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Abstract. The interconnection of photovoltaic (PV) modules into series and parallel
connections has garnered significant attention in the literature over the past decade. The
connection is typically fixed for the system’s service life and can heavily dictate the sys-
tem’s performance if it encounters partial shading. In building-based applications of PV,
this issue has not received as much attention due to the prevalence of module-level power
optimisers and microinverters as a solution to partial shading. However, these types of
devices have the potential to negatively impact the carbon-emissions abatement poten-
tial of systems if not used with a critical lens to their life-cycle environmental impact.
In this paper, we compare the system performance of seven different PV interconnec-
tion schemes using carbon payback time. We model a building-integrated photovoltaic
(BIPV) facade and simulate its annual yield at an hourly timestep. We use a current
and voltage curve approach to capture the impact of partial shading. We find that
module-level optimiser-based systems are capable of generating enough electricity to off-
set the carbon emitted during their manufacturing in the context of Zurich, Switzerland.
Furthermore, we discuss future research directions for BIPV string optimisation.

1 Introduction
Photovoltaics (PVs), particularly building integrated photovoltaics (BIPVs), are becoming a more com-
mon fixture in urban settings, often with the goal of mitigating greenhouse gas (GHG) emissions. However,
if a PV system is deployed in a situation where it is unable to abate or mitigate an adequate amount
of carbon emissions to offset the upfront GHG emissions released during its manufacturing, it may act
as a source of further pollution. The performance level of a system, in terms of GHGs, can be tied to
many features, but is most simply visualized as a function of the amount of irradiance available to the
system throughout the year. We describe this through the curve in Figure 1, which shows the range
GHG intensities (Eint) [kgCO2e

kWh ] of a theoretical PV system in Zurich, Switzerland given different levels

of effective irradiance (Geff) [kWh ·m−2 · year−1]; with low Geff , Eint is high and the opposite with high
levels of Geff in a non-linear relationship. From previous research [1] we can overlay the range of Geff

https://creativecommons.org/licenses/by/4.0/
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levels of Geff in a non-linear relationship. From previous research [1] we can overlay the range of Geff

found on the exposed surfaces of buildings in a quarter of Zurich (the grey histogram). By also indicating
the typical Eint of Switzerland’s electricity grid (the horizontal black line), we can showcase that there are
surfaces where installing a system would likely result in it not performing as well as the local electricity
grid in terms of Eint.

This issue can also be seen in practice. Using a post-installation report of a BIPV facade system in
Zürich, Switzerland [3] that describes annual electricity generation we can calculate the expected payback
period for the upfront carbon of the modules, following [4]. This carbon payback time (CPT ) ranges from
12 years for the rooftop array to 128 years for the north-facing array, with a 45-year payback for the entire
system when aggregated; the expected operational lifetime of the system is 25 years. Following these
calculations, it can be seen that this system (as a whole) is not contributing to GHG mitigation. Given
this realisation, it is clear that carbon payback should be a key performance indicator for system design.
Furthermore, due to a lack of reported hourly electricity generation data, a static value for Eint of the
grid was assumed. When considering a dynamic grid emissions factors, which we do in the methodology
of this paper, CPT might be even higher.

