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Abstract—With silicon-based tandem solar cells nearing com-
mercialization, the significance of predicting the outdoor perfor-
mance of tandem solar devices is growing. Although several mod-
els exist to calculate the outdoor performance, the availability of
high-resolution irradiance data is limited. Therefore, we study the
influence of the resolution of the irradiance data on the predicted
energy yield of a 2-terminal III-V/Si tandem device. As an exem-
plary location, Golden, CO, USA, was chosen. We found that a
wavelength resolution as low as 50 nm leads to a deviation of only
0.2% relative. We especially found that satellite-derived spectral
data that are split into Kato bands lead to a deviation of 0.7%
relative for Golden, CO, and, thus, are sufficient to model the
energy yield of tandem devices. Confirming this finding for further
locations has to be the scope of future work.

Index Terms—Energy yield, multijunction solar cells,
photovoltaics, silicon-based tandem solar cells.

I. INTRODUCTION

SOLAR cells and photovoltaic (PV) systems have advanced
remarkably in the past few decades. In 2019 alone, 90% of

globally installed PV systems were based on crystalline silicon
[1]. However, silicon solar cells have an intrinsic efficiency limit
of 29.4% [2], which current cell technologies are approaching
fast. One possibility to overcome this limit is provided by
silicon-based tandem solar cells [3]. With the aim of increasing
the conversion efficiency to more than 30%, a number of new cell
architectures incorporating silicon as the bottom cell are inves-
tigated. Strategies to form these cells consider a wide-bandgap
top cell in the form of a-Si [4], Perovskite [5], III-V solar cells
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[6], or nanowires [7]. The bandgap combination of the materials
is important for the optimization of the power produced by
a tandem solar device. Using the Shockley–Queisser detailed
balance method with the AM1.5G spectrum yields an optimum
bandgap combination for a silicon-based dual-junction device
of 1.1 and 1.72 eV. Based on those values, idealized efficiencies
up to 45% are predicted [8]. Adapting the idealized model to
realistic conditions needs to take into account the material qual-
ity (electrical/optical properties) and the resulting dependencies
of the optimum band gaps. Furthermore, outdoor irradiation
conditions in comparison to the AM1.5G spectrum can strongly
influence the solar cell performance [9]–[12].

Compared with a 4-terminal (4T) tandem solar cell, a 2-
terminal (2T) configuration has the advantage of lower parasitic
absorption [13] and less electrical wiring at module level.

However, a 2T tandem device design needs to minimize
current-mismatch losses [14]. As a result, there is a strong
interest to get to know the outdoor energy yield instead of the
standard testing conditions (STC) efficiency. This is particularly
true for tandem devices. Such an analysis of the energy yield is
crucial in determining the potential and the electricity costs of
new and emerging PV technologies in varying configurations.

There are various models that describe the process of calcu-
lating energy yield [14]–[27]. However, realistic outdoor spec-
tral data as central input parameter for a yield calculation are
difficult to obtain if a high wavelength resolution is required.
Measurement-based outdoor spectra are limited to very few
locations in the world, particularly set up by research labs. They
are also limited in the continuous availability of the recordings.
Satellite-derived spectral data can be obtained for any location
in the world, and many decades of data can be utilized, but they
are limited in their accuracy.

In this article, we investigate if such low-resolution spec-
tral datasets are sufficient to calculate accurate power yields
for silicon-based tandem solar cells. Because of the avail-
ability of highly accurate and sufficiently broad spectral data,
the energy yield is exemplarily calculated for Golden, CO,
USA.

The spectral resolution as well as the time resolution is
changed, and the energy yield is calculated and compared with
the energy yield of the fully resolved spectrum. Additionally,
the effect of the availability of direct and diffuse spectral data
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Fig. 1. Sketch of the simulated module stack. At the rear side, random
pyramids in combination with a silver mirror are assumed for light trapping.

as compared with only using global spectral data and direct and
diffuse irradiance is investigated.

As exemplary system, an AlGaAs top solar cell with a band
gap of 1.7 eV is assumed. As bottom solar cell a silicon solar
cell is supposed. The modeling is performed on a module stack
(see Fig. 1)

In a final step, satellite-based data [28], [29] from the same lo-
cation are used to calculate the energy yield, which is compared
with the results from ground-measured data.

The presented method is a path to understand the requirements
and suitability of spectral data, when estimating the energy yield
of silicon-based tandem solar cells. If sufficiently precise yield
analyses are possible based on low-resolution spectra, this will
strongly facilitate all further modeling.

