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Abstract 

This study evaluates the potential of a third generation Building Integrated 

Photovoltaics (BIPVs) to enhance energy efficiency and sustainability. To find the 

best location for solar panels in building, energy performance was modeled in 

Design Builder, using the USPCASE Building as a case study. There were four 

Scenario examined which were conventional PVs (22% efficient), perovskite-

based PVs for windows (12% efficient), walls (16% efficient), and a combination 

of all three. Annual energy generation reached 23.9 MWh, 16.1 MWh, 75.4 MWh, 

and 115.4 MWh, respectively, corresponding to CO₂ reductions of 3.47 tons, 2.35 

tons, 10.94 tons, and 16.746 tons against a baseline emission of 8.84 tons. The 

findings show that hybrid configurations and wall based BIPV systems offer the 

biggest environmental advantages, greatly reducing carbon footprints. In order 

to promote the implementation of BIPV technologies in sustainable building 

practices, these findings offer researchers, legislators, and industry stakeholder’s 

practical insights. 

Keywords: Building Integrated Photovoltaic, Design Builder, Third generation 

Photovoltaics, Energy Performance, CO2 Emissions. 

Introduction 

The "natural resource curse" the world's over-reliance on fossil 

fuels continues to cause economic instability, environmental harm, and 

energy insecurity (Mayer 2022). Conventional energy production 

especially based on thermal sources releases dangerous pollutants and uses 

a lot of land and water resources.  On the contrary renewable energy 

technologies such as solar and wind require minimal water and drastically 

reduce greenhouse gas emissions making them cleaner options for future 

energy systems. Although temperature control has improved building 

energy efficiency non-renewables still account for nearly 70% of global 

energy consumption, with renewables making up just over 30% (Adil et 

al. 2025; Ali et al. 2020).  Despite its abundance, solar energy accounts for 

only about 2% of grid power (IRENA). 

Buildings are responsible for nearly one third of global CO₂ 

emissions positioning them as critical sites for sustainable energy 
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solutions. Building Applied Photovoltaics (BAPVs) are typically added 

after the construction of  building whereas Building Integrated 

Photovoltaics (BIPVs) embeds solar technologies directly into structural 

elements such as tiles, windows, or facades (Corti et al. 2020; Singh et al. 

2021). BIPV systems thus serve dual roles as both energy generators and 

architectural components, offering aesthetic and space saving advantages 

(Basher et al. 2024; Marchwiński 2023; Shu et al. 2024). This study 

examines the utilization of third generation photovoltaic technology 

specifically perovskite-based PVs for BIPV systems, which offer 

enhanced efficiency, reduced costs and weight, and diverse applications 

compared to traditional silicon-based systems. As buildings turn into 

active energy generators with the help of BIPV, adding advanced 

photovoltaic technologies like perovskite to architectural elements 

becomes not only a technical challenge but also a strategic necessity for 

sustainable urban development. 

Several studies have explored BIPV integration simulation 

methodologies but the complete spectrum is yet to be studied. Hamzah & 

Go (2023) analyzed colored PV façades in Kuala Lumpur, finding that a 

tilt angle of 60° produced the highest annual energy generation (679.72 

MW) and CO₂ savings of 10,367.66 t/year. Zhou et al. (2024) provide an 

overview of recent progress in semitransparent photovoltaic technologies 

including perovskite based, highlighting advances in material choices, 

optical design strategies, and device architecture optimization. Their work 

also emphasizes the role of optical modeling in improving performance 

and examines the practical hurdles that remain for bringing these solar 

cells into widespread use within building-integrated applications. Ritzer et 

al. (2023) presented translucent perovskite based PVs for façades, 

highlighting scalability and aesthetic values. Anber (2021) studied BISOL 

XL and JONSOL JSM-72 modules for an Egyptian bank which mainly 

targeted façade reporting efficiencies of 19.2% and 19% respectively and 

with CO₂ reductions of 6.9% and 5.9%. Pereira & Aelenei (2019) 

