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ABSTRACT 

SEYEDEHHAMIDEH HOSSEINIIRANI. Computational analysis of power loss reduction in 

BIPV systems considering partial shadow conditions. (Under the direction of DR. KYOUNG-

HEE KIM) 

 

Implementing PV panels as a source of clean energy for the building sector is growing 

worldwide. Currently, PV materials are widely installed on building roofs; however, with more 

population and urban area growth, the rooftop of high-rise buildings is not sufficient to fulfill the 

electricity consumption needs of the entire building. Additionally, the rooftop of many buildings 

is further limited to installing PV panels due to the overshadowing of block structures, electrical 

boxes, elevator bulkheads, etc. Therefore, the façade of a building has the potential to generate a 

high amount of electricity. The higher the building, the more opportunities to respond to the 

building demand loads and reduce the building's carbon footprint. The BIPV façade systems are 

often subject to partial shades from panels self-shading, building itself, and surrounding objects. 

Therefore, traditional default circuit connections do not output maximum power for those systems. 

While available technologies to keep the current in the highest amount such as inverters and 

microinverter cannot be used for BIPV applications due to their relatively low current output 

compared to larger-scale PV systems such as solar farms, PV cells circuit connections have a 

significant impact on higher energy yields in BIPV façade systems. This study investigates the 

different array configurations and PV cell circuit connections to achieve higher energy yields in 

BIPV facade systems. According to the simulated results in this study, the series connection 

between PV cells within the string that receive similar solar radiation, the parallel connection 

between strings of PV cells within each PV panel, and the series connection between PV panels 

within an array increases the total power production of the BIPV façade systems. The outcomes of 

this study demonstrated that this circuit reconfiguration increases the energy yields by 10%.  
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NOMENCLATURE 

PV Photovoltaics 

BIPV Building Integrated PV 

3D Three-dimensional 

DOE Department Of Energy 

GHI Global Horizontal solar Irradiance 

GWdc Gigawatts-direct current 

GHG Greenhouse gas 

MPPT Maximum Power Point Tracking 

LMPP Local Maximum Power Point 

Vmp Maximum Power Voltage 

Imp Maximum Power Current 

DNI Direct Normal solar Irradiance 

NZE Net Zero Energy 

EPW Energy Plus Weather 
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INTRODUCTION 

In April 2021, the U.S. set a climate target of power sector decarbonization by 2035 (Nadim 

Chakroun 2021) Based on the climate target goal, GHG emissions need to be reduced by 50% to 

52% by 2030 and achieve net-zero emissions by 2050. (NewClimate Institute 2021) 

Decarbonization of the power sector, by replacing fossil fuel-based powerplants with renewable 

energy sources, can be a key lever for this ambitious GHG emission reduction goal in the U.S. To 

facilitate this transition, the electric power sector requires to simultaneously decarbonize, while 

adding approximately 40% of new electric generating capacity to the grid by 2035. (Nadim 

Chakroun 2021) Based on the U.S. annual addition of new electric generating capacity, solar 

energy has always ranked as the first or second largest new electric capacity addition. According 

to the USSMI report, the U.S. installed 23.6 GWdc of solar capacity in 2021 which was 46% of the 

total new electric capacity added to the grid (figure 1). (Perea et al. 2020) 

 

Figure 1: New power capacity additions during the last decade in the U.S. Source:(Perea et al. 

2020) 

A study was done by DOE in which a roadmap for achieving the climate target of GHG 

emission reduction has been demonstrated. According to that study, by 2035 the U.S. has to 
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quadruple its yearly solar additions and maximize solar installation capacity by 1000 GW of 

power. Considering energy expenditure increment due to electrification in buildings, industry, and 

transportation sectors, decarbonizing the entire power sector, requires 3000 GW of solar by 2050. 

(DOE 2021) In February 2021, the U.S. had 48.8 GW of operating solar power systems which 

cover 654 mi2 of land. To meet the decarbonization target of 2050, 13412 mi2 of land will be 

required to install ground-mounted PV panels which is 43 times the area of the city of Charlotte in 

the state of North Carolina, U.S. (Lefteris Karagiannopoulos 2021) Although the land requirements 

to increase yearly solar installation capacity to 1500 GW over the next 15 years is only 1% of the 

total land area of the U.S., implementing economic projects within that footprint is exponentially 

challenging. (Nadim Chakroun 2021) 

In addition, making that amount of land area suitable for installing ground-mounted solar 

panels means cutting a large number of trees, flattening topography, and destroying ecological 

systems which is contradictory to the main goal of solar energy as being a source of clean and eco-

friendly energy. With more than 6 million commercial buildings in the U.S. (EIA 2015), the total 

area of the exterior envelops of those buildings has a great potential to integrate solar panels to 

offset electricity usage of the buildings' energy load demand. 
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Table 1: BIPV terminologies. 

Term Graphic explanation 

Cell 

 

 

 

String  

 

 

 

Panels 

 

 

 

Array 
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BACKGROUND 

With such a dramatic increase in PV development, the land area needed to mount PV panels 

will not be available, especially in countries with higher population rates and limited land use. On 

the contrary, there are available areas on buildings’ exterior surfaces to install and integrate PV 

panels. The higher the building, the more opportunities to respond to the building demand loads. 

