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Recent conversion efficiency breakthroughs in double-junction (tandem) perovskite/crystalline silicon solar cells
demand advanced opto-thermo-electrical simulations, that are critical for translating laboratory results into
realistic photovoltaic module and system performance. A holistic framework is here developed and presented,
combining cell-level simulations, spectral analysis, PV module and PV system modelling. After validating the
deployed physics models against measured cells and modules, hourly spectral irradiances for Delft, the
Netherlands, and Catania, Italy, are generated and clustered into representative “blue-rich” and “red-rich”
spectra. The effects of spectral variations on the current-matching and energy yield of tandem modules are
quantified. Realistic module architectures are simulated, integrating dynamic temperature and spectrum data.
Temperature coefficients are derived as a function of both irradiance and module temperature, significantly
improving upon traditional indoor-derived values. Results show that standard indoor-derived coefficients
under-/overestimate values in realistic conditions, highlighting the ultimate need for location-specific power
matrixes. This study offers a robust pathway to predict tandem module energy yields across seasons and climates,
supporting optimized design choices for industrial production and future PV installations.

1. Introduction towards real-world deployment require a comprehensive approach that

accounts for interactions across multiple spatial scales, from material

Multi-junction solar cells can achieve conversion efficiencies beyond
the theoretical limit of single-junction architectures, the so-called
Shockley-Queisser (SQ) limit [1]. Perovskite (PVK) on crystalline sili-
con (c-Si) tandem solar cells hold the greatest potential for ubiquitous
photovoltaic (PV) terrestrial applications, owing to (i) much lower
projected production and deployment costs than multi-junction solar
cells based on III-V photovoltaic technology [2,3], (ii) conversion effi-
ciency already well above the SQ limit of single-junction devices and
very close to 35 % [4], and (iii) TW-scale industrial basis ensured by c-Si
PV market dominance [5]. Recently, 3SUN and CEA-INES demonstrated
a PVK top cell combined with a silicon heterojunction (SHJ) bottom cell
in a two-terminal (2T) configuration, achieving 30.8 % efficiency over a
9 cm? area [6]. This and many other industrial developments [7-10]

properties and solar cell architecture to module integration and
system-level operation under diverse environmental conditions and
practical constraints [11].

Advanced opto-thermo-electrical modelling plays a crucial role in
this respect, enabling performance assessment of design choices at the
materials and cell levels, optimizing their combinations, and gauging
their impact not only on module and system performance in real-world
environments but also on capital and operational expenditures at the
industrial level. The PVMD Toolbox [12,13] provides a holistic simu-
lation framework for modelling custom PV (multi-junction) cells, mod-
ules, and systems in various operating conditions, covering the whole PV
value chain from materials to cell, modules and systems up to the
AC-side yield and power output time series. That is achieved by means of
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Fig. 1. Flow diagram of the in-house developed simulation framework adopted in this study, illustrating the sequential stages from spectra clustering (stage 0) and
optical modelling (stage 1) to AC energy yield and power series analysis (stage 7). Besides some preliminary inputs, each numbered (time-resolved) stage integrates
key computational processes, accepts certain inputs from previous stages and carries out outputs for next stage(s).

a multi-step modelling approach, wherein each step addresses a distinct
spatial scale (interface, cell, module, system). The outputs from one step
function as consistent inputs for the next, ensuring an integrated anal-
ysis of the causal relationships between design decisions and resulting
performance metrics. This methodology, that we call PV multi-scale
modelling, enables precise tracking, analysis, and optimization of sin-
gle- and multi-junction solar cells behavior, allowing for targeted im-
provements in real-world system applications. Through accurate
simulations, the PVMD Toolbox provides critical insights into material
and structural configurations, enabling the optimization of power
output at the module level and energy yield at the system level. Multiple
studies have demonstrated that the PVMD Toolbox can be used to
optimize monofacial and bifacial multi-junction devices [14,15]. Addi-
tionally, it has been applied to the simulation of floating PV systems [16]
and photovoltaic-thermal systems [17], highlighting the versatility of
the toolbox. Ultimately a comprehensive understanding of how design
choices influence real-world performance is provided, supporting the
advancement of high-efficiency tandem solar technologies with
enhanced robustness, reliability, and suitability for practical deploy-
ment. Key novel features include the implementation of spectral clus-
tering routines, the ability to simulate arbitrary module typologies and
the consistent incorporation of geometric layout and electronic protec-
tion. While specific aspects for energy yield simulations of tandem solar
cells have been addressed in previous studies [18-23], the novelty of the
PVMD Toolbox lies in the holistic integration of these elements within a
single, coherent platform. This enables detailed performance evaluation
at the cell, module and system levels, with consistent physical coupling
across the entire simulation chain.

In this work, we validate the PVMD Toolbox with respect to 3SUN’s
SHJ cells and modules, as well as 3SUN/CEA-INES 2T tandem cells, to
analyze the performance of yet-to-be-fabricated tandem modules first
under standard test conditions (STC) and then as function of spectral
irradiance. Specifically, we investigate the effects of various surface
texturing, wafer formats (M2 vs. G12), wafer cuts (double-cut vs. triple-
cut vs. no-cut), module topologies (standard sub-module strings vs.
butterfly configurations), and locations on the energy yield in two lo-
cations. The first part of this study focuses on validating our modelling
approach for both single-junction and tandem solar cells. Based on our

validated parameterization, we then optimize the solar cells and
compare their light management by analyzing the current densities of
different tandem device architectures as function of the interface
morphology between the top and bottom solar cells. In the second part,
we extend our validation and analysis efforts to the module level, where
we develop module archetypes based on both single-junction and tan-
dem solar cells. We simulate their performance and power output under
STC, assessing the impact of different design configurations. In the third
part, we transition to the system level, where we simulate the perfor-
mance of PV systems endowed with previously set up modules in real-
world locations. This step ensures the technological consequences of
all production choices made at the cell level are reflected all the way
through to the system level, allowing for a comprehensive evaluation of
their impact. In the last part of our study, our holistic simulation
framework is employed to study the effect of spectral irradiance on the
performance of 2T tandem-based PV modules, demonstrating that the
temperature coefficients of such PV modules in realistic conditions do
depend on the spectral irradiance too. This approach not only deepens
the understanding of spectral effects on photovoltaic systems but also
supports the design of more robust and location-adaptive solar
technologies.

2. Methodology

Fig. 1 presents a flow diagram outlining the in-house developed
simulation framework employed in this study (the so-called PVMD
toolbox). The diagram illustrates the stages of the modelling framework,
beginning with optical simulations and progressing through to the AC-
side energy yield analysis. Each step integrates essential computa-
tional processes, including spectral irradiance clustering, ray tracing,
irradiance transposition, thermal modelling, semiconductor physics
simulation, and lumped element method for power output evaluation.
This holistic framework enables a detailed and integrated performance
assessment of custom photovoltaic systems under realistic operating
conditions.

The optical system is initially defined in stage 1 by specifying the
optical layer stack. Ray and wave optics modelling are then applied
using our in-house developed software, GenPro4 [24], to compute the



P. Procel et al.

Solar Energy Materials and Solar Cells 293 (2025) 113864

Input ] i 1 r—— }
parameters Physical models Semiconductor equations . " -
= Geometry GenPro Poisson equation l ‘
"€ . - ev2¢ = _Q(p =iqr ND = NA) - ptrap / ) T
. T — Mobility e
LTt Tunnelling Continuity equation

—— a(- 80
. models  [@==b + V-] =q(R-G)+q5 \ £
= [ 5
. nﬁ Band gap g,
. N il =P narrowing 2 v
() B I
= DOS Recombination Fermi statistics L o wroTowen)
LI mechanisms . Rl
=  Radiative f(E)= = J.=1.21 mAlcm
1 + ex (E EF) Buk i
=  Auger 14 %aT .
= SRH
Dipole layer - %

SYNOPSYS' Aﬁ

/ FSF sut —— FSF.smulated
byr-\nny 1075% - = FSF-measured
FSF s —— NO FSF-simulated

BSF cont
253%  602%

~ NO FSF-measured

%0 0.2 0.4 06
viv)

Fig. 2. Flowchart of Stage 5 (Semiconductor Physics). Among the input parameters we enlist permittivity (¢), temperature (T), mobility (p), electron affinity (y),
band gap (Ey), tunneling mass of electrons and holes (my.)), carriers’ density or doping concentration (N()), density of states (DOS). The input parameters are fed to
various physical models and are coupled with the semiconductor equations: the Poisson equation and the continuity equation, where J(,) stands for the current
density of electron or holes. Such equations are solved consistently with the Fermi-Dirac statistics, where E, Er and kg are energy, Fermi energy, and Boltzmann
constant, respectively. The results are represented as band diagrams, spectral response spectra, current density — voltage (J-V) curve, and losses breakdown. This

figure is adapted from Ref. [38].

absorption profile in each layer of the (multi-junction) solar cell. The
resulting output is used as input for stage 2, where the absorptance in the
cell (or in each sub-cell in case of a multi-junction solar cell) is quantified
as a function of wavelength and incident angle, and as the generation
profile used as input for stage 5. The incident light spectrum (also known
as spectral irradiance) is used as input for stage 1. Initially assumed to be
the standard AM1.5 spectrum, this input can be varied in stage 0, known
as spectra clustering (see Section 2.5), which is employed in the last part
of this work to study the impact of spectral variations on tandem PV
modules performance (see Section 3.5). In general, our modelling
framework can be adapted to employ specific spectral irradiances
enabling the modelling of a wide range of applications from space
environment to any global terrestrial locations.

