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Abstract: In the pursuit of more sustainable and energy-efficient buildings, the integration of 

photovoltaic (PV) technology into building facades, specifically as Facade-Integrated 

Photovoltaics (FIPV) within smart windows, has gained substantial attention. However, 

transitioning this innovative technology from theory to practice faces numerous technical, 

regulatory, and economic challenges. This review seeks to explore these challenges through an 

in-depth analysis of secondary data and existing literature, covering the operation mechanism, 

materials, and technologies involved. In light of the scrutinized case studies, the review discusses 

the current market state, identified hurdles, and potential solutions, providing a roadmap for 

future research directions. The implications of FIPV for sustainable construction and green 

urbanism are also examined, focusing on the technology's contribution to broader climate action 

goals. The insights provided by this review are aimed at aiding architects, engineers, and 

policymakers in their decision-making processes related to the adoption and regulation of FIPV 

in smart windows. 
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Introduction  

The energy demand in buildings accounts for a significant portion of global energy 

consumption. According to the International Energy Agency (Bazazzadeh, H., Nadolny, A., & 

Safaei, S. S. H. , 2021), buildings and their related sectors account for approximately 36% of the 

world's total energy consumption. This scenario calls for innovative and sustainable solutions to 

reduce energy use in buildings, with photovoltaics (PV) emerging as a vital player in this context 

(Khan, 2020). 
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Photovoltaics, the direct conversion of sunlight into electricity, offers a renewable and 

clean source of energy, making it instrumental in energy conservation and reduction of carbon 

emissions (Mitrašinović, A. M., & Radosavljević, M., 2022). The integration of photovoltaics 

into building structures, commonly known as Building-Integrated Photovoltaics (BIPV), has 

taken center stage in recent years. BIPV systems not only produce electricity but also serve as an 

integral part of the building's envelope, replacing traditional materials (Maghrabie, H. M., 

Abdelkareem, M. A., Alami, A. H., Ramadan, M., Mushtaha, E., Wilberforce, T., & Olabi, A. 

G., 2021). 

The Facade-Integrated Photovoltaics (FIPV) are a subset of BIPV, where PV modules are 

integrated into the building's facade. FIPVs hold significant potential, given that the facade often 

accounts for the largest surface area of buildings, especially in high-rise structures in urban areas 

(Martín-Chivelet, N., Gutiérrez, J. A. T., Alonso-Abella, M., Chenlo, F., & Cuenca, J., 2018). 

Smart windows are a significant component of FIPV, with their role in energy 

conservation going beyond mere power generation. By allowing dynamic control of heat and 

light entering the building, smart windows can significantly contribute to energy efficiency, 

reducing the load on HVAC systems (Li, J., Gu, P., Pan, H., Qiao, Z., Wang, J., Cao, Y., & 

Yang, Y., 2023). Combining FIPV with smart windows could therefore potentially revolutionize 

urban buildings, turning them into net energy producers rather than consumers (Luo, X., Li, F., 

Qiao, C., Yuan, F., & Zhou, C., 2023). 

In summary, the integration of FIPV in smart windows presents an exciting opportunity 

for enhancing energy conservation in buildings. This review seeks to delve into this promising 

technology, its benefits, challenges, and potential solutions, ultimately contributing to a broader 

understanding of its implications for sustainable construction and green urbanism. 

 

Background and Literature Review  

Understanding the evolution of photovoltaics and smart windows is crucial for 

contextualizing the rise of Facade-Integrated Photovoltaics (FIPV). The first photovoltaic cell 

was invented in 1954 by Bell Labs (Feng, Y., Yang, M., Ma, W., Zhang, G., Yu, Y., Wu, Y.,& 

Yang, Y., 2022). Since then, the technology has evolved significantly, becoming more efficient 

and versatile. By integrating photovoltaics into building materials—creating what we now refer 

to as Building-Integrated Photovoltaics (BIPV)—it has become possible to generate clean energy 

directly at the source of consumption (George, J., Joseph, A., & Balachandran, M. , 2022). The 
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advent of FIPV as a subset of BIPV marks a significant milestone, leveraging the often-

underutilized surface area of building facades to generate electricity (Luong, D. L., Nguyen, Q. 