investigated the efficiency of Building Integrated Photovoltaics/Thermal 

(BIPV/T) systems with phase changing materials in office façades using a 

Genetic Algorithm Method, reporting seasonal efficiencies of 64% in 

winter and 32% in summer. In another study, Srivishnu et al. (2023) 

reviewed semitransparent perovskite solar cells emphasizing their 

potential for BIPV due to low cost processing since less material required 

for production and high efficiency. While these studies provide valuable 

insights they focus on isolated configurations and lack comparative 

analysis across multiple integration strategies while quantifying 

environmental impact. 
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Against this backdrop, the present study addresses the specific 

problem of limited integration methodologies for advanced photovoltaic 

technologies particularly perovskite-based PV into building envelopes. It 

improves upon existing BIPV work by conducting a comparative 

simulation of four distinct PV integration cases, including hybrid 

BIPV+BAPV strategies, using a real building model as case study. The 

aim is to evaluate energy generation potential, CO₂ emission reduction, 

and the feasibility of integrating third generation perovskite PV into 

building envelopes. By doing so, this study seeks to bridge the gap 

between isolated case analyses and comprehensive integration strategies 

thereby contributing to the realization of self-sustaining and low emission-

built environments. The 3D building model of the case study building of 

United States Pakistan Centre for Advanced Studies in Energy 

(USPCASE) was built with help of an imported DXF file of the building, 

followed by load profiling of all active zones. The USPCASE building 

was chosen because it is amongst if not the most recent and advance 

academic buildings in KP province, which can give a perspective on to 

how BIPV can be included in future advance buildings.  The simulation 

for actual load of the building was done for a year, which gave us a target 

to achieve for the proposed cases. The energy generation is based on four 

cases: the first case uses JA Solar JAM78S30 panels on the roof (reference 

case), two cases are based on BIPV applications, and the last is a hybrid 

case combining BIPV and BAPV. Among these, the hybrid strategy 

proved most effective, with the highest energy generation potential and a 

CO₂ emission reduction so substantial that it could not only offset the 

building’s emissions but also contribute to reducing utility-source 

emissions. Wall based BIPV was the best single application when fully 

utilized, but the hybrid strategy ultimately generated the most units, 

underscoring its promise for sustainable and environmentally friendly 

energy infrastructure. 

Methodology 

This study employs Design Builder as the main simulation tool for 

assessment of BIPV's energy efficiency. Design Builder is known for both 

its intuitive interface and also strong simulation capabilities because it 

integrates thermal analysis plus day lighting and photovoltaic modeling 

within a unified platform giving an improved platform for BIM. Design 

Builder models through visual tools that streamline data input and reliably 

projects energy performance without any external plugins. TRNSYS and 

EQuest can all simulate environments that don't rely on visuals and most 

needs plugins. design builder is especially good for BIPV analysis  

because its built-in Energy Plus engine makes sure that calculations about 
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heat transfer, HVAC needs, and solar energy production are correct 

(Oguntade & Cimillo 2024). 

The methodology of this study is comprised of four unique 

simulation scenarios aimed at evaluating the effects of incorporating 

various BIPV configurations on building energy consumption and 

corresponding carbon emissions. Below are the details of these scenarios, 

which are also shown in Figure 1. 

 

 
Figure 1: Summary of Methodology. 

Rooftop Solar Panel Integration 

This scenario looks at how well standard photovoltaic panels work 

when they are put on the roof of a building on assuming they are about 

22% efficient. This BAPV simulation serves as a reference case which will 

be used for evaluating energy generation potential, architectural 

compatibility, and the overall feasibility of integrating rooftop 

photovoltaic systems. 

Window Integrated Perovskite BIPV 

In this case, the building's window glazing has perovskite solar 

cells with an efficiency of 12%. The examination revolves around their 

impact on energy savings and CO2 emission reductions, as well as the 

viability of this scenario for practical application in real time. 

