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Abstract.The energy yield of bifacial all-perovskite tandemmodules is quantified for a selected outdoor testing
location using electro-thermal simulations on cell and module levels combined with a model providing spectral
irradiance according to geographical location and time. Cell level modelling is performed using an opto-electronic
drift-diffusion-Poisson simulation on the full tandem device under consideration of direct and diffuse front
illumination according to the sun position and atmosphere model, and diffuse rear illumination according to the
ground albedo. On module level we combine a two-dimensional finite-element large area simulation of the
electrodes in an optimized layout for a 100 cm2 monolithically interconnected module with the one-dimensional
active area coupling law obtained from the simulated cell level characteristics. Thereby, thermal effects are
considered regarding heat generation by light absorption, charge carrier transport and recombination, as well as
heat transport through the stack and dissipation at the surface. To reduce the computational cost, operation
conditions are binned with respect to limiting photocurrent, ambient temperature, and wind speed. After
verification of the validity of the binning approach by comparison with full time-data modelling, it is used to
compute the annual energy yield on cell level as a function of ground albedo and top cell band gap, confirming
both, a large gain from bifaciality already at moderate albedo and the benefit from lower band gap top cells for
high rear irradiation level due to large ground reflectivity. Finally, thermal effects and configuration-dependent
cell-to-module losses are quantified via the evaluation of annual energy yield with the full electro-thermal module
simulation, using the binned cell-level characteristics as well as the measured ambient temperature and wind
speed as input. The results imply that an accurate assessment of upscaling losses is more critical for a reliable
quantification of energy yield than consideration of the full temperature dependence.

Keywords: All-perovskite tandems / multi-scale simulation / energy yield / bifacial / electro-thermal /
thin-film modules
1 Introduction

All-perovskite tandem (APT) photovoltaics is promising as
a scalable and flexible, yet high-efficiency all-thin film solar
power conversion technology [1]. In two-terminal configu-
ration, due to spectral sensitivity, the device architecture
benefits from optimization according to the local spectral
irradiance conditions, for which annual energy yield (EY)
rather than the power conversion efficiency (PCE) under
standard test conditions (STC) needs to be evaluated.
Using advanced modelling of spectral irradiance in
rs.aeberhard@fluxim.com
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combination with compact electrical models for APT, it
was shown that depending on the local ground reflectivity –
encoded in the albedo value – bifacial architectures can be
beneficial regarding EY [2]. Furthermore, bifaciality alters
the ideal band gap combination in the tandem architecture,
with lower top cell band gaps being favored due to the
larger photogeneration in the bottom cell [3–10]. In the case
of APT, where band gaps can be tuned in a wide range of
values, this is of particular significance as it proved to be
challenging to achieve both, efficient and stable wide band
gap perovskites. The second deviation from STC perfor-
mance in the evaluation of EY regards the variation in
operating temperature – obtained from thermal models
under consideration of heating due to light absorption and
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Fig. 1. Schematic representation of the workflow for the multi-scale energy yield simulation of bifacial all-perovskite tandem solar
modules: Generation of irradiation spectra, optical simulation, binning wrt limiting photocurrent and ambient temperature, electrical
device simulation (binned), electro-thermal module simulation (binned).
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cooling from heat dissipation at the module surface - which
affects significantly the operation of the solar cells due to
the prevalence of thermally activated processes [11,12].

Here, we aim at quantifying the impact of details in cell-
and module level design and architecture on the site-specific
annual EY of bifacial APT modules as developed in the
SuPerTandem project [13]. We therefore need an approach
that goes beyond compact cell-levelmodels [2,14,15] –which
are restricted to global electrical device characteristics in
terms of terminal currents - or an electro-thermal circuit
model for single junction perovskite modules [11], but is
rather similar in spirit to the comprehensive modelling
frameworks discussed in [16,17] for perovskite-silicon
tandem modules, albeit for an all-thin-film technology
implemented using monolithic interconnection.

The paper is organized as follows. In Section 2, we outline
such a multi-scale electro-thermal simulation approach
capable of propagating configurational details to module-
level EY performance variation. The prediction of the model
for STC performance of bifacial APT solar cells and for the
annual EY at a specific location on cell and module level are
given inSection3, followedbyconcludingremarks inSection4.