II. ENERGY YIELD MODELING SCHEME

The model to determine the energy yield of tandem solar
modules requires the following input parameters.

1) Meteorological data for the location under study, including
timewise spectral irradiance I and ambient temperature
Tamb.

2) Electrical parameters of the solar module technology re-
quired to generate current–voltage curves for different
photocurrents Jph, at different module temperatures, using
the two-diode model.

3) The external quantum efficiency (EQE), that is resolved
with respect to wavelength λ, angle of incidence of ir-
radiance on the module plane, and temperature of the
module T.

Within this study, we assume the following empirical relation
between Tamb and T as given by [30]

T =
(
Ī/1000

) · 25 + Tamb (1)

where Ī is the absolute value of the global irradiance power on
the module plane.

A. Irradiance Data

The required wavelength and angular resolved spectral irra-
diance data can be generated in different ways. In this work the
investigated sources are as follows.

1) Measured irradiance data using ground-measurement in-
struments such as NREL’s Baseline Measurement System
(BMS) located in Golden, Colorado, USA [35].

2) Modeled irradiance data using atmospheric data from
geostationary satellites [31]–[33] that:

lowerLetter%1) consist of spectral data within specific wave-
length bands, such as “Kato bands” [34];

lowerLetter%1) only contain global spectral data and direct
and diffuse irradiance [28], [29].

Relevant differences between the spectral data from ground-
measured data and satellite-based data are: 1) the wavelength;
2) time resolution; and 3) whether direct and diffuse spectra
are separated. Ground-based tools can give resolutions of a few
nanometers and in the range of a few minutes in combination
with a separation into direct and diffuse spectral data. Satellite-
based data are often derived in so-called Kato bands. Kato bands
are constructed with the idea that various atmospheric parame-
ters tend to affect the irradiation spectra in different wavelength
regions. This results in the construction of a spectrum having
nonuniform wavelength bands, whose accuracy depends on the
accuracy of the atmospheric parameters used for its construction
[32], [36], [37]. Using Kato bands, the spectral data can also be
split into direct and diffuse irradiance.

A second option for satellite data is to have a high resolution,
but to only give global spectra and direct and diffuse irradiance.

In this article, ground-measured spectral data for Golden, CO,
USA, are used. The spectral resolution is varied—especially, a
Kato band resolution is generated to test if such spectra are
suitable for the calculation of an energy yield of silicon-based
tandem solar cells.

In a final step, the results from ground-measured data are
compared with results from satellite-based data [28], [29]. Note
that the satellite-based data in this case have high spectral
resolution but contain only the global spectrum and diffuse
and direct irradiance. In other words, for diffuse and direct
components, the same spectrum, but different irradiance, is
used.

B. Temperature Dependent Current–Voltage Curves

There are very different models to describe the electrical
behavior of solar cells. A 2-diode model, including series and
parallel resistances Rs and Rp, is used in this work for each
of the junctions. The 2-diode models for each junction are, in
the end, interconnected in series to account for the chosen 2T
configuration [38]. This model is chosen as it is simple but can
describe the IV-characteristics of the silicon bottom and the III-V
top cell accurately in order to model the energy yield.

The following implicit equation for current density of a single-
junction solar cell Jjunction, at a particular voltage Vjunction,
that includes dark saturation current densities J01, J02 [39], is
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TABLE I
ELECTRICAL PARAMETERS AT 298K FOR THE DEVICES USED IN THIS WORK

calculated as follows:

Jjunction (Vjunction) =

Jph − J01 (T )

[
exp

(
q (Vjunction +Rs · J)

n1kBT

)
− 1

]

− J02 (T )

[
exp

(
q (Vjunction +Rs · J)

n2kBT

)
− 1

]

+

(
Vjunction +Rs · Jjunction

Rp

)
(2)

where Jph is the photocurrent density, q is the elementary charge,
n1 = 1 and n2 = 2 are the ideality factors for J01 and J02
respectively, and kB is the Boltzmann constant.