BIPV systems can be classified into two main categories based on where the PV panels have been 

installed on the exterior envelope of the building: roof and facade. Roof installed PV panels have 

been widely implemented in buildings during the past decade (figure 2). (Isa Zanetti 2017) 

However, with more population and urban area growth, the rooftop area of high-rise buildings is 

not sufficient to fulfill the electricity consumption needs of the entire building. Additionally, the 

rooftop of many buildings is further limited to installing PV panels due to the overshadowing of 

surrounding buildings, block structures, electrical boxes, elevator bulkheads, etc. Figure 3 is 

showing shadows cast on the rooftop of a two-stories building in London in the month of February 

at 10 am, 12 pm, and 2 pm. (Roberts and Guariento 2009)  

 

Figure 2: BIPV façade classification based on where the PV panels were installed and the 

materials that have been used. Source: (Isa Zanetti 2017) 
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a) 

 

b) 

 

c) 

 

Figure 3: Sun path and shadow analysis of a building in London on February a) 10 am, b) 12 pm, 

c) 2 pm. Source: (Roberts and Guariento 2009) 

 

Although the façade of the building is the best place to install PV panels due to the larger 

available area and adequate sunlight exposure, there are several challenges that need to be 

considered during the early stages of the design, such that BIPV façade systems can operate in 

real-world applications with more accuracy and higher energy yields as they are intended to 

perform in the design process.  
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PROBLEM STATEMENT 

The BIPV façade systems are often subject to partial shades from surrounding objects such 

as trees, adjacent buildings, the building structure itself, modules frames, self-shadowing of 

modules, etc. that are drastically affecting the real-world power performance of the BIPVs. 

Shadows casting on the PV panel surface not only reduce the accuracy of the system performance 

in simulations during early design stage but also significantly affects the voltage and current in the 

PV panel electric circuit and consequently, drops the power output of the whole system. Roberts 

and Simon introduced panels self-shading as the main issue of BIPV sunshades. (Roberts and 

Guariento 2009) Figure 4 is demonstrating how shadows cast on one single cell of a PV module 

can significantly reduce the electricity output. Therefore, traditional default circuit connections 

between each cell in a PV panel do not output maximum power for BIPV façade applications. 

Since shadows casting on the PV panels are unavoidable in BIPV façade applications, 

incorporating MPPT into the system leads to shutting off a large portion of the system due to the 

inability of tracking local MPPT, therefore, wasting a lot of material and oversizing the system 

which is not economically efficient. Other tools such as microinverter and bypass diodes are 

inapplicable for BIPV façade systems because most of the time, the current (I) output of the panels 

is lower than the current (I) threshold of the microinverter. Since in large-scale solar PV systems, 

each PV panel is connected to a microinverter, the voltage input threshold of the microinverter is 

from 30V to 40V. (Roy and Ayyanar 2018). 

Previous literature has focused on the circuit connection and array reconfiguration of PV 

panels. However, the BIPV systems array reconfiguration and circuit connection primarily need 

to be defined at the PV cells scale. This study aims to contribute to the growing area of solar PV 

systems especially BIPV facades, by exploring suitable circuit connections of the BIPV façade 
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system to maximize energy production, minimize discrepancies in power estimates between 

simulation results and real-world applications, and minimize power curtailment in MPPT systems. 

 

Figure 4: Emphasizing the importance of considering shading analysis in BIPV energy 

performance. Source: (Roberts and Guariento 2009)
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GAP AND CHALLENGES 

A large number of researchers performed BIPV simulations without taking into account 

shadow’s negative effects. Therefore, the results of real-world application of the same model will 

have a big shift compared with the simulated model. Based on a study conducted by Lee et al., 

shadows cast on a-Si thin-film solar cells on a south-facing double-glazed window reduced the 

annual energy performance to 1.52 h/day. However, this performance yield was about 2.15 h/day 

without considering shading. (Lee et al. 2017) Depending on PV panel surface area, this shift can 

be escalated several times in larger-scale projects. Cannavale et al. investigated a BIPV case study 

in southern Italy. The results indicate that the energy performance was significantly diminished by 

50% due to neighboring buildings casting shadows on the façade. (Cannavale et al. 2017) 

Shadows casting on the PV surface reduce the power output by not only decreasing the 

solar radiation on the PV cells' surface but also reducing the current of the circuit. There are 

available technologies to keep the current in the PV systems circuit high such as microinverter, 

MPPT, and bypass diode. Available microinverters are not applicable for BIPV façade systems 

because BIPV façade applications are not generating a higher amount of output than a large-scale 

system such as a solar farm. 

Architects are accountable for taking 80% of the early-stage design decisions that affect 

the buildings’ energy performance. (Freitas et al. 2020) In traditional design workflow, 

architectural solutions for design decisions are defined by iterating through the variables defined 

based on designers’ knowledge, experience, and rules-of-thumb approach. (Jakica et al. 2019) 

However, in interdisciplinary projects such as BIPV applications, architects, designers and 

engineers need a robust and accurate analysis method so they will be able to perform in-depth 

shadow analysis and understand design constraints in both architecture and engineering fields. 
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Currently, to the author’s knowledge, there is not any available software, tool, or method to 

consider all of the variables and detailed constraints and provide an applicable solution for BIPV 

façade systems especially under partially shaded conditions. 