T., Pham, A., Truong, Q. C., & Duong, M. Q., 2020). 

Smart windows, which adapt their properties in response to environmental conditions, 

have emerged alongside these advancements in photovoltaic technology. The evolution of these 

smart materials—from the early stages of simple low-emissivity glass to advanced systems that 

can dynamically control heat and light transmission—has significantly contributed to reducing 

the energy footprint of buildings (Kim, Y. D., Pyun, S. B., Choi, M. G., Kim, J. H., & Cho, E. J., 

2022). The integration of FIPV within smart windows merges these two groundbreaking 

technologies, opening up new opportunities for energy generation and conservation (Li, W., Lin, 

C., Huang, G., Hur, J., Huang, B., & Yao, S., 2022). 

Several studies have focused on FIPV and smart windows, often demonstrating their 

considerable potential. For instance, Zhang et al. (2018) have investigated the reliability of BIPV 

systems, including FIPV, noting that these technologies' potential energy savings are significant 

but hinge on overcoming technical barriers. Meanwhile, Attoye, Aoul, and Hassan (2022) have 

discussed the potential and barriers of BIPV, emphasizing the need for comprehensive research 

to address these hurdles and facilitate adoption. 

On the other hand, smart windows have been the subject of extensive research due to 

their energy-saving capabilities. Kang et al. (2020) review of smart windows in smart cities 

underscores the considerable potential for energy savings, particularly when integrated with 

other energy-efficient technologies. Furthermore, Cai et al. (2019) have discussed how smart 

windows can improve occupants' comfort by providing dynamic control over heat and light 

transmission, emphasizing the technology's broader benefits beyond energy conservation. 

The theoretical potential of FIPV in smart windows is promising, given the considerable 

surface area that building facades offer for energy generation, especially in urban settings 

(Dongen, P. V., Britton, E., Wetzel, A., Houtman, R., Ahmed, A. M., & Ramos, S. , 2022). In 

addition, smart windows' dynamic control of heat and light can contribute to energy savings by 

reducing the load on heating and cooling systems (Cai, G., Darmawan, P., Cheng, X., & Lee, P. 

S., 2017). This unique synergy—combining energy generation with energy conservation—has 

the potential to transform buildings into net energy producers, ultimately contributing to the goal 

of carbon-neutral cities (D'Agostino, D., & Mazzarella, L. , 2019). 
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Hence, the literature provides a robust foundation for understanding the evolution, 

current state, and theoretical potential of FIPV in smart windows. The next sections will delve 

into the detailed mechanisms of FIPV, its current market state, the challenges to its 

implementation, and the potential solutions to these challenges. 

 

The Mechanism of Facade-Integrated Photovoltaics  

Facade-Integrated Photovoltaics (FIPV) is a system that incorporates photovoltaic (PV) 

technology into building facades to capture sunlight and convert it into electricity. This process 

is made possible by the photovoltaic effect, a physical and chemical phenomenon that involves 

the conversion of light energy into electrical energy (Joseph, B., Pogrebnaya, T. P., & Kichonge, 

B., 2019). 

The operation of FIPV begins with the installation of PV modules on a building's facade. 

These modules are composed of numerous PV cells, primarily made from semiconducting 

materials like crystalline silicon or thin-film composites (Arena, R., Aneli, S., Tina, G., & 

Gagliano, A., 2022). Each cell is designed with an n-type and a p-type layer, forming a p-n 

junction. When sunlight strikes the cell, photons are absorbed, and their energy is transferred to 

electrons in the semiconductor, leading to the creation of an electric current (Al-Ezzi, A. S., & 

Ansari, M. N. M., 2022). 

Importantly, FIPV systems must be installed at an optimal angle to maximize solar 

exposure. However, unlike typical rooftop PV systems, where the orientation and tilt can be 

easily adjusted, the orientation of FIPV is dependent on the building's architecture. This 

introduces unique challenges and opportunities in designing FIPV systems, including 

considerations of solar irradiance, facade material properties, and aesthetics (Sado, K. A., 

Hassan, L. H., 7 Sado, S., 2021). 

