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HIGHLIGHTS

« Smart modules outperform butterfly modules in urban environments due to improved shade resilience.
« Smart modules reduce the maximum temperatures due to fewer reverse bias operations.
» Smart modules can tolerate up to 50% additional module costs for similar LCOE values.

« Reverse bias behavior has a trade-off between energy yield and cell temperatures.
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In urban settings, residential photovoltaic (PV) systems typically involve conversion from direct to alternating
current either at the string or module level. Generally, conversion at the module level offers better performance
in shading scenarios induced by the built environment but is usually more expensive. This study explores the
potential of ‘Smart’ PV modules, which include built-in buck converters that allow substrings within a PV module
to operate independently and thus improve PV energy yield in shaded urban scenarios. Eight PV system configu-
rations, varying in inverter topology and cell architecture, are simulated across three locations. Results show that

systems using string inverters with Smart modules achieve the highest annual energy yield. Financial analysis
further demonstrates that for the considered scenario’s up to 50% additional module costs are tolerable for a
similar financial performance. In addition to energy yield improvements, Smart modules reduce the maximum
temperatures observed within the system.

1. Introduction

The deployment of photovoltaic (PV) systems in urban areas can
significantly contribute to meeting urban energy demands while en-
hancing sustainability and energy independence [1-3]. In 2024, about
40% of the total PV system capacity in the Netherlands is installed
on homes [4] and those residential PV systems accounted for 7.2% of
the electricity generation in the Netherlands [5]. These systems typi-
cally handle the conversion from direct to alternating current on either
central, string or module level, with the latter two being preferred
for residential applications [6]. One of the major challenges faced by
PV systems in urban environments is partial shading, which not only
negatively impacts power production [7], but also increases the mod-
ule temperature of the PV module [8], potentially leading to hotspot
failures [9].
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Various studies have investigated this behavior and compared the
performance of string and microinverters, revealing that microinverters
generally achieve better performance in residential PV systems [6,10].
This advantage is primarily because microinverters allow each module
to operate at its own maximum power point (MPP). However, microin-
verters come with higher costs compared to string inverters [11,12].
This contributes to the fact that the levelized cost of electricity (LCOE)
of a rooftop PV system is significantly higher than that of a utility scale
PV system [13].

An approach to address this problem is to utilize power optimizers in
combination with string inverters [14-16]. This way, power optimizers
allow all modules to operate at their own MPP, while inverters are only
needed at the string level, thereby reducing the LCOE. However, this ap-
proach still suffers from mismatches between cells in the same module,
as the power optimizers operate at the module level.
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Smart module

Fig. 1. An overview of the different modules considered. The archetype of butterfly topology (left-hand side) constitutes the basis of the Smart PV module topology
(right-hand side). The latter is equipped with buck converters, allowing the substrings to operate at their own maximum power point.

The robustness against mismatches at the cell level can already be
improved by using a butterfly layout, as shown in Fig. 1. This layout cre-
ates two substrings in parallel, making the module more shade resilient
in case shading occurs on one side of the module [17].

To further improve the shade resilience and reduce the LCOE of resi-
dential PV systems, string inverters can be combined with shade-tolerant
PV modules, offering a more cost-effective solution. In the literature, var-
ious studies have developed different strategies for improving the shade
tolerance of PV modules. Mathews et al. provided an overview of dif-
ferent partial shading mitigation techniques, such as bifacial PV panels
and cleaning techniques [18]. Another approach is to use the small-
area-high-voltage concept as proposed by Fauzan et al. [19,20], which
demonstrated higher shading tolerability compared to conventional PV
modules. Furthermore, it is possible to integrate power electronics into
PV modules to improve shade resilience [21-23], as integrated power
electronics play an important role in a wide range of renewable energy
sources [24]. Calcabrini et al. proposed a fully reconfigurable photo-
voltaic module that can boost the energy yield by over 12% under partial
shading [25]. Another approach comes from Stauth et al., who pro-
posed using resonant switched-capacitor converters on the submodule
level to improve performance during partial shading [26]. Similarly,
Mirbagheri Golroodbari et al. introduced and demonstrated a design in
which the traditional bypass diodes in PV modules are replaced with
buck converters [27,28]. This enables all substrings within a module to
operate at their own MPP while remaining connected to a string inverter,
reaching a higher level of granularity. This enhances the PV modules’
resilience to partial shading without requiring proprietary inverter tech-
nology. We will refer to this last design of Mirbagheri Golroodbari et al.
as a Smart module. Such smart modules are also commercially
available [29].

In this work, we study the full potential of these Smart mod-
ules by simulating the outdoor performance of various PV systems.
In total, four inverter topologies are considered, which are Butterfly
modules with string inverters (String), butterfly modules with micro
inverters (Micro), butterfly modules with string inverters and power
optimizers (String + Power), and Smart modules with string invert-
ers (String + Smart). It should be realized that the Micro-system and
String + Power-system have a very similar electrical performance, as
both systems allow modules to operate independently. A detailed com-
parison between these two topologies is provided in Appendix A. For
completeness, both topologies are included in the comparison.

