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ABSTRACT 

Advanced and emerging photovoltaic (PV) technologies play a crucial role in meeting the increasing global energy demand 
sustainably. Simulations are essential for predicting system behavior and improving our understanding of complex PV 

architectures. This work extends an existing modeling framework designed for novel PV systems, offering a modular and flexible 
workflow suitable for diverse research applications. The framework computes PV performance from first-principles physics, 
removing the need for module datasheets. It comprises two pre-processing steps and six simulation steps. The first steps determine 
the optical behavior of the modules, followed by irradiance modeling and temperature calculations. The final steps evaluate the 
electrical characteristics and the conversion to alternating current at the full-system level. The framework incorporates detailed 
energy loss analysis and includes advanced features such as partial shading, reverse-bias effects, and photon recycling. Two 
applications demonstrate its capabilities: comparing module configurations in urban settings and optimizing multi-junction PV 

system design. Results show that Smart modules enhance shade resilience, delivering approximately 10% higher energy yields. 
Additionally, the optimal perovskite bandgap for perovskite/silicon tandem devices is found to be 1.60–1.62 eV. These outcomes 
highlight the framework’s value for future PV system research and development. The developed software can be found at: 
https://github.com/YBlom1999/PVMD_Toolbox. 

1 Introduction 

Photovoltaic (PV) energy is a key technology for reducing green- 
house gas emissions while meeting future global energy demands. 
A total installed capacity of 75 TW by 2050 is projected [ 1 ], which 
can be achieved through both increased conversion efficiency and 
expanded deployment. 

Currently, crystalline silicon (c-Si) dominates the PV market with 
a 97% share [ 2 ], achieving a record efficiency of 27.81% [ 3 ], close 
to its theoretical limit of 29.5% [ 4, 5 ]. To surpass this limit, new 

technologies are required. Perovskite/silicon (PS) tandem devices 

are promising candidates, already demonstrating efficiencies of 
34.6% [ 6 ], with practical and theoretical limits of 39.5% [ 7 ] and 
42% [ 8, 9 ], respectively. 

Next to improving the conversion efficiency, the total PV installed 
capacity can also be improved by installing PV systems at 
more locations, such as urban areas [ 10 ]. This also contributes 
to different aspects of urban sustainability [ 11 ]. However, as 
PV systems in urban environments can experience significant 
shadings, it is crucial to develop shade-resilient PV modules. 
Different approaches for these shade-resilient modules have been 
described by Ziar et al. [ 12 ]. 
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To better understand the potential of these novel PV modules, 
numerical modeling can play a key role. Simulations fulfill 
different purposes, ranging from making predictions to con- 
tributing to the understanding of complex systems [ 13 ]. Also, in 
the field of PV systems, different simulation studies have been 
presented that contributed to our understanding of emerging 
outdoors PV systems. Multiple studies have developed models 
and simulation tools to predict the energy yield of multi-junction 
or perovskite PV devices [ 14–19 ], enabling comparisons with 
c-Si and guiding optimal PS devices design. Similarly, various 
studies have demonstrated the potential of shade-resilient PV 

modules [ 20–26 ], showing how power electronics can improve 
the performance of PV modules under partial shading. Further- 
more, much work has been spent on simulating the performance 
of PV systems in different environments, such as floating PV 

or agriphotovoltiac systems [ 27–30 ], revealing the potential of 
PV systems in less conventional areas. However, the simula- 
tion framework in these studies is mostly tailor-made for their 
specific research goal. This makes it difficult to use modeling 
progress obtained in one domain for other types of PV systems. 
A single modeling framework for various PV systems would 
simplify the exchange of modeling progress between various 
subfields. 

In this contribution, we continue on previous work [ 31 ], where 
a comprehensive and fundamental modeling framework for 
photovoltaic systems was introduced, referred to as the “PVMD 

Toolbox”. The PVMD toolbox divides simulations into distinct 
steps, offering flexibility across applications. It has been used 
to perform tandem device optimization [ 32–35 ], model photo- 
voltaic thermal systems [ 36, 37 ], study wave effects in floating 
PV [ 38 ], and assess current matching in tandem modules by 
accounting for location-dependent spectral irradiance [ 39 ]. This 
flexible and multi-purpose approach allows for a fast translation 
from progress made in one application to another. Moreover, 
the PVMD Toolbox is mostly based on fundamental material 
properties and requires minimal empirical input, making it 
suitable for novel and emerging PV technologies. Since the 
first publication on the PVMD Toolbox by Vogt et al. [ 31 ] the 
PVMD Toolbox has undergone significant enhancements [ 32–
34 ], expanding its capabilities. This work aims to highlight the 
newly added contributions and demonstrate how the PVMD 

Toolbox can be applied for various studies. These novelties 
include reverse bias behavior, photon recycling, extending the 
spectral irradiance model, accounting for thermal mass, allowing 
for more module interconnections, and incorporating a detailed 
loss analysis. These have further strengthened the capabilities 
of the PVMD Toolbox as a comprehensive framework for sim- 
ulating a wide range of novel PV systems and have improved 
the accuracy of energy yield calculations. Furthermore, differ- 
ent types of validation have been performed that demonstrate 
the accuracy of the PVMD Toolbox. Section 2 outlines the 
methodology and the various simulation steps. In Section 3 , the 
different case studies are reported that are used to demonstrate 
the operation of the PVMD Toolbox. These demonstrations 
are shown in Section 4 , where the wide functionalities of the 
PVMD Toolbox are illustrated. Finally, Section 5 concludes this 
work. 

FIGURE 1 The overview of the PVMD Toolbox. In total the Toolbox 
consists of six simulation steps, two pre-processing steps, and a loss 
analysis. 