 

 

 

 

 

 

 



10 

 

RESEARCH HYPOTHESES 

The hypothesis of this research was defined as follows: 

- The power output of series-connected PV cells that are receiving a similar amount of solar 

radiation within each panel, is higher than parallel connection between PV cells. 

- Parallel connection between the strings of PV cells within each PV panel outperforms other 

configurations.  

- Series connections between PV panels within an array outperform other circuit connections.  

- By using this reconfiguration, BIPV façade systems achieve 10% higher energy yields. 
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PRECEDENT 

The Z3 building of Ed. Züblin AG in Stuttgart, Germany is an example of connecting PV 

cells based on solar intensity and shadow patterns. In the Z3 building wooden lamellas on the 

façade surface cast shadow near the edges of PV modules (figure 5). By dividing each module into 

three separate zones based on shadow patterns, and connecting the vertical divisions in a separate 

circuit, the negative impact of partial shadows on energy yield is reduced. (Kuhn et al. 2021) 

 

 

 

 

Figure 5:Partial shading on PV modules of Z3 building of Ed. Züblin AG in Stuttgart, Germany. 

Source: (Kuhn et al. 2021) 
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LITERATURE REVIEW 

SOLAR ENERGY 

The amount of solar energy available on a surface depends on the following factors: 

The incident angle which defined as the angle between the cell surface and the sun’s rays. The 

incident angle depends on the surface tilt angle and the sun's position in the sky. In figure 6 tilt 

angle is β which is measured from the horizon. (Bowden 2019) 

 

Figure 6:Tilt angle. Source: (Bowden 2019) 

Panel orientation which called azimuth angle (). The azimuth angle is the compass 

direction that the module facing towards, i.e., north, east, south, and west has the azimuth angle of 

0,90,180, and 270 degrees, respectively (figure 7). (Bowden 2019) The orientation of the module 

surface and its tilting angle determines the amount of direct and diffused light reaching the PV cell 

surface and that is constantly changing by different daily and annually sun positions. (Kuhn et al. 

2021) 
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Figure 7: Sun path during the day and azimuth angle. Source: (Bowden 2019) 

PV SYSTEM CIRCUIT RECONFIGURATION 

Unlike ground-mounted PV panels, partial shadows casting on the PV surface is one of the 

biggest challenges in BIPV systems which causes power output reduction. Several methods such 

as array reconfiguration, modifying design variables and different circuit connections have been 

proposed in the literature to reduce the power reduction of the PV systems under partial shades. 

Yadav et al. considered the shadow effect of the variables such as width, height, and horizontal 

distance of the adjacent buildings in the evaluation of the optimum tilt angle, insolation, and 

performance of the BIPV systems. (Yadav, Panda, and Tripathy 2018) Power output reduction of 

the PV array that is partially shaded, is proportional to the area that receives the least amount of 

radiation. By connecting the PV panels with similar radiation intensity, the power output will not 

only increase (Matam and Barry 2018) but also prevent system oversizing and downsizing. In 

addition, the aforementioned connection method will extend the lifetime of the PV system since it 

reduces the possibility of mismatch losses. (Zomer and Rüther 2017) Bana and Saini investigated 

different uniform and non-uniform shading scenarios on the energy production of the PV modules 

in various interconnections. The result of their experimental tests demonstrated that uniform 
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shading on 50% of the PV array decreased the energy yields by 60%. Finally, they concluded that 

while the power outcome reduction can be caused by several shaded modules or shaded areas and 

the position of the shaded modules in the whole PV array, the higher energy yields can be achieved 

through reconfiguration methods that connect similar shaded areas together. (Bana and Saini 2017)  

In addition to Shadow patterns and the type of circuit connection between arrays, the 

location of shaded and unshaded panels within the array can also affect the PV system's power 

performance. (Pareek and Dahiya 2016) Other than basic circuit connections of series and parallel, 

researchers have studied more complex connections between PV panels to understand the impact 

of the circuit connection type on the PV system power output (figure 8). The primary problem of 

the series and parallel connection is either low current or voltage output. As figure 8 is showing 

the connection model type c, which is a serries-parallel connection, first connects PV panels in 

series to increase the voltage, and then each group is connected in parallel to achieve a higher 

current. (Bana and Saini 2017) The Serries-Parallel method has been widely accepted and used in 

PV arrays. (Satpathy, Jena, and Sharma 2018) 

 

 

Figure 8: Different circuit connections. Source: (Bana and Saini 2017) 

Although much literature focused on MPPT, not all of them considered partial shadings 

and nonuniform insolation in the BIPV systems. Ishaque et al. studied MPPT techniques for PV 
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power systems considering partial shading conditions. (Ishaque and Salam 2013) Partial shading 

on the PV panel surface cause multiple LMPP and integrating traditional MPPT techniques into 

the system lead to a significant power loss. (Satpathy, Jena, and Sharma 2018) Nonetheless, those 

studies have considered radiation nonuniformity in the scale of PV panels. Considering the shadow 

patterns in BIPV façade systems, the radiation nonuniformity happens on the scale of solar cells. 

