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ABSTRACT 

 

A Novel Design Methodology for Air-based Building Integrated Photovoltaic/Thermal 

(BIPV/T) Systems with Coupled Modelling of Wind-driven and Channel Flow-driven 

Convective Phenomena 

 

Efstratios Dimitrios Rounis, Ph.D. 

Concordia University, 2021 

 

Open-loop air-based building integrated photovoltaic thermal (BIPV/T) systems have the potential 

to become integral elements of net-zero or near net-zero building design. In addition to on-site 

electricity generation, BIPV/T systems offer various options for producing useful heat when 

coupled with the building’s HVAC system. Furthermore, when properly designed, they can fulfil 

building envelope functions for heat, moisture and air transfer, thus replacing the building 

envelope exterior layer, while offering superior architectural value compared to racked or 

building-applied photovoltaic (PV) systems. 

Despite their potential, these systems comprise a very small share of PV applications and are not 

yet a mature technology. This can be attributed to several factors. Firstly, there are no standardised 

design guidelines, with the majority of realized systems being custom designs, not easily 

repeatable or scalable, and not adherent to established building techniques. Secondly, the 

documented performance of PV/T and BIPV/T systems is highly variable due to varying prototype 

designs and inconsistent testing conditions. Finally, the modelling of such systems is equally 

inconsistent, especially with regard to the wind-driven and channel flow convective heat transfer, 

elevating uncertainties in the prediction of a system’s performance, further reducing confidence in 

such applications. The latter usually results in non-optimal thermal utilization and overheating of 

the PV panels that will affect their durability. 

The main objective of this thesis is to set the foundation for a novel design and modelling approach 

for BIPV/T systems that can lead to increased share of applications of power generating envelopes 

(facades and roofs) for both new building constructions and retrofits, as well as enhanced system 

performance and durability. 

This research consists of two main parts. The first part focuses on BIPV/T design considerations 

and investigates the adoption of curtain wall design techniques, modified for the BIPV/T systems. 

The purpose of this part is to address the lack of design standardization of BIPV/T and set the 

foundation for the adoption of common building practices in BIPV/T design, also incorporating 

concepts of modularity and prefabrication. To this end, the design, development and the indoor 

experimental testing of a modular BIPV/T curtain wall prototype is presented. The prototype was 
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conceived as part of a large façade application and was built using commercially available curtain 

wall mullion extrusions and frameless semi-transparent, glass-on-glass PV (STPV) modules with 

two levels of transparency. Furthermore, several thermal enhancement techniques deemed suitable 

for building integrated systems were incorporated, namely multiple air intakes, using transparent 

instead of opaque PV modules, as well as a specially built flow re-direction component. The 

prototype was tested in an indoor solar simulator facility under conditions representative of full-

scale demonstration projects. It was found to have comparable or better thermal performance (26-

32%) compared to other systems in literature (17-32%), with potential for further improvement if 

optimized in terms of its geometry and flow rate.  

The second part of this work presents a novel approach for the modelling of convective 

phenomena, which takes into consideration the interlinked nature of wind-driven and channel 

flow-driven convection of air-based BIPV/T systems. Indeed, part of the reason for the lack of 

standards for BIPV/T systems is the lack of a widely accepted method for modelling convective 

phenomena. The key parameters that have been found to affect the thermal performance of a 

BIPV/T system, including the environmental (or boundary) conditions, are formulated into 

dimensionless groups and correlated to the ratio of wind-driven convective heat transfer over the 

system’s heat recovery. This correlation was verified through solar-simulator testing of a modular 

BIPV/T system under varying environmental conditions, flow rate, channel aspect ratio and PV 

module opacity. Outlet air temperature predictions from the proposed modelling approach showed 

very good agreement with the experimental results (within ±0.4°C), as well as superior 

performance compared to commonly used modelling approaches (which have accuracy of 

±3.0°C). Literature has shown that use of said approaches could result in up to more than 10°C 

error in the predicted outlet air temperature, resulting in poor thermal utilization and possible 

overheating of the PV panels. 

This methodology can be tailored to individual systems via calibration through key temperature 

monitoring and can be instrumental in the optimal control and heat utilization for a coupled 

BIPV/T-HVAC system. In addition, it yields increased durability and performance of the PV 

installation through incorporation of more efficient cooling strategies, through accurate outlet air 

temperature and PV temperature predictions, respectively.  
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Chapter 1: Introduction 

1.1 Background 

The Paris Agreement on climate change has motivated many countries to develop legislation for 

the increased adoption of renewable energy systems and the reduction of greenhouse gas emissions 

(United Nations, 2015). Photovoltaic systems are expected to be one of the driving renewable 

energy technologies in the coming years (Xu et al., 2017) with a total installed capacity of 512 

GW in 2018 (IEA PVPS, 2019a) and projections of 8.5 TW installed capacity by 2050 (IRENA, 

2019), almost double from the projections of 2014 of 4.5 TW (IEA, 2014). For 2017 and 2018 the 

annual installed PV capacity was 100 GW (IEA PVPS, 2018), with the PV generated electricity 

having doubled its share in 2018 as compared to 2011 (IEA, 2017). 

Currently the largest share of PV applications is held by utility size systems (IEA PVPS, 2019), at 

almost 62% of the total PV installed capacity. Regardless, distributed systems show significant 

growth potential, especially due to legislations and incentives promoting self consumption as well 

as the electrification of transportation, heating and cooling as part of the transition from fossil 

fuels.  

Building integrated photovoltaic (BIPV) systems have been identified as one of the major tracks 

for large market penetration of PV (IEA PVPS, 2019), the other being price decrease, efficiency 

improvement, lifespan and electricity storage. Such systems can be ideal for densely built 

environments, where traditional ground-mounted systems cannot be easily used. The IEA PVPS 

Task 15, which is dedicated to the development of an enabling framework to accelerate penetration 

of BIPV in the global renewables market, has identified enormous growth potential for façade and 

roof BIPV applications. A considerable amount of research has been dedicated to the development 

of BIPV products with increased architectural value, such as coloured PV and semi-transparent 

(STPV) fenestration. 

Building integrated photovoltaic/thermal (BIPV/T) systems constitute a branch of BIPV that in 

addition to on-site power generation, add the element of heat recovery, primarily through active 

cooling of the PV surface. BIPV/T systems are considered as one of the most promising 

applications for PV (Al-Waeli et al., 2017; Jelle & Breivik, 2012) with numerous studies 

showcasing the potential for waste heat exploitation and coupling with the building’s HVAC, 

including but not limited to preheated ventilation air (Bambara et al., 2011; Dermadiros et al., 

2019), heat recovery ventilator boosting (Ahn et al., 2015), air-source heat pump assistance 

(Delisle & Kummert, 2016; Kamel & Fung, 2014a; Huixing Li et al., 2015), as well as solar driven 

desiccant cooling (Guo et al., 2017). Recent studies have explored the coupled operation of 

BIPV/T, air-to-water heat pumps and active thermal storage, as a means to counter the 

intermittency of solar radiation and the fact that PV generated energy and heat may not be required 

at the time of production (Dumoulin et al., 2021; Rounis et al., 2018). Furthermore, a significant 

amount of on-going research is dedicated to the design of framing systems and heat enhancement 
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techniques (fins, etc.) that maximize thermal efficiency, while avoiding excessive pressure drops, 

and facilitate installation (e.g. with curtain wall technologies) (Kruglov et al., 2017; Rounis et al., 

2017, 2021a), modularity, scalability and easy of replacement/maintenance, as well as the 

integration of new PV technologies so as to optimize simultaneously both electrical efficiency and 

thermal efficiency and the establishment of archetype building categories with suited BIPV/T 

designs for different climates (Nibandhe et al., 2019). 

Therefore, in addition to the requirements for self-consumption and electrification, BIPV/T 

systems can further contribute to two well recognized energy and grid related issues: the fact that 

building’s themselves are responsible for almost 40% of the global energy consumption (IEA 

PVPS, 2019a), half of which is dedicated to space conditioning, and the mismatch between the 

time when PV power is generated and when power is needed. The latter is part of a larger subject, 

that of building energy flexibility; the ability of the building to enforce or delay energy 

consumption based on the requirements from the electrical grid. 

1.2 Problem Statement 

In spite of recent developments and their potential, BIPV and especially BIPV/T are not yet a 

mature technology and remain a niche market,  holding only but a small share of PV applications 

(1-3%), with an equally small degree of commercialization (IEA PVPS 2019, Biyik et al., 2017; 

Debbarma et al., 2017; Joshi & Dhoble, 2018).  

A case in point is the Varennes Library, located in Varennes, Quebec, Canada, which features a 

110 kW roof PV installation. One fifth of that installation is a dedicated PV/T system used for the 

preheating of the fresh air supply (Fig. 1.1). 

 

Figure 1. 1: The Varennes Library roof PV system. The southwest section implements mechanical ventilation and 

heat recovery. 

Although characterized as a building-integrated system, both the naturally and the mechanically 

ventilated parts of the roof consist of regular framed PV modules, mechanically fixed on the metal 

roofing of an existing roof structure (Fig. 1.2), which qualifies as a building applied application 

(BAPV/T). Despite the almost seamless architectural result, this remains a custom solution for a 

specific building. Additionally, only a small portion of the total installation is exploited for heat 

recovery. The non-optimal design and controls of the system have led to an oversized geothermal 

system that caters for most of the heating demand of the building (Dermadiros et al., 2019). 
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Figure 1. 2: Cross sections of the Varennes roof PV system: a. naturally ventilated section and b. mechanically 

ventilated section. 

This can be generally attributed to three main factors, which can be summarized as follows: 

1. There are no standardised design guidelines, with the majority of realized systems being custom 

designs, not easily repeatable or scalable, and not adherent to established building techniques. 

Similarly, there is no standard or guide regarding heat utilization and system design as integrated 

with the building’s HVAC system optimized per building type and climate.  

Consequently, there is small number of built projects and track record (Brahim & Jemni, 2017; 

Gaillard et al., 2014), which contributes to the lack of awareness of BIPV/T products. The lack of 

education and simple design guidelines further reduces confidence in such systems and may lead 

to conflict and confusion regarding professional jurisdiction and joint responsibility for architects, 

and structural, mechanical and electrical engineers. Additionally, the lack of design 

standardization results in expensive custom products, in which buyers are not willing to invest. 

Modularity, the implementation of the plug-and-play concept, and well-planned maintenance and 

repair have been recognized by the IEA Task 56 as ways to alleviate these costs (IEA SHC TASK 

56, 2020).  

2. The documented performance of PV/T and BIPV/T systems is highly variable due to varying 

prototype designs and inconsistent testing conditions. This lack of realized case studies forces 

engineers to rely primarily upon the documented experimental performance of PV/T and BIPV/T 

prototypes, which is highly variable due to varying prototype designs and inconsistent testing 

conditions that do not always reflect those of a full-scale installation coupled with a specific HVAC 

system (Rounis et al., 2021b). Gaillard et al. (2014)  highlighted the need for full-scale field studies 

to validate the controlled laboratory studies of compact prototypes and noted that despite the 
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information numerical and laboratory studies may provide, they may not be adequate to describe 

the actual performance of a full-scale system.  

3. The modelling of such systems is equally inconsistent, especially with regard to the wind-driven 

and channel flow convective heat transfer, elevating uncertainties in the prediction of a system’s 

performance, further reducing confidence in such applications. The latter usually results in non-

optimal thermal utilization and overheating of the PV panels that will affect their durability. 

Convective heat transfer has been regarded as one of the most complex and difficult modelling 

aspects of BIPV/T energy balance (Candanedo et al., 2011; Nemati et al., 2016a), with a multitude 

of expressions proposed achieving different levels of accuracy among studies. Expressions for 

wind-driven convection tend to be location and building type specific, while expressions used to 

evaluate the system heat recovery, primarily in the form of the Nusselt number, tend to be system 

type specific. 

In air-based BIPV/T systems, the PV panels constitutes the only interface between the environment 

and the air channel, as opposed to glazed solar thermal collectors, where an added glazing provides 

a buffer between the absorber and the environment. Figure 1.1 demonstrates a typical BIPV/T 

cross-section and energy balance. Wind driven convection and channel convection could 

significantly affect one another (Rounis et al., 2021b). This can lead to highly varying convective 

heat transfer coefficients (CHTC) on either side of the PV depending on the environmental and 

operating conditions, and system design specifics. The effect of this interaction has not been 

investigated. 

 

Figure 1. 3: a: common air-based BIPV/T system cross section and b: thermal network representation of its energy 

balance (Rounis t al 2021). 



 

5 

 

Modelling accuracy is desired but not crucial at the earlier design stages of a BIPV/T system, but 

can be detrimental for the optimal BIPV/T-HVAC operation, as well as the prediction of maximum 

PV panel temperature. This low accuracy can adversely affect the system’s durability. 

1.3 Thesis scope 

The research presented in this thesis consists of two main parts; The first part addresses the issue 

of design standardization for BIPV/T systems and aims to set the foundation for the 

implementation of common building practices in BIPV/T design. To this end, the design, 

development and the indoor experimental testing of a modular BIPV/T curtain wall prototype is 

presented. The prototype was conceived as part of a large façade application and was built using 

commercially available curtain wall mullion extrusions and frameless semi-transparent, glass-on-

glass PV (STPV) modules with two levels of transparency. Furthermore, several thermal 

enhancement techniques deemed suitable for building integrated systems were incorporated, 

namely multiple air intakes, using transparent instead of opaque PV modules, as well as a specially 

built flow re-direction component. The prototype was tested in an indoor solar simulator facility 

under conditions representative of full-scale demonstration projects. It was found to have 

comparable or better thermal performance (26-32%) compared to other systems in literature (17-

32%), with potential for further improvement if optimized in terms of its geometry and flow rate. 

While there are issues that need to be further addressed, including, but not limited to, the function 

of PV as building materials, safety issues, facilitation of wiring and continuity of the building 

envelope, this study shows that there is significant potential in the implementation of the curtain 

wall building techniques as a more standardized system design approach to allow higher 

penetration of BIPV/T in the market. This design technique is not introduced as a sole solution of 

standardized BIPV/T design but aims to set the basis on the adoption of common building practices 

and their modification into standardized BIPV/T elements. 

The second part of this work presents a novel approach for the modelling of convective 

phenomena, which takes into consideration the interlinked nature of wind-driven and channel 

flow-driven convection of air-based BIPV/T systems. The key parameters that have been found to 

affect the thermal performance of a BIPV/T system, including the environmental (or boundary) 

conditions, are formulated into dimensionless groups and correlated to the ratio of wind-driven 

convective heat transfer over the system’s heat recovery. This correlation was verified through 

solar-simulator testing of a modular BIPV/T system under varying environmental conditions, flow 

rate, channel aspect ratio and PV module opacity. Outlet air temperature predictions from the 

proposed modelling approach showed very good agreement with the experimental results (within 

±0.4°C), as well as superior performance compared to commonly used modelling approaches 

(which have accuracy of ±3.0°C). Literature has shown that use of said approaches could result in 

up to more than 10°C error in the predicted outlet air temperature, resulting in poor thermal 

utilization and possible overheating of the PV panels. 
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This methodology can be tailored to individual systems via calibration through key temperature 

monitoring and can be instrumental in the optimal control and heat utilization for a coupled 

BIPV/T-HVAC system. In addition, it yields increased durability and performance of the PV 

installation through incorporation of more efficient cooling strategies, through accurate outlet air 

temperature and PV temperature predictions, respectively.  

1.4 Thesis overview 

This thesis follows the chapter-based format although big part of the content of several chapters 

has been presented in several journal publications, as reported in the relevant footnotes. The thesis 

is composed of 6 chapters including the introductory.  

• Chapter 2 presents a comprehensive literature on several aspects of BIPV/T, including 

performance affecting parameters, thermal enhancements, testing, modelling, thermal 

applications and design issues.  

• Chapter 3 presents the design, development and experimental investigation of a BIPV/T 

curtain wall prototype which aims to set the foundation for standardized design options 

adhering to existing building practices.  

• Chapter 4 presents a study on the effect of the use of the different expressions for wind-

driven and channel convection commonly used in PV/T and BIPV/T modelling, on the 

numerical prediction of the channel air temperature rise. 

• Chapter 5 introduces a novel approach for the modelling of the aforementioned convective 

phenomena, where wind-driven and channel convection are treated together in the form of 

a dimensionless ratio and correlated to other dimensionless numbers derived from the 

analysis of the important parameters that affect the thermal performance of a hybrid 

system. 

• Finally, chapter 6 summarizes the main conclusions and contribution of this thesis, 

discusses research needs and provides suggestions for future work. 

 



1 Part of the literature review has been included in: Rounis, E. D., Athienitis, A., & Stathopoulos, 

T. (2021). Review of air-based PV/T and BIPV/T systems - Performance and modelling. 

Renewable Energy, 163, 1729–1753.  

 

Chapter 2: Literature Review1 

2.1 Introduction 

This chapter presents an overview of various subjects regarding BIPV/T systems and consists of 

two main sections. Sections 2.3-2.5 deal with the parameters that affect the performance of air-

based PV/T and BIPV/T systems, thermal enhancing techniques that have been introduced as 

means of overcoming the poor thermophysical properties of air as a coolant, as well as realized 

and theoretical thermal applications. Relevant design issues are discussed from a building 

integration perspective. The remaining sections focus on the lack of standardized testing and 

modelling procedures for such systems. A comprehensive review of experimental studies is 

presented which demonstrates that PV/T and BIPV/T systems’ testing can be highly inconsistent 

making performance comparison of various system types very difficult. Similarly, there is a 

multitude of approaches on PV/T and BIPV/T modelling, which is also highly inconsistent, 

especially as far as the convective phenomena are concerned. 

2.2 PV/T and BIPV/T 

PV/T is a general term used to describe any type of hybrid photovoltaic-thermal system that 

cogenerates electricity and heat, by using a fluid medium to extract that heat from the PV/absorber 

surface. The original PV/T prototypes were essentially solar thermal collectors with pasted PV 

cells (Florschuetz, 1979; Wolf, 1976), with early studies focusing on maximizing the system’s 

thermal performance (Fig. 2.1).  

 

Figure 2. 1: Early solar thermal collector of the sheet and tube configuration, with pasted PV cells (Florschuetz, 

1979). 

In practice, the term PV/T or PV/T collector is attributed to stand-alone hybrid photovoltaic-

thermal units that have a format similar to that of flat plate solar thermal collectors (Figure 2.2). 

PV/T collectors can be installed individually as add-on systems on the roofs of buildings or used 

in other applications as i.e. greenhouse driers (Tiwari et al., 2018).  
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Figure 2. 2: PV/T stand-alone collectors (Adeli et al., 2012; Kim et al., 2014; A. Tiwari et al., 2006). 

Depending on the cooling medium, PV/T can be primarily categorized as air-based or water-based, 

although there are systems which combine air and water (Bakar et al., 2014), use nanofluids or 

phase changing materials (PCM) (Malvi et al., 2011; Nahar et al., 2017). Depending on the 

PV/absorber morphology there are flat-plate and concentrating collectors. PV/T distinctions have 

been comprehensively presented in the review studies of Joshi & Dhoble (2018), Lamnatou & 

Chemisana (2017), Xu et al. (2017) and Yang & Athienitis (2016) among others.  

BIPV/T systems constitute a branch of PV/T systems through the integration of the PV/T concept 

with the building itself. BIPV/T is also part of the wider category of building integrated 

photovoltaic (BIPV) which encompasses all different ways of integrating PV with the building 

such as semi-transparent PV (STPV) windows, façade/roof integrated PV, PV overhangs, double-

skin façade STPV applications etc. In practice, the term BIPV is usually used to signify integrated 

PV applications without active heat recovery. 

Building integration itself suggests the implementation of a PV/T system which is structurally and 

architecturally integrated with the building, maintains the building envelope functions and replaces 

common building envelope materials. The term is often loosely attributed to systems that are 

applied on an existing building envelope (building applied PV/T or BAPV/T) (Yang & Athienitis, 

2016a), which however exhibit seamless aesthetic integration, such as the roof BIPV and BIPV/T 

system of the Varennes Library in Quebec, Canada (Dermadiros et al., 2019).  

According to the IEC 63092-1 and -2 standard on BIPV systems, a BIPV system should employ 

PV modules that “provide one or more of the functions of the building envelope” (IEC 61730-1, 

2020; IEC 61730-2, 2020). This standard covers the electrotechnical and building related 

requirements such as mechanical resistance and stability, and primarily safety aspects, but does 

not include best practice guide for the actual design and neither does it cover the design and HVAC 

integration for BIPV/T.   

The fundamental design and operation concept for air-based PV/T collectors and full-scale BIPV/T 

systems is the same. The main difference is the system size, with BIPV/T covering a large section 

of a building’s façade or roof, as well as its added building function (structural and architectural 

integration, mechanical integration with the HVAC and building envelope function). Figure 2.3 
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presents the basic air-based PV/T and BIPV/T design with the PV/absorber on the outer layer, an 

air channel for air circulation and an insulated back surface.  

 

Figure 2. 3: Basic air-based PV/T and BIPV/T design (Rounis et al., 2017). 

Figure 2.4 presents some notable BIPV/T systems. The John Molson School of Business (JMSB) 

building of Concordia University features a unique façade BIPV/T system on its penthouse, which 

consists of custom p-Si PV modules set upon an unglazed transpired collector (UTC) cladding 

(Bambara et al., 2011). The shape and orientation of the PV modules was designed to match the 

modulation of the building’s curtain wall, as well as reduce temperature stratification in the vertical 

axis. The recovered heat is used for ventilation air preheating during the heating season and is 

rejected during the summer. This hybrid system constitutes the first form of a multiple-inlet 

BIPV/T system. 

 

Figure 2. 4: Full-scale BIPV/T systems, from left to right: the EcoTerra house roof system, the JMSB façade system, 

roof BIPV/T of the Varennes library and roof BIPV/T with integrated skylight of the Deep Performance Dwelling. 

The Varennes Library building features a large roof PV installation, one section of which is 

naturally and one mechanically ventilated (Dermadiros et al., 2019). This is practically an add-on 

system with framed PV modules fixed with supports upon a metal roof which achieves almost 

seamless architectural integration with the building. Approximately one fifth of the PV installation 

serves as a BIPV/T system, with the recovered heat used for ventilation air preheating. 

The roof BIPV/T systems installed in the EcoTerra house (Chen et al., 2010), one of the first net-

zero energy buildings in Canada, and the Deep Performance Dwelling (DPD) (Dumoulin et al., 

2021; Rounis et al., 2018), which was the design entry by Team Montreal for the 2018 Solar 

Decathlon competition in China, can be prime examples of the potential for standardization in 

BIPV/T design. The former introduced a prefabricated modular design where the whole roof 

assembly including the BIPV/T (a-Si modules pasted on metal roofing) was pre-assembled and 

shipped to location. The latter featured a curtain wall design approach based on the system 
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discussed in the present study, which allowed for seamless building integration, as well as the 

incorporation of an integrated skylight. 

Table 2.1 summarizes the basic features of the four BIPV/T systems. 

Table 2. 1: Full scale BIPV/T systems 

Case Study 

 

 

Building 

Type 

System 

Type 

Integration Type System (peak 

power, 

installation 

area) 

Thermal application 

EcoTerra 

(Chen et al., 

2010) 

Residential Roof Flexible a-Si modules 

pasted on metal 

roofing, wooden roof 

structure 

2.84 kW 

55 m2 

Outlet air used passed 

through ventilated 

concrete slab 

JMSB 

(Bambara et 

al., 2011) 

Institutional/ 

Office 

Façade Custom p-Si modules 

over UTC cladding 

24.5 kW 

288 m2 

Preheated ventilation air 

Varennes 

Library 

(Dermadiros 

et al., 2019) 

Institutional/  

Library 

Roof Framed p-Si modules 

braced on corrugated 

metal roof 

110 kW 

711 m2 

Preheated ventilation air 

DPD 

(Dumoulin et 

al., 2021) 

Residential Roof BIPV and BIPV/T 

curtain wall frame 

fixed on roof.  

12.4 kW 

80 m2 

Air/water heat exchanger 

to cold tank of 2-tank heat 

pump system 

 

A major distinction among PV/T systems refers to the heat transfer medium. Water-based PV/T 

systems use a closed loop of water or a mixture of water/glycol in cold climates as the medium, 

while air-based systems use air primarily in an open loop configuration. Comprehensive reviews 

of water-based PV/T studies can be found in (Al-Waeli et al., 2017; S. S. Joshi & Dhoble, 2018; 

Michael et al., 2015). Such systems can achieve higher fluid temperatures and are usually used for 

domestic hot water (DHW) applications (Bigorajski & Chwieduk, 2018) but may extend to solar 

assisted heat pump and industrial applications for water desalination. 

Notwithstanding their thermal efficiency and performance, water-based systems are arguably 

better suited as stand-alone units rather than fully integrated systems to avoid the risk of freezing 

and leakage than can lead to corrosion at the building envelope level. Conversely, air-based 

systems are arguably better suited for building integration due to their simpler design and greatly 

reduced need for maintenance. Furthermore, the necessary elements of the building envelope 

(air/moisture transfer control, insulation, cavity ventilation) can be readily facilitated, while 

existing building techniques such as the curtain wall can be easily modified to incorporate the 

BIPV/T concept. The focus of the present thesis is solely on air-based BIPV/T systems. 
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2.3 Thermal performance parameters 

The following section reviews the various parameters that affect the electrical, thermal and 

hydraulic performance of PV/T systems, as documented in the literature. These include 

environmental parameters (irradiance, ambient temperature, wind velocity), operating conditions 

(mass flow rate), parameters inherent to the design of the system (length, width, depth, tilt angle) 

and use of heat transfer enhancements (fins, glazing, double-pass configurations etc.). The latter 

are discussed in more detail in section 3. Elbreki et al. (2016) performed a review of such 

parameters, which has been further extended and analyzed in the present paper, with focus on the 

building integration context.  

2.3.1 Environmental parameters 

2.3.1.1 Solar irradiance 

Solar irradiance is probably the most critical environmental factor for the performance of a hybrid 

photovoltaic/thermal system. The higher the insolation on the PV/T, the higher the electrical and 

thermal output. The electrical efficiency itself may decrease due to the fact that the PV cell 

temperature increases linearly with increasing solar irradiance. This causes a slight increase in the 

cell’s short circuit current (Isc) and corresponding generated electrical power but decreases the 

open circuit voltage (Voc) with a consequent decrease in the cells fill factor (FF) (Hamrouni et al., 

2008). This, in turn, has a direct impact on the cells electrical efficiency which decreases with 

increasing irradiance levels (Figure 2.5). The thermal efficiency increases, as is the outlet air 

temperature (Tout), due to the larger amount of available heat from the PV boundary. The effect of 

solar irradiance has been documented in various experimental studies in PV/T literature (Adeli et 

al., 2012; Kaiser et al., 2014; Kim et al., 2014; Koech et al., 2012; Kumar & Rosen, 2011b; M. Y. 