2 Material and methods

The multi-scale simulation approach adopted for this work
is represented schematically in Figure 1. The procedure
starts with the computation of the direct and diffuse
components of the solar spectral irradiance in time
intervals of 30 min for the location of the outdoor testing
facility at Fraunhofer ISE in Freiburg, Germany. For the
evaluation of the angles of incidence, the actual orientation
of the module as shown in Figure 3 is used, which is south-
facing (azimuth of 180°) with a tilt angle of 32°. The spectra
are obtained from an implementation of the SMARTS
model from NREL [18] together with a sun position
algorithm available in the device simulation tool SETFOS
[19]. Serving as input for the optical simulation with
SETFOS based on the transfer matrix method (TMM)
including coherent thin films and incoherent thick layers,
the spectra are used to compute the limiting sub-cell
photocurrent as well as the charge photogeneration profile
inside the APT device stack from TNO (Fig. 2), using the
parametrization obtained in [20]. Thereby, the contribu-
tions of direct and diffuse components from frontside
illumination are added to the rear-side contribution from
diffuse ground reflection, for which a Lambertian distribu-
tion is assumed and the total incident spectrum is scaled by
the albedo value. To reduce the computational cost,
binning of operating conditions [14,16] is performed with
respect to limiting photocurrent - obtained from the
inexpensive optical simulation as a function of the spectral
irradiance condition - as well as ambient temperature Tamb
and wind speed (WS), for which measured data from the



Fig. 3. Outdoor testing location and installation at Fraunhofer ISE in Freiburg (Germany) and corresponding measurements of
operating conditions regarding global irradiance, ambient temperature, and wind speed. Shown are data for one year (1.6.2023-
31.5.2024). The orange wind speed data is the half-hourly average of the full data with higher time resolution.

Fig. 2. (a) Composition and layout of the bifacial APTdevice stack fromTNOsimulated in thiswork. In the opaque variant, the 180 nm
ITO contact layer is replaced by a silver layer of the same thickness. (b) Implementation of the device stack for optical and electrical
simulation with the 1D device simulation tool SETFOS.
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outdoor testing location as provided by Fraunhofer ISE is
used (Fig. 3). The average irradiance is well captured by
the simulation with SETFOS. The binning for one year
with 30 min time intervals (total count of 17520 instances)
is shown in Figure 4 for the isothermal case (binning wrt
photocurrent only), the case without wind cooling (binning
wrt photocurrent and Tamb), and the full data (binning wrt
photocurrent, Tamb and WS). Full (isothermal) opto-
electronic device simulation based on the drift-diffusion-
Poisson framework including mobile ions and explicit
models for charge transfer at the recombination junction
[21] is then performed with SETFOS for the operating



Fig. 4. Binning wrt operating conditions: (a) limiting photocurrent (isothermal case, 25 °C), (b) limiting photocurrent and ambient
temperature, (c) limiting photocurrent, Tamb and wind speed.

Fig. 5. Spectral irradiance corresponding to the average limiting photocurrent per bin: (a) Direct and diffuse component. Shown are
the spectra for bins No. 1, 2, 3, 7, 13, and 32 (binning wrt. maximum limiting photocurrent). (b) Convergence of the EY for the opaque
reference module wrt. number of photocurrent bins (reference is simulation with full time data for one month).
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conditions representative of the individual bins. The energy
level diagram of the electrical model with parameters based
again on a previous calibration for a very similar device [20]
(see SI of this reference for a discussion of the parameter
extraction) is shown in Figure 2b. Figure 5a shows a
selection of the direct and diffuse spectra for a photocurrent
binning with 32 bins (displayed are bins No. 1,2,3,7,13,32),
where the binning is performed wrt the average of the
limiting photocurrent (corresponding to a resolution of
0.5mA/cm2).As compared to binningwrt irradiance, such a
binning is more representative of device operation as it
captures photocurrent mismatch issues originating from
spectral changes as apparent in the spectra (e.g. pronounced
red-shift at low-lightconditionsdue topredominanceof large
angles of incidence). The binning approach is validated by
comparing thebinnedEYfor theopaqueAPTcell fromTNO
to the EY as obtained from the simulation with the full time
data, i.e., evaluating the contribution of each 30min interval
for a singlemonth.As canbe inferred fromFigure 5b, there is
a fast convergence to a value deviating by less than 1% from
the full simulation result. In the following, EY is therefore
evaluated with 32 photocurrent bins.