Wall Integrated Perovskite BIPV 

In this scenario, the building’s outside walls have perovskite 

modules that work at 16% efficiency. The simulation looks at how much 
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they help with energy harvesting and how much they help with building 

loads and CO2 emissions savings in this example. 

Hybrid BIPV Deployment 

The last scenario looks at how well rooftop panels, window-

integrated perovskite cells, and wall-mounted perovskite modules work 

together. This hybrid configuration is analyzed to explore the synergistic 

effects of multiple BIPV with BAPV (reference case) systems and their 

cumulative impact on building energy efficiency and carbon footprint 

reduction. 

Simulation Setup  

The Case study building was modeled with help of DXF file 

imported from AutoCAD for Ground, 1st and 2nd floor, is shown in the 

Figure 2. 

 

 
Figure 2: Composite layout showing the Ground Floor (A), First Floor (B), 

and Second Floor (C) plans for case study building. 

 

The Ground Floor includes a total of 19 distinct sections and the 

1st Floor comprised of 20 sections while the 2nd floor consist 24 sections. 

Functional areas like faculty offices, classrooms, laboratories, reception 

spaces, open corridors, the cafeteria, and also administrative offices 

incorporate these spatial divisions, the load profiling was done for these 

zones which will be discussed later. Figure 3 depicts individual floor plans. 

It can also give a detailed representation for the building layout. 

Furthermore, shading cause from the adjacent building was 

considered for all simulation by incorporating the buildings around case 

study building which include PIC hospital to the east, University 
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department to the south and 2 building to south west as shown in Figure 4 

for month of October. 

Design Builder relies on Energy plus Weather (EPW) weather 

data formats for building performance simulation. This data was at that 

point incorporated into the simulation model for the purpose of the 

research. Heating, ventilation, as well as air conditioning (HVAC) 

demands are calculated via the software based on actual environmental 

conditions using this localized dataset. 

 

 
Figure 3: Internal zones of case study building showing Ground Floor (A&B), 

First Floor (C), and Second Floor (D). 

 

 
Figure 4: Shadow imposed by surrounding Building on USPCASE Building. 
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Selection of BIPV Material 

Solar Panel for Rooftop 

The JAM78S30 module functions as a typical solar panel example 

and the manufacturer’s datasheet thoroughly details its thermal and 

electrical performance parameters(Solar). For the Design Builder 

environment, users will directly apply key specifications like open-circuit 

voltage, short-circuit current and maximum power point. Because accurate 

simulation depends on these inputs, they are critical. Since it does 

incorporate a module well-established as well as thoroughly documented 

like JAM78S30, that provides a reference, dependable to evaluate 

photovoltaic technologies emerging, including technologies based on 

perovskite materials. The performance model used was Equilent-one 

diode model and its parameters are shown in Table 1. 

Table 1: Electrical Parameters of Conventional solar panels. 
S. No Parameter Value 

1 Series of Cell 26 

2 Active Area 2.64 

3 Transmittance absorptance product 0.9 

4 Semiconductor bandgap(eV) 1.8 

5 Shunt resistance (ohms)  1000 

6 Reference Temperature (°C) 25 

7 Reference Insulation (W/m2) 1000 

8 Module Heat loss coefficient (W/m2-K) 30 

9 Total Heat capacity(J/m2-K) 1000 

10 Rated electric power output (W) 605 

11 Short Circuit current (A) 11.30 

12 Module Current at max power (A) 10.60 

13 Temperature coefficient of short current (A/K) 0.00634 

14 Open circuit voltage (V) 60 

15 Module Voltage at max power (V) 50.5 

16 Temperature coefficient of short current (V/K) -0.147 

17 NOCT ambient temperature (°C) 25 

18 NOCT cell temperature (°C) 45 

19 NOCT insolation (W/m2) 800 

Semi Transparent Perovskite for Windows 

Semi-transparent perovskite materials address a new issue for 

window-integrated Photovoltaics as they unite energy generation with day 

lighting. Their partial transparency is suited to urban applications in which 

natural light is necessary even with assumed 12% efficiency. Design 

Builder simulations capture both electrical (IV characteristics) along with 

thermal behavior because they do reflect real-world performance. This 

dual functionality supports their potential in BIPV systems so it balances 

aesthetics, energy output, for occupant comfort. In Table 2 is the 

performance model shown for the selected window integrated perovskite. 
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Note: Only the updated parameters has been shown compared to 

Table 1 which consist all the parameters and the serial number has not 

been changed so it’s easy to track for comparison in Table 1. 