In stage 2, the computed absorption profile is utilized by the system’s
ray-tracing software, Lux, which is another in-house developed tool.
Incorporating key parameters such as module dimensions, mounting
height, azimuth, tilt, and environmental boundary conditions, such as
albedo [25], Lux calculates a sensitivity map, which characterizes the
absorptance in each solar (sub-)cell for every element in which the sky is
meshed (sky element) as a function of wavelength, including
ground-related reflection. This methodology enables the simulation of
entire PV module arrays extending computations in both lateral (left--
right) and longitudinal (forward-backward) directions. The resulting
data are used as input for the next computational stage.

Knowing tilt and azimuth, setting the mounting location, and
considering the skyline profile [26], stage 3 introduces time-dependent
simulation of irradiance on the plane of array using the transposition
model approach. The Perez model [27] is employed to reconstruct the
sky map [25] for each hour of the year (or other needed time step),
enabling dynamic simulations. A sky map quantifies the irradiance
contribution from each sky element. Here, we use location-dependent
direct normal irradiance and diffuse horizontal irradiance obtained
from Meteonorm [28] and the Simple Model of the Atmospheric Radiative
Transfer of Sunshine (SMARTS) [29] to account for the spectrum of
irradiance. More recently, we have also implemented a version

incorporating SBDART [30], which provides spectral shaping while
accounting for cloud cover and illumination-dependent spectral varia-
tions. The transposition model integrates the various irradiance com-
ponents onto the plane of the array. At this stage, we compute the
absorbed irradiance at the module level, which is the primary output of
this stage. Additionally, the second key output of the transposition
model is the implied photocurrent density of the (sub-)cell(s), which is
used in subsequent modelling stages.

The absorbed irradiance from stage 3 is then used as an input for the
thermal model in stage 4. Our PVMD toolbox can employ multiple
thermal models, ranging from simple empirical models such as the
Sandia [31] and Faiman [32] models to advanced fluid dynamics-based
models [33]. These models require additional inputs, including ambient
temperature, wind speed, convective heat transfer coefficients, and the
coefficient of vertical diffusion [33] of the module’s glass. A key feature
of the thermal models is their capability to calculate the temperature of
each individual solar cell, allowing for the assessment of temperature
variations caused by potential shading effects. The primary output of
this stage is the temperature distribution across the solar cells
composing the PV module.

In stage 5, we use the generation profile from stage 1 along with the
electronic parameters of the materials in the solar cell. This stage ac-
counts for semiconductor physics, employing a finite element method
(FEM) using either TCAD Sentaurus [34] for 2D and 3D simulation do-
mains or our in-house developed Advanced Semiconductor Analysis
(ASA) software [35-37] for 1D simulation domains. Here, we solve the
fundamental semiconductor equations governing solar cell operation.
The result is a set of current density-voltage (J-V) curves as a function of
irradiance (G) and temperature (T) ranges. From these J-V curves, we
extract the parameters describing the one-diode model of solar cell for
any given irradiance and temperature within the previously modelled
ranges.

In stage 6, we employ a calibrated compact model that integrates
outputs from the semiconductor physics block (stage 5), the trans-
position model block (stage 3), and the thermal model block (stage 4) to
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Fig. 3. Sketch of single- and double-junction solar cells used in this work: (a) baseline bifacial SHJ, (b) mono-like bifacial SHJ (also known as monofacialized), and
(c) tandem solar cell consisting of a top perovskite solar cell and a bottom SHJ solar cell. Note, despite being sketched as flat for ease of representation, both single-
junction SHJ cells employ front and rear textured c-Si bulk. On the other hand, the tandem solar cell is evaluated for different interface morphologies at the front,
between the top and bottom cells, and at the rear bottom cell interface. The configurations considered are: F/F - flat interfaces at both the top/bottom junction and
the rear side, with a conformal top cell; F/T — a flat interface between the top and bottom cells and a textured rear side with a conformal top cell; T/T - both interfaces
are textured with a conformal perovskite layer; and T/T R - both interfaces are textured, with a repleted top cell.

ensure a comprehensive assessment of the interdependencies between
irradiance, temperature, and electrical performance, enhancing the ac-
curacy of the overall PV module simulation. This model further in-
corporates module-specific properties, such as module dimensions
(consistent with stage 2) and interconnection characteristics, which
model resistive losses at soldering points and bypass diodes. The primary
output of this stage is the digital twin of a PV module, which may
contain solar cells that are either already commercially available or
under development, such as tandem solar cells. Notably, stage 6 allows
us to simulate PV modules that do not yet exist, providing a powerful
tool for predictive performance and energy-yield analysis. Selecting
different boundary conditions, this stage outputs the power output of the
PV module in STC, defined as AM1.5 spectral irradiance, irradiance
equal to 1000 W/m?2, 25 °C cell temperature, and zero wind speed, or in
realistic conditions, where irradiance and temperature vary dynamically
over time according to meteorological input. Since this stage is time-
resolved, a dynamic evaluation of power output under realistic opera-
tional scenarios is enabled, accounting for environmental fluctuations
throughout the day.

Finally, in stage 7, we introduce different inverter types and models,
allowing for the conversion of power flow from direct current (DC) to
alternate current (AC). This stage enables the simulation of the AC-side
energy yield (EYac) and provides a time-series analysis of power output.

In this study, we do not extend our analysis to stage 7. Instead, we
focus on evaluating the power output and energy yield at the DC side
(EYpc) of our devices. In the following sub-sections, we provide a
detailed description of the semiconductor physics stage (stage 5), the
compact modelling approach (stage 6), the input parameters required
for PV module characterization (stage 2), the input information from
module to PV system calculations in stage 6 and the spectral clustering
approach used to estimate the time-dependent incident spectra. These
components are critical for accurately modelling the opto-thermo-
electrical behavior of the PV system and ensuring self-consistent reli-
able energy yield predictions.

2.1. Semiconductor physics simulations
To accurately model the opto-electrical behavior of advanced solar

cell architectures, we employ the FEM approach to numerically solve the
fundamental semiconductor equations. In this study, we utilize a 2D

simulation domain and, therefore, employ TCAD Sentaurus for model-
ling. This approach is particularly critical, as state-of-the-art solar cells
exhibit ultra-low recombination currents (Jp), minimal contact re-
sistivities, and high minority carrier lifetimes. Consequently, meaningful
modelling must accurately capture the complex physical phenomena
governing the performance of different solar cell architectures under
evaluation.

The flowchart depicting the simulation process for the semi-
conductor equations is shown in Fig. 2. The semiconductor equations
require an extensive set of input parameters, including both geometrical
configuration and optoelectronic properties of the materials constituting
the solar cell under study. These parameters are incorporated into
GenPro4 for optical modelling and into other physical models to accu-
rately simulate the physics of heterointerfaces, which is especially
essential in multi-junction solar cells. Such models are then self-
consistently coupled with the semiconductor equations and the Fermi-
Dirac statistics, ensuring a rigorous representation of carrier distribu-
tion, charge transport, recombination mechanisms, and electrostatic
potential variations. More details about this methodology are discussed
elsewhere [38]. The primary simulation outputs include energy band
diagrams, spectral response, J-V characteristics, losses breakdown,
which are computed for each irradiance-temperature pair. This
approach provides a comprehensive evaluation of solar cell performance
under varying operating conditions. In this study, we analyze SHJ and
perovskite/SHJ solar cells.