Temperature-dependent parameters for the bandgap variation
of Si are taken from Singh et al. [40]. For the III-V top cell, J01
and its dependence on temperature follow the Wanlass model,
as shown in [41]

J01 (T ) = β01 (T )T 3 exp

(
−Eg (T )

kBT

)
(3)

where the pre-exponential factor β , and the bandgap of the
junction Eg , are dependent on temperature, and β01 can be
modeled as [42]

β01 (T ) = A01 · exp (B01 · Eg (T )) (4)

where A01 = 0.0269 Am−2K−3 and B01 = 1.6252 eV−1 rep-
resent the radiative limit on account of fitting the Wanlass model
to the detailed balance radiative limit [42], [43]. The saturation
current density for the III-V top cell J02 is expressed as [44]

J02 (T ) = β02 T
2.5 exp

(
−Eg (T )

kBT

)
. (5)

The molar fraction-dependent bandgap of the solar cell ma-
terials is computed for AlxGa(1-x)As using material parameters
for tertiary III-V compounds adopted from [45]. The Varshni
relation [46] is used to model the bandgap dependence on
temperature. Subsequently, optical data for AlxGa(1-x)As are
corrected for temperature dependence using a bandgap shift
model [47]. The parameters for the silicon single-junction ref-
erence device and silicon junction of the dual-junction device
are based on the n-type Si cell in [48]. The electrical parameters
for the AlGaAs junction with varying composition are based

Fig. 2. Wavelength-resolved EQEs for different top-junction bandgap con-
figurations of the tandem solar module, at a module temperature of 298 K and
normal incidence. EQEs are calculated using OPTOS.

on Wanlass parameters found for GaAs in [49] and adopted for
Al0.19Ga0.81As from [45]. Table I lists the electrical parameters
at 298 K for both devices used in this work.

C. Spectral Response of Solar Modules (EQE)

The optical performance of the solar devices considered in
this article is modeled with the matrix-based simulation for-
malism, OPTOS [50], [51]. With this formalism, absorptance,
reflectance, and transmittance of the incident light across indi-
vidual layers of the solar cell can be obtained [52]. The obtained
absorptance can be regarded as an optimum EQE under the
assumption that all photogenerated carriers are collected and
contribute to the photocurrent (see Fig. 2). The temperature
dependence of the EQE is obtained using a bandgap shift model
[47]. Temperature dependence of the bandgap is modeled using
the Varshni relation [46], and parameters obtained from [45] for
III-V materials.

The EQE results obtained from OPTOS are for a large number
of discrete incidence angles of direct irradiance within the angu-
lar space surrounding the solar module surface. The modeling of
spectral response for diffuse irradiance, however, must include
all possible angles of incidence of the diffuse light upon the
module surface [52].
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Fig. 3. Sketch summarizing the various components of the energy yield model
described in this work [22].

The diffuse component of global irradiance consists of light
from all incidence angles θ, which is complex to calculate. For
the sake of simplicity, the sky is assumed to be isotropic [53].
The EQEs corresponding to direct light are used to calculate the
diffuse spectral response by weighting with the solid angle Ω

EQ Ediffuse =
∫ EQE (θ, T ) cos (θ) dΩ

∫ cos (θ) dΩ . (6)

Individual EQEs obtained from OPTOS are available for a
discrete number of angle channels, and hence, are weighted over
their corresponding angles of incidence under the summation
represented by the following equation:

EQ Ediffuse =

∑
EQE (θ, T ) cos (θ) sin (θ)∑

cos (θ) sin (θ)
. (7)

Combined Model: Fig. 3 summarizes all the input parameters
needed for the energy yield model, namely, spectral data that
are either obtained from measurement devices or retrieved from
satellite models, electrical parameters of the solar module and
its individual subcells, and the optically modeled EQEs are used
within YieldOpt [19]. Its usage to obtain monthly and annual
results was successfully demonstrated by Tucher et al. [22]. This
model also takes into account the orientation and tilt of the device
surface.

III. RESULTS AND DISCUSSION

A. Effect of Resolution

1) Wavelength Resolution: As the reference dataset for this
study, annual spectral data obtained from measurement sites in
Golden, CO, for the year of 2018 are chosen. The dataset in-
cludes global horizontal irradiance (GHI WISER) and the direct
normal irradiance (DNI PGS100) with wavelength resolutions
of 1 and 0.7 nm, respectively [35].

These measurement data represent the actual sky conditions at
the location and is available every 5 min of the year. To study the
effect of wavelength resolution on the calculated energy yield,
datasets with lower wavelength resolution are derived from the

Fig. 4. Exemplary spectra with uniform wavelength steps (40, 100 nm) and
Kato bands in comparison with a full resolution irradiance spectra (0.5 nm),
within a wavelength range of (300–1200 nm) considered for the spectral response
of the solar modules. Observe the peculiarly large wavelength step of the Kato
band spectrum around 1050–1200 nm (band 23).