Table 2: Electrical Parameters of Semi-Transparent Perovskite for Windows. 
S. No Parameter Value 

3 Transmittance absorptance product 0.8 

10 Rated electric power output (W) 316 

11 Short Circuit current (A) 8.80 

12 Module Current at max power (A) 8 

13 Temperature coefficient of short current (A/K) 0.001 

14 Open circuit voltage (V) 47.5 

15 Module Voltage at max power (V) 39.6 

16 Temperature coefficient of short current (V/K) -0.005 

Flexible Perovskite for Walls 

Flexible perovskite PV modules, adaptable also and easy to 

install, were selected for wall integration with assumed 16% efficiency. 

Since these lightweight modules conform to some irregular surfaces plus 

reduce structural load, they are ideal for many diverse architectural 

applications, unlike any rigid panels. Their outdoor durability has 

improved since UV along with moisture resistance has advanced. Roll-to-

roll manufacturing gives cost benefits over silicon PV. These features are 

incorporated within Design Builder simulations in order to assess thermal 

behavior with energy output inside the building envelope. Experimental 

findings support their mechanical resilience and stable performance under 

varying environmental conditions, reinforcing their suitability for BIPV 

wall applications(Liang et al. 2021).  Table 3 shows the performance 

model for respective photovoltaic material. 

Note: Only the updated parameters has been shown compared to 

Table 1 which consist all the parameters and the serial number has not 

been changed so it’s easy to track for comparison in Table 1. 

Table 3: Electrical Parameters of Flexible Perovskite for Walls. 
S. No Parameter Value 

10 Rated electric power output (W) 421 

11 Short Circuit current (A) 11.58 

12 Module Current at max power (A) 9.27 

13 Temperature coefficient of short current (A/K) 0.001 

14 Open circuit voltage (V) 53.6 

15 Module Voltage at max power (V) 45.6 

16 Temperature coefficient of short current (V/K) -0.005 

Simulation Parameter and Assumptions 

The building of University of Engineering and Technology 

(Peshawar), USPCASE was taken into consideration for purpose of this 

study. Its floor has an area of 4674 m2 and enclosed a volume of 19412 m3. 
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The simple performance model was used for HVAC system of building 

and the thermal control parameters for HVAC were developed with a 

heating set point of 25 C° and a setback of 18 C° while cooling condition 

was set on a set point of 26 C° and setback on 35 C°. For Peshawar, climate 

data was sourced from Climate Onebuilding  website (Onebuilding),  plus 

the data extends from 2009 until 2023.  

The efficiency for semitransparent perovskite based BIPV 

application was assumed 12 %, and 16% for flexible perovskite for wall 

based BIPV application. The Simulation was carried out over the course 

of one year and daily performance trend of energy was analyzed including 

building load. The load of equipment/components (shown in table 5-6) 

was estimated based on typical daily routine assumptions for a university 

building. Although the actual number of these load components is 

significantly higher, a reduced quantity was considered in the analysis 

because not all units are utilized. The building operational schedule was 

established to run from 8 in the morning till 4 in the afternoon, Monday to 

Friday which is in sync with a study done by Khurshid et al.(Ahmad et al. 

2014; Khurshid Ahmad 2014). The load profiling was done extensively in 

accordance with real time load of the building as much as possible which 

is shown in the tables. Table 4 shows the zones considered all across the 

building. The load that is continuously on 24/7 for the entire building is 

illustrated in Table 5. While the remaining considered load  is described 

in the Table 6. 