Three solar cell architectures are investigated in this work. The first
is the baseline bifacial SHJ solar cell, which allows light absorption from
both the front and rear sides (see Fig. 3a). The second is the mono-like
bifacial SHJ solar cell, a modified bifacial SHJ design featuring a
mono-facial-like structure, aimed at improving the light absorption from
only one side of the solar cell while using similar bifacial configuration
as in the first architecture (see Fig. 3b). The third is the tandem solar cell,
a double-junction solar cell architecture consisting of a perovskite top
cell stacked on a SHJ bottom cell (see Fig. 3c). In the latter case, different
interface morphologies are considered at three key interfaces: the front
surface, the interface between the top and bottom cells, and the rear
interface of the bottom cell (see Fig. 3d). These morphologies result in
the following additional solar cell architectures.
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Table 1
Summary of models and input material parameters. SRV stands for surface
recombination velocity.
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Table 2
Summary of layers thickness and TCO carrier concentration considered for each
solar cell. ARC stands for anti-reflective coating.

Crystalline Silicon (c-Si)

Bandgap Schenk [42] Intrinsic carrier 9.65 x 10° cm ™2 at
narrowing density 300 K [43]

Mobility Klaassen SRV 0.01 cm/s

[44]

SRH lifetime 40 ms [45] Resistivity 2Qcm

Thickness 160 pm

Crystalline Silicon (c-Si) ITO Rear i-a-Si:H n-a-Si: p-a-Si:

(Bottom) SHJ solar cell [46] TCO [46] H [46] H [46]

Electron affinity (eV) 4.9 4.9 3.9 3.9 3.9

Band gap (eV) (front/ 3.1 3.1 1.93/ 1.84 1.69
rear) 1.86

Electron/hole mobility 39/39 55/55 20/4 25/5 25/5
(cmzvflsfl)

Relative permittivity 4 4 11.9 11.9 11.9

Electron/hole tunneling 0.1 0.1 0.1 0.1 0.1
mass (my*)

Effective CB DOS (cm™3) 4 x 4% 2% 2 x 2 %

1018 1018 1020 1020 1020
Effective VB DOS (cm™%) 1.7 x 1.7 x 2 x 2 x 2 x
101 1019 1020 1020 1020

Activation energy (meV) 100 350

Carriers concentration 1.93 x 4 x
(em™3) 10%° 10'°

DOS energy distribution DOS distribution [46]

Crystalline Silicon (c- MgF, C60 BCP Perovskite SAM

Si)Top perovslkite [47-49] [47, [51] [51-53]

solar cell 48,50]

Electron affinity 0.45 3.9 2.5 3.9 1.8
(eV)

Band gap (eV) 10.9 2.1 3.5 1.68 3.5

Electron/hole 8.9 x 25/25 1.62 1x10°3
mobility 107*
(ecm?v—1s71)

Relative 6 10 10 6.5 10
permittivity

Electron/hole 0.1 0.1 0.1 - 0.1
tunneling mass
(mo*)

Effective CB DOS 2x10%  2x 442 x 107 2x 10"
(ecm™3) 10'8

Effective VB DOS 2x 10"  2x 8.47 x 10'® 2 x 10"
(em™3) 10'°

Carriers 8x10® 1x (-)5 x
concentration 10%° 10
(em™®)

- Flat/Flat (F/F): Both the interface between the top and bottom cells
and the rear side of the bottom cell are considered flat, with a
conformal perovskite layer;

- Flat/Textured (F/T): A flat interface between the top and bottom
cells with a textured rear surface of the SHJ bottom cell. The
perovskite top cell is conformally deposited over the flat interface
[39];

- Textured/Textured (T/T): The interface between the top and bot-
tom cells as well as the interface at the rear side of the bottom cell are
textured. The perovskite top cell is also conformally textured [40];

- Textured/Textured Repleted (T/T R): Similar to the previous
configuration, but with a repleted perovskite top cell [41].

These architectures are systematically evaluated to determine their
impact on the performance of the solar cell in terms of J-V curves, fol-
lowed by the analysis at the module level in terms of power output, and
ultimately at the system level in terms of energy yield. The electron and
hole transport layer (ETL and HTL) stacks of both the single-junction
SHJ solar cells and the bottom SHJ cells are based on hydrogenated
intrinsic amorphous silicon (i-a-Si:H) passivating layer, n-type or p-type
doped hydrogenated amorphous silicon (a-Si:H) layers, and indium tin

SHJ (baseline) SHJ (Bottom cell) Perovskite (Top

cell)
ETL HTL ETL HTL ETL HTL
i-a-Si:H 5.97 9.15 nm 5nm 9.15
nm nm
dopeda-Si: 7.1nm  11.67 nm 6.5 nm 11.67
H Mono-like: nm
17 nm
TCO 70 nm 100 nm (Rear 6 nm 100 nm 100 nm
(ITO) TCO) (ITO - (ITO) (ITO)
TRJ)
c-Si 160 pm (double side 280 pm (F/F, F/T,
textured) T/T)
BCP 5nm
Ceo 5 nm
MgF, 1 nm
Perovskite 330 nm
SAM 2
nm
Front ARC 90 nm
(MgFs)
Rear Mono-like:
450 nm
(EVA) +
black sheet

Current Density [mA/cmZ]

Voltage [V]

Fig. 4. Simulated J-V curves of an SHJ solar cell for different pairs of tem-
peratures (10 °C-90 °C) and irradiance levels (10-1200 W/m?).

oxide (ITO) as transparent conductive oxide (TCO) layer. As for the top
cell of the double-junction device, the ETL stack consists of MgFs, Cgo,
BCP, and ITO, while the HTL is based on the self-assembled monolayer
(SAM) 2PACz. The tunnel recombination junction is formed by the ITO
(part of the ETL of the bottom cell) and the SAM layer from the top cell.

Fig. 5. Equivalent circuit model used for parameterizing the compact model of
the solar cells under study.
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Fig. 6. Different module archetypes considered in this study: M2 endowed with either 1J or 2J solar cells, and G12-0, G12-1, G12-2, and G12-3 endowed with only

2J solar cells.

The physical models, the electronic parameters and the thicknesses used
to simulate these solar cells are summarized in Tables 1 and 2.

2.2. Solar cell to PV module compact modelling

The compact modelling approach is used to parameterize the elec-
trical behavior of the solar cell based on the results obtained from the
semiconductor physics simulation. Each J-V curve computed in the
semiconductor physics stage (see Fig. 4) is utilized to extract the pa-
rameters of the compact model, which follows an equivalent circuit with
single-diode representation of the solar cell as Fig. 5 illustrates. The one-
diode model, represented by the following equation:

B q(V-IR)\ ] V-IRs
rslen (M) 1] e @

is characterized by five parameters: I stands for the reverse saturation
current, I, for the photogenerated current, n for diode ideality factor, Rg
for the series resistance and Ry, for the shunt resistance. These parame-
ters are determined through a numerical fitting procedure, where each
parameter is expressed as a function of irradiance and temperature. The
resulting functional dependencies allow for the reconstruction of the J-V
characteristics at any given moment, dynamically adjusting according to
irradiance and temperature variations based on a specific meteorolog-
ical input.

For power output analysis, this methodology extends beyond STC by
allowing irradiance and temperature to vary while maintaining
perpendicular illumination to the PV module. This approach, often
referred to as pseudo-STC, provides a more realistic assessment of PV
module performance under real-world conditions, bridging the gap be-
tween standardized testing and dynamic operational environments.
Moreover, this parameterization framework is not limited to STC but is
designed to account for a wide range of operating conditions, enabling

Table 3

accurate modelling of PV module behavior across varying environ-
mental scenarios. In this study, whichever spectral irradiance used as
input of stage 1, that once integrated over the wavelength range yields a
certain irradiance value, is scaled up or down with a wavelength-
independent constant value to account for the spectral richness of the
input light while allowing to seamlessly simulate the solar cell behavior
from low light to high light illumination regimes:

G=sG=s. / E()dA 2]

A

where Gg is the scaled irradiance (W-m’z), s is the scaling factor, which is
a real number greater than 0, G is input irradiance value, E()) is the
input spectral irradiance (W-m~2nm™'), A; and A, are the wavelength
boundaries.

By implementing this parameterization strategy, the compact model
is used as a computationally efficient yet highly accurate representation
of the solar cell’s electrical performance. This approach ensures that
dynamic variations in operating conditions, such as fluctuations in
irradiance, temperature, and environmental factors, are accurately
captured in time-resolved simulations, providing a robust foundation for
subsequent energy yield predictions and system-level analysis.

2.3. PV modules design

To comprehensively assess the modelling of PV modules under par-
tial shading conditions, various module configurations are considered
for both single-junction and double-junction solar cells. The module
archetypes evaluated in this study are presented in Fig. 6.

The M2 reference module is used as the baseline for simulating
single-junction (1J) bifacial or monofacialized solar cells as well as
double-junction (2J) devices. This module consists of 216 triple-cut M2

Summary of properties and solar cell types used in various module archetypes considered in this study.