2 Methodology 

The overview of the different simulation steps of the PMVD 

Toolbox is presented in Figure 1 . The framework consists of 
six main simulation steps, along with two pre-processing steps 
that precede Steps 3 and 5. Additionally, a loss analysis can be 
executed after the energy yield simulation to obtain a quantitative 
performance analysis in each step. This structure follows the 
methodology introduced in our earlier work [ 31 ]. 

Each step requires different types of inputs, as shown in the left 
of Figure 1 . These inputs range from simulation settings, such 
as the number of cells in the module or system orientation, to 
material parameter or weather data. These latter inputs can be 
obtained via direct measurements, literature, or other simulation 
software. To validate the usage of these input parameters, as 
well as the developed models, different types of validation have 
been performed. 

Among the six steps, two are classified as static models, mean- 
ing their outputs remain constant over time. In contrast, the 
remaining steps are time-resolved models, where outputs vary 
as a function of time. The remainder of this section provides a 
detailed explanation of each simulation step and discusses the 
relevant inputs. 

Throughout the PVMD toolbox, two key distinctions are made: 
between module and sub-module, and between cell and sub-cell. 
A module refers to the smallest repeating unit in a PV system, 
typically composed of interconnected strings of solar cells. In the 
case of four-terminal modules, which contain two electrically 
independent strings, the module consists of two sub-modules. 
These sub-modules are encapsulated within the same physical 
device but are electrically isolated. While sub-modules may differ 
in cell layout and dimensions, they must share identical overall 
length and width to fit within the same module frame. 

2 of 15 Advanced Theory and Simulations, 2026
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A cell is defined as the smallest repeating unit within a string. 
For multi-junction devices, each cell comprises multiple sub- 
cells, where each sub- cell corresponds to a distinct P-N or 
P-i-N junction. 

The proposed workflow in Figure 1 differs from existing multi- 
physics PV simulation tools in various ways. In comparison to 
general multi-physics simulation software, such as COMSOL [ 40 ] 
or Ansys [ 41 ], the workflow is computationally much more effi- 
cient. As this software typically employs finite element method 
(FEM) techniques, the computation becomes very intensive when 
simulating on a system level while accounting for effects at 
the atomistic level. In the proposed workflow, the domain scale 
can be different for different steps, creating an optimal balance 
between accuracy and computational effort. 

In comparison to more specialized multi-physics PV simulation 
tools, the difference in workflow varies for different studies in the 
literature. The Supporting Information contains a detailed com- 
parison between the presented workflow and different studies. 

2.1 Optical Absorptance Model 

The first step in simulating the energy yield of a PV system 

involves calculating the absorptance profile of the absorber layers 
within the device. This step requires a detailed description of 
the layer stack, including the thickness and complex refractive 
index of each layer. Additionally, the presence of surface texturing 
at various interfaces must be specified. Another essential input 
is the identification of absorber layers within each sub-cell, as 
well as the assignment of each sub-cell to its corresponding sub- 
module. Figure 2 illustrates three example layer stacks used as 
input, along with their resulting absorptance profiles. 

The absorptance profile is computed using GenPro4 [ 42 ], which 
is integrated into the PVMD Toolbox. GenPro4 combines the 
net radiation method [ 43 ] with ray-tracing techniques to account 
for surface texturing. Besides pyramid texturing that is common 
for wafer-based modules, various nano-textures can also be 
simulated, such as Asahi U-type texturing [ 44 ] that is used in the 
top part of the 4T module. 

While Figure 2 presents the spectral absorptance for normally 
incident light, the simulation also evaluates absorptance across 
a range of incidence angles. These angle-resolved profiles, pro- 
vided in the Supporting Information , are crucial for accurately 
modeling the optical response of the device under real-world illu- 
mination conditions. Additionally, bifacial modules also require 
an absorptance profile for light entering from the rear side. 
This information serves as a foundation for the subsequent 
simulation steps. 

2.2 Optical Module Mounting Model 

The optical response calculated in the first simulation step is used 
to generate the so-called sensitivity map [ 45 ] of the PV modules. 
This map quantifies how sensitive each cell in the module is to 
light originating from different regions of the sky. To construct 
the sensitivity map, the sky is discretized into multiple angular 

segments, as illustrated in Figure 3a . A sensitivity value 𝑆𝑖 ,𝑗 ,𝑘 ( 𝜆) is 
generated for each sky segment 𝑖, each cell 𝑗 in the module, and 
each sub-cell 𝑘 and is wavelength dependent. 𝑆𝑖 ,𝑗 ,𝑘 ( 𝜆) is defined 
as the fraction of the incident light from the sky segment that is 
absorbed in the absorber layer [ 45 ], written as 

𝑆𝑖 ,𝑗 ,𝑘 ( 𝜆) =
𝐼𝑎 𝑏 𝑠 ,𝑖 ,𝑗 ,𝑘 ( 𝜆) 

𝐼𝑠𝑘 𝑦,𝑖 ( 𝜆) 
, (1) 

where 𝐼𝑎 𝑏 𝑠 ,𝑖 ,𝑗 ,𝑘 ( 𝜆) is the absorbed irradiance and 𝐼𝑠𝑘𝑦,𝑖 ( 𝜆) is the inci- 
dent irradiance from sky segment 𝑖. This sensitivity is inherently 
wavelength-dependent due to the spectral characteristics of both 
the absorptance profile and the ground’s albedo reflectance. 