Regarding the cell design, we analyze PV systems featuring Tunnel
Oxide Passivated Contact (TOPCon) cells in either Interdigitated Back
Contact (IBC) or Front/Back Contact (FBC) architecture. By combin-
ing these configurations, a total of eight distinct PV system designs are
examined.

The performance of each system is evaluated based on annual
electricity generation across three locations to assess shade resilience.
Additionally, we analyze temperature data for all cells throughout the
year to determine the maximum temperatures reached in the different
scenarios. Finally, we assess how module topology affects the power loss
due to degradation.

2. Methodology

All simulations employ the PVMD Toolbox [30,31], a modeling
framework for PV systems that calculates energy yield by sequentially
modeling diverse meteorological, optical, geometrical, and electro-
thermo-mechanical aspects. The calculations are carried out on the Delft
High Performance Computing Centre [32]. First, the optical response of
the PV module is simulated, also accounting for shading effects due to
surrounding objects. Next, the received irradiance is determined using
hourly weather data. This is followed by the thermal simulation, which
calculates the temperature of each cell in the PV modules forming the PV
system throughout the year. Both irradiance and temperature data serve
as inputs for the electrical simulation, which quantifies the generated DC
electricity. As the thermal performance of a solar cell is affected by its
electrical operating point, an iterative calculation between the thermal
and electrical models is used to accurately simulate the thermo-electrical
behavior of the solar cell. Finally, conversion losses are incorporated to
determine the total AC electricity output. A detailed description of this
methodology is available in previous work [30,31,33].

In the rest of this section, we will discuss important assumptions
and specifications needed to understand the results of this work. This
includes the module layout, received irradiance, electrical cell perfor-
mance, conversion modeling, and economic modeling. The section ends
with a validation of the iterative thermal-electrical calculation.

2.1. Module layout

The modules under consideration are equipped with half-cut wafers
measuring 156 x 78 mm, consistent with the cell dimensions to fit the
shading situation used in a previous study [34]. These cells are arranged
in a butterfly topology, where they are divided into six substrings and by-
pass diodes are connected, as illustrated in Fig. 1. Previous studies have
shown that this topology offers greater resilience to shading compared
to the conventional series-connected configuration [35].

For the Smart modules, the bypass diodes are replaced with buck
converters. The functionality and implementation of the Smart module
were discussed in previous work [31].

2.2. Received irradiance

The irradiance received by each cell within the PV system is based
on a study conducted by Calcabrini et al. [34]. The analysis considers
a rooftop with multiple objects and 25 PV modules, as illustrated in
Fig. 2(a), which is facing southwest with an angle of 146° from the north.
Fig. 2(b) illustrates with color which modules are connected together
when a string inverter is considered. The modules are divided over two
string inverters, as the cumulative voltage of all modules would exceed
the voltage rating of the selected inverter. The comparison of inverter
topologies is conducted for the following three locations: Rotterdam (the
Netherlands), Bogoté (Colombia), and San Francisco (USA). For each lo-
cation, the study by Calcabrini et al. provides the irradiance data for
each cell within the PV system at a 10-minute resolution. The total re-
ceived irradiance for all cells in the PV system at each location is shown
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Fig. 2. (a) an image of the considered roof with installed PV modules, and (b) the module interconnection of the PV system with a string inverter. The other pictures
show the annual irradiation received in Rotterdam (c), Bogota (d) and San Francisco (e).

at the bottom of Fig. 2. These irradiances are used as input for the ther-
mal and electrical modeling to calculate cell temperatures and generated
DC power.

It should be realized that this work only considers one rooftop, and
that the results from this work cannot automatically be generalized for
all urban environments. However, it is very difficult to design a rooftop
that is representative of all locations, as this heavily differs between
countries. The considered rooftop, which is based on an actual build-
ing [34], is chosen as it can be used to understand the difference in
performance between the considered PV systems in a real-world case
study. Future work and more case studies are needed to prove that the
findings of this work are generalizable to all urban environments.

2.3. Electrical cell modeling

The modeling of electrical performance at the cell level is sep-
arated into forward and reverse bias behavior for both IBC-based
and FBC-based modules, while considering the differences in the cell
architectures.

2.3.1. Forward bias

For forward bias conditions, we use a Calibrated Lumped Element
Method (CLEM) model, as detailed in [30]. This model consists of a
photocurrent source (J,,), a diode, a shunt resistance (R,,) accounting
for leakage losses, and a series resistance (R,) representing ohmic losses.

To ensure the electrical performance reflects state-of-the-art PV mod-
ules, we calibrate the CLEM model using datasheets from a 22.5%
efficient FBC TOPCon module [36] and a 22.8% efficient IBC TOPCon
module [37]. Fig. 3 presents the active area current density (JV) curve of
both cell architectures under standard test conditions (STC), including
the electrical characteristics.

It should be noted that the efficiencies in Fig. 3 do not match the
values in the datasheet, as the figure shows the active area efficiency and
does not include cell spacing losses. To validate the electrical simulation
at forward bias, the IV curves are reconstructed for the same module
sizes as those in the datasheet in Appendix B.