Table 4: Zones of Case Study Building. 
Considered Zones for real time load 

S.No. Zones Quantity 

1 Classrooms 4 

2 Labs 6 

3 Faculty offices 2 

4 PMU 1 

5 Dir. Office 1 

6 Library 1 

Table 5: 24 hours load of Case Building. 
24 Hours load 

S.No. Load component wattage Quantity 

1 Camera 25 24 

2 Modems 25 8 

3 Smoke Sensors 10 26 

4 Motion Sensors 8 32 

5 Emergency Lights 10 41 

 

The PV panels for reference case were tilted at 34° with a 180° 

azimuth to maximize their solar exposure. Windows were strategically 

placed to reduce direct sunlight which is a part of building design meant 
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to lower cooling cost in summer while having maximum lighting, limiting 

solar output from window integrated systems. Shading from nearby 

buildings was accounted for, and net metering allowed surplus energy to 

feed back into the grid. 

Table 6: Load Profile of considered Zones. 
Variable Load 

S.No. Load Component Wattage  Quantity  Days/week 

1 Lighting 36 111 5 

2 Interior Equipment 350 5 5 

3 Fan 75 12 5 

4 Computer 300 26 5 

5 Lab Equipment 3000 1 1 

6 Auxiliary load (pumps, cooler etc.) 9700 1 5 

8 Heating Simple HVAC model 4 

9 Cooling Simple HVAC model 4 

 

To ensure realistic simulation for quality results, consistent 

assumptions were applied here. Efficiency values for perovskite-based 

BIPV systems were estimated, while specs for conventional panels are 

based on the JA Solar JAM78S30 model(Solar). Voltage and current 

parameters are adjusted to reflect target efficiencies here. Flexible and 

semi-transparent perovskite PVs were treated separately based on their 

uniqueness of performance, influencing their suitability for walls or 

windows. 

 

 
Figure 5: Fuel Source Contribution to National Grid (NEPRA 2024). 

Emission Calculation 

For the CO₂ emissions analysis, the method that was applied is 

weighted average emission factor which is consistent with the approach 

used by D. Butt ET al. (Butt et al. 2021) in their study on Pakistan’s energy 

sector. From December 2024, coal, gas, and oil collectively accounted for 
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approximately 56.05% of electricity generation, based on data from 

NEPRA (NEPRA 2024) as shown in Figure 5 above. 

Fuel specific CO₂ emission factors were initially derived 

following the guidelines from International Panel on Climate Change 

(IPCC 2006) which report values of 72.2 Mt CO₂/EJ for oil based fuel, 

97.2 Mt CO₂/EJ for coal, and 56.1 Mt CO₂/EJ and natural gas. However, 

since the analysis requires these factors to be expressed in terms of 

electrical energy (kWh) a conversion from energy content in Exajoule (EJ) 

to kilowatt hours (kWh) was performed. This allows for direct comparison 

and integration into electricity-based emission calculations. 

1𝑀𝑡 = 1 × 109𝑘𝑔  

1𝐸𝑗 = 1 × 1018 W 

Where Mt is Megaton and Ej is Exajoule 

1𝐸𝑗 =
1×1018

3.6×106 𝑘𝑊ℎ  

The emission factor per kWh will become; 

Coal; 

𝐸𝐹𝑐 =
97.2×109𝑘𝑔𝐶𝑂2

2.78×1011𝑘𝑊ℎ
≈ 0.35𝑘𝑔𝐶𝑂2/𝑘𝑊ℎ  

Oil; 

𝐸𝐹𝑜 =
72.2×109𝑘𝑔𝐶𝑂2

2.78×1011𝑘𝑊ℎ
≈ 0.26 𝑘𝑔𝐶𝑂2/𝑘𝑊ℎ  

 Gas; 

𝐸𝐹𝑔 =
56.1×109𝑘𝑔𝐶𝑂2

2.78×1011𝑘𝑊ℎ
≈ 0.20𝑘𝑔𝐶𝑂2/𝑘𝑊ℎ  

The following formula is used to determine the grid emission 

factor, which is the weighed sum of each fuel's emission factor; 

𝐸𝐹𝑔𝑟𝑖𝑑 = ∑ (𝑓𝑖 × 𝐸𝐹𝑖)𝑖   

Where 𝐸𝐹𝑖 the CO2 emission factor for the fuel is type i and  𝑓𝑖  is the 

percentage of contribution in the grid energy mix by fuel type i. 

