
  

www.itcon.org - Journal of Information Technology in Construction - ISSN 1874-4753 

 

 
ITcon Vol. 30 (2025), Azeem & Thomas, pg. 1528 

A FRAMEWORK TO ANALYSE THE ENERGY AND ECONOMIC 
PERFORMANCE OF SHADED BUILDING INTEGRATED 
PHOTOVOLTAIC (BIPV) FACADES IN LOW-RISE AND HIGH-RISE 
BUILDINGS IN TROPICAL CLIMATE 

SUBMITTED: May 2025 

REVISED: September 2025 

PUBLISHED: September 2025 

EDITOR: Mahesh Babu Purushothaman, Ali GhaffarianHoseini, Amirhosein Ghaffarianhoseini, Farzad Rahimian 

DOI: 10.36680/j.itcon.2025.062 

Aaliya Azeem, Ph.D. Student 

Department of Civil Engineering, Indian Institute of Technology Bombay, India 

214048003@iitb.ac.in  

Albert Thomas, Ph.D., Associate Professor 

Department of Civil Engineering, Indian Institute of Technology Bombay, India 

albert@iitb.ac.in  

SUMMARY: The building sector being energy-intensive necessitates the transition to high performing buildings 

and as zero energy buildings by employing renewable strategies. The potential for photovoltaic (PV) electricity 

generation is particularly significant in tropical regions such as India, owing to the abundant availability of solar 

radiation. Building integrated photovoltaic (BIPV) systems present a promising solution when PV system 

installation areas are constrained. However, a primary challenge in energy generation is the shading caused by 

nearby buildings, which limits the energy generation potential. This study examines the impact of various shading 

scenarios on BIPV energy generation in both low-rise and high-rise buildings, alongside the economic viability of 

renewable energy adoption. A systematic approach is employed, involving the development of potential shading 

scenarios, modelling, and simulation of these scenarios to assess photovoltaic (PV) generation. The evaluation 

against building energy demand facilitates the assessment of Net/Nearly Zero Energy Building (NZEB) potential. 

Irradiation analysis is conducted to quantify solar gain loss due to shading compared to its base/unshaded case. 

Through a comparative assessment involving the study of irradiance loss due to shading and BIPV energy 

generation, the study evaluates the viability of BIPV systems on building facades, for achieving net-zero energy 

status in low-rise and high-rise structures. The study further investigates the economic feasibility of shaded PV 

integrated facades for both low-rise and high-rise buildings. In shaded conditions, high-rise buildings yield 

suboptimal results in achieving net-zero status, while shaded scenarios in low-rise buildings cover 20-40% of 

building energy demand. However, implementing PV integrated facades in high-rise buildings prove to be 

financially feasible with shorter payback periods compared to low-rise buildings. These findings provide valuable 

insights into the efficient utilization of BIPV technology and establish a foundation for informed decision-making 

in sustainable building design. 
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1. INTRODUCTION 

The rise in population and urbanization has led to a significant increase in building energy demand in recent years, 

with buildings accounting for 30–40% of global energy consumption, with the related emissions growing at an 

annual rate of 1% (IEA, 2021). Since energy consumption is closely linked to carbon emissions, enhancing energy 

efficiency in buildings and thereby reducing potential carbon emissions has become essential for mitigating climate 

change (Rey-Hernández et al., 2018). Within the building sector, net or nearly zero energy buildings have gained 

prominence as a promising solution for reducing greenhouse gas emissions and have emerged as a sustainable 

measure by generating on-site electricity through renewable energy sources (D’Agostino et al., 2021). Among 

these clean energy sources, solar photovoltaics is particularly well-suited to urban landscapes due to their 

compatibility with electricity load profiles and their widespread availability in many countries (Usman et al., 

2021). Similarly, buildings in tropical regions have significant potential to become NZEBs due to the abundant 

solar irradiation available throughout the year.  

Net-zero energy status in buildings is commonly achieved through the installation of photovoltaic (PV) panels on 

rooftops which is referred as Building-Applied Photovoltaics (BAPV), that involves the attachment of PV systems 

onto existing building surfaces without altering their structural components. This technique of PV installation 

offers a practical approach to enhancing a building's energy performance, facilitating its quick transformation into 

an energy-efficient building. However, the availability of space for installing these PV panels poses a challenge 

for buildings aiming to achieve net-zero status (Basher et al., 2023). Building integrated photovoltaic (BIPV) 

systems thus offer an ideal solution, as they transform the building envelope into power-generating units, 

eliminating the need for separate PV installation areas. The BIPV technique of integrating PV modules into the 

building envelope also provides the added benefit of reducing emissions by replacing conventional construction 

materials, which are often associated with high embodied carbon (Zhang et al., 2018).  

Although BIPV systems offer the benefits of utilizing a larger portion of the building envelope for solar energy 

generation, their application in existing buildings is often constrained by design limitations such as structural load 

capacity and potential facade orientation. In addition to this, the variability in surrounding built forms, including 

the height and proximity of adjacent structures, introduces complex shading conditions that can substantially 

reduce solar access and, consequently, photovoltaic energy generation. These constraints can hinder the ability to 

achieve optimal system configurations, thereby resulting in comparatively lower energy performance than 

conventional rooftop PV installations (Yu et al., 2025).  While BIPV systems may, in some cases, yield lower 

energy outputs compared to optimally oriented rooftop PV systems, PV integrated facades play a significant role 

in energy generation, given their available surface area and the advantage of contributing to peak production at 

different times of the day (Freitas & Brito, 2015). Moreover, when PV utilized as building façades, these systems 

can contribute to a reduction in operating costs, thereby offsetting a portion of the initial construction expenses 

(Menoufi et al., 2013).  

However, practically, the application of BIPV on facades may result in some solar irradiation loss due to shading 

from nearby buildings. Shading from adjacent structures is often unavoidable in urban areas with space constraints 

and densely packed buildings. Shading impacts BIPV energy generation by reducing the amount of irradiation 

reaching the photovoltaic cells (Jayathissa et al., 2017), thereby diminishing energy output. A comprehensive 

understanding and quantification of these shading impacts on PV systems are essential for optimising the BIPV 

performance and informing effective design decisions during the early stages of building planning. Analysing the 

impact of shading entails evaluating a range of shading scenarios to assess their influence on the energy generation 

potential of BIPV systems. This process involves the detailed modelling of PV integrated facades under varying 

shading conditions, utilizing solar simulations that predicts the shading effects on BIPV system, based on the 

spatial characteristics such as the position and height of the nearby buildings. These simulations provide insight 

into how shading alters incident solar radiation and, subsequently, PV energy output. 

While the integration of photovoltaic systems into building envelope offers significant advantages, particularly the 

availability of extensive surface area for energy generation, the associated costs remain a major barrier to its 

widespread adoption (Yang & Zou, 2016). One of the primary challenges is the high initial investment, coupled 

with the expenses incurred throughout the system’s operational lifetime. Therefore, a comprehensive evaluation 

of the economic viability of building integrated photovoltaic systems is essential. Life Cycle Cost Analysis 

(LCCA), an economic assessment approach grounded in the principles of Life Cycle Assessment (LCA), provides 
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a life-cycle perspective by accounting for all costs incurred over the entire lifespan of the BIPV system (Gholami 

et al., 2020). This includes capital, operational, maintenance, and replacement costs up to its end-of life, thereby 

offering a more accurate measure of long-term economic feasibility (Saridaki et al., 2019). 

Considering the state of art in this field, the primary objective of this study is to estimate the energy generation 

potential of shaded BIPV systems integrated into the facades of low-rise and high-rise commercial buildings. This 

evaluation supports informed decision-making regarding the feasibility of adopting BIPV solutions in the early 

stages of building design, particularly with the aim of achieving net/nearly zero energy performance. The study 

proposes a methodology for quantifying the shading-induced losses through the assessment of reduced incident 

radiation and the corresponding decrease in annual PV energy yield. Furthermore, the study determines the extent 

to which these shaded BIPV systems contribute to offsetting the building’s energy demand. This study also 

conducts LCA-based economic analysis to evaluate the feasibility of implementing PV integrated facades in low-

rise and high-rise commercial buildings subjected to various shading conditions.  

2. RESEARCH BACKGROUND 

Building integrated photovoltaic (BIPV) systems offer dual functionality by integrating photovoltaics into the 

building envelope, serving both as an energy source and an architectural element (Kuhn et al., 2021). These 

systems have garnered significant attention in recent years. Shukla et al. (2018) examined the trend patterns and 

significance of BIPV applications in sustainable buildings across South Asian nations, focusing on the gradual 

integration of these systems as either a primary or alternative energy source in the region. The study emphasizes 

that although BIPV has significant potential in South Asia, there are challenges such as high initial costs and lack 

of awareness that need to be addressed for wider adoption. The concept of BIPV is innovative and still in its 

nascent stage in South Asia. Despite their cutting-edge nature, BIPV systems are infrequently implemented 

(Agathokleous & Kalogirou, 2020), mainly due to insufficient knowledge, awareness, and expertise. In India, 

although there is substantial potential for photovoltaic (PV) generation, the integration of these PV systems 

remains in its infancy due to a shortage of BIPV experts, insufficient knowledge and skills, policy constraints, and 

cost considerations (Reddy et al., 2020).  

While building-applied photovoltaic (BAPV) systems offer advantages in terms of ease implementation for 

retrofitting existing buildings, Pillai et al. (2022) noted that BIPV systems present an ideal solution in cases of 

spatial limitations. In such cases, PV modules can be seamlessly integrated into facades, thereby increasing the 

potential PV implementable area, and enhancing photovoltaic electricity generation (Boccalatte et al., 2020). Brito 

et al. (2017) studied and discussed the relevance of facades and other vertical structures in solar PV generation. 