Othman et al., 2007; Sopian et al., 2000). 

It is therefore critical for BIPV/T systems to receive the maximum amount of solar radiation. 

However, it should be noted that contrary to stand alone PV/T collectors, BIPV/T placement may 

be limited and dictated by the building’s shape and orientation, especially for the case of retrofits. 

 

Figure 2. 5: Linear decrease of electrical efficiency with increasing solar irradiance (a: Kaiser et al, 2014, b: Sopian 

et al, 2000) 
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2.3.1.2 Wind 

The wind effect on BIPV/T is critical, as the PV (absorber) interfaces directly with the ambient 

environment, as opposed to glazed solar thermal collectors. Furthermore, in contrast with small, 

stand-alone type collectors, local wind velocity distributions may have a more significant effect 

on large BIPV/T installations both in terms of local convective phenomena, as well as pressure 

distributions for the case of multiple-inlet systems (Rounis et al., 2016). 

Wind has a cooling effect on the PV modules which increases the electrical efficiency of the 

system, but reduces the thermal output and efficiency due to the reduced PV temperature, Tout 

(Adeli et al., 2012; Hussain et al., 2013; Mekhilef et al., 2012; Yang & Athienitis, 2014). Figure 

2.6 demonstrates the thermal efficiency of an experimental PV/T system for varying flow rate and 

three wind velocities (Yang & Athienitis, 2014).  

The relation between wind and the external convective heat transfer coefficient has primarily been 

found to be linear in most studies as documented by Palyvos (2008), Vasan & Stathopoulos (2014) 

and Ladas et al. (2017). 

Although important, the wind effect on PV/T collectors and BIPV/T systems has been poorly 

documented, due to the complexity introduced. Furthermore, contrary to solar thermal collector, 

the addition of a glazed cover over the PV/absorber should be avoided, as it can lead to PV cell 

overheating, as well as reduction of incident solar irradiation, transmitted through the transparent 

cover.  

 

Figure 2. 6: Thermal efficiency versus mass flow rate for three different wind velocities (Yang & Athienitis, 2014). 

2.3.1.3 Ambient temperature 

The effect of irradiation and wind on the PV cell temperature is always relative to the ambient 

temperature. Therefore, an increase or decrease in ambient temperature will reflect upon the PV 

cell temperature accordingly. The effect of the ambient temperature on the air temperature rise 

(ΔΤ) and the thermal efficiency is a more difficult subject, especially in the field, as it is difficult 
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to maintain constant combination of the other parameters (irradiation and wind), while indoors 

studies usually involve a constant ambient (room) temperature with small variations around it. 

A solar simulator study on a hybrid UTC-PV/T system by Bambara et al. (2011) indicated that the 

temperature rise normalized by the irradiation for spring and winter conditions for a mass flow 

rate is the same, although only the irradiation level was varied (Fig. 2.7). 

 

Figure 2. 7: Inlet/outlet temperature difference, normalized by the solar irradiance, vs the normalized mass flow rate 

(Bambara et al., 2011). 

2.3.2 Mass flow rate and channel geometry 

The air flow rate is another critical factor for the hybrid system’s performance and has been studied 

extensively in PV/T literature (Bambrook & Sproul, 2012; Bergene & Løvvik, 1995; Dubey et al., 

2009; Hegazy, 2000; Koech et al., 2012; M. Y. Othman et al., 2007; Sopian et al., 2000; A. Tiwari 

et al., 2006; Tonui & Tripanagnostopoulos, 2006, 2007; Yang & Athienitis, 2014a).  

The air flow rate highly affects the convective heat transfer within the air channel. Increasing the 

flow rate, the convective heat exchange increases, and this enhances both the thermal and the 

electrical efficiency by reducing the PV cell temperature. The rate of increase in electrical and 

thermal efficiency drops rapidly with increasing flow rate, until both reach a maximum (Fig. 2.8a). 

This is due to the fact that as the PV and coolant temperatures get closer, the heat exchange 

between the two decreases. Furthermore, with increasing flow rate, heat is dissipated in a larger 

body of air and therefore the temperature rise is smaller, as is the outlet temperature (Fig. 2.8b). 

As far as the hydraulic performance is concerned, increasing mass flow rate (and average channel 

air velocity) also increases the frictional pressure drop inside the air channel and consequently the 

fan consumption. The additional fan power has to be deducted from the PV generation to obtain 

the net electrical gains. 
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Figure 2. 8: a. Increase of electrical and thermal efficiency with increasing mass flow rate (Bambrook & Sproul, 

2012), b. effect of mass flow rate on max air temperature rise (Othman et al, 2007) 

Studies have also shown that with increasing collector length, the air temperature and thermal 

efficiency increase, up until a plateau is reached (A. S. Joshi et al., 2009; Koech et al., 2012; A. 

Tiwari & Sodha, 2007; Tonui & Tripanagnostopoulos, 2007). This is due to the fact that as the air 

temperature rises, the convective heat exchange efficiency with the absorber (PV) decreases. A 

reduced channel depth, D, increases the flow velocity and therefore the heat extraction from the 

PV surface, for the same flow rate. This causes an increase in both the electrical and a small 

increase in the Tout. Furthermore, as the velocity increases, the pressure drop increases, as does the 

fan consumption (Kumar & Rosen, 2011b; Tonui & Tripanagnostopoulos, 2007). 

It should be noted that the effect of varying flow rate and channel geometry is most times studied 

performing a numerical parametric analysis, after having established mathematical models for 

specific channel configurations, and not experimentally. 

Suggestions for optimal channel length and depth vary among studies. Tonui & 

Tripanagnostopoulos (2006) suggested a collector’s length between 6-8 m to balance the thermal 

output, the electrical efficiency drop due to the consequent increased PV temperature, and the 

pressure drop and fan consumption. Tonui & Tripanagnostopoulos (2007) suggested an optimal 

channel depth of 0.15 m to minimize pressure drop and fan consumption, considering a 5-10 m 

long installation. Tiwari et al (2006) reported an optimum channel of 0.03-0.06 m for a 1.2 m long 

system. Farshchimonfared et al. (2015) found that the optimum channel depth increases with 

increasing ratio of length over width (L/W) of the collector within a range of 0.026-0.09 m. Adeli 

et al (2012) performed an optimization study for a 1 m long PV/T system and found that a channel 

depth between 0.109-0.148 m maximizes the electrical and thermal output. (Agrawal & Tiwari, 

2010) investigated the effect of connecting PV/T channels in series and in parallel. They found 

that for a given flow rate, a series configuration, which essentially increases the length of the 

collector, will increase the thermal efficiency and outlet temperature, but will decrease the 

electrical efficiency. 
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For building integrated systems, the channel length and depth should be designed based on the 

flow rate range needed for efficient coupling with the HVAC system, along with other potential 

building restrictions. The optimization of these features should consider the net gains from the 

coupled BIPV/T and HVAC system performance, including fan consumption, while also 

considering requirements on PV temperatures. 

2.3.3 Material thermal and optical properties 

Apart from the specific geometry of the air channel, the thermal performance of a hybrid system 

can be highly affected by the properties of the materials that constitute the boundaries of the 

channel.  

The efficiency of the PV cell and the PV module’s packing factor (PF), along with the optical 

properties of the materials (reflectance, transmittance and absorptance) will define the fraction of 

solar irradiance that will be available for thermal conversion. The effect of the packing factor, as 

well as the use of semi-transparent PV (STPV) instead of opaque PV modules has been studied by 

several researchers (Guiavarch & Peuportier, 2006; Sandnes & Rekstad, 2002; Vats et al., 2012; 

Yang & Athienitis, 2015). For the same PF, the use of STPV can highly benefit the thermal 

performance, as a fraction of the solar irradiance is transmitted and absorbed by the rear surface 

of the channel. Additionally, the electrical performance is also enhanced, since less irradiance is 

absorbed by the part of the module not covered by PV cells, resulting in an overall lower PV 

module temperature. 

Yang & Athienitis (2015a) reported a 7.6% increase in thermal efficiency when using STPV 

instead of opaque PV modules of the same PF for an experimental PV/T prototype. This indicates 

the potential of utilizing STPV even for opaque applications, to the benefit of both the electrical 

and thermal performance of the system. 

Several researchers have studied the effect of the thermal conductivity on either side of the PV cell 

encapsulation. A thermally conductive PV substrate could function as a heat sink and increase heat 

transfer in the air channel, whereas, a thermally insulated superstrate, as is the case for glazed 

collectors, can reduce heat loss to the environment and possible PV overheating. 

Tiwari & Sodha (2007) reported that PV modules without tedlar on the back performed better 

thermally in an experimental investigation of a PV/T air system. Joshi et al (2009) reported better 

thermal, electrical and overall efficiency for a PV/T air collector with glass-to-glass versus glass-

to-tedlar PV modules. Koech et al (2012) showed that with increasing conductivity of tedlar, both 

the thermal and electrical efficiencies of the system increase. A similar effect is caused by the 

thermal resistance of the bonding materials between the PV and the substrate, or the absorber for 

the cases of pasted PV cells on a thermal absorber (Zondag, 2008).  

The combination of thermal conductivities of the materials on either side of the PV cell could 

create a unique effect on the external and internal convective heat transfer of a specific system. 
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This can be especially important for building integrated systems where typical substrate materials 

may not meet building code standards. 

Glass-on-glass modules could be well suited for such applications, while PV modules specifically 

designed for BIPV/T applications with a thermally conductive substrate (potentially aluminum) 

could be an interesting subject of research. A similar concept was applied on the BIPV/T roof of 

the EcoTerra (Chen et al, 2010), in which case flexible a-Si modules were pasted on the metal 

roofing. From a modelling perspective, this can also introduce additional uncertainties in the use 

of commonly used expressions for wind-driven and channel convection, as the thermal resistance 

of the material in either side of the PV cell are added in series with the respective air film resistance. 

2.4 Thermal Enhancements 

In order to bypass the issue of lower thermal performance, there are various methods of enhancing 

the thermal performance of air-based PV/T systems proposed in the relevant literature. These 

include the use of a glazed cover which reduces wind-driven thermal losses (Agrawal & Tiwari, 

2011; Hegazy, 2000; Pei et al., 2008; Sopian et al., 2000; A. Tiwari et al., 2006; Tiwari & Sodha, 

2007; Tonui & Tripanagnostopoulos, 2007), double-pass configurations (Amori & Abd-

AlRaheem, 2014; Hegazy, 2000; M. Y. Othman et al., 2007; Saygin et al., 2017; Sopian et al., 

2000), which combine a top glazing section with increasing the available area for convective heat 

transfer through the formation of air channels on either side of the PV, as well as the use of fins, 

thin metal sheets and other porous media (Hussain et al., 2015; Kumar & Rosen, 2011b; M. Y. 

Othman et al., 2007; Tonui & Tripanagnostopoulos, 2006, 2007; Tripanagnostopoulos, 2007). 

These added elements increase the available area for convective and radiative heat transfer and/or 

can induce turbulence. 

Arguably, these methods may not always be suitable for systems intended for building integration, 

due to increased complexity of the design, potential PV overheating and partial shading (glazed 

covers, double pass), or high pressure drop and resulting fan consumption increase (fins, porous 

media). Generally, thermal enhancements for BIPV/T should be easily implemented at minimal 

additional cost, without affecting the building envelope function or the electrical performance.  

The following section presents the various thermal enhancement techniques, followed by a 

discussion on the suitability of each method for building integration. 

2.4.1 Use of top glazing 

The use of a top glass cover has been studied extensively in solar thermal collectors and PV/T 

systems experimental prototypes that focus on maximizing the thermal output, by reducing the 

convective losses from the top surface. A layer of still air is encapsulated between the PV/absorber 

surface and a top glazing (Fig. 2.9). By reducing the wind-driven convective losses, more heat is 

transferred to the air channel, resulting in higher outlet temperature and increased thermal 

efficiency. However, the electrical efficiency drops due to the increased PV cell temperature, as 
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well as the reduced solar irradiance due to the addition of the top cover (Bakari et al., 2014; 

Sandnes & Rekstad, 2002). 

Tonui & Tripanagnostopoulos (2007) reported an increase of 30% in thermal efficiency and 16% 

optical losses for a glazed vs a reference system. They suggested that the primary purpose of a 

PV/T is electricity generation and the resulting high temperatures of glazed systems should be 

avoided. Chow et al. (2006) suggested that glazed systems enhance the thermal performance and, 

reversely, unglazed ones enhance the electrical. The choice of system type depends on the intended 

use. Bakker et al. (2005) indicated that unglazed systems produce low Tout and should be combined 

with heat pumps. 

 

Figure 2. 9: Glazed PV/T configurations (Hegazy, 2000). 

2.4.2 Double-pass 

A system with a double pass configuration has the PV/absorber set within the air gap, with a glazed 

cover set on top, and flow on both sides of the PV. The upper and lower flow can be either separate, 

forming two individual channels (double-duct, Figure 2.10a), or it can continue from the top to the 

bottom section (single-duct, Figure 2.10b). 

 

Figure 2. 10: (a) Double-pass, double-duct PV/T (b), and double-pass, single-duct PV/T (Hegazy, 2000). 

The same effects of having a top cover are implied for this type of configuration (reduced wind-

driven losses and reduced optical properties), but with the added benefit of top heat extraction in 

addition to that from the rear side of the PV. Enhanced electrical and thermal efficiency for double-

pass systems have been reported in literature (Amori & Abd-AlRaheem, 2014; Hegazy, 2000; M. 

Y. Othman et al., 2007).  
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Saygin et al. (2017) proposed a modified glazed, double-pass PV/T air collector with air entering 

through a slot in the middle of the top glazing and was collected from an outlet located beneath 

the center of the PV module. The distance from the top glazing to the PV varied and it was found 

that a 3 cm gap maximized the collector’s thermal efficiency, for a flow rate of 0.037 kg/s 

(ηth_max=48%, ηel_max=7.7%, ΔΤ=8-10oC). 

An inherent issue with both glazed and double-pass systems is that of self-shading from the 

collector’s side walls, due to the fact that the PV layer is set lower than the top surface of the 

collector. 

2.4.3 Channel added elements and porous media 

Several researchers have incorporated the addition of elements within the air channel which can 

increase convective and radiative heat transfer, or act as heat sinks for the PV. 

2.4.3.1 Fins 

Fins can increase heat transfer from the PV/absorber surface either as turbulence inducing elements 

(Tonui & Tripanagnostopoulos, 2006, 2007; Tripanagnostopoulos et al., 2002) (Fig. 2.11a), heat 

sinks when in touch with the PV (Jin et al., 2010; M. Y. Othman et al., 2007) (Fig. 2.11b), or a 

combination of the two (Kumar & Rosen, 2011) (Fig. 2.11c). Furthermore, when fins are in contact 

with the PV, they also enhance the radiative heat transfer from the PV surface. Tonui & 

Tripanagnostopoulos (2006) reported an increase in thermal efficiency from 25% to 30% when 

using fins attached to the insulation surface. Kumar & Rosen (2011b) found that using fins in 

contact with the PV on the lower channel of a double pass system lowered the PV temperature 

from 82oC to 66oC.  

 

Figure 2. 11: PV/T with fins as: a. turbulence inducers (Tonui & Tripanagnostopoulos, 2006), b. heat sinks (Othman 

et al, 2007) and c. combination of the two (Kumar & Rosen, 2011). 

A similar effect was reported by Yang & Athienitis (2015a), who used metal supports for the PV 

of an experimental PV/T setup, which also acted as fins. 
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2.4.3.2 Thin metal sheet (TMS), porous media, V-grooves, rectangular channels, honeycomb 

Added porous media increase the available surface for radiative and convective heat exchange 

within the air channel (Othman et al., 2013). A thin metal sheet (TMS) suspended in the middle of 

the air channel increases radiative heat exchange with the PV. This also creates a double pass 

configuration which further increases convective heat transfer from the TMS surface. The 

suspended TMS reduces radiation to the back surface, forming a cooler back boundary. Tonui & 

Tripanagnostopoulos (2006) found that a PV/T with a TMS had 3% higher thermal efficiency 

compared to a reference system (Fig 2.12a). Similar results were reported by (Shahsavar & Ameri, 

2010). 

Othman et al. (2009) introduced a single-pass PV/T prototype with V grooves (Fig 2.12b). Such a 

technique has been applied in a solar thermal collector by Karim & Hawlader (2006) with a 

resulting 12% increase in its thermal efficiency. Hussain et al. (2015) found that an experimental 

PV/T air collector equipped with a hexagonal honeycomb heat exchanger had a 60% increase in 

its thermal efficiency and a marginal increase in its electrical efficiency (Fig 2.12c). Sopian et al. 

(2009)investigated experimentally a double pass PV/T air system with porous material on the 

lower channel. It was found that the porous material increased the thermal efficiency and outlet 

temperature, with a typical thermal efficiency of 60-70%. Jin et al. (2010) studied a PV/T collector 

with rectangular tunnel absorbers (Fig 2.12d). The prototype system showed improved 

performance versus a one without the rectangular absorbers, with a thermal, electrical and overall 

performance of 54.7%, 10.02% and 64.72% respectively, under solar irradiance of 817.4W/m2, 

ambient temperature of 25oC and 0.0287 kg/s mass flow rate. 

 

Figure 2. 12: a. Rectangular tunnel absorbers (Jin et al, 2010), b. hexagonal honeycomb heat exchanger (Hussain et 

al, 2015), c. suspended thin metal sheet (Tonui & Tripanagnostopoulos, 2007) d. V-grooves (Othman et al, 2009) 

  



 

20 

 

2.4.4 Multiple-inlets 

The concept of multiple-inlets evolved from the hybrid UTC-PV/T system designed by Bambara 

et al. (2011) and relies upon the introduction of several intakes of fresh air and the disruption of 

the thermal boundary layer over the PV surface by introducing additional entrance effects. As 

opposed to all other cases of PV/T configurations, where a temperature stratification always occurs 

on the PV surface, resulting in non-uniform electrical performance, in a multiple-inlet system the 

PV modules can be uniformly cooled. This is possible with regulation of the flow entering the 

inlets of the system. 

Yang & Athienitis (2014, 2015) found that a two-inlet system (Fig. 2.13) had 5% higher thermal 

and marginally higher electrical efficiency as compared to a single-inlet reference system. Similar 

results were found from the experimental investigation of a BIPV/T curtain wall prototype (Fig. 

2.14) (Rounis et al, 2017; Kruglov et al, 2017). Mirzaei et al. (2014) investigated experimentally 

the role of cavity flow on the performance of BIPV placed on inclined roofs. The experimental 

configurations included a flat and a stepped arrangement, which was essentially a multiple-inlet 

formation. The cavity was naturally ventilated and no mechanical air collector potential was 

investigated; however, it was found that the PV temperatures were significantly lower for the 

stepped configuration (multiple-inlet) cases, as opposed to the flat roof, indicating that the 

additional opening provided enhanced heat transfer within the air channel. Rounis et al. (2016) 

developed a flow distribution model for the sizing of inlets and Athienitis et al. (2018) investigated 

through simulations the optimal number of inlets for a 30 m high façade integrated system, 

considering a single flow rate and channel depth. 

 

Figure 2. 13: Two-inlet PV/T system (Yang & Athienitis, 2015) 
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Figure 2. 14: Detail from middle inlet in BIPV/T curtain wall prototype (Rounis et al, 2017) 

2.4.5 Added glazed section 

Yang & Athienitis (2014) and Pantic et al. (2010)investigated through simulations the option of 

adding a glazed thermal collector section in series with a roof BIPV/T system (Fig. 2.15). The 

addition of the glazed section was found to increase the thermal efficiency of the system by 8-

20%. With the addition of the glazed thermal collector, higher outlet temperatures can be achieved 

without affecting the operating temperatures of the PV. 

 

Figure 2. 15: a. Single-inlet BIPV/T with added glazed section (Pantic et al, 2010), b. Double-inlet BIPV/T with 

added glazed section (Yang & Athienitis, 2014). 

2.4.6 Concentrating parabolic collectors (CPC) 

PV/T concentrator systems use reflectors to increase the radiation intensity on the PV cells. With 

concentrating collectors, less PV area is needed, which is replaced by lower cost reflectors or 

lenses. In the case of air-based concentrators, the high air temperatures within the collector 

undermine the PV efficiency. Although the heat output is high, there is a trade-off between 

maximizing electricity hot air production (Garg & Adhikari, 1997; M. Y. H. Othman et al., 2005). 

In order to increase heat extraction, concentrating collectors may employ fins and double pass 
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channels (Fig. 2.16a), but mainly a liquid is used for higher heat exchange efficiency, while such 

systems are primarily used for high-temperature industrial applications. 

2.4.7 Impinging jets 

Brideau & Collins (2012) developed a PV/T air heating collector employing impinging jet as a 

means to enhance heat transfer to the working fluid (Fig. 2.16b). This concept consisted of a 

perforated plate below the PV layer, with air entering in the sub-channel formed between the plate 

and the back surface, then being directed through the perforations towards the PV layer and 

collected at the outlet. It was found that with increasing PV coverage, the electrical output of the 

system increased while the thermal output decreased due to the lower absorptivity of the solar cells 

versus the absorber plate. 

 

Figure 2. 16: a. Double pas CPC collector with fins (Othman et al, 2005), b. Impinging jets (Brideau & Collins, 

2012) 

2.4.8 Discussion  

According to the observation made from the review of these methods, the following can be said in 

terms of their applicability for building integration: 

A reference system is the simplest design, and has great potential for standardization and 

modularization, as well as adaption to existing building practices. It is the least efficient thermally 

but performs better electrically from its glazed counterparts due to wind-cooling. This is also the 

easiest system to design within the building integration context, adaptable to many existing 

building techniques (curtain wall, wood structure, DSF, etc.) and involving the least number of 

parts. 

Adding a glazed cover increases the thermal performance by reducing convective heat losses, but 

at the cost of the electrical performance and potentially the PV modules’ durability (delamination). 

The electrical efficiency is further reduced due to the optical losses introduced by the added glazing 

and there is an inherent issue of shading as the PV is set lower than the top surface. There is also 

the cost and installation for the extra glazing, as well as need for specialized supporting structure 

for building integration. Double pass systems entail the same issues, but with more efficient PV 

cooling. 
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The use of fins is an interesting option. It could be combined with an aluminum substrate to provide 

rigidity (for building codes) as well as enhance the thermal and electrical performance. On the 

downside, this might involve the development of new type of PV modules for building integration, 

with the requirements of certification a new product implies. 

The use of other porous media (grooves, ducts, mesh, TMS etc.) can increase the cost and 

fabrication/installation complexity. Furthermore, for installations with large flow channels, the 

pressure drop might and resulting fan consumption be considerable. Concentrating systems, 

impinging jets, middle slots etc., are probably the least suitable for large scale building 

applications. 

Multiple-inlet systems have high potential of enhanced performance with only the requirement of 

modified inlets with varying openings/porosities (and rated flow ΔP for design). Their design 

needs to account for rain penetration and may be sensitive to wind flow distributions for wind >2-

3m/s. Such a system also has the potential for standardized design and it is the only type of thermal 

enhancement that addresses the PV temperature stratification and non-uniform electrical 

performance. 

Finally, the addition of a glazed collector in series with the system may reduce the available PV 

installation area, however, it can highly boost the thermal output without affecting PV 

performance. Such a design can be the subject of coupled BIPV/T-HVAC system optimization 

(energy generation and energy saved by boosting thermally the operation of the HVAC) 

Table 2.2 summarizes the various methods of thermal performance enhancement and their 

resulting effects on the electrical and thermal output, as well as PV and outlet temperatures.  

Table 2. 2: Thermal enhancement techniques 

Enhancement 

technique 

PV 

temperature 

Air 

temperature 

rise 

Electrical 

efficiency 

Thermal 

efficiency 

Pressure 

drop 

Comments regarding 

building integration 

Top glazing ↑ ↑ ↓ ↑ N/A Generally, it should be 

avoided for BIPV/T due to 

resulting PV overheating. 

It may however have 

application in cold 

climates. 

Double pass ↑ ↑ ↓ ↑ ↑ Improved cell 

temperatures vs the top 

glazing, but there are still 

shading issues and it may 

be impractical as a 

construction for large 

installations 

Fins, TMS, 

porous 

elements 

↓ ↑ ↑ ↑ ↑ This can be a practical and 

efficient solution, however 

when applied to long 

channels, there may be 
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significant pressure drop 

imposed. 

Multiple inlets ↓ ↑ ↑ ↑ N/A Very efficient thermal 

enhancement for 

integrated systems in terms 

of performance. It needs 

careful flow distribution 

planning, which may be 

affected by wind and there 

need to be provisions for a 

watertight rear surface. 

Added glazed 

collector 

N/A ↑ N/A ↑ ↑ This can highly boost the 

thermal performance 

without affecting the 

electrical, especially when 

used to cover an area that 

would not be covered by 

PV anyway. 

 

2.5  BIPV/T + HVAC 

There are numerous studies that showcase BIPV/T system’s potential for waste heat exploitation 

through various ways of coupling with the HVAC system of the building, such as ventilation air 

pre-heating, boosting the performance of a heat recovery ventilator, air-source heat pump 

assistance and solar driven desiccant cooling. More recent studies have explored the potential 

contribution of BIPV/T systems to the building energy flexibility through the coupled operation 

of BIPV/T, air-to-water heat pumps and active thermal energy storage. Despite the numerous 

options, there is no standardized design procedure or best practice guide for the optimal coupling 

of BIPV/T and HVAC systems for different applications, building types and climates. The 

following section provides an overview of the various thermal applications, followed by a 

discussion on relevant design considerations and research needs. 

2.5.1 Ventilation air pre-heating 

One of the simplest and most efficient thermal applications for BIPV/T is preheating the supply 

air through the BIPV/T, thus reducing the ventilation thermal load for the HVAC system. 

Depending on the BIPV/T outlet temperature and the setpoint indoor temperature, the BIPV/T can 

either fully supply pre-heated ventilation air or boost the operation of the heating system by 

supplying air at higher temperature. In the case that the outlet air temperature is higher than the 

setpoint, it can be mixed with cool fresh air to reach the required temperature. 

For this type of application, all the heat recovered by the system can be directly utilized without 

heat exchange losses. The temperature of the collector’s outlet air can be further optimized by 

regulating the flow rate and mixing ratio with unheated fresh air. Such systems have been 

implemented in the Varennes Library (Fig. 2.17) and the John Molson School of Business (JMSB) 
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building of Concordia University (Fig. 2.18). In both systems, the preheated air is directed to the 

fresh-air supply during the heating season and vented to the environment during summer. 