EF grid = ((0.2687×0.202) + (0.1695×0.350) + (0.1223×0.26) + 

(0.2833×0) + (0.082325×0) + (0.073×0)) 

Because we concentrate on emissions connected to combustion, 

we assume that hydro, nuclear, and renewable energy sources have 

virtually nil direct CO2 emissions for calculating operational CO2 

emission. 

𝐸𝐹𝑔𝑟𝑖𝑑 = 0.1451 𝐾𝑔𝐶𝑂2/𝑘𝑊ℎ  

Results and Discussion 

The energy simulation findings for the USPCASE building case 

study give a full picture of its electrical needs and how different PV 

technologies affect energy production and carbon emissions. A baseline 

study finds the most important loads for lighting, cooling, heating, and 
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equipment. We looked at three ways to integrate PV: traditional solar 

panels (BAPV), semi-transparent perovskite windows, and flexible 

perovskite walls. The Hybrid case was also analyzed in which case all of 

the three previous cases were combined into one. 

The BAPV configuration handled 39.2% of the annual load, and 

the semi-transparent (for letting light in) window integrated PVs added 

26.5%. Flexible perovskite walls having met 19.57% of the building 

simulated load. The hybrid system worked better than expected, providing 

123.6% of the building's electrical consumption, which was more than the 

overall demand. This can greatly impact in reducing the building's reliance 

on grid energy. 

CO2 emissions were significantly diminished, with individual 

BIPV systems accounting for 10% to 30% reduction depending on the 

case, and the hybrid design yielding the most substantial effect. These 

results show how BIPV technology could help current buildings become 

more energy-efficient and environmentally friendly. 

Simulation Results for Building Load Assessment 

The results of the energy simulation give a full picture of the 

USPCASE building's yearly energy use, which is 60,924.87 kWh, or 

almost 82% of the actual units used between April 2024 and March 2025. 

Cooling is the biggest load, using 23,965.3 kWh per year, 96.3 kWh of 

which is for running the fan. This shows that the building needs a lot of 

cooling because of the weather in the area. The biggest part of the energy 

use comes from inside equipment, which uses 32,291.7 kWh. This 

includes Auxiliary loads for example water pumps and freezers. The 

heating and lighting loads are not very high they are 1,919 kWh and 1,963 

kWh, respectively. Every year domestic hot water uses 785 kWh of 

electrical energy. The simulation shows that June has the highest load, 

with cooling needs reaching up to 4,920 kWh. The base load stays the 

same all year. The heat that comes from people and equipment inside the 

building also affects the thermal loads making it even more important to 

cool the building down. Combining regular PVs, semitransparent 

perovskite PV for window application of BIPV, and flexible perovskite 

PV wall application of BIPV, is a key part in changing the building's 

energy profile. It greatly reduces the need for grid electricity and makes 

the structure more energy efficient overall. The cooling load can be 

analyzed in the bar chart in Figure 6. 

From our Grid the more electricity is used, the more CO2 is 

released. This is why there is a big surge in emissions in June, when people 

need more cooling and relies on grid electricity more. The entire quantity 

of CO₂ emissions each year is about 8,840 kg, as shown in Figure 7. This 
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is a large number that shows how using traditional energy sources by 

relying on grid energy can affect the environment in a negative way. 
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Figure 6: Cooling Load throughout the year. 
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Figure 7: Monthly CO2 (Kg) Emission for Simulated load. 