Smart windows play a crucial role in maximizing the performance of FIPV systems. These 

windows are designed with electrochromic or thermochromic materials that dynamically change 

their optical properties based on environmental conditions, hence adjusting the amount of 

sunlight they absorb or reflect (Tseng, H., Chang, L., Lin, K., Li, C., Lin, W., Wang, C., & Lin, 

T., 2020). This adaptive control helps optimize the quantity and quality of light that reaches the 

PV cells, which in turn affects the amount of electricity generated (Lamaamar, I., Tilioua, A., 

Zaid, Z. B., Babaoui, A., Ettakni, M., & Alaoui, M. A. E., 2021). 
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Furthermore, the integration of FIPV and smart windows has led to the development of 

advanced materials and technologies. Semi-transparent PV cells allow natural light to penetrate 

into the building while also generating electricity, thus eliminating the need for artificial lighting 

during the day (Kim, J., Kim, D., Jang, H., & Kim, E., 2020). Moreover, thermochromic 

materials used in smart windows can contribute to energy savings by reducing heat gain and loss, 

thereby reducing the demand for heating, ventilation, and air conditioning (HVAC) systems 

(Zhang, L., Xia, H., Xia, F., Du, Y., Wu, Y., & Gao, Y., 2021). The table below summarizes the 

key components involved in FIPV and smart windows, their roles, and the materials or 

technologies used. 

 

Table 1: Components, roles, and materials/technologies used in FIPV and smart windows 

 
Component Role Materials/Technologies References 

Photovoltaic Cells Absorb sunlight and convert 

it into electricity. 

Crystalline silicon, thin-

film composites 

(Arena et al., 2022) 

P-N Junction Facilitates the transfer of 
energy from photons to 

electrons. 

Semiconducting materials (Al-Ezzi & Ansari, 2022) 

Smart Windows Control the quantity and 

quality of light reaching PV 

cells. 

Electrochromic or 

thermochromic materials 

(Tseng et al., 2020) 

Semi-transparent 

PV cells 

Allow natural light into 

buildings while generating 

electricity. 

Advanced photovoltaic 

materials 

(Kim et al., 2020) 

Thermochromic 

materials 

Reduce heat gain and loss, 

saving energy on HVAC 

systems. 

Advanced thermochromic 

materials 

(Zhang et al., 2021) 

 

 

In summary, FIPV systems work by leveraging the photovoltaic effect, where sunlight is 

converted into electricity through semiconducting materials. The interaction between FIPV and 

smart windows, especially those designed with dynamic optical properties, can optimize energy 

generation. The continuous advancement in material science and technology is further enabling 

the evolution of these systems, contributing to the emergence of energy-efficient buildings. 

 

Analysis of Existing Case Studies and Secondary Data  

The integration of photovoltaics (PV) into building facades, particularly smart windows, 

is a budding field that is beginning to gain recognition. By assessing secondary data from 
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existing case studies, the application and efficacy of Facade-Integrated Photovoltaics (FIPV) can 

be evaluated. 

A study by Ghosh et al. (2021) presents a real-world implementation of FIPV on a 

building facade in Tehran, Iran. The study reported a peak output of approximately 70 kWh/m² 

per year, showcasing the substantial energy generation potential of FIPV. However, it also 

highlighted the need for advanced thermal regulation mechanisms, as overheating led to a slight 

decrease in the system's performance.  

The implementation of semi-transparent PV cells in smart windows was examined by 

Liu, Sun, Wilson and Wy (2020). Their investigation of a residential building in the UK revealed 

that such an installation could meet up to 50% of the building's annual electricity demand. 

Furthermore, the use of semi-transparent PV cells enhanced indoor comfort by allowing 

adequate daylight transmission, consequently reducing the reliance on artificial lighting. Figure 1 

illustrates the energy generation or savings potential of FIPV systems as highlighted in the 

discussed case studies. 