 

Figure 2. 17: The Varennes Library BIPV/T system schematic (Dermadiros et al., 2019). 

 

Figure 2. 18: Schematic of the JMSB building BIPV/T system (Bambara et al., 2011). 
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2.5.2 Heat recovery ventilator (HRV) boosting 

Like ventilation air pre-heating, the recovered heat can be used to pre-heat the supply air side of a 

heat recovery ventilator system, thus enhancing the performance of the HRV itself, as the BIPV/T 

outlet air supply has higher enthalpy than outdoor air and is closer to that of warm return air. This 

type of application can further reduce the risk of condensation and frost for the HRV unit. 

Figure 2.19 shows a BIPV/T-HRV configuration, studied by Ahn et al. (2015). In said study, it 

was found that by using the pre-heated air from a roof BIPV/T system improved the efficiency of 

an HRV by about 20%, with a peak BIPV/T thermal efficiency f 23% at 100 kg/h constant air 

supply. The temperature difference between the inlet and outlet temperature of the PV/T ranged 

between 7-15oC, depending on the irradiance level, with an outdoor temperature of around 0oC. 

 

Figure 2. 19: Air BIPV/T coupled with HRV (Ahn et al, 2015) 

2.5.3 Solar assisted air-source heat pump 

Heat pumps incorporate a basic vapor compression cycle to pump heat from a lower temperature 

source to a higher temperature depository. There are several categories of heat pumps, namely air-

source, water-source and ground-source, depending on the heat source (or depository in cooling 

mode) for the outdoor coil which can be the ambient air, a body of water or the ground (via 

underground water loops), respectively. The heat can then be delivered to the conditioned space 

either directly through the indoor (condenser) coil, or indirectly, through thermal storage. 

Low-grade heat introduced on the outdoor/evaporator side can greatly enhance the coefficient of 

performance (COP) of the heat pump. Air-source heat pumps are usually placed under a snow-

protective cover near the building’s exhaust openings to take advantage of the building’s waste 



 

27 

 

heat. In a similar manner, heat pumps can benefit from heat delivered through a dedicated solar 

thermal collector, PV/T collector or BIPV/T system. Such a configuration is referred to as a solar 

assisted heat pump (SAHP). 

According to Kamel et al. (2015) the majority of studies on SAHP systems involve water-based 

collectors integrated in the water loop of water-based heat pumps, acting as the evaporator coil 

(Figure 2.20) 

 

Figure 2. 20: Schematic of a water-based PV/T/ASHP system (Kamel et al., 2015). 

Nevertheless, there is significant potential for the coupling of air-based BIPV/T with air-source 

heat pumps to save more energy than each system alone (Badescu, 2002). The coupling of BIPV/T 

and air-source heat pumps can have multiple benefits such as reducing the risk of frost and 

condensation for the outdoor coil, especially in cold climates, while reducing the defrost cycles, 

generally enhancing the COP of the heat pump and supplementing the irregular heat delivery of 

the BIPV/T by the parallel operation of the heat pump. Furthermore, by incorporating thermal 

storage (water tank, seasonal storage) the effect of available irradiation intermittency can be further 

reduced, and the stored thermal energy can be used as source for the heat pump at night too (Bakirci 

& Yuksel, 2011; Gang et al., 2007; Kuang et al., 2003). The potential of such coupling has been 

demonstrated in several studies. 

Kamel & Fung (2014b) developed a TRNSYS model to simulate the performance of an open-loop 

roof PV/T system integrated with a two-stage, variable capacity ASHP in an Archetype 

Sustainable House. The pre-heated air from the PV/T was used as the heat source for the heat 

pump. The simulated seasonal performance of the integrated ASHP + PV/T system was compared 

to the base case of just the ASHP system for different regions, in terms of overall electricity cost 

reduction and GHG emissions. The results showed an annual saving of 500$ in electricity bills and 

a GHG emission credit of 1734.7 kg CO2 from renewable energy generation. 

Badescu (2002)analyzed the model of an ASHP integrated with a solar air heater. The COP of the 

integrated system was found to be higher than that of the heat pump alone. Badescu (2002, 2003) 
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investigated air thermal storage for heating purposes. Energy collected by solar collector was used 

for thermal energy storage (TES) when space heating was not required. If space heating was 

required, part of the output of the collector was used for storage and part for driving the heat pump. 

If irradiance was not adequate, TES was used as source for the heat pump. If again TES was not 

adequately charged, the heat pump operated by itself. Electrical savings were evaluated between 

20-50%, depending on the level TES was charged. 

Liang et al. (2011) proposed a system for space heating consisting of an ASHP and a solar collector 

connected in series with the condenser of the heat pump to supply hot water of 45oC. Li et al. 

(2015) investigated numerically a coupled BIPV/T + ASHP closed loop system for the local 

climate of Shenyang. The outlet of the BIPV/T system was linked to the supply of the ASHP and 

the cool air exiting re-entered the façade BIPV/T system. It was found that for a supply rate of 

2.82 kg/s the COP of the heat pump reached 4.6, while the ΔT of the air channel was 6oC for a 12 

m long system, at 400 W/m2 solar irradiance and ambient temperature of -5oC. 

More recently, Dumoulin et al. (2021), studied the energy flexibility potential of a residential 

building with an air-based BIPV/T system coupled to an air-source heat pump and linked to a 

thermal storage tank (Fig 2.21). 

 

Figure 2. 21: Solar assisted air-source heat pump coupled with BIPV/T system and water source thermal energy 

storage (TES) (Dumoulin et al., 2021). 

The study investigated how rule-based controls for the coupled system could reduce and shift 

electrical energy demand during peak demand periods, taking advantage of on-site electricity and 

heat generation by the BIPV/T system. It was found that the energy consumption of the building 

was reduced by more than 40% during peak demand events. Additionally, it was reported that the 
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COPV of the heat pump was improved by more than 22% on a weekly average when coupled with 

the BIPV/T and by more than 50% during peak sun conditions. 

2.5.4 Desiccant cooling 

Desiccant cooling is a cooling technology based upon reducing the moisture content of the supply 

air before passing it through an evaporator cooler. This eliminates the need for a first cooling stage 

for the supply air below its dew point and then reheating it to thermal comfort levels. The basic 

cycle of a solid desiccant cooling system involves a rotary desiccant dehumidifier, an evaporative 

cooler and an auxiliary heat source for the regeneration of the desiccant agent. 

Desiccant cooling has generally high COP and requires lower operating temperatures for the heat 

source (around 60-65oC), compared to other cooling methods (Fong et al., 2010; Gommed & 

Grossman, 2007; H. Li et al., 2011).  The heat from a BIPV/T system can be utilized for the 

regeneration of the desiccant agent, either directly or through preheating of the auxiliary heating 

source, depending on the outlet temperature and relative humidity. 

(Guo et al., 2017) reviewed recent advances in thermally driven cooling systems that could reduce 

the required heat source for desiccant cooling to the range of 50-60oC, including isothermal 

dehumidification (or 2-stage/internal cooled dehumidification) and pre-cooling of the entry air 

with ambient heat sinks (indirect evaporative cooling), which could lead to more 

thermodynamically efficient utilization of the heat recovered by the PV/T for desiccant 

regeneration. 

A coupled BIPV/T façade and a desiccant cooling system is installed in a library building in 

Mataro, Spain (Infield et al., 2006). The facade consists of a 55 kW PV/T system (525 m2) with a 

105 m2 added solar thermal collector to boost the outlet temperature. The desiccant cooling system 

is operated to condition a 510 m2 room. When the room temperature goes over 25oC, an auxiliary 

cooling system takes over. 

Beccali et al. (2009) performed a theoretical investigation of a coupled PV/T + desiccant cooling 

system in TRNSYS, for the local climate of Palermo, Italy. They found that the outlet temperature 

of the PV/T (40-50oC) resulted in poor desiccant regeneration and overall system performance, 

but by using an added solar thermal section in series with the PV/T, the system’s performance was 

highly improved (with outlet temperatures 60-70oC). 

Nibandhe et al. (2019) performed a simulation study to investigate the performance of several 

configurations of a BIPV/T assisted solid desiccant cooling system for a warm and humid climate, 

employing a direct-indirect evaporative cooling cycle (Fig. 2.22). The study showed that a BIPV/T 

outlet air temperature over 50oC could be maintained for over 40% of the daylight hours, indicating 

the potential for thermal exploitation. 
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Figure 2. 22: Direct-indirect evaporative cooling (DINC) cycle for a BIPV/T assisted desiccant cooling system 

(Nibandhe et al., 2019).  

2.5.5 Building integrated thermal energy storage (BITES) charging 

One of the first applications where a BIPV/T system coupled with thermal energy storage was 

considered involved using the outlet air to charge a ventilated concrete slab for a near net-zero 

residential building in Quebec, as demonstrated in Figure 2.23 (Chen et al., 2010). If the outlet air 

temperature was 3oC or higher than that of the concrete slab it would be directed within a ducting 

system of the concrete slab, which would then give of the stored heat at a later time in the day. 

Furthermore, the outlet air could be used for clothes drying, when heating was not needed and 

when its temperature and RH were over 15oC and less than 50% respectively, or for DHW if 

temperature was at least 5oC higher than that of the storage tank. From the monitored data, it was 

found that the BIPV/T system has a typical thermal efficiency of 20%, while its annual space 

heating energy consumption is about 5% of the national average. 
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Figure 2. 23: Schematic of BIPV/T and ventilated concrete slab integration (Chen et al., 2010) 

2.5.6 Discussion 

The major trends in the energy sector include decentralization of power generation with integration 

of distributed renewable energy sources, electrification of heating with heat pumps and 

transportation with electric vehicles, as well as smart grid integration by using building energy 

flexibility. 

BIPV/T systems fit well and support the trends above and there is significant room for integrated 

applications (BIPV/T plus heat pumps plus energy storage and the building as a smart prosumer 

trading energy with a smart grid), given that both the retrofit and new building markets are very 

large. 

Indicatively, according to Canada Green Building Council [120], in order to achieve a 30% 

reduction in Canada’s emissions by the year 2050, there are several steps that need to be followed, 

including recommissioning in 60% of very large buildings (over 200,000 ft2) and 40% of large 

buildings (25,000 to 200,000 ft2), deep retrofits in 40% of buildings over 35 years old and 

installation of on-site renewable energy system in 30% of buildings (in carbon intensive locations). 

An early study by CANMET Energy (Natural Resources Canada) indicated that roof PV 

applications on residential buildings could potentially supply roughly 46% of electricity 

consumption in Canada [121].  
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The utilization of BIPV/T systems for fresh air preheating [13, 14] or as a heat source for heat 

pumps during the heating season in most of Canada and the Northern US [16, 17] is particularly 

promising because of the widespread adoption of forced air systems in which this heat source can 

be readily connected.  

The intermittency of power generation and the fact that electricity and heat may be readily 

available when least needed (i.e. during peak sun hours in the winter) can be alleviated with 

optimized grid integration strategies and demand response scenarios. Recent studies [20] have 

shown that a BIPV/T assisted air-source heat pump connected to a thermal storage tank could 

significantly increase the energy flexibility of a residential building and reduce energy 

consumption during peak demand period in winter by up to 40%. 

Regarding the coupling of air-based BIPV/T and HVAC, the following can be noted: 

• The literature shows that there are numerous options for the integration of air-based 

BIPV/T and HVAC. There are however no relevant guidelines or standards for such 

coupling and integrated performance. 

• The intermittency of the incident solar radiation is a crucial factor which affects the degree 

of thermal utilization of the system. There will never be a constant outlet temperature and 

therefore whether the preheated air can be used as is or needs to be further heated by an 

auxiliary source, depends on the type of BIPV/T and HVAC coupling. 

• The coupling options with the greatest simplicity and degree of thermal utilization are 

direct preheated fresh air supply, boosting the operation of an HRV and boosting the 

evaporator intake of an air-source heat pump. The efficiency of these options is due to the 

fact that the outlet air of the BIPV/T replaces the ambient intake of each system, reducing 

thus the heating load. 

• Increasing the complexity of the system with added equipment increases the initial and 

maintenance cost but may provide further options for thermal utilization. The design option 

of a BIPV/T boosting an air-to-water heat pump, also connected to a storage tank allows 

for further thermal flexibility in interacting with a smart grid and utilization when there is 

no incident solar radiation. This can also be beneficial from the grid peak shaving 

standpoint. 

• As far as thermally driven cooling systems are concerned, BIPV/T has great potential to 

be coupled with desiccant cooling systems that require low regeneration temperatures. 

Limiting factors for that are the complexity of the system, which increases with more 

extreme climates, as well as the intermittency of incident radiation that renders an auxiliary 

heat source necessary. 
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Comments regarding the system design: 

• Several studies have established that PV/T systems should not be treated as solar thermal 

collectors, as their primary function is electricity generation (Gautam & Andersen, 2017; 

Yang, 2015), and should therefore be intended for low temperature applications (Tonui and 

Tripanagnostopoulos, 2006; Thomas, 2001; Kamel et al 2014). An important factor to take 

into consideration is PV module degradation at high operating temperatures (Yang, 2015) 

(Rebecca), as well as the thermal boundary for the building that is created and the impact 

on the heating/cooling load of the building.  

• The design of the BIPV/T should not be done independently but considering the integration 

with the HVAC (in addition to the structural and building envelope requirements). The 

designated HVAC system may impose constraints on the system’s flow rate and required 

outlet temperature. This may in turn affect the system’s geometric design (thermal and 

hydraulic performance) and may dictate the need for an auxiliary heating source. 

• In the end, the design of a BIPV/T system is a trade-off and optimization procedure 

depending on the climate, system type, thermal needs and application, electrical needs, 

thermal enhancement. Enhancements like use of glazing may be unsuitable for warm 

climates but a good solution for cold climates. It is therefore important to map the potential 

thermal applications, with emphasis on the ones that require low temperature input. The 

presence of thermal storage and its use to store heat for later use can help develop flexibility 

in the interaction with a smart grid by displacing heating loads to off-peak hours and take 

advantage of dynamic tariffs. 

• Evaluation and control of the outlet air temperature can be critical for the optimal coupled 

operation of the BIPV/T and the HVAC system. 

2.6 Documented performance of PV/T and BIPV/T systems 

The following section presents a review of key indoor and outdoor experimental studies of PV/T 

prototypes, as well as full scale BIPV/T systems that have been instrumented and monitored. The 

objective is to get an overview of a system’s performance in terms of electrical and thermal output, 

as well as PV and outlet temperatures (or air temperature rise) with respect to the system design, 

configuration and size, and the operating/testing conditions. The review showed that the majority 

of experimental studies involve small-scale PV/T prototypes of the stand-alone format, usually 

tested under conditions that are not representative of full-scale BIPV/T systems, while the cases 

of instrumented full-scale BIPV/T systems are very few. The varying testing conditions render a 

direct performance comparison of the various systems difficult, while the convective phenomena 

may exhibit significantly different behavior depending on the system type and size. 

The selection of studies was done according to the wealth of information these could provide 

regarding the testing conditions (solar irradiance, ambient temperature, wind velocity and flow 

rate), the system’s configuration data (geometric features, thermal enhancements, PV type) and 
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performance (electrical and thermal performance, surface and air temperatures and fan operation 

when applicable), as well as convective correlations used in the modelling of the system, when 

applicable. 

The performance of hybrid PV/T and BIPV/T systems is usually described by the electrical and 

thermal efficiency of the system. For crystalline, silicon-based PV, the electrical output is highly 

dependent on the operating PV temperature (cell or module), according to the well-established 

correlation (Florschuetz, 1979; Wolf, 1976): 

𝜂𝑃𝑉 = 𝜂𝑆𝑇𝐶(1 − 𝛽𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑆𝑇𝐶)) (2.1) 

The thermal output is given by: 

𝑞 = 𝑚̇𝐶𝑝𝛥𝑇 (2.2) 

And the thermal efficiency is defined as: 

𝜂𝑡ℎ =
𝑞

𝐴𝑐𝐺
 (2.3) 

where q indicates the total heat flow output by the collector and 𝛥𝑇 is the temperature difference 

between inlet and outlet temperature of the air flow. The thermal efficiency, ηth, can be a useful 

indicator when comparing the thermal performance of different design configurations for systems 

operating under the same conditions (environmental conditions, flow rate). However, for building 

integrated systems, and depending on the coupled BIPV/T – HVAC configuration, the thermal 

efficiency may not be an adequate indicator of the overall system performance since the usable 

recovered heat is needed to describe the overall system performance.  

Table 2.3 presents several indicative investigations of PV/T systems in literature and includes a 

brief description of the system (geometric and other features), testing and operating conditions 

(ambient conditions, flow rate, and the critical values measured in each study (PV, back surface 

and outlet air temperatures, electrical and thermal output, fan consumption). These studies can be 

summarized as follows. 

2.6.1 Single pass PV/T with and without glazing 

Tiwari et al. (2006) developed an unglazed PV/T air collector consisting of two 75 W (ηSTC=12%) 

PV modules (Fig. 2.24) and evaluated its performance experimentally under three flow modes; 

natural flow, forced flow with single and forced flow with double fan. For the case of forced 

channel flow, combined efficiencies of up to 43% were reported. However, these corresponded to 

cases of high channel flow with insignificant temperature rise, which may not be usable for 

building and HVAC integrated systems. The experimental study was extended to include a glazed 

configuration (A. Tiwari & Sodha, 2007), as well as PV modules with and without tedlar, as the 

substrate material which supports the PV cells. It was found that the glazed collector employing 

PV modules without tedlar had the best overall performance, due to the increased conductive heat 
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transfer from the substrate side. This indicated the importance of the thermal conductivity of the 

material placed between the PV cells and the air channel. 

 

Figure 2. 24: PV/T system by Tiwari et al. (2006). 

Bambrook & Sproul (2012) designed an experimental, 3.92 m long unglazed single-pass PV/T 

collector with a 0.1 m air channel gap (Fig. 2.25), with the aim of maximizing its electrical and 

thermal output, while achieving lower fan consumption than the additional energy generated. The 

PV/T system, which employed large ducts in order to minimize the hydraulic resistance, was tested 

outdoors in Sydney, Australia and it was found that for flow rates in the range of 0.03-0.05 kg/s/m2 

the additional energy output from the PV cooling was in excess of the fan power demand. The 

thermal and electrical efficiencies of the system were found to increase with increasing air mass 

flow rate. The study concluded that a control system which optimizes the outlet air temperature, 

also considering the fan operation, should be investigated. 

 

Figure 2. 25: Single pass PV/T air collector studied by Bambrook & Sproul (2012). 
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Adeli et al. (2012) studied the performance of a single pass PV/T collector (0.997 m x 0.462 m, 5 

cm channel gap) with a m-Si PV module (Fig. 2.26a). The experiments were conducted outdoors 

in Iran under a constant flow rate of 0.18 kg/s/m2 and the measured data were used for the 

development of a mathematical model to be used for the simultaneous electrical and thermal 

optimization of the collector. Kim et al. (2014) studied a similar collector (Fig 2.26b) featuring a 

single 250Wp m-Si PV module (1.645 m x 0.983 m, 6cm channel gap) and found a 5oC air 

temperature rise with an average thermal efficiency of approximately 22%. The collector was 

tested outdoors with a constant channel flow rate of 240 m3/hr (0.05 kg/s/m2). The study suggested 

that the heated air from the system could be supplied to the ventilation system as pre-heated fresh 

air, although the system geometry and flow rate did not represent a specific thermal application. 

 

Figure 2. 26: Single pass PV/T collectors by: a. Adeli et al. (2012), b. Kim et al. (2014). 

Kaiser et al. (2014) studied experimentally the effect of gap size on the PV cell temperature and 

PV efficiency for an unglazed, single-pass PV/T collector consisting of a single 270 Wp PV 

module, for the case of forced and natural ventilation. The system was 1.96 m long and the channel 

gap size could vary between 0.1 and 0.16 m. Results showed that a critical aspect ratio (duct 

depth/duct length) of about 0.11 was found to minimize the PV cell temperature for the case of 

natural ventilation. With increasing channel air velocity (forced ventilation) smaller aspect ratios 

could be used, while for a constant aspect ratio it was found that the induced air velocity highly 

affected the PV cooling. Finally, an increase of 19% in the power output was observed from the 

natural ventilation case (Vavg=0.5 m/s) to the forced ventilation case of Vavg=6 m/s. The flow 

resistance and consequent fan consumption were not included in that study, while velocities of this 

magnitude would not be applicable for building integrated systems. 

2.6.2 Double-pass PV/T 

Sopian et al. (2000) developed and tested a double-pass PV/T intended for solar drying 

applications (Fig. 2.27). The system featured a 1.476 m x 0.66 m PV module (ηSTC=14%) with a 

top and a bottom air channel (5 cm channel height each), and with the flow path starting at the top 
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channel and continuing to the bottom one. A mathematical model of the system was developed 

and validated against experimental results. The system was tested outdoors for various flow rates 

(0.018-0.04 kg/sm2) and it was found that with increasing mass flow rates the electrical and thermal 

efficiencies of the system increased. The main aspect investigated was the thermal performance 

with equal value assigned to both the electrical and thermal efficiencies. The temperature rise of 

the PV cells and the fan operation were not investigated. 

 

Figure 2. 27: Experimental setup of the double pass PV/T collector (Sopian et al., 2000). 

Othman et al. (2007) studied a double-pass PV/T solar air heater system consisting of 

monocrystalline Si cells pasted on an absorber plate with fins attached to the other side of the 

absorber (Fig. 2.28a) in an indoor solar simulator facility. The system was 1.22 m long, 0.83 m 

wide, with an upper channel height of 0.165 m and a lower channel that could vary between 0.03-

0.12 m. It was found that with increasing mass flow rate, the temperature rise in the air collector 

dropped, while the electrical and thermal efficiencies increased. The recorded temperature rise was 

in the range of 7-12oC with respective thermal efficiencies between 40-60% for relatively high 

mass flow rates (0.18 kg/s/m2). The study concluded that fins should be an integral part of the 

absorber to enhance the thermal and electrical output of the system, without considering though 

the effect on fan consumption for a large application. 

 

Figure 2. 28: PV/T with fins (Othman et al., 2007) (a) and honeycomb (Hussain et al., 2015) (b). 

Kumar & Rosen (2011a) investigated a double pass PV/T solar air heater with and without fins 

installed normal to the flow on the lower air channel (Fig. 2.29). The effects of system, climatic 

and operating parameters (irradiation levels, upper and lower channel gap size, mass flow rate) on 

air temperature rise, cell temperature, electrical and thermal efficiency, and total equivalent 



 

38 

 

efficiency were assessed. The fins improved the heat extraction from the PV cells, reducing their 

temperature and increasing the electrical, thermal and overall system efficiency. The total 

equivalent efficiency and air temperature rise were higher for smaller gap sizes, the effect being 

more dependent on the lower channel gap size. The size of the system tested was 1 m long and 1 

m wide with the flow entering from the 0.1 m high upper air channel and continued to the 0.03 m 

high lower channel. the PV temperature rise of a larger installation and resulting system 

performance was not considered, neither was the effect of fins on the flow resistance. 

 

Figure 2. 29: Double pass PV/T air heater with fins on the lower channel (Kumar & Rosen, 2011a). 

Amori & Abd-AlRaheem (2014) performed a comparative study of three PV/T configurations and 

investigated the effect of climatic conditions and air flow rate on the PV and air temperatures, 

power production and fan consumption. The 2.97 m long and 0.58 m wide PV/T configurations 

featured 2 45 Wp p-Si PV modules and included a single-duct/single-pass (3.5 cm channel gap), a 

double-duct/single pass and a double-duct/double-pass collector with a 3.5 cm and 2.4 cm upper 

and lower channel gap respectively (Fig. 2.30). The single-pass/double-duct configuration was 

found to have the highest overall efficiency, while the other two configurations resulted in the 

lowest pressure drop and fan consumption. Each PV/T configuration was tested against a regular 

racked PV system of the same size on three different times of the year and compared in terms of 

electrical performance and PV temperatures, although there was no side-by-side comparison of 

the three PV/T configurations. 

 

Figure 2. 30: Double-duct/double-pass system studied by (Amori & Abd-AlRaheem, 2014). 

Saygin et al. (2017) investigated a modified glazed, double-pass PV/T collector in Instabul, 

Turkey. The 1.115 m long collector features a slot in the middle of the glass cover as an air inlet 

with air collected from an outlet located behind the PV module (Fig. 2.31). Measurements were 

carried out to investigate the optimal distance from between the PV and the glass cover to 

maximize the electrical output for the PV. It was found that a 5 cm distance between the PV and 

the glass cover and 0.021 kg/s mass flow rate yielded the highest electrical efficiency as compared 

to a case with no PV cooling (with a bottom channel kept at 7 cm gap size). Such a configuration 
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might be more suited as a stand-alone collector application but would probably be impractical for 

building integrated systems. 

 

Figure 2. 31: PV/T with center slot (Saygin et al., 2017). 

2.6.3 PV/T with fins and porous media 

Tonui & Tripanagnostopoulos (2006) compared three experimental PV/T systems, one equipped 

with a thin metal sheet (TMS) suspended in the middle air channel, one with fins (FIN) on the 

back wall (Fig. 2.32a) and a reference system with no modifications. The overall system 

dimensions were 1 m x 0.45 m, with a 15 cm channel gap and featuring a single PV module. The 

tests were carried outdoors in Greece and each set of experiments included side by side testing of 

the reference system with either the FIN or the TMS system (but not all at the same time). They 

later included the glazed counterparts of these systems (Fig. 2.32b) (Tonui & 

Tripanagnostopoulos, 2007). It was found that for all systems there was an exponential rise of 

thermal efficiency with mass flow rate, with the FIN system performing best, followed by the TMS 

system and finally the reference system. The TMS and FIN systems were found to have slightly 

lower PV and back wall temperature and higher outlet air temperature than the reference system. 

Finally, the pressure drop of all systems was found to be less than 10 Pa (for a 1 m long system) 

and the fan consumption less than 1% of the power produced by the PV and a channel depth of 15 

cm was proposed as a balance point for larger BIPV/T systems (5-10m). This, however, should be 

the result of an optimization study maximizing the heat extraction and net electrical output, as a 

very large channel gap can significantly reduce the convective heat transfer for a given flow rate. 

The glazed systems had higher thermal efficiency, due to the reduced losses, but lower electrical 

efficiency. The authors argued that unless the system is optimized for thermal output, glazed PV/T 

systems are not recommended due to the reduced electrical efficiency. 
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Figure 2. 32: Unglazed (a) and glazed (b) PV/T with TMS and fins (Tonui & Tripanagnostopoulos, 2006, 2007). 