Similarly, Olajube et al. (2018) evaluated the performance of integrated PV at a university building in Malaysia 

by conducting simulations of various PV system variants and identified that Cadmium Telluride (CdTe) thin film 

modules yielded the highest energy output of about 1240MWh/year, resulting in a 53% reduction in electricity 

bills. However, the photovoltaic simulations in the study did not account for shading from nearby buildings. BIPV 

generation is generally influenced by factors such as PV orientation, tilt, geographic location, and local climatic 

conditions, including temperature and solar irradiance (Dai & Bai, 2020). Among these factors, shading is a critical 

determinant that influences its photovoltaic output and feasibility in urban environments (Sun et al., 2021). Partial 

shading resulting from surrounding elements such as trees and adjacent buildings can significantly affect the 

performance of photovoltaic systems, however, this impact has not been extensively examined (Calcabrini et al., 

2021). Similarly, the efficiency of PV panels and their thermal performance also play a significant role. The PV 

design strategy necessitates that PV panels be positioned at their optimal tilt angle and orientation to harness 

maximum solar radiation.  

Shading from nearby buildings and obstructions affects the irradiation on PV panels, resulting in varying irradiance 

levels across the modules of the PV array (Laamami et al., 2017). Consequently, the amount of electricity generated 

from the PV decreases. Even partial shading can affect power output due to the mismatch losses it causes in series-

connected cells, thereby reducing system efficiency. Furthermore, shading can increase stress on shaded cells, 

leading to hotspots that can damage the cells and shorten the PV system's lifespan (Pendem & Mikkili, 2018). 

Understanding shading patterns facilitates better design and placement of PV systems. Additionally, accurate 

shading analysis aids in the financial assessment of BIPV installations, providing estimates of energy yields and 

return on investment (Zomer & Rüther, 2017). Optimal placement and design of PV systems, considering shading 
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consequences, is therefore crucial for maximizing BIPV performance. However, cost remains a primary barrier to 

the adoption of PV systems, with BIPV facing additional challenges due to their higher installation costs. 

Furthermore, Podder et al. (2021) conducted an economic feasibility analysis of a PV system installed on the 

rooftop of an academic building in Bangladesh. The study determined a payback period of 8.3 years and an internal 

rate of return of 120.3% for a 91kW rated system. In terms of installation type, grid-connected roof-mounted 

systems generally achieve the lowest Levelized Cost of Energy (LCOE) compared to other types of installations, 

ranging from 0.0491 USD/kWh to 0.0605 USD/kWh under a 6% discounted rate (Ludin et al., 2021). This suggests 

that roof-mounted systems are more cost-effective than other installation types, whether in low-rise or high-rise 

buildings. Meanwhile, the existing studies does not directly compare the cost-effectiveness of PV facades in low-

rise versus high-rise buildings, and only suggests that PV systems, in general, are economically feasible achieving 

energy payback over time. Moreover, the economic viability depends on various factors such as location, system 

size, local incentives, and energy savings (Gholami et al., 2019). Consequently, a cost analysis specifically 

comparing low-rise and high-rise PV integrated facades is necessary to ascertain which configuration offers a 

shorter payback period.  

Existing studies conducted in tropical climates, such as those in India, have performed life cycle cost analyses of 

rooftop solar panels, focusing on the improvements in energy consumption efficiency of buildings (Kumar et al., 

2021); (Baqir & Channi, 2022). Ramanan et al. (2020) performed an economic feasibility analysis of grid-

connected building integrated photovoltaic modules in Tamil Nadu, India. The study examined the performance 

of BIPV modules at various orientations and inclination angles, identifying east-facing facades as the optimal 

orientation for installing BIPV modules on facades. The findings indicate that grid-connected BIPV systems can 

be both economically viable and environmentally advantageous, provided that they are properly oriented and sized. 

Similarly, Shetty et al. (2021) investigated optimal tilt angles and various PV integration configurations on building 

facades to maximize energy production in conjunction with its economic feasibility analysis. While energy 

production is analysed extensively, the cost implications and performance impacts of shaded PV systems remain 

underexplored. A comprehensive integration of detailed shading analysis with economic feasibility assessments is 

essential to optimise both energy output and cost-effectiveness.  

This study aims to evaluate the potential for photovoltaic electricity generation through PV integrated facades in 

representative models of commercial buildings in India, considering various shading scenarios. The novelty of the 

study lies in the assessment of net or nearly zero energy performance of shaded PV integrated facades across both 

low-rise and high-rise buildings, coupled with an economic feasibility evaluation through LCCA. 

The research objectives of this study can be summarized as follows: 

• To evaluate the impact of shading on the photovoltaic energy generation potential of BIPV systems 

through simulation-based scenarios; 

• To explore the feasibility of achieving net-zero energy performance by buildings under shading, 

specifically in terms of meeting the building's energy demand; 

• To assess the economic viability of shaded PV integrated facades for both low-rise and high-rise 

buildings through life-cycle cost analysis (LCCA). 

The key contribution of the study is the development of a methodological framework that can be replicated for 

analysing the shading impact caused by nearby buildings on PV integrated facades of proposed low-rise or high-

rise buildings, with a check on its economic feasibility and net-zero energy (NZE) compliance. The novelty of the 

proposed framework lies in its integrated approach to analysing BIPV energy generation under shading scenarios 

at the building level, taking into account building typologies (low-rise and high-rise) within a tropical-temperate 

climate context. Unlike existing studies, which often focus on single building types, rooftop systems, or 

generalized climate conditions, this framework offers a shading-sensitive assessment by combining building 

energy simulation with facade-level PV generation analysis. Furthermore, it incorporates irradiance-based shading 

evaluation, net-zero energy assessment, and life-cycle economic analysis, making it one of the few comprehensive 

methods tailored for real-world application. The replicable methodological framework developed for shaded BIPV 

systems provides practical guidance for architects, engineers and policymakers aiming to achieve net-zero energy 

buildings in urban tropical contexts. 
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3. METHODOLOGY 

This study examines the feasibility and shading impact on BIPV energy generation in both low-rise and high-rise 

buildings within the tropical temperate climate zone of India. Initially, to assess building energy performance, 

building energy models for both low-rise and high-rise structures are developed and simulated using Design 

Builder software (Chang & Hsieh, 2020; Pawar & Kanade, 2018).  The subsequent phase involves photovoltaic 

simulations, where PV integrated facades are modelled and simulated to determine annual PV energy generation. 

The east and west facades of the building model are configured as PV integrated facades for irradiation assessment 

and energy generation simulations. In this study, Rhinoceros software, along with its plugins Grasshopper and 

Ladybug, is employed, as these tools provide advanced PV simulations, shading pattern analysis, and irradiation 

assessment, surpassing other existing solar PV tools such as PVSyst and PVSol (Freitas et al., 2020). This is 

followed by the development of potential shading scenarios to evaluate the shading impact on PV integrated 

facades. Furthermore, BIPV energy generation on both facades is simulated under various shading scenarios, 

thereby determining the shaded PV energy generation. Under each shading scenario, both low-rise and high-rise 

building models are analysed to understand their generation potential under shading impact. The shaded PV energy 

generation is compared against the building's energy demand to assess the net-zero energy status of the building. 

In the final stage, the study evaluates the economic feasibility of implementing these shaded PV integrated facades 

in low-rise and high-rise buildings experiencing shading, through a LCCA approach. The overall methodological 

flow of the approach adopted in the study is illustrated in Figure 1. 

 

Figure 1: Methodology of the study. 

The structured methodology proposed in the study is developed using a conceptual modelling approach, aimed at 

integrating technical simulation outcomes with sustainability objectives in PV integrated façade systems. Energy 

simulation serves as the core methodological tool in this study, employed to quantify façade-level PV performance, 

assess whole-building energy demand, and evaluate net-zero energy compliance. This directly informs the 

decision-support structure of the framework. The components of the methodological framework are derived from 

a synthesis of existing literature on building performance simulation and shading impact analysis, supported by 

simulation-based results generated using tools such as DesignBuilder and Ladybug in Rhino-Grasshopper (Ohene 

et al., 2022); (Freitas et al., 2020). 

3.1 Building energy modelling and simulations 

Both the low-rise and high-rise commercial building models are developed using DesignBuilder software, a 

dynamic simulation tool that offers a graphical user interface for the EnergyPlus simulation engine (DesignBuilder 

Software Ltd., 2009); (Crawley et al., 2000). For this analysis, weather data from Bangalore, India, the 

representative location for the temperate climate zone is utilized. The weather data file, generated by Energy Plus 
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for this location, is downloaded for simulation runs (Katranuschkov et al., 2014). The reference building models, 

representing low-rise and high-rise commercial buildings in India derived in Bhatnagar et al. (2019) are employed 

as baseline models in this research. The low-rise and high-rise commercial building models are developed, with 

the parameters as tabulated in Table 1.  

Table 1: Data input parameters for building energy modelling. 

Parameters Low-rise building High-rise building 

No. of floors 3 9 

Length  54 m 90 m 

Width  19 m 39 m 

Height  11.8 m 35 m 

Window-U value 2.13 2.05 

Wall U-value 1.17 1.46 

Roof U-value 0.4 0.46 

Lighting power density  7.7 W/m2 8.32 W/m2 

HVAC System VRF; Duct able constant volume AHU Screw chiller, VAV AHU 

System COP 3.49 5.6 

These models, along with the materials used, their thermal properties, and other significant parameters, are 

developed based on the values reported by Bhatnagar et al. (2019). Both building types assume an occupancy of 

14 m² per person and a plug load of 16.14 W/m². The low-rise and high-rise building energy models are developed 

in DesignBuilder, as depicted in Figure 2. Initially, the baseline building models are generated without 

photovoltaics, with the building energy demand reliant on the external grid.  

 

Figure 2: Low-rise and high-rise baseline building models. 