The calculation of the sensitivity map considers two levels of 
detail. At a fine level, nearby objects are considered that have 
different impacts on different cells in the system. A critical 
input for this level is the geometric configuration of the PV 

modules and their surroundings. This includes the dimensions 
and spectral reflectance of nearby objects, as well as the albedo of 
the ground. Previous work [ 32 ] has shown that ground material 
properties significantly influence the performance of bifacial 
tandem devices. Figure 3b presents two examples of sensitivity 
maps for a c-Si single-junction module, showing the fraction 
of light, compared to the incident light from the sky elements, 
absorbed in the bottom-left cell at a wavelength of 600 nm. It 
should be noted that these maps only represent a cross-section of 
the full sensitivity dataset, which spans all cells and wavelengths. 

The PVMD Toolbox offers two methods for generating sensitivity 
maps, differing in complexity and computational cost. The most 
detailed approach uses the forward ray-tracing software LUX [ 45 ], 
which employs a Monte Carlo method and is well-suited for 
periodic scenarios, such as field-deployed PV modules. How- 
ever, LUX can become computationally intensive for complex 
geometries or high ray counts. 

As a faster alternative, the Toolbox includes a backward ray- 
tracing method developed by Calcabrini et al. [ 46 ]. This method 
combines view factor calculations with single-generation ray- 
tracing, offering a balance between accuracy and efficiency. A 

comparison of both methods is provided in the Supporting Infor- 
mation . 

Importantly, both approaches support the simulation of bifa- 
cial modules. Sensitivity maps can be generated for both the 
front and rear sides, enabling accurate modeling of rear-side 
irradiance contributions. 

Besides the effects captured by the ray-tracing models, skyline 
effects can also be considered at a coarser level. This includes 
all objects at a distance far enough that they impact all cells in 
the system equally. The skyline is described by a function that 
expresses the height of the skyline for each azimuth, as shown 
in Figure 3c . Irradiance coming from sky elements below the 
skyline cannot be absorbed by the cells, so the sensitivity values 
for these sky elements are manually set to 0. These objects are 
not included in the ray-tracer, as the increased amount of data 
needed to describe the environment will drastically increase the 
computational time of the ray-tracing algorithm. Given that these 
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FIGURE 2 Three examples of the input and output of the first simulation step. The input contains the layer stack with the thickness and complex 
refractive index of all layers. Also, the absorber layers of the sub-cells are indicated with “Absorber”, and its corresponding submodule is indicated 
in curly brackets. The output contains the spectral absorptance profile of the absorber layers. The reflection and parasitic absorption from supporting 
layers are indicated in light blue and light grey, respectively. Our framework can handle bifacial modules too, for which also transmission losses can be 
spectrally quantified. 

effects appear at a far distance, they will impact all cells equally, 
justifying this fast approach. 

2.3 Irradiance Model 

The first time-resolved step in the PVMD Toolbox involves 
calculating the absorbed irradiance and the resulting photo- 
current density for each cell in the PV module. As illustrated in 
Figure 4 , this is achieved by combining the previously computed 
sensitivity map with a time-dependent sky map. 

The sky map describes the angular distribution of irradiance 
across the sky dome for each simulation timestep [ 31, 45 ]. It is 
generated using the Perez model [ 47 ], which requires as input 
the solar position, direct normal irradiance (DNI), and diffuse 
horizontal irradiance (DHI). These meteorological inputs are 
obtained via Meteonorm [ 48 ]. 

The Perez model provides the total irradiance per sky segment but 
does not include spectral information. As the spectral decomposi- 
tion is critical for accurately modeling multi-junction devices, the 
PVMD Toolbox integrates two spectral models: SMARTS [ 49 ] and 
SBDART [ 50 ]. These models are used to generate look-up tables 
of normalized spectral distributions for both direct and diffuse 
components as a function of air mass, corresponding to the first 

pre-processing block in Figure 1 . For each timestep, the irradiance 
values from the sky map are multiplied by the correct normalized 
spectrum (depending on whether the sun is within a given sky 
segment) to obtain the full spectral irradiance across the sky. 

A key distinction between the two spectral models is that 
SMARTS assumes clear-sky conditions, while SBDART accounts 
for cloud cover. To incorporate cloud effects, SBDART generates 
separate look-up tables for three sky conditions: clear, partly 
cloudy, and overcast. The appropriate table is selected based on 
the sky clearness index provided by the Perez model [ 47 ]. The 
complete look-up tables for both models are provided in the 
Supporting Information . 

2.4 Temperature Model 

Following the calculation of absorbed irradiance, the PVMD 

Toolbox simulates the cell temperature throughout the year. 
Initially, the Toolbox employed only the Fuentes fluid dynamic 
model [ 51 ]. In its current version, the framework has been 
extended to include additional thermal models, such as the 
Duffie-Beckman model [ 52 ], the Sandia Module Temperature 
model [ 53 ], and the Faiman model [ 54 ]. This allows users to select 
the most appropriate model for their specific application. Notably, 
the Fuentes model remains particularly suitable for emerging 
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FIGURE 3 (a) It shows visualization of the sensitivity map. The sky is discretized into different sky segments for which its sensitivity is calculated. 
(b) It shows two examples of a sensitivity map of two scenarios. It can be seen that the object has a significant impact on the sensitivity map. The two 
maps are calculated for single junction c-Si modules and the cross-section of the bottom left cell at a wavelength of 600 nm is shown. The sensitivity 
maps are generated with the backward ray-tracer by Calcabrini et al. [ 46 ]. 

FIGURE 4 An example of the calculation of the absorbed irradiance for a PV module in Delft on the 1st of June at 16:00. The sensitivity map and 
the sky map are combined to calculate the absorption for each cell at each hour. 
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PV systems, as it does not rely on empirical parameters [ 31 ]. 
A comparative analysis of these models is provided in the 
Supporting Information . 