Therefore, the proposed methods are inapplicable for BIPV facades. 

One might suggest installing several bypass diodes in one PV panel to avoid the current (I) 

reduction in PV cells. This method has been proposed by Hasyim et al. (Hasyim, Wenham, and 

Green 1986) However, it did not meet the solar PV manufacturers' specifications standards due to 

unavoidable major costs. (Dhimish et al. 2018) Other than high costs, the bypass diodes cannot be 

applied on the scale of PV cells because of the cells' low output voltage. (Pareek and Dahiya 2016) 

Satpathy et al. investigated I-Vcharachteristics of PV systems considering partial shading 

conditions but their experimental model and analytical method have been done using an array of 

PV panels. (Satpathy, Jena, and Sharma 2018) 

The majority of the literature focused studied radiation nonuniformity on the module 

surface, PV panel array reconfiguration, new circuit connections, etc. in the scale of PV panels. 

However, for the BIPV façade system, the radiation nonuniformity happens on the scale of PV 

cells. Therefore, the methods proposed in previous studies are not applicable for BIPV façade 

systems. While tools and technologies such as microinverter, MPPT, and bypass diode have 

specific requirements, BIPV power output does not meet such requirements and therefore, the 

feasible solution to maximize energy yields and minimize PV power curtailments in BIPV systems 

is a suitable wiring circuit. In the methodology section, the analysis recipe and how each software 

or tool has been used to get the final results are elaborated.



16 

 

METHODOLOGY 

To estimate power production and recommend circuit connections of a BIPV system, this 

research utilized tools and software including Rhinoceros (Robert McNeel 2022), Grasshopper 

(Scott Davidson 2022), and other plugins such as Ladybug (Chris Machey 2022), ClimateStudio 

(Solemma 2022), PVLightHouse website (Keith McIntosh 2022), Python programing language 

and Excel (figure 9). An in-depth explanation of the input and output of each software and tool 

follows. 

 

Figure 9: Workflow graphics: a) simplified building geometry with PV panels installed on the 

south façade, b) 3D modeling software, c) Shadows and solar analysis, d) I and V of the circuit 

connections calculations, e) array reconfiguration and proper circuit con 
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GEOMETRY 

In order to reduce the time of running the shadow and solar analysis simulations, a box 

configuration is considered as a building (figure 10). It is widely accepted that solar panels should 

install horizontally on the south orienting façade, with a tilting angle equal to the latitude  of a site 

location. (Kaji Esfahani et al. 2021) Thus, the solar panels also perform as shading louvers while 

generating electricity during sun hours of the day and year.  

To make sure that the wiring circuit of the array reconfiguration, for both cells within each 

panel and the entire array, will lead to maximum power output, the system design and combination 

of components should be optimized. 

 

Figure 10:Simplified building geometry and PV panels installed on the south façade. 

BIPV system’s power output is influenced by the design constraints listed below: 

- Façade orientation 

- Tilt angle 

- Total PV surface area (system size)  

- Distance between the PV panels or louvers 

- Local weather condition 

- Analysis period 



18 

 

The daily average of global horizontal irradiance (GHI), and diffused normal irradiance (DNI) 

are varied in different locations over the globe. Based on the U.S. annual solar DNI, southwest 

regions of the U.S. have the highest DNI. (Sengupta et al. 2018) In this research, the geographical 

location is considered to be the city of Charlotte in the state of North Carolina, U.S.  

In order to have an accurate comparison, different permutations of the components including 

depth of the panels, number of rows, and the distance between them have been generated while 

keeping the total area of the PV panels consistent. Afterward, using the EPW weather file (Chris 

Machey 2022), Ladybug, and ClimateStudio, the hourly radiation on the PV panels’ surface, at the 

summer and winter solstices, as well as the spring and fall equinoxes were simulated. Based on 

the results, the optimum combination of the components in all four analysis periods occurred when 

the building model had 5 rows of PV panel louvers, with a depth of 0.7 m (figure 11). Setting the 

grid size of the LB IncidentRadiation component equal to 0.15 m, it visualizes the solar irradiance 

analysis grid exactly equal to the size of each PV cell within the solar panel. Therefore, one PV 

panel consists of 40 cells (figure 12). Since each square in the analysis grid is representing one PV 

cell, they are interchangeable. In this research, to keep the terminology consistent and simple, the 

PV cell will be used. 

The in-depth shadow analysis in four critical times of the year including summer and winter 

solstices as well as spring and fall equinoxes illustrated that although the solar intensity is 

constantly changing, the patterns are not significantly varying. Table 4 visualizes clear trend of 

solar intensity receiving on each PV cell. According to the study done by Zomer and Rüther 

although shadows on the PV surface are constantly changing during the course of a year and a day, 

the yearly analysis period gives an acceptable result with a negligible error compared to the more 

refined analysis period. (Zomer and Rüther 2017) Therefore, in this research the yearly analysis 
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period has been considered for shadows and solar analysis. The numerical output results of the 

Ladybug component show the cumulative irradiance each solar cell received from the sky matrix, 

during the analysis period, in kWh/m2. Thus, the yearly solar analysis indicates how much solar 

irradiance each cell receives in one year.  