Since the concept of NZEB involves achieving a net-zero energy balance over a year, the building models are 

simulated to assess their annual energy consumption. The energy simulations provide insights into the energy 

usage associated with the overall functioning of the buildings, including cooling, lighting, and other energy uses. 

In this study, the annual building energy consumption is simulated for both the baseline models of low-rise and 

high-rise buildings.  

3.2 Shaded BIPV energy simulations 

Both the low-rise and high-rise commercial building models are modelled with photovoltaic integrated facades for 

its potential renewable energy generation. For PV simulations, the computational tool Rhinoceros, along with its 

plugins Grasshopper (GH) and Ladybug (LB), is employed to integrate parametric modelling with comprehensive 

solar analysis (Robert McNeel & Associates, 2019). Rhinoceros is a 3D CAD software that facilitates to develop 

complex 3D models or other geometries and offers numerous plugins for conducting desired PV simulations (Jing 

Yang et al., 2024); (Zou et al., 2025). Grasshopper serves as a graphical user interface that integrates with Rhino's 
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3D modelling tools, enabling automated, parameter-driven generation of project elements and aids in quick virtual 

modelling (de Sousa Freitas et al., 2019). The Ladybug plugin, which depends on Energy Plus, is utilized for 

energy simulations based on the geometry model created in Rhino, Grasshopper, and the Energy Plus Weather 

(EPW) file for that location (Roudsari & Pak, 2013). Ladybug tools provide a sun path diagram to help understand 

the sun's position throughout the year and include components for computing incident solar radiation. Additionally, 

Ladybug features specific photovoltaic components that simulate the detailed performance of PV systems.  

For both the low-rise and high-rise building energy models, the representative building models are developed in 

Rhino with dimension inputs provided through the Grasshopper user interface. BIPV systems are modelled on 

facades by inputting east and west facades into the PV surface input of the LB photovoltaic components. 

Consequently, BIPV energy generation is simulated due to PV integration on the east and west facades of the 

building model.  

Ladybug tools and components enable detailed analysis of PV generation under diverse shading scenarios. The PV 

system is modelled in Ladybug with consistent parameters across both low-rise and high-rise scenarios to ensure 

comparability. The façade surface is fully utilized for PV integration (100%), of which 90% is accounted as active 

module area. Mismatch losses are partially accounted for through the DC-to-AC derate factor (with a static 2% 

loss), however, detailed string-level mismatch due to partial shading or inverter clipping is not explicitly modelled. 

In this study, PV system parameters are kept constant across all scenarios to ensure that performance differences 

arose solely from the influence of shading. The PV simulation input parameters (Ladybug Tools., 2025) and 

modelling assumptions  adopted in this study are summarised in Table 2.  

Table 2: Key input parameters for PV integrated façade simulations. 

Parameter Value/ Design consideration 

Module technology Mono-crystalline silicon BIPV 

Module efficiency 15% 

System Capacity Low-rise: 86.02 kW; High-rise: 425.25 kW 

PV integrated façade area  Low-rise: 637.2 m²; High-rise: 3,150 m² (individually for east and 

west) 

Array orientation/ Tilt Fixed tilt, 90° (vertical façade), East & west orientations 

DC-to-AC derate factor 0.85 

Temperature coefficient –0.5%/°C 

In this study, eight potential shading scenarios are generated for the building model, considering possible shading 

from adjacent low-rise or high-rise buildings. These shading scenarios are developed in accordance with building 

regulations and standards. These shading possibilities are formulated as scenarios for analysis, as depicted below 

in Table 3.  

The nearby buildings that contribute to shading on Building Integrated Photovoltaic (BIPV) facades are modelled 

based on the offsets permitted by building code regulations and permits (Bangalore Development Authority., 

2007). These regulations specify the minimum distance that must be maintained from the building on the front, 

rear, and sides, for any nearby construction or structure. For shaded PV generation, models of nearby buildings 

that contribute to shading are incorporated as shading context, enabling analysis of PV generation on shaded 

facades. In this context, models of nearby low-rise and high-rise buildings are developed based on allowable offset 

specifications. For the analysis of low-rise building models with a height of 11 metres, a minimum offset distance 

of 5 metres is provided to the shading context building. Conversely, for the analysis of high-rise building models 

with a height of 35 metres, a minimum offset distance of 12 metres is provided. In each of these shading scenarios, 

BIPV energy generation is simulated on east and west facades to assess the loss of solar irradiation and the 

consequent reduction in energy generation due to shading. A total of nine simulation scenarios is evaluated: one 

without shading (i.e. unshaded) and eight scenarios with shading on east and west, designed for both low-rise (LR) 

and high-rise (HR) building typologies. The “Unshaded” scenario serves as a baseline or reference point for 
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comparing each of the shading scenarios. The model orientations of the unshaded reference case and shading 

scenarios developed for low-rise and high-rise are as presented in Table 4.  

Table 3: Shading scenarios developed for east and west facades. 

Shading Scenario Shading on East façade Shading on West façade 

Scenario-1 Low-rise building No shading 

Scenario-2 No shading Low-rise building 

Scenario-3 High-rise building No shading 

Scenario-4 No shading High-rise building 

Scenario-5 Low-rise building Low-rise building 

Scenario-6 High-rise building High-rise building 

Scenario-7 Low-rise building High-rise building 

Scenario-8 High-rise building Low-rise building 

Table 4: Model orientations of the unshaded reference case and shading scenarios for low-rise and high-rise. 

Sl.No. Shading Scenarios Scenario Description 3D Model Orientation of LR 3D Model Orientation of HR 

1 Unshaded 
No shading on both 

sides 

  

2 Scenario-1 

LR on East; 

No shading on West 

  

3 Scenario-2 

LR on West; 

No shading on East 

  

4 Scenario-3 

HR on East; 

No shading on West 

 
 

5 Scenario-4 
HR on West;  

No shading on East 
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6 Scenario-5 Both sides- LR 

  

7 Scenario-6 Both sides- HR 

 

 

8 Scenario-7 

LR on East; 

HR on West 

  

9 Scenario-8 

HR on East; 

LR on West 

  

 

In this study, solar irradiation analysis is initially performed for both low-rise and high-rise building models 

without any nearby shading. Subsequently, the analysis is extended to various potential shading scenarios, where 

the irradiation on PV integrated facades is simulated to evaluate the loss of incident radiation caused due to 

shading. Additionally, along with the irradiation analysis, BIPV energy generation is simulated with the shading 

context assumed in each shading scenario, to quantify the impact of shading on overall energy output. 

3.3 Life Cycle Cost Analysis (LCCA) of PV integrated facades 

The study evaluates the life cycle costs of BIPV facades that enables in realizing the feasibility of their 

implementation. Life Cycle Cost Analysis (LCCA), an economic assessment approach grounded in the principles 

of Life Cycle Assessment (LCA) based on the standardized frameworks ISO 14040 and ISO14044, provides a life-

cycle perspective by accounting for all costs incurred over the entire lifespan of the BIPV system (ISO 14040:2006 

- Environmental Management — Life Cycle Assessment — Principles and Framework, 2006); (ISO 14044:2006 - 

Environmental Management — Life Cycle Assessment — Requirements and Guidelines, 2006). LCCA is a 

systematic method in accordance with ISO 15686-5, which provides guidance on service life planning and 

economic evaluation. This approach accounts for all relevant costs incurred throughout the system lifecycle 

including initial investment, operation and maintenance, energy savings, replacement and end-of-life disposal 

costs (ISO 15686-5:2017 - Buildings and Constructed Assets — Service Life Planning — Part 5: Life-Cycle 

Costing, 2017). By integrating both cost and performance considerations over time, this method enables a 

comprehensive understanding of the economic viability of BIPV façade systems. 

The components of BIPV life cycle cost analysis include all the cost expenses and cost savings involved at different 

stages of its life-time, including: initial cost of PV integrated facades, cost of operating and maintaining the 

photovoltaic integration over their lifetime, annual energy cost savings during its utility phase, inverter 

replacement costs every 10 years and salvage value cost at its end-of-life phase, as shown in Figure 3.  
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Figure 3: Life-cycle cost analysis (LCCA) components for BIPV. 

The economic feasibility of the PV integrated facades was evaluated using LCCA, incorporating key financial 

metrics such as Net Present Value (NPV), Internal Rate of Return (IRR), and Simple Payback Period (SPP), as per 

the standard LCCA methodology. The cost assumptions and parameters used in the analysis are summarized in 

Table 5. These components of LCCA are calculated based on the relevant codes and building integrated 

photovoltaics cost references. In 2010, Central Electricity Regularity Commission (CERC) has implemented the 

BIPV feed-in tariff of INR 17.9/kWh (Reddy et al., 2020).The calculations consider a PV system lifetime of 30 

years, with a discount rate of 3%, annual operation and maintenance costs every year and inverter replacement 

cost every 10 years. The cash inflows and cash outflows are calculated in Microsoft excel, with salvage cost 

considered at the end of system lifetime.  

Table 5: Cost component calculation parameters for LCCA of BIPV. 

Components of LCCA Modelling Calculation parameters BIPV Cost References 

Capital cost/ 

Initial Investment (INR) 
(For facades, 450 Euro/m2) (Gholami & Røstvik, 2021) 

O&M cost (INR) USD 9.13 per kW per year (Tidball et al., 2010); (Corti et al., 2020) 

Capital cost of Inverter (INR/kW) 8400 INR/KW (Shankar & Bukya, 2023) 

Inverter Replacement cost (INR) 
10% replacement of Inverter cost every 10 

years 

(Gholami & Røstvik, 2021); (Rethnam & 

Thomas, 2023)  

Salvage value (INR) USD 0.32 per Wattage 
(Rethnam & Thomas, 2023); (Mccabe, 

2012)  

Discount rate (%) 3% (Gholami & Røstvik, 2021)  

Energy degradation (%) 0.50% (Gholami & Røstvik, 2021) 

Energy Cost/Electricity Tariff (INR/kWh) 17.9 INR/kWh (Reddy et al., 2020) 

The assessment of life-cycle costs involves computation of different cost metrics such as SPP, NPV and IRR, 

which are commonly used in economic evaluations of energy systems (Fuller & Petersen, 1996); (Rethnam & 

Thomas, 2023). Simple payback period is a metric which enables to determine how long it will take for an 
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investment to become profitable, based on the cash inflows it generates, and is evaluated as given in the equation 

(1). 