1.1 Objectives
Losses within a PV system, which contribute to less GHG mitigation, can be attributed to several fac-
tors: soiling, temperature, device deficiencies, cell degradation, and electrical mismatch. In this study,
we focus on the engineering of PV systems to reduce losses related to electrical mismatch and the embod-
ied carbon related to those engineering choices. PV systems are typically comprised of interconnected
modules, either in series or parallel, to engineer a system’s current (I) and voltage (V) output to de-
sired levels and to mitigate losses associated with electrical mismatch. In PV deployment cases where
surface irradiance is not homogeneous (i.e. partial shading), the modules will output different I and V,
making it problematic to tie them together, as a function within the system known as the maximum
power point tracker (MPPT) will restrict the power of the interconnected string to the lowest performing
module—likely the module with the least Geff . As these conditions are more common in urban BIPV
settings, module interconnections are typically minimised to ensure MPPT is being done on either two
modules or in many cases, a single module. In this paper, we model a BIPV facade and compare various
interconnections to module-level MPPT using the time to payback (i.e. offset) the system’s upfront car-
bon (i.e. CPT ). Using CPT ensures that we not only account for differences in the embodied carbon of
the various interconnection designs, but also account for the dynamics of emissions abatement from the
electricity generated. Our hypothesis assumes that the module-level MPPT systems may generate the
most electricity, but will not have the fastest CPT due to their higher embodied carbon. The importance
of this may not be apparent, but as shading is a temporally-dynamic feature, it is expected that the
capacity of different interconnections to mitigate its influence will not be the same during each of hour
of the day. For example, during the afternoon hours of an Autumn day, Interconnection System 1 (IS1)
may perform better than Interconnection System 2 (IS2). However, due to some particularities of IS2, it
may perform better during Autumn mornings when the emissions factors associated with the electricity
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Figure 1: The curved dashed line indicates the
lifetime emissions intensity of generated electricity
from a monocrystalline system (efficiency=20.7%,
embodied=329-gCO2em

−2) under various levels of
surface irradiance, assuming no annual losses ex-
cept for those related to temperature and that all
generated electricity offsets CO2 from the electricity
grid. Using the horizontal line, this curve is com-
pared to the Swiss grid emissions factor of 0.125-
kgCO2e · kWh−1 per [2]. The histogram represents
the range of solar potentials (Geff) in a district of
Zurich [1]. The shift in the histogram’s lightness rep-
resents surfaces that fall below the point at which the
emissions intensity of the PV system and the electric-
ity grid intersect (603 kWh ·m−2 · year−1).
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Figure 2: Examples of assessed CPT and specific
yield for several PV projects found in the literature.
Markers with a black edge are recalculated from the
literature data using a Eint of 0.125-kgCO2e ·kWh−1

for Switzerland from the KBOB [2]. The mixed cat-
egory is of results from whole building studies where
both monocrystalline and polycrystalline modules
were installed on facades and rooftops—the results
were only reported as an aggregate.

grid are much higher than in the afternoon. To capture this, we also utilise hourly emissions values for
the grid electricity that is being offset by the PV system-generated electricity.

1.2 Background
Interconnections There has been research on PV module interconnection using conventional and hybrid
approaches [5, 6, 7, 8], as well as optimisation work done on PV interconnection in complex BIPV facades
[9, 10]. While there has been BIPV facade design work around module placement sensitivity [11], the
accounting for the embodied carbon of interconnection devices in the carbon payback time of the system is
a contribution to the field. Furthermore, there has not been an extensive comparison of interconnection
design for BIPV facades in a real array. Typically, theoretical and simple arrays are analysed (i.e. a
standard grid of the same-sized modules). The often complex nature of BIPV facade arrangements
necessitates the use of less-conventional string layouts to maximise power output and minimise embodied
carbon as typical stringing cannot be applied effectively. This approach will provide the system with the
best chance of being a net-benefit carbon emissions mitigation/abatement tool.
Carbon Payback In Figure 2 the specific yield [kWh · kWp−1] and CPT of several case studies in the
literature can be seen [12, 13, 14]. For these examples, we additionally plot—in the markers with black
edges—a recalculation of CPT using the Eint for Switzerland from Figure 1 of 0.125 to show its influence
on the overall performance of a system relative to a 25-year lifetime. We find that in the majority of the
original cases, the payback time is less than 25 years. However, for most of these cases, once the grid
intensity is shifted to the lower value, the system is no longer able to mitigate more carbon than was
required to manufacture and install the system. We note several exceptions, namely the mixed category
in Amoruso et al. (2023) [14]. These are simulated case studies of whole-building BIPV systems including
multiple technologies installed on facades and rooftops.