Module archetype name

Properties M2 G12-0

G12-1

G12-2

G12-3

Wafers size Triple-cut M2
Wafers number 216

Triple-cut G12
120

Half-cut G12
80

Full size G12
40

Full size G12
40

Configuration Three strings in parallel per half- Three strings in parallel per half- One string per half- One string per half- One string per
module module module module module
Bypass diode 3 3 1 1 1
(s)
Layout Butterfly Butterfly Butterfly Butterfly Standard
Cells type 1J Bifacial, Monofacialized 2J T/T 2J T/T 2J T/T 2J T/T
2J F/F, F/T,
T/T, T/TR
Area 1.904 m? 1.896 m? 1.996 m? 1.989 m? 1.997 m?
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Fig. 7. Average red-rich spectral irradiance (red-solid line) recorded between 9:00 and 10:00 on the June 6, 2022 at the PV outdoor monitoring station of Delft
University of Technology in Delft (the Netherlands). Colored-dashed curves are modelled spectral irradiance curves for the same location and different moments of
the day. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

wafers, arranged in three strings in parallel per half-module (i.e. 36
triple-cut wafers per string), and incorporates three bypass diodes to
mitigate shading-induced losses. Each bypass diode connects one string
from the top half-module to the related string from the bottom half-
module. The total area of the module - edge-to-edge including the
aluminum frame - is 1.904 m>. For double-junction (2J) architectures,
we also consider other four PV module archetypes based on the G12
wafer size, see Table 3. All module archetypes but G12-3 include a
middle section width of 13.6 mm to accommodate the bypass diode(s).
All module archetypes are glass-to-glass while the M2 module based on
1J monofacialized SHJ cell is glass-to-back sheet. Each glass sheet is 2-
mm thick and endowed with ARC [54]; the EVA layers employed are
UV-transparent. In this study we have not adjusted the cell ARC to better
match the module encapsulation.

2.4. PV systems configuration

The PV system configuration is set at stage 2 of our modelling
framework (see Fig. 1). This study specifically considers PV systems
deployed in two distinct geographical locations: Delft (the Netherlands)
and Catania (Italy). Fig. 8 presents a schematic view of the archetype PV
system.

As both sites are situated in the Northern Hemisphere, the PV arrays
are oriented with an azimuth angle directed southward to optimize solar
energy capture. The tilt angle is location-dependent and is typically
chosen for optimizing annual production. However, in this study we
fixed the tilt angle value to 25°, which maximizes annual production
during summer in both locations. This is because differences in latitude
matter less in summer as both locations have relatively high solar ele-
vations (up to 61° in Delft and 73° in Catania). The height at which the
module is mounted (hyy) is set to 1.5 m, which is the distance between
ground and the bottom edge of the PV module and ensures a uniform
treatment of the ground-reflected irradiance component [55]. The al-
bedo () is set to 0.2, implying that 20 % of the incident solar irradiance
on the ground is reflected. That is, no explicit assumptions are made
regarding the ground surface material, since the reflected spectral irra-
diance has the same shape as the front incident spectral irradiance with
the value of the wavelength-integrated reflected irradiance being 20 %
of the value of the front incident irradiance. This is a numerical process
just like that previously reported in Equation (2).

The horizon is considered free from obstructions, ensuring an unre-
stricted sky view factor for the PV module and system. Nevertheless, the

SOUTH

Fig. 8. Schematic view of PV system scene as input in stage 2 of our model-
ling framework.

model is fully capable of integrating scenarios with obstructed horizons,
such as those encountered in urban or complex terrain environments,
allowing for the calculation of shading effects and their impact on sys-
tem performance. The modelling methodology for PV system simula-
tions has been rigorously validated and previously reported in Refs. [56,
57] ensuring the accuracy and reliability of the presented results.

2.5. Clustering of spectral irradiances

Multi-junction solar cells, especially in 2T configuration, are highly
sensitive to the incident spectral irradiance, which varies significantly
with geographic location, time of day, and atmospheric conditions.
Accurately capturing and analyzing these spectral variations is essential
for realistic performance assessment and further optimization. In this
study, we present a spectral clustering methodology to classify irradi-
ance data into representative spectral profiles, specifically, blue-rich and
red-rich types, thus enabling a more precise evaluation of their impact on
tandem device behavior while minimizing the computational efforts.

In the initial stage, the SMARTS model [58] is used to generate
hourly spectral irradiance data for a specific location over the course of
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Fig. 9. Modelled hourly spectra assigned to the corresponding time slots, where each row represents the month of the year, and each column represents the hour of
the day. The number in each cell indicates the number of unique spectra modelled by SMARTS at the each (month, hour) pair in Delft, the Netherlands. 4497 spectral
irradiances were modelled for Delft at each hour of each month of the year. The white-colored cells bear no information, as the sun disk was below the horizon, so no

spectral irradiance could be extracted.

an entire year. This model computes clear-sky spectral irradiance based
on user-defined atmospheric conditions. In essence, it captures the ef-
fects of atmospheric variability, such as temperature, pressure, aerosol
concentration, and water vapor content, on the spectral distribution of
solar irradiance across different wavelengths. An example of how the
spectral irradiance can be different than the standard AM1.5 spectrum
and varies during a certain day in a certain location can be found in
Fig. 7.

The resulting spectral outputs are organized into a time-resolved
matrix, where hourly spectra for each day of the year are grouped into
predefined time slots. Fig. 9 illustrates such a spectral clustering
approach for the location of Delft. In this matrix, each row represents a
month of the year, and each column corresponds to an hour of the day.
For instance, the cell at the (January, 10) intersection contains all
modelled spectra for 10:00 time across the 31 days of January. The
number of spectra in each cell indicates how frequently those specific
spectral conditions occur at that time during the month.

Following this, the spectra within each time-cell are aggregated to
produce a single representative spectrum, calculated as the global hor-
izontal irradiance (GHI)-weighted spectrum. This process involves the
following three key steps. First, calculate the GHI for each spectrum by
integrating the spectral irradiance over the defined wavelength range:

Ao

GHI(i) = / E(i,A)dA 3)

A1

Second, determine the weight of each spectrum, w(i), by normalizing
the related GHI to the total GHI within the (month, hour) pair, which
contains n spectra:

HI (i
w(i) = l:nGi
> GHI(i)

i=1

@

Third, compute the GHI-weighted average spectral irradiance by
applying the weights to each spectrum and summing over all n spectra:

i=n

Eu(1) =Y w(i)-E(i, ) ©)

i=1

where E (i,4) is the spectral irradiance of the i-th spectrum within a given
(month, hour) pair, w(i) denotes the corresponding weight, n is the total
number of different spectral found per month, and Ew(4) is the GHI-

Table 4
Blu-rich and red-rich classification conditions applied to representative
spectral irradiances.

Blue-rich Red-rich
GHIy s piue GHlIyy s red GHIy s piue GHlIyy s red
GHIamspiwe  GHIam15 red GHIamispie  GHIam5,red

weighted spectrum representative of that (month, hour) pair. This pro-
cess reduces the number of spectra within each cell to a single GHI-
weighted spectrum, enabling a more computationally efficient and yet
representative analysis of spectral variation effects on tandem devices.
In total, for Delft location, we could reduce the total number of spectral
irradiances from 4497 to 159. Each GHI-weighted spectrum is subse-
quzently scaled (Ew ) to match the reference AM1.5 spectrum (1000 W/
m*):

(6)

280

The representative GHI-weighted spectra are integrated into two
spectral regions: blue (300 — cutoff wavelength nm) and infrared (IR)
(cutoff wavelength — 1200 nm). The cutoff wavelength corresponds to
the wavelength at which the spectral response of the top cell is exceeded
by that of the bottom cell in our tandem configuration (see Section 3.1.2
for this specific study). To determine the spectral “richness,” the GHI
contributions for both spectral regions are computed by integrating the
spectral irradiance over their respective wavelength intervals:

lcumﬁ

GHIw,s,blue: / Ew,sd/'l (7)
300
1200

GHlyeri= [ Eucl ®
'{cumff

By comparing these values to those obtained from the reference
AML.5 spectrum, each spectrum is classified as either blue-rich or red-
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Fig. 10. Classification of the 159 representative hourly spectral irradiances as blue-rich (light blue cells) or red-rich (light red cells) in Delft, the Netherlands. The
yellow-highlighted column indicates the set of 3 red-rich and 9 blue-rich spectral irradiances at 13:00 h (one per each month of the year). This is used for a sanity
check of our modelling approach of 2J solar cells (see Section 3.1.2). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 11. Representative blue-rich and red-rich spectral irradiances modelled for Delft, the Netherlands (left) and Catania, Italy (right). The described pair-wise
clustering approach finally led to 8 spectra for Delft: 1 for blue-rich and 7 for red-rich. In the case of Catania, 7 representative spectra were found: 1 for blue-
rich and 6 for red-rich. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

rich according to the conditions in Table 4, based on the relative
enhancement in the corresponding wavelength region.