Hussain et al. (2015) introduced an improved unglazed, single-pass PV/T solar collector with a 

hexagonal honeycomb (Fig. 2.28b) heat exchanger installed horizontally in the channel to enhance 

heat extraction from the PV. The system was tested with and without the honeycomb at constant 

irradiance and flow rates ranging between 0.02-0.13 kg/s. For a mass flow rate of 0.11 kg/s the 

honeycomb increased the thermal efficiency from 27% to 87%, while the electrical efficiency was 

improved by 0.1% for all mass flow rates. The temperature rise for such a flow rate was less than 

3oC, which highlights the fact that the thermal efficiency by itself is not an adequate indicator of 

the recovered heat that can be actually utilized.  

Mojumder et al. (2016) performed indoor testing of a single-pass PV/T collector with fins (Fig. 

2.33). Different fin configurations (0-4 fins) attached on the rear surface of the air channel, mass 

flow rates (0.02-0.14 kg/s) and irradiation levels (200-700 W/m2) were considered. The maximum 

thermal efficiency (56.19%) was obtained for the configuration with 4 fins and the max flow and 

irradiation settings. It should be noted that there was no external wind present, while the mass flow 

considered is significantly high for a collector of this size (0.63 m long, 0.51 m wide with a 13 cm 

channel gap). 

 

Figure 2. 33: PV/T collector with fins (Mojumder et al., 2016). 
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2.6.4 BIPV/T prototypes, multiple inlets and full-scale systems 

In one of the rare cases of a monitored full-scale BIPV/T system, Chen et al. (2010) presented the 

measured performance of a prefabricated roof BIPV/T system with a-Si PV modules pasted on 

metal roofing (Fig. 2.34). The system was installed on a prefabricated, two-storey, detached, low-

energy house and linked to a ventilated concrete slab. This study provided detailed system 

performance in terms of PV, air and insulation temperatures, as well as thermal and electrical 

output for clear sunny and overcast days during the winter. A typical temperature rise of 30-35oC 

was observed for a sunny day with a flow rate of 250 L/s (0.006 kg/s/m3, average channel velocity: 

0.75 m/s). The system featured 6.2 m long a-Si PV modules, 0.038 m channel gap and an air 

channel net cross sectional area of 0.332 m2.  

 

Figure 2. 34: Prefabricated roof BIPV/T system (Chen et al., 2010). 

Bambara et al. (2011) developed an Unglazed Transpired Collector (UTC) – PV/T hybrid 

prototype (Fig. 2.35). 70% of the UTC area was covered by custom made PV modules. This 

BIPV/T concept was applied to the mechanical penthouse of an institutional building in Montreal, 

Canada. Long, narrow PV modules were chosen to reduce temperature stratification in the vertical 

axis, while heat was recovered both by the PV and the exposed UTC area. The UTC-PV/T 

prototype (2.4 m x1.375 m, 15cm channel height) was tested outdoors in Montreal, Canada, side 

by side with a UTC thermal collector of the same dimensions, at flow rates ranging between 0.014-

0.042 kg/sm2. The combined efficiency of the hybrid system was found to be 7-17% higher than 

that of the UTC thermal system, with the assumption that electricity is approximately 4 times more 

valuable, based on a heat pump COP of 4. Although the combination of the UTC and the PV could 

be considered redundant, this set the foundation for the concept of multiple inlets and more 

efficient heat extraction from the absorber by disrupting the thermal boundary layer. 
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Figure 2. 35: Hybrid UTC-PV/T system (Bambara et al., 2011). 

(Candanedo et al., 2011) investigated experimentally a BIPV/T sample, tested outdoors (Fig. 2.36). 

The subject represented part of the full-scale BIPV/T application studied by Chen et al. (2010), 

with a-Si modules pasted on metal roofing. The researchers developed Nu numbers for the top and 

bottom part of the air-channel for Re between 250-1060, highlighting the heating asymmetry of 

the two channel boundaries. The normalized flow rates used (0.0043-0.023 kg/s.m2) were 

representative of the EcoTerra BIPV/T system (Chen et al., 2010).  

 

Figure 2. 36: BIPV/T prototype with a-Si PV (Candanedo et al., 2011). 

(Yang & Athienitis, 2014) performed a solar simulator study of the EcoTerra system, with the goal 

of developing local Nu correlations for the top and bottom surface of the air channel. The 2.9 m 

long sample, with a 0.038 m channel depth and equipped with a-Si PV was tested under constant 

irradiation (1080 W/m2), with varying mass flow rate (0.0043-0.025 kg/s/m2) and wind velocity 

(1.6-3.2 m/s) and provided detailed PV, air and insulation temperature profiles. 
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In a following study, a double-inlet PV/T prototype (Fig. 2.37) was investigated (Yang & 

Athienitis, 2015a). The addition of the second inlet increased the thermal efficiency of the system 

by 5% and it was also found that using semi-transparent PV modules further increased the thermal 

efficiency by 7.6%. It was suggested that the use of multiple inlets is an efficient means to improve 

the performance of a BIPV/T, easily applied and with no significant cost added. The measurements 

were used for the development of Nu numbers for the single and double-inlet configuration. 

 

Figure 2. 37: Two-inlet PV/T (Yang & Athienitis, 2015a). 

A BIPV/T curtain wall prototype was designed, developed and tested at Concordia University in 

Montreal, Canada, in order to combine the PV/T concept with a standardized building technique 

(Rounis et al., 2021a). The prototype was treated as a building block of a modular BIPV/T design 

(Fig. 2.28) and was tested under nominal operating cell temperature conditions in an indoors solar 

simulator facility, with flow rate between 0.025-0.038 kg/s/m2. The prototype featured two 

frameless PV modules and a 9 cm channel gap. Thermal enhancements such as multiple inlets, 

flow director equipment and varying PV transparency were considered. The monitored 

performance showed a thermal efficiency between 26 and 32%, with a respective air temperature 

rise of 7-9oC for a 2 m long channel. 



 

44 

 

   

Figure 2. 38: Testing of a BIPV/T curtain wall prototype and its schematic at the Concordia Solar Simulator – 

Environmental Chamber (SSEC) laboratory; the lamps and artificial sky are on the left (Rounis et al., 2021a). 

2.6.5 Discussion 

With few exceptions, most of the studies presented in this section and summarized in Table 2.3 

involve compact systems, which usually facilitate 1-2 commercial PV modules, with channel 

lengths between 1-2.4 m and channel depth between 0.02-0.15 m. A typical mass flow rate per 

collector area ranges between 0.03-0.05 kg/s m2. Reynolds numbers are usually within the 

transitional area (2300<Re<10000), there are however studies including laminar (Re<2300) and 

fully turbulent flows (Re>10000). It is also important to notice that most of researchers choose 

low to no wind conditions (0-1.5 m/s) for their experiments. Air temperature rises are typically 

within the 5-20oC range and respective thermal efficiencies in the 20-50% range. It should be noted 

that the highest recorded thermal efficiencies corresponded to cases with very high mass flow rate, 

which is impractical for a small stand-alone collector and in most cases leads to very small air 

temperature rise. The resulting channel velocities would be too high for practical applications, with 

potential noise, vibrations and significant pressure drop issues. Although experimental testing 

should investigate a range of flow rates and channel velocities, these should reflect reality and 

practical applications. 

From the analysis of the above studies, several issues become evident: 

1. There is no standard testing procedure for hybrid PV/T systems. The electrical and thermal 

efficiency of the system and the temperatures of the various layers highly depend on the 

ambient and operating conditions. These conditions, as well as each prototype’s unique 

features vary considerably from study to study, and this renders the direct comparison of 

the various systems’ performance very difficult. 
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2. The experimental prototypes are designed and optimized primarily as stand-alone 

collectors with few exceptions (Bambara et al., 2011; Candanedo et al., 2011; Chen et al., 

2010; Rounis et al., 2021a; Yang & Athienitis, 2014b). The dimensions of the subjects, as 

well as the use of thermal enhancements vary considerably (depth to length ratio) and there 

is no suggested way of extrapolating results to larger building integrated systems. 

Furthermore, there is no holistic thermal performance approach, considering coupling with 

an HVAC system, which would induce constraints in terms of flow rate, as well as usable 

temperatures.  

3. An important issue relevant to both the performance and the modelling of air-based 

systems is the poor representation of wind effects. In most of the experimental studies, low 

to zero wind conditions are considered and it is therefore difficult to quantify the effect of 

wind on the system. However, the effect of wind in terms of convective heat transfer can 

be critical for the performance of BIPV/T systems, since the use of a top glazing should 

generally be avoided, and the absorber is in direct contact with the ambient environment. 
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Table 2. 3: Experimental PV/T and BIPV/T studies (monitored performance and operating conditions). 

Author System 

description 

Testin

g 

PV type Dimensions 

LxWxD (m)  
Ti

lt 

(°) 

Flow 

rate 
(kg/s 

m2) 

Vav

g 
(m/s) 

Re G 
(W/m2) 

Tamb 

(°C) 

Vwin

d 

(m/s) 

TPV (oC) ΔT (inlet-

outlet, oC) 

ηel (%) ηth (%) ΔP 

(Pa) 

Fan 

(W) 

 

Single-pass PV/T with and without glazing   

(Tiwari et al., 

2006) 

Single pass, 

unglazed PV/T 

collector, tested 

Outdoor 75Wp, 

ηSTC=12% 

PF=0.83 

1.2 x 0.45 x 

N/A 

30 N/A 1.6-

3.33 

N/A 23-677 9-22 0-

1.27 

12-43 1.3-3.4 N/A N/A N/A N/A 

(A. Tiwari & 

Sodha, 2007) 

Single pass 

PV/T collecote, 

with and 

without glazing 

Outdoor 75Wp, 

ηSTC=12% 

PF=0.83 

1.2 x 0.45 x 

N/A 

30 N/A 2.83-

4.83 

N/A 300-660 31-36 0-

1.52 

42-54.7 1.5-4 10 40 N/A N/A 

(Bambrook & 

Sproul, 2012) 

Unglazed, 

single-pass 

PV/T collector 

Outdoor m-Si, 

110Wp, 

frameless 

3.92 x N/A x 

0.1 

34 0.03-

0.05 

N/A N/A 800-850 15-17 N/A 56 (no fan), 26 

(with fan) 

~5 

(m=0.05kg/sm2) 

9-12 28-55 6-80 6-82 

 

(Adeli et al., 

2012) 

Unglazed, 

single-pass 

PV/T collector 

Outdoor pc-Si, 

45Wp 

0.997 x 0.462 

x 0.05 

N/

A 

0.18 3 20000 830 32-36 1-1.5 48 7 9 32-37 N/A N/A 

(Kim et al., 2014) Unglazed, 

single-pass 

PV/T collector 

Outdoor m-Si, 

250Wp 

1.645 x 0.983 

x 0.06 

35 0.05 1.14 8613 910 -1.6-9.5 N/A N/A 5 15 22 N/A N/A 

(Kaiser et al., 

2014) 

Unglazed, 

single-pass 

Outdoor 270Wp 1.956 x N/A 

x 0.10-0.16 

N/

A 

N/A 2.5-6 N/A 100-

1000 

N/A <3 30-45 N/A 19% 

increase 

N/A N/A N/A 

Double pass PV/T 

(Sopian et al., 

2000) 

Double-pass 

PV/T collector 

for solar drying 

Outdoor ηSTC=14% 

PF=0.87 

0.66 x 1.476 

x 0.05/0.05 

N/

A 

0.018-

0.046 

0.5-

1.3 

2973-

7597 

900-

1000 

31 1-3.5 N/A 20-22 11 38-40 N/A N/A 

 

(M. Y. Othman et 

al., 2007) 

 

 

Double pass 

PV/T air heater 

with fins 

attached below 

the absorber 

Sol. 

Sim. 

Cells 

pasted on 

absorber 

1.22 x 0.83 x 

0.165/0.03-

0.12 

N/

A 

0.027-

0.18 

0.16-

1.07 

3094-

20630 

400-700 31-32 N/A N/A 7-12 N/A 40-60 N/A N/A 

(Kumar & Rosen, 

2011b) 

 

 

Double-pass 

PV/T solar air 

heater with and 

without fins on 

the lower 

channel 

N/A ηSTC=18 1.00 x 1.00 x 

0.10/0.03 

N/

A 

0.03-

0.15 

N/A N/A 500-

1000 

25-45  65-85 2-15 14-15 45-61 N/A N/A 

(Amori & Abd-

AlRaheem, 2014) 

Single and 

double-pass 

PV/T collector,  

Outdoor pc_Si, 

60Wp 

2.37 x 0.58 x 

0.035/0.024 

5, 

23, 

44 

0.024-

0.06 

2.6-6 8670-

20000 

0-1000 10-31 N/A 40-75 1.5-8.5 9-12 36-62 15-75 N/A 

(Saygin et al., 

2017) 

 

Glazed double-

pass PV/T 

collector with 

middle slot as 

air intake 

Outdoor pc-Si, 80 

Wp 

1.115 x 0.706 

x 0.05/0.07 

31 0.015-

0.046 

0.2-

0.6 

1690-

5184 

660 32 N/A 38-45 8-18 6.9-7.7 Max: 48 1.2-6 N/A 

PV/T with fins and porous media 

(Tonui & 

Tripanagnostopoul

os, 2006) 

Unglazed PV/T 

collector with 

TMS and fins 

Outdoor 46Wp, 

ηSTC=12.7

% 

 

1.0 x 0.4 x 

0.15 

40 0.045 0.25 4000 590-720 25-35 N/A 55 5-15 10 25 (ref) 

28 (TMS) 

30 (FIN) 

N/A N/A 

(Tonui & 

Tripanagnostopoul

os, 2007) 

Glazed/ 

unglazed PV/T 

collector with 

TMS and fins 

Outdoor 46Wp, 

ηSTC=12.7

% 

 

1.0 x 0.4 x 

0.15 

40 0.0031-

0.0493 

0.02-

0.28 

250-

4040 

800 25 1.5 45-71 

(unglazed) 

45-100 (glazed) 

12-38 

(unglazed) 

12-51 (glazed) 

10-12 36 (ref) 

40 (TMS) 

50 (FIN) 

N/A N/A 

 

 

 

(Hussain et al., 

2015) 

Single pass 

PV/T with 

honeycomb 

Solar 

Simulat

or 

N/A N/A N/

A 

0.02-

0.13 

kg/s 

N/A N/A 591-906 N/A N/A N/A 3-7.5 7 27-87 

(m=0.11 

kg/s) 

N/A N/A 
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installed in the 

air channel 

(Mojumder et al., 

2016) 

 

Unglazed, 

single-pass 

PV/T collector 

with 2-4 fins 

attached on the 

rear surface of 

the air channel 

Solar 

Simulat

or 

Pc-Si, 

40Wp, 

PF=0.81 

0.63 x 0.51 x 

0.13 

15 0.06-

0.44 

0.24-

1.78 

3347-

24543 

700 N/A no N/A 1-5 13.55-

14.03 

49-56 N/A N/A 

BIPV/T prototypes, multiple inlets and full-scale systems 

(Chen et al., 2010) Roof BIPV/T 

with a-Si 

flexible 

modules pasted 

on metal 

roofing 

Full-

scale 

a-Si, 

ηSTC=6% 

6.2 x 8.4 x 

0.038 

30 0.006-

0.01 

0.75-

0.82 

3900-

4370 

0-750 (-4)-(-10) 3-9 25-35 above 

ambient 

Up to 30 
(m=0.006kg/sm2) 

6% 20% N/A N/A 

(Bambara et al., 

2011) 

BIPV/T 

prototypeconsis

ting of PV/T-

UTC hybrid, 

tested outdoors 

Outdoor

, full-

scale 

pc-Si, 

70Wp 

2.4 x 1.375 x 

0.15 

90 0.014-

0.042 

0.2-

0.56 

3370-

10100 

570-930 2.7-4.4, 

15.8-16.8, 

25.6 

N/A 15-22 above 

ambient 

6-9 6-7 23-33 N/A N/A 

(Candanedo et al., 

2011) 

Roof BIPV/T 

experimental 

prototype with 

a-Si flexible 

modules pasted 

on metal 

roofing 

Outdoor a-Si, 

ηSTC=6% 

2.89 x 0.38 x 

0.038 

45 0.0043-

0.024 

0.26-

1.5 

7400 800-

1000 

0 0.5-

1.5 

35-40 5 (for v=0.3 

m/s) 

6-7 11 N/A N/A 

(Yang & 

Athienitis, 2014a) 

Roof BIPV/T 

experimental 

prototype with 

a-Si flexible 

modules pasted 

on metal 

roofing 

Solar 

Simulat

or 

a-Si, 

ηSTC=6% 

2.89 x 0.38 x 

0.038 

45 0.0043-

0.024 

0.26-

1.5 

1230-

7400 

1080 21 1.6-

3.2 

55-62 12-20 5 17-21 

(m=0.024 

kg/s m2) 

N/A N/A 

(Yang & 

Athienitis, 2015a) 

Unglazed single 

pass PV/T 

prototype with 

2-inlets 

Solar 

Simulat

or 

m-Si, 

opaque, 

STPV 

2.04 x 0.53 x 

0.045/0.055 

45 0.03-

0.95 

0.7-3 1453-

19034 

1040 21 2.1-

3.1 

N/A 8-11 N/A 27-58 N/A N/A 

(Rounis et al., 

2021a) 

Unglazed, 

BIPV/T curtain 

wall prototype 

with single and 

multiple-inlets, 

and frameless 

PV  

Solar 

Simulat

or 

Pc-Si, 

STPV 

2.12 x 2.06 x 

0.09 

90 0.025-

0.038 

0.55-

0.8 

6200-

9070 

842 21 1 52-54 7-9 11.4-

12.7 

26-32 N/A N/A 

 

 

 

 



 

48 

 

2.7 BIPV/T Modelling 

The modelling of hybrid air-based photovoltaic-thermal (PV/T) and BIPV/T systems has been the 

subject of multiple studies. The main modelling approaches for BIPV/T systems are the following, 

as summarized by Yang & Athienitis (2016): 

• Use of a modified Hottel-Whillier model. 

• Analytical solutions of the governing differential equations. 

• Use of a finite difference scheme and an iterative solution method for the resulting system 

of equations. 

• Computational fluid dynamics (CFD analysis) 

Early studies of water-based PV/T systems suggested a modified Hottel-Whillier model, originally 

developed for flat-plate solar thermal collectors (Florschuetz, 1979). This approach has been 

adopted in several later studies (Bazilian & Prasad, 2002; Bigaila & Athienitis, 2017). The 

modification of the model relies upon the deduction of the PV cell electrical generation from the 

absorbed irradiation by the collector. This electrical efficiency is itself evaluated as a linear 

function of the PV cell temperature according to the well-known equation (2.1). 

The modified Hottel-Whillier model for hybrid PV/T collector’s is presented in detail in 

Florschuetz (1979) and is commonly used for (but not limited to) liquid-based PV/T systems of 

the tube and sheet configuration. 

Very commonly, BIPV/T systems are represented by thermal (nodal) networks, discretized by a 

finite-difference scheme (Yang & Athienitis, 2016). Figure 2.39 demonstrates a typical air-based 

BIPV/T system cross section and the thermal network representation of its energy balance. A 

common modelling assumption is that of one-dimensional heat transfer, with no temperature 

variation across the width of the air channel (Candanedo et al., 2011; Yang & Athienitis, 2016). 
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Figure 2. 39: a: common air-based BIPV/T system cross section and b: thermal network representation of its energy 

balance (Rounis et al., 2021b). 

The PV layer is most times treated as a single node, due to its small thickness. The thermal 

capacitance of the PV is usually neglected for the same reason and a steady state approach is 

followed. These assumptions are valid for PV modules where the PV cells are sandwiched between 

a thin top glass cover (usually around 3 mm) and a very thin PET or tedlar backing stratum.  

The following are the governing equations for a steady state model of a BIPV/T system energy 

balance: 

Top PV surface node 

1

𝑅𝑡𝑜𝑝
(𝑇𝑃𝑉 − 𝑇𝑡𝑜𝑝) + ℎ𝑤(𝑇𝑎𝑚𝑏 − 𝑇𝑡𝑜𝑝) + ℎ𝑟𝑎𝑑𝑠𝑘𝑦(𝑇𝑠𝑘𝑦 − 𝑇𝑡𝑜𝑝) + ℎ𝑟𝑎𝑑𝑠𝑢𝑟(𝑇𝑠𝑢𝑟 − 𝑇𝑡𝑜𝑝) = 0

 (2.4)  

PV cell node 

1

𝑅𝑡𝑜𝑝
(𝑇𝑡𝑜𝑝 − 𝑇𝑃𝑉) +

1

𝑅𝑏𝑜𝑡
(𝑇𝑏𝑜𝑡 − 𝑇𝑃𝑉) + 𝛼𝜏𝐺 − 𝜂𝑃𝑉𝐺 = 0 (2.5)  

Bottom PV surface node 

1

𝑅𝑏𝑜𝑡
(𝑇𝑃𝑉 − 𝑇𝑏𝑜𝑡) + ℎ𝑃𝑉(𝑇̅𝑎𝑖𝑟 − 𝑇𝑡𝑜𝑝) + ℎ𝑟𝑎𝑑(𝑇𝑖𝑛𝑠 − 𝑇𝑏𝑜𝑡) = 0 (2.6)  

Insulation node 

ℎ𝑖𝑛𝑠(𝑇̅𝑎𝑖𝑟 − 𝑇𝑖𝑛𝑠) + ℎ𝑟𝑎𝑑(𝑇𝑃𝑉 − 𝑇𝑖𝑛𝑠) +
1

𝑅𝑖𝑛𝑠
(𝑇𝑧𝑜𝑛𝑒 − 𝑇𝑖𝑛𝑠) = 0 (2.7) 
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Air node 

[ℎ𝑃𝑉(𝑇𝑏𝑜𝑡 − 𝑇̅𝑎𝑖𝑟) + ℎ𝑖𝑛𝑠(𝑇𝑖𝑛𝑠 − 𝑇̅𝑎𝑖𝑟)]𝑤𝑑𝑥 = 𝑚̇𝐶𝑝𝑑𝑇   

 (2.8) 

The following are common assumptions in PV/T modelling. The majority originates from the 

modelling of solar thermal collectors (Duffie et al., 2003): 

• Due to the small thermal resistance of the PV module, a single temperature is usually 

assigned to the PV layer. There are however studies showing that there can be up to 3-5oC 

difference between the upper and lower PV surface (Amori & Abd-AlRaheem, 2014; 

Candanedo et al., 2010). 

• In the vast majority of studies, 1-D heat transfer is assumed, normal to the surfaces and 

the flow path. Two of the rare cases where 2-D heat transfer was considered was in Chen 

et al (2010) and Athienitis et al. (2018). 

• Quasi-steady state is usually assumed due to the negligible thermal capacitance of the PV 

module. Candanedo et al (2010) developed steady and transient PV/T models to simulate 

the daily performance of an experimental PV/T setup. The results showed that in terms of 

hourly performance, both models gave almost identical predictions of hourly-averaged 

temperatures. However, the transient model followed closer and without extreme 

fluctuations the measurements taken with 1 second time step. It was argued that a transient 

model would be suitable for a flow control algorithm for the system but redundant for the 

evaluation of the system’s performance. 

• Radiative heat transfer between the PV and the back surface is usually considered 

assuming a view factor of 1. Studies that have considered the view factors between the 

two surfaces are those of Charron & Athienitis (2006) and Athienitis et al. (2018). 

• Convective heat transfer coefficients (CHTC) are usually assumed constant for the whole 

collector length. Several studies (Candanedo et al., 2011; Hegazy, 2000; Yang & 

Athienitis, 2014a) have incorporated local CHTC (or Nusselt number) expressions, which 

account for the entrance effects of the flow. 

The temperatures can be evaluated either by analytical solutions of the governing differential 

equations or following a finite difference scheme. Regardless of the solution method, the wind-

driven convection from the top cover and the convective heat transfer coefficients from the PV 

module surface and the insulated back surface to the channel air have to be evaluated as well. Both 

top and interior convective phenomena constitute a large portion of the energy balance of the 

BIPV/T. 

Several studies provide analytical solutions for the evaluation of the fluid temperature rise (Garg 

& Adhikari, 1997). This is done by solving equations 2 through 5 (or accordingly for additional 

layers) for the PV (or PV module/air channel interface temperature), and the insulation temperature 
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and replacing these values in equation 6 for the channel fluid. The resulting differential equation 

can then be solved by assigning the boundary conditions of ambient temperature at the inlet (x=0). 

This methodology relies upon the assumption of uniform temperature over the PV and insulation 

layers. 

Very commonly, the set of equations can be solved through a finite difference scheme. This 

approach has been extensively used by several researchers (Candanedo et al., 2010, 2011; Yang 

& Athienitis, 2014a). The collector is divided into smaller control volumes and the radiative heat 

transfer coefficients are linearized by initial guesses for the PV and insulation temperatures. The 

linearized set of equations is solved for each control volume through an iterative scheme until the 

required convergence is achieved. The inlet air temperature for each successive control volume is 

assumed as the outlet temperature of the previous. This approach can provide more detailed 

temperature profiles of the various layers, along the flow path of the coolant. 

Finally, CFD analysis can provide detailed two or three-dimensional temperature and flow fields, 

through the solution of energy conservation, mass conservation and the Navier Stokes equations. 

These temperature and velocity fields can then be used to deduce the local and/or average 

convective heat transfer coefficients and their correlation to the fluid flow. CFD analysis can be 

very useful for geometry optimization or investigation of thermal enhancements, as well as 

understanding/visualizing flow and heat transfer patterns (Ghani et al., 2012; Karava et al., 2012; 

Zogou & Stapountzis, 2012). However, it can be very expensive computationally and is not 

practical for the modelling and control of extensive installations. 

2.7.1 Convective heat transfer 

Convective heat transfer has been recognized as the part of the energy balance that can cause the 

greatest uncertainty in the modelling of PV/T and BIPV/T systems (Candanedo et al., 2011; 

Nemati et al., 2016a). Except for CFD analysis, all other modelling approaches for BIPV/T 

systems require the convective heat transfer coefficients to evaluate the following: 

• The wind-driven convective heat transfer from the PV (or outermost layer) to the ambient 

temperature node 

• The convective heat transfer within the air channel, from the PV (or interface of the PV 

layer with the air channel) to the air stream 

• The convective heat transfer within the air channel, from the insulation (or interface of the 

rear surface with the air channel) to the air stream 

2.7.1.1 Channel convection 

Convective heat transfer within the air channel is usually represented by the Nusselt number, which 

indicates the ratio of convective over conductive heat transfer and is defined as: 

𝑁𝑢 =
ℎ𝐿

𝑘
 (2.9)  
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Where: h is the convective heat transfer coefficient, L the characteristic length (the hydraulic 

diameter for heat transfer in duct flow) and k the conductivity of the fluid. Most Nu correlations 

in the literature is given as a function of the Reynolds and the Prandtl number (and on several 

occasions the ratio of hydraulic diameter over the collector length, when the entrance effects are 

considered). The flow within the air channel resembles that between parallel plates (plane-

Poiseuille flow), while the flow regime, as seen in Table 2.3, can vary from laminar to turbulent, 

but is primarily within the transitional region. 