Fig. 5. Relative deviation of annual energy yield of the tandem device as well
as the single-junction Si device, with irradiance spectra in uniform wavelength
bands varied between 1 to 100 nm (left) and Kato bands (right) with respect to full
resolution irradiance spectra. The updated bands have three smaller wavelength
bands in place of the larger Kato band number 23.

original datasets, with uniform wavelength resolution steps in
the range of 1–100 nm. These derived datasets ensure energy
conservation in relation to the original dataset.

From these derived datasets, nonuniform wavelength resolu-
tions, i.e., the varying wavelength bands listed in Table II, also
called Kato bands [34], were derived. As stated above, those
Kato bands can be derived from satellite-based spectral data
and are created artificially from higher resolution data here.

Fig. 4 shows exemplary spectra for each of the derived datasets
with uniform wavelength interval (40 and 100 nm steps) and that
of the Kato bands, in comparison to the full resolution reference
dataset (0.5 nm step).
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Fig. 6. Relative deviation of energy yield at Golden, CO, with respect to the
temporal resolution of irradiance dataset. For every time-step, the colored points
represent monthly energy yield. The black line indicates annual energy yield.

The resulting annual energy yield data obtained for each of
these wavelength-resolution-sets were calculated for the above
described dual-junction module stack and the single-junction
Si module stack. The devices are oriented with a 40° tilt facing
south that corresponds to the latitude of the location in the north-
ern hemisphere. The results are plotted against their respective
wavelength resolution steps in Fig. 5.

The energy yield results obtained for wavelength resolutions
of up to 25 nm agree with the reference and do not change
much. This is a very important result as it shows that for the
yield analysis of the tandem cells within this work, a wavelength
resolution of 25 nm is sufficient. This resolution can be pro-
vided by many datasets throughout the world and makes high-
resolution measurements unnecessary for the analysis. However,
the maximum deviation of energy yield calculated in comparison
to the full resolution dataset within this wavelength range is
about 0.7% relative. The oscillations observed are a result of
the step-nature of the lower resolution spectra in combination
with the steep changes in irradiance intensity and in the EQE of
the solar module in the range of 300–400 nm and toward longer
wavelengths around (1000–1200) nm.

A further conclusion from the results in Fig. 6 is that the
Kato band spectral dataset produces the highest deviation in
calculated annual energy yield.

This is almost completely because of band number 23 that
has a width of 148 nm, larger than the width of the sudden dip
in the irradiation spectrum within this region caused because of
water vapor absorption (see Fig. 4 grey box). Already splitting
band 23 into three bands ([1046–1110] nm, [1110–1165] nm,
and [1165–1194] nm), would reduce the deviation of the energy
yield calculated from such a dataset to below 0.1%, from the
previously observed 0.7% for the actual Kato bands. Note that
a similar decrease in difference can also be reached by only
creating two bands out of band 23. The main point is that the
mentioned Kato band does not fit to the band gap of the silicon
bottom solar cell.

2) Temporal Resolution: The time interval between consec-
utive sets of measurements available within a dataset is called

its temporal resolution. Measurement datasets recorded by spec-
troradiometers at Golden, CO, in the year 2018, have a temporal
resolution of 5 min.

Time-steps from 5 to 180 min in steps of 5 min are filtered for
each day starting from sunrise, e.g., for the 20-min resolution,
only the datasets every 20 min was extracted. The datasets with
other time-steps in between were, in this case, ignored.

Monthly and annual energy yield is calculated for the reduced
temporal resolution, and is compared with that of the full res-
olution dataset, as shown in Fig. 6. It is observed that on the
annual scale, the seasonal overestimations and underestimations
compensate each other, resulting in a deviation that is less than
0.5 % relative for a temporal resolution below 100 min, and
within 1 % until 180 min. This is again an important finding
for further yield analyses, as spectral data with a temporal
resolution of 1 h are often found in satellite-based data, while
higher resolution data are sparse.

For monthly energy yield, deviation is less than 3% for
temporal resolutions up to 80 min. However, in order to calculate
energy yields for shorter time scales, less than a month, a very
high temporal resolution, having time-steps of a few minutes,
is essential. Such high resolutions are also required in order
to account for the impact of cloud transient effects, thereby
increasing the accuracy of energy yield prediction [54]–[56].