Simulation Result for Solar Panel 

 The solar panel system, which worked at 22% efficiency, greatly 

increased the amount of energy the USPCAS-E Building produced and cut 

down on carbon emissions. It generated 25,196 kWh of electrical energy 

throughout the year however 1,259.81 kWh were lost in conversion 

leaving 23,936.3 kWh of useful electricity. This met 39.2% of the 

building's total electrical energy demand, which meant less dependency on 

grid power. Monthly generation trends are illustrated in the Figure 8. 

The most solar energy was produced or converted to be 

technically precise happened in May as the irradiance level was high and 
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the temperature was just right for the panels to work well. Adding 

conventional solar panels to the building subjected it in reduction of 

carbon footprint, with annual emissions of 5,370.7 kg. The most emissions 

in a month happened in July, when they reached 918 kg. This was mostly 

because the cooling loads went up during the hottest part of summer. 

Monthly CO₂ emissions are depicted in the Figure 9. 
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Figure 8: Solar Panel Generation (Kwh) throughout the year. 
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Figure 9: CO2 (Kg) Emission after installation of Solar Panels. 

Simulation Results for Semi Transparent Perovskite 

The simulation results for semitransparent perovskite PV 

windows show that they have a lot of promise for use in BIPV. The system 

produced 17,048.67 kWh of electrical energy accompanied by a 

conversion loss of 852.43 kWh; thus, the net usable output was 16,196 

kWh. This output met 26.5% of the total electrical needs of the case study 
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building. It shows how well window-integrated PV technology can meet 

energy needs while still letting in natural light. The Figure 10 illustrates 

monthly electricity generation. 
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Figure 10: Semitransparent PSC Generation (Kwh) throughout the year. 

 

The building's total yearly carbon emissions were about 6490.1 

kg, which is higher from previous case. The reason behind is the lower 

energy generated from this case as there is less surface area for the 

configuration to be deployed, efficiency is low and the windows setup of 

building is such as to avoid direct sunlight. So the building had to rely 

more on electricity from the grid. The monthly breakdown of CO₂ 

emissions is illustrated in the Figure 11. 
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Figure 11: CO2 (Kg) Emissions after inclusion of Semitransparent PSC 

throughout the year. 



 
 
 
 
  
 
 
 
Design and Assessment of Building Integrated Photovoltaics                                  Zargham et al. 

The Sciencetech                        106                    Volume 6, Issue 4, Oct-Dec 2025 

  

 
 
 
 
 

Simulation Results for Flexible Perovskite 

The findings of the simulation show that putting flexible 

perovskite PV modules on building walls can greatly improve energy 

performance by contributing to overall energy production by BIPV 

elements. The system produced 79,368.94 kWh of energy each year, 

which was a big help to the building's energy supply. It worked at 16% 

efficiency. After taking into account conversion losses of 3,968.45 kWh, 

the net usable energy was 75,400.4 kWh, which was 23% more than the 

building's annual requirement. The Figure 12 illustrates the monthly 

energy generation profile. Because vertical surfaces get more sun, the high 

energy output shows how flexible perovskite technology could be used to 

improve wall-mounted PV applications, especially when there isn't much 

space on the roof.  
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Figure 12: Flexible PSC Generation (Kwh) throughout the year 

 

The building also had a yearly carbon emission value of -2,100.41 

kg, which means that it not only completely offset its own emissions, but 

also made a net contribution to decarbonizing the energy from the grid. 

The monthly CO₂ emission trends are illustrated in the Figure 13. 

Simulation Results for Hybrid Case (BAPV + BIPV) 

This layout is the most efficient and appropriate choice for the 

USPCAS-E Building, according to the modeling results for the integrated 

deployment of flexible-perovskite PV wall modules, semitransparent 

perovskite PV windows, and PVs. This combined strategy offers better 

energy output and load coverage than separate systems, with a possible 

yearly total photovoltaic generation of 121,488.53 kWh. The net useable 

energy is 115,414.1 kWh, or 189.43% of the building's total energy 

consumption, after 6,074.43 kWh of conversion losses are deducted. This 

is the most impactful configuration among those evaluated since it 
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guarantees full coverage and produces a significant excess of clean energy. 

