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A B S T R A C T

Bifacial perovskite/silicon solar cells can combine the advantages of tandem technology (high efficiencies) and
bifacial modules (additional received irradiance from the rear) to increase the energy yield of photovoltaic (PV)
systems further. In literature, it has already been shown that for two-terminal tandems this would require a
lower bandgap energy (𝐸𝑔) for the perovskite cell, as the rear irradiance increases the current in the bottom
cell creating a current mismatch, if this is not considered during optimization. This work expands on bifacial
two-terminal tandem optimization by considering aspects not included before. Besides the 𝐸𝑔 , the thickness (𝑑)
of the perovskite is also optimized, as this also affects the current matching. Additionally, this work studies the
trends in different energy losses of the PV module to better understand what affects the optimal perovskite
cell. Our simulations show that the optimal 𝐸𝑔 is 1.61–1.65 eV and the optimal 𝑑 is 650–750 nm, which
agrees with the observations in literature. The optimal 𝐸𝑔 and 𝑑 are mostly a trade-off between mismatch
and thermalization losses, meaning that the mismatch losses should not be fully minimized. Additionally,
the irradiance from the rear side is converted less efficiently than the front side irradiance due to larger
thermalization and reflection losses. Therefore, the energy yield of bifacial tandem modules, compared to
monofacial tandem ones, only increases for large ground albedo. Finally, our results show that the bifacial
tandems have over a 25% gain in energy yield compared to bifacial single junction modules and up to 5%
gain compared to monofacial tandem modules.
. Introduction

The photovoltaic (PV) market is currently dominated by crystalline
ilicon (c-Si) solar cells [1], which have achieved a power conversion
fficiency (PCE) of 27.3% [2], approaching their theoretical limit of
9.5% [3,4]. To further increase the energy yield (EY) per unit area,
nnovative technologies are required. One such approach is the use
f double-junction solar cells, which have a theoretical PCE of over
0% [5]. Perovskite, with its excellent optical and electrical proper-
ies [6,7] and tunable bandgap energy [8], is a promising material
or the top cell in these so-called tandem configurations. Combining
erovskite with silicon in a tandem solar cell has already resulted in
fficiencies well exceeding 30% [9–11], surpassing the theoretical limit
f c-Si cells.

Another method to enhance the EY of PV systems is the use of
ifacial modules, which can absorb additional light from the rear
ide, potentially increasing the energy yield of c-Si modules by up to
0% [12,13]. In 2023 bifacial modules had a market share of 50% and
re projected to increase to 70% in 2028 [1].

∗ Corresponding authors.
E-mail addresses: Y.Blom@tudelft.nl (Y. Blom), R.Santbergen@tudelft.nl (R. Santbergen).

Combining these approaches can lead to high-performance bifacial
perovskite/silicon modules. This concept has been widely studied in
literature [14–22], where it is shown that energy yield can be improved
by relatively 20% compared to the monofacial tandem modules [14,
18]. Similar studies have been done for bifacial all-perovskite tandem
cells [23]. For monolithic two-terminal (2T) devices, it was found that
the additional rear side irradiance can create a mismatch in current, as
it is only absorbed in the silicon bottom cell. A common solution for
this, is to lower the bandgap energy of the perovskite cell [14–20] or
change the perovskite thickness [14,20,21] to enhance the absorption
of the front-side irradiance in the perovskite layer.

Although existing studies are detailed and comprehensive, some
aspects of bifacial tandem modules remain underexplored. Firstly, these
studies often focus on energy yield or efficiency without discussing
received irradiance or energy losses in the PV module. Our previous
work [24] has introduced a method for quantifying different losses
in a PV system. The observed trends can be better understood by
analyzing the difference in losses between monofacial and bifacial
modules. Secondly, the impact of perovskite thickness on its electrical
ttps://doi.org/10.1016/j.solmat.2025.113431
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Fig. 1. The bifacial perovskite/silicon cell structure used in the simulations. The reference cell is adjusted by reducing the wafer thickness and adding glass and encapsulation.
The bifacial modules are created by removing the silver layer and adding a second encapsulant layer. These structures are given as input to the optical model.
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properties [25,26], in addition to its optical performance, should be
onsidered when calculating energy yield. Finally, the wavelength-
ependence of albedo reflection [27], which is often assumed to be
avelength-independent, is a crucial factor in energy yield simula-

ions [28].
In this work, we optimize the design of the perovskite cell in a bifa-

cial monolithic 2T tandem module under various conditions, addressing
the aforementioned aspects. Using the 32.5% efficient perovskite silicon
tandem cell from HZB [10] as a reference, we adjust the bandgap
nergy and thickness of the perovskite layer to maximize the energy
ield of bifacial modules. Section 2 explains the methodology, Section 3

discusses the optimization for different scenarios, Section 4 presents the
results, and Section 5 provides the conclusion.