Simple payback period (SPP)= Initial investment cost /Annual cash inflows (1) 

SPP does not take into account the time value of money. While there is a similar cost metric termed, discounted 

payback period (DPP) that represents the time needed to recover initial investment, considering the time value of 

money using a discount rate. The net present value (NPV) is defined as the sum of the present values of incoming 

and outgoing cash flows over the system life-time. NPV examines the net economic benefits as it determines the 

profitability of an investment, with the evaluation of all costs and benefits of that project. NPV is sensitive to the 

future cash inflow reliability that an investment will yield. The project becomes profitable, if it yields a positive 

NPV value. NPV is calculated by the equation (2). below, where CF is the net cash flow occurring at the end of 

the year (t = 0, 1…. n), n is the project's lifetime in years, and DR is the discount rate. 

NPV = ƩCF/ (1+DR) ^t; t = 0 to n (2) 

The Internal Rate of Return (IRR) is the discount rate at which the NPV of all cash flows from a project or 

investment equals zero and is calculated as given in equation (3). 

When NPV =0 and IRR= DR,  

0= ƩCF/ (1+IRR) ^t (3) 

The project with highest IRR value is considered as the most economical and profitable investment, while an IRR 

below the required rate of return suggests that the project is not viable. IRR can also be used as a financial metric 

to rank different project scenarios, of which the highest IRR scenario would be considered as the most desirable 

one. With the evaluation of these time-based financial metrics, the study enables in determining the economic 

viability of these PV integrated facades, in low-rise and high-rise commercial buildings, under different shading 

scenarios. 

4. RESULTS AND DISCUSSION 

4.1 Building energy simulations 

The energy consumption of the low-rise and high-rise building models are simulated to analyse their annual energy 

demand. The annual energy consumption of building is simulated using DesignBuilder software, which estimates 

the overall electricity consumption required for the building’s operation, including all end-use utilities. This 

reflects the total energy demand that a net/nearly zero energy building must ideally meet or nearly offset through 

on-site energy generation. Based on the simulated annual energy consumption and respective floor area, energy 

use intensity values (in kWh/m2/year) are calculated for both low-rise and high-rise buildings, as presented in Table 

6. 

Table 6: Annual building energy demand. 

Sl.No. Building Type Energy use Intensity  

(kWh/m2/year) 

Annual building energy  

consumption (kWh) 

1 Low-rise building 96.09 295783.6 

2 High-rise building 160.02 5055075  

High-rise buildings consume significantly more energy due to the obvious reasons of increased floor area, number 

of occupants and other system requirements in HVAC and lightening. Comparing energy performance intensities, 

despite larger area and vertical design, these buildings exhibit higher Energy Performance Index (EPI), suggesting 

relatively less energy efficiency per unit area than the low-rise. Generally, commercial buildings in India have an 

EPI between 200-400 kWh/m²/year (Shivhare & Pandey, 2017). However, energy-conscious buildings can achieve 

EPIs of 100-150 kWh/m²/year, with a national benchmark of 180 kWh/m²/year for Energy Conservation Building 

Code (ECBC) compliance (Imran K and Rajesh Shetty, 2023). Therefore, the representative low-rise and high-rise 

building models utilized in this study are indicative of energy-efficient building designs.  
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4.2 Shading impact on BIPV energy generation 

To assess the impact of shading on the irradiation of a PV integrated façade surface and its subsequent photovoltaic 

performance, simulations are performed using location-specific EPW weather data, through Ladybug tools within 

the Grasshopper-Rhino environment. The building models are initially simulated without any shading and termed 

as its ‘Unshaded’ case. Both the low-rise and high-rise building models are then subjected to different shading 

scenarios developed, indicating a loss of incident radiation on PV integrated facades. The irradiation analysis in 

both low-rise and high-rise in its ‘Unshaded’ case yielded almost the same value as the irradiation on a specific 

location would be the same with the influencing factors being fixed. While, in each of these shading scenarios, the 

nearby building becomes the shading context that act or serve as a shading element, obstructing incident radiation 

on PV facades, leading to a loss of incident radiation on the shaded area of facades. The incident radiation loss on 

PV integrated facades in low-rise and high-rise commercial buildings due to shading in each scenario, compared 

to that of unshaded scenario, is illustrated in Figure 4.  

 

Figure 4: Irradiation loss due to shading in low-rise and high-rise buildings. 

The low-rise building model, analysed for solar irradiation, yields a total irradiation value of 998.98 kWh/m² for 

the entire façade area, without any shading. Subsequently, these building models are simulated under the developed 

shading scenarios to assess the loss of incident radiation. The impact of shading on photovoltaic performance is 

evaluated by comparing the reduction in energy generation to the 'Unshaded' scenario. Further, the low-rise model 

is simulated for BIPV generation on the east and west facades, without shading, as a baseline comparison, resulting 

in a photovoltaic generation of 114,198.8 kWh/year. 

While, for high-rise building model, the total irradiation the PV facades received annually accounts to 999.02 

kWh/m2. Further, the BIPV generation from both facades simulated without any shading, that considered as an 

‘Unshaded’ scenario in high-rises, yielded a value of 564542.33 kWh annually. This acts as a base-line scenario 

that allows to be compared with the irradiation loss under each of the shading scenarios. In the worst-case scenario, 

'Scenario-6', where the building model is shaded by high-rise buildings on both sides, the irradiance loss is 77.4% 

for low-rise buildings and 64.34% for high-rise buildings. Shading from adjacent buildings reduces the irradiation 

received by facades, thereby affecting PV generation.  

To reflect temporal variation in solar availability throughout the year, a seasonal analysis of incident solar radiation 

is conducted for the relatively most optimal shading scenario- Scenario-2. The irradiance values are analysed over 

four seasons: winter, summer, monsoon, and post-monsoon, for both building typologies (Magare et al., 2016). 

The winter starts in the beginning of November and continues until the end of February. Summer starts from March 

and continues till the end of June. The period from July to September is the monsoon and October to beginning of 

November constitutes the post-monsoon season. Based on the seasonal analysis conducted for the better shading 

scenario- Scenario-2, distinct variations in incident solar irradiance are observed across different times of the year 

for both low-rise and high-rise buildings, as illustrated in Figure 5. 
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 Figure 5: Seasonal variation of solar irradiance in low-rise and high-rise. 

 

The results reveal that the highest irradiance occurs during summer (March to June), followed by winter, with 

significantly lower values during the monsoon and post-monsoon periods. High-rise buildings consistently receive 

higher seasonal irradiance due to reduced shading from surrounding structures. This seasonal comparison, 

highlights the importance of factoring in dynamic temporal trends during the design phase of BIPV façades, 

especially for energy yield prediction and system sizing. 

As a consequence of shading, the loss of solar irradiation incident on the PV integrated facades leads to a decrease 

in its photovoltaic electricity generation. Under each of these shading scenarios, there is a significant drop in BIPV 

energy generation due to the shading on the PV integrated facade. The PV energy generation on the east and west 

façades of both low-rise and high-rise building models, across eight shading scenarios, is depicted in Figure 6 and 

Figure 7, respectively. 

 

 

Figure 6: Photovoltaic energy generation across shading scenarios in low-rise buildings. 
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Figure 7: Photovoltaic energy generation across shading scenarios in high-rise buildings. 

In the low-rise model, the total PV energy generation experiences a significant decline across most shading 

scenarios when compared to the unshaded scenario. Notably, Scenario-6 and Scenario-8 result in the greatest 

energy loss, primarily due to substantial reductions on the east façade. In contrast, Scenario-2 and Scenario-1 

maintains generation levels close to the unshaded condition, indicating minimal impact on both façades. These 

findings underscore that east-facing façades are more susceptible to shading effects in low-rise buildings, as 

evidenced by their larger variance across scenarios. West-facing façades exhibit relatively moderate and consistent 

performance, although substantial drops are observed in Scenarios 4–6, likely due to obstruction patterns aligned 

with afternoon sun paths. 

The high-rise model exhibits greater resilience to shading effects, with more stable PV generation across scenarios. 

While, Scenario 6 shows noticeable declines in energy generation, though, the magnitude of loss is relatively 

smaller compared to the low-rise case. The broader vertical extent and elevated positioning of high-rise façades 

likely reduce the degree of shading impact from surrounding elements. 

The radar plot depicted in Figure 8 illustrates the comparative impact of eight shading scenarios on PV energy 

generation performance for both low-rise and high-rise building models. The results are normalized against the 

unshaded scenario, which serves as the benchmark at 100%. 

Scenario-1 and Scenario-2 are identified as the most favourable shading conditions for both building types, 

retaining over 85% of the PV generation potential. In contrast, Scenario-6 exhibits the most severe energy losses, 

with low-rise buildings experiencing a 40% reduction compared to the baseline, highlighting their vulnerability to 

certain shading configurations. High-rise buildings, however, retain approximately 70% of their energy potential 

even under the most obstructive scenarios, indicating their superior resilience to facade-level shading. 