  

  

  

Figure 11:Simulation results of hourly radiation on the PV surface at summer soloistic (July 

21st) while total PV surface area was consistent. 
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Figure 12:Analysis grid size has been set to 0.15 m which is equal to the actual size of the PV 

cells in manufacturing PV panels 

 

GETTING Imp AND Vmp 

The Grasshopper does not report the results based on watt per square meter, which is 

irradiance. It does, however, visualize the insolation intensity with colors on the PV panels surface, 

each color associated with a range based on kWh/m2. Figure 13 is demonstrating how the legend 

parameters can be interpreted into circuit light collected current (JL) (mA/cm²) and then Vmp. By 

assigning the Imp to the color red in the legend which is the highest intensity, Vmp and other variable 

outputs of the circuit were extracted from the PVLightHouse website (Table 2). (PVLightHouse, 

2022) Afterward, by having Imp and Vmp associated with each color, the power output (P) of 

different circuit connections can be calculated simply using the formula below. 

For parallel connection, 

P = (I1 + I2 + ⋯ + In) × Vmin 

and for serries connection, 

P = Imin × (V1 + V2 + ⋯ +  Vn) 
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where n is the number of cells in the electrical circuit. 

To reduce the possible errors of the human eye regarding detecting a shade of color, in the 

visualized solar analysis by grasshopper, a python code has been developed (figure 14). By 

inputting two numbers as a minimum and maximum radiation, the python code highlights the cells 

that are receiving that specified range of radiation. This extra step validates the accuracy of reading 

the numbers from PVLightHouse data from their associated colors.  

 

Figure 13: Interpreting legend parameters into JL and Vmp. 

Table 2: Circuit information from PVLightHouse website. 

 

 

legend values normalized

dark red 1

red 0.9

dark orange 0.8

orange 0.7

dark yellow 0.6

yellow 0.5

green 0.4

light blue 0.3

blue 0.2

dark bule 0.1

JL (mA/cm²)

10

9

8

7

6

5

4

3

2

1

`

Vmp (V)

0.5058956

0.504295182

0.50250236

0.500084755

0.497371326

0.493752505

0.489156328

0.482979975

0.473605805

0.456457941
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Figure 14: Using python programing language to reduce the possible human eye errors in reading 

color map 
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Table 3:Shadow and sun analysis. 
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Table 4:Shadow and sun analysis. 
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GROUPING PV CELLS BASED ON RADIATION UNIFORMITY  

To better understand the uniformity patterns of sun expositor, shadow patterns, and 

irradiance levels on each PV cell, the data visualization of hourly radiation of one shaded panel 

has been generated. Figure 15 illustrates the solar radiation on all of the 40 cells of the PV panel 

on December 21st. In order to identify PV cells with similar radiation level, hourly radiation on 

horizontal and vertical strings of PV cells was visualized. Figure 16 shows more uniformity in 

horizontal strings of PV cells, compared to the vertical strings of PV cells which have a noticeable 

difference.  

 

Key Diagram 

 

 

Figure 15: a) Hourly radiation that all of the PV cells received during the winter solstice (Dec 

21st), b and c) Location of each cell a PV panel 
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Key Diagram 

 

 

 

Figure 16:radiation levels in horizontal vs vertical strings of PV cells 

 

CIRCUIT RECONFIGURATION SCENARIOS  

As mentioned in the previous sections of this study, the yearly analysis period has been 

considered. Each panel consists of 4 rows and each row has 10 cells, totally 40 cells for each PV 

panel. The power output of horizontal and vertical strings of the PV cells, in both series and parallel 

connection, were calculated, using table 2.  
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HORIZONTAL STRINGS 

CLOSEST PANEL TO THE ROOFTOP 

It is obvious that the top most PV panel of the array always receives the highest amount of 

solar radiation. Based on the calculation outcomes, there is not any difference in series or parallel 

connection and the amount of power production in both circuit connections are identical (Table 5). 

 

Table 5: Power output calculation of the horizontal strings of PV cells within closest panel to the 

rooftop 

Strings of PV cells Calculations 

 

 Series Parallel 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

10 20.23 40 5.05 

Power (milliwatt/cm2) 202.35 202.35 
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PARTIALY SHADED PV PANELS  

Based on the calculated power output in each series and the parallel connection between 

the strings of PV cells in partially shaded panels, the parallel connection between strings of PV 

cells outperforms the series connection (Table 6). 

 

Table 6: Power output calculation of the horizontal strings of PV cells within partially shaded 

panel 

Strings of PV cells Calculations 

 

 Series Parallel 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

1 19.77 25 4.71 

Power (milliwatt/cm2) 19.77 117.93 
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VERTICAL STRINGS  

Same process for calculating power output of the strings of PV cells have been done but 

in this scenario strings of the PV cells have been considered to be located vertically on the PV 

panel surface.  