The temperature-dependent current-voltage character-
istics (JVT curves) resulting from the opto-electronic
simulation are then fed together with the bin-specific
absorbed optical power to the electro-thermal module
simulation as implemented in the large area semiconductor
simulation tool LAOSS [22]. The “2D+1D” simulation
approach solves Ohm’s law and the heat equation in the 2D
electrode layers via the finite element method. The
electrodes are connected vertically by the JVT law that
acts as a local source term. In this way, the impact of spatial
non-uniformities and local effects such as shunts or point
defects can be captured and the suitability of realistic
module layouts regarding cell dimension and laser scribes
for monolithic interconnection can be assessed [20]. Also
here, the module parametrization obtained in [20] is used.
On the other hand, the thermal model – coupled to the
electrical simulation via the JVT curves – reflects heating
of the module due to light absorption, recombination, and
Joule heating (inferred from the JVT coupling law), as well
as heat transport through the stack and dissipation/cooling
at the surface [23]. The connection to the wind speed is
established via the standard expression of heat transfer
with a constant and a wind-speed dependent term [24].

Finally, the module simulation for binned operating
conditions provides the binned module power, from which
the annual EY can be inferred via multiplication with the
bin counts and the data acquisition time interval.

3 Results

3.1 Performance of bifacial APT under standard test
conditions

Simulations are performed for the device stack from TNO
(Fig. 2a) with a wide band gap (WBG) perovskite top-cell
absorber with Eg

top = 1.5–1.8 eV and a narrow band gap



Fig. 6. (a) Active layer (front) absorptance for opaque and bifacial all-perovskite tandem solar cell devices. (b) Photogeneration rate
profile of the all-perovskite tandem solar cell for opaque, semi-transparent and bifacial architectures (AM1.5g spectrum), normal
incidence, rear irradiance of 300 W/m2). (c,d) Current-voltage characteristics of the bifacial APT device from TNO used for model
calibration (no rear illumination), as well as the corresponding projection to opaque and bifacial (with rear illumination) variants, with
non-radiative recombination and at the radiative limit. (e,f) Temperature dependence of the isothermal current-voltage characteristics
for the semitransparent device under AM1.5g illumination as obtained from electro-thermal simulation using the fitted model and its
radiative limit.
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(NBG)perovskite bottomcell absorberwithEg
bot=1.25 eV.

The refractive index data used is based primarily on the
information provided in the SI of reference [25] and is given
in Figure S1 of the Supporting Information. Figure 6a
shows the active layer absorptance of anAPT solar cell with
Eg

top = 1.77 eV in presence and absence of a back mirror,
which illustrates the transmission losses for front illumina-
tion at long wavelengths in the bifacial case. Figure 6b then
displays the corresponding photogeneration profile under
STC and for the different configurations of the rear contact:
opaque(Agmirror),bifacial (ITObackcontact)withoutrear
illumination, and bifacial with rear illumination correspond-
ing to a diffuse (Lambertian) reflection with an albedo of 0.3
(rear irradiance of 300 W/m2).

As shown in Table 1, which provides the sub-cell
photocurrents at the optical limit, the opaque and the
bifacial device without rear illumination are bottom
limited, whereas for a rear irradiance of Irear = 300 W/m2,
the gain due to rear illumination outweighs significantly the
transmission loss due to the absence of an opaquemirror and
pushes the device to top-limitation in the bifacial case. The
current-voltage (JV) characteristics of the electrical simula-
tion calibrated with measured data from TNO for a bifacial
architecture without rear illumination are displayed in
Figure 6c. Moving to an opaque rear reflector increases the
current and reduces the current mismatch, but lowers also
the fill-factor, whereas rear illumination improves both
performanceparameters.The large amountof excess current
in the bottom cell under rear illumination is reflected in the
high level of recombination current (dashed lines) at low
voltages. The same picture is found at the radiative limit,
where non-radiative recombination is turned off (Fig. 6d).
The impact of cell temperature on the cell JV characteristics
is showninFigures6eand6f,again for thefittedmodeland its
radiative limit, respectively. At the radiative limit, the two
dominant features observed are the reduction of fill factor
(FF) at low temperatures due to the lower efficiency of
thermally activated transport processes – e.g. across
interface barriers – and the decrease of open circuit voltage
(VOC) at large temperatures due to growing strength of
thermally activated recombination processes. In the pres-
ence of non-radiative recombination via bulk and interface
defects, the temperature dependence of the recombination
dominates.