The analysis of the plot demonstrates that the high-rise building consistently maintains photovoltaic performance 

across most scenarios, with values generally exceeding 70% of the baseline generation. In contrast, the low-rise 

building exhibits significantly greater sensitivity to shading, with several scenarios resulting in performance falling 

below 50% of the unshaded baseline. This facilitates an effective visual ranking of shading scenarios based on 

relative energy loss, emphasizing the importance of building height and design in mitigating the adverse impacts 

of urban shading on BIPV performance. 

The study further investigates the net/ nearly zero energy potential of low-rise and high-rise buildings. Under each 

scenario, the total PV energy generation from both facades is compared with the annual energy consumption of 

the building. This is to determine the percentage of building energy demand met or offset by PV generation from 

the facades. In this study, the percentage of building energy demand offset or covered by the renewable PV 
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generation is defined as the Net-Zero Energy (NZE) percentage. Net-Zero energy percentage (NZE%) of a building 

is calculated by the given equation (4). 

Net-Zero Energy (NZE) % = (Annual PV energy generation / Annual Building energy demand) ×100 (4) 

 

Figure 8: Relative PV generation across shading scenarios in low-rise and high-rise buildings. 

The metric NZE% is introduced as a measure defined to represent the ratio of annual photovoltaic (PV) generation 

to the annual energy demand of a building. A value of 100% indicates complete demand coverage, values below 

100% indicate partial coverage, and values above 100% indicate a net positive building (Gergely et al., 2025). This 

metric is conceptually consistent with similar NZEB indicators used in the literature (Kim et al., 2019; Madathil 

et al., 2021; Rethnam & Thomas, 2023).This formulation provides a transparent means of quantifying a building’s 

net/nearly zero energy performance under different façade PV scenarios. The net/nearly zero energy potential of 

low-rise and high-rise buildings under each of the shading scenarios, expressed in NZE%, are as given in Figure 

9 and Figure 10. 

 

Figure 9: Net Zero Energy (NZE) percentage of shaded low-rise buildings. 

The results indicate a substantial reduction in Net Zero Energy (NZE) performance under various shading 

scenarios. In the unshaded scenario of low-rise buildings, the PV system is able to meet 38.61% of the building's 

total energy demand. Scenarios with one-sided shading due to low-rise obstructions, as observed in Scenarios 1 
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and 2 showed moderate reductions, with NZE percentages of 33.06% and 33.49%, respectively. Scenarios-3,5,7 

and 8 form a mid-range group, showing varying degrees of shading impact. However, all shaded scenarios 

demonstrate a significant decrease in energy generation. Notably, Scenario 6, characterized by high-rise 

obstructions on both the east and west facades, yields the lowest NZE performance at 15.7%, highlighting the 

critical importance of unobstructed solar access for façade-integrated PV systems. These findings underscore that 

for low-rise buildings in dense urban environments, minimizing façade shading—particularly from adjacent high-

rise constructions—is essential for optimising PV performance. 

 

Figure 10: Net Zero Energy (NZE) percentage of shaded high-rise buildings. 

The analysis of high-rise (HR) building scenarios under different shading conditions reveals a consistent decline 

in Net Zero Energy (NZE) performance as shading increases. The unshaded case achieves the highest NZE 

percentage of 11.17%, serving as the benchmark. The shading in Scenario-1 and Scenario-2 results in a marginal 

decrease to 10.49% and 10.56%, respectively, indicating a moderate impact likely due to partial obstruction. The 

remaining scenarios exhibit further reductions in NZE performance, reflecting greater hindrance to solar exposure. 

Notably, Scenario-6 results in the lowest NZE percentage (8.35%), emphasizing the significant adverse impact of 

extensive high-rise shading.  

These findings underscore the importance of shading-aware design considerations in high-rise urban contexts. 

Even minor increases in obstruction can lead to significant declines in renewable energy contribution, thereby 

reducing the building’s potential to achieve net-zero energy (NZE) status. Strategic planning of building 

orientation, spacing, and PV integration must therefore prioritize minimizing shading to enhance energy self-

sufficiency in dense urban environments. 

4.3 Life Cycle Cost Analysis (LCCA) of PV integrated facades 

For the LCCA analysis, both the cash inflows and outflows of integrated PV system are computed throughout the 

system lifetime. The cash inflows are calculated based on the annual energy generation and applicable electricity 

tariff, while the cash outflows include the initial investment cost, replacement costs, and the salvage value 

accounted for at the end of the system’s lifetime. The study assumed a PV system lifetime of 30 years with annual 

service costs every year and inverter replacement cost every 10 years. Salvage value cost is considered at the end 

of system lifetime. Among the various cost metrics, simple payback period (SPP) provides a rapid assessment of 

the cost-effectiveness of a project by relating the initial investment to the anticipated energy cost savings. SPP 

calculated for low-rise and high-rise buildings are compared under developed shading scenarios, as shown in 

Figure 11. 
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Figure 11: Simple payback period of BIPV facades in low-rise and high-rise buildings. 

High-rise buildings yielded shorter payback periods compared to low-rise buildings across all scenarios. These 

high-rises recovered the total investment cost, within 10-20 years, with maximum payback of 15 years in all the 

scenarios, except the worst shading scenario of ‘Scenario-6’ in which the payback is achieved in 18 years.  

While, low-rise buildings indicate poor economic performance, in Scenario-7 and Scenario-8, with significantly 

longer payback periods of more than 20 years. Additionally, in the worst shading scenario ‘Scenario-6’ with PV 

facades being subjected to shading due to high-rises on both the sides, payback period exceeds the system lifetime 

of 30 years. Thus, implementing PV integrated facades on a low-rise with shading conditions of ‘Scenario-6’ 

indicates a financial loss. Longer payback periods of low-rises can be attributed to severe shading losses with less 

solar exposure and lower energy savings.  

By incorporating NPV into the LCA-based economic benefit analysis of BIPV investments in this study, the time 

value of money is also put into consideration to produce more meaningful analysis results and then identifying the 

profitable ones among different investment scenarios. NPV determines the investment feasibility by comparing 

the present value of future cash inflows with the initial investment cost. The NPV comparison of low-rise and 

high-rise commercial buildings, across shading scenarios, is as given in Figure 12. Unshaded scenarios provide 

highest profitability for both building types. Low-rise buildings suffer loses with negative NPV values in scenarios, 

Scenario-3, 4, 6, 7 and 8. While, high-rise buildings remain profitable with positive NPV values in all scenarios, 

but shows a decline in NPV as shading increases.  

Internal rate of return (IRR) calculations enabled to compare the profitability of these investment shading 

scenarios. While low-rise buildings become economically not feasible with negative NPV values and IRR less 

than discount rate, in most of the shading scenarios, high-rise buildings become mostly good profitable investment 

options with IRR greater than discount rate across shading scenarios. Unshaded scenario has the highest IRR value 

indicating the most profitable option, for both building types, while among shading scenarios, Scenario- 1 and 2 

are relatively the best investment projects.   

While Scenarios-1, 2, and 5 represent profitable investments in low-rise buildings, all high-rise shading scenarios 

demonstrate economic feasibility, indicating strong investment resilience. Scenarios-1 and 2 emerge as the most 

reliable and robust options under shading conditions, offering up to 50-54% of the maximum NPV in low-rise 

buildings and retaining over 77% of the maximum NPV in high-rise buildings. 

The LCCA results reveal that the NPV of building integrated photovoltaic system is 9964308.12 INR in low-rise 

buildings and 4,92,58,495.97 INR in high-rise buildings with an IRR of 6%. In its Unshaded scenario, the SPP of 
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the system comes to 13 years and DPP to 20 years. The unshaded conditions yielded the shortest payback for both 

building types. This reinforces the impact of shading on financial viability of BIPV systems.  

 

Figure 12: NPV comparison of low-rise and high-rise commercial buildings. 

4.4 Validation through literature-based case studies and proposed pilot deployment 

The findings of the study are validated with relevant case-studies for low-rise and high-rise buildings (Indian BIPV 

Report 2022: Status and Roadmap - Solarchitecture, 2022). Although the study does not incorporate real-time 

monitored data, findings are consistent with trends reported in existing literature. For, low-rise commercial 

building, the administrative building covered with high-efficiency double glass semi-transparent BIPV facades, is 

considered, as shown in Figure 13. The measured annual PV energy generation is estimated to be 17,000 kWh, 

transforming the building into a low-energy building. The building generates 50% of the building energy 

requirement, which indicates the building achieves half of net-zero energy status with its PV integrated facades. 

The payback time of these PV integrated facades covering an active cladding area of 92.9 square metres is 4.3 

years.  

 

(a)                                                 (b) 

Figure 13: Low-rise and high-rise case-study buildings (a) Ponnore group. Source: Top Sun (b)CTRLS BIPV 

façade Source: U-Solar. 

For high-rise commercial building, CTRLS data centre building with the integration of BIPV glazed modules is 

considered. The centre has the largest building integrated vertical solar PV system, with the active cladding surface 

area of about 4784.97 m2.  The active façade area is about 7-8 times of that of the roof area. The measured PV 

energy generation is estimated to be 5,93,014 kWh per year. The report (Corti & Bonomo, 2022) indicates high 

energy demand of the datacentre, that the self-consumption rate is 100%, which means that the entire PV energy 
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generated is utilized. However, only 2% of the building energy demand is met by the generated renewable energy. 

Despite of the huge PV integrated façade area and potential energy generation, the building does not achieve 

net/nearly-zero energy compliance, due to its extensive building energy demand. The system payback time is 4.3 

years, which is less with the investment consideration involved for larger PV façade system and PV area.  

The contrasting results of the case studies highlight that while PV integrated facades can significantly contribute 

towards net-zero energy compliance in low-rise buildings, their application in high-rise energy intensive buildings 

offers only marginal benefits in terms of energy offset. However, in both scenarios, the system demonstrates a 

favourable economic performance, underlining the cost-effectiveness and viability of PV integrated facades at 

different building scales. The high-rise building case-study achieves similar payback as that of the low-rise case 

study building with a massive system and higher investment., making its return on investment promising due to 

scale. These case studies reinforce the simulation-based conclusions of the present work and support its 

applicability to real-world design contexts.  