Table 2.4 presents the most used Nu expressions in PV/T modelling, as well as the conditions for 

which they were originally developed. 

Table 2. 4: Nusselt number expressions used in PV/T literature 

Author Correlation Conditions Re Used by 

LAMINAR FLOW 

(Mills, 

1999) 

4.364 Fully developed 

laminar flow in smooth 

tube with uniform wall 

heat flux 

Re<2300 (TESSLibs 

17, 2017) 

(Mercer et 

al., 1967) 

𝑁𝑢
= 4.9

+
(0.0606[𝑅𝑒𝑃𝑟(𝐷 𝐿⁄ )]1.2)

1 + 0.0909[𝑅𝑒𝑃𝑟(𝐷 𝐿⁄ )]0.7𝑃𝑟0.17
 

Laminar flow and 

asymmetric heating 

Re<2800 (Kamel & 

Fung, 2014a) 

TRANSITIONAL AND TURBULENT FLOW 

(Gnielinski

, 1983) 

 

𝑁𝑢 =
(𝑅𝑒 − 1000)Pr⁡(𝑓 8⁄ )

1 + 12.7√𝑓 8⁄ (𝑃𝑟2 3⁄ − 1)
 

Average Nu for smooth 

tubes, fully developed 

flow and symmetrical 

heating 

3000<Re

<50,000, 

0.5<Pr<2

000 

(Candanedo 

et al., 2009; 

Charron & 

Athienitis, 

2006) 

(Petukhov, 

1976) 𝑁𝑢 =
(𝑅𝑒 − 1000) Pr(𝑓 8⁄ )

1 + 12.7√𝑓 8⁄ (𝑃𝑟
2
3 − 1)

(1

+ (
𝐷ℎ
𝐿
)

2
3
) 

Includes adjustment for 

developing flow. 

Re>3000 (Mei et al., 

2003; Pantic 

et al., 2010; 

Teo et al., 

2012) 

(Tan & 

Charters, 

1969) 

𝑁𝑢 = 0.0182𝑅𝑒0.8𝑃𝑟0.4 [1 + 𝑆 (
𝐷

𝐿
)] 

𝑆 = 14.3 log (
𝐿

𝐷
) − 7.9 

Forced convection, 

including entrance 

length effects, for short 

ducts 

 (Shahsavar & 

Ameri, 2010; 

Tonui & 

Tripanagnost

opoulos, 

2006, 2007) 

(Tan & 

Charters, 

1970) 

𝑁𝑢 = 0.0158𝑅𝑒0.8 + (0.00181𝑅𝑒

+ 2.92)𝑒−0.0379(
𝐿
𝐷
)
 

Asymmetrical heating 

in horizontal duct. 

Adjustment for 

developing flow 

Re>9500 (Amori & 

Abd-

AlRaheem, 

2014; Garg & 

Adhikari, 

1997; 

Hegazy, 

2000; Rajoria 

et al., 2016) 

(Dittus, 

1985) 
𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.4 Average Nu for smooth 

pipes, symmetrical 

Re>10,00

0, 

(Sohel et al., 

2014; 

TESSLibs 17, 



 

53 

 

heating, fully 

developed flow 

L/D>10,0.

7<Pr<160 

2017; Zogou 

& 

Stapountzis, 

2011) 

(Malik & 

Buelow, 

1973) 

𝑁𝑢 =
0.0192𝑅𝑒0.75𝑃𝑟

1 + 1.22𝑅𝑒−0.125(𝑃𝑟 − 2)
 

Asymmetric heating in 

rectangular channel 

10,000<R

e<40,000, 

L/D>162 

(Othman et 

al., 2007) 

(Kays, 

1996) 

 

𝑁𝑢 = 0.0158𝑅𝑒0.8[1 +
𝐶𝑥

𝐿 𝐷ℎ⁄
] 

Cx=6 for abrupt contraction entrance 

  (Kamel & 

Fung, 2014a; 

Kumar & 

Rosen, 2011a) 

CORRELATIONS DEVELOPED FOR BIPV/T 

(Candaned

o et al., 

2010) 

ℎ = 10.2⁡(W/m2.K), 0.4<Vavg<0.6 

ℎ = 12𝑉𝑎𝑣𝑔 + 3 (W/m2.K), Vavg>0.6 

 

Empirical correlation 

linking average 

convective co. to 

average channel 

velocity 

3900<Re

<4370 

(Candanedo 

et al., 2010) 

(Candaned

o et al., 

2011) 

Top: 𝑁𝑢 = 0.052𝑅𝑒0.78𝑃𝑟0.4 

Bottom: 𝑁𝑢 = 1.017𝑅𝑒0.471𝑃𝑟0.4 

Average Nu for top 

(PV) and bottom 

(insulation) surface 

250< 

Re<7500 

(Candanedo 

et al., 2011) 

(Yang & 

Athienitis, 

2015a) 

1st section: 𝑁𝑢 = 0.0149𝑅𝑒0.9𝑃𝑟0.43 

2nd section: 𝑁𝑢 = 1.451𝑅𝑒0.44𝑃𝑟0.4 

 

Averagde Nu for 1st 

and 2nd section of a 

two-inlet PV/T 

1453<Re

<14322 

(1st) 

3600<Re

<19034 

(2nd) 

(Yang & 

Athienitis, 

2015a) 

One commonly used correlation is that by Dittus-Boelter, which has been developed for heat 

transfer in smooth circular pipes for fully developed turbulent flow (Re>10000). The accuracy of 

the Dittus-Boelter correlation diminishes with large temperature difference across the fluid. 

Furthermore, the smooth duct assumption is not valid for PV/T systems. Regardless of its 

inaccuracy, the Dittus-Boelter correlation has been implemented for the modelling of PV/T 

systems in commercial software like TRNSYS (TESSLibs 17, 2017). 

Comparison of Nu expression developed from the experimental findings of Liao et al. (2007), 

Candanedo et al. (2011), Chen et al. (2010), and Nemati et al. (2016) showed that commonly used 

correlations (Dittus, 1985; Gnielinski, 1983; Petukhov, 1976; Tan & Charters, 1969, 1970) 

generally under-predict the in-channel convective heat transfer by 25-75%. Similar findings were 

reported by Bazilian & Prasad (2002). This has been attributed to the assumptions under which the 

original expressions were developed, primarily the duct smoothness and fully developed flow. 

Local and average Nu have been specifically developed by Candanedo et al. (2011) and Yang & 

Athienitis (2014), for the same experimental prototype for indoor and outdoor testing respectively. 

Even these were found to vary considerably. Several of the most commonly used expressions from 

Table 2.4 are plotted in Figure 2.40 against Re (up to Re=20,000), including the expressions 

specifically developed for PV/T. 

It becomes evident that Nu numbers developed for PV/T are always higher than the typical Nu 

developed for smooth ducts. These differences become more pronounced with increasing Re, 
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although it should be noted that the validity of the expressions developed for PV/T has been tested 

within the transitional range (up to approximately Re=10,000). 

 

Figure 2. 40: Average Nu vs Re in literature plotted based on the experimental prototype by Yang & Athienitis 

(2014). 

2.7.1.2 Wind-driven convection 

Wind-driven convective heat transfer accounts for the largest part of the PV/T energy balance for 

unglazed systems. Vasan & Stathopoulos (2014) and Ladas et al. (2017) have presented an 

extensive review of wind-driven CHTC (or hwind) correlations in literature, developed for flat-plate 

solar thermal collectors. They stated that most of these correlations demonstrate a linear correlation 

between the hwind and a reference wind velocity, Vwind (usually at a height 10 m above the collector) 

but vary considerably. They also found that assigning a single reference wind speed for a large 

installation area can create errors in the estimation of convective heat losses over a large 

installation, as opposed to considering the local velocity distributions over the installation area. 

Accurate evaluation of wind-driven convection is rendered even more complex by the fact that 

local velocity distributions are highly affected by the built environment, as well as the local 

roughness exposure. 

Palyvos (2008) performed an extensive review of wind-driven CHTC correlations. He proposed 

two empirical correlations for windward and leeward surfaces by averaging the coefficients of the 

existing linear expressions correlating CHTC and free stream wind velocity at a reference height 

approximately 10 m above the collector. The author argued that the expressions from literature 

should be carefully selected depending on the similarities to the conditions they were developed 

for and that there is a lack of generality among them. He also argued that more full-scale studies 
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are needed to address realistic conditions, as well as a standardization of measurement parameters 

(height above ground, distance from the wall/façade). The review of experimental investigations 

of PV/T systems in section 2 has shown that most researchers perform measurements during low 

(up to 1.5-2 m/s) or no wind conditions to avoid the calculation uncertainty imposed by wind-

driven convection. This is less of an issue for studies involving glazed systems. From the 

monitoring of a full-scale roof BIPV/T system, it was reported that roughly for every 1 km/h (0.28 

m/s) increase in wind speed, the outlet temperature drops by 2oC (Chen et al., 2010). 

Some of the most common expressions for wind-driven CHTC, implemented in PV/T and BIPV/T 

modelling, are summarized in Table 2.5: 

Table 2. 5: Wind-driven CHTC expressions used for PV/T 

Author Correlation Conditions Used by 

(Test et al., 1981) ℎ𝑤𝑖𝑛𝑑 = 8.55 + 2.56𝑉𝑤𝑖𝑛𝑑 Rectangular plate exposed to 

varying wind directions 

(Candanedo et al., 2011) 

(Sharples & 

Charlesworth, 1998) 

ℎ𝑤𝑖𝑛𝑑 = 11.9 + 2.2𝑉𝑤𝑖𝑛𝑑  

(-90o angle of attack) 

Full scale measurements on 

roof mounted solar collector 

(Candanedo et al., 2011) 

(McAdams, 1954) ℎ𝑤𝑖𝑛𝑑 = 5.7 + 3.8𝑉𝑤𝑖𝑛𝑑  WTM, parallel flow on plate 

with smooth surface, Vw<5m/s 

(Includes radiative losses) 

(Agathokleous et al., 

2017; Y. B. Assoa & 

Ménézo, 2014; Ya 

Brigitte Assoa et al., 

2017; Candanedo et al., 

2011; Hussain et al., 

2015; Kaiser et al., 2014) 

(Duffie et al., 2003) ℎ𝑤𝑖𝑛𝑑 = 2.8 + 3.0𝑉𝑤𝑖𝑛𝑑  (Usually used for glazed 

collectors) 

(Niccolò Aste et al., 

2008; Kumar & Rosen, 

2011b; Sarhaddi et al., 

2010; Tonui & 

Tripanagnostopoulos, 

2006, 2007) 

(Palyvos, 2008) ℎ𝑤𝑖𝑛𝑑 = 7.4 + 4.0𝑉𝑤𝑖𝑛𝑑  

(windward) 

ℎ𝑤𝑖𝑛𝑑 = 4.2 + 3.5𝑉𝑤𝑖𝑛𝑑  

(leeward) 

Averaged coefficients from 

literature 

(Chen et al., 2010) 

 

2.7.2 Dimensional analysis 

Balocco (2004) applied dimensional analysis to describe heat transfer through the wall of a 

ventilated façade and compare thermal energy performance of different façade systems like solar 

chimneys. The original 17 implicated variables were reduced to 14 non-dimensional numbers and 

their relation was established based on experimental measurements. This relation could then be 

used as a simple tool to evaluate the thermal performance of a façade system. 
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Nemati et al. (2016) introduced a new Π group in the evaluation of the Nu number. The new 

dimensionless quantity was the Stanton (St) number, as applied to the inter-channel radiative heat 

transfer, in addition to the Reynolds number, the aspect ratio and a dimensionless U-value for the 

channel air gap: 

𝑁𝑢 = 𝑓(𝑈, 𝑆𝑡𝑟 , 𝑅𝑒,
𝐿

𝐷
) (2.10) 

where: 

𝑈 =
𝑘 𝐷⁄

𝜌𝑢𝐶𝑝
 (2.11) 

and 

𝑆𝑡𝑟 =
ℎ𝑟𝑎𝑑

𝜌𝑢𝐶𝑝
 (2.12) 

The adaptation of an early version of the methodology presented in Chapter 5 was showcased by 

Ioannidis et al. (2020), who introduced the effects of the boundary conditions in the evaluation of 

Nu for mechanically ventilated STPV-DSF applications. In said study a new dimensionless 

number was defined as: 

(ℎ𝑐,𝑜𝑢𝑡⁡𝑜𝑟⁡𝑈𝑔𝑙)∙|𝑇𝑎𝑚𝑏−𝑇𝑟𝑜𝑜𝑚|

𝐺
 (2.13) 

where hc,out and Ugl the exterior heat transfer coefficient and the overall heat transfer coefficient of 

the inner layer of the DSF. The approach assumed a specific expression for the exterior heat 

transfer (Sharples & Charlesworth, 1998) and did not account for the effect of channel flow-driven 

convection on wind-driven convection.  

2.7.3 Channel flow pressure drop and fan consumption 

An important aspect of a BIPV/T system’s modelling, also linked to its design optimization, is the 

system’s pressure drop. The total pressure drop of a BIPV/T system determines the pumping power 

required by the fan to circulate the air and is a combination of the frictional pressure drop within 

the air channel, the pressure drop in the manifold that connects the outlets of the BIPV/T and the 

ducting which links the manifold to the HVAC system. The pressure drop of the manifold and the 

ducting is again a combination of frictional pressure drop from the straight parts of the ducts and 

minor pressure losses from contractions, expansions, elbows, converging streams etc. 

The frictional pressure drop is calculated according to the Darcy-Weisbach equation: 

𝛥𝑃𝑓 = 𝑓
𝐿

𝐷ℎ
𝜌
𝑉𝑎𝑣𝑔
2

2
 (2.14) 

The pressure drop due to minor losses is calculated as: 

𝛥𝑃𝑚 = ∑𝐾𝑖 𝜌
𝑉𝑎𝑣𝑔
2

2
 (2.15) 
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Where Ki denotes the loss coefficients for each type of minor loss. 

For laminar flow, the friction factor, f, depends only on the Reynolds number and is calculated as 

follows [111]: 

𝑓 =
64

𝑅𝑒
 (2.16) 

For transitional and turbulent flow regimes the friction factor becomes also dependent on the 

absolute roughness, ε, of the duct wall and the hydraulic diameter, Dh, of the duct. An implicit 

form of the friction factor for the transitional and turbulent regime, developed through 

experimental studies data fitting is the Colebrook-White equation: 

1

√𝑓
= −2log⁡(

𝜀

3.7𝐷ℎ
+

2.51

𝑅𝑒√𝑓
) (2.17) 

Table 2.6 presents several empirical approximations of the friction factor, which have been used 

in PV/T studies. 

Table 2. 6: Friction factor correlations used in PV/T literature 

Formula Comments Conditions 

𝑓 =
64

𝑅𝑒
 

 

Used for laminar flow. Re < 2300 

𝑓 = 0.316𝑅𝑒0.25 Equation by Blasius, approximation 

for smooth surfaces 

Re < 2x104 

1

√𝑓
= −1.8log⁡((

𝜀

3.7𝐷ℎ
)
1.11

+
6.9

𝑅𝑒
) 

Equation by Haaland which 

approximates the Colebrook-White 

equation 

Re > 2300 

𝑓 = (0.79ln⁡(𝑅𝑒) − 1.64)0.25 Equation by Petukhov for transitional 

and turbulent flow in smooth ducts 

3000 < Re < 5x106 

 

As far as the modelling of pressure drop is concerned, several aspects that require further 

investigation are the following: 

• The pressure drop in the air channel of the PV/T depending on the internal geometry for 

different design configurations (frame protrusions, fins or other turbulence inducing 

media) should be further studied experimentally and pressure drop – flow correlations need 

to be developed to cover a wide range of PV/T and BIPV/T designs.  

• Given that most of the pressure drop may occur in the ducting of the manifold, it is 

important to have studies exploring its optimal design and scalability for different BIPV/T 

system sizes and applications. 
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• When evaluating the overall system pressure drop and assessing the benefits of a BIPV/T, 

it is important to distinguish between the pressure drop that would anyway take place in 

the original HVAC system and that due to the BIPV/T, additional ducting and/or fan 

installation, which is dependent upon the specific thermal application. 

Apart from the air channel, the pressure drop for different inlet types for roof and façade 

applications that may employ meshes/filters should be evaluated. 

2.7.4 Discussion on PV/T and BIPV/T modelling 

When talking about BIPV/T modelling, it is important to consider the different stages modelling 

can be applied and the purpose it is serving, as well as the fact that convective heat transfer, 

especially wind-driven, cannot be the same at all locations and for all system types. 

1. Early design stage, feasibility study: At this stage, the modelling tool could provide the option 

to use different correlations for wind-driven and channel convection, which may give range for 

best and worst-case scenario performance. 

2. System design: Valuable information could be provided by research on the effect of different 

convective correlations when optimizing the system’s geometric features, (the net electrical benefit 

of PV production and HVAC enhanced performance minus the fan consumption). Simulation 

studies that perform such an optimization for case studies using different modelling approaches 

and comparing the optimal end result would provide valuable information. I.e., if the different 

modelling approaches give small range of optimal air channels or system aspect ratios. 

3. When a control algorithm is used to modulate the fan and optimize the coupled BIPV/T-HVAC 

operation, the particular system features, as well as local environmental effects can be taken into 

consideration by a combination of on-site system monitoring with key sensors, physics-based 

modelling and calibration of the convective correlations based on the monitored data. This is 

similar to the thermal models by King et al. (2004) and Faiman (2008) for the evaluation of PV 

temperatures in PV plants. 

2.8 Key performance indicators (KPI) 

The establishment of KPI’s is essential for the characterization and comparison of different PV/T 

and BIPV/T technologies. KPI’s developed for this purpose should be distinguished from the ones 

relevant to the overall system performance as integrated with the building envelope and HVAC 

system, and should convey the necessary information for comparison, including the electrical and 

thermal yield, as well as temperatures of the various parts of the system, depending on a set (or 

given range) of reference conditions. 

There have been several approaches for the establishment of a single overall performance metric 

that can be used for the comparison of different system configurations. However, given the 

different thermoelectric value of electricity and heat, the development of a meaningful combined 

metric is a difficult task. Some of the most common approaches are the following 
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Combined electrical and thermal performance 

One of the most common single metrics used is the combined electrical and thermal efficiency, 

defined as the added electrical and thermal efficiencies of the system (N. Aste et al., 2017; 

Bombarda et al., 2016): 

𝜂𝑡𝑜𝑡 = 𝜂𝑒𝑙 + 𝜂𝑡ℎ  (2.18) 

This approach, however, assigns the same value for the electrical and thermal energy, which can 

be misleading regarding the actual usable energy delivered by the system. 

Equivalent thermal energy and primary energy savings (PES) efficiency 

Bambara et al. (2011) proposed the term “equivalent thermal efficiency” which converts the 

electrical output of a hybrid system based on the coefficient of performance (COP) of a 

conventional heat pump and adds it to the thermal output of the system:  

𝜂𝑡ℎ_𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑙𝑒𝑛𝑡 =
𝜂𝑒𝑙

𝐶𝑂𝑃⁄ + 𝜂𝑡ℎ  (2.19) 

Similarly, other studies consider the efficiency of electrical generation of a conventional power 

plant (N. Aste et al., 2017; Farshchimonfared et al., 2015), ηpower, to define the total system 

efficiency as: 

𝜂𝑡𝑜𝑡 =
𝜂𝑒𝑙

𝜂𝑝𝑜𝑤𝑒𝑟⁄ + 𝜂𝑡ℎ  (2.20) 

Both approaches, however, are highly case specific and cannot be generalized. The former depends 

upon the HVAC integration and the latter upon the power generation technology used on a national 

level, while none considers the usable thermal yield delivered by the system. 

Another approach aiming to introduce qualitative criteria and take into account the coolant outlet 

temperature is the exergy method (N. Aste et al., 2017; Bombarda et al., 2016; Farshchimonfared 

et al., 2015). This method evaluates the overall exergetic output of the system as the amount of 

thermal output that can be converted to work in addition to the electrical generation and the 

exergetic efficiency defined as follows: 

𝜀𝑡𝑜𝑡 =
𝑞(1−

𝑇𝑎𝑚𝑏
𝑇𝑜𝑢𝑡
⁄ )+𝑃𝑒𝑙𝑒𝑐⁡

𝐺
  (2.21) 

However, studies have argued that for PV/T and BIPV/T low temperature applications, conversion 

to work is an irrelevant process (Farshchimonfared et al., 2015). 

It may, therefore, be more convenient to maintain the distinction between the electrical and thermal 

performance for the purpose of characterising and comparison of different PV/T and BIPV/T types 

since these can then be used to assess the overall system performance for a specific application. 

That being said, there is room for improvement of the already established metrics to provide more 

practical information. 
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As far as the electrical yield is concerned, by evaluating the flow/pressure drop correlation for a 

given system design and deducting the required fan power from the total power yield under the 

established reference conditions and flow rates (per collector area) that cover a range of potential 

BIPV/T applications, the net energy yield/efficiency can be evaluated. 

As far as the thermal efficiency is concerned, Bombarda et al. (2016) proposed a modified 

definition by subtracting the PV generation from the available incident radiation, namely: 

𝜂𝑡ℎ
∗ =

𝜂𝑡ℎ
(1 − 𝜂𝑒𝑙)
⁄  (2.22) 

This approach eliminates the effect of different PV module types and power outputs when 

comparing different PV/T and BIPV/T samples. 

Furthermore, this paper suggests that these performance metrics, including channel convective 

coefficients should be provided as a function of the operating conditions (environmental 

conditions, flow rate) in order to be more useful from a system design perspective and operation, 

in addition to the system comparison. Such an approach was adopted for the evaluation of channel 

convective coefficients for a double-skin façade STPV thermal system, implementing the 

environmental conditions as a new dimensionless number when evaluating the Nusselt number 

(Ioannidis et al., 2020). 

Finally, overall system performance and financial indicators should be studied in detail focusing 

on the state of the art of BIPV/T thermal applications. A review of existing performance metrics 

for overall system performance can be found in (Wang et al., 2017). 

2.9 Research opportunities 

The following are the major research needs that have been identified by the literature review and 

addressed in the present thesis: 

• BIPV/T system design and implementation of existing building practices. As discussed 

previously, there is a lack of design standardization and/or best practice guides for BIPV/T 

systems. As a result, the majority of realized systems are custom designs with significant 

initial cost. Further research is required in the system design from the architectural, 

structural, and building envelope perspective and more specifically: 

▪ Investigation of design solutions for both new buildings and retrofits, which adhere to 

commonly used building practices (i.e., curtain wall, wood/masonry structures etc.), 

which can lead to design standardization and simplification of the construction process. 

▪ Incorporation of modularity, prefabrication and the plug-and-play concept that can 

further simplify the construction process and quality, facilitate easier system 

maintenance and bring down fabrication costs. 
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• Modelling of wind effects and channel convection. There is no consensus on which 

expression best describes either case of convective heat transfer. The choice of expressions 

both for wind-driven and channel convection highly depends on the similarity of the 

studied system and the operating conditions to the ones for which the expressions were 

originally developed, and the expert knowledge of the engineer. However, for the case of 

BIPV/T systems this can be a complex issue, since the studies on convective phenomena 

have primarily focused on the channel Nu, with limited investigation of the wind effects. 

The significant variance among expressions developed for the same system but tested 

under different conditions, indicates the importance of the boundary conditions of the 

system. These boundary conditions are in no form included in the evaluation of convective 

heat transfer coefficients in existing expressions; and  

• Development of BIPV/T characterization procedure. Standardization of the 

experimental process and characterization for PV/T and BIPV/T systems, as well as 

modelling can lead to improved confidence in the systems performance. The models 

developed can be implemented in widely used building simulation programs, which can 

then be used for extensive studies of BIPV/T systems for different thermal applications, 

archetype buildings and climates. 

 

 



2 Presented in: Rounis, E. D., Athienitis, A. K., & Stathopoulos, T. (2021). BIPV / T curtain wall 

systems: Design , development and testing. Journal of Building Engineering, 42(July), 103019.  

Chapter 3: BIPV/T Curtain Wall Systems: Design, Development and 

Testing 

3.1 Introduction 

This chapter presents the design, development, and experimental testing of a BIPV/T curtain wall 

prototype. The purpose of this part of the thesis was to address the lack of design standardization 

in BIPV/T systems by proposing a BIPV/T prototype in a modular form with the prospect of 

prefabrication, taking into consideration architectural and building envelope requirements, but also 

with comparable electrical and thermal performance to that of stand-alone PV/T systems. This 

design concept was successfully implemented as a roof BIPV/T application for the 2018 Solar 

Decathlon competition in China.  

Furthermore, thermal enhancement methods suitable for BIPV/T systems such as multiple-inlets 

and a flow deflector were implemented to enhance the thermal performance of the prototype. These 

were studied experimentally in an indoor solar simulator facility for different configurations 

including varying flow and PV transparency. Furthermore, the convective heat transfer phenomena 

have been evaluated and compared to other studies in literature. 

Test results showed a thermal efficiency of up to 33%.  A multiple-inlet configuration assisted by 

a flow deflector behind the PV panel was found to enhance the thermal performance by up to 16% 

and reduced the peak PV temperatures by 3.5oC, with a marginal increase in the electrical 

efficiency. The BIPV/T curtain wall prototype provides a foundation for air-based BIPV/T design 

standardization and incorporation of common building practices. 

3.2 Methodology 

The following section describes the BIPV/T curtain wall concept development, the design 

considerations and thermal enhancements, and finally the experimental procedure that was carried 

out at an indoor solar simulator facility. The experimental data were used to assess the overall 

electrical and thermal performance of the prototype and investigate the effectiveness of the 

implemented thermal enhancements. All testing configurations considered were compared in 

terms of thermal and electrical efficiency, and maximum PV temperatures. Finally, the Nusselt 

numbers (Nu) of the air gap or air channel at the PV interface, the insulation and the average 

channel Nu were evaluated. They were then compared to ones derived from expressions commonly 

used in PV/T and BIPV/T literature, based on the review study by Rounis et al., (2021) as well as 

from expressions developed specifically for BIPV/T systems for single inlet configurations 

(Candanedo et al., 2011) and for the multiple-inlet configurations (Yang & Athienitis, 2015b). The 

applicability of said expressions was subsequently discussed. 
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3.2.1 Overall concept and design 

Figure 3.1 presents the overall concept of a BIPV/T curtain wall, as well as a breakdown of its 

main components. 

 

Figure 3. 1: Rendering of the BIPV/T curtain wall concept. The curtain wall design is modified to facilitate an air 

channel, while frameless PV modules replace the glazing section. 