A limitation of earlier implementations was the assumption of 
steady-state conditions for cell temperature. However, due to 
the thermal mass of PV modules, temperature changes occur 
gradually and must be modeled accordingly, especially at high 
temporal resolutions [ 55 ]. To account for this, the cell temperature 
at time 𝑡, denoted 𝑇𝑐 𝑒 𝑙𝑙 ( 𝑡) , is calculated using 

𝑇𝑐 𝑒 𝑙𝑙 ( 𝑡) = 𝑇𝑐 𝑒 𝑙 𝑙 ,𝑠𝑠 + 𝑒
− 𝑡𝑖𝑛𝑡 
𝜏

(
𝑇𝑐 𝑒 𝑙𝑙 ( 𝑡 − 𝑡𝑖𝑛𝑡 ) − 𝑇𝑐 𝑒 𝑙 𝑙 ,𝑠𝑠 

)
, (2) 

where 𝑇𝑐 𝑒 𝑙 𝑙 ,𝑠𝑠 is the steady-state temperature from the thermal 
model, 𝑡𝑖𝑛𝑡 is the simulation time step, and 𝜏 is the ther- 
mal response time, assumed to be seven minutes [ 55 ]. This 
equation takes a weighted average between the steady-state 
temperature under current conditions and the temperature 
of the previous time step. The weight given to the previous 
time step decreases exponentially with the duration of the 
timestep. 

Another enhancement addresses the effect of reverse bias on cell 
temperature. In the fluid dynamic model, one of the heat flow 

terms is the electrical power generated by the cell, 𝑃𝑔𝑒𝑛 , which is 
subtracted from the total absorbed power as it does not contribute 
to heating. Previously, 𝑃𝑔𝑒𝑛 was estimated to be 

𝑃𝑔𝑒𝑛 = 𝐼𝑎 𝑏 𝑠 ⋅ 𝜂𝑆 𝑇 𝐶 , (3) 

where 𝐼𝑎 𝑏 𝑠 is the absorbed irradiance and 𝜂𝑆 𝑇 𝐶 is the effi- 
ciency under standard test conditions (STC). However, cells 
almost never operate at STC during outdoor operation. Fur- 
thermore, due mismatches in irradiances within the mod- 
ule and current matching requirements, cells can operate at 
non-ideal conditions and even reach reverse biases. The lat- 
ter would mean that a cell is dissipating heat instead of 
removing heat. These aspects make Equation ( 3 ) not always 
accurate. 

To address this, an iterative approach is implemented. The elec- 
trical operating point of each cell is determined in the electrical 
simulation step, and the thermal and electrical calculations are 
repeated until both 𝑇𝑐 𝑒 𝑙𝑙 and 𝑃𝑔𝑒𝑛 converge [ 56 ], as illustrated in 
Figure 1 . In the first iteration, 𝑃𝑔𝑒𝑛 is estimated using Equation ( 3 ), 
and in subsequent iterations, it is updated using the output from 

the electrical simulation. The Supporting Information shows the 
maximum temperature and module power at different iterations 
for a test case with partial shading. Typically, convergence is 
achieved within three iterations. 

2.5 Electrical Model 

The electrical simulation in the PVMD Toolbox is structured 
in two levels. First, the current–voltage ( I –V ) characteris- 
tics of all cells or sub-cells within the module are mod- 
eled individually. These cell-level I –V curves are then com- 
bined to construct the overall IV curve of the complete PV 

module. 

2.5.1 Sub-Cell I –V Curves 

The electrical behavior of each sub-cell is modeled separately for 
the forward bias ( 𝑉𝑐 𝑒 𝑙𝑙 > 0 ) and reverse bias ( 𝑉𝑐 𝑒 𝑙𝑙 < 0 ) regimes. In 
forward bias, the one-diode equivalent circuit model is employed. 
This model consists of a current source, a diode, and two resistive 
elements. The cell current 𝐼𝑐 𝑒 𝑙𝑙 as a function of voltage 𝑉𝑐 𝑒 𝑙𝑙 is 
implicitly defined by 

𝐼𝑐 𝑒 𝑙𝑙 ( 𝑉𝑐 𝑒 𝑙𝑙 ) = 𝐼𝑝ℎ − 𝐼0 ⋅

( 

𝑒
𝑉𝑐 𝑒 𝑙𝑙 + 𝐼𝑐 𝑒 𝑙𝑙 ⋅𝑅𝑠 

𝑛⋅𝑉𝑡 − 1

) 

−
𝑉𝑐 𝑒 𝑙𝑙 + 𝐼𝑐 𝑒 𝑙𝑙 ⋅ 𝑅𝑠 

𝑅𝑠ℎ 
, (4) 

where 𝐼𝑝ℎ is the photo-generated current, 𝐼0 and 𝑛 are the diode’s 
saturation current and ideality factor, and 𝑅𝑠ℎ and 𝑅𝑠 are the shunt 
and series resistances, respectively. 

To determine these parameters, the PVMD Toolbox uses the 
Calibrated Lumped Element Method (CLEM) as a second pre- 
processing step to significantly reduce computational complex- 
ity [ 31 ]. This CLEM model requires as input either measured or 
simulated I –V curves of the (sub-)cell under varying temperatures 
and irradiance levels, such that it can derive the dependencies of 
the parameter value on the cell temperature and absorbed photo- 
current. These dependencies are used to obtain a function for 
each parameter that depends on cell temperature and absorbed 
current. A more detailed explanation on how the CLEM model 
makes these functions is provided in the Supporting Information . 
It should be noted that the level of detail considered in the 
electrical simulation, and whether certain effects or transport 
mechanisms are included, depend on how the input I –V curves 
are obtained. These input I –V curves can be obtained in various 
ways, ranging from detailed semiconductor simulations in TCAD 

Sentaurus [ 57 ] to measured solar cells. 