For instance, assuming a cutoff wavelength of 740 nm, the classifi-
cation results for blue-rich and red-rich spectra in Delft are presented in
Fig. 10. Red-rich spectra predominantly occur during the winter months
and in the early morning or late afternoon hours, periods when the sun is
low on the horizon. Conversely, blue-rich spectra are more common
during the summer months and around midday. This distribution aligns
with physical expectations, as low solar elevation angles result in longer
atmospheric paths, which increase scattering and absorption of shorter
wavelengths, thereby enriching the red component of the spectrum.

Due to the large number of unique spectra generated, which signif-
icantly impacts the computational time required for subsequent energy
yield simulations, we implemented a further clustering strategy within
each spectral group (blue-rich and red-rich). Specifically, we performed
a pairwise comparison of spectral shapes using two statistical parame-
ters: the coefficient of determination (Rz) to assess shape similarity, and
the root mean square error (RMSE) to evaluate intensity differences. For
the Delft location, by applying a clustering threshold of R? = 0.90, we
were able to reduce the 73 unique blue-rich spectra to a single repre-
sentative spectrum, and the 86 red-rich spectra to 7 representative
spectra, with corresponding RMSE values of about 0.1 W/m?/nm in both
cases. The representative spectral irradiances found for Delft and

Catania after the described clustering process are reported in Fig. 11.

The spectral clustering methodology introduced in this work pro-
vides a novel and accurate alternative to conventional irradiance
modelling by accounting for both the total incident power and its
spectral shape. This level of detail is particularly critical for 2T 2J solar
cells, which are highly sensitive to spectral variations driven by
geographic location, time of day, and atmospheric conditions. Unlike
simplified approaches that rely solely on scaled AM1.5 spectra, our
method enables the classification of real-world irradiance data into
representative spectral profiles thereby providing a more realistic and
nuanced understanding of how spectral quality influences device
behavior and energy yield.

Finally, it is worth mentioning that the simulations presented in this
study are based on a representative fabricated device and follow a
deterministic approach. However, the PVMD Toolbox is equipped to
incorporate statistical input distributions, allowing for uncertainty and
sensitivity analyses across the full simulation stack, from material and
device to module and system levels.
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Table 5

External parameters of the modelled solar cell relative to the baseline SHJ de-
vice. The “Optimized” column reflects performance gains after iterative device-
level enhancements, while the “Monofacialized” column includes additional
improvements obtained by simulating a monofacial configuration with a
reflective white backsheet.

External Measured Modelled Optimized Monofacialized
Parameter Baseline Baseline

AJsc [mA/cm?] —0.48 0.00 +0.160 +0.800

AV [V] 0.00 0.00 +0.005 +0.000

AFF [-] 0.00 0.00 +0.019 +0.019

AMaps [%] —0.29 0.00 +0.780 +1.170

Table 6
Comparison of measured external parameters of the tandem 2T baseline solar
cell relative to those of the modelled tandem 2T baseline solar cell.

External Measured Modelled
Parameter Baseline Baseline
AJsc [mA/cm?] —0.110 0.00
AVoc [V] —0.020 0.00
AFF [-] —0.008 0.00
Anaps [%] —0.460 0.00

3. Results and discussion
3.1. Validation of solar cells and PV modules modelling

3.1.1. SHJ solar cells

In the cell level simulations (stage 5 of our modelling framework),
the initial step involves validating the model by comparing the simu-
lated performance and external parameters with experimental data ob-
tained from the baseline bifacial c¢-Si SHJ solar cell. In Table 5, the
simulated external parameters (short-circuit current density, Jsc, open-
circuit voltage, Vo, fill factor, FF, and conversion efficiency, n) of the
baseline device are considered as the reference, and their variation is
reported with respect to the values measured from the fabricated base-
line device. The comparison shows a deviation of only 0.3 % absolute
from the measured performance of Voc and FF. This almost perfect
match indicates excellent agreement between the results of our model-
ling framework and the reference solar cell, implying the appropriate
capturing of the physics and charge carriers transport mechanisms at
play in such types of solar cells. The optical bifaciality factor, that is the
ratio of the implied photo-current density (J,p) at the rear side over the
Jpn at the front size (Jph-rear/Jph-front); i 92.91 % as calculated for normal
incidence of light.

Subsequently, we apply a series of iterative processes to enhance the
performance of the baseline device. This optimization process is carried
out under industrially feasible conditions. Specifically, we consider
three optimization steps: (i) transport layer thickness modification, (ii)
adjustment of the c-Si bulk resistivity, and (iii) implementation of a
higher mobility TCO as an alternative to ITO. Following these im-
provements, we evaluate the performance of the resulting so-called best-
performing solar cell. We observe that the calculated external parameter
values exhibit a significant improvement across all metrics compared to
the simulated baseline solar cell, except for Voc, which exhibits only
marginal enhancement. For comparison, we also simulate a mono-facial
version of the best-performing (originally bifacial) solar cell. To this end,
an EVA encapsulant and a highly reflective back sheet, modelled as a
Lambertian scatterer (white back sheet simulation), are included on the
rear side of the solar cell. The calculated external parameters for this
mono-like configuration show a further enhancement compared to the
bifacial best-performing cell, particularly with an increase of 0.8 mA/cm?
in Jsc and a 1.17 % absolute gain in overall efficiency.
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Fig. 13. J-V curves of calibrated tandem solar cell as function of twelve spec-
tral irradiances representing illumination input in Delft at 13:00 h.

3.1.2. Tandem perovskite/SHJ solar cells

For the validation of the simulated tandem solar cell, we use as a
reference a previously reported device exhibiting a certified power
conversion efficiency of 27.1 % [59]. The standard tandem stack con-
sists of a perovskite top cell monolithically integrated with a bottom c-Si
SHJ solar cell, as illustrated in Fig. 3c. At this stage, all interfaces within
the tandem architecture are simulated as flat.

Table 6 presents the differences between the modelled and measured
external parameters of the tandem solar cell, using the simulated values
as the reference. The discrepancies are minimal, indicating a reasonable
agreement between the fabricated and simulated devices. It is worth
noting that our simulation platform includes a detailed analysis of the
perovskite top cell, accounting for surface recombination, passivation
effects, and charge transport mechanisms consistently coupled at het-
erointerfaces [60,61]. The opto-electronic model of the tandem device is
further validated by comparing the simulated and measured EQE spec-
tral response, as shown in Fig. 12. We observe an almost perfect match
between the top, bottom, and tandem solar cells across the entire
wavelength range of interest (300-1200 nm), indicating that the model
accurately replicates the physics of the tandem structure. Note that for
the tandem device simulations, the SAM/ITO interface play a crucial
role on device performance due to its influence on the energy alignment
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Dependency of the tandem solar cell Jsc on blue-rich and red-rich spectra. In all months but February the Jsc values of the
tandem device align with the Jsc of the sub-cell limiting the spectral response of the tandem device.

Ginput Jsc Jsc_top Jsc_bot Input Limiting
Month [W/m?3] [mA/cm?] | [mA/cm?] | [mA/cm?] | spectrum Sub-cell Result
January 275 5.19 5.20 5.53 | Red-rich Top OK
February 435 8.17 8.19 8.32 | Blue-rich Top -
March 622 11.83 12.12 11.93 | Blue-rich Bottom OK
April 794 15.02 15.47 15.15 | Blue-rich Bottom OK
May 899 16.91 17.54 17.04 | Blue-rich Bottom OK
June 936 17.56 18.27 17.70 | Blue-rich Bottom OK
July 913 17.16 17.82 17.29 | Blue-rich Bottom OK
August 830 15.66 16.17 15.78 | Blue-rich Bottom OK
September 686 13.08 13.33 13.17 | Blue-rich Bottom OK
October 506 9.73 9.83 9.82 | Blue-rich Undecided -
November 330 6.29 6.30 6.56 | Red-rich Top OK
December 234 4.39 4.39 4.76 | Red-rich Top OK
Table 8 the reference tandem solar cell, we investigate the impact of different
able

Summary of the absolute short-circuit current
density (Jsc) and efficiency gains for different
tandem solar cell morphologies, relative to the
flat/flat (F/F) reference structure and the
monofacial single-junction reference device.