CLOSEST PANEL TO THE ROOFTOP 

Similar to the horizontal strings of the first panel from the top, there is not any difference 

in vertical strings of PV cells’ power output. Calculations demonstrated in table 7. 

  

Table 7: Power output calculation of the vertical strings of PV cells within closest panel to the 

rooftop 

Strings of PV cells Calculations 

 

 Series Parallel 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

10 20.23 100 2.02 

Power (milliwatt/cm2) 202.35 202.35 
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PARTIALY SHADED PV PANELS  

Table 8: Power output calculation of the vertical strings of PV cells within partially shaded panel 

Strings of PV cells Calculations 

 

 Series Parallel 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

I 
o
u
tp

u
t 

V
 o

u
tp

u
t 

1 18.81 22 1.50 

Power (milliwatt/cm2) 18.81 33.16 

 

 

CONVERTING UNITS AND APPLYING PV EFFICIENCY  

Since the current (I) unit was in milliamps, the calculated power was in milliwatts/cm2. To 

make a correct comparison, all of the calculated power outputs were converted to W/m2 and then 

multiplied by the area  

(m2) of the PV panel. Finally, to get the electricity output the outcomes are multiplied by PV 

efficiency of 18% (table 9 and 10). 

Horizontal PV cell strings connected in parallel outperform the other circuit connections 

and vertical strings of PV cells. The power output of another analysis period which caused high 

nonuniformity radiation on the PV panel surface has been calculated to examine the performance 

of the system using reconfigured circuit connection. To do that, the analysis period has been set to 

July 21st, from sunrise to sunset (figure 17). According to the calculations in table 10 the parallel 

connection between vertical strings of PV cells has less power loss; however, the amount of current 

(I) is higher than the microinverter threshold and this circuit reconfiguration is not applicable for 
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the BIPV systems. Therefore, the parallel connection between horizontal strings of PV cells is the 

optimum configuration for the most nonuniform radiation on the PV panel surface. 

 

Table 9: Unit conversions and applying PV efficiency  

Reconfiguration scenario Unit conversion and applying PV efficiency 

 Power 

(milliwatt/cm2) 

Power 

(watt/m2) 

efficiency 

(%) 

PPV 

(Watt) 

 

1 10 0.18  

202.35 2023.58 364.24 382.45 

 

1 10 0.18  

117.93 1179.32 212.27 222.89 

 

  

Figure 17: The most nonuniform solar radiation, analysis period was set to summer soloistic 
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Table 10: Comparing power production of the most nonuniform radiation on the PV panel 

surface in different scenarios – July 21st 
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CONCLUSION  

The BIPV facade systems are often subject to partial shades from panels self-shading, 

buildings and surrounding objects. Since, in a BIPV façade system, the radiation nonuniformity 

happens on the scale of PV cells, traditional default circuit connections do not output maximum 

power for BIPV applications under partially shaded conditions even with the technologies such as 

microinverter, MPPT, and bypass diode due to incompatible applications for BIPV façade systems. 

This study proposed a proper circuit connection and array reconfiguration of a BIPV façade 

system for more accurate power estimates and practical real-world applications, based on a robust 

analysis recipe for in-depth shadow analysis through evaluating radiation uniformity on PV panel 

surface from scale of the PV cells to an array of PV panels. Outcomes of the study demonstrate 

that the series connection between PV cells within the string that receive similar solar radiation is 

the proper way to wire strings of PV cells. Horizontal strings that have parallel connection output 

more power compared to vertical scenario or other connection types (figure 18). For the closest 

panels to the rooftop where there are no shadows casted from the PV panels itself, the radiation 

intensity is uniform on those panels’ surface. Therefore, in all of the connection scenarios, those 

panels at the top have the same power output during the same analysis period (figure 19). Series 

connection between PV panels within an array outperforms other connection types (figure 20). 

The proposed system configuration will maximize power output of the BIPV systems by 10%. 
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Figure 18: Comparing power production of the partially shaded PV panel in different scenario 

 

Figure 19: Comparing power production of the closest PV panel to the rooftop in different 

scenario 
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Figure 20: Comparing power production of the PV panels within an array in different scenarios 
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IMPACT AND CONTRIBUTION 

The methodology of this study helps architects and designers to run in-depth shadow 

analysis and make inform decisions about addressing the BIPV façade design and power 

production reduction without investing extra budget to oversize the system. In addition to 

promoting net zero energy and carbon neutral buildings, the outcomes of this study enhance energy 

yields of BIPV façade systems in real-world applications, as they intend to perform during design 

process of the project.  

  



37 

 

REFERENCES  

The "<Building-integrated photovoltaics (BIPV) in architectural design in China _ Enhanced 

Reader.pdf>." 

"<USSMI_2021.pdf>." 

Bana, Sangram, and R. P. Saini. 2017. "Experimental investigation on power output of different 

photovoltaic array configurations under uniform and partial shading scenarios."  Energy 

127:438-453. doi: 10.1016/j.energy.2017.03.139. 