 

 

 

Figure 1: Energy generation or savings potential of FIPV systems in various case studies. 

 

Similarly, a case study conducted in the US by Niu et al. (2022) found that FIPV, when 

combined with smart windows, could reduce a building's energy demand by approximately 40%, 

with the potential for even greater reductions with improved design and technology. The case 
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study also noted that the aesthetic integration of FIPV into the building's facade attracted positive 

attention, potentially promoting the wider adoption of such systems. 

Analysis of these case studies and secondary data indicates that the design and 

implementation of FIPV are complex, involving several interrelated variables. The solar 

exposure of the building's facade, the efficiency and thermal properties of the PV cells, and the 

interaction with smart windows are all critical aspects influencing the performance of FIPV 

systems (Ghosh, A., Mesloub, A., Touahmia, M., & Ajmi, M., 2021; Liu, D., Sun, Y., Wilson, 

R., & Wu, Y. , 2020). 

Moreover, these studies indicate a substantial influence on the broader Building-Integrated 

Photovoltaics (BIPV) market. Demonstrations of successful FIPV implementations can drive 

technology advancements, reduce costs through economies of scale, and increase public 

awareness and acceptance of such systems. Therefore, FIPV could become a significant 

contributor to the transition towards sustainable, energy-efficient buildings (Liu, D., Sun, Y., 

Wilson, R., & Wu, Y. , 2020). 

Hence, the analysis of secondary data and existing case studies provides valuable insights 

into the design, implementation, and performance of FIPV. It is evident that while there are 

challenges to overcome, the potential benefits of FIPV are significant. As such, further research 

and development in this area are warranted, and FIPV may indeed play a pivotal role in the 

future of sustainable building design. 

 

Challenges to Implementation of FIPV  

The implementation of Facade-Integrated Photovoltaics (FIPV) in smart windows faces 

multiple challenges that span technical, regulatory, and economic domains. This section aims to 

outline these obstacles and discuss the gap between the theoretical potential and practical 

realization of FIPV. 

Technical barriers primarily involve aspects such as the efficiency of photovoltaic cells, 

thermal management, and the integration of PV cells into building materials. Despite the 

considerable advancements in PV cell technology, the conversion efficiency of solar energy to 

electricity remains relatively low (Saadah, M., Hernandez, E., & Balandin, A. A., 2017). For 

FIPV, the dual function of the window as an energy generator and a transparent medium 

exacerbates this problem, necessitating the use of semi-transparent PV cells with inherently 

lower efficiencies (Jiang, B., Liu, L., Zongpeng, G., Feng, Z., Zheng, Y., & Wang, W., 2019). 
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The management of thermal performance is another crucial technical challenge. The 

presence of PV cells in the facade can lead to increased heat gains, which, if uncontrolled, could 

negatively impact the indoor thermal environment and offset the energy savings achieved 

through PV generation (Singh, G., & Singh, B., 2019). Additionally, PV cells' performance drops 

with increased temperature, requiring adequate cooling strategies to maintain efficiency 

(Mawoli, M., Yayha, H., Danshehu, B., Muhammad, M. L., & Bature, A., 2020). 

In terms of regulatory and economic barriers, the adoption of FIPV is constrained by 

building codes and regulations that may not yet recognize or accommodate such systems (Harun, 

M. S. R., Kuan, C. O., Selvarajah, G. T., Wei, T., Arshad, S. S., Hair-Bejo, M., & Omar, A. R., 

2013). These regulatory obstacles can significantly prolong the approval process for buildings 

incorporating FIPV, increasing project timelines and costs (Fekete, E., Cruce, J., Dong, S., 

O'Shaughnessy, E., & Cook, J. J., 2022). 

Economically, the high upfront costs of FIPV systems can deter adoption, especially 

given the long payback periods typical of PV systems. Although the costs of PV cells have 

significantly reduced over the years, the custom design and installation of FIPV systems can add 

to the overall costs (Song, J., & Choi, Y., 2016). 