The PVMD Toolbox uses the pre-processed functions from the 
CLEM model and inputs the 𝑇𝑐 𝑒 𝑙𝑙 and 𝐽𝑎 𝑏 𝑠 from step 3 and 4, 
respectively, to reconstruct the I –V curves of the sub-cells at 
different operating conditions. In case I –V curves at varying 
conditions are unavailable, the CLEM model also allows for 
datasheet values as input. The details for the translation of 
datasheet values into parameter dependencies are also provided 
in the Supporting Information . 

At reverse bias conditions, we utilize the model from Alonso- 
Garcia et al [ 58 ], which expresses 𝐼𝑐 𝑒 𝑙𝑙 as 

𝐼𝑐 𝑒 𝑙𝑙 ( 𝑉𝑐 𝑒 𝑙𝑙 ) =
𝐼𝑝ℎ − 𝑅𝑠ℎ ⋅ 𝑉𝑐 𝑒 𝑙𝑙 + 𝑐 ⋅ 𝑉2 

𝑐 𝑒 𝑙𝑙 

1 − exp 
( 

𝐵𝑒 

( 

1 −
√ 

𝜙𝑇 − 𝑉𝑏 
𝜙𝑇 − 𝑉𝑐 𝑒 𝑙𝑙 

) ) 

, (5) 

where 𝑐 is a coefficient to characterize the parabolic behavior of 
the current, 𝐵𝑒 is a quasi-constant parameter, 𝜙𝑇 is the built-in 
junction voltage, and 𝑉𝑏 is the breakdown voltage. 

In multi-junction devices, it is possible for electron-hole pairs that 
recombine radiatively in a high bandgap sub-cell to be absorbed in 
lower-bandgap sub-cells, known as photon recycling [ 59–62 ]. This 
is implemented using the method by Jäger et al. [ 18 ], as previously 
described in Ref. [ 33 ]. The I –V curve of lower-bandgap sub-cell is 
adjusted by updating the photo-generated current of sub-cell 𝑘

6 of 15 Advanced Theory and Simulations, 2026
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( 𝐼𝑝ℎ,𝑘 ) with 

𝐼𝑝ℎ,𝑘 = 𝐼𝑝ℎ0 ,𝑘 +
𝑘− 1 ∑
𝑛= 1 
𝜂𝐿 𝐶,𝑛 →𝑘 ⋅

(
𝐼𝑝ℎ,𝑛 − 𝐼𝑐 𝑒 𝑙 𝑙 ,𝑛 ( 𝑉𝑐 𝑒 𝑙 𝑙 ,𝑛 )

)
, (6) 

where 𝐼𝑝ℎ0 ,𝑘 is the initial photo-generated current of sub-cell 𝑘 as 
outputted by the CLEM, 𝜂𝐿 𝐶,𝑛 →𝑘 is the luminescence efficiency 
from sub-cell 𝑛 to sub-cell 𝑘 [ 33 ], and 𝐼𝑐 𝑒 𝑙 𝑙 ,𝑛 ( 𝑉𝑐 𝑒 𝑙 𝑙 ,𝑛 ) is the current 
of sub-cell 𝑛 at its operating voltage. 

Finally, the model accounts for meta-stability effects, which 
are particularly relevant for perovskite sub-cells. These effects 
manifest as reversible efficiency changes during light and dark 
cycles [ 63, 64 ]. The implementation follows the model by 
Remec et al. [ 64 ], which introduces an initial voltage loss 𝑉𝑙𝑜 𝑠 𝑠 
that recovers under illumination. 𝑉𝑙𝑜 𝑠 𝑠 is calculated with 

𝑉𝑙𝑜 𝑠 𝑠 = 𝐴𝑀𝑆 ⋅ 𝑒
− 𝐻𝑐𝑢𝑚 

𝜏 ;
1 

𝜏
= 𝐵𝑀𝑆 ⋅ 𝑒

−
𝐸𝑎,𝑀 𝑆 

𝑘𝑏 ⋅𝑇𝑐 𝑒 𝑙𝑙 , (7) 

where 𝐴𝑀𝑆 , 𝐵𝑀𝑆 , and 𝐸𝑎,𝑀𝑆 are calibration constants, 𝐻𝑐𝑢𝑚 is the 
cumulative daily irradiance, and 𝑘𝑏 is the Boltzmann constant. 
The Supporting Information contains a quantification of how 

the inclusion of meta-stability improves the modeling accuracy, 
which has already been demonstrated in earlier work [ 34 ]. 

2.5.2 Module I –V Curve 

Once the I –V characteristics of all individual cells and sub-cells 
are determined, they are combined to construct the overall I –V 

curve of the PV module. The specific method for combining these 
curves depends on the module’s interconnection scheme. Funda- 
mentally, this involves summing voltages for series connections 
and summing currents for parallel connections. 

For a series connection, the total voltage as a function of current 
can be written as 

𝑉𝑡 𝑜𝑡 𝑎𝑙 ( 𝐼) =
∑
𝑖 

𝑉𝑖 ( 𝐼) , (8) 

where 𝑉𝑖 ( 𝐼) represents the voltage of segment 𝑖 as a function 
of current. 

Conversely, for a parallel connection, the total current as a 
function of voltage is expressed as 

𝐼𝑡 𝑜𝑡 𝑎𝑙 ( 𝑉) =
∑
𝑖 

𝐼𝑖 ( 𝑉) , (9) 

where 𝐼𝑖 ( 𝑉) is the current of segment 𝑖 as a function of voltage. 