Bowden, Christiana Honsberg and Stuart. 2019. "Elevation Angle." Photovoltaics Education 

Website. https://www.pveducation.org/pvcdrom/properties-of-sunlight/elevation-angle. 

Cannavale, Alessandro, Laura Ierardi, Maximilian Hörantner, Giles E. Eperon, Henry J. Snaith, 

Ubaldo Ayr, and Francesco Martellotta. 2017. "Improving energy and visual performance 

in offices using building integrated perovskite-based solar cells: A case study in Southern 

Italy."  Applied Energy 205:834-846. doi: 10.1016/j.apenergy.2017.08.112. 

Chris Machey. 2022. "LADYBUG TOOLS ". food4rhino. 

https://www.food4rhino.com/en/app/ladybug-tools. 

Dhimish, Mahmoud, Violeta Holmes, Bruce Mehrdadi, Mark Dales, and Peter Mather. 2018. 

"PV output power enhancement using two mitigation techniques for hot spots and 

partially shaded solar cells."  Electric Power Systems Research 158:15-25. doi: 

10.1016/j.epsr.2018.01.002. 

DOE. 2021. "DOE Releases Solar Futures Study Providing the Blueprint for a Zero-Carbon 

Grid." Energy.gov. https://www.energy.gov/articles/doe-releases-solar-futures-study-

providing-blueprint-zero-carbon-

https://www.pveducation.org/pvcdrom/properties-of-sunlight/elevation-angle
https://www.food4rhino.com/en/app/ladybug-tools
https://www.energy.gov/articles/doe-releases-solar-futures-study-providing-blueprint-zero-carbon-grid#:~:text=A%20clean%20grid%20requires%20massive,per%20year%20from%202025%2D2030
https://www.energy.gov/articles/doe-releases-solar-futures-study-providing-blueprint-zero-carbon-grid#:~:text=A%20clean%20grid%20requires%20massive,per%20year%20from%202025%2D2030


38 

 

grid#:~:text=A%20clean%20grid%20requires%20massive,per%20year%20from%20202

5%2D2030. 

EIA. 2015. Commercial buildings energy consumption survey (CBECS). In US Department of 

Energy: Washington, DC, USA. 

Freitas, Jader de Sousa, Joára Cronemberger, Raí Mariano Soares, and Cláudia Naves David 

Amorim. 2020. "Modeling and assessing BIPV envelopes using parametric Rhinoceros 

plugins Grasshopper and Ladybug."  Renewable Energy 160:1468-1479. doi: 

10.1016/j.renene.2020.05.137. 

Hasyim, E Suryanto, SR Wenham, and MA Green. 1986. "Shadow tolerance of modules 

incorporating integral bypass diode solar cells."  Solar cells 19 (2):109-122. 

Isa Zanetti, Pierluigi Bonomo, Francesco Frontini, Erika Saretta. 2017. <Building-integrated-

Photovoltaics:Product-overview-for-solar-building-skins>. University of Applied 

Sciences and Arts of Southern Switzerland. 

Ishaque, Kashif, and Zainal Salam. 2013. "A review of maximum power point tracking 

techniques of PV system for uniform insolation and partial shading condition."  

Renewable and Sustainable Energy Reviews 19:475-488. doi: 

10.1016/j.rser.2012.11.032. 

Jakica, Neboja, Rebecca Yang, WM Pabasara, Eric Too, Ron Wakefield, Johannes Eisenlohr, 

Simon Boddaert, Pierluigi Bonomo, Erika Saretta, and Francesco Frontini. 2019. "BIPV 

design and performance modelling: tools and methods." 

Kaji Esfahani, Saleh, Rosangela Tenorio, Ali Karrech, Katia Defendi, and Fernando Jerez. 2021. 

"Analysing the role of roof mounted BIPV system optimization on decreasing the effect 

https://www.energy.gov/articles/doe-releases-solar-futures-study-providing-blueprint-zero-carbon-grid#:~:text=A%20clean%20grid%20requires%20massive,per%20year%20from%202025%2D2030
https://www.energy.gov/articles/doe-releases-solar-futures-study-providing-blueprint-zero-carbon-grid#:~:text=A%20clean%20grid%20requires%20massive,per%20year%20from%202025%2D2030


39 

 

of duck curve in Perth, Western Australia: An experimental case study."  Sustainable 

Energy Technologies and Assessments 47. doi: 10.1016/j.seta.2021.101328. 

Keith McIntosh, Malcolm Abbott, Ben Sudbury, . 2022. "Equivalent circuit calculator." 

PVLightHouse. https://pvlighthouse.com.au/. 

Kuhn, Tilmann E., Christof Erban, Martin Heinrich, Johannes Eisenlohr, Frank Ensslen, and 

Dirk Holger Neuhaus. 2021. "Review of technological design options for building 

integrated photovoltaics (BIPV)."  Energy and Buildings 231. doi: 

10.1016/j.enbuild.2020.110381. 

Lee, Hyo Mun, Jong Ho Yoon, Seung Chul Kim, and U. Cheul Shin. 2017. "Operational power 

performance of south-facing vertical BIPV window system applied in office building."  

Solar Energy 145:66-77. doi: 10.1016/j.solener.2016.07.056. 