The methodological framework proposed in the study can be replicated in a real-world scenario to analyse the 

shading impact on PV integrated facades of a building due to its nearby buildings. A hypothetical pilot-scale 

implementation strategy is proposed in the study, to strengthen the practical applicability of the methodology 

framework developed, as illustrated in Figure 14. The BIPV façade system could be deployed on a test module or 

a single façade of a representative building, with neighbouring structures modelled to replicate realistic shading 

conditions. 

 

 

Figure 14: Hypothetical pilot-scale deployment setup for real-world validation of the BIPV simulation framework 

under shading scenarios. 

 

The real-world scenario of the proposed building with PV integrated facades and its neighbouring buildings that 

act as shading context can be evaluated through modelling and simulations, to access the possible shading impact 

on irradiance and PV generation. To validate simulation results, real-time monitoring instruments such as 

pyranometers, inverters with data loggers and energy meters can be installed to capture solar irradiance, shading 

patterns and PV energy output. Building energy consumption could be recorded using smart meters, enabling the 

evaluation of net-zero energy compliance under actual operating conditions. A data logging system would capture 

hourly or sub-hourly data, allowing for temporal performance analysis and dynamic quantification of shading 

impacts. 

The measured energy generation data can then be compared against simulation outputs using validation metrics to 

assess model accuracy. This enables in informed decision-making for BIPV facade design and its implementation 

under shading constraints. Furthermore, stakeholder input could guide broader deployment strategies in similar 

climate zones. While a physical pilot is beyond the scope of the current study, a conceptual pilot testing setup is 

presented to provide a foundation for future research, experimental validation and policy-guided pilot projects 

aimed at mainstreaming BIPV adoption in tropical urban contexts. Implementation of the proposed approach 

enables in realizing the net-zero energy compliance of buildings by integrating shading considerations into the 

design and evaluation of BIPV facades.  
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5. CONCLUSION 

Net or nearly zero energy buildings (NZEBs) are typically achieved through the integration of renewable energy, 

predominantly via solar PV installations, with rooftop PV systems being the most commonly adopted. However, 

due to spatial limitations, building integrated photovoltaic (BIPV) is gaining attention. Despite its numerous 

advantages, a primary challenge faced by BIPV is shading, which arises from nearby buildings, structures and 

obstructions. 

The impact of shading is examined on PV integrated facades in both low-rise and high-rise buildings, through 

irradiation analysis and energy generation simulations. As the study is based solely on simulations, future research 

could enhance the analysis by incorporating a real-time case study of an actual building. Additionally, the current 

study is limited to eight shading scenarios for the shading impact analysis. These scenarios help in understanding 

the energy generation potential and shading sensitivity of PV facades across varied urban contexts. Although the 

study investigates eight representative shading scenarios to analyse their impact on BIPV energy performance, it 

does not fully capture the dynamic and complex nature of real urban shading conditions. Future research could 

incorporate more detailed and temporally obstruction models, such as adjacent high-rise buildings, vegetation, or 

moving objects. This approach would enhance the realism and applicability of simulation outcomes within dense 

urban environments. While this study specifically focuses on shading impact as the primary factor influencing 

BIPV performance, future work could expand the framework by incorporating additional design parameters such 

as façade orientation, material reflectivity, and advanced shading mitigation strategies. Including parametric or 

sensitivity analyses on these variables would enable a more comprehensive evaluation of BIPV performance and 

offer broader guidance for NZEB design and implementation. 

While real-time validation is not undertaken in this study, documented BIPV case studies from the literature 

substantiate the observed trends and serve as a validation for the study’s findings. These case studies indicate that 

low-rise buildings can achieve near or full net-zero energy status under optimal design and energy use conditions, 

whereas high-rise installations, despite limited contribution to energy offset, often demonstrate favourable 

financial performance due to the larger available facade area and higher cumulative energy generation potential. 

Future research could strengthen the findings by incorporating real-time performance data from monitored BIPV 

installations in actual buildings.  

The study identified that the irradiation loss is dependent on the level of shading. The PV energy generation under 

each shading scenario developed in the study is compared with the building's energy consumption to determine 

the extent to which on-site generated energy can offset the building's energy demand. The net or nearly zero energy 

status of the building model is identified in terms of this offset percentage, the net/nearly zero energy percentage 

(NZE%). In effect, the ability in transitioning a building into a zero-energy building is identified.  

The analysis indicates that low-rise buildings are more susceptible to performance degradation due to façade-level 

shading, particularly on the east side. Conversely, high-rise buildings exhibit greater stability, although they still 

experience scenario-specific declines, underscoring the significance of shading-aware design. These findings 

highlight the necessity for site-specific simulations during the early design phase to evaluate façade photovoltaic 

performance under varying shading conditions and orientations. Although high-rise buildings perform well in 

terms of PV energy generation, producing more PV electricity due to larger PV areas, the analysis aligns with the 

understanding that high-rise buildings are challenging to convert to net-zero energy buildings, due to their 

substantial energy consumption. With shading, PV generation in high-rise buildings offsets approximately 5 to 

15%, whereas low-rise buildings achieve an offset of about 20 to 40%. This indicates that low-rise buildings are 

more readily converted to net or nearly zero energy buildings due to their smaller footprint and lower energy 

consumption. 

The economic feasibility of both the low-rise and high-rise commercial buildings analysed across different shading 

scenarios through life cycle cost analysis (LCCA), suggests that BIPV investments in high-rise buildings are more 

financially feasible, achieving payback within acceptable limits. While, low-rise buildings are more sensitive to 

shading, possibly due to lower façade height or limited PV area, amplifying the payback duration. Under unshaded 

conditions, both building types show the most favourable payback periods, with low-rise and high-rise buildings 

achieving a return on investment in approximately 13 years. However, as shading intensifies, the payback periods 

for low-rise buildings increase significantly, becoming economically non-viable in five shading scenarios, 
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Scenario- 3,4,6,7 and 8. In contrast, high-rise commercial buildings maintain relatively stable and shorter payback 

durations across all shading scenarios.  

While high-rise buildings exhibit lower energy offset percentages due to their greater building energy 

consumption, they prove more financially feasible in the long term. This is primarily attributed to their increased 

PV area, improved solar access at higher elevations with reduced shading, and the benefit of economies of scale 

in system deployment. Despite generating a lower share of the building’s energy demand, the absolute PV output 

and better financial performance metrics, such as simple payback period (SPP), net present value (NPV) and 

internal rate of return (IRR) make high-rise BIPV facades a more cost-effective solution. 

The future studies shall include incentives or subsidies to enhance the financial attractiveness of BIPV projects. 

The study recommends feasibility analysis to be conducted for the practical implementation of PV integrated 

facades in low-rise buildings, at its early building design stage.  These findings highlight the critical influence of 

shading on financial performance, especially in low-rise structures, and emphasize the importance of strategic 

facade design and PV placement to optimise BIPV effectiveness. The study concludes that, in terms of net/nearly 

zero energy performance, low-rise commercial buildings have high potential for becoming net-zero energy 

buildings than high-rises. However, in terms of economic feasibility, investing on PV integrated facades in high-

rise commercial buildings proves to be better than in low-rise buildings that are heavily shaded, as shading has 

significant impact on financial viability of PV integrated facades.  

The findings of this study offer valuable insights for both policy makers and design professionals. From an early-

stage architectural perspective, the analysis highlights the importance of accounting for façade orientation, 

potential adjacent shading and strategic PV placement to maximize energy generation. From a policy perspective, 

although low-rise buildings demonstrate a higher potential for energy offset, their economic feasibility remains 

lower than that of high-rise counterparts. This disparity underscores the need for targeted policy interventions to 

improve financial viability, such as: (i) incentive schemes or subsidies for BIPV adoption; (ii) feed-in tariffs or net 

metering policies tailored to support low-rise developments; and (iii) zoning regulations that prioritize solar access 

and minimize shading from nearby structures. These recommendations can guide both architectural decision-

making at the conceptual phase and the structuring of supportive policy frameworks. By addressing these systemic 

barriers, urban energy strategies can effectively support the widespread deployment of BIPV technologies across 

diverse building typologies. 

ACKNOWLEDGEMENTS 

This paper is an extended version of our previous work, presented at the International Conference of Smart and 

Sustainable Built Environment (SASBE 2024), Auckland, New Zealand. The authors acknowledge the support 

and feedback from the chairs of the conference, Prof Ali GhaffarianHoseini, Prof Amirhosein Ghaffarianhoseini 

and Prof Farzad Rahimian and their team throughout the previous peer review process of SASBE2024 and during 

the conference that helped improve our submissions. 

This study did not involve any human participants or animals. 

COMPETING INTERESTS STATEMENT 

The authors have no competing interests to declare that are relevant to the content of this article. The authors 

declare that they have no known competing financial interests or personal relationships that could have appeared 

to influence the work reported in this paper. 

REFERENCES 

Agathokleous, R. A., & Kalogirou, S. A. (2020). Status, barriers and perspectives of building integrated 

photovoltaic systems. Energy, 191, 116471. https://doi.org/10.1016/J.ENERGY.2019.116471 

Bangalore Development Authority. (2007). Revised master plan 2015 Bangalore: Volume III – Zoning of land use 

and regulations. 