2. Methodology

The simulations in this work are performed with the PVMD Tool-
box [29], which is a modeling framework for PV systems based on the
fundamental material properties and first principle physics. The energy
yield is calculated by simulating the electricity production for each
hour in the year. The calculation is divided into multiple steps that each
simulate a different aspect of the PV system. These steps are carried
out sequentially, where each step uses the results of the previous
one. For this work, the optical and electrical simulations are the most
relevant. The optical simulations are performed with GenPro [30],
which employs the net radiation method [31]. The electrical properties
of the cell are calculated by the Advanced Semiconductor Analysis
ASA) [32–34]. ASA simulates the current density–voltage (JV) curve

of the solar cell for different temperatures and irradiance levels by
olving the Poisson equation and continuity equations for electrons and
oles. Then, we fit all JV curves with a one-diode equivalent circuit,

consisting of five parameters, which are the photogenerated current
(𝐼𝑝ℎ), the diode saturation current (𝐼0), the diode ideality factor (𝑛),
he shunt resistance (𝑅𝑠ℎ), and the series resistance (𝑅𝑠). With all the
its, we make a calibrated lumped element method (CLEM) model,
hich outputs the value of each parameter for each temperature and

rradiance level. The CLEM model is used in the energy yield simulation
o reconstruct the IV curve for every hour in the year. A detailed
escription of all steps is presented in [29].

Since the work of Vogt et al. [29], the PVMD Toolbox has under-
one several extensions and improvements. This section discusses the

expansions that are relevant to this work.
2 
2.1. Mounting condition model

The forward ray-tracing model LUX [35] is replaced by a backward
ay-tracing model [36], which is computationally less expensive. This

allows for faster calculation, making it more beneficial for an opti-
mization study. The ray-tracing model calculates a so-called sensitivity
map [35] that is required to calculate the absorbed irradiance. It
includes the shading effects of modules on neighboring modules, as well
as the effect of ground shading on albedo and rear-side irradiance. The
ground reflectance is simulated by assuming a Lambertian scattering
combined with the spectral reflectance of the ground material.

2.2. Spectral irradiance model

The absorbed irradiance in each solar cell of the PV module is
calculated by combining the sensitivity map with a spectral irradiance
map [35]. The irradiance distribution across the sky is calculated with
the Perez model [37]. Originally, the Toolbox used SMARTS [38] to
obtain the spectral irradiance. As SMARTS only calculates the direct
beam irradiance, it has been replaced with the SBDART model [39],
which provides the spectral distribution for both the direct and diffuse
rradiance. This allows us to use a different spectrum for the different
ypes of irradiances. The SBDART model also accounts for different air

masses and cloud coverage.

3. Case study

As mentioned before, this work will show how to optimize the
andgap energy and thickness of the perovskite cell in a bifacial mod-

ule. This section discusses the input conditions used and the method
or varying the bandgap energy and thickness of the perovskite layer.
lso, the different operating conditions under which the optimization

is performed are discussed.

3.1. The design of the PV module

The module used for this work is based on the perovskite/silicon
tandem cell from HZB [10] with a cell efficiency of 32.5%. The sim-
lation of this cell in the Toolbox has been demonstrated in earlier
ork [40], where we showed that both the optical and electrical

behavior of the cell can be accurately modeled. To perform energy yield
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Fig. 2. The effect of changing the bandgap energy of perovskite on the absorptance in perovskite and silicon (a) and the JV curves of the subcells (b). For both figures, a perovskite
hickness of 550 nm is used.
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calculations at the module level, we added encapsulation and reduced
the silicon thickness from 300 μm to 160 μm. Additionally, to convert
the cell to a bifacial design, we replaced the silver layer at the back
with another encapsulation layer. Fig. 1 provides an overview of the
changes in the optical structure.

For the module simulation, 72 perovskite/silicon tandem cells
15.7 cm by 15.7 cm) are connected in series. Since a metal grid is
ecessary for current collection, a resistor is added to each cell to
ccount for the ohmic interconnection. The resistor values are 1.3 mΩ
or monofacial modules and 2.6 mΩ for bifacial modules, similar to the
alues reported by Jung et al. [41]. The higher resistance in bifacial

cells is due to the metal grid being on both front and rear sides.
Additionally, three bypass diodes are included in the module.