Figure 5 illustrates several interconnection schemes supported by 
the PVMD Toolbox, highlighting its flexibility. For single-junction 
devices, various layouts are possible (Figure 5a ), each offering 
different levels of shade tolerance. The standard configuration 
consists of a series connection of cells with bypass diodes. The 

effect of these diodes is modeled by modifying Equation ( 8 ) as 

𝑉𝑡 𝑜𝑡 𝑎𝑙 = max 

( ∑
𝑖 

𝑉𝑖 ( 𝐼) , − 𝑉𝑑 𝑖𝑜 𝑑 𝑒 

) 

, (10) 

where 𝑉𝑑 𝑖𝑜 𝑑 𝑒 is the forward voltage of the bypass diode. 

To enhance shade tolerance, a butterfly layout can be used. 
This design employs half-cut cells arranged into two substrings 
connected in parallel with one bypass diode. For even greater 
resilience, bypass diodes can be replaced with buck converters, 
forming so-called smart modules, as proposed by Mirbagheri 
Golroodbari et al. [ 65 ]. These bypass diodes allow each substring 
to work at its own maximum power point, allowing for a greater 
electricity production in shaded conditions. The implementation 
of these converters is detailed in the Supporting Information . 

Multi-junction devices can come in different terminal config- 
urations [ 66–69 ], significantly influencing the module inter- 
connection scheme. In previous work [ 34 ], we compared the 
performance of two-terminal, three-terminal, and four-terminal 
PV modules under outdoor conditions. The PVMD Toolbox also 
supports simulations of triple-junction devices, as demonstrated 
in Ref. [ 33 ]. 

2.6 Conversion Model 

The final step in simulating the energy yield of a PV system 

involves modeling the conversion of direct current (DC) to 
alternating current (AC). The PVMD Toolbox supports various 
inverter topologies, including central, string, and micro-inverters, 
allowing for flexible system configurations. For each topol- 
ogy, the AC output power ( 𝑃𝐴𝐶 ) is calculated with the SNL 
model [ 70 ] This model expresses 𝑃𝐴𝐶 as a function of the DC 

input power, DC input voltage, and inverter-specific parameters, 
capturing the efficiency and operational characteristics of the 
inverter. 

The required DC input power and voltage are obtained from 

the module I –V curves computed in the previous simulation 
step. Depending on the selected inverter topology, the module 
voltages and currents are aggregated using the series and parallel 
connection rules defined in Equations ( 8 ) and ( 9 ), respectively. 

2.7 Loss Analysis 

To enable a more detailed evaluation of PV system performance, 
an energy loss analysis has been developed and integrated into 
the Toolbox. This analysis quantifies the contribution of various 
loss mechanisms, as thoroughly described in previous work [ 9 ]. 

A total of 17 loss mechanisms is included, grouped into four 
categories: fundamental, optical, electrical, and system losses. 
Together, these losses, along with the system efficiency, sum to 
100%, allowing for a comprehensive and balanced comparison 
between different PV systems. This structured approach provides 
deeper insights into system behavior and helps identify key areas 
for performance improvement. 

Advanced Theory and Simulations, 2026 7 of 15
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FIGURE 5 Some examples of the different module layouts that can be simulated in the PVMD Toolbox. (a) shows different interconnection 
schemes for single-junction cells, and (b) illustrates the different topologies for multi-junction devices [ 33 ]. 

2.8 Validation 

To ensure the accuracy and reliability of the PVMD Toolbox, 
multiple validation studies have been conducted under both STC 

and real-world outdoor environments. 

First, we validate the irradiance simulation of the PVMD 

Toolbox, by comparing the spectral irradiance generated by 
the PVMD Toolbox with year-long measurements reported by 
Driesse et al. [ 71 ]. Their dataset includes spectral irradiance on a 
horizontal surface in Albuquerque, New Mexico. Figure 6 shows 
the comparison between measured and simulated spectral irradi- 
ance over the course of a year. Both the SMARTS and SBDART 
models demonstrate good agreement with the measurements, 
with similar deviations in total received irradiance. 

To validate the performance of double- and triple-junction tan- 
dem devices under STC, their optical and electrical performance 
was simulated and compared with experimental measurements, 
as shown in Figure 7a . The reference devices include a 32.5%- 
eff icient perovskite/silicon (PS) tandem cell reported by Mari- 
otti et al. [ 72 ], and a 27.1%-efficient perovskite/perovskite/silicon 
triple-junction cell from Liu et al. [ 73 ]. Full details of the STC 

validation are provided in our earlier work [ 33 ]. 

In addition to STC validation, the PVMD Toolbox has been tested 
for PS device under outdoor conditions [ 34 ]. Figure 7b shows 

the comparison of maximum power point (MPP) power, current 
density, and voltage for a 24.2%-efficient PS tandem cell operating 
in Berlin, as reported by Remec et al. [ 64 ]. A comprehensive 
description of the outdoor validation methodology and results is 
available in Ref. [ 34 ]. 

3 Case Studies 

To demonstrate the versatility of the PVMD Toolbox, we present 
two case studies simulating the performance of different PV 

system configurations. These examples illustrate how the Toolbox 
can be applied to a variety of research scenarios. The first 
case considers a PV system in an urban environment, while 
the second focuses on a PV field installation, as shown in 
Figure 8 . While the PVMD Toolbox allows for extensive parameter 
variation and optimization, this work focuses on a limited 
set of parameters to highlight the core functionalities of the 
framework. 