AJsc Anabs

[mA/cm?] | [%]
SHJ (monofacial) n.a. 0.00
FIF 0.00 | 2.51
FIT 159 | 3.27
TIT 235| 441
TTR 1.82 | 3.41

between the top and bottom solar cells in the tandem architecture.
Simulations indicate that variations in this alignment can lead to sig-
nificant changes in tandem efficiency. The configurations analyzed in
this work correspond to conditions consistent with the experimentally
observed device behavior (see Fig. 13).

To further validate our modelling approach, we simulate our cali-
brated tandem solar cell using as input the twelve spectral irradiances
highlighted in Fig. 10 at 13:00 h of the day in Delft, the Netherlands,
while forcibly keeping the solar cell temperature at 300 K. Note, each of
these location-related spectra is the representative spectrum for each
month of the year at a given time. This means every day of a specific
month (e.g. 31 days in January) would have the same spectrum at a
specific time. The purpose of this test is to isolate the effect that blue-rich
and red-rich spectral irradiances have on the device Jgc. Specifically, as
we can calculate the spectral response of both sub-cells and compute
their photo-current density, we can observe which sub-cell limits the Jg¢
of the whole tandem solar cell and verify if expectations are met. As
blue-rich (red-rich) spectrum provides more (less) input light to the top
cell, the Jsc of the tandem device is expected to be limited by that
realized by the bottom (top) sub-cell. For this test, we used 740 nm as
cutoff wavelength (see Equations (7) and (8)) as visible in Fig. 12. The
resulting J-V curves of this consistency check are reported in Fig. 1,
aligning well with the variation of illumination condition from low
(January) to high (June) to low (December) spectral amplitude. In
Table 7 we report the dependency of the tandem solar cell Jsc on
different input spectra. In all months we note the Js¢ value of the tandem
device is very close to the Jgc value of the sub-cell limiting the spectral
response of the tandem device. In the months of February and October
the difference between Jsc.top and Jscpor is the smallest, resulting in
either opposite (February) or undecided (October) solution.

Following the validation of our simulation methodology and using

11

interface morphologies on the performance of the tandem solar cell.
Fig. 3d schematically represents the four configurations under analysis:
F/F, F/T, T/T, and T/T R (see Section 2.1). In this study, for modelling
the top sub-cell, we assume the same electrical parameters across all
tandem configurations; thus, the primary differences are in Jg¢ due to
differences in light management.Table 8 summarizes the variation in Jg¢
relative to the F/F structure, which is used as the reference. A significant
enhancement in Jg¢ is observed upon introducing any form of interface
texturing, particularly under current-matching conditions. As expected,
the highest improvement is achieved with the T/T structure, yielding an
increase of 2.35 mA/cm? compared to the reference F/F device. For
comparative purposes, we also evaluate the performance of all tandem
configurations against the monofacial version of the best-performing
single-junction solar cell. All simulated tandem devices demonstrate a
minimum absolute efficiency gain of 2.51 % over the monofacial
reference, as seen in the F/F configuration. Specifically, the F/T, T/T,
and T/T R morphologies achieve further efficiency improvements of
3.27 %, 4.41 %, and 3.41 % absolute, respectively.

3.1.3. Validation of PV module simulations

To validate stage 6 of our modelling framework, we simulate a
commercial monofacial PV module under our partial shading scenarios
(see Fig. 14). The PV module consists of 144 M2-sized half-cut solar
cells, each featuring six busbars with fingers. The electrical topology is
butterfly-type with two half-modules, six sub-strings connected in par-
allel (three per half-module), each pair of top and bottom strings pro-
tected by bypass diodes (three in total). The dimensions are 1938 mm in
height and 978 mm in width, for a total area of 1.895 m2 This PV
module configuration closely matches the topology used in our M2
archetype (see Fig. 6).

A specific shading pattern with different transparency is applied
across the surface of the PV module surface to emulate the effect of a
shading object. In this case, we use a material that attenuates approxi-
mately 50 % of the incident light. The current-voltage (I-V) and power-
voltage (P-V) characteristics of the shaded module are then measured
and compared against the corresponding simulation results. In Fig. 14
we show the results related to the shading pattern number 12, where the
characteristic activation of the bypass diodes is clearly observed,
resulting in altered PV module’s behavior compared to the fully illu-
minated reference case at 1000 W/m?2. Our simulation platform suc-
cessfully replicates the module’s electrical response, showing reasonable
agreement with the measured data, despite (i) not having used the
spectral transmittance of the shading element and (ii) not having precise
information at our disposal on the bypass diodes employed in the
commercial module. It is worth noting that this validation is successful
in all other tested shading patterns.
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Fig. 14. Visual rendering of the front (a) side of the investigated commercial monofacial PV module under specific partial shading (pattern number 12 with fully or
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shaded condition, full light block pattern 12 and 50 % light block pattern 12 (half-shaded).
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Fig. 15. Simulated relative power output variation (APyy, %) for different PV module archetypes under standard test conditions (STC). Note that the M2-type

module with bifacial SHJ is used as reference (0 %). The comparison includes both single-junction (1J) and tandem (2J) configurations, as well as advanced
G12-based modules based on tandem cells with T/T morphology.

3.2. PV module simulations in standard test conditions (STC) The reference point (0 %) corresponds to the power output under STC of

the M2-type module employing the best-performing monofacial SHJ
solar cell. The analyzed M2 module configurations include both 1J and
2J solar cell technologies (see Table 3). For 1J solar cells, we simulate
M2 modules using the best-performing SHJ solar cells in both mono-
facial and bifacial layouts. For 2J solar cells, we evaluate M2 modules

After having successfully validated the modelling stages pertaining
to solar cells and PV modules, we can move on by calculating (and
comparing) the performance of the five PV module archetypes reported
in Fig. 6. Fig. 15 illustrates their relative power output variation (APyy).
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Fig. 16. Horizon profiles used in the PV system simulations. The curves represent altitude angles as a function of azimuth, corresponding to two scenarios: (left) an

unobstructed (free horizon) and (right) an urban skyline profile.

incorporating various interface morphologies: F/F, F/T, T/T, and T/T R.
Beyond the M2-based modules, four G12-type modules are simulated:
G12-0, G12-1, G12-2, and G12-3. They are all endowed with 2J solar
cells with T/T morphology (see Table 3).

Focusing on the M2 modules, switching from 1J to 2J solar cell
technology brings a solid boost in power output. To the net of eventual
changes in electrical performance of the top cell due to the presence of
surface texturing, the performance of the 2J-based M2 modules
endowed with the different morphologies follows the same trend as the
one presented in Table 8. Also at the module level, the 2J T/T solar cells
yield the highest performance. Then, comparing the 2J T/T solar cell
technology across our five PV modules archetypes, the G12-0 module
achieves the highest simulated performance, with a relative power
output increase of 29.9 % with respect to reference 1J M2 monofacial
module. This performance enhancement results not only from the inte-
gration of higher-efficiency tandem cells but also from a well-optimized
current-voltage balance, which aligns with the electrical and geomet-
rical design constraints of the G12 module architecture.

Between the M2 (T/T) module (216 triple-cut cells) and the G12-
0 module (120 triple-cut cells), they exhibit similar power outputs,
with the G12-0 performing slightly better. Although the current in the
M2 configuration is lower compared to that of the G12-0, the overall
power output remains comparable. The G12-0 module has a lower
number of series-connected cells (and thus a lower number of associated

25 1) 4= | = 2)

soldering points) than the M2 module but also realizes a higher current
level due to larger wafer cuts. Such a higher current level increases Joule
effect-related ohmic losses that partially offset the advantage of having a
lower number of soldering points where additional resistive losses may
occur. Furthermore, increasing the cell size from triple-cut (G12-0) to
half-cut (G12-1) and full-size formats (G12-2 and G12-3) results in
reduced power output. This degradation is attributed to larger ohmic
losses from higher operating currents, which in turn lower the FF and
overall module efficiency.

3.3. Simulation of PV systems endowed with SHJ solar cells

In this section we show that our modelling framework allows
quantifying the benefit in terms of energy yield of transitioning the
production of SHJ cells from the baseline version to the optimized one.
The simulations incorporate two types of M2 modules: one using half-cut
baseline SHJ solar cells and the other using triple-cut optimized SHJ
solar cells. Two environmental scenarios are considered: a free horizon
and an urban skyline profile in Delft, the Netherlands, and Catania, Italy.
Fig. 16 illustrates the horizon profiles used in these calculations, rep-
resenting the point of view of the PV module in terms of altitude angles
across different azimuths.