3.1.1. Adjusting the bandgap energy of perovskite
As previously discussed, bandgap engineering is the most common

pproach for achieving current matching in bifacial tandem devices.
he bandgap energy (𝐸𝑔) of the perovskite layer affects its complex
efractive index (𝑁(𝜆)), which in turn affects both the optical response,
nd the electrical performance of the perovskite subcell. Using mea-
ured data from Manzoor [8], we predict 𝑁(𝜆) of perovskite absorber

for arbitrary bandgap energies, utilizing the approach outlined in our
rior work [42,43]. Fig. 2a shows the effect of varying 𝐸𝑔 of the

perovskite on the absorption profile of both absorber layers.
A larger 𝐸𝑔 shifts the cut-off wavelength to shorter wavelengths,

reducing the number of photons that can be absorbed. Consequently,
the silicon cell’s absorption increases as more photons pass through the
perovskite and are absorbed by the silicon, resulting in lower short-
ircuit current density (𝐽𝑠𝑐) for the perovskite cell and higher 𝐽𝑠𝑐 for
he silicon cell. In our electrical simulations, we also increase the 𝐸𝑔
f the perovskite layer. This increases the open circuit voltage (𝑉𝑜𝑐) of
he perovskite subcell accordingly. Fig. 2b presents the trends in both
𝐽𝑠𝑐 and 𝑉𝑜𝑐 as 𝐸𝑔 varies.

3.1.2. Adjusting the perovskite’s thickness
Another parameter that can be varied for achieving current match-

ing, is the thickness of the perovskite layer. This parameter impacts
both the optical and electrical performance of the solar cell [44]. Fig. 3
illustrates the different absorption profiles and JV curves for varying
thicknesses. As the perovskite thickness increases, its absorption also
ncreases as photons travel a longer distance. This effect is most no-
iceable in the wavelength range of 550–750 nm, as shown in Fig. 3a.
onversely, the absorptance in the silicon decreases in this wavelength
ange as thicker perovskite layers become less transparent.

Changes in perovskite thickness and absorption profiles also af-
ect electrical performance, as shown in Fig. 3b. The most significant
hanges are in the 𝐽𝑠𝑐 , which increases for the perovskite cell and
ecreases for the silicon cell. However, the increase in 𝐽𝑠𝑐 for the

perovskite cell is smaller than the decrease for the silicon cell. This
iscrepancy is due to increased recombination in the thicker perovskite
 t

3 
layer, which creates a larger difference between the absorbed current
density (𝐽𝑎𝑏𝑠) and the 𝐽𝑠𝑐 , where 𝐽𝑎𝑏𝑠 is defined as

𝐽𝑎𝑏𝑠 = 𝑞 ⋅ ∫ 𝐴(𝜆) ⋅ 𝜙(𝜆)𝑑 𝜆,

where 𝐴(𝜆) is the spectral absorptance, and 𝜙(𝜆) is the spectral photon
flux.

Fig. 4 shows the difference between 𝐽𝑎𝑏𝑠 and 𝐽𝑠𝑐 for different
thicknesses, revealing that the 𝐽𝑠𝑐 saturates at around 600 nm. This is
lso experimentally shown in [26], where the 𝐽𝑠𝑐 even decreases for

larger thicknesses. For smaller thicknesses, 𝐽𝑠𝑐 is slightly larger than
𝐽𝑎𝑏𝑠. This is because photons absorbed in the HTL and ETL (indicated

ith light blue) of the perovskite have a small contribution to the
urrent generation, making 𝐽𝑠𝑐 larger than only the absorbed current
n the perovskite.

3.2. The different operating conditions

The optimization is done for four geographical locations to deter-
ine if different climates, corresponding to different spectral irradi-

ance conditions and temperatures, require different optimal perovskite
cells. The locations are chosen such that they represent a different
climate according to the Köppen-Geiger-Photovoltaics (KGPV) classi-
fication [45,46]. The selected locations are Delft (the Netherlands),
Shanghai (China), Lagos (Nigeria), and Lisbon (Portugal) The most
important characteristics are shown in Table 1. All modules are 0.5 m
above the ground, and the distance between the modules is 1 m in the
east–west and 8 m in the north–south direction.

The reflectivity of the ground material below the module is an
important aspect of system design because bifacial modules receive
irradiance reflected from the ground on their rear side as well. To
understand how ground material impacts optimal parameters, we simu-
lated three different types in each location: dry soil, grass, and a white
Medium Density Fibreboard (MDF). The spectral reflectivity of these
materials is shown in Fig. 5. Also the irradiance weighted albedo (𝑅𝑎)
is indicated in the figure. For 𝑅𝑎, we use the equation defined by C. A.
Gueymard [47] (defined in Appendix A).