The experimental BIPV/T curtain wall prototype was conceived and developed as a part of a larger 

system (Fig. 3.2). Its purpose was to serve as a means of acquiring design insight for fully 

integrated, PV/T systems, as well as investigating and analyzing results for the modelling of the 

performance of different system configurations and thermal enhancements.  

 

Figure 3. 2: Conceptual rendering of a BIPV/T curtain wall system (left) and rendering of the experimental prototype 

of the present study (right). 

The design of the prototype was carried out within a frame of considerations, namely, architectural, 

structural and building envelope functions, while also aiming for the facilitation of a modular 

design. Modularity and the plug-and-play concept have been identified by the IEA Task 56 as key 
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approaches for the wider implementation and cost reduction of active solar envelope systems (IEA 

SHC TASK 56, 2020).  

In summary, the main design considerations were the following: 

• Architectural/Structural: The goal was to adopt a common building technique and modify it 

accordingly in order to facilitate the BIPV/T concept. The final result would be a system that can 

be seamlessly integrated, with high aesthetic value and with the potential of modularization and 

prefabrication. The framing system was built with commercial mullion extrusions.  

• Building envelope: The prototype had to fulfill building envelope function requirements in 

terms of air, moisture and heat transfer, including the necessary rainscreen, water shedding, air 

and vapor barrier, and insulation layers. This is further discussed in 3.2.1.2.  

Electrical and thermal performance should be enhanced by means suitable for building integration, 

as discussed in 3.2.1.3. 

3.2.1.1 Framing 

The prototype’s frame consists of two side vertical mullions, a middle vertical mullion, a bottom 

and a top transom. Fig. 3.3 demonstrates an elevation view including inlet and framing details of 

the prototype. 

The cross-sectional area of the air channel is 0.19 m2. A 45 mm x 45 mm middle structural framing 

member is installed along the channel in order to counter the PV modules deflection, which creates 

a blockage of almost 1% in the cross-sectional area. The depth of the air channel is 95 mm and its 

hydraulic diameter 0.18 m.  The total length of the flow path is 2.09 m. 

 

Figure 3. 3: BIPV/T curtain wall prototype elevation and details. D1 illustrates the facilitation of an additional air 

intake and the support of the frameless PV modules. 
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3.2.1.2 Building envelope considerations 

Figure 3.4 presents a cross section of the prototype and demonstrates how it manages air, moisture 

and heat transfer, as well as water penetration. The frameless PV and the curtain wall frame form 

a rain-screen surface. At the level of the inlet, a flow deflector prevents rain penetration in the air 

channel. For the case of a single-inlet system, a shallow mullion would provide horizontal support 

for the top and bottom PV, while maintaining the continuity of the air channel.  

 

Figure 3. 4: Building envelope function of the BIPV/T curtain wall. 

On the rear side, 51 mm (2 in) of extruded polystyrene (XPS) insulation was used, sandwiched 

between two aluminum sheets. These sheets have the role of air and moisture barrier, similar to 

the spandrel section back-pan of a curtain wall, as well as of the water resistive surface for any 

amount of water that penetrates the PV layer, especially for the multiple-inlet configuration. 

Additionally, the front aluminum sheet (interfacing with the air channel) acts as a secondary 

absorber for the part of solar irradiation that is transmitted through the semi-transparent PV. This 

sheet was painted black to increase its absorptance. Adhesive insulation (tape) was used at the side 

walls of the air channel, namely the mullion interior surface, in order to minimize lateral heat 

losses. Overall, a near adiabatic boundary was formed for the sides and rear of the air channel. 

Further details regarding the system’s building envelope function can be found in Kruglov et al., 

(2017). 

3.2.1.3 Thermal enhancements 

Three main ways to enhance the thermal performance of the prototype were considered, namely 

the use of transparent versus opaque PV modules, multiple inlets and use of a flow deflector. These 

techniques were chosen based on their simplicity, efficiency - as reported in literature - and ease 

of application for building integrated systems.  
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Semi-transparent PV and secondary absorber 

The use of semi-transparent PV (STPV) instead of opaque PV with the same packing factor (PF) 

has been found to increase both the electrical and thermal performance of PV/T systems, due to 

the reduced radiation absorbed on the spacing between the PV cells and therefore lower 

temperature at the PV layer, and the increased transmitted radiation to the rear surface (Guiavarch 

& Peuportier, 2006; Yang & Athienitis, 2015b). Increasing the PV module transparency by 

reducing the number of opaque cells diminishes the electrical output but increases the heat 

recovery from the surface opposite the PV (Sandnes & Rekstad, 2002; Vats et al., 2012). 

Two sets of glass-on-glass STPV modules (Fig. 3.5) were custom fabricated, with transparencies 

of 20% (66 cells) and 12% (72 cells) and respective nominal module electrical efficiencies at 

standard testing conditions (STC) of 14.2 % and 15.5%. The dimensions of both PV module types 

are 1.968 m x 0.992 m x 0.0058 m. These were installed in a landscape orientation (see Fig. 3.3) 

to allow for the facilitation of a second air intake and take better advantage of the additional 

thermal entrance effects. The PV modules were fixed to the side and top mullions with pressure 

plates. The central longitudinal mullion (Fig. 3.3) provided support against deflection, as well as 

two extra point supports for the dead weight of the modules, essential for the vertical placement 

of the specimen. 

The use of STPV was supplemented by the dark absorbing surface of the top insulation cover 

which interfaces with the air channel (see Fig. 3.4), allowing for better absorption of the 

transmitted radiation. 

 

Figure 3. 5: Semi-transparent PV modules used for the prototype’s testing with 20% transparency (left) and 12% 

transparency (right). 

Multiple inlets and flow deflector 

The introduction of additional air intakes on a BIPV/T system has been found to improve both its 

thermal and electrical performance by disrupting the thermal boundary layer formed on the PV 

surface and introducing additional entrance effects that increase heat extraction along the flow 

path (Athienitis et al., 2018; Rounis et al., 2016; Yang & Athienitis, 2015b). Such a technique has 

the potential to maintain near uniform PV temperatures throughout the BIPV/T channel by tuning 

the flow rates of the multiple inlets (Athienitis et al., 2018; Rounis et al., 2016). 
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For the BIPV/T curtain wall prototype this technique was facilitated by creating a 30 mm space 

between the PV modules which was maintained by a point support/separator between the modules. 

Additionally, a flow deflector extrusion was installed on the top part of the PV of the bottom 

section of the BIPV/T prototype (Fig. 3.6). Its purpose was to serve as a blockage to rain water 

penetration and as a means to direct the air entering from the second inlet towards the surface of 

the PV of the upper section of the prototype. The effect of this flow deflector was also investigated 

during the experimental procedure and it was found that it had a considerable impact on the thermal 

and electrical performance of the prototype, as compared to the double-inlet configuration without 

the flow deflector. 

 

Figure 3. 6: Flow deflector extrusion placed on the additional inlet to prevent rain penetration and direct the cool air 

towards the PV surface. 

As mentioned earlier, the prototype was not considered as stand-alone system, rather as part of a 

larger BIPV/T installation. As such, the channel depth was designed so that it could facilitate the 

addition of the flow deflector without creating severe blockage to the available cross-sectional 

area, with resulting high frictional pressure losses, considering a flow length for one to two storeys. 

A depth of 95 mm was selected as a compromise between imposing less than 70% blockage to the 

channel flow of the bottom section and achieving average channel velocities of up to 1 m/s, given 

the capacity of the air collector unit that was used for the experimental procedure. 

3.2.1.4 Full-scale application 

Although developed primarily for façade applications, the BIPV/T curtain wall concept was 

successfully incorporated for the BIPV/T roof of the DPD house by Team Montreal in the 2018 

Solar Decathlon competition in China (Dumoulin et al., 2021; Rounis et al., 2018). Apart from the 

seamless integration, the curtain wall technique, allowed for the incorporation of an integrated 

skylight, as seen in Fig. 3.7. This extended the multi-functionality of the BIPV/T to the daylighting 

aspect as well.  
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Figure 3. 7: Roof BIPV/T of the Deep Performance Dwelling with integrated skylight (highlighted in yellow) 

(Dumoulin et al., 2021). 

3.2.2 Experimental setup 

The prototype was tested at the Paul Fazio Solar Simulator and Environmental Chamber facility 

of Concordia University in Montreal. The lamp field of the solar simulator consists of 8 metal 

halide lamps which can produce an irradiance intensity between 500 and 1200 W/m2, with a 

uniformity of up to 97% (depending on the required coverage area and lamp placement). The 

position and intensity of each lamp can be individually adjusted in order to achieve the required 

uniformity. The lamps create a spectral distribution that complies with standards ISO 9806 and 

EN 12975 (Kapsis et al., 2016). 

In front of the lamp field, a ventilated artificial sky maintains a surface temperature of 13oC ±2oC 

in order to remove the effect of the infrared radiation generated by the lamps, as well as simulate 

the sky temperature. This is an important component, as previous studies have shown that the 

blackbody temperature of the sky is not properly represented by hot lighting devices in indoors 

facilities (Mei et al., 2003).  

The test platform is located beneath the lamp field, whereupon the specimens are placed. Both the 

platform and the lamp field can rotate between 0o (horizontal placement) and 90o (vertical 

placement) to simulate low-sloped and pitched roofs, as well as vertical facades. The room where 

the solar simulator is located is maintained at 21oC ±1oC (and 30% ±5% relative humidity). A 

cooling unit is used to remove the heat generated by the lamps from the room. 

A linear, variable-speed fan is used to emulate wind-driven convection. The height of the fan 

relative to the platform can be adjusted according to the height of the specimen and it blows 

ambient air parallel to the specimen with up to 14 m/s maximum velocity. A pyranometer and an 

anemometer mounted on a traverse system above the testing area measure the irradiation and wind 

speed respectively, with a minimum measurement spacing of 15 cm. Figure 3.8 shows the solar 

simulator test setup of the prototype. 
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Figure 3. 8: The experimental setup of the prototype at the solar simulator facility. 

3.2.2.1 Temperature measurements 

A total of 85 T-type thermocouples and 3 RTD probes were used to monitor the temperature on 

the insulation/secondary absorber, in the air channel and on the top part of the PV modules where 

the highest temperatures were expected. The PV temperatures were also used to calibrate infra-red 

images taken during the measurements, which provided more detailed temperature distributions 

on the surface of PV modules. Additional thermocouples were used to monitor the inner and outer 

surface temperatures of the frame, as well as the air film temperatures over the PV surface to 

account for the effect of wind.  

Two RTD sensors were placed on the main outlets of the manifold which collected the preheated 

air, and one was used for the room ambient temperature. Four measurement lines were formed 

along the flow path, as shown in Fig. 3.9, to evaluate the temperature distribution both along and 

across the flow path. On the upper half section of the prototype, more detailed measurements were 

taken, with thermocouples placed at different heights, in order to investigate the mixing of the two 

streams (from the bottom and top inlet). 
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Figure 3. 9: Elevation and view of the thermocouple placement and location points for flow measurements.  

3.2.2.2 Manifold and flow measurements 

Due to the large width of the prototype and in order to ensure uniform flow within the air channel 

(and avoid flow convergence), four outlets of 25 cm x 5 cm were made by cutting out of the top 

mullion, upon which a custom manifold was attached. The manifold (Fig. 3.10) consisted of a 

central “T” split with two branches on each end, with four resulting branches funneling into the 

main outlet. Flow measurements were carried out at the locations indicated in Fig. 3.9 with a TSI 

hotwire handheld anemometer to verify the uniformity of the flow across the collector’s channel. 

Measurements showed a variance of less than 10%, indicating a rather uniform flow. The manifold 

outlet was connected to the Air Collector Test Stand of the solar simulator, which allows the mass 

flow rate to be set manually and measured by an orifice flow meter which uses three differential 

pressure transducers of different ranges. 
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Figure 3. 10: The custom four-branch manifold used in the experiments. One quarter of the total flow rate was drawn 

from each outlet. 

3.2.2.3 Cases studied 

The prototype testing focused on the effect of the following on its electrical and thermal 

performance, and PV temperatures: 

• The use of one or multiple inlets (one for each PV module) for the intake of fresh air 

• The use of a flow deflector for the double-inlet configuration 

• The effect of different transparency (with varying packing factor) of the PV modules 

For each PV set (20% and 12% transparency), three configurations were tested, namely, single-

inlet, double-inlet and double-inlet with use of a flow deflector. These will be referred to as system 

I, II and III for the remainder of this study and are summarized in Table 3.1. Each system was 

tested under varying irradiation (842 W/m2, 989 W/m2, 1109 W/m2) and mass flow rates (0.028 

kg/s.m2, 0.034 kg/s.m2 and 0.041 kg/s.m2, and respective Reynolds number range between 5957-

8816). All tests were carried out under ambient temperature between 21oC to 22oC and a constant 

average wind velocity of 1.1 m/s. 

The thermal efficiency of the collector was calculated as follows: 

𝜂𝑡ℎ =
𝑞

𝐴𝑐𝐺
 (3.1) 

where Qair is the heat recovered, defined as: 

𝑞 = 𝑚̇𝐶𝑝𝛥𝑇 (3.2) 

G is the irradiance (W/m2) and Ac the gross surface area of the collector (PV modules and frame), 

equal to 4.39 m2. 
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The electrical efficiency of the assembly was calculated as the summation of the power output of 

the two PV modules (PPV_1 and PPV_2) over the irradiance on the gross collector area. 

𝜂𝑃𝑉 =
𝑃𝑃𝑉_1+𝑃𝑃𝑉_2

𝐴𝑐𝐺
 (3.3) 

Table 3. 1: BIPV/T testing configurations (red color indicates the inlets and purple the flow deflector)  

20% transparency (66-cell) STPV modules 

System I (Single-inlet): System II (Double-inlet): System III (Double-inlet, air  

deflector): 

   

12% transparency (72-cell) STPV modules 

Single-inlet: Double-inlet: Double-inlet, air deflector: 

   

 

3.2.3 Recorded Nu and comparison to commonly used expressions 

The channel convective heat transfer coefficient (CHTC) and respective Nusselt number (Nu) were 

evaluated for the bottom and top section of each system configuration from Table 3.1, as shown 

in Figure 3.11, as well as for the whole collector, by performing an energy balance for each 

respective section (see Appendix B). The CHTC and Nu calculations were performed for the 

following: 

• The interface between the PV and the air-channel (PV side) 

• The interface between the insulation and the air-channel (insulation side) 
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Figure 3. 11: Schematic of inlet and channel flows for the bottom and top section and of the CHTC and Nu for the PV 

and insulation surface. 

Additionally, an overall (combined) CHTC and Nu was evaluated for each system type and 

section. This was done to compare with other Nu expressions from the literature, which have been 

extensively used in PV/T modelling, and which are used interchangeably for both interfaces. The 

overall CHTC and respective Nu were calculated according to equations 3.4 and 3.5. 

𝑚̇𝐶𝑝𝛥𝑇 = 𝐶𝐻𝑇𝐶 ∙ (𝑇𝑃𝑉 + 𝑇𝑖𝑛𝑠 − 2𝑇𝑎𝑖𝑟̅̅ ̅̅ ̅) ∙ 𝐴 (3.4) 

𝑁𝑢 = 𝐶𝐻𝑇𝐶 ∙ 𝐷ℎ/𝑘 (3.5) 

where CHTC is the overall (combined) convective heat transfer coefficient for the PV and 

insulation side, TPV, Tins and Tair, the average temperature of the PV, insulation and air of the 

respective section, Dh is the hydraulic diameter of the air channel and k the conductivity of air 

(evaluated based on the average air temperature of the respective section). 

The recorded Nu were then compared to ones derived from expressions that have been developed 

for heat transfer in duct flow (Dittus, 1985; Tan & Charters, 1969, 1970) and have been extensively 

used in PV/T and BIPV/T modelling literature, for a wide range of PV/T system types. 

Additionally, expressions developed specifically for BIPV/T systems by Candanedo et al. (2011) 

for single inlet configurations and (Yang & Athienitis, 2015a) for the multiple-inlet configurations 

were also investigated. The agreement of the considered expressions with the experimental 

findings and their conditional applicability are discussed in section 3.3.3. 
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3.3 Results 

The following results demonstrate the air temperature rise, maximum PV temperatures as well as 

electrical and thermal efficiency values for the prototype tested under 842 W/m2 solar irradiation 

on the cell surface with an approximate uniformity of 94%, an ambient air temperature of 21°C 

±1°C, and an average exterior wind speed of 1.1 m/s. This set of conditions is similar to the 

nominal operating cell temperature (NOCT) conditions, used to evaluate PV cell temperatures. 

The prototype showed similar behavior for the other two solar irradiation values (989 W/m2, and 

1109 W/m2, respectively), which were used for model verification purposes that will be part of a 

future study. Tables 3.2 through 3.5 demonstrate the results for thermal and electrical efficiency, 

air temperature rise and maximum PV temperatures, for the two types of STPV modules used. 

Table 3. 2: Thermal efficiency of the prototype for the different configurations 

Configuration 66-cell (20% transparency) 72-cell (12% transparency) 

Flow rates (kg/s.m2) 0.028 0.034 0.041 0.028 0.034 0.041 

Single inlet (System I) 23.6% 24.7% 27.3% 21.4% 23.6% 26.1% 

M-inlet (System II) 23.4% 28.4% 31.9% 22.6% 26.3% 29.8% 

M-inlet, air deflector 

(System III) 

25.7% 29.2% 32.3% 24.5% 27.8% 30.3% 

 

Table 3. 3: Electrical efficiency of the prototype for the different configurations 

Configuration

  

66-cell (20% 

transparency) 

72-cell (12% 

transparency) 

Flow rates (kg/s.m2) 0.02

8 

0.03

4 

0.04

1 

0.02

8 

0.03

4 

0.04

1 

Single inlet (System I) 11.2

% 

11.4

% 

11.4

% 

12.6

% 

12.7

% 

12.7

% 

M-inlet (System II) 11.3

% 

11.4

% 

11.5

% 

12.6

% 

12.7

% 

12.7

% 

M-inlet, air deflector (System III) 11.4

% 

11.4

% 

11.5

% 

12.7

% 

12.7

% 

12.8

% 
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Table 3. 4: Air temperature rise in the air channel of the prototype for the different configurations 

Configuration 66-cell (20% transparency) 72-cell (12% transparency) 

Flow rates (kg/s.m2) 0.028 0.034 0.041 0.028 0.034 0.041 

Single inlet (System I) 6.9°C 6.6°C 6.0°C 7.1°C 6.3°C 5.8°C 

M-inlet (System II) 7.8°C 7.6°C 7.1°C 7.5°C 7.0°C 6.6°C 

M-inlet, air deflector (System 

III) 

8.5°C 7.8°C 7.2°C 8.2°C 7.4°C 6.7°C 

 

Table 3. 5: Maximum PV temperatures for the different configurations 

Configuration 66-cell (20% transparency) 72-cell (12% transparency) 

Flow rates (kg/s.m2) 0.028 0.034 0.041 0.028 0.034 0.041 

Single inlet (System I) 59.4°C 57.1°C 55.3°C 56.8°C 56.0°C 54.7°C 

M-inlet (System II) 58.1°C 56.1°C 53.4°C 56.6°C 55.6°C 53.7°C 

M-inlet, air deflector (System 

III) 

55.6°C 54.3°C 52.1°C 55.4°C 54.2°C 53.0°C 

 

3.3.1 Effect of multiple inlets and flow deflector 

3.3.1.1 Thermal efficiency and air temperature rise 

System III showed the highest thermal efficiency for all test configurations, followed by systems 

II and I. The double inlet system had 1.2% to 3.7% higher thermal efficiency (or 5.5% to 14% 

relative increase) compared to the reference single-inlet (System I) and when a flow deflector was 

added the thermal efficiency was 3.1% to 4.2% higher (or 14.6% to 16% relative increase). The 

latter can be attributed to the fact that the flow from the second air intake is directed towards the 

surface of the PV, which is subjected to a cooler air stream and thus the heat exchange with the 

hot PV surface is increased. 

The temperature rise inside the air channel (or temperature difference between inlet and outlet) 

followed the same pattern as the thermal efficiency, in that the highest temperature rise was 

achieved by the system III (6.7oC to 8.2oC, highest to lowest mass flow rate, 12% transparency), 

followed by system II (6.6oC to 7.5oC) and the lowest by system I (5.8oC to 7.1oC). With increasing 

irradiation levels, the temperature rise increased and was about 1 to 1.3oC higher for system III vs 

system I.  
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3.3.1.2 Maximum PV temperatures and electrical efficiency 

System I had the highest peak PV temperatures, namely for the top row of cells of the top section 

PV module. System II had slightly lower peak PV temperatures and system III had the lowest. The 

PV of the first section for the single inlet configurations had slightly lower temperature than for 

the double-inlet, on average around 0.8oC, due to the higher flow rate entering solely from the 

bottom opening. However, the peak PV temperature of the top section for the double-inlet was on 

average lower by 3°C to 3.5°C, indicating an important cooling effect introduced by the second 

inlet and the flow deflector, with only a small part of the total flow entering from the second inlet. 

Figure 3.12 shows an infra-red image of the PV surface temperatures for systems I and III. For 

system III, the temperatures of the top PV are considerably lower than for the single-inlet 

configuration. 

 

Figure 3. 12: IR imagery of the surface PV temperatures for system I (middle) and system III (right). 

The aforementioned differences in PV temperatures were reflected in the electrical performance 

of the three systems with system III performing the best, although marginally. Figure 3.13 

summarizes the electrical and thermal efficiencies and the peak PV temperatures for the three 

configurations (12% transparency, 0.041 kg/s.m2).  
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Figure 3. 13: Electrical efficiency, thermal efficiency and peak PV temperature for the three configurations of the 72-

cell set, at 0.041 kg/s.m2 total mass flow rate. 

3.3.2 Effect of STPV transparency 

The higher transparency PV modules (66-cell set) had 10% to 11% lower electrical output versus 

the 72-cell set, which was consistent in all tested configurations and flow rates, reflecting the 

corresponding difference of PV cell coverage (or packing factor). The higher amount of radiation 

transmitted to the back absorber resulted in a 5% to 10% higher thermal output and slightly higher 

outlet air temperature (up to 0.7oC). The peak PV temperatures for the 72-cell set were higher by 

0.6oC to 3.6oC, due to the higher radiation absorbed by a larger PV cell area. These results agree 

with previous investigations (Yang & Athienitis, 2014b, 2015a). The choice of packing factor in 

a real application would depend on the desired electrical and thermal output. Indicatively, Figure 

3.14 demonstrates the electrical and thermal efficiencies of the two sets for all configurations at 

an air collection rate of 600 kg/hr (0.041 kg/s.m2). 

The highest recorded ΔTinlet-outlet for system III equipped with the modules of 20% transparency 

was between 9.2oC to 11.1oC (for higher to lower mass flow rate respectively, irradiation of 

1109 W/m2) – channel length of 2.09 m. 
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Figure 3. 14: Electrical and thermal efficiency for the single-inlet, double-inlet and double-inlet with installed flow 

deflector, for the 66-cell and 72-cell PV module sets. 

It should be mentioned that other thermal enhancements such as the use of fins and a more 

conductive substrate for the PV modules could be employed to further increase the amount of 

recovered heat. Furthermore, the geometric features of the air channel, such as the channel height 

and/or the distance between the inlet and outlet, should be optimized accordingly given a specific 

thermal application (coupling with the HVAC) and flow rate range, taking into consideration the 

fan consumption. 

3.3.3 Convective heat transfer and Nusselt number 

3.3.3.1 Entire collector 

Figures 3.15 through 3.17 demonstrate the collector average Nu of the PV side, the insulation side 

and the combined, plotted against the Reynolds number, for the three system configurations and 

compared to Nu expressions that have been widely used in PV/T and BIPV/T literature. The three 

lines on the lower section of each graph correspond to average Nu (for either side of the channel) 

that have been developed for heat transfer in duct flow (Dittus, 1985; Tan & Charters, 1969, 1970). 

The top lines are Nu expressions specifically developed for BIPV/T for the PV and the insulation 

side separately (Candanedo et al., 2011). 
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Figure 3. 15: PV side Nu plotted against the Re and compared with Nu expressions from literature. 

 

Figure 3. 16: Insulation side Nu plotted against the Re and compared with Nu expressions from literature. 
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Figure 3. 17: Average Nu for the PV and insulation side of the air channel plotted against the Re and compared with 

Nu expressions from literature. 

Some important observations can be summarized as follows: 

• There is a significant asymmetry in the CHTC of the PV and the insulation side, with the latter 

being considerably higher. This asymmetry can be attributed to the different boundary conditions 

and the fact that the PV side is directly exposed to the environmental conditions. This further hints 

to the importance of the wind-driven convection and thermal losses. 

• This asymmetry for the studied system is far greater than what is proposed by Candanedo et al. 

(2011). 

• The Nu for the PV side seems to be in line with the average Nu expressions by Dittus, (19850 

and Tan & Charters (1969, 1970). However, the monitored Nu for the insulation side far exceeds 

the predictions of all Nu expressions. 

• In terms of combined Nu, the ones recorded for the double-inlet configurations were found 

closer to the predictions of the expressions developed for BIPV/T systems (Candanedo et al., 

2011). 

Table 3.6 summarizes the respective average convective heat transfer coefficient ranges (CHTC 

for the entire collector) for the PV side, the insulation side, as well as the combined CHTC for 

both sides, for the three studied system types.  
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Table 3. 6: Average CHTC for the three system types 

 System I (single inlet) System II (double 

inlet) 

System III (double 

inlet with flow 

deflector) 

PV 2.37-4.32 2.92-5.67 3.98-6.46 

Insulation 11.01-13.89 11.24-14.56 14.54-17.32 

Overall (Combined 

CHTC for PV and 

insulation side) 

5.27-7.09 5.67-8.30 7.00-9.31 

 

3.3.3.2 Bottom and top section 

The same procedure was repeated for the double inlet configurations (Systems II and III), this time 

focusing on the bottom and top section of the collector. The Nu of the PV side of the two sections 

was compared to Nu numbers for the PV side by Yang & Athienitis (2015) which is the only 

known instance of Nu developed specifically for a double-inlet system (different for each section 

of the double-inlet system. 

Figures 3.18 and 3.19 demonstrate the monitored values of Nu for the PV side for the bottom and 

top section respectively, compared to the predicted Nu according to the Nu expression by Yang & 

Athienitis (2015) for each respective section.  

The measured Nu confirm two of the findings of the study by Young & Athienitis (2015): 

• The Nu for the top (second) section of the double inlet system is enhanced compared to the 

bottom section 

• The Nu for the bottom (first) section of both the single and double inlet systems lie within the 

same trendline. This is with the exception of System III which demonstrates an increased Nu for 

the Bottom section as well, which can be attributed to local acceleration phenomena instigated by 

the presence of the flow deflector. 