In the free horizon scenario, we calculate energy yield improvements
of 5.48 % and 3.60 % from M2 modules endowed with optimized SHJ
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Fig. 17. Simulated annual energy yield improvement (AEY) at the DC level for various PV module archetypes, relative to the M12 monofacial reference module.
Results are shown for two European locations: Delft (northern Europe, solid bars) and Catania (southern Europe, patterned bars). The analysis includes M2 modules
with monofacial, bifacial, and tandem (2J) configurations featuring different interface morphologies (F/F in blue, F/T in red, T/T in yellow, T/T Rin green), as well as
G12-type modules with T/T tandem cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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cells for Delft and Catania, respectively, relative to the baseline
configuration in the same locations. In the urban skyline scenario, which
includes realistic partial shading conditions and bypass diode activation,
the improvement reaches 5.45 % in Delft and 3.68 % in Catania. These
results highlight the capability of our simulation platform to evaluate
PVsystem performance across varying environmental conditions and
geographical locations, supporting data-driven PVmodules design for
industrial and marketing purposes.

3.4. Simulation of PV systems endowed with 2J solar cells

This section presents the simulation results of PV systems endowed
with our five PV module archetypes in Delft, the Netherlands, and
Catania, Italy. Fig. 17 shows the relative energy yield difference (AEY) at
the DC side for various module types, referenced against the M2 module
archetype using the best-performing monofacialized SHJ solar cell. Note
that the bar styles in Fig. 17 distinguish between Delft (solid fill) and
Catania (patterned fill). Such calculations (i) use the AM1.5 spectrum as
a reference with the incident irradiance scaled to emulate different
irradiance conditions (see Equation (2)) and (ii) are performed on an
hourly basis over a full year.

Overall, the energy yield is higher in Catania than in Delft across all
PV systems configurations, driven by the greater solar irradiance in the
South of Italy. Notably, although the bifacial 1J M2 module has a lower
power output than the monofacial 1J M2 module (see Fig. 15), it ach-
ieves higher energy yield due to the increased total irradiance captured
as well from rear side. Comparing the performance of PV systems based
on monofacial 1J and 2J modules, we observe a significant improvement
of at least 15 % in energy yield across all simulated archetypes. The
energy yield advantage of 2J modules over 1J modules is basically due
to the higher conversion efficiency of the employed 2J solar cells but
also marginally due to the lower operating current levels, which reduce
the interconnection losses at the module level.

Interestingly, the energy yield gain in the case of 2J M2 modules
based on F/F, F/T and T/T R morphologies is only 2-4 % higher than
that ascribed to the PV systems based on the bifacial 1J M2 module. This
effect is attributed to the fact that the cumulated irradiance captured by
bifacial SHJ modules effectively compensates for the enhanced light
absorption achieved in 2J tandem modules that are not endowed with
the better optically performing T/T morphology. In fact, PV systems
with modules based on T/T morphology consistently outperform all
other tandem morphologies, with the G12-0 T/T module scoring energy
yield improvements of 22.1 % and 22.6 % in Delft and Catania,
respectively, relative to the monofacial 1J M12 module reference.

It is worth mentioning that transitioning from M2 triple-cut wafers to
G12 triple-cut wafers (G12-0 archetype) or G12 half-cut wafers (G12-1
archetype) provides marginal benefit in terms of energy yield. At the
same time, although the energy yield differences are minimal, PV sys-
tems based on G12-0 and G12-1 modules achieve slightly better energy
yield than those using full G12 wafers (G12-2 and G12-3 archetypes),
whose larger operating current levels due to larger solar cells area re-
sults in higher interconnection losses than their triple-cut and half-cut
counterparts.

3.5. Effects of irradiance spectra clustering and temperature

In the initial phase of our analysis, we adopt a simplified approach by
scaling the AM1.5 reference spectrum to emulate variations in irradi-
ance caused by time of day, weather conditions, and geographic loca-
tion. While this method offers a practical starting point for assessing
irradiance-dependent performance, it fails to capture the spectral
complexity inherent to real-world scenarios. Recognizing this limitation,
we have introduced the methodology of clustering of spectral irradi-
ances in Section 2.5 that accounts for both spectral distribution and total
incident power, enabling a more accurate and robust representation of
the operating environment of tandem solar cells. Such a methodology is
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Table 9

Temperature coefficients of Jsc, Voc, and output power (Poyr) of F/F 2T tandem
solar cell and module as simulated under standard AM1.5 spectrum shape, an
irradiance of 1000 W/m? and in the temperature range from 10 °C to 90 °C.

AML.5 Kyse [%/°C] kyoe [%/°C] Kpout [%/°C]
Cell —0.002 -0.199 -0.218
Module —0.003 -0.211 -0.229

particularly relevant given that real-world conditions involve simulta-
neous variations in irradiance and temperature, unlike STC. Therefore,
to realistically simulate the behavior of 2T tandem solar cells and
modules, the external electrical parameters must be calculated as
functions of both irradiance and temperature.

The analysis in this section focuses on the calibrated F/F 2T tandem
solar cells and on a PV module archetype similar to G12-2 but endowed
with 60 full-sized G12 wafers instead of 40. Following up on the sanity
check reported in Section 3.1.2, the cutoff wavelength used to classify
spectral irradiances is again set to 740 nm. The primary objective is to
evaluate the temperature coefficients at the cell, module, and PV system
levels. Understanding these coefficients is essential, not only because
they quantify the sensitivity of Jsc, Voc, and the output power (Pout) to
temperature variations but also because we expect a certain dependency
on continuous fluctuation of spectral irradiance. To establish a baseline
for assessing temperature-dependent behavior, we first calculate Py of
both the tandem cell and the module under STC and then we vary the
temperature of the device to extract from the J-V curves the temperature
coefficients. Table 9 summarizes the calculated temperature coefficients
kjyse, Kvoe and kpoyt at both the cell and module levels, providing a
reference point under well-defined thermal and spectral conditions.
Across all cases, the module-level temperature coefficients are found to
be consistent with values reported in the literature [58], and only
slightly higher than those observed at the cell level. This increase is
primarily attributed to additional thermal effects caused by the encap-
sulation and interconnection of the cells. While the Ky, and Kpgy; of the
2J devices are in line with industry-standard SHJ modules, the addition
of a perovskite top cell eventually turns the kjs. from a positive value to a
negative one, albeit almost negligible.

From solar cell and module tested under STC, modelling the external
parameters as jointly dependent on irradiance and temperature provides
a more accurate representation of actual operating conditions. The
simulated hourly electrical outputs of the 2J module under location-
specific conditions, specifically, JSC(t) and Pout(t), were fitted using a
bivariate linear model:

Y=a+bT+cG 9
where T is the module operating temperature (°C) and G is the irradi-
ance on the plane of the array (W/m?2). Both linear regressions achieved
a high level of accuracy, with R? values exceeding 99 %, as shown in
Fig. 18. From the fitted equations, the typically negative coefficient b
was extracted. The temperature coefficients of both Jgc and Py, were
then calculated by normalizing b with respect to the corresponding
reference values at 25 °C and 1000 W/m? irradiance. Taking Py (t) as
an example, the units of the linear fit are:

Y [Wl=a[W]+b[W/°C]-T[Cl+c [W/(W/m?)]-G[W/m?* (10)

In contrast, Voc(G,T) was better fitted using a bivariate logarithmic
model, reflecting the known logarithmic relationship between open-
circuit voltage and irradiance:

Voc=d + elog(T) + f-log(G) (€N)

This fitting achieved an R? value greater than 95 %, which is
consistent with physical expectations. To determine the temperature
coefficient kyo, the fitted function was used to generate a set of Voc
values at a constant irradiance of 1000 W/m?2, while varying the
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simulated in Delft (NL) under realistic operative conditions and in free horizon.

Table 10

Temperature coefficients and annual energy yield at the DC side (EYp¢) of the F/
F 2J tandem module simulated in Delft (NL) and Catania (IT) for both free and
urban horizon.

Delft (NL) Kyse [%/°C] kyoe [%/°C] Kpout [%/°C] EYpc [kWh/
yl

Free Horizon —0.024 —0.204 —0.054 754.05

Urban Horizon ~ —0.033 —0.206 —0.054 649.51

Catania (IT) Kyse [%/°C] kyoce [%/°C] kpout [%/°C] EYpc [kWh/
yl

Free Horizon —0.058 —0.141 —0.132 1288.02

Urban Horizon —0.067 —0.149 —0.135 1155.05

temperature from 10 °C to 90 °C in increments of 10 °C. Note that
depending on the intended application, the 2D temperature coefficients
can be computed using different reference irradiance levels: for
example, 800 W/m? to reflect nominal operating cell temperature
(NOCT) conditions.