4. Results

Simulations with the PVMD Toolbox are used to identify the optimal
erovskite for the different operating conditions. For each situation, the
ptimal perovskite cell is found by varying the thickness and bandgap
nergy of the perovskite. The simulation steps of the bandgap energy
nd thickness are 0.01 eV and 50 nm, respectively. First, validation
nd the different Cell-to-Module losses are discussed and quantified to

explain the difference between the performance at cell level and the
erformance at module level. Then, the difference in spectral irradia-
ion among the different situations is analyzed, as this is considered
o be the most important characteristic determining the optimal cell.
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Fig. 3. The effect of changing the perovskite layer thickness on the absorptance in perovskite and silicon (a) and the JV curves of the subcells (b). For both figures, a bandgap
nergy of 1.67 eV is used.
Table 1
The most important characteristics of the selected locations. The ambient temperature is weighted with the global horizontal irradiance, which is
defined in Appendix A. The selected KGPV classifications are temperate-low irradiation (DL), temperate-medium irradiation (DM), tropical-high
irradiation (AH), and temperate-high irradiation (DH).
Location Annual global horizontal

irradiation [k W h m−2]
Weighted average ambient
temperature [◦C]

KGPV Optimal
module tilt [◦]

Delft 1018 16.2 DL 38
Shanghai 1271 21.7 DM 23
Lagos 1642 29.4 AH 8
Lisbon 1758 20.6 DH 33
s
s

l
f
l
o
d

r

Fig. 4. A comparison of the absorbed photocurrent density and the short circuit density
or the perovskite cell with increasing thickness. The absorption in the HTL and ETL
indicated in blue) can contribute to the short circuit current, explaining the larger 𝐽𝑠𝑐
or small thicknesses. The larger difference between 𝐽𝑎𝑏𝑠 and 𝐽𝑠𝑐 is due to increasing
ecombination for larger thicknesses.

Fig. 5. The reflectance of the simulated ground materials. 𝑅𝑎 represents the irradiance
eighted albedo.

This is followed by the optimization of the perovskite cell, where the
trends in the loss mechanisms are used to explain the obtained results.
inally, the bifacial perovskite/silicon tandem modules are compared
 a

4 
with bifacial c-Si modules and monofacial perovskite/silicon modules
to assess the gain in energy yield.

4.1. Validation and Cell-to-Module losses

It is important to note that the validation was conducted on a lab-
cale cell with an efficiency of 32.5%. The simulated cell efficiency is
lightly higher at 32.7% (Fig. 6) compared to the reference efficiency

of 32.5%, but this deviation is within measurement accuracy. It should
be realized that this validation is performed for STC, meaning that the
temperature- and irradiance-dependencies were not included. However,
the PVMD Toolbox has been validated for the outdoor performance of
c-Si modules [29], validating the thermal and irradiance models.

When the cells are integrated into a module, various Cell-to-Module
(CTM) losses occur, reducing the overall efficiency. Fig. 6 illustrates the
loss analysis for both the lab-scale cell and the bifacial module under
STC.

Several losses are introduced due to cell interconnection, such as
metal shading losses (0.5%) and interconnection losses (0.2%). Encap-
sulation further contributes to losses, with reflection losses increasing
from 1.6% to 2.9% and parasitic absorption from 1.4% to 2.4%. Ad-
ditionally, the spacing between cells introduces a non-active area,
resulting in an additional 2.8% loss. These factors reduce the efficiency
from 32.7% at the cell level to 28.2% at the module level, meaning that
the CTM losses are 4.5%. This is much larger than the CTM losses for
a c-Si module shown in Appendix B, which are only 3.5%. Due to the
ower fundamental losses for tandem devices (50% compared to 66%
or c-Si), the other losses have a greater impact. Then, when these other
osses increase due to the module integration, this has a larger impact
n the efficiency, explaining why the CTM losses are larger for tandem
evices.

4.2. The irradiation

As the received irradiance largely influences the optimal perovskite
cell, it is crucial to understand how this changes for the different oper-
ating conditions. Fig. 7 shows the received irradiance on the front and
ear side of the PV module in the different locations. Also, the effective
lbedo (𝑅∗) of the different situations is shown, which is defined as the
𝑎
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Fig. 6. The loss analysis of the lab-scale cell (a) and the bifacial module (b) under STC conditions. It should be noted that only the front irradiance is considered to be consistent
ith the validation measurement.
Fig. 7. The received front (a) and rear (b) irradiance for the locations with the different ground materials. Also the effective albedo (c) is displayed for all situations. AMeff stands
for the effective air mass and is computed according to the definition in Appendix A.
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ratio of the received irradiance on the rear side compared to that of the
front side. As explained by Jahangir et al. [22], this parameter can vary
significantly with respect to 𝑅𝑎. This is because 𝑅∗

𝑎 also depends on
he module geometry and the surroundings. Additionally, it is possible
hat diffuse irradiance can reach the rear side of the module without
equiring a reflection via the ground, contributing to the received
rradiance on the rear side. This will also cause a difference between
𝑎 and 𝑅∗