2.3.2. Reverse bias
For reverse bias conditions, we utilize the model proposed by Alonso-
Garcia et al. [38]. This model expresses the output current under reverse

40 F
-
§ IBC
30 f
£ VoIVl 0755
= J_[mA/cm?: 42,0
% 20 s [mA/ecm“]: .
1: Voo VI 0.622
240} J_ [mAcmZ: 398
) mpp
O
n[%]: 247
O L L
0 0.2 0.4
Voltage [V]

Fig. 3. The electrical performance of both cell architectures in forward bias,
including the IV characteristics. The MPP of each cell is indicated with a cross.

bias as

_ Ry VHceV?
ph A

- K il
1 —exp (Be <1 v ))

where c is a coefficient that characterizes the parabolic behavior of the
current, A is the area, B, is a quasi-constant parameter, ¢ is the built-in
junction voltage, and V) is the breakdown voltage [38].

These parameters (c, B,, ¢, and V,) are fitted using measured re-
verse bias of an FBC [39] and a IBC cell [40], while Jon and Ry, are
derived from the electrical behavior at forward bias. Fig. 4 shows the
electrical behavior at reverse bias of the cell architectures, including
the values of the fitted parameters. As can be seen, the IBC cell has a
significantly lower breakdown voltage than the FBC cell.

JV) =

(€8]

2.4. Conversion modeling

To obtain the AC electricity, the SNL model [41] is used for the
string and micro inverter. This model expresses the AC output power
as a function of input voltage and power, incorporating various empir-
ical parameters. These empirical parameters are extracted for both a



Y. Blom, R. Santbergen, O. Isabella et al.

Solar Energy 317 (2026) 114992

200 . Table 1
The assumed values of the parameters for the calculation of the LCOE.
NE Component Value Source

§ 150 | ] Modules [USD/KWp] 260 IRENA [45]
I Increased cost smart modules varying [%]
'; String inverter [USD/unit] 668 Elektrototaalmarkt [46]
%’ 100 | i Micro inverter [USD/unit] 132 Enphase [47]
5 Power optimizer [USD/unit] 51 SolarEdge [44]
© Other CAPEX [USD/kWp] 773 Kost et al. [13]
z OPEX [USD/kWp/year] 30 Kost et al. [13]
g 50 4 Discount rate [%] 5
8 System lifetime [years] 25

0 L L 1 L

-50 -40 -30 -20 -10 0 maintenance expenditure in year #, N ,,,, is the lifetime of the system,

Voltage [V] r is the discount rate, and EY (¢) is the system energy yield in year 7.

Fig. 4. The electrical performance of both cell architectures in reverse bias,
including the fitted parameters.

micro and string inverter, considering two datasheets ([42,43], respec-
tively). Fig. 5(b) and (c) present the efficiency curves of both inverters.
For the micro-inverter, we compare the simulated efficiencies with the
measured efficiencies. As the datasheet of the string inverter did not pro-
vide measured efficiency curves, we compare our EU weighted efficiency
with the reported value, showing good agreement.

Converters cannot operate at any input voltage, but require a mini-
mum voltage. As specified by their datasheets, the minimum voltage of
the micro and string inverter is 25 V [42] and 140 V [43], respectively.

For the power optimizer, the datasheet from SolarEdge, and the
corresponding efficiency curves, are used [44]. Fig. 5(c) shows the ef-
ficiency at different input voltages. To validate the implementation of
the power optimizer, we compare our EU weighted efficiency with the
reported value, which also shows good agreement.

2.5. Economical modeling

The financial performance of all considered systems is quantified us-
ing the LCOE, as it represents the levelized costs per unit of generated
electricity. In this work, the LCOE is calculated with

Nyear:
CAPEX + ¥,y %220

LCOE = (2)

ZN years EY (1)
=1 (1+r)

where CAPEX denotes the capital expenditure (including module,
inverter and other costs), OPEX(t) represents the operation and

Micro inverter

String inverter

The values for all parameters are listed in Table 1. It should be
noted that these values may vary significantly across different locations.
However, performing a detailed, location-specific cost analysis is beyond
the scope of this work. Nevertheless, the selected assumptions are suf-
ficient to quantify the extent to which Smart modules can improve the
financial performance of a residential PV system.

2.6. Validation

The performance of the PVMD Toolbox has already been validated in
previous work [30,31] in different aspects, such as optical, irradiance,
and electrical modeling. One aspect in which validation can be improved
is the thermal modeling, with specific focus on the iterative simulation
between the thermal and electrical steps. To demonstrate the gain in
accuracy by iterating between the thermal and electrical calculations,
we use the dataset from the blind modeling comparison conducted by
Sandia National Laboratories [48].

Fig. 6 shows the measured temperature of an in-field PV module,
and the simulated temperature with and without iteration for two dif-
ferent days. It can be seen that iterative simulation between the thermal
and electrical simulation steps significantly improves the accuracy. The
overall root mean square (RMS) error, taken over the full year, reduces
from 4 °C to 3 °C.