Based on the fittings, we demonstrate that the temperature co-
efficients of 2J modules under realistic conditions exhibit bidimensional
variability, k(.) (G,T). These can be directly retrieved from our PVMD
toolbox. Note, the dependency on irradiance has a deeper meaning than
just the value in W/m? per se, since our simulations consider variable
spectral irradiance. Therefore, assuming the spectra clustering method,
we can estimate more realistic energy yield predictions. Table 10 sum-
marizes the calculated temperature coefficients from Equations (10) and

(11) and the EYpc of the 2J tandem module simulated in Delft and
Catania for free and urban horizon (see Fig. 17). Regarding the EYpc
values, those obtained under free horizon conditions are, as expected,
higher than those under urban horizon conditions Fig. 19 illustrates.
Furthermore, the consistently higher EYpc values observed in Catania
reflect the higher average solar irradiance compared to Delft.

Thus far we have employed two modelling approaches regarding the
input spectral irradiance: (i) a simplified method using the AM1.5
spectrum scaled to different irradiance levels, and (ii) a spectral clus-
tering approach that accounts for both incident power and spectral
distribution. A direct comparison between these two approaches is
presented in Fig. 19, reporting the percentage difference in annual en-
ergy yield (AEY) for both Delft and Catania under free and urban hori-
zon scenarios and using the AM1.5-based method as reference. Overall,
the differences in energy yield are lower than 0.9 %, with larger de-
viations observed for Delft. This may be attributed to differences in solar
incident angles. In Catania, a greater number of daylight hours match
with solar elevation angles close to that of the AM1.5 reference (~42°),
resulting in better spectral alignment with the standard spectrum.

Fig. 20 illustrates the temperature coefficients at the cell, module,
and system levels for the case of Delft. At the cell and module levels, the
coefficients were determined under indoor STC. The PV module exhibits
temperature coefficients that slightly exceed those at the cell level,
primarily due to additional thermal resistances and losses introduced by
encapsulation and interconnection. At the system level, ks is higher,
reflecting the influence of irradiance variability in the fitting process,
which directly affects Jsc. In contrast, kyo. remains largely consistent

0.2 :

Catania

0.4}

AEY [%]

-0.6

Delft
=1 1

Catania

Delft

1

Free Horizon

Urban Horizon

Scenarios [-]

Fig. 19. Percentage difference in annual energy yield (AEY) calculated using two spectral approaches: (i) the standard AM1.5 spectrum scaled to different irradiance
levels (reference), and (ii) a spectral clustering method incorporating both spectral distribution and incident power. Results are shown for Delft and Catania under

both free and urban horizon conditions.
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Fig. 21. Tandem devices temperature coefficients, from cell & module to system level for the location of Catania under free-horizon and urban-like horizon sce-

narios. Note the negative sign on the y-axis title.

across all levels. However, kpoy is significantly reduced at the system
level, due to the lower average operating temperatures and reduced
thermal fluctuations under the specific climatic conditions in Delft.

Like the previous illustration, Fig. 21 presents the corresponding
temperature coefficients at cell, module, and system levels for the case of
Catania. In comparison to Delft, both kjs. and kpey values at the system
level are higher, while ky,. is lower. These trends are attributed to the
higher temperatures and greater irradiance variability characteristic of
the Catania climate, which amplify the thermal and spectral effects
influencing device performance. Note, the results presented in Figs. 20
and 21 refer to values reported in Tables 9 and 10.

The proposed modelling framework enables the extraction of tem-
perature coefficients for custom multi-junction photovoltaic modules
under (i) a broad range of irradiance conditions, (ii) geographically
diverse locations, and (iii) varying horizon profiles. This capability of-
fers valuable insight for optimizing 2T tandem module designs, allowing
for their adaptation to specific market segments and deployment envi-
ronments across different climatic and geographic contexts.

3.6. Location-dependent power matrix

The IEC 61853-1 standard [62] defines how to measure the perfor-
mance of a PV module under different irradiance and temperature
conditions beyond STC. Based on the AM1.5 spectral irradiance and a
scaling process in line with Equation (2), a so-called power matrix can be
compiled. Such a power matrix shows the expected power output values
of a PV module operating in realistic conditions. Using our PVMD
toolbox, we could compute the power matrix of the modelled F/F 2J
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Table 11
Power matrix (W) of the modelled F/F 2J module compiled according to the IEC
61853-1 standard.

Temperature [°C]

Irradiance [W/m?] 15 25 50 75
100 66.37 64.83 NA NA
200 136.60 133.53 NA NA
400 269.49 263.88 250.48 NA
600 397.11 389.37 369.86 350.86
800 534.22 524.34 498.32 470.77
1000 681.46 669.53 636.64 599.00
1100 NA 737.60 701.60 658.43

module discussed in the previous section according to the IEC 61853-1
standard (see Table 11). Also using the PVMD toolbox, we can plot the
yearly operating points (G,T) of such a module for both Delft and Cat-
ania (see Fig. 22 for the case of free horizon). Compared with the (G,T)
pairs of the IEC 61853-1 standard, it appears that the power matrix from
the standard does not represent the eventual outdoor behavior of the PV
module in both locations.

To address this issue, we propose to issue location-dependent power
matrixes that can be computed via numerical modelling as presented in
this work. From an annual PV system simulation, considering the
abovementioned (G,T) operating points, it is possible to carry out the
distribution of annual energy production [%] at different temperatures
and irradiances for a certain location. We did this calculation for both
Delft and Catania, yielding Fig. 23 (a) and 23b, respectively. They show
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Fig. 22. Irradiance, Temperature (G,T) operating points across the year of the modelled F/F 2J module in free horizon condition for the case of Delft (left) and
Catania (right). The yellow circles indicate the G,T pairs of the IEC 61853-1 standard. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 23. Percentage distribution of annual energy production [%] at different temperatures and irradiances for (a) Delft and (b) Catania.

that the (G,T) pair at which most of the power production occurs is
different, (500, 25) for Delft and (900, 45) for Catania. Setting up a
threshold of 1 % of the annual energy output and considering bins of
irradiance from the smallest to the largest, including those around the
one causing the maximum power production, one could isolate a range
of (G,T) pairs that better represent the largest part of power production
of a PV module at a given location. In Table 12 we report the suggested
(G,T) pairs to compute location-dependent matrixes for Delft and Cat-
ania of the modelled F/F 2J module.
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Table 12

Range of irradiance and temperature values for carrying out the power matrix
according to the IEC 61853-1 standard or location-dependent power matrix in
Delft, the Netherlands, and Catania, Italy.

Location Irradiance [W/m?] Temperature [°C]
IEC 61853-1 100, 200, 400, 600, 800, 1000, 1100 15, 25, 50, 75
Delft 100, 300, 400, 500, 600, 700, 1000 5, 15, 25, 35, 45
Catania 200, 400, 600, 800, 900, 1000 15, 25, 35, 45, 55
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4. Conclusions

We have presented a holistic cell-to-system modelling framework. At
the cell level, we have firstly validated our semiconductor equations
numerical modelling with respect to a reference bifacial SHJ solar cell.
Then, we optimized that solar cell towards a monofacial-like configu-
ration. Next, we validated our model with respect to a fabricated 2T
tandem device. We evaluated different interface morphologies (F/F, E/
T, T/T and F/T R), with the T/T one exhibiting the best optical perfor-
mance. At the module level, we assessed five PV module archetypes (M2,
G12-0, G12-1, G12-2 and G12-3), with the G12-0 one, featuring 2J solar
cells with T/T morphology, showing the highest power output under
STC. That is ~30 % higher than the one calculated for M2 module based
on optimized monofacial-like SHJ solar cells. At the system level, we
observed a similar trend in terms of energy yield. The PV system with
module type G12-0 (2J T/T) shows more than 22 % higher energy yield
for both locations (Delft, the Netherlands, and Catania, Italy) with
respect to a PV system formed by the same abovementioned M2
archetype based on optimized monofacial-like SHJ solar cells. Our
modelling approach allows us to consider also variable spectral irradi-
ance, which is crucial not only to determine current (mis-) matching in
2T tandem solar cells and modules. We also show that the temperature
coefficients of future 2T tandem modules change from indoor STC to
realistic conditions. In the latter case, the temperature coefficients need
to be derived from both irradiance and temperature. Finally, for the
same reason, we demonstrate that the power matrix based on the IEC
61853-1 standard does not seem to represent the expected performance
of a PV module in realistic conditions, at least of 2T tandem modules as
studied here. To address this issue, we propose a procedure to compute
location-dependent power matrixes. In this way companies could set
pairs of irradiance and temperature at the testing level to better gauge
how their products will perform at specific locations.
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