𝑎.
As can be seen from Fig. 7, the ground material hardly affects the

received irradiance on the front side but plays a significant role in the
rear irradiance. Lagos and Lisbon receive the most front irradiance, as
these locations experience the largest annual global horizontal irradia-
tion (Table 1). Delft and Lisbon have the largest effective albedo for all
ground materials, as the tilt of the modules is largest at these locations.
This larger tilt creates a larger sky view factor for the rear side of
he module, leading to more rear irradiance and a larger effective

albedo. Fig. 7 also shows the effective air mass (AMeff) (defined in
Appendix A) on the 𝑥-axis labels for each location. Locations near the
equator (Lagos) have a smaller air mass than locations at a larger
latitude (Delft), indicating that the spectrum in these locations has a
blue-shift.
5 
4.3. Optimal perovskite 𝐸𝑔 and 𝑑

We use the PVMD Toolbox to calculate the energy yield of the
ifferent tandem designs under the various operating conditions. To
ompare the different locations, we use the annual module efficiency
𝜂𝑚𝑜𝑑) as metric, which is defined as

𝜂𝑚𝑜𝑑 =
∫ 𝑃𝑜𝑢𝑡(𝑡)𝑑 𝑡

𝐴𝑚𝑜𝑑 ⋅ ∫ ⋅𝐼 𝑟𝑟𝑖𝑛(𝑡)𝑑 𝑡
, (1)

where 𝑃𝑜𝑢𝑡(𝑡) and 𝐼 𝑟𝑟𝑖𝑛 are the generated electricity and incoming
rradiance from the front and rear side, respectively, at time 𝑡, and
𝑚𝑜𝑑 is the area of the module. Fig. 8 shows 𝜂𝑚𝑜𝑑 of all combinations of

bandgap energy and thickness of the perovskite layer and highlights the
ptimal one. The thickness maximizing the efficiency ranges from 650–

750 nm under all conditions. This optimal thickness is linked to the
trend observed in Fig. 4, where 𝐽𝑎𝑏𝑠 is compared with 𝐽𝑠𝑐 for different
hicknesses. Since 𝐽𝑠𝑐 starts to saturate around 700 nm, there is no gain
f increasing the perovskite thickness further, explaining the optimal
hickness range.

The optimal bandgap energy is in the range of 1.61–1.65 eV, which
s in the same range as observed in literature [16,18–20] and only

changes slightly for different ground materials. Additionally, Delft and
Lisbon have a smaller optimal bandgap energy than Shanghai and
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Fig. 8. 𝜂𝑚𝑜𝑑 for all combinations of 𝑑𝑝𝑒𝑟𝑜𝑣 and 𝐸𝑔 under the different operating conditions (i.e. location and ground reflectivity). The optimal combination is indicated with the
cross, and its values are shown in the top left corner.
Fig. 9. The energy yield of the bifacial modules endowed with optimized tandem solar
cells under different conditions.

Lagos. This can be explained by the larger effective air mass for these
locations (shown in Fig. 7). A larger air mass corresponds to a more red-
shifted light spectrum, meaning that fewer photons are available in the
perovskite absorption range. To compensate, the perovskite bandgap
energy should be lower. A more detailed discussion on the optimal
thickness and bandgap energy will be provided later in this section.

To analyze the effect of bifaciality on the optimal perovskite thick-
ness and bandgap energy, the optimization has also been performed
for monofacial devices. As shown in Appendix C, the optimal bandgap
energy is approximately 0.2 eV lower for the bifacial modules.

The energy yields of the optimized tandem modules are shown in
Fig. 9. Lisbon has the highest energy yield since it has the largest annual
global horizontal irradiation combined with a relatively low ambient
temperature (Table 1). Surprisingly, the ground material hardly affects
the energy yield, even though the white MDF provides significantly
more irradiance on the rear side. The causes of this result will be
explained later in the section.

4.4. The energy losses

To understand why the values shown in Fig. 8 are optimal, studying
the different losses within a PV module can be helpful. We use the
methodology outlined in our previous work [24] to quantify all losses.
In the main text, we will only show the analysis of Delft, as the trends
are similar for all locations. The results for the other locations can be
found in Appendix D. Fig. 10 shows the loss distributions in Delft for the
different ground materials. For each situation, the optimal perovskite
6 
design is used.
The situation with dry soil as ground material provides the highest

efficiency (24.8%), and the efficiency is the lowest in the situation
with the white MDF as ground material (20.2%). This appears to be
significantly lower than the STC efficiency of 28.2% (Fig. 6). This is
due to the fact that the irradiance received on the rear side cannot be
converted as efficiently as the irradiance on the front side. Whereas
front-side irradiance is absorbed in both perovskite and c-Si, rear-side
irradiance is only converted in the c-Si bottom cell, a device with lower
efficiency and more thermalization losses. This also explains why the
simulation with the white MDF as ground material has the highest
energy yield (Fig. 9), but the lowest efficiency. Due to the larger rear
irradiance, it can generate more electricity, but the overall efficiency is
lower as the fraction of rear irradiance is more significant. As shown in
Fig. 10, the simulation with the white MDF reflector, has a significant
increase in thermalization losses compared to the dry soil simulation.
This effect, however, can be lowered by improving the efficiency of the
bottom cell.