Otherwise, the suggested expressions seem to overpredict the Nu and there is generally poor 

agreement with the measured values. It should be noted that the systems studied by Candanedo et 

al. (2011) and Yang & Athienitis (2015) and for which the correlations were developed had drastic 

differences in comparison to the present study’s setup. Said test subjects were scaled versions of a 

wood-frame roof BIPV/T system (Chen et al., 2010), with channel cross section dimensions of 

400 mm x 39 mm and with organic flexible PV pasted on metal roofing. The variations in the Nu, 

at least for the subjects tested in a solar simulator, can be attributed to a great extent to the different 

testing conditions (irradiance and wind velocity), material and surface properties, and setup 

geometric features. 
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As a general comment, there is overall poor or conditional agreement between the measured Nu 

and the predictions from commonly used expressions. Even expressions developed specifically for 

BIPV/T systems or systems with multiple-inlets seem to be case specific and this is the main reason 

that an explicit Nu formulation was not developed in the present study. This signifies the need for 

a generalized approach on convective heat transfer for BIPV/T systems with special focus on the 

boundary conditions, especially the effect of wind and irradiance, as well as the specific features 

of the system (aspect ratio, PV transparency, thermal enhancements etc.) and other factors that 

may affect the performance of a BIPV/T. Such an approach will be introduced in a future study 

including a modular BIPV/T setup, which allows for great flexibility in terms of geometric features 

(adjustable air channel height), thermal enhancements, PV transparency and module types. 

 

Figure 3. 18: Measured Nu PV of the bottom section for each of the three systems, compared to the Nu suggested by 

Yang & Athienitis [30] for the respective section. 
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Figure 3. 19: Measured Nu PV of the top section for each of the three systems, compared to the Nu suggested by 

Yang & Athienitis [30] for the respective section. 

3.3.4 Discussion 

As mentioned previously, the performance of the prototype was not optimized as a stand-alone 

collector. The prototype itself served as a platform to implement the curtain wall design approach 

and investigate inexpensive and easy to implement thermal enhancements, suitable for building 

integrated systems. The flow rates used (normalized by the area of the assembly) were selected 

based on existing full-scale BIPV/T applications (Bambara et al., 2011; Chen et al., 2010). 

It should be noted that with proper geometric optimization (channel height, inlet opening areas), 

the performance of a fully-integrated system can be further enhanced to fit the particular thermal 

application and connection to the HVAC. The flow rate or a range of flow rates may be imposed 

by the HVAC application, while the channel height may have constraints as for façade applications 

it may take up usable space. A follow-up investigation, involving a modular BIPV/T with variable 

channel depth, PV modules transparency and number of inlets will serve as a means for a 

sensitivity study of the main parameters that affect a BIPV/T curtain wall performance.  

The PV modules used employed common junction boxes and wiring, not designed for the purpose 

of building integration. Facilitation of wiring, optimal junction box design and position, as well as 

facilitation of easy connectivity and replacement of PV modules for BIPV and BIPV/T systems 

requires further research. 

Similarly, new approaches in PV module design such as use of more thermally conductive 

substrates (Koech et al., 2012; Zondag, 2008), potentially integrated with fins acting as heat sinks, 
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could further enhance the thermal performance and allow for more flexibility when using PV as a 

building material 

3.4. Conclusion 

This chapter presented the design, development and testing of a novel BIPV/T curtain wall 

prototype. The developed system has the potential for prefabrication and modularization, and it is 

intended as a complete building envelope solution. The design of the prototype was based on 

structural, architectural and building envelope requirements. The main objective was to propose a 

standardized design approach and provide the basis for adaptation of common building techniques 

in the design of BIPV/T. Additionally, this study proposed thermal enhancements suitable for 

building integrated systems, such as the use of multiple-inlets, semi-transparent PV and a newly 

introduced flow deflector. Finally, issues relevant to the modelling of the air-channel convective 

phenomena were addressed This was done through the comparison of the recorded Nu to 

commonly used expressions in BIPV/T literature, as well as expressions specifically developed 

for BIPV/T systems (with one or multiple air intakes). 

As far as thermal enhancements are concerned, the use of multiple inlets and a flow deflector unit 

were found to significantly improve the thermal performance by up to 16%, marginally improve 

the electrical performance and decrease the maximum PV temperatures by up to almost 4oC. 

Furthermore, the use of semi-transparent PV increased the heat recovery from the rear surface of 

the air channel. Increasing PV transparency was found to increase the thermal performance but at 

the cost of the electrical performance. 

Regarding the modelling of the air-channel convective phenomena, the convective coefficients 

and respective Nusselt numbers for all studied system types were found to have with poor or 

conditional agreement with the ones suggested in the relevant literature, indicating that most 

suggested expressions are case specific and there is a need for a more generalized approach for the 

modelling of convective phenomena in BIPV/T systems. It is important to study channel 

convection as a function of the boundary conditions, which are governed primarily by the effect 

of wind and solar irradiance, as well as the materials and the specific geometry of the system. 

The curtain wall technology shows significant potential for standardized, easy to construct BIPV/T 

systems which also allows for design flexibility (incorporation of skylights and daylight elements). 

The authors have laid the groundwork for technology adoption using components and techniques 

familiar to building design professionals. 

 

 



3 Presented in: Rounis, E. D., Athienitis, A., & Stathopoulos, T. (2021). Review of air-based PV/T 

and BIPV/T systems - Performance and modelling. Renewable Energy, 163, 1729–1753.  

Chapter 4: Effect of convective heat transfer coefficients in PV/T 

and BIPV/T modelling3 

4.1 Introduction 

This section presents the comparison between simulated results in MATLAB against measured 

data from a solar simulator experimental setup and from a full-scale BIPV/T roof system. A 

reference simulation case was created for both systems that provided the best fit with the 

experimental data in terms of temperature rise in the air channel (or outlet air temperature). 

Following, simulations were performed to investigate the effect of using different wind-driven 

CHTC expressions by maintaining the internal convective coefficient that gave the best fit and 

altering the wind-driven expression. The same procedure was then repeated by maintaining the 

wind-driven coefficient and varying the Nu expression for channel convection to assess the effect 

of the latter. 

4.2 Solar Simulator experimental setup 

The first case study was based upon the solar simulator investigation of Yang & Athienitis (2014). 

The 2.89 x 0.038 BIPV/T sample, with a channel depth of 0.04 m (Fig. 4.1a) was tested under 

steady state conditions, namely 1080 W/m2 solar irradiation, ambient temperature of 21oC and 1.6 

m/s wind velocity. The authors developed detailed PV, air and insulation temperature profiles, 

based on which local convective correlations for the interior and exterior were developed (Fig. 

4.1b). 

 

Figure 4. 1: a. BIPV/T sample dimensions, b. PV, air and insulation temperature profiles [70]. 

Table 4.1 presents the simulated results with different Nu expressions used in PV/T modelling 

(average PV, air and insulation temperatures, and average top and bottom convective heat transfer 

coefficients), while maintaining the wind-driven expression from the reference case. The last 

column shows the difference of each simulation from the reference case in terms of air temperature 
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rise. Similarly, Table 4.2 presents the respective results in terms of temperature rise when the Nu 

expression from the reference case is maintained, while wind-driven expressions are varied. 

The results of Table 4.1 demonstrate that there are significant differences in the evaluation of the 

channel CHTC when using different Nu expressions, which in turn reflect upon the calculation of 

the air temperature rise. The minimum (7.73 W/m2.K) and maximum (20.83 W/m2.K) CHTC value  

varied by more than 60% from the channel CHTC of the reference case (13.06 W/m2.K) and more 

than 160% between them. This translated in a ΔT difference of up to 18.2% from the reference 

(13.5oC versus 11.46oC) and a difference of 30% (almost 4oC) between the extreme cases. 

Table 4.2 demonstrates that the different wind-driven CHTC expressions could create even more 

significant difference in the calculation of the air temperature rise. Indicatively, the combined 

radiative/CHTC calculated according to the commonly used formula by (McAdams, 1954) (11.67 

W/m2.K) varied by almost 160% from the reference case with a respective difference in the 

calculated ΔΤ of more than 57% (6.5oC). It should be noted that with varying environmental and 

operating conditions, as well as system dimensions, these differences are expected to be greater. 

Such discrepancies could cause significant uncertainty when evaluating the performance of a 

coupled BIPV/T-HVAC system, as well as its optimal design.  

Table 4. 1: Simulated results: changing Nu expression 

Wind effect as evaluated experimentally / Varying Nu expressions 

Nu 

expression 

TPVavg Tair_avg Tins_avg hPV_avg hins_avg ΔΤ Difference 

from 

reference (%) 

Yang & 

Athienitis 

(2014b) 

47.62 26.15 29.54 13.06 17.92 11.46 Reference 

Candanedo et 

al. (2011)  

45.60 26.38 29.5 15.75 15.75 12.87 12.3 

Chen et al. 

(2010) 

43.63 27.31 29.29 20.83 20.82 13.54 18.2 

Dittus & 

Boelter (1985) 

48.67 24.76 31.41 8.38 8.38 9.86 13.9 

Tan & 

Charters 

(1969) 

49.05 24.56 31.83 7.73 7.73 9.48 17.3 

Petukhov 

(1976) 

48.57 24.81 31.31 8.56 8.56 9.95 13.2 
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Table 4. 2: Simulated results: changing wind-driven CHTC expression 

Experimental Nu / Varying CHCTwind expression 

CHTCwind 

expression 

TPVavg Tair_avg Tins_avg CHTCwind hrad ΔΤ Difference 

from 

reference (%) 

Yang & 

Athienitis 

(2014)  

47.62 26.15 29.54 22.17 5.17 11.46 Reference 

Sharples & 

Charlesworth 

(1998) 

50.95 27.60 31.57 15.42 5.26 13.12 14.5 

McAdams 

(1954) 

62.36 30.08 35.97 Combined: 11.67 18.00 57.1 

Duffie et al. 

(2003) 

59.92 29.566 35.02 7.6 5.51 16.95 47.9 

Palyvos 

(2008) 

52.44 29.92 32.14 13.80 5.30 13.75 20.0 

 

4.3 Full-scale roof BIPV/T 

The second case study is a BIPV/T roof system installed in one of the first net-zero institutional 

buildings in Quebec, Canada (Fig. 4.2). The featured BIPV/T system is 6 m long, 18.5 m wide, 

with a 7 cm air gap. The heated air from the BIPV/T is used as pre-heated ventilation air, boosting 

the performance of an energy recovery unit.  When the solar-heated air is at a higher temperature 

than about 22°C, it provides free additional space heating. 

 

Figure 4. 2: Roof BIPV/T system of the Varennes Library in Quebec, Canada. 
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For this case, monitored PV outlet temperatures of five consecutive days were used and the same 

procedure as for the previous case study was followed. The climatic conditions are shown in Fig. 

4.3. The fan is producing an average channel air velocity of 0.9 m/s. Figures 4.4 and 4.5 

demonstrate the simulated results against the measured outlet air temperature (black dashed line) 

when varying the Nu and wind CHTC expressions respectively. 

The best fit between simulated and measured results was found when using the channel convective 

correlation by Chen et al. (2010) and the wind-driven convective correlation by Palyvos (2008). 

These expressions formulated the reference simulation case. Nu expressions developed for PV/T 

system (Candanedo et al., 2011; Yang & Athienitis, 2014) also provided quite good fit. 

It was found that by changing wind CHTC expressions, simulated results could vary by up to 20oC, 

while when changing Nu expressions, the difference was about 10oC.  

 

Figure 4. 3: Ambient conditions, channel velocity and outlet air temperature for the roof BIPV/T during the 5 days of 

testing. 
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Figure 4. 4: Simulated vs measured outlet air temperature for different wind-driven CHTC expressions (maintaining 

reference Nu correlation). 

 

Figure 4. 5: Simulated vs measured outlet air temperature for different Nu expressions (maintaining reference wind-

CHTC correlation). 

4.4 Discussion 

It is evident that using different expressions for wind-driven and internal convection from the 

available literature can cause great discrepancies in the predicted thermal performance of a BIPV/T 

system.  

As far as internal convection is concerned, existing correlations generally under-predict the 

thermal performance, primarily due to the assumption of smooth duct and the neglection of 

entrance effects. Correlations developed specifically for PV/T systems generally provide more 
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accurate predictions, but they have significant differences with each other. This may signify the 

need for a different approach in the development of channel convection expressions, one that apart 

from the flow conditions and channel geometry, will take into account the boundary conditions as 

well. 

Wind effects were found to have the greatest impact, and this is attributed to the fact that the 

PV/absorber surface for a BIPV/T system is in direct contact with the ambient environment. The 

suitability of a wind-driven convection correlation highly depends on the local conditions, 

orientation and size of the systems, while it may be important to investigate the local effects from 

the wind velocity distributions over a large BIPV/T installation area. 

 



4 Presented in: Rounis, E. D., Ioannidis, Z., Sigounis A.M., Athienitis, A., & Stathopoulos, T. 

(2021). A Novel Approach for the Modelling of Convective Phenomena for Building Integrated 

Photovoltaic Thermal (BIPV/T) Systems. Solar Energy (submitted). 

Chapter 5: A novel approach for the modelling of convective 

phenomena for BIPV/T systems4 

5.1 Introduction 

This chapter introduces a novel approach for the modelling of convective phenomena for air-based 

building integrated photovoltaic thermal (BIPV/T) systems, which takes into consideration the 

interlinked nature of wind-driven and channel flow-driven convective phenomena. In chapters 3 

and 4 it was shown that expressions for wind-driven and channel convection used BIPV/T systems 

modelling tend to be case specific, and their accuracy is highly dependent on the system type and 

specific environmental conditions. Predictions for air temperature rise have been found to differ 

by more than 10°C from monitored values, resulting in poor thermal utilization and cooling of the 

PV panels. 

In the proposed approach, the key parameters affecting the thermal performance of a BIPV/T 

system, as discussed in section 2.3, have been formulated into dimensionless groups and correlated 

to the ratio of wind-driven convective heat transfer to the system heat recovery. This correlation 

was verified experimentally through testing in a full-scale solar simulator of a modular BIPV/T 

system under varying environmental conditions, flow rate, channel aspect ratio and PV module 

opacity.  

Air temperatures rise predictions from the proposed modelling approach showed good agreement 

with the experimental results, with an R2 of 0.93. The proposed methodology can be tailored to 

individual systems and climates via calibration through key temperatures monitoring and can be 

instrumental in the optimal control and heat utilization for a coupled BIPV/T-HVAC system. In 

addition, it can yield increased durability and performance of the PV installation through 

incorporation of more efficient cooling strategies, through accurate outlet air temperature and PV 

temperature predictions, respectively. 

5.2 Methodology 

This section presents the proposed methodology and the supporting experimental procedure. In 

this methodology, wind-driven (or combined wind-driven and radiative) heat transfer and channel 

heat recovery are combined together in the form of a ratio and not being treated as independent 

phenomena. This ratio of exterior heat transfer over the heat recovery is correlated to the various 

parameters that have been found to affect the thermal performance of BIPV/T systems, formulated 

in dimensionless groups. An experimental process involving specifically designed BIPV/T 

modules was carried out in the controlled environment of a solar simulator facility to verify the 

validity of the proposed methodology, by varying several of the identified key parameters, namely 

irradiance, wind velocity, channel geometry and PV module optical properties. 

5.2.1 Dimensionless groups 
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In the literature so far, the air channel has been treated as a closed system and the heat transfer 

from the air-channel boundaries, or walls, is considered a function of the average channel flow 

velocity, the temperature difference between the walls and the fluid (assuming constant wall 

temperature), the fluid thermal properties (conductivity, heat capacitance, density), the diameter, 

or hydraulic diameter of the duct/pipe, and on occasion the length and roughness of the duct, as 

summarized in eq. 5.1: 

𝑞𝑐 = 𝑓(𝑢, 𝛥𝑇, 𝐷, 𝜇, 𝜌, 𝑐𝑝, 𝑘, 𝐿, 𝜀) (5.1) 

The dimensionless form of equation 5.1 is that of the Nu as function of the Re and the Pr, (and 

occasionally the aspect ratio, D/L and the friction factor f): 

𝑁𝑢̅̅ ̅̅ = 𝑓 (𝑅𝑒, Pr,
L

D
, f) (5.2) 

However, for BIPV/T systems, the boundary conditions are not constant due to heat transfer 

occurring on either side of the PV module, which interfaces with both the air channel and the 

ambient environment. These two processes of heat transfer can affect one another. In the proposed 

methodology, a new quantity is defined as the ratio of exterior heat transfer (from the PV surface 

to the environment) over the heat that is recovered (channel convection): 

 𝑄𝑟𝑎𝑡𝑖𝑜 =
𝑞𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟

𝑞𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
=

𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟⁡ℎ𝑒𝑎𝑡⁡𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

ℎ𝑒𝑎𝑡⁡𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
 (5.3) 

In addition to the coolant fluid properties (specific heat capacity, conductivity and viscosity), this 

ratio depends upon the parameters discussed in Section 2.3, namely: 

• The environmental parameters (irradiance, wind velocity and ambient temperature) 

• The operational conditions (flow rate or average fluid velocity) 

• The unique design features of the system/boundary properties which may include: 

o The geometric features (length, hydraulic diameter) 

o The optical properties (PV and rear surface emissivity, PV transparency, rear 

surface absorptivity 

o The material properties (roughness, thermal conductivity of above-cell layer, 

thermal conductivity of below-cell layer, PV efficiency) 

• The coolant properties (thermal conductivity, viscosity, specific heat capacity) 

The ratio of exterior heat transfer over the heat recovery can then be expressed as: 

𝑄𝑟𝑎𝑡𝑖𝑜 = 𝑓(𝐺, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡, 𝑉𝑤𝑖𝑛𝑑, 𝑢, 𝐷ℎ , 𝐿, 𝜂𝑃𝑉 , 𝜏𝑃𝑉, 𝛼𝑃𝑉 , 𝛼𝑖𝑛𝑠, 𝜀, 𝜀𝑃𝑉, 𝜀𝑖𝑛𝑠, 𝑈𝑡𝑜𝑝, 𝑈𝑏𝑜𝑡, 𝜌, 𝜇, 𝑐𝑝)⁡ (5.4)
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The wind velocity, Vwind, could be considered a direct indicator of the wind CHTC, hwind, given 

their majorly linear correlation. For the present study, Vwind and hwind are used interchangeably. 

Equation 5.4 can be simplified with the definition of a different metric for the solar irradiance, the 

available solar irradiance, or Gavailable. This quantity expresses the amount of solar radiation that is 

available for thermal conversion and is defined as the total amount of absorbed radiation by the 

PV, minus the electricity generation and adding to that the amount of radiation that may be 

transmitted through the transparent part of the PV module (if applicable) and then absorbed by the 

rear (insulation) surface: 

𝐺𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = (𝛼𝑃𝑉 + 𝜏𝑃𝑉 ∙ 𝛼𝑖𝑛𝑠 − 𝜂𝑃𝑉) ∙ 𝐺 (5.5) 

This is in line with the modified thermal efficiency proposed by Bombarda et al. (2016), in which 

PV generation is subtracted from the incident radiation, and further introduces the optical features 

of the system to extend to STPV configurations. 

Taking into consideration equation (5.5), equation 5.4 can be simplified to the following: 

𝑄𝑟𝑎𝑡𝑖𝑜 = 𝑓(𝐺𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡, ℎ𝑤𝑖𝑛𝑑, 𝑢, 𝐷ℎ, 𝐿, 𝜀, 𝜀𝑃𝑉, 𝜀𝑖𝑛𝑠, 𝑈𝑡𝑜𝑝, 𝑈𝑏𝑜𝑡, 𝜌, 𝜇, 𝑐𝑝, 𝑘) (5.6) 

By inspection, the variables of equation 5.6 can be transformed into the following dimensionless 

groups: 

𝐺1 = 𝑄𝑟𝑎𝑡𝑖𝑜 =
𝑞𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟

𝑞𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
 (5.7) 

𝐺2 =
ℎ𝑤𝑖𝑛𝑑∙⁡𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝐺𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
 (5.8) 

𝐺3 =
𝜌∙𝑢∙𝐷ℎ

𝜇
= 𝑅𝑒 (5.9) 

𝐺4 =
𝑐𝑝∙𝜇

𝑘
 (5.10) 

𝐺5 =
𝐷ℎ

𝐿
 (5.11) 

𝐺6 =
𝜀

𝐷ℎ
 (5.12) 

𝐺7 =
𝑈𝑡𝑜𝑝

𝑈𝑏𝑜𝑡
 (5.13) 

G1 is already dimensionless and is the dependent variable of the analysis. G2 is a newly defined 

dimensionless number that combines the environmental effect at the interface between the 

environment and the air channel. The denominator combines the effect of the available solar 

radiation, as defined in equation 5.5, and the nominator expresses the combined 

convective/radiative loss as a function of the ambient temperature. G3 is the Reynolds number 

which characterizes the flow regime of the air channel and G4 is the Prandtl number which 

incorporates the fluid properties. Groups G5 through G6 summarize the unique features of the 
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system (aspect ratio, relative roughness and ratio of encapsulation conductance above and below 

the PV cell). 

This set of dimensionless numbers fully describes the ratio of heat recovery over the exterior heat 

transfer - see eq. 5.7 - as a function of the various groups of affecting parameters, discussed in 

section 2.1. Using the set of dimensionless numbers, equation 5.7 can be rewritten in the following 

form: 

𝑄𝑟𝑎𝑡𝑖𝑜 = 𝑓(
ℎ𝑤𝑖𝑛𝑑∙⁡𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝐺𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
, 𝑅𝑒, 𝑃𝑟,

𝐷ℎ

𝐿
,
𝜀

𝐷ℎ
,
𝑈𝑡𝑜𝑝

𝑈𝑏𝑜𝑡
) (5.14) 

The significance of the above relationship can be better understood when considering the 

simplified energy balance presented in Fig. 5.1. The incident radiation available for thermal 

conversion (total radiation absorbed by the PV and rear surface minus the PV generation) is equal 

to the exterior heat transfer and the heat recovered by the system. 

 

Figure 5. 1: Simplified BIPV/T energy balance. 

It should be noted that the heat conduction through the insulation to the adjacent zone is considered 

negligible, based on the findings of Candanedo et al. (2011) and Yang & Athienitis (2014) as well 

as the experimental findings of the present research, for which this mode of heat transfer accounts 

for less than 1% of the overall energy balance.  

The simplified energy balance can be then described by a single equation: 

𝐺𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑞𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 + 𝑞𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  (5.15) 

Or, when combined with equation 5.7: 

𝑞𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 𝐺𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒/(1 + 𝑄𝑟𝑎𝑡𝑖𝑜)   (5.16) 

5.2.2 Experimental procedure 

The proposed approach was investigated through an extensive experimental procedure, carried out 

at the Solar Simulator and Environmental Chamber facility of Concordia University in Montreal, 

Canada. This process involved a modular BIPV/T prototype, which offered flexibility of testing 
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configurations, with a variable air channel height and interchangeable PV modules of varying 

transparency.  

The indoor solar simulator facility of Concordia University (Figure 5.2a) consists of a lamp field 

featuring 8 metal halide lamps, and a test platform where test subjects can be mounted. The lamp 

field can produce irradiance intensity between 500-1200 W/m2, with a uniformity up to 97%. The 

spectral distribution of the lamps meets the specifications of standards ISO 9806 and EN 12975 

(Kapsis et al., 2016). A ventilated artificial sky placed in front of the lamp field removes the infra-

red interference caused by the heat produced by the lamps (Mei et al., 2003) and simulates the 

effect of the sky temperature with a surface temperature of 13oC ±2oC. Both the platform and the 

lamp field can rotate between 0o (horizontal) and 90o (vertical) to simulate different building 

envelope slopes.  

Wind-driven convection is emulated by a linear fan set over the rear end of the platform (Fig. 4a). 

It can produce air velocities of up to 14 m/s, while its height can be adjusted to match that of the 

specimen (flow parallel to the specimen surface). An air collector test stand can be attached to the 

specimen to produce air flow within the air channel (Fig. 5.2b). The mass flow rate is measured 

by an orifice flow meter featuring three differential pressure transducers and can be manually 

adjusted. 

 

Figure 5. 2: a. Components of the solar simulator and b. the mounted prototype, connected to the air collector test 

stand. 

The prototype used in the experimental process features a curtain wall design approach (Kruglov 

et al., 2017; Rounis et al., 2017, 2021a), and was designed to allow for different testing 

configurations with an adjustable height for the rear section (insulation) and interchangeable PV 
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modules of different transparency (Fig. 5.3). It further features a modular form which allows for 

an expanding setup that allows for future testing of different arrangements with up to 4 inlets.  

 

Figure 5. 3: Experimental BIPV/T modules with varying channel height and interchangeable PV modules. 

The frame of each module consists of two 1.05 m long mullions connected by transoms to form a 

rigid frame. Aluminum sleeves are placed at the front end of each mullion for the connection of 

two or more modules. The insulated rear side consists of 51 mm extruded polystyrene, sandwiched 

between two aluminum sheets. The cover interfacing with the air channel was painted black to 

absorb more of the transmitted radiation, for the cases involving semi-transparent PV modules. 

The side walls of the channel were covered by adhesive insulation to minimize conductive heat 

transfer from the sides of the system. 

Two of these BIPV/T modules were linked to form a 2.09 m by 0.48 m specimen (net channel 

dimensions). The channel depth was set at two distinct heights, namely 0.03 m and 0.06 m, with 

respective hydraulic diameters of 0.057 m and 0.107 m, channel cross sectional areas of 0.029 m2 

and 0.015 m2, and two resulting channel aspect ratios (L/Dh) of 19.55 and 36.96. 

Two sets of custom-made 1.04 m x 0.515 m PV modules were used, each featuring 18 p-Si PV 

cells, with a peak power output of 80W (ηSTC =12.7%) and a packing factor (PF) of 85.94%.  

The optical properties at the PV level were averaged over the whole specimen aperture. For the 

absorptance, reflectance and transmittance of each material, the values provided by the 

manufacturer were assumed. The emissivity of the front and back surface of each PV, as well as 

the insulation surface were measured by a TIR 100-2 emissivity meter. For the average values, the 

net projection of the PV to the air channel was assumed.  

5.2.3 Measurements 
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The instrumentation of the setup involved 36 T-type thermocouples, 12 for each layer of interest, 

namely the rear PV surface (interfacing with the air channel), the middle of the air channel and the 

insulation surface (Fig. 5.4). These were placed along the centerline of the flow path (Fig. 5.5). 