3) Availability of Direct and Diffuse Spectra: Finally, the
yield calculation was performed using only the global spectrum
for direct as well as diffuse light. The spectrum is scaled to the
direct and diffuse irradiance, respectively. This simulates the
case that diffuse and direct irradiance data is available, but only
the global spectra, which is, e.g., the case for the satellite-based
dataset used in this work. We found no difference in energy yield,
for a silicon single-junction solar cell, when only using the global
spectrum as compared with the full spectral split. However, for
the tandem device, the energy yield was underestimated by 0.7%
in this case.

B. Comparison of Satellite-Based and Ground Measured Data

Up to this point, the analysis was purely based on ground-
measured data from Golden, CO, USA. As a final step in
this analysis, the results from the energy yield of the ground-
measured data and satellite-based data (see Section II-A) are
compared. The satellite-based data in this case have a high spec-
tral resolution, but only a global spectrum with direct and diffuse
irradiation. The STC efficiency of the silicon single-junction
device is 26.3% and of the AlGaAs/Si dual-junction device is
35.6%, respectively. The results for the energy yield calculation
can be found in Tables II and III.

The annual irradiation differs by 1.8% relative between
ground-measured and satellite-based data, which is an excel-
lent agreement. The harvesting efficiency is underestimated by
0.4% for the silicon single-junction device and by 0.5% for
the AlGaAs/Si dual-junction device. From the analysis before,
we expected an underestimation of the energy yield of 0.7%,
when not using separate spectra for direct and diffuse light. This
good agreement allows for the use of satellite-based data for the
estimation of energy yield of silicon-based dual-junction solar
cells.
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TABLE II
COMPARISON OF THE PERFORMANCE FOR THE ALGAAS/SI-DUAL-JUNCTION

DEVICE USED IN THIS WORK USING GROUND MEASURED DATA AND

SATELLITE-BASED DATA

TABLE III
COMPARISON OF THE PERFORMANCE FOR THE SI-SJ DEVICE USED IN THIS

WORK USING GROUND MEASURED DATA AND SATELLITE-BASED DATA

C. Discussion

Overall satellite-based data either with Kato bands with a
split into direct and diffuse spectrum or data with high spectral
resolution, but only a split of direct and diffuse irradiance lead
to a difference below 1% relative in energy yield. Note that the
difference in harvesting efficiency for the single and the dual
junction is similar when comparing satellite-based datasets to
ground-measured data.

Thus, these types of satellite-based spectra can, in principle,
be used to accurately model the energy yield of silicon-based
dual-junction solar cells. Note that this conclusion is only based
on one location and one specific device and should be confirmed
for other devices and locations, for a general validation in future
work.

IV. CONCLUSION

We presented an approach to determine the energy yield of
tandem solar devices.

The impact of different spectral components on the accuracy
of the energy yield of a III-V on silicon dual-junction solar cell
was determined, using annual spectral data for Golden, CO,
USA. Wavelength resolution steps of up to 50 nm showed a
deviation of less than 0.2%rel in the energy yield calculation,
under the condition that the corresponding energy of the lower
resolution irradiation spectra is conserved. A deviation of less
than 0.5%rel was found for a time resolution of up to 100 min. It
was especially shown that spectra split into Kato bands, which
can be derived from satellite-based data, and can be used with a
deviation of 0.7% for PV applications.

Data that only contain global spectrum but direct and diffuse
irradiance lead to the same deviation of 0.7%.

Finally, a comparison between real satellite-based data and
the ground-measured data resulted in a difference of 0.5% in
yield, which perfectly fits to the expected 0.7% difference. The
difference in irradiation of the used satellite-based data and the
ground-measured data is 1.8%. Having in mind the large number
of assumptions that lead to these results, this agreement is also
very good.

Currently, the main aim of yield analyses for silicon-based
tandem solar cells is technology comparison, especially a com-
parison to silicon single-junction devices. As the expected gain
in performance is in the range of 20%rel, a maximum error of a
few percent relative does not influence the outcome in a relevant
manner and, thus, is sufficiently small. Based on these results,
satellite-based spectral data can be used to estimate the energy
yield of silicon-based tandem solar cells.

However, confirming this finding for further locations with
the presented method has to be the scope of future work in order
to finally prove the usability of low-resolution spectra for the
yield estimation of silicon-based tandem devices for one-sun
applications.
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