Both case studies are evaluated at four geographically diverse 
locations, selected based on the Köppen-Geiger-Photovoltaics 
(KGPV) classification [ 74, 75 ] and the machine learning-based PV 

climate classification (ML-PV) [ 76 ]. An overview of the different 
locations is provided in Table 1 . Hourly weather data for a typical 
meteorological year is sourced from Meteonorm [ 48 ]. For thermal 
modeling, the fluid dynamic model is used in both case studies. 

8 of 15 Advanced Theory and Simulations, 2026
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FIGURE 6 The comparison between the measured and reconstructed spectral irradiance. It can be seen that both the SBDART and SMARTS 
model are in good agreement with the measurement. Additionally, the received irradiance (Rec. Irr) and Root Mean Square Error (RMSE) are calculated 
for the measurements and both simulations, showing a similar deviation for both models. 

FIGURE 7 (a) The optical and electrical validation of a double and triple junction tandem cell at STC, as demonstrated in Ref. [ 33 ]. (b) The 
validation of a double junction tandem cell under outdoor conditions, as demonstrated in Ref. [ 34 ]. 

3.1 Urban Environment 

The urban case study (Figure 8a ) features four PV mod- 
ules installed on a rooftop with a dormer. To assess the 
impact of the dormer, sensitivity maps of each module can 
be analyzed. The sensitivity values of all lower left cells at 
600 nm are shown in Figure 8a . The maps reveal signifi- 
cant shading effects on the two modules adjacent to the 
dormer. 

Each module consists of single-junction crystalline silicon (c- 
Si) cells with M12 wafer size, using the layer stack shown in 
the top-left of Figure 2 . The electrical behavior is illustrated in 
Figure 8c . Forward-bias behavior is modeled using the CLEM 

approach, calibrated with datasheet values from a 23.6%-efficient 
interdigitated back contact (IBC) device [ 77 ]. Reverse-bias behav- 

ior is modeled using Equation ( 5 ), fitted to measurements from 

Clement et al. [ 78 ]. 

Different module layouts (Figure 5a ) are compared to evaluate 
their performance under partial shading. In all cases, the four 
modules are connected in series to a string inverter. The inverter 
efficiency curve and building geometry details are provided in the 
Supporting Information . 

3.2 PV Field 

The second case study considers a PV module operating in a 
field environment (Figure 8b ). The module consists of 144 half- 
cut tandem cells (M12 wafer size), based on the 32.5% efficient PS 
device from HZB [ 72 ], also used in Figure 2 and the validation in 

Advanced Theory and Simulations, 2026 9 of 15
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FIGURE 8 The case studies are used to demonstrate the functionality of the PVMD Toolbox. An urban environment (a), where four modules are 
placed on a roof (1 to 4 from left to right), and a PV field (b) are considered. For the urban environment, single junction modules are used, for which the 
electrical behavior at forward and reverse bias (c) is shown. In the field, modules consisting of perovskite/silicon tandem solar cells are simulated, for 
which the electrical behavior is shown in (d) with a perovskite bandgap energy of 1.68 eV. 

TABLE 1 The main climate characteristics of the locations. The ambient temperature is weighted with the global horizontal irradiance, as it better 
represents the operating conditions of the PV modules than the simple time average of the ambient temperature. 

Location 

Annual Global 
Horizontal Irradiation 

[kW h 𝐦− 𝟐 ] 
Weighted average 

ambient temperature [ ◦𝐂 ] KGPV ML-PV 

Delft 1018 16.2 DL Temperate 1 
Lagos 1642 29.4 AH Tropical 2 
Lisbon 1758 20.6 DH Temperate 5 
Shanghai 1271 21.7 DM Tropical 1 

Figure 7a . The sub-cell I –V curves of the encapsulated device are 
shown in Figure 8d . 

For each location, the annual energy yield is calculated while 
varying module tilt and the perovskite sub-cell bandgap (1.50–
1.70 eV) to optimize performance. These bandgap variations 
follow the methodology outlined in [ 33, 34, 79 ]. The refractive 
index and I –V curves for each simulated bandgap are provided 
in the Supporting Information . 

Although the scenario represents a PV field, only a single module 
is simulated under the assumption of periodic boundary condi- 
tions. This simplification is sufficient to evaluate system-level per- 
formance and identify optimal design parameters. The distance 
between two module rows is assumed to be 8 meters, and modules 
in a row are separated by 2 cm. Additionally, a free horizon is 
considered. 

4 Results 

The PVMD Toolbox is used to simulate the performance of 
the case studies described in Section 3 . The primary metric 
for comparison is the annual energy yield. However, additional 
metrics such as received irradiance are also considered to provide 
further insight into system behavior. 

4.1 Urban Environment 

We begin by analyzing the performance of PV systems in the 
urban environment. Figure 9 illustrates the difference in opera- 
tion between the different topologies, by showing the I –V curve 
of the module 2 in Delft for three consecutive hours. At 11:00, a 
significant part of the module is shaded, leading to the activation 
of some bypass diodes. It can be seen that butterfly modules 
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FIGURE 9 The I –V curve of module 2 at three consecutive hours with different module layouts. It can be seen that smart module has the highest 
shade resilience followed by the butterfly module. 

FIGURE 10 The energy yield of the PV systems with different module topologies across all locations. It can be seen that the smart modules have 
the largest electricity production, followed by the module with butterfly topology. The crosses in the figure indicate the mismatch losses in each location 
for each module layout. 

can achieve higher voltages around 7 A due to the different cell 
interconnections. The smart module can obtain higher powers, 
as each substring can operate on its own optimal power point. 
For the following hours, the partial shading becomes less, making 
the module I –V curves more similar. It can be noted that the smart 
modules have a slightly lower 𝑉𝑜𝑐 compared to the other modules. 
This is due to the maximum duty cycle of the buck-converters, 
which is set at 0.98 (as discussed in the Supporting Information ), 
preventing the module from reaching identical values of 𝑉𝑜𝑐 . It 
should be realized, however, that this does not cause any loss, as 
the buck converter allows the module to have the same power at 
a lower voltage. 