Another loss that varies greatly among the different materials is
the reflection loss. The light reflectance increases for a larger angle of
incidence. Since light at the rear side tends to come at more oblique
angles than the front side, the reflection losses increase for situations
with more rear-side irradiation.

Finally, the mismatch losses are significantly larger for the grass and
white MDF settings. This is caused by the additional rear irradiance
received with those ground materials. One would expect that the
increased mismatch losses can be reduced by changing the bandgap
energy or the thickness. However, Fig. 11 shows that the combination
of perovskite bandgap and thickness that maximize the energy yield
(indicated by the red cross) is not the same combination that minimizes
the mismatch losses (indicated by the green cross). For all ground
materials, the mismatch losses would be lower for a smaller bandgap
energy or thickness. Nevertheless, changing the bandgap energy or
thickness would increase other losses, decreasing the overall efficiency.
This is discussed in more detail in the next sections.

4.4.1. Changing the perovskite bandgap energy
As shown in Fig. 11, the mismatch losses could be reduced by

lowering the bandgap energy. However, this would increase the ther-
malization losses. As thermalization losses depend on the difference
between the energy of the photon and the bandgap energy, reducing
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Fig. 10. The loss distribution in Delft for the different ground materials. The optimal bandgap energy and thickness of the perovskite are shown for each situation.
Fig. 11. The mismatch losses for the different perovskite cells in Delft. The optimal combination of bandgap energy and thickness for maximizing energy yield (indicated with
the red cross) does not minimize the mismatch losses (the green cross indicates the combination minimizing the mismatch losses).
Fig. 12. The annual module efficiency as well as mismatch, and thermalization losses for different bandgap energies. The optimal bandgap energy is indicated with a dashed line.
Lowering the bandgap energy will increase the thermalization losses, meaning the mismatch losses cannot be minimized.
the bandgap energy will affect the thermalization losses. Fig. 12 shows
how the efficiency, mismatch, and thermalization losses change for
various bandgap energies. The thermalization losses increase for a
lower bandgap energy, which is in agreement with literature [48]. This
means that the mismatch losses cannot be fully minimized without
reducing 𝜂𝑚𝑜𝑑 , showing that the optimal bandgap energy is mostly a
trade-off between the mismatch and thermalization losses. Our results
show that the ideal bandgap is about 0.01 eV higher than the one that
minimizes mismatch losses as this reduces thermalization losses more
significantly.

4.4.2. Changing the perovskite thickness
Another method for reducing the mismatch losses is to change

the perovskite thickness. However, the thermalization losses do not
only depend on the bandgap energy but also on the thickness. When
7 
reducing the thickness of the perovskite, its absorption reduces as
well, meaning that more high-energy photons will be transmitted and
absorbed in the silicon layer. As silicon has a smaller bandgap energy,
the thermalization losses increase for these photons. This effect is also
described by [49] and is included in the non-ideality gain [24]. Fig. 13
shows how the efficiency, mismatch losses, and non-ideality gain are
related to the perovskite thickness. A smaller thickness will reduce the
non-ideality gain, meaning the thermalization losses have increased.
Therefore, the optimization of the perovskite thickness is also a trade-
off between the thermalization and mismatch losses. This indicates
that the device with the best current matching may not yield the
highest energy output but, instead, a thicker top cell is generally more
favorable.

The module with white MDF as the ground reflector has an optimal
perovskite thickness of 750 nm, slightly higher than the 700 nm optimal
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Fig. 13. The efficiency, mismatch losses, and non-ideality gain for different perovskite absorber thicknesses. The optimal thickness is indicated with a dashed line. Lowering the
thickness will lower the non-ideality gain, meaning the mismatch losses cannot be minimized.
Fig. 14. The deviation between the optimized and standard bifacial tandem modules. The used perovskite bandgap energy and thickness are 1.65 eV and 700 nm. Also, 𝛥𝐸𝑔 and
𝛥 d are shown for all operating conditions.
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thickness for modules with grass or dry soil backgrounds. However, this
apparent significant difference is influenced by the 50 nm step size used
n the analysis and the very similar efficiencies observed, indicating
 range of optimal thicknesses rather than a precise value. The in-
reased reflected irradiance from the white MDF background enhances
bsorption in the bottom cell, creating a mismatch between the top and
ottom cells. A greater perovskite thickness helps compensate for this
ismatch, resulting in a slightly higher efficiency for the white MDF

cenario.