3. Results

The performance of the eight different system topologies is simu-
lated and compared in various aspects. First, a test scenario with partial
shading is considered to evaluate the shade-robustness of the Smart
modules. Then, the outdoor performance is analyzed to compare the
energy yield, maximum temperature, and degradation rates of the dif-
ferent PV systems. Lastly, we also compute the energy yield after 20
years of degradation.

Power optimizer

a) 100 b)100 c)10—————————
95 95 95
? ? =97.8% ? =08.6%
[0 90 N\ = : o 90 nEU—ref e o 90 nEU—ref 070
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Fig. 5. The efficiency curves for the micro (a) and string (b) inverters at different voltages.
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Fig. 6. A comparison between the measured cell temperature and the temperature modelled with and without iterative calculation for a day in January (a) and June

(b). Overall, the RMS error reduces from approximately 4 °C to 3 °C (c).
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Fig. 7. The IV curves of the different modules under a partial shading scenario. (a) shows the considered irradiance scenario. (b) and (c) show the IV curves of the
butterfly and Smart modules, respectively. In each IV curve, the MPP is indicated with a cross. For (b) and (c), the IV curve under normal STC conditions is also

shown with dashed lines.

3.1. Test scenarios

Before analyzing the outdoor performance of the different systems,
we first consider a test scenario at the module level to compare their
performances. In this scenario, the entire module receives an irradi-
ance of 1000 W m~2, except for two cells in the bottom left corner,
which receive an irradiance of 100 W m~2 (Fig. 7a). The IV curves
of the butterfly and Smart modules, using both cell technologies, are
shown in Fig. 7(b) and (c). Additionally, the module IV curve under STC
conditions is indicated with dashed lines.

The effect of partial shading is clearly visible in the IV curves of
the butterfly module (Fig. 7b). The IV curve has two local maxima: one
where the bypass diode is activated and one where it is not. Additionally,
the lower reverse bias voltage for IBC cells results in a smoother transi-
tion between the two local maxima. Under this partially shaded scenario,
the IBC and FBC butterfly modules have maximum output powers of
306 W and 274 W, respectively, compared to their normal STC output
powers of 446 W and 420 W.

The Smart modules are more robust against partial shading, as shown
in Fig. 7(c). The output powers of these smart modules are 380 W and
357 W for the IBC and FBC technologies, respectively, showing an in-
crease of more than 20% (70 W) in maximum output power for both cell
architectures, when comparing the butterfly and smart modules. This
increase is due to the Smart modules enabling different substrings to
operate at their individual maximum power points.

To better illustrate how module IV curves are formed by the sub-
modules, Appendix C shows the IV curves at the submodule level. This
demonstrates the effect of the cell architecture and module type on the
IV curves.

3.2. Energy yield

To compare the outdoor performance of the different designs, for
each PV system, the annual AC output power is calculated for three dif-
ferent locations. Fig. 8 shows the AC energy yield of all eight systems
across these locations. It is evident that the systems with Smart modules
have the highest energy yield in all locations, showing a 15%—-20% gain
in energy yield when compared to only string inverters, and a 2%—-3%
higher energy yield when compared to micro inverters or power opti-
mizers. This is due to their higher robustness against partial shading,
as shown in Fig. 7. Furthermore, it can be seen that the systems in San
Francisco have the highest energy yield, as this location receives the
most irradiance (Fig. 2).

Among all converter topologies, the difference between only string
inverters and the rest is much greater than the other differences. This is
because the difference in irradiance is much greater between modules
within a system than between cells within a module, as shown in Fig. 2.
Therefore, allowing a module to operate at its own maximum power
point already significantly reduces mismatch losses. Nevertheless, sys-
tems with Smart modules still outperform micro-inverter systems as they
reduce the level of independence from module to substring.

To better analyze the operational differences between the system
with Smart modules and the other configurations, both the annual rel-
ative gain per cell and the time-dependent relative gain are quantified.
As similar trends are observed across all locations, only the results for
Rotterdam are discussed. Fig. 9(a) shows the annual relative gain per
cell for the system with Smart modules compared to the other systems.
It should be noted that the cell technology is kept identical for this com-
parison. The relative gain is calculated by dividing the annual electricity
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Fig. 8. The annual AC energy yield of the different PV systems across various locations. The Smart modules with string inverter have the highest yield across all
locations, followed by the butterfly modules with micro inverters and the butterfly modules with power optimizers, while the most commonly used string inverters
with butterfly modules are the least-performing options. Additionally, systems equipped with FBC cells perform worse than those with IBC cells.
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Fig. 9. (a) the annual relative gain in Rotterdam per cell for the system with
Smart modules compared to the other systems. This is calculated by quantifying
the annual electricity produced per cell and dividing the values of the systems.
It can be seen that the cells behind the objects have the highest relative gain. (b)
the relative gain in Rotterdam per hour of the day. Although the gain compared
to the system with micro inverters or power optimizers is relatively constant
over the day, the relative gain compared to the system with string inverters is
larger at the end of the day. (c) the relative gain in Rotterdam per month for all
systems. The relative gain compared to the micro and string + power system is
relatively constant, whereas the gain compared to the string inverter is largest
at the beginning and end of the year.

generated per cell of the system with Smart modules by that of the cor-
responding cell in the other systems. The largest gains are observed for
cells behind the objects which face the most shading, further demon-
strating the improved shade resilience of Smart modules. Only for the
system with string inverters and FBC cells, is there a significant gain for
all cells in the system.