2 Methods
In this section, we describe the various aspects of the methodology. Initially, a well-documented BIPV
facade [3] was modelled (Section 2.1) and hourly annual irradiance was simulated for a sensor grid on
the facade (Section 2.2). Then, the IV-curves (i.e. the current and voltage curves) of the individual
PV modules in the facade were characterised (Section 2.3). This allowed for the comparison of different
interconnection schemes of the PV modules (Section 2.4) for the entire facade. The generation and loss of
each of the examined interconnections was then analysed to understand which was the most performative
with respect to the carbon emissions approach of this study (Section 2.5).

2.1 Modeling
A single BIPV facade oriented 65o west of South with an 183-sqm. monocrystalline array and urban con-
text was modelled based on a prominent BIPV project in Zurich, Switzerland, located near 47°23’36.6”N
8°32’17.2”E, using approximations of the modules, images of the facade, and open data from Stadt Zurich
[15, 16] as reference. An elevation view of the model can be seen in Figure 3. The array is comprised of
multiple module sizes based on a 54-cell module with 3-bypass diodes and 275-Wp capacity—LG275N9K
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Figure 3: An elevation of the building/site model and the BIPV facade
used this analysis. The coloring of the facade indicates modules of the
same capacity. The facade is oriented to face 65◦ west of South and
consists of 183-sqm. of BIPV modules.

Table 1: The seven interconnection logics followed for this study.

Interconnection Description Module Connection

Module-Level
Conversion (MLC)

Each module has its own power optimizer
performing MPPT and delivering power to
a common DC backbone.

One optimizer per module

Dual-Module
Conversion (DMC)

Pairs of adjacent modules are connected to
an optimizer.

Two modules in series per
optimizer

Series-Parallel Rows
(SPR)

Modules of the same size in the same row
are connected in series; rows form strings
connected in parallel to a single optimizer.

Same-row modules in series →
strings in parallel

Series-Parallel Floor
(SPF)

Modules of the same size in two adjacent
rows (representing one building floor) are
connected in series; strings are then
connected in parallel to an optimizer.

Modules from two adjacent
rows in series → strings in
parallel

Series-Parallel
Columns (SPC)

Modules of the same size in the same
column are connected in series; strings are
then connected in parallel.

Same-column modules in series
→ strings in parallel

Total Cross Tied -
Row (TCT-R)

Series strings formed by rows; intermediate
cross-ties between strings to allow current
sharing; all strings then connected in
parallel.

Series per row → cross-tied →
parallel

Total Cross Tied -
Column (TCT-C)

Series strings formed by columns;
intermediate cross-ties between strings; all
strings then connected in parallel.

Series per column → cross-tied
→ parallel

in System Advisor Model was selected due to its similar dimensions as the modules in the actual array.
The actual array is comprised of modules with a grey tint, which was not modelled due to the focus of the
study being on interconnection schemes and not output. However, we note that this would lead to the
overall reduction of generation in the system as the colour treatment would reflect more inbound solar
radiation.

2.2 Irradiance simulation
Radiance-based ray tracing [17] on a 10-cm × 10-cm sensor grid was implemented for the facade to
generate an irradiance map that was later used in the IV-curve characterization. The Radiance recipe is
the enhanced 2-Phase DDS method presented in Subramaniam (2017) [18] using the following parameters:
rflux [-lw 0.0001 -ab 5 -ad 10000]; rcontrib [-ad 256 -lw 1.0e-3 -dc 1 -dt 0 -dj 0]. The boundary conditions
for the simulation were extracted from a weather file for Zurich [19]. Using this method the annual hourly
direct and diffuse irradiance was characterized for each sensor point on the facade.