Baqir, M., & Channi, H. K. (2022). Analysis and design of solar PV system using Pvsyst software. Materials 

Today: Proceedings, 48, 1332–1338. https://doi.org/10.1016/J.MATPR.2021.09.029 



 

 

 
ITcon Vol. 30 (2025), Azeem & Thomas, pg. 1549 

Basher, M. K., Nur-E-Alam, M., Rahman, M. M., Alameh, K., & Hinckley, S. (2023). Aesthetically Appealing 

Building Integrated Photovoltaic Systems for Net-Zero Energy Buildings. Current Status, Challenges, and 

Future Developments—A Review. Buildings 2023, Vol. 13, Page 863, 13(4), 863. 

https://doi.org/10.3390/BUILDINGS13040863 

Bhatnagar, M., Mathur, J., & Garg, V. (2019). Development of reference building models for India. Journal of 

Building Engineering, 21, 267–277. https://doi.org/10.1016/J.JOBE.2018.10.027 

Boccalatte, A., Fossa, M., & Ménézo, C. (2020). Best arrangement of BIPV surfaces for future NZEB districts 

while considering urban heat island effects and the reduction of reflected radiation from solar façades. 

Renewable Energy, 160, 686–697. https://doi.org/10.1016/J.RENENE.2020.07.057 

Brito, M. C., Freitas, S., Guimarães, S., Catita, C., & Redweik, P. (2017). The importance of facades for the solar 

PV potential of a Mediterranean city using LiDAR data. Renewable Energy, 111, 85–94. 

https://doi.org/10.1016/J.RENENE.2017.03.085 

Calcabrini, A., Weegink, R., Manganiello, P., Zeman, M., & Isabella, O. (2021). Simulation study of the electrical 

yield of various PV module topologies in partially shaded urban scenarios. Solar Energy, 225, 726–733. 

https://doi.org/10.1016/J.SOLENER.2021.07.061 

Chang, Y.-T., & Hsieh, S.-H. (2020). A REVIEW OF BUILDING INFORMATION MODELING RESEARCH 

FOR GREEN BUILDING DESIGN THROUGH BUILDING PERFORMANCE ANALYSIS. 25(2). 

https://doi.org/10.36680/j.itcon.2020.001 

Corti, P., & Bonomo, P. (2022). SUPSI-Swiss BIPV Competence Centre. www.solarchitecture.ch 

Corti, P., Capannolo, L., Bonomo, P., Berardinis, P. De, & Frontini, F. (2020). Comparative Analysis of BIPV 

Solutions to Define Energy and Cost-Effectiveness in a Case Study. Energies 2020, Vol. 13, Page 3827, 

13(15), 3827. https://doi.org/10.3390/EN13153827 

Crawley, D. B., Lawrie, L. K., Pedersen, C. O., & Winkelmann, F. C. (2000). EnergyPlus: Energy Simulation 

Program. ASHRAE Journal, 42. 

D’Agostino, D., Tzeiranaki, S. T., Zangheri, P., & Bertoldi, P. (2021). Assessing Nearly Zero Energy Buildings 

(NZEBs) development in Europe. Energy Strategy Reviews, 36, 100680. 

https://doi.org/10.1016/J.ESR.2021.100680 

Dai, Y., & Bai, Y. (2020). Performance Improvement for Building Integrated Photovoltaics in Practice: A Review. 

Energies 2021, Vol. 14, Page 178, 14(1), 178. https://doi.org/10.3390/EN14010178 

de Sousa Freitas, J., Cronemberger, J., & Mariano Soares, R. (2019). Using Rhinoceros Plugins Grasshopper and 

Ladybug to Assess BIPV Façades in Brasília. https://doi.org/10.26868/25222708.2019.211121 

DesignBuilder Software Ltd. (2009). DesignBuilder (Version 2.1). 

Freitas, & Brito, M. C. (2015). Maximizing the Solar Photovoltaic Yield in Different Building Facade Layouts. 

https://doi.org/10.4229/EUPVSEC20152015-6AV.5.6 

Freitas, J. de S., Cronemberger, J., Soares, R. M., & Amorim, C. N. D. (2020). Modeling and assessing BIPV 

envelopes using parametric Rhinoceros plugins Grasshopper and Ladybug. Renewable Energy, 160, 1468–

1479. https://doi.org/10.1016/J.RENENE.2020.05.137 

Fuller, S., & Petersen, S. (1996). LIFE-CYCLE COSTING MANUAL for the Federal Energy Management 

Program, NIST Handbook 135, 1995 Edition. https://www.nist.gov/publications/life-cycle-costing-manual-

federal-energy-management-program-nist-handbook-135-1995 

Gergely, L. Z., Barancsuk, L., & Horváth, M. (2025). Beyond net zero energy buildings: Load profile analysis and 

community aggregation for improved load matching. Applied Energy, 379, 124934. 

https://doi.org/10.1016/J.APENERGY.2024.124934 

Gholami, H., Nils Røstvik, H., Manoj Kumar, N., & Chopra, S. S. (2020). Lifecycle cost analysis (LCCA) of tailor-

made building integrated photovoltaics (BIPV) façade: Solsmaragden case study in Norway. Solar Energy, 

211, 488–502. https://doi.org/10.1016/J.SOLENER.2020.09.087 



 

 

 
ITcon Vol. 30 (2025), Azeem & Thomas, pg. 1550 

Gholami, H., & Røstvik, H. N. (2021). Levelised cost of electricity (Lcoe) of building integrated photovoltaics 

(bipv) in europe, rational feed-in tariffs and subsidies. Energies, 14(9), 2531. 

https://doi.org/10.3390/EN14092531/S1 

Gholami, H., Røstvik, H. N., & Müller-Eie, D. (2019). Holistic economic analysis of building integrated 

photovoltaics (BIPV) system: Case studies evaluation. Energy and Buildings, 203, 109461. 

https://doi.org/10.1016/J.ENBUILD.2019.109461 

IEA. (2021). Sustainable Recovery Tracker – Analysis - IEA. International Energy Agency. 

https://www.iea.org/reports/sustainable-recovery-tracker 

Imran K and Rajesh Shetty. (2023). Colliers | Energy Performance Index (EPI): Understanding, Measurement and 

Implementation. https://www.colliers.com/en-in/news/energy-performance-index 

Indian BIPV Report 2022: Status and Roadmap - Solarchitecture. (2022). https://solarchitecture.ch/indian-bipv-

report-2022-status-and-roadmap/ 

ISO 14040:2006 - Environmental management — Life cycle assessment — Principles and framework. (2006). 

https://www.iso.org/standard/37456.html 

ISO 14044:2006 - Environmental management — Life cycle assessment — Requirements and guidelines. (2006). 

https://www.iso.org/standard/38498.html 

ISO 15686-5:2017 - Buildings and constructed assets — Service life planning — Part 5: Life-cycle costing. (2017). 

https://www.iso.org/standard/61148.html 

Jayathissa, P., Luzzatto, M., Schmidli, J., Hofer, J., Nagy, Z., & Schlueter, A. (2017). Optimising building net 

energy demand with dynamic BIPV shading. Applied Energy, 202, 726–735. 

https://doi.org/10.1016/J.APENERGY.2017.05.083 

Jing Yang, R., Zhao, Y., Dev Sureshkumar Jayakumari, S., Schneider, A., Prithivi Rajan, S., Leloux, J., Alamy, P., 

Prasetyo Raharjo, G., Rende, F., Samarasinghalage, T., Marcos Castro, A., Martin Chivelet, N., Woei Leow, 

S., Wijeratne, P., Li, Y., Zhang, L., Wu, C., Deng, X., & Luo, D. (2024). Digitalising BIPV energy 

simulation: A cross tool investigation. Energy and Buildings, 318, 114484. 

https://doi.org/10.1016/J.ENBUILD.2024.114484 

Katranuschkov, P., Cheng, J. C. P., & Das, M. (2014). A BIM-BASED WEB SERVICE FRAMEWORK FOR 

GREEN BUILDING ENERGY SIMULATION AND CODE CHECKING. Journal of Information 

Technology in Construction (ITcon), 19, 150–168. http://www.itcon.org/2014/8 

Kim, D., Cho, H., & Luck, R. (2019). Potential Impacts of Net-Zero Energy Buildings With Distributed 

Photovoltaic Power Generation on the U.S. Electrical Grid. Journal of Energy Resources Technology, 

141(6). https://doi.org/10.1115/1.4042407 

Kuhn, T. E., Erban, C., Heinrich, M., Eisenlohr, J., Ensslen, F., & Neuhaus, D. H. (2021). Review of technological 

design options for building integrated photovoltaics (BIPV). Energy and Buildings, 231. 

https://doi.org/10.1016/J.ENBUILD.2020.110381/REVIEW_OF_TECHNOLOGICAL_DESIGN_OPTIO

NS_FOR_BUILDING_INTEGRATED_PHOTOVOLTAICS_BIPV_.PDF 

Kumar, G., Thakur, B., & De, S. (2021). Energy performance of typical large residential apartments in Kolkata: 

implementing new energy conservation building codes of India. Clean Technologies and Environmental 

Policy, 23(4), 1251–1271. https://doi.org/10.1007/S10098-020-02022-7/FIGURES/11 

Laamami, S., Benhamed, M., & Sbita, L. (2017). Analysis of shading effects on a photovoltaic array. International 

Conference on Green Energy and Conversion Systems, GECS 2017. 

https://doi.org/10.1109/GECS.2017.8066212 

Ladybug Tools. (2025). Photovoltaics Surface - Ladybug - Component for Grasshopper. Grasshopper Docs. 

https://grasshopperdocs.com/components/ladybug/photovoltaicsSurface.html 

Ludin, N. A., Affandi, N. A. A., Purvis-Roberts, K., Ahmad, A., Ibrahim, M. A., Sopian, K., & Jusoh, S. (2021). 