In addition to the relative gain per cell, the time-dependent rela-
tive gains are also quantified. Fig. 9(b) and (c) present the relative gain
as a function of the hour of the day and the month of the year, re-
spectively. These gains are calculated by dividing the total electricity
generated during a specific hour or month by the system with Smart
modules by that generated by the other systems. The relative gain com-
pared to the system with string inverters is largest toward the end of
the day, as the roof has a slight westward orientation. This orientation
leads to more pronounced shading patterns in the late afternoon, as il-
lustrated in Appendix D. On a monthly basis, the gain relative to the

system with string inverters is highest at the beginning and end of the
year. During these months, the lower solar elevation increases shading
effects, thereby enhancing the benefit of the more shade-robust Smart
modules. In contrast, the relative gain compared to systems with micro
inverters or power optimizers remains fairly constant throughout both
the day and the year.

Lastly, it can be seen in Fig. 8 that systems with IBC cells have a
higher energy yield than those with FBC cells. This difference can be
attributed to the IBC cells having both higher Py, and a lower reverse
breakdown voltage. To separate the effect of both causes, Appendix E
calculates the performance ratio of all systems. This shows that the
differences between cell technologies are mostly due to the higher ef-
ficiency of the IBC solar cells. Nevertheless, the systems with IBC cells
have slightly better performance ratios, demonstrating how reverse bias
voltage can help mitigate partial shading, similar to the findings of
Calcabrini et al. [49].

3.3. Effect on temperature

Besides the AC energy yield, temperature is also an important charac-
teristic, as it influences degradation rates and can trigger different failure
mechanisms such as hotspots [9,50,51]. Therefore, we quantify both the
mean and maximum temperatures that the cells within the module ex-
perience throughout the year. Fig. 10(a) shows the spatial profile of the
mean temperature of each cell in all systems in Rotterdam. The spatial
profiles for other locations are shown in Appendix F, as they exhibit a
similar trend, while having 2.9 °C and 4.7 °C higher mean temperatures
for San Francisco and Bogot4, respectively.

The mean cell temperature heavily depends on the irradiance, show-
ing the same spatial pattern as the received irradiation in Fig. 2. Modules
located closely behind objects receive lower irradiation, leading to a
lower average cell temperature. The highest temperatures are observed
in the String system with modules endowed with FBC solar cells. This
can be attributed to this system having both a lower shade resilience at
the cell level, as well as a low shade resilience at the inverter level. To
investigate how the change in mean cell temperature affects the degra-
dation rates of the PV modules, a degradation analysis is performed in
Appendix G. These results show that Smart modules have slightly lower
degradation rates. However, the location of the PV system has a big-
ger impact on the degradation than system topology, as the received
irradiance and ambient temperature heavily determine the degradation
rate.

Besides the average temperature of the cells, it is also important
to know the maximum temperature cells experience, as high tempera-
tures are an important stress factor for different failure modes [9,50,51].
Fig. 10(b) shows the boxplot distribution of the maximum tempera-
tures of all cells within the PV modules of the different systems. The
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Fig. 10. (a) the mean temperature (7,

mean

) for each cell throughout the year in Rotterdam. It can be seen that T,

has the same spatial profile as the received

mean

irradiance. Additionally, systems with only string inverters reach slightly higher temperatures at the top of the roof, as these systems have the lowest shade resilience.

(b) the boxplot distribution of the maximum temperatures (

T,,.q«) of all cells within all PV modules across all locations and configurations. The smart modules reduce

the maximum temperatures across all locations, as they improve the shade resilience of the PV systems.

use of Smart modules significantly reduces the maximum temperatures
experienced. This is because the Smart modules improve the shade
resilience of the system, leading to fewer reverse bias operations, as
shown in Appendix H. Given that extreme temperatures can trigger dif-
ferent failure mechanisms, the Smart modules can potentially have a
positive impact on the stability of the PV system. However, future work
is needed to demonstrate and quantify this impact.

Interestingly, PV systems with IBC cell-endowed modules have larger
extreme values than those with FBC cells. This is because the low break-
down voltage of IBC cells makes it favorable for cells to operate in
reverse bias rather than activating the bypass diodes, which would occur
in modules with FBC cells. Therefore, IBC cells more often operate in re-
verse bias, leading to higher temperatures. To support this explanation,
Appendix H illustrates the fraction of time all cells are operating under
reverse bias. Although all values are small, it can still be seen that IBC
cells operate significantly more in reverse bias. This suggests the ideal
reverse bias voltage is a trade-off between, on one hand better shade re-
silience and higher energy yields for low values of ¥, and on the other
hand reducing extreme temperatures when V, is high.