4.5. Deviation between optimized and standard modules

Fig. 8 shows that the optimal bandgap energy and thickness are rel-
atively consistent across different locations. However, standardizing the
production of PV modules could benefit the industry as the throughput
can be increased [50]. As a result, it may be more economically feasible
to use PV modules with a standard bandgap energy and thickness,
rather than optimizing these parameters for specific locations.

Fig. 14 illustrates the impact on energy yield when using average
optimal values for bandgap energy (1.65 eV) and thickness (700 nm)
in bifacial modules, instead of location-specific optimized values. Also,
the differences in bandgap energy (𝛥𝐸𝑔) and thickness (𝛥𝑑) between
the standard and optimal simulation are indicated in the figure. It can
e seen that the deviation is correlated with 𝛥𝐸𝑔 , indicating that this
as a larger impact than 𝛥𝑑.
 a

8 
In all cases, the energy yield loss is less than 3%. However, fur-
ther economic analysis is needed to determine whether producing
standardized modules or condition-specific optimized ones is more
cost-effective.

4.6. Comparison with monofacial and single-junction modules

Finally, the performance of the bifacial tandem module is compared
ith that of modules based on other solar cell architectures, including
onofacial and bifacial single-junction devices, as well as optimized
onofacial and bifacial tandem devices. The silicon heterojunction

SHJ) monofacial and SHJ bifacial modules are designed using the
ottom part of the tandem cell depicted in Fig. 1, with front texturing

added to make the modules more representative of real PV systems.
Fig. 15 shows the energy yield of the bifacial SHJ and tandem

modules. The figure also quantifies the gain of turning monofacial
tandem modules into bifacial ones (𝛥𝑏𝑖𝑓 ), and the gain of turning
bifacial SHJ modules into bifacial tandem modules (𝛥𝑡𝑎𝑛).

Under all conditions, the bifacial tandem device consistently
chieves the highest performance. Their energy yield is always more
han 25% larger compared to bifacial SHJ modules (𝛥𝑡𝑎𝑛), and can be
p to 5% higher than that of monofacial tandem devices (𝛥𝑏𝑖𝑓 ). The
ifference between the monofacial and bifacial tandems is the smallest
n Lagos. This is due to the relatively low rear irradiance that is received

Fig. 7) resulting from a low module tilt of just 8◦. In all
t this location (
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Fig. 15. A comparison in energy yield between the different modules. For the tandem devices, the optimum perovskite cell is used. 𝛥𝑏𝑖𝑓 indicates the gain of making a monofacial
tandem module bifacial, and 𝛥𝑡𝑎𝑛 indicates the gain of turning a bifacial SHJ module into a bifacial tandem module.
e
p
M

i

locations, the gain of the bifacial tandem over the monofacial tandem
increases with more reflective ground materials.

It should be realized that the bifacial gain also depends largely
on the module geometry, which is kept constant in this study. Future
research is needed to quantify the effect of module tilt, module height,
and the distance between the modules on the bifacial gain and energy
yield.

5. Conclusion

In this work, we have presented the optimization of the perovskite
cell for a bifacial perovskite/silicon module. Our analysis includes
aspects that had thus far not been fully discussed and included in liter-
ture. Instead of only optimizing the bandgap energy of the perovskite,
e also analyzed the impact of different thicknesses on the energy
erformance. The optimal perovskite bandgap energy and thickness
ere found for four locations with three different ground materials.
he optimal bandgap energy lies in the range of 1.61–1.65 eV for
ll locations, and the optimal thickness is 650–750 nm. The bandgap
nergy is slightly lower for locations with a higher air mass, due to the

red shift in the spectrum. The energy yield varies greatly for different
locations but has a lower dependency on the ground material. This is
due to the rear side irradiance is converted less efficiently than the front
side irradiance, due to thermalization and reflection losses.

The optimal bandgap energy and thickness is mostly a trade-off
etween the mismatch and thermalization losses. Although lowering
oth the bandgap energy and the thickness will decrease the mismatch
osses, it will also increase the thermalization losses. This leads to the
ptimal combination of bandgap energy and thickness, which does not
inimize mismatch losses.

Although the optimal perovskite cell is slightly different for all
conditions, the loss in energy yield when using a standardized module
is smaller than 3% for all situations. This can be used for further
conomical analysis to analyze what is the most cost-effective tandem
esign.