The I –V curves shown in Figure 9 are generated for each 
hour of the year and for all modules, allowing for an annual 
comparison for different topologies. Figure 10 presents the annual 
yield of the different module layouts across all locations. The 
Supporting Information includes the received irradiance data 
for each module, confirming that the dormer causes significant 
shading on adjacent modules. To better quantify the shade 
resilience of the different module layout, also the mismatch losses 
are presented in Figure 10 . The mismatch losses are defined as 
the difference between the ideal energy yield (when all cells can 
operate independently) and the actual energy yield, compared to 
the total received irradiance [ 9 ]. 

Advanced Theory and Simulations, 2026 11 of 15
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FIGURE 11 (a) The received annual irradiation of the modules for different tilts at the different locations. The maximum irradiation is indicated 
with an ’x’. (b) The annual conversion efficiency of the PV module for varying perovskite bandgap energy at the optimal tilt, where the maximum 

efficiency is also indicated with an ’x’. 

Among the configurations, the smart modules exhibit the highest 
energy yield and the lowest mismatch losses. Additionally, it can 
be seen that there is only a marginal gain of butterfly modules 
compared to standard modules. Although different studies have 
found that butterfly layouts have an improved shade tolerance 
compared to standard ones [ 21, 80 ], this marginal gain can be 
explained by the fact that all four modules are connected in 
series. Since the two outer modules do not experience heavy 
partial shading, the optimal string current is often at high current 
levels. As the butterfly topology mostly improves the performance 
at lower current levels (Figure 9 ), there is only a small boost 
in performance. 

On the contrary, the replacement of the bypass diodes with buck 
converters does improve the performance on the system level, as it 
allows the various substrings to operate at various current levels. 

It should be realized that more design choices can be made 
than only the module topology. Other parameters, such as 
the diode forward voltage or the cell reverse bias voltage, can 
also impact the results. Calcabrini et al. [ 20 ] demonstrated 
that a breakdown voltage of 0.3 V can improve the energy 
yield by relatively 20% under shaded conditions. Further stud- 
ies are recommended to identify the most shade-resilient 
modules. 

4.2 PV Field 

Next, we evaluate the DC energy yield of a tandem PV module 
operating in a field environment. As a first step, we analyze the 
received irradiance for different module tilt angles. Figure 11a 
shows the annual received irradiation as a function of tilt for 
each location, with the optimal tilt indicated. As expected, the 
optimal tilt varies by location due to differences in latitude. In 
addition to the total received irradiation, the change in spectral 
irradiance with increasing tilt for all locations is discussed in the 
Supporting Information . 

After optimizing the module tilt and maximizing the received 
irradiance, we vary the bandgap energy of the perovskite sub-cell. 
Figure 11b presents the resulting efficiency of a single double- 

junction module for different bandgap energies. The optimal 
bandgap energy is found to be between 1.60 and 1.62 eV across 
all locations. The optimal values can mostly be attributed to 
these values providing a current matching between the top and 
bottom cells, minimizing the mismatch losses. As demonstrated 
in previous work [ 32, 34 ], the optimal bandgap energy in a two- 
terminal tandem device is mostly determined by the mismatch 
losses due to current-matching constraints. 

These parameter sweeps demonstrate the optimization capabili- 
ties of the PVMD Toolbox and highlight its utility in guiding PV 

module design for diverse environmental conditions. 

5 Conclusion 

In this work, we have demonstrated the functionality and work- 
flow of the new version of our PVMD Toolbox, a comprehensive 
modeling framework for simulating the performance of emerging 
PV systems. The Toolbox divides the simulation process into six 
sequential steps, supported by two preprocessing stages, where 
each step builds upon the output of the previous one. Besides the 
six modeling steps, an energy loss analysis can be performed to 
quantitatively evaluate the performance of the PV system. 

For each modeling step, the methodology and underlying phys- 
ical principles have been described in detail. The simulation 
begins with optical modeling at both the cell and module 
levels, accounting for spectral absorptance and environmental 
shading. This is followed by weather-dependent simulations that 
compute absorbed irradiance and cell temperature over time. 
Finally, the Toolbox calculates the DC and AC electricity output, 
incorporating advanced effects such as reverse bias behavior, 
photon recycling, and meta-stability, while supporting a variety 
of module configurations. 

This modular and physics-based approach enables the PVMD 

Toolbox to be applied flexibly across a wide range of research 
scenarios. To illustrate its capabilities, two case studies were pre- 
sented. 
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The first case study examined a PV system in a shaded urban 
environment using c-Si modules. Different module layouts were 
compared, revealing that smart modules, featuring buck convert- 
ers, significantly improve shade resilience. Additionally, it was 
shown that the reverse breakdown voltage of the cells plays a 
critical role in determining performance under shading. 

The second case study focused on optimizing the performance 
of a perovskite/silicon tandem module in a PV field. By varying 
the module tilt and the perovskite bandgap energy, the study 
identified the optimal values of those parameters for maximizing 
annual energy yield. 

Together, these case studies highlight the versatility and potential 
of the PVMD Toolbox as a powerful tool for the design, analysis, 
and optimization of next-generation PV systems. The software 
of the PVMD Toolbox can be found at: https://github.com/ 
YBlom1999/PVMD_Toolbox. 
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