To quantify this trade-off, the energy yield simulations for all systems
in Rotterdam are repeated with a varying ¥, in Eq. (1) (while assum-
ing all other electrical parameters to be those of the IBC cell). Fig. 11
presents the annual energy yield and maximum temperature of the dif-
ferent inverter topologies, showing a distinct trend for each inverter
topology.

For a system with only string inverters, a low value of V, (-5V) re-
sults in the highest energy yield and lowest T,,,.. This is in agreement
with Figs. 8 and 10(b), showing a higher energy yield and lower T,,,,,
for the system with IBC cells when only string inverters are used. The
system with micro inverters and the system with power optimizers show
a maximum value for 7, at ¥V, = 15 V. Still, it can be seen that a low
value of ¥, (-5V) has a higher T,,,, compared to larger values (—30 V
to —50 V). This demonstrates the apparent trade-off, as a lower V, does
have a higher energy yield. Lastly, it can be seen that for systems with
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Fig. 11. The annual energy yield and maximum temperature as a function of
reverse breakdown voltage for the different inverter topologies in Rotterdam.

Smart modules the performance is very similar for ¥V, < —10V. Since
each substring can operate independently, cells hardly operate at re-
verse bias, reducing T,,,.. Only when ¥} is small (-5V), reverse bias can
be triggered and T7,,,, increases. Although these simulations show how
the energy yield and 7,,,, vary for different V}, future work is still needed
to determine the optimal value, as the material properties of the solar
module should also be considered.

3.4. LCOE analysis

To evaluate how the increased energy yield and the elimination of a
micro-inverter or power optimizer per module affect the financial per-
formance of the PV system with Smart modules, the LCOE is calculated
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Fig. 12. The LCOE for the different systems in all locations. For the system with Smart modules, the bars do not consider additional module costs. To see how the

LCOE would be affected for different module costs, three different values (i.e., 10%, 50% and 100% additional module costs) have been plotted with symbols.

for the considered systems. Fig. 12 presents the LCOE for the differ-
ent systems across all locations. For the system with Smart modules,
the bar plots are calculated assuming no additional module costs. The
results show that, for the considered scenarios, systems equipped with
Smart modules achieve a significantly lower LCOE, primarily due to the
aforementioned advantages.

To assess the impact of additional module costs on this comparison,
the LCOE calculation for the system with Smart modules is repeated for
different cost scenarios. The symbols in Fig. 12 show the increase in
LCOE corresponding to 10%, 50%, and 100% higher module costs for
the Smart modules. Even with a 50% increase in module costs, the Smart
module system still exhibits the lowest LCOE among all considered sys-
tem topologies in all locations. It should be realized that these values
may differ if other scenarios are considered. Lastly, the PV systems in-
stalled in San Francisco have the lowest LCOE as the total energy yield
is the highest for this location.

4, Conclusion

In this work, we compared the performance of different PV sys-
tems to investigate the potential of Smart modules. Four different
converter topologies were tested, which are butterfly modules with
string inverters, butterfly modules with micro inverters, butterfly mod-
ules with power optimizers and string inverters, and Smart modules
with string inverters. Additionally, two cell technologies (IBC and
FBC) were included to investigate the impact of different reverse
breakdown voltages. The PVMD Toolbox was employed to simulate
the annual energy yield, temperature profiles, and levelized cost of
electricity.

The results show that the system with Smart modules has the highest
energy yield among all considered topologies, as they allow substrings
to operate independently. This improved shade resilience results in a
15%-20% gain in energy yield compared to the system with string in-
verters, and a 2%-3% gain compared to systems with micro or power
optimizers. As a result, systems with Smart modules have the lowest
LCOE, with a tolerable additional module cost of at least 50% for all
considered case studies. Furthermore, systems with Smart modules re-
duce the maximum temperatures that are observed in the system. This

can potentially, although future work is needed to further demonstrate
this, have a positive impact on the stability of the PV system.

To better understand the shade resilience of the PV systems, the im-
pact of cell architecture was also examined. This shows that the reverse
breakdown voltage can impose a trade-off between achieving higher
energy yields (low breakdown voltage) or experiencing lower extreme
temperatures (high breakdown voltage).
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Appendix A. Comparison of power optimizers with micro inverters

As discussed in the introduction of the main text, the topology using power optimizers is not included in the comparison because its performance
closely matches that of the micro-inverter topology. Both configurations allow each module to operate at its own maximum power point, but neither
provides shade resilience between substrings.

Fig. A.1 presents the output power of both topologies for all locations and cell architectures, illustrating their strong similarity, with a maximum
root mean square error (RMSE) of 0.07 kW obtained in Bogota. Most deviations occur at high output powers, where the efficiency of the micro
inverter decreases as the input power approaches its rated power of 9.5 kW. This explains why Bogota has the largest RMSE, as the highest output
powers are obtained for this location. Furthermore, the energy yield reported in the bottom-right corner of each plot further confirms their similar
performance, with a maximum relative deviation of 0.8% for the PV system in Rotterdam with the FBC architecture.