Finally, the energy yield of bifacial tandems is compared with
ifacial SHJ and monofacial tandem modules. For all conditions, the bi-

facial tandem module has the highest performance, having a ≥25% and
% increase in energy yield compared to bifacial SHJ and monofacial
andems respectively. This shows that combining multi-junction solar
ells with bifacial modules can lead to high-performance PV systems,
urther increasing the energy yield per unit area.
9 
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Appendix A. Mathematical definitions

Different metrics are used in the main work to either character-
ize the operating conditions or the results. This section provides the
mathematical definitions of these metrics.

The weighted average ambient temperature (𝑇 ∗
𝑎𝑚𝑏) is used to char-

acterize the temperature profile of the locations. Since periods of
high irradiance contribute more to annual energy yield, weighting the
ambient temperature (𝑇𝑎𝑚𝑏) with the irradiance is more representative
than simply the average 𝑇𝑎𝑚𝑏. 𝑇 ∗

𝑎𝑚𝑏 is calculated with

𝑇 ∗
𝑎𝑚𝑏 =

∑

𝑇𝑎𝑚𝑏,𝑡 ⋅ GHI𝑡
∑GHI𝑡

, (A.1)

where 𝑇𝑎𝑚𝑏,𝑡 and GHI𝑡 are the ambient temperature and global horizon-
tal irradiance at time 𝑡, respectively.

To characterize the reflectivity of ground materials, we use the
rradiance-weighted albedo (𝑅𝑎) as defined by C. A. Gueymard [47],

written as

𝑅𝑎 =
∫ 𝑅𝜆(𝜆) ⋅ 𝐼𝜆,𝐴𝑀1.5(𝜆)𝑑 𝜆 , (A.2)
∫ 𝐼𝜆,𝐴𝑀1.5(𝜆)𝑑 𝜆
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Fig. B.1. The loss analysis of the lab-scale SHJ cell (a) and the bifacial module (b) under STC conditions. It should be noted that only front irradiance is considered to be consistent
with the validation measurement.
Fig. C.1. The optimal perovskite cell under the different operating conditions for monofacial devices. MDF stands for Medium Density Fibreboard.
where 𝑅𝜆(𝜆) is the reflectance, and 𝐼𝜆,𝐴𝑀1.5(𝜆) is the spectral irradiance
of the AM1.5 spectrum.

The spectral irradiance received by the PV module depends heavily
on the air mass (AM) of each location. As mentioned before, periods
with high irradiance are more relevant, meaning that weighted the AM
with the irradiance provides a better characterization of the location.
The effective air mass (AMeff) is therefore defined as

𝑇 ∗
𝑎𝑚𝑏 =

∑AM𝑡 ⋅ GHI𝑡
∑GHI𝑡

. (A.3)

Appendix B. Cell-to-Module losses for SHJ

In the main text, it was shown that the Cell-to-Module (CTM) losses
of the tandem module are 4.5%. Fig. B.1 shows that the CTM losses
for a SHJ module are 3.5%. This decrease in efficiency arise from an
increase in cell spacing losses (from 0% to 2.1%), metal shading losses
(from 0% to 0.4%), and reflection losses (from 0.6% to 1.2%).

Appendix C. Optimization monofacial tandem module

The optimization of the perovskite bandgap energy and thickness
is also performed for monofacial modules. Fig. C.1 shows the an-
nual module efficiency of the monofacial devices under operating
10 
conditions.
It can be seen that the optimal bandgap energy and thickness are

1.64–1.65 eV and 700 nm, respectively, and do not vary significantly.
The optimal bandgap energy is slightly larger in Shanghai and Lagos
due to their lower air mass. Also, it can be seen that there is no effect of
the ground material on the optimal values, as these monofacial devices
cannot receive any rear irradiance.

Appendix D. Results different climates

Fig. 10 shows the loss distribution of the optimal modules simulated
in Delft. The same analysis is also performed for the Shanghai, Lagos,
and Lisbon, which are shown in Figs. D.1, D.2, and D.3 respectively.
The same trends can be observed as the ones discussed in the main
text.

Appendix E. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.solmat.2025.113431.

https://doi.org/10.1016/j.solmat.2025.113431
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Fig. D.1. The loss distribution in Shanghai for the different ground materials. The optimal bandgap energy and thickness of the perovskite are shown for each situation.
Fig. D.2. The loss distribution in Lagos for the different ground materials. The optimal bandgap energy and thickness of the perovskite are shown for each situation.
Fig. D.3. The loss distribution in Lisbon for the different ground materials. The optimal bandgap energy and thickness of the perovskite are shown for each situation.
Data availability

We have included the data underlying Figure 8 supporting informa-
ion. Any other data is available upon request.
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