2.3 IV-curve characterization
For each hour of the year and each PV cell in each module in the facade array, an IV-curve was charac-
terised from the cell/module parameters of the modelled module and the direct and diffuse components
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Figure 4: The power capacity and embod-
ied carbon values from the four inverters
in the KBOB database [2] were used to
create a regression to facilitate the em-
bodied carbon assessment of the various
interconnections.

of irradiance. At the cell level these irradiance components were collected using a nearest point approach
(i.e. the irradiance sensor point nearest to the cell center point) and converted to Geff at the cell-level to
account for the properties of the front cover (i.e. 4mm solar glass) of the PV module following [20]. Then
single diode approach with reverse bias characterisation of [21] was used to generate the initial IV-curves,
employing the framework in McCarty et al. (2024) [20]. As each cell in each module was initially charac-
terised before combining them into the total IV-curve for the module, a module interconnection map was
used to describe the module series stringing and the placement of the bypass diodes. This bypass map
was only applied for the primary module (i.e. 54-cell). The other modules in the array were modelled
with modified versions of bypass diode mapping, generally with rows and columns removed from the
original map to match the modelled module configuration. All modules were modeled with at least 2
bypass diodes. This approach resulted in a library of IV-curves for each module in the array that could
be connected using the different interconnections explored.

2.4 Module interconnections
The interconnection of PV modules in a direct current (DC) array is done to accomplish three primary
tasks: (1) determining optimal current and voltage operation of the array for the electrical backbone that
the power generated will be utilized from, (2) mitigating the losses due to electrical mismatch amongst
the interconnected modules, and (3) reduce overall cost relative to using a module-level optimizer and
MPPT. We tested seven different logics for interconnecting the modules (i.e. interconnection schemes)
within an array, which are described in Table 1. As the comparison between schemes was of interest
and not the impact of inverting DC to alternating current (AC), only DC-DC systems were assumed.
Therefore, DC-DC optimisers were modelled at various levels within the facade for the interconnections
and power generation was extracted for each hour of the year. As interconnections were constructed
in the simulation, the capacity of each string in the array was totalled and used to size an optimiser.
Additionally, to extract power from the final curves, the maximum power from the combination of the I-
and V-curves was taken.

2.5 Carbon emissions accounting and analysis
The selected optimiser capacity of each interconnection scheme was used to calculate the global warming
potential (GWP) associated with the optimiser(s) of the array using an exponential decay function that
was fit to four PV inverters found in the Swiss database for construction products and processes (i.e.
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Figure 5: Typical (median) daily emissions profiles for each month that were extracted from the annual
hourly emissions data used in this study.
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Figure 6: The annual generation of each of the interconnections is shown on the right axis in the bar plot
and the seasonal specific yield is shown on the right in the line plot.

Koordinationskonferenz der Bau- und Liegenschaftsorgane der öffentlichen Bauherren), often referred to
as KBOB [2]—KBOB uses a whole life cycle accounting (i.e. manufacturing through take back and
recycling) for the inverter data. The four inverter values were used to fit the function, shown in Figure
4, solving GWP for the total capacity of the of PV panels configured in an interconnection.

For each of the interconnections, we simulate annual hourly electricity generation and assume that
every kWh of electricity generated by the array abates the need to consume a kWh of grid-based electricity.
Furthermore, we assume that this abatement of electricity consumption ends in a would-be used kWh
of electricity from the grid never being generated. Therefore, there would be carbon emissions, leading
the PV-generated electricity to mitigate the emissions of the electricity grid. To account for this on an
hourly resolution, we use an hourly electricity grid emissions profile that is a composite of the European
Union nations and Switzerland for the year 2023. This was compiled using a population weighted-
average method with country profiles for population from Eurostat [22] and annual hourly emissions for
each nation from ElectricityMaps (2025) [23] and has an annual mean of 237-gCO2e · kWh−1, with the
seasonality that can be seen in Figure 5. To account for the potential lifetime abatement, the electricity
generation was projected for each year over the lifetime of the PV array, which was assumed at 25-
years. For the projection, a system degradation factor of 0.54% in productivity each year was assumed,
reducing the output to an absolute minimum of 86.5%. The hourly electricity grid emissions profile was
not modified for future changes due to a lack of assumptions.