Environmental Impact and Levelised Cost of Energy Analysis of Solar Photovoltaic Systems in Selected 



 

 

 
ITcon Vol. 30 (2025), Azeem & Thomas, pg. 1551 

Asia Pacific Region: A Cradle-to-Grave Approach. Sustainability 2021, Vol. 13, Page 396, 13(1), 396. 

https://doi.org/10.3390/SU13010396 

Madathil, D., V, R. P., Nair, M. G., Jamasb, T., & Thakur, T. (2021). Consumer-focused solar-grid net zero energy 

buildings: A multi-objective weighted sum optimization and application for India. Sustainable Production 

and Consumption, 27, 2101–2111. https://doi.org/10.1016/J.SPC.2021.05.012 

Magare, D. B., Sastry, O. S., Gupta, R., Betts, T. R., Gottschalg, R., Kumar, A., Bora, B., & Singh, Y. K. (2016). 

Effect of seasonal spectral variations on performance of three different photovoltaic technologies in India. 

International Journal of Energy and Environmental Engineering, 7(1), 93–103. 

https://doi.org/10.1007/S40095-015-0190-0/FIGURES/11 

Mccabe, J. (2012). Salvage Values Determines Reliability of Used Photovoltaics. http://www.smud.org 

Menoufi, K., Chemisana, D., & Rosell, J. I. (2013). Life Cycle Assessment of a Building Integrated Concentrated 

Photovoltaic scheme. Applied Energy, 111, 505–514. https://doi.org/10.1016/J.APENERGY.2013.05.037 

Ohene, E., Hsu, S. C., & Chan, A. P. C. (2022). Feasibility and retrofit guidelines towards net-zero energy buildings 

in tropical climates: A case of Ghana. Energy and Buildings, 269, 112252. 

https://doi.org/10.1016/J.ENBUILD.2022.112252 

Olajube, A. A., Simeon, M., & Amuta, E. O. (2018). IOP Conference Series: Earth and Environmental Science 

Performance Evaluation of a Building Integrated PV (BIPV) at Heriot-Watt University Malaysia. 

https://doi.org/10.1088/1755-1315/268/1/012055 

Pawar, B. S., & Kanade, G. (2018). Energy Optimization of Building Using Design Builder Software. 

www.ijntr.org  

Pendem, S. R., & Mikkili, S. (2018). Modelling and performance assessment of PV array topologies under partial 

shading conditions to mitigate the mismatching power losses. Solar Energy, 160, 303–321. 

https://doi.org/10.1016/J.SOLENER.2017.12.010 

Pillai, D. S., Shabunko, V., & Krishna, A. (2022). A comprehensive review on building integrated photovoltaic 

systems: Emphasis to technological advancements, outdoor testing, and predictive maintenance. Renewable 

and Sustainable Energy Reviews, 156, 111946. https://doi.org/10.1016/J.RSER.2021.111946 

Podder, A. K., Das, A. K., Hossain, E., Kumar, N. M., Roy, N. K., Alhelou, H. H., Karthick, A., & Al-Hinai, A. 

(2021). Integrated modeling and feasibility analysis of a rooftop photovoltaic systems for an academic 

building in Bangladesh. International Journal of Low-Carbon Technologies, 16(4), 1317–1327. 

https://doi.org/10.1093/IJLCT/CTAB056 

Ramanan, P., Kalidasa Murugavel, K., Karthick, A., & Sudhakar, K. (2020). Performance evaluation of building-

integrated photovoltaic systems for residential buildings in southern India. Building Services Engineering 

Research and Technology, 41(4), 492–506. 

https://doi.org/10.1177/0143624419881740/ASSET/B6CDEE95-CAE2-4068-B13A-

A5951573A652/ASSETS/IMAGES/LARGE/10.1177_0143624419881740-FIG13.JPG 

Reddy, P., Surendra Gupta, M. V. N., Nundy, S., Karthick, A., & Ghosh, A. (2020). Status of BIPV and BAPV 

System for Less Energy-Hungry Building in India—A Review. Applied Sciences 2020, Vol. 10, Page 2337, 

10(7), 2337. https://doi.org/10.3390/APP10072337 

Rethnam, O. R., & Thomas, A. (2023). A Community Building Energy Modelling – Life Cycle Cost Analysis 

framework to design and operate net zero energy communities. Sustainable Production and Consumption, 

39, 382–398. https://doi.org/10.1016/J.SPC.2023.04.022 

Rey-Hernández, J. M., Yousif, C., Gatt, D., Velasco-Gómez, E., San José-Alonso, J., & Rey-Martínez, F. J. (2018). 

Modelling the long-term effect of climate change on a zero energy and carbon dioxide building through 

energy efficiency and renewables. Energy and Buildings, 174, 85–96. 

https://doi.org/10.1016/J.ENBUILD.2018.06.006 

Robert McNeel & Associates. (2019). Rhino and Grasshopper developer documentation. 

https://developer.rhino3d.com/ 



 

 

 
ITcon Vol. 30 (2025), Azeem & Thomas, pg. 1552 

Roudsari, M. S., & Pak, M. (2013). LADYBUG: A parametric environmental plugin for grasshopper to help 

designers create an environmentally-conscious design. https://www.aivc.org/resource/ladybug-parametric-

environmental-plugin-grasshopper-help-designers-create-environmentally 

Saridaki, M., Psarra, M., & Haugbølle, K. (2019). IMPLEMENTING LIFE-CYCLE COSTING: DATA 

INTEGRATION BETWEEN DESIGN MODELS AND COST CALCULATIONS. Journal of Information 

Technology in Construction (ITcon), 24, 14–32. http://www.itcon.org/2019/2 

Shankar, A., & Bukya, M. (2023). Demystifying the economic and energy potential of Building-Integrated 

Photovoltaics in achieving India’s intended Nationally Determined Contribution. Visions for Sustainability, 

2023(19). https://doi.org/10.13135/2384-8677/7291 

Shetty, A. N., Kini, P. G., Kishore, P., & Tandon, V. (2021). Assessment of Building Integrated Photovoltaic Panels 

on Facades of Commercial Buildings with Respect to Energy Conservation Building Code. 

https://doi.org/10.5220/0010438501480155 

Shivhare, K., & Pandey, M. (2017). Review of Retrofitting of Academic Building by Energy Efficient Techniques. 

International Research Journal of Engineering and Technology. www.irjet.net 

Shukla, A. K., Sudhakar, K., Baredar, P., & Mamat, R. (2018). Solar PV and BIPV system: Barrier, challenges and 

policy recommendation in India. Renewable and Sustainable Energy Reviews, 82, 3314–3322. 

https://doi.org/10.1016/J.RSER.2017.10.013 

Sun, H., Heng, C. K., Tay, S. E. R., Chen, T., & Reindl, T. (2021). Comprehensive feasibility assessment of building 

integrated photovoltaics (BIPV) on building surfaces in high-density urban environments. Solar Energy, 

225, 734–746. https://doi.org/10.1016/J.SOLENER.2021.07.060 

Tidball, R., Bluestein, J., Rodriguez, N., & Knoke, S. (2010). Cost and Performance Assumptions for Modeling 

Electricity Generation Technologies. https://doi.org/10.2172/993653 

Usman, M., Ali, M., Rashid, T. ur, Ali, H. M., & Frey, G. (2021). Towards zero energy solar households – A model-

based simulation and optimization analysis for a humid subtropical climate. Sustainable Energy 

Technologies and Assessments, 48, 101574. https://doi.org/10.1016/J.SETA.2021.101574 

Yang, R. J., & Zou, P. X. W. (2016). Building integrated photovoltaics (BIPV): costs, benefits, risks, barriers and 

improvement strategy. International Journal of Construction Management, 16(1), 39–53. 

https://doi.org/10.1080/15623599.2015.1117709 

Yu, Q., Dong, K., Guo, Z., Xu, J., Li, J., Tan, H., Jin, Y., Yuan, J., Zhang, H., Liu, J., Chen, Q., & Yan, J. (2025). 

Global estimation of building-integrated facade and rooftop photovoltaic potential by integrating 3D 

building footprint and spatio-temporal datasets. Nexus, 2(2), 100060. 

https://doi.org/10.1016/J.YNEXS.2025.100060 

Zhang, T., Wang, M., & Yang, H. (2018). A Review of the Energy Performance and Life-Cycle Assessment of 

Building-Integrated Photovoltaic (BIPV) Systems. Energies 2018, Vol. 11, Page 3157, 11(11), 3157. 

https://doi.org/10.3390/EN11113157 

Zomer, C., & Rüther, R. (2017). Simplified method for shading-loss analysis in BIPV systems – part 1: Theoretical 

study. Energy and Buildings, 141, 69–82. https://doi.org/10.1016/J.ENBUILD.2017.02.042 

Zou, Y., Jelodar, B., Feng, Z., Guo, B. H. W., Gardan, J., Hedjazi, L., & Attajer, A. (2025). Additive manufacturing 

in construction: state of the art and emerging trends in civil engineering. ITcon Vol. 30,  Special Issue 

Construction 5.0, Pg. 92-112, Http://Www.Itcon.Org/2025/5, 30(5), 92–112. 

https://doi.org/10.36680/J.ITCON.2025.005 

 


	A framework to analyse the energy and economic performance of shaded Building Integrated Photovoltaic (BIPV) facades in low-rise and high-rise buildings in tropical climate
	1. INTRODUCTION
	2. research background
	3. METHODOLOGY
	3.1 Building energy modelling and simulations
	3.2 Shaded BIPV energy simulations
	3.3 Life Cycle Cost Analysis (LCCA) of PV integrated facades

	4. RESULTS AND DISCUSSION
	4.1 Building energy simulations
	4.2 Shading impact on BIPV energy generation
	4.3 Life Cycle Cost Analysis (LCCA) of PV integrated facades
	4.4 Validation through literature-based case studies and proposed pilot deployment

	5. CONCLUSION
	Acknowledgements
	Competing Interests statement
	References