The monthly energy generation profile is depicted in the Figure 14. 

 

 
Figure 13: CO2 (kg) Emissions after inclusion of Flexible PSC throughout 

the year. 
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Figure 14: Generation (Kwh) throughout the year for Combination of All 

cases. 

 

By drastically lowering carbon emissions, the integrated system 

makes a significant contribution to environmental sustainability in 

addition to its remarkable energy performance. Since the excess clean 

energy is supplied back into the grid, the annual CO₂ emissions are 

reduced to -7,906.39 kg which is responsible for demonstrating a net-

negative emission scenario. This setup can continuously provide carbon 

free electricity all year round, confirming its position as a workable way 

to reduce the carbon footprint of building activities mainly related to 

energy. The monthly CO₂ emission trends are illustrated in the Figure 15. 
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Figure 15: CO2 (Kg) Emission throughout the year after Combination of all 

cases. 
 
 In contrast to the majority of BIPV works, which consider 

separated installations of BIPV like facades, windows, or rooftops, this 

paper provides a comparative evaluation of several BIPV installations on 

a single building. The findings indicate that individual systems can save 

energy consumption and CO 2 emission, but hybrid implementation of 

rooftop BAPV and wall-mounted flexible perovskite BIPV with window-

integrated semi-transparent BIPV is much effective in increasing energy 

output. The applications of these perovskites also decrease the cost of 

materials, and enhance the aesthetics of the building, providing a viable 

view on the building scale of BIPV design that is holistic. 

Conclusion 

This study demonstrates the potential of perovskite-based PV 

solutions to increase the building energy efficiency while reducing 

operational carbon emissions. Among the scenarios assessed in this study 

the hybrid configuration (Case 4) proved most effective, as it maximized 

the use of available building surfaces and achieved substantial energy 

generation and carbon reduction. Along with these indications, it is 

important to highlight the practical contribution of flexible perovskite wall 

modules, which enable greater integration opportunities due to their 

adaptability to diverse architectural surfaces. 

Beyond the quantitative outcomes, the results provide a 

benchmark for future applications of BIPV. They provide a perspective 

into how BIPV can transform conventional buildings into energy assets 

which offers both environmental and economic advantages. By 

demonstrating the feasibility of large-scale perovskite integration, this 

research contributes to the broader discourse on sustainable building 

design and supports the transition toward low carbon urban development. 
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This study is subject to several limitations. First, the findings are 

based on simulation of a single case study building, which may not fully 

capture real world variability in occupant behavior, climate conditions, 

and installation practices. Second, the efficiencies considered for 

Perovskites are assumptions and also while perovskite PV technologies 

offer promising efficiency gains, their long-term stability and large-scale 

manufacturability remain unresolved, limiting immediate applicability. 

Third, although CO₂ emission reductions were estimated, a 

comprehensive life cycle assessment and economic feasibility analysis 

were beyond the scope of this work. Fourth, while LCA studies are 

important they are not part of this study which can be researched in length. 

Finally, the study did not address policy, regulatory or broader urban-scale 

impacts, which represent important areas for future research. 

Further research is required to strengthen the life cycle assessment 

of perovskite based BIPV systems for example detailed investigations 

should be done into the cost of perovskite materials per square meter, their 

long-term degradation behavior and stability as an application, their 

payback period and their responses to diverse environmental conditions 

would contribute in valuable insights. Moreover, comprehensive studies 

on the economic feasibility of each case especially those incorporating 

perovskite modules will be highly beneficial. These analyses could offer a 

practical perspective on the scalability and real-world application of these 

scenarios therefore materializing the gap between simulation-based 

outcomes and implementation in actual building projects. Furthermore, 

exploring advanced hybrid configurations, smart grid integration, and 

adaptive control strategies could enhance both energy efficiency and 

carbon reduction potential in future applications. 
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