3 Results and Discussion
3.1 Electricity generation
Annual electricity generation ranges from 9.3-MWh to 18.2-MWh across the seven interconnection schemes,
with final system efficiencies between 7.7% and 15.0%. The annual generation for each of the schemes
is shown in Figure 6, where it is clear that MLC and DMC level optimisers lead to the most electricity
generated. This is expected as the more optimisers present within a system, the better the potential
loss from electrical mismatch can be mitigated. The worst performing scheme (SPF) involves the con-
nection of group modules, organised by floor of the building, in series and then those series-strings in
parallel. In contrast to the benefit of having a large quantity of optimisers in MLC and DMC schemes,
SPF has the least. In between the best and least performing systems, there are two categories. The
second-best-performing group are the schemes where the strings are first organised by column and then
these are connected in parallel. The difference between the two schemes (SPC and TCT-C) in this group
is minimal, but the non-cross-tied array yields slightly more. Then the schemes where the strings are
arranged by row follow. These two, SPR and TCT-R, have a similar level near near-equal performance
to the prior group with the non-cross-tied array performing slightly better.

These results indicate that the benefits of the cross-tie, which are generally seen in the literature, are
not as prevalent in this array. This may be due to the cross ties being between strings instead of individual
modules, which is more common. However, given the complexity of this facade, due to many different
module sizes, it was necessary to avoid this type of tie in the study. A possible second explanation for
this is that the benefits of the cross tie can often be seen using a higher-frequency MPPT. In this study,
we simply extract the highest power per hour, but the reality is that MPPT algorithms must operate
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very quickly and consistently with respect to the placement of the MPP on the IV-curve.

3.2 Seasonality
The discussion of seasonality is particularly important in the Swiss context, where performance targets are
being set for winter-time specific yield in PV plants. These targets and their incentives belong to Alpine-
based deployment. However, the context of the discussion is equally important, as recommendations in
Switzerland for building heating are based on the electrification. Additionally, there is an expectation
that electricity demand will grow in the summer months due to increased cooling demand.

In Figure 6, we show the seasonal specific yield values for each of the schemes. Seasons were defined
following a northern hemisphere convention: Winter-December, January, February; Spring-March, April,
May; Summer-June, July, August; Autumn-September, October, November. The pattern that was ob-
served in the results of the annual generation analysis are clear in this analysis as well. Schemes with
more optimisers perform better no matter the season, those with fewer perform worse. The schemes
with strings arranged in columns perform slightly better than those in row, and again the cross ties
do not appear to have a substantial impact. We can also see, from the slope of the lines between the
schemes, that the relative difference between the less well-performing schemes and the MLC and DMC
is more substantial in the Summer and Spring seasons. This higher relative difference can also be seen
in comparing the other schemes to each other. This can be attributed to the lower performing schemes
not being able to mitigate the impact of heterogeneous irradiance conditions as well as MLC and DMC.
This is exacerbated during the Spring and Summer months when direct irradiance is typically higher
than the Fall and Winter. While the MLC and DMC schemes still perform better in the Winter, the
relative difference between these two and the other schemes, which have less embodied carbon associated
with their systems, is lower. This suggests that if designing for wintertime yields alone, it may be more
important to focus on improving overall effective irradiance through system design features such as tilt.

3.3 Carbon abatement
As explained in Section 2.5 the electricity generated in each hour is used to mitigate the consumption
of grid-based electricity, leading to the abatement of carbon emissions. The results are comparable to
those in the annual generation analysis of Section 3.1. Due to the lack of seasonal differences in scheme
performance, the relative abatement performance remains consistent across systems, from the worst to
the best performing. We look at abatement using a single year’s worth of generation data and the lifetime
projected generation, but do not project changes to the grid emissions intensity. This is a limitation,
but due to a lack of projection data for the regional electricity grid over the lifetime of the system, we
permit this limitation with the acknowledgment that if projection data were used for the grid emissions
then the comparative results between the schemes would remain the same. However, the absolute values
of the abatement would likely be more realistic to expectations of the power market’s development.