Variation of sub-cell band gaps result in redistribution
of photocurrent generation due to front and rear illumina-
tion. As larger tandem photocurrents are targeted, and
adjusting the top cell band gap is both feasible and
attractive from a stability perspective, the investigation is
restricted to this modification at fixed bottom-cell band
gap. Full optimization would require adjustment of both
band gaps and absorber thicknesses, which is straightfor-
ward to achieve using the present approach, but is beyond
the scope of this work. The dependence of the power output
on rear irradiance and top-cell band gap under STC is
displayed in Figure 7. In (a), the evaluation is performed for



Table 1. Optical sub-cell currents generated under normal incidence and AM1.5g front illumination and diffuse rear
illumination at moderate albedo of 0.3 for opaque and semitransparent architectures. *denotes limiting sub-cell.

Eg
WBG = 1.77 eV, AM1.5g Jph

WBG (mA/cm2) Jph
NBG (mA/cm2)

Opaque (Ag back mirror) 15.85 15.83*
bifacial, front illumination 15.85 14.80*
bifacial, front+rear illumination (Irear = 300 W/m2) 15.85* 23.67

Fig. 7. Photovoltaic output power for AM1.5g normal front illumination and diffuse rear illumination, as a function of top-cell band
gap and rear illumination intensity, for (a) the fitted model and (b) the radiative limit.
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the fitted model that includes non-radiative recombina-
tion. To obtain an upper limit of performance for the
selected device configuration, recombination losses are
limited to the radiative channel in (b). In both cases, a clear
benefit from lower top-cell band gaps at larger levels of
rear-side contribution is apparent.

In Figure 8, the current-voltage characteristics result-
ing from an electro-thermal module simulation under
maximum front irradiance and albedo of 0.3 are plotted for
the radiative limit and as a function of ambient tempera-
ture for the 10 � 10 cm2 monolithically interconnected
bifacial APT module with 31 cell stripes and geometric fill
factor GFF≈0.91 (see Ref. [20] for configurational details).
In (a) the situation is shown without heating activated,
while heating from absorption and transport is present in
(b). The temperature dependence of the cell level
characteristics (Fig. 6f) results not only in the expected
reduction of VOC at elevated temperatures, but also in FF
losses at low temperatures due to thermal activation of
transport, which underlines the relevance of the advanced
device model used. Under these conditions and for the
parametrization of the thermal model chosen, the absorp-
tion of solar irradiation leads to a positive difference
between junction and ambient temperatures of around
15 °C–25 °C, in agreement with values found in the
literature [11]. The largest heating effect is thereby found
for the lowest WS values at short circuit and at large
voltages beyond Voc, while heating is least pronounced at
MPP. The cell/module temperature as a function of
ambient temperature at short circuit, open circuit, and
MPP is shown in the Supporting Information (Fig. S2a)
together with the translation of the PCE vs ambient
temperature to PCE vs module temperature (Fig. S2b).
3.2 Quantification of energy yield on cell and module
levels

Figure 9a displays the relative change of annual energy
yield for a bifacial APT at the radiative limit as compared
to the opaque reference, as a function of ground reflectance
and for two different values of the top-cell absorber band
gap. While already small values of albedo favor the bifacial
over the opaque architecture, the benefits are massively
increased for lower Eg

top – which is in part due larger
current mismatch in the opaque cell - and do not saturate
quickly with increasing rear-side contribution. The impact
of the level of detail in electrical and thermal simulation –
i.e., the qualitative and quantitative effect of simplifying
assumptions on the energy harvesting - is demonstrated in
Figures 9b and 9c for the case of the 1.6 eV band gap top cell
with optimized bifacial EY, at the radiative limit and
including non-radiative losses, respectively. Consideration
of the actual variation in ambient temperature results in a
small increase in cell-level EY as compared to simulations
at constant temperature of 25 °C, which can be explained
by the lower average temperatures on the test site (as seen
in Fig. 3). On the same level of thermal effects, i.e., under
consideration of variation in ambient temperature but no
heating, the step to electrical module simulation induces a
significant EY reduction related to opto-electronic cell-to-
module losses (dead area, TCO resistivity). It needs to be
emphasized that this does not include losses from
deteriorated active area quality (as often found when
using large-area coating processes), as using the small-area
characteristics for the coupling law amounts to the
assumption of preserved absorber quality. Consideration
of the internal heat generation due to light absorption and