Lefteris Karagiannopoulos. 2021. "To meet its 2050 net-zero target, the US needs to cover land 

50 times the size of Austin with solar PV." Rystad Energy. 

https://www.rystadenergy.com/newsevents/news/press-releases/to-meet-its-2050-net-

zero-target-the-us-needs-to-cover-land-50-times-the-size-of-austin-with-solar-pv/. 

Matam, Manjunath, and Venugopal Reddy Barry. 2018. "Improved performance of Dynamic 

Photovoltaic Array under repeating shade conditions."  Energy Conversion and 

Management 168:639-650. doi: 10.1016/j.enconman.2018.05.008. 

Nadim Chakroun, Rory Clune, Ksenia Kaladiouk, Jesse Noffsinger, Evan Polymeneas, and 

Humayun Tai. 2021. <net-zero-by-2035-a-pathway-to-rapidly-decarbonize-the-us-power 

system-vf.pdf>. In Electrical Power and Natural Gas Practice: McKinsey and company. 

NewClimate Institute. 2021. "USA climate action summary." climate action tracker. 

https://climateactiontracker.org/countries/usa/. 

https://pvlighthouse.com.au/
https://www.rystadenergy.com/newsevents/news/press-releases/to-meet-its-2050-net-zero-target-the-us-needs-to-cover-land-50-times-the-size-of-austin-with-solar-pv/
https://www.rystadenergy.com/newsevents/news/press-releases/to-meet-its-2050-net-zero-target-the-us-needs-to-cover-land-50-times-the-size-of-austin-with-solar-pv/
https://climateactiontracker.org/countries/usa/


40 

 

Pareek, Smita, and Ratna Dahiya. 2016. "Enhanced power generation of partial shaded 

photovoltaic fields by forecasting the interconnection of modules."  Energy 95:561-572. 

doi: 10.1016/j.energy.2015.12.036. 

Perea, A, C Smith, M Davis, A Mond, B Gallagher, S Rumery, A Holm, R Goldstein, and J 

Baca. 2020. US Solar market insight executive summary. Wood Mackenzie and Solar 

Energy Industries Association. 

Robert McNeel. 2022. "Rhiniceros." rhino3d. https://www.rhino3d.com/. 

Roberts, Simon, and Nicolò Guariento. 2009. Building integrated photovoltaics: a handbook: 

Walter de Gruyter. 

Roy, Jinia, and Raja Ayyanar. 2018. "GaN based transformer-less microinverter with coupled 

inductor interleaved boost and half bridge voltage swing inverter." 2018 IEEE Applied 

Power Electronics Conference and Exposition (APEC). 

Satpathy, Priya Ranjan, Sasmita Jena, and Renu Sharma. 2018. "Power enhancement from 

partially shaded modules of solar PV arrays through various interconnections among 

modules."  Energy 144:839-850. 

Scott Davidson. 2022. "Grasshopper." grasshopper3d. https://www.grasshopper3d.com/. 

Sengupta, Manajit, Yu Xie, Anthony Lopez, Aron Habte, Galen Maclaurin, and James Shelby. 

2018. "The National Solar Radiation Data Base (NSRDB)."  Renewable and Sustainable 

Energy Reviews 89:51-60. doi: 10.1016/j.rser.2018.03.003. 

Solemma. 2022. "ClimateStudio." Solemma LLC. https://www.solemma.com/climatestudio. 

Yadav, S, SK Panda, and M Tripathy. 2018. "Performance of building integrated photovoltaic 

thermal system with PV module installed at optimum tilt angle and influenced by 

shadow."  Renewable Energy 127:11-23. 

https://www.rhino3d.com/
https://www.grasshopper3d.com/
https://www.solemma.com/climatestudio


41 

 

Zomer, Clarissa, and Ricardo Rüther. 2017. "Simplified method for shading-loss analysis in 

BIPV systems. Part 2: Application in case studies."  Energy and Buildings 141:83-95. 

doi: 10.1016/j.enbuild.2017.02.043. 

 


	ABSTRACT
	ACKNOWLEDGEMENTS
	DEDICATION
	LIST OF TABLES
	LIST OF FIGURES
	NOMENCLATURE
	INTRODUCTION
	BACKGROUND
	PROBLEM STATEMENT
	GAP AND CHALLENGES
	RESEARCH HYPOTHESES
	PRECEDENT
	LITERATURE REVIEW
	SOLAR ENERGY
	PV SYSTEM CIRCUIT RECONFIGURATION

	METHODOLOGY
	GEOMETRY
	GETTING Imp AND Vmp
	GROUPING PV CELLS BASED ON RADIATION UNIFORMITY
	CIRCUIT RECONFIGURATION SCENARIOS
	HORIZONTAL STRINGS
	CLOSEST PANEL TO THE ROOFTOP
	PARTIALY SHADED PV PANELS
	VERTICAL STRINGS
	CLOSEST PANEL TO THE ROOFTOP
	PARTIALY SHADED PV PANELS

	CONVERTING UNITS AND APPLYING PV EFFICIENCY

	CONCLUSION
	IMPACT AND CONTRIBUTION
	REFERENCES