3.4 carbon payback time
As we can see from Figure 4 the smaller the capacity of the optimiser, the larger its embodied carbon
per capacity rating, the full results of which can be seen in Figure 7. This results in the MLC and DMC
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Figure 8: The calculated carbon payback time for
each of the interconnections is compared to a subset
of the data collected in the literature. The mixed cat-
egory is of results from whole building studies where
both monocrystalline and polycrystalline modules
were installed on facades and rooftops—the results
were only reported as an aggregate.

schemes having higher embodied carbon requirements than the other systems. This led to the initial
hypothesis that the MLC and DMC would perform worse than other schemes in CPT . However we can
see in Figure 8 that this is not the case. In opposition to the initial hypothesis, the schemes with more
optimisers (MLC and DMC) perform the best. The additional electricity that is generated is substantial
enough to offset their much larger “carbon debt”. Generally though the results of this portion of the
analysis follow the annual generation. With the other schemes, we see one case in which the CPT is
longer than the lifetime of the system (SPF) and two in which is is within a year of the system’s lifetime
(TCT-R and SPR). Additionally, in Figure 8 we revisit the data collected in the literature review and
shown in Figure 2 and compare a subset to the results of the interconnection analysis. We find that the
resulting data is in a similar range to facades with similar orientations and in similar Eint.

4 Conclusion
In this study, seven BIPV interconnection schemes were evaluated through the comparative analysis
of electricity generation and carbon abatement data using IV-curve-based simulations of a 31.235-kWp
(164.8-m2) monocrystalline PV array mounted on a SW-facing building facade in the urban context of
Zurich, Switzerland. We considered the embodied carbon of the PV modules and the interconnection
schemes, testing the hypothesis that systems with a higher number of power optimisers will have a
slower time to offset their initial carbon cost than those with less power optimisers, despite their ability
to reduce loss (i.e. generate more electricity) in urban settings. We find that systems with module-
level power optimisers (MLC) and dual-module optimisers (DMC) have the largest embodied carbon
values, but produce the most electricity. Despite the higher embodied carbon, their ability to mitigate
loss due to electrical mismatch makes them the most effective options when viewed through a carbon
emissions payback period (CPT ) lens, refuting the initial hypothesis. Column-based interconnections
perform slightly better than row-based ones, while the floor-based series-parallel scheme performs the
worst. Cross-ties do not appear to substantially influence the results.

We evaluated the carbon abatement potential of each scheme using annual hourly grid emissions,
representative of the EU and Switzerland, by assuming that each kWh generated, offsets a kWh from
the grid. The findings indicate that while in some cases the CPT is less than the lifetime of the system,
in other cases CPT is longer than the expected lifetime of the system. The best performing cases, MLC
and DMC, optimise output for one or two modules given the conditions, whereas the other schemes must
balance electrical mismatch within the individual strings of modules. For this we note that in some
strings there may be better-performing modules whose performance is hindered by a lower-performing
module. We posit that these string-based approaches may then be optimised further if lower-performing
modules were never to be to installed within the array, but this was outside of the scope of the paper.

While our findings support the use of MLC and DMC optimisers for overall carbon mitigation efforts
over the lifetime of the system, these approaches still require carbon emissions now, during a critical
phase of the 1.5◦C target. We did show that string-based approaches can be used to design a system that
has a CPT of less than the lifetime of the system. For this reason we suggest that future research should
pursue interconnection design for BIPV arrays that moves beyond the use of MLC’s and towards optimal
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string layouts, which were not addressed in this study. Additionally, there is a lack of data surrounding
inverter impacts, which we underscored in Section 2.5. A parametric calculator for assessing inverter
and wire layout impact that is similar in implementation to Galimshina et al. (2024) [4] would further
enable this type of analysis. Our analysis shows that an urban BIPV facade can be engineered in a way
that worsens climate change, if the CPT exceeds the system’s lifetime due upfront emissions being higher
than those offset during operation. This is a challenge future research should address, possibly by shifting
focus from efficiency gains to reducing energy and emissions intensive processes in manufacturing, even
if it means accepting tradeoffs in efficiency.
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