Fig. 8. Module current-voltage characteristics as a function of ambient temperature: (a) Case without heating, (b) with heating due to
absorption and transport (no recombination heating at the radiative limit). The insets show the variation of PCE with ambient
temperature.

Fig. 9. Impact of bifaciality on EY for cell and module levels: (a) Bifacial gain at the radiative limit as a function of albedo for two
different values of top cell band gap, revealing the vast increase and slower saturation of the benefits from bifaciality at reduced band
gap. (b,c) Annual EY for the 1.6 eV band gap top cell, on cell level at fixed temperature, with temperature variation but no heating,
module level EY at ambient temperature, module level with heating and under consideration of wind cooling, for the radiative limit and
including non-radiative losses, respectively.
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Joule heating reduces the annual EY further. Inclusion
of wind cooling, on the other hand, results in only a
small recovery of EY. While there is a drop of close to
35% in EY from the radiative limit to the case with non-
radiative losses, this decrease is much lower than the
50% drop of STC power generation inferred from
Figure 7. The qualitative picture is very similar in
the two cases, however, the relative cell-to-module losses
in EY are less pronounced in the presence of non-
radiative recombination, but thermal losses on module
level are more severe. Inspection of bifacial gain (at an
albedo of 0.3 and Eg

top = 1.6 eV) finally shows a
decrease from over 60% on cell level at the radiative
limit to below 50% on module level with non-radiative
losses losses (cf Fig. S3 in the Supporting Information
that includes the opaque reference), which is in part due
to the larger resistivity of the transparent back electrode
in the bifacial configuration as compared to the opaque
module with full silver rear mirror.
4 Conclusion and future directions

Access to full opto-electronic cell-level and electro-thermal
module-level simulations enables the quantification of the
relative gain and losses in EY related to bifaciality,
temperature, and module layout details. Optimization of
thetopcellbandgapresults insignificant increaseofEYthat is
largely maintained when up-scaling from cells to thin-film
modules, andholdsalso in thepresenceofnon-radiative losses.

The present approach, while living up to existing
comprehensive state-of-the-art modelling frameworks for
photovoltaic EYquantification,may still be refined in several
aspects.Ontheonehand, theuseofmeteorologicaldatacanbe
extended to include a cloud cover model similar to the
approach in [2,15]. Clouds reduce the direct radiation and
increase the diffuse component, which would shift energy
harvesting from normal incidence to more shallow angles.
Hence, their impact can be easily accommodated in the
present approach.
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On the other hand, the temperature dependence of
intrinsic material parameters such as, e.g., the optical
constants should also be considered, as they can impact the
sub-cell photocurrent magnitude and thereby the current
matching.This, however, requires the availability of suitable
experimentaldata for calibration.Whilenon-radiative losses
have been considered in the quantification of energy yield, a
detailed analysis of the different sub-cell specific loss
channels and their impact on EY is also enabled by the
present approach. Last but not least, the quantitative
comparison with measured outdoor performance data will
require an extension of the framework to include models for
device degradation as linked to operating conditions [26].
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Optical material parameters used in the simulation (spectral
nk-data), thermal data (module heating), full data of EY vsmodel
(including opaque reference).

Figure S1. Refractive indices (n, black) and extinction
coefficients (k, red) of the materials used in the optical simulation
of the all-perovskite tandem solar cell from TNO.
Figure S2. (a) Temperature of the cell vs ambient temperature
under maximum irradiance and at different points of operation of
the device. (b) Power conversion efficiency as a function of cell
temperature.
Figure S3. Full annual energy yield data at (a) the radiative
limit and (b) with non-radiative losses, for a bifacial module with
a top-cell absorber band gap of 1.6 eV and assuming an albedo
value of 0.3. The dotted line marks the value for the opaque
reference (with Ag back contact).

The Supplementary Material is available at https://www.
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