This similarity between both topologies justifies the exclusion of one of them. Consequently, the main text focuses on the micro-inverter system
for the energy yield, temperature, and degradation analyzes. However, it should be noted that a system using power optimizers exhibits comparable
performance with a difference below 0.8% compared to the micro-inverter system in our simulations in these aspects.
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Fig. A.1. A performance comparison between the topology with power optimizers and micro inverters for all locations and cell architectures. In each plot, the output

power of both systems is compared, where each point shows the produced power of both systems at a certain time of the year. It can be seen that both their power
production and energy yield are very similar.

Appendix B. Validation forward bias

To validate the electrical simulation under forward bias, we compared the IV curve of the simulated module with the datasheet specifications.
Fig. B.1 illustrates the IV curve of the simulated module, considering the same module dimensions reported in the datasheet. It should be noted that
these module dimensions differ from the ones used in the study. Additionally, Fig. B.1 shows those IV curve characteristics of the simulated module
and the from the datasheet. It can be seen that all characteristics are almost identical, validating our electrical simulation under forward bias.
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Fig. B.1. The IV curve of the simulated modules with the same module size as the datasheet, and the IV curve characteristics of both the simulated module and the
datasheet. It can be seen that all characteristics are almost identical.
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Appendix C. Sublevel IV curves

Fig. 7 of the main text shows the module IV curve under partial shading. To better illustrate how these module IV curves are composed of the
different sublevel IV curves, Fig. C.1 shows the IV curves of the submodules. The submodules are labelled as A-I, A-II, B-1, B-I, C-I, and C-II, as shown
in Fig. C.1(a). The rest of the figure displays how the submodules together construct the module IV curve.

As can be seen in the figure, the lower reverse breakdown voltage has a clear effect on the IV curve of the partially shaded submodule. This
improves the performance of the module under partial shading. Additionally, it can be seen how the smart modules allow the submodules to keep
their maximum power point over a wider range.
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Fig. C.1. The IV curves of the different modules under a partial shading scenario. (a) shows the considered irradiance scenario. The rest of the figure shows the
submodule IV curves of the butterfly module with FBC cells (b), smart modules with FBC cells (c), butterfly modules with IBC cells (d), and smart modules with IBC
cells (e). In each plot, the IV curves of submodules A-I and A-II are shown. It should be noted that all other submodules have the same IV curve as A-I. It can be seen
how the various submodules jointly form the module IV curve.

Appendix D. Shading pattern at throughout the day

As demonstrated in the main text, the system with Smart modules has a larger relative gain compared to the system with String inverters at the
end of the day. This is because the rooftop is facing west, meaning that at the end of the day (when the sun is above the roof), there is more apparent
shading in the afternoon, as demonstrated in Fig. D.1. As Smart modules improve the shade resilience of the system, the relative gain is larger at the
end of the year.
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Fig. D.1. The total received irradiance for each cell at different times of the year. Due to the orientation of the roof towards the west, there is more apparent shading
at the end of the day.
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Appendix E. Performance ratio
The main text presents the energy yield results, showing that systems with IBC cells have a higher performance than those with FBC architecture.

This difference can be attributed to the IBC cells having both higher efficiency and lower reverse breakdown voltage. To see which of these causes
has a stronger impact, the performance ratio (PR) for all systems is defined as

EY

Pac,sTc’
errrec : .
Irrgre

PR = (E.1)

where EY is the energy yield, Irr,,. is the received irradiance across the complete PV system, P, g7 is the AC system power under STC, and Irrgrc
is the irradiance under STC (1000 W m~2).

Fig. E.1 shows the PR of all systems across all locations. The difference between systems with IBC and FBC cells is smaller than in Fig. 8 as the
larger efficiency for IBC cells does not have an effect on the performance ratio. This shows that the higher efficiency plays a bigger role than the lower

reverse breakdown voltage. Nevertheless, systems with IBC architecture still have a slightly higher PR, meaning that their lower reverse breakdown
voltage positively impacts the performance.

Rotterdam

San Francisco

Performance Ratio [%]
Performance Ratio [%]
Performance Ratio [%]

[l String+Power

Il String+Power
I String+Smart

[ string+Smart

IBC FBC IBC FBC IBC FBC

Fig. E.1. The performance ratio of the different PV systems. Systems with IBC cells have a slightly higher PR, which can be attributed to their lower reverse breakdown
voltage.

Appendix F. Temperature profiles

The main text shows the spatial profile of the mean temperatures throughout the year for all systems in Rotterdam. The temperature profiles of
the PV systems in Bogota and San Francisco are shown in Fig. F.1 and Fig. F.2, respectively.
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Fig. F.1. The mean temperature for each cell throughout the year in Bogota.
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Fig. F.2. The mean temperature for each cell throughout the year in San Francisco.

Appendix G. Degradation analysis

To investigate the impact of the system topology on the degradation of the PV system, we calculate the degradation rates and the corresponding
loss in energy yield of all PV systems. This Appendix section first explains the modeling of degradation rates, then discusses the calculated degradation
rates, and concludes with an analysis of the robustness against degradation.

