accuracy in measurement and
performance estimation for bifacial PV, especially when using
broadband irradiance sensors.
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