Finally, there is a noticeable gap between the theoretical potential and practical 

realization of FIPV. While research indicates considerable potential for energy generation and 

savings (Xiang, C., & Matusiak, B., 2019), practical implementation often falls short due to the 

aforementioned technical, regulatory, and economic barriers. 

To harness the full potential of FIPV, strategies to overcome these challenges need to be 

developed. Technical improvements in PV cell efficiency and thermal management, regulatory 

updates to accommodate FIPV systems, and economic models to improve the cost-effectiveness 

of FIPV are all avenues that merit further exploration. Table 2 summarizes the main challenges 

in the implementation of FIPV.  

 

Table 2: Summary of the main technical, regulatory, and economic challenges in the 

implementation of FIPV. 

 

Challenges Description 

Technical 1. Efficiency of photovoltaic cells 

  2. Thermal management 

  3. Integration of PV cells into building materials 



Smart Windows: An Exploration of Facade-Integrated Photovoltaics 

Section A-Research paper 

 

4187 

Eur. Chem. Bull. 2023,12(10), 4179-4195 

 

Regulatory 1. Building codes and regulations 

  2. Lengthy approval process 

Economic 1. High upfront costs 

  2. Long payback periods 

 

 

 

Proposed Solutions and Future Directions  

Overcoming the challenges facing the implementation of Facade-Integrated Photovoltaics 

(FIPV) in smart windows requires a multi-faceted approach encompassing technical 

improvements, policy changes, and future research directions. 

Technically, advancements in photovoltaic (PV) cell technology could mitigate the 

current efficiency limitations. Continued research and development into higher-efficiency, semi-

transparent PV cells could significantly enhance FIPV performance (Almora, O., Baran, D., 

Bazan, G. C., Berger, C., Cabrera, C. R., Catchpole, K. R., & Brabec, C. J., 2020). Furthermore, 

innovative approaches to thermal management, including the integration of phase change 

materials or thermochromic coatings, could help control heat gains without compromising the 

energy generation potential of FIPV systems (Anderson, C., Shaner, F., Smith, W., & Luhrs, C. , 

2022). 

Regulatory changes are another important aspect of the solution. Building codes and regulations 

should evolve to recognize and accommodate FIPV systems (Kincelova, K., Boton, C., Blanchet, 

P., & Dagenais, C., 2020). Streamlined approval processes for buildings incorporating FIPV 

could mitigate prolonged project timelines and associated costs. Furthermore, incentives such as 

subsidies or tax breaks could encourage the adoption of FIPV by offsetting the high upfront costs 

(Song, J., & Choi, Y., 2016). 

The analysis of secondary data suggests several promising future research directions. 

Firstly, the development of advanced materials for semi-transparent PV cells, with an emphasis 

on balancing transparency and efficiency, is a significant area for future exploration (Duan, L., 

Hu, L., Guan, X., Lin, C., Chu, D., Huang, S., & Wu, T., 2021). Secondly, comprehensive 

studies on the lifecycle costs and benefits of FIPV systems, considering various building types 

and climatic conditions, would contribute to a better understanding of the economic feasibility of 

these systems (Chen, T., An, Y., & Heng, C. K., 2022) 
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Lastly, policy and regulation play a critical role in advancing the adoption of FIPV. 

Policymakers can promote FIPV through supportive policies such as Feed-in Tariffs (FiTs) or 

Power Purchase Agreements (PPAs) to make these systems more financially attractive (Marco, 

2015). Furthermore, comprehensive guidelines for FIPV installation, addressing aspects such as 

safety, structural integrity, and maintenance, would provide clear directions for building 

professionals and facilitate the integration of FIPV in building designs. 

By addressing the identified challenges and harnessing the opportunities, the integration 

of FIPV in smart windows can move from a theoretical concept to a practical solution, 

contributing to sustainable, energy-efficient buildings of the future. Figure 2 summarizes the 

proposed solutions and future directions for the implementation of Facade-Integrated 

Photovoltaics (FIPV). 