G.1. Degradation modeling

Lastly, the effect of degradation is simulated using the approach described in earlier work [52]. Three degradation mechanisms are considered,
which are moisture induced degradation, discoloration, and thermal cycling. For each mechanism i, an Arrhenius-based equation is used to obtain a
degradation rate ky,, ;, written as

Eg.i
Kgegi = A; - (X" - e” T, (G.1)

where 4; is the pre-exponential constant, X; is the stress factor corresponding to the degradation mechanism, n; is an exponent, and E,; is the
activation energy. For moisture induced degradation, the related stress factor is the relative moisture concentration inside the PV module, as fully
discussed in [53]. For discoloration, the stress factor is ultraviolet (UV) irradiance, while for thermal cycling, it is the number of temperature
fluctuations. The full details on the calculation of the degradation rates and the implementation of their effect on the module performance are
discussed in [52].

G.2. Effect on degradation

The previously mentioned temperature differences also translate into differences in power losses due to degradation, as temperature is a crucial
parameter in degradation calculations. For all PV systems across various locations, the total power loss due to degradation (P,,,) is calculated for
a lifetime, assumed to be 20 years. It should be noted that P, is calculated for each cell separately, and it does not directly relate to the overall
energy yield loss of the complete PV system.

Fig. G.1(a) shows the spatial distribution of all PV systems in Rotterdam (distributions for other locations are shown in Fig. G.2 and Fig. G.3).
Similar to the temperature profile, the degradation loss follows the same trend as the received irradiance. This is expected since the degradation rate
depends on both the received UV irradiance and cell temperature. Overall, systems with Smart modules exhibit lower power loss compared to other
PV systems.

To better quantify the differences in degradation losses, Fig. G.1(b) presents the box-plot distribution of P, values for all cells in the PV system.
In all locations, systems with Smart modules and micro-inverters have significantly lower degradation losses than those with butterfly modules and
string inverters. Still, Smart modules show slightly smaller extreme values compared to systems with micro-inverters.

G.3. Robustness against degradation

Lastly, we test the robustness against degradation for each system topology. The energy yield simulations are repeated, adjusting the module
performance according to their calculated degradation profile. Fig. G.4 shows the change in the IV curve under STC conditions due to degradation
for both the butterfly and Smart modules. It can be seen that degradation mainly results in a loss of voltage rather than a loss of current.

Fig. G.5 also shows the annual AC energy yield of all PV systems after 20 years of operation. The trends and differences are similar to those in
Fig. 8, also showing the largest energy yield for the PV system with Smart modules. This indicates that all system topologies have similar robustness
against degradation, as the relative differences remain consistent. These similarities can be attributed to degradation primarily affecting voltage
(Fig. G.4). Since cells and modules are mostly connected in series, differences in voltage result in fewer mismatch losses compared to differences in
current. The reason the higher observed values of P, for the string systems in Fig. G.1(b) do not correspond to significantly lower energy yields,
is that larger values of P, ,, do not directly correspond to a larger loss on the system level. High values for P, mostly occur for cells that receive
high irradiances, meaning that these cells had been current limited by the other cells in the same string, which receive less irradiance. Thus, the
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Fig. G.1. (a) the power loss due to degradation for each cell throughout the year in Rotterdam. The power losses exhibit the same spatial trend as the irradiance and
mean temperature, as these heavily influence the degradation rate. (b) the boxplot distribution of the degradation losses of all cells within all PV modules over 20
years across all locations and configurations. Although there are small differences between system topologies and cell technologies, the biggest differences are due
to the location.
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Fig. G.2. The power loss due to degradation for each cell throughout the year in Bogota.

degradation is mostly compensated by the degraded cells having higher irradiances and the efficiency loss observed on cells with high irradiances is
not strongly observed on the system energy yield level.

It can be seen, however, that the location has a significant impact on the change in energy yield. In Rotterdam, the system with smart modules
with IBC cells experiences a loss in energy yield of 1.0 MWh (from 7.4 MWh to 6.4 MWh), whereas the same systems in both Bogota and San Francisco
have a loss of 2.0 MWh. This illustrates that the location has a bigger impact on the degradation than the system topology.
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Fig. G.3. The power loss due to degradation for each cell throughout the year in San Francisco.
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Fig. G.4. The change in module IV curve under test conditions due to degradation for the butterfly topology (a) and smart module (b) in Rotterdam. The MPP of
each IV curve is indicated with a cross.
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Fig. G.5. The energy yield at all locations after 20 years of degradation. The observed differences are similar to those observed for the initial energy yield.

Appendix H. Share reverse bias operation

As explained in the main text, PV systems endowed with IBC cells experience higher extreme temperatures, as IBC cells operate more frequently
at reverse bias. To support this explanation, Fig. H.1 shows the relative share of time that the cells in a PV system are operating at reverse bias.

It can be seen that in each location, PV systems with string inverters and IBC cells operate the most time at reverse bias, reaching values up to
0.82%. Although all values are small, it can be seen that there are significant differences among the simulated PV systems.

These larger values for PV systems with IBC cells can explain why these systems experience higher extreme temperatures. As heat is injected into
the cell when operating at reverse bias, high temperatures are more likely to occur for IBC cells.
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