 

 

Figure 2: Proposed Solutions and Future Directions for the Implementation of Facade-

Integrated Photovoltaics 

 

Implications for Green Urbanism and Sustainable Construction 

The widespread adoption of Facade-Integrated Photovoltaics (FIPV) in smart windows 

could dramatically reshape sustainable construction and green urbanism. With an increasing 

global emphasis on renewable energy and reducing greenhouse gas emissions, the integration of 

photovoltaics in building envelopes can make a substantial contribution to these efforts. 
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FIPV represents an excellent illustration of the green urbanism ethos of incorporating 

environmental considerations into urban design. By converting buildings into energy producers 

rather than solely consumers, FIPV systems redefine the traditional energy consumption patterns 

in urban areas (Bjorn, 2016). The decentralization of energy production through FIPV can reduce 

reliance on distant energy sources, leading to lower transmission losses and the promotion of 

energy autonomy within urban areas (Dobrzycki, A., Kurz, D., Mikulski, S., & Wodnicki, G., 

2020). 

In the context of sustainable construction, FIPV systems offer a dual functionality: 

providing solar shading and electricity generation simultaneously. This can potentially reduce the 

energy footprint of buildings, particularly in terms of cooling loads and lighting energy use. By 

reducing the demand for energy from non-renewable sources, FIPV contributes significantly to 

the construction of low carbon buildings (Al-Ezzi, A. S., & Ansari, M. N. M., 2022). 

Furthermore, evidence from secondary data indicates a broad range of environmental 

benefits associated with FIPV implementation. A life cycle analysis conducted by Huang et al. 

(2022) showed that buildings with FIPV systems could achieve significant reductions in lifecycle 

energy use and greenhouse gas emissions compared to conventional buildings. By offsetting 

electricity generation from fossil fuel sources, FIPV could play a pivotal role in mitigating 

climate change (see Table 3). 

 

Table 3: Comparison of Environmental Impacts Between Traditional Buildings and Buildings 

with FIPV Systems 

Factors Traditional Buildings Buildings with FIPV Systems 

Energy consumption High Reduced 

Greenhouse gas emissions High Reduced 

Reliance on non-renewable energy High Reduced 

Energy autonomy Low High 

Job creation Low Potential increase 

Public awareness of renewables Low High 

 

 

The societal implications are also considerable. The integration of FIPV systems into 

urban structures can raise public awareness about renewable energy technologies and their 

benefits, promoting social acceptance and accelerating the transition towards sustainable urban 

environments (Marco, 2015). Furthermore, the integration of FIPV could contribute to local job 
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creation in the fields of manufacturing, installation, and maintenance of these systems, 

promoting sustainable local economies (Ravyts, S., Dalla Vecchia, M., Van den Broeck, G., & 

Driesen, J. , 2019). 

In conclusion, FIPV in smart windows carries significant potential for propelling green 

urbanism and sustainable construction forward. Through energy savings, environmental benefits, 

and societal implications, it presents a compelling approach to a more sustainable future. 

 

 

Conclusion  

The implementation of Facade-Integrated Photovoltaics (FIPV) in smart windows 

represents a promising avenue in the pursuit of sustainable living and climate action. This 

technology, which combines photovoltaic power generation with dynamic control of solar 

radiation, presents a compelling case for its incorporation into the future of smart buildings. 

The evolution of photovoltaics and smart windows has brought us to this precipice, where 

technical ingenuity meets environmental necessity. The potential of FIPV in smart windows, as 

evidenced by various case studies and secondary data, is profound, promising significant energy 

savings, reduction of greenhouse gas emissions, and fostering of green urbanism. 

However, challenges persist, spanning technical barriers, economic constraints, and 

regulatory obstacles. Yet, the identification of these barriers allows us to strategize effective 

solutions and avenues for future research, ultimately paving the way for widespread adoption of 

FIPV. 

In closing, the integration of photovoltaics in building facades fundamentally challenges 

our relationship with the built environment. By transforming buildings into active contributors to 

the energy grid, FIPV could revolutionize sustainable construction and mark a significant stride 

in our collective climate action efforts. The journey towards a more sustainable future, it appears, 

could well be illuminated by the integration of photovoltaics in our windows. 
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