Each PV sensor was placed at the center of each cell and the corresponding air and insulation 

sensors were accordingly aligned. Two thermocouples were used to monitor the inlet and outlet 

air temperature and six thermocouples were used to monitor the inner and outer wall surface 

temperature, as well as the back of the insulation in order to evaluate the conductive heat losses. 

Finally, three surface sensors were used to monitor the temperature the outer air film. 

 

Figure 5. 4: Location of the temperature and wind velocity measurements. 

 

Figure 5. 5: Thermocouple placement on the insulation and air channel, and the custom manifold used to connect to 

the air collector test stand. 

The air flow rate inside the air channel was determined by the orifice plate of the Air Collector 

Test Stand, which was attached to the specimen via a custom manifold (Fig. 5.5). The wind 

velocity profile over the BIPV/T module was measured above the edges and middle of each PV 

panel locations with a TSI hot-wire anemometer (measuring precision) and averaged over the 

collector’s length. This was done for three distinct settings of the linear fan and each measurement 

was repeated three times.   
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5.3. Experimental results and discussion 

A detailed energy balance for each case was initially performed as a reference and to provide 

detailed information regarding the convective and radiative heat transfer coefficient of the 

involved surfaces. 

The recorded temperatures, solar radiation, PV power generation, channel mass flow and wind 

velocity measurements were used to establish the relationship between the tested system against 

the dimensionless groups G2, G3 and G5 (environmental/boundary effects, Re and aspect ratio 

respectively), as defined in section 3.  

5.3.1 Cases studied 

Two sets of experiments were carried out, one implementing transparent PV modules and one 

opaque. For each set of experiments, two channel depths were considered, namely 0.06 m and 0.03 

m. Each configuration was tested under varying irradiations (807 W/m2, 928 W/m2, 1058 W/m2), 

mass flow rates (120 kg/s.m2, 180 kg/s.m2 and 240 kg/s.m2) and wind speeds (1.53 m/s, 2.32 m/s, 

3.18 m/s). All tests were carried out under room temperature of 21oC ±1oC. For each test, 

measurements were taken for 15 minutes after steady state was reached and the 15-minute 

averaged values were then used to deduce the respective coefficients for each mode of heat transfer 

involved. 

Figure 5.6 summarizes the various cases considered throughout the experimental procedure. 

Figure 5. 6: Channel configurations and operating conditions used in the measurements. 

5.3.2 Convective heat transfer coefficients 

Figure 5.7 demonstrates the PV side Nusselt number plotted against the Reynolds number for all 

cases considered. A high variance of the Nusselt number is noticed, even for the cases with same 

Re and aspect ratio. This signifies that the evaluation of the Nusselt number as a function of the 

Re, the Pr (which for air temperatures involved can be considered constant, ranging from 0.69 to 

0.72) and the aspect ratio, can result in high uncertainty. 
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Figure 5. 7: Nusselt number of the PV side interfacing with the air channel plotted against the Re of the flow, for the 

two setup aspect ratios involved in the experiments. 

Similarly, Figure 5.8 shows the wind driven CHTC plotted against the wind velocity, for all cases 

considered. Again, a significant variance is observed for the wind-driven CHTC at the same wind 

velocities, which indicates that for the case of air-based BIPV/T systems, assuming a linear 

correlation can lead to significant prediction inaccuracies. 

 

Figure 5. 8: Wind-driven convective heat transfer coefficient plotted against the average wind velocity over the 

BIPV/T surface. 
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5.3.3 Correlation of Qratio to the dimensionless groups 

Figure 5.9 demonstrates the correlation of the ratio of exterior heat transfer over the heat recovered 

by the system, Qratio, plotted against the product of the dimensionless group G2, which combines 

the effect of the environmental conditions, the aspect ratio, Dh/L, and the inverse of the Re, which 

characterizes the flow regime. 

 

Figure 5. 9: Qratio plotted against the product of G2 (environmental parameters), G5 (aspect ratio) and the inverse of 

G3 (Reynolds number). 

The seemingly linear trend of the plot indicates a strong correlation between the ratio of exterior 

heat transfer over the heat recovered to the environmental conditions, the operating conditions 

(flow rate) and the system geometry. It should be noted that this plot includes the data points from 

tests using both the transparent and the opaque set of PV modules which shows that Gavailable, 

included in the dimensionless group G2, can adequately help in the generalization of the effect of 

incident radiation, accounting for the optical properties of the system. 

Finally, it should be noted that the data points showing the highest scattering correspond to the 

cases with the lowest wind velocity settings, where natural convection and radiative phenomena 

are expected to have a more major role in the energy balance.  

The linear regression of the data from Figure 5.9 indicates a R2=0.81. The correlation that 

corresponds to this specific system and operating conditions is the following: 

𝑄𝑟𝑎𝑡𝑖𝑜 = 255656 ∙
𝐺2∙𝐺5

𝐺3
+ 0.5083 (5.17) 

This, however will be different for different system types (geometry, materials) and operating 

conditions (local climate). It can be determined during a commissioning stage of the system.  

However, it will not be expected to significantly change for a given location and system design. It 
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will form an excellent basis for optimal model-predictive control of the system, in which an 

optimal flow rate of a variable speed fan is automatically selected to achieve a certain outlet air 

temperature based on the application needs and the weather variables.  

5.3.4 Relation between the ratio of wind-driven and channel CHTC to Qratio 

A noteworthy result was the virtually linear relationship between the Qratio and the ratio of wind-

driven and channel flow convective heat transfer coefficients, as shown in Fig. 5.10. This could 

establish the expected convective coefficients for a given system, to be used for a control 

algorithm. This would however require additional monitoring of the average air temperature inside 

the air channel. 

 

Figure 5. 10: Variation of ratio of wind-driven CHTC over the air channel CHTC with Qratio. 

5.3.5 Predicted outlet temperature 

The least-squares fit of the data presented in Figure 11 was used in conjunction with equation 25 

to predict the air temperature rise in the air channel for all studied cases. 

Figure 5.11 presents a scatterplot of the predicted and corresponding measured values of ΔT. The 

modelled results show high level of accuracy, with a coefficient of determination (R2) of 0.93, a 

mean absolute error (MAE) of 0.37°C and a root mean square error (RMSE) of 0.49°C. 

The accuracy of the proposed method was further evaluated against commonly used modelling 

approaches in PV/T and BIPV/T literature. These approaches involved a fundamental BIPV/T 

energy balance (eq. 2-6) with a finite control volume scheme, and different combinations of the 

most commonly used wind-driven CHTC and channel Nu expressions in PV/T and BIPV/T 

literature, according to the review study by Rounis et al (2021). These expressions included four 
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wind-driven CHTC correlations (Duffie et al., 2003; McAdams, 1954; Palyvos, 2008; Sharples & 

Charlesworth, 1998), two Nu expressions from heat transfer in pipe/duct flow (Dittus, 1985; Tan 

& Charters, 1969), and two expressions specifically developed for BIPV/T systems (Candanedo 

et al., 2011; Yang & Athienitis, 2014a). 

All considered models were compared in terms of the coefficient of determination (R2), the mean 

absolute error (MAE) the and a root mean square error (RMSE). Table 5.1 summarizes the 

considered cases (expression combinations and proposed methodology) and the respective 

indicators for each model. 

 

Figure 5. 11: Scatterplot of the predicted values of air temperature rise (ΔT) based on the proposed method and the 

monitored experimental values. 

Table 5. 1: R2, MAE and RMSE of different modelling approaches 

Case Model description R2  MAE (°C) RMSE (°C) 

1 Proposed methodology 0.93 0.37 0.49 

2 Nu: Dittus-Boelter, CHTCwind: Sharples & Charlseworth -0.02 1.69 1.88 

3 Nu: Dittus-Boelter, CHTCwind: McAdams 0.34 1.32 1.50 

4 Nu: Dittus-Boelter, CHTCwind: Duffie & Beckman 0.77 0.68 0.88 

5 Nu: Dittus-Boelter, CHTCwind: Palyvos 0.06 1.63 1.80 

6 Nu: Yang & Athienitis, CHTCwind: Sharples & 

Charlseworth -0.50 2.07 2.27 

7 Nu: Yang & Athienitis, CHTCwind: McAdams -0.53 2.09 2.29 

8 Nu: Yang & Athienitis, CHTCwind: Duffie & Beckman -1.03 2.16 2.65 

9 Nu: Yang & Athienitis, CHTCwind: Palyvos -0.48 2.06 2.26 
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10 Nu: Candanedo et al, CHTCwind: Sharples & Charlseworth -1.56 2.78 2.97 

11 Nu: Candanedo et al, CHTCwind: McAdams -1.00 2.44 2.62 

12 Nu: Candanedo et al, CHTCwind: Duffie & Beckman -0.02 1.67 1.87 

13 Nu: Candanedo et al, CHTCwind: Palyvos -1.44 2.72 2.90 

14 Nu: Tan & Charters, CHTCwind: Sharples & Charlseworth -0.03 1.64 1.88 

15 Nu: Tan & Charters, CHTCwind: McAdams 0.33 1.29 1.52 

16 Nu: Tan & Charters, CHTCwind: Duffie & Beckman 0.74 0.75 0.95 

17 Nu: Tan & Charters, CHTCwind: Palyvos 0.05 1.58 1.81 

 

Table 5.1 indicates that the predictions based on the proposed methodology show the highest 

accuracy and the smallest spread. These results are consistent with the findings of Rounis et al. 

(2021b) regarding the spread of predictions when using different combinations of convective heat 

transfer expressions. 

5.4 Applications and limitations  

Applications and limitations of the proposed methodology are addressed in this section. 

The proposed methodology can be applied as follows: 

1. System control: Firstly, the ratio of exterior heat transfer to the heat recovery can be established 

for a particular BIPV/T system (or well insulated PV/T collector) through use of equation 23 and 

monitoring of the environmental parameters, channel flow rate, PV generation, inlet/outlet 

temperature and PV temperature. If the PV temperature cannot be directly monitored, it can be 

deduced from the measured electrical generation and equation 2.1 (temperature dependence of PV 

efficiency). Having established that, equation 25 can then be used to predict the heat recovery and 

resulting outlet temperature given the environmental conditions and system flow rate. These 

predictions can be utilized to optimize the BIPV/T flow rate, or HVAC operation.  

2. Development of BIPV/T case studies library and system comparison:  

Given its dimensionless nature, this methodology could be used for the development of a library 

of BIPV/T and PV/T system case studies that can allow for easier comparison of the thermal 

performance of different system types operating under varying conditions. This could potentially 

provide valuable feedback for engineers when deciding upon the system type for a particular 

building or climate, as well as help refine convective modelling in the long run. 

Proposed methodology limitations: 

As mentioned earlier, the proposed methodology is not intended for initial design optimization, 

given that it requires monitored data to produce the relationship between the involved 

dimensionless quantities. Furthermore, this methodology is currently based on indoor 

experimental measurements, where the radiative phenomena had limited effect over the energy 

balance. Radiative heat transfer could be accounted for as a separate term in the energy balance, 
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with known PV, sky and surrounding temperature. Clearly, it would be interesting and beneficial 

to carry out measurements on a full-scale BIPV/T system, monitored under real conditions. 

5.6 Conclusions 

This paper presents a novel approach which accounts for the combined effect of wind-driven and 

channel flow-driven convection, in the modelling of convective phenomena for BIPV/T systems. 

This was done by correlating the ratio of exterior heat transfer (wind-driven convection) over the 

recovered heat to the various parameters that have been identified to affect the thermal 

performance of hybrid systems, formed in dimensionless groups. Indeed, a dimensionless group 

which combines the effect of the boundary conditions (irradiance, wind-driven convection and 

ambient temperature) was introduced.  

The proposed modelling methodology provides a generalized approach for different system types 

and climates. This involves a calibration stage where the correlation between the ratio of exterior 

heat transfer over the heat recovery and the dimensionless groups of the affecting parameters is 

established. The methodology is primarily intended for the control stage of a BIPV/T system, for 

which accurate predictions of the supply air temperature are required with optimal flow rate. 

However, it also provides a foundation for the comparison of the performance of different BIPV/T 

and PV/T systems, due to its generalized form.  

The experimental investigation of a modular BIPV/T specimen in an indoor solar simulator 

facility, under varying irradiance and wind velocity, mass flow rate, as well as air channel aspect 

ratio and PV module transparency, showed that wind-driven and channel convective phenomena 

are closely linked and one can significantly affect the other. Thus, the use of Nu and CHTC 

expressions that do not account for this effect can result in significant uncertainties in the 

modelling of a BIPV/T system and the prediction of the outlet air temperature.  

The results also indicate a strong correlation between the ratio of exterior heat transfer over the 

heat recovered to the environmental conditions, the operating conditions (flow rate) and the system 

geometry. Conversely, the channel Nu and the wind-driven CHTC can vary significantly while 

maintaining the same flow conditions and velocity respectively, but changing the rest of the test 

parameters. 

The proposed methodology was used to predict the outlet temperature of the specimen and showed 

good agreement with the experimental findings. Additionally, it showed superior performance to 

models implementing different combinations of commonly used CHTC and Nu expressions from 

literature. 

This methodology can be tailored to individual systems via calibration through key temperatures 

monitoring and can be instrumental in the optimal control and heat utilization for a coupled 

BIPV/T-HVAC system, as well as increased durability and performance of the PV system through 

incorporation of more efficient cooling strategies, through accurate supply (outlet) air temperature 

and PV temperature predictions, respectively. 
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Chapter 6: Conclusions 

This thesis addressed two of the main issues that have been identified to hinder the widespread 

adoption of BIPV/T system by the mainstream market, namely the lack of design standardization 

and of best practice guides, and the inconsistency in modelling, especially of the convective 

phenomena. The first part of the thesis presented the design, development and testing of a BIPV/T 

prototype which served as a design platform for the incorporation of the well-established curtain 

wall building practice, with the prospect of modularization and prefabrication, as well as for the 

implementation of thermal enhancing techniques easily adoptable by building integrated systems. 

The system was studied at an indoor solar simulator facility at Concordia University and the results 

were used to investigate the performance of the prototype and the implemented thermal 

enhancement techniques, as well as study the applicability of commonly used expressions in 

BIPV/T modelling. The main objective was to set a foundation for air-based BIPV/T design 

standardization and incorporation of common building practices, and highlight issues regarding 

convective heat transfer modelling. 

The second part of the thesis presented a novel approach which accounts for the combined effect 

of wind-driven and channel flow-driven convection, in the modelling of convective phenomena 

for BIPV/T systems. In the proposed methodology, wind-driven heat transfer and heat recovery 

by the BIPV/T were combined in the form of a ratio and related to dimensionless groups 

incorporating the main parameters that affect the thermal behaviour of BIPV/T. The correlation 

was verified through solar simulator testing of a modular BIPV/T system under varying 

environmental conditions, flow rate, geometry and PV transparency. The proposed modelling 

methodology provides a generalized approach for different system types and climates and is 

primarily intended for the control stage of a BIPV/T system, for which accurate predictions of the 

supply air temperature are required with optimal flow rate. However, it also provides a foundation 

for the comparison of the performance of different BIPV/T and PV/T systems, due to its 

generalized form. This methodology can be tailored to individual systems via calibration through 

key temperatures monitoring and can be instrumental in the optimal control and heat utilization 

for a coupled BIPV/T-HVAC system, as well as increased durability and performance of the PV 

system through incorporation of more efficient cooling strategies, through accurate supply (outlet) 

air temperature and PV temperature predictions, respectively. 

The main conclusions of the work presented in this thesis can be summarized as follows: 

Regarding BIPV/T design: 

• The curtain wall design concept presented can be readily implemented as a standardized 

design method for BIPV/T systems for the opaque and spandrel parts of the façade, 

maintaining the main function of the building envelope in terms of heat, air, and moisture 

transfer. 
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• Building-integrated systems can benefit from easily implemented thermal enhancements 

such as the use of multiple inlets and, as introduced in the present work, a flow deflector 

unit. These enhancements were found to significantly improve the thermal performance of 

an experimental BIPV/T curtain wall prototype by up to 16%, marginally improve the 

electrical performance and decrease the maximum PV temperatures by up to almost 4oC. 

Furthermore, the use of semi-transparent PV increased the heat recovery from the rear 

surface of the air channel. Increasing PV transparency was found to increase the thermal 

performance but at the cost of the electrical performance. 

Regarding BIPV/T modelling: 

• Air-based BIPV/T modelling is highly inconsistent, especially with regards to wind-driven 

and air channel convective heat transfer. The use of relevant expressions, commonly used 

in the respective literature, is case specific and can have different degree of modelling 

accuracy among different system types and testing conditions. This was showcased through 

the analysis of multiple case studies, including previous and present experimental work 

and comparison of monitored data to modelled results using different combinations of the 

most commonly used convective heat transfer expressions. 

• The investigation of Nu correlations presented in previous studies referring to the exact 

same BIPV/T design but tested under different conditions (solar simulator testing, outdoor 

testing, and full-scale installation) showed that these expressions can vary considerably. 

This signifies the importance of operating/boundary conditions on the evaluation of the Nu 

number. The same was true for wind-driven convection, indicating a strong link between 

the convective phenomena on either side of the PV panel in a BIPV/T system.  

• A strong correlation between the ratio of exterior heat transfer over the heat recovered to 

the environmental conditions, the flow rate, and the geometry of the system was established 

though the experimental investigation of a modular BIPV/T setup. The proposed 

methodology was used to predict the outlet temperature of the specimen and showed very 

good agreement with experimental findings, as well as superior performance to models 

implementing different combinations of commonly used CHTC and Nu expressions from 

literature. 

6.1 Contributions: 

This intent of this thesis has been to address issues pertinent to the lack of design standardization 

for air-based BIPV/T systems, and the inconsistency testing and modelling of said systems. The 

main contributions can be summarized as follows: 

• Introduction of the curtain wall concept in BIPV/T design as a complete building envelope 

solution. A BIPV/T curtain wall prototype was designed and developed within a frame of 

architectural, structural and building envelope considerations, and provided a foundation 

for the implementation of common building techniques in BIPV/T design. The proposed 
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system has been implemented in two research buildings as a façade and roof applications 

(Deep Performance Dwelling – Solar Decathlon, 2018; CFI Research Facility, Concordia 

University). 

• Thermal enhancements suitable for and easily incorporated in building integrated systems, 

including the use of STPV, multiple inlets and a newly introduced flow deflector have been 

studied experimentally. 

• A thorough investigation in the applicability of commonly used expressions for convective 

heat transfer has been carried out, through the analysis of multiple case studies from 

existing and present experimental work. This analysis indicated that use of said correlations 

can be highly case-specific, while correlations developed for the same system could vary 

considerably under different operating conditions. 

• Introduction of a novel approach for the modelling of convective phenomena, in which 

wind-driven and channel convection are treated as interlinked and not as independent 

phenomena. This involved the introduction of a new dimensionless number that 

incorporates the effect of the boundary conditions (irradiance, wind and ambient 

temperature). The irradiance term has been modified in order to account for the PV 

efficiency and the optical properties of the system, thus being independent of the system 

type. 

• The development of a methodology, based on the proposed modelling approach that can 

be easily implemented in the controls of a BIPV/T system, for which accurate predictions 

of the supply air temperature are required. The proposed modelling methodology involves 

a calibration stage where the correlation between the ratio of exterior heat transfer over the 

heat recovery and the dimensionless groups of the affecting parameters is established. Then 

a simple energy balance can be solved to evaluate the outlet air temperature. This 

methodology also provides a foundation for the comparison of the performance of different 

BIPV/T and PV/T systems, due to its generalized form, and the creation of a library of 

BIPV/T case studies for engineering reference. 

• The design and early control approaches presented in this thesis have been implemented in 

the study of: 

o A coupled BIPV/T - air-source heat pump - thermal energy storage system for a 

residential building in a cold climate. 

o A coupled BIPV/T - desiccant cooling system for a warm and humid climate (India-

Canada Centre for Innovative Multidisciplinary Partnerships to Accelerate 

Community Transformation and Sustainability – IC IMPACTS) 

6.2 List of publications 
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The work presented in this thesis has produced several journal and conference publications, which 

are summarized as follows: 

Journal publications: 

Rounis, E. D., Athienitis, A. K., & Stathopoulos, T. (2021a). BIPV / T curtain wall systems : 

Design , development and testing. Journal of Building Engineering, 42(July), 103019.  

Rounis, E. D., Athienitis, A., & Stathopoulos, T. (2021b). Review of air-based PV/T and BIPV/T 

systems - Performance and modelling. Renewable Energy, 163, 1729–1753.  

Rounis, E.D., Ioannidis Z., Sigounis, A.M., Athienitis, A., & Stathopoulos, T. A Novel Approach 

for the Modelling of Convective Phenomena for Building Integrated Photovoltaic Thermal 

(BIPV/T) Systems - Submitted to the Journal of Solar Energy. 

Ioannidis, Z., Rounis, E., Athienitis, A., & Stathopoulos, T. (2020). Double skin façade integrating 

semi-transparent photovoltaics: Experimental study on forced convection and heat recovery. 

Applied Energy, 278. 

Dumoulin, R., Rounis, E. D., & Athienitis, A. (2021). Operation and grid interaction modeling of 

a house with a building integrated photovoltaic thermal (BIPV/T) system coupled to an air-source 

heat pump. Science and Technology for the Built Environment, 0(0), 1–19.  

Conference publications 

Rounis, E. D., Ioannidis, Z., Dumoulin, R., Kruglov, O., Athienitis, A. K., & Stathopoulos, T. 

(2018). Design and performance assessment of a prefabricated BIPV/T roof system coupled with 

a heat pump. Proceedings of the 12th EuroSun Conference. 

Rounis, E. D., Kruglov, O., Ioannidis, Z., Athienitis, A. K., & Stathopoulos, T. (2017). 

Experimental investigation of BIPV/T envelope system with thermal enhancements for roof and 

curtain wall applications. Proceedings of the 34th European PV Solar Energy Conference (EU 

PVSEC). 

Kruglov, O., Rounis, E. D., Athienitis, A. K., & Ge, H. (2017). Experimental investigation and 

implementation of a multiple-inlet BIPV/T system in a curtain wall. Proceedings of the 15th 

Canadian Conference on Building Science and Technology (CCBST). 

Nibandhe, A., Bonvadi, N., Rounis, E. D., Lee, B., Athienitis, A. K., & Bagchi, A. (2019). Design 

of a coupled BIPV/T - Solid desiccant cooling system for a warm and humid climate. Proceedings 

of the ISES Solar World Congress 2019 and IEA SHC International Conference on Solar Heating 

and Cooling for Buildings and Industry. 
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6.3 Outlook and future research needs 

In order to achieve wider adoption of BIPV/T in the built environment, the following research 

needs have been identified in terms of design, testing and characterization, and modelling and 

control optimization: 

• Building integration: 

o Investigation of design solutions for both new buildings and retrofits, which adhere 

to commonly used building practices (i.e., curtain wall, wood/masonry structures 

etc.), which can lead to design standardization and simplification of the 

construction process. 

o Incorporation of modularity, prefabrication and the plug-and-play concept that can 

further simplify the construction process and quality, facilitate easier system 

maintenance and bring down fabrication costs. 

o Investigation of details such as the facilitation of hidden wiring and junction boxes, 

building envelope continuity, as well as manifold design and ducting for the 

connection to the HVAC system. 

o Micro-inverters or inverters with optimizers can be considered as potential options 

for PV connectivity, which can help reduce the effects of partial shading from 

nearby structures/obstacles as well as allow for easier module replacement.  

o Integration of smart local controllers to control the air flow so as to obtain a desired 

outlet temperature that matches the application (i.e. fresh air heating versus source 

for a heat pump). 

• Testing and characterization standardization: 

Before developing a framework for standardized PV/T and BIPV/T system testing, it is 

important to consider the following challenges: 

o Indoor testing can provide repeatable conditions, however, access to a solar 

simulator with an artificial sky may be a limiting factor, while there can be 

considerable differences from simulator to simulator (irradiance range, AM 

spectrum, ability to simulate wind etc.). Furthermore, as was seen from the studies 

of Candanedo et al (2011) and Yang & Athienitis (2014), indoors and outdoors 

study of the same BIPV/T prototype resulted in the development of different Nu 

correlations, therefore indoors conditions may not always reflect the actual 

conditions, even with the inclusion of an artificial sky. 

o Outdoor testing allows for testing of the system’s performance under realistic 

conditions, which are however very difficult to repeat and/or maintain. 
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o There is no single PV/T or BIPV/T design. This makes a direct comparison between 

different design types very difficult and very dependent on wind conditions. 

According to these considerations, a methodology involving indoor and outdoor testing of 

a reference PV/T system could be developed. The reference system can serve as a 

benchmark against which developed PV/T and BIPV/T prototypes will be compared. 

Indoor testing under specified reference conditions similar to the standard testing 

conditions for PV, but with an artificial sky, will provide the nominal performance metrics 

for the system. The reference system’s performance under realistic conditions can be 

carried out with outdoor testing and corrective factors ban be established to correlate the 

indoor and outdoor performance. When a new PV/T or BIPV/T system is being developed 

its nominal performance metrics can be deduced by side-by-side testing against a recreated 

reference system and with use of the appropriate corrective factors. The basic steps of such 

a method could be summarized as follows: 

o Establishment of the necessary metrics for the characterization of and comparison 

between different PV/T and BIPV/T technologies (different configurations, thermal 

enhancements, etc.).  

o Establishment of a reference system that is easy to reconstruct and will provide a 

benchmark for the performance of other prototypes. 

o Establishment of a set of reference testing conditions for indoors testing 

(environmental conditions and flow rate) which will be used for the 

characterization of the nominal performance of the reference system and test 

subjects.   

o Additional testing under a range of different operating conditions (environmental 

conditions, flow rate) to develop performance curves for the system. The 

performance curves should ideally be provided in dimensionless form (with use of 

dimensional analysis) in order to provide a higher degree of generalization and 

independence from the explicit conditions themselves.  

o Outdoor testing of the reference system and development of correction factors 

correlating to the indoor performance. 

o The characterization of a new PV/T and BIPV/T prototype can then take place with 

side-by-side testing against a reference system and using the respective correction 

factors. 

• Coupled performance with the HVAC: 

BIPV/T is only part of the overall system. Simple and efficient thermal applications such 

as ventilation air preheating and boosting of an air-source heat pump seem to be promising 

solutions. BIPV/T coupling with the HVAC has to be optimized accordingly depending on 
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the intended thermal application (i.e. building energy flexibility involves the air-source 

heat pump, thermal energy storage etc.).  

It is important to create a library of case studies that can be informative to engineers and 

potential clients. Lack of case studies can be alleviated in two possible ways: 

o With extensive numerical studies on archetype buildings and different climates, to 

evaluate the contribution of BIPV/T for different thermal applications, 

optimize/investigate required BIPV/T coverage etc.  

o With incentives for research and development in the industry to develop 

standardized products and full-scale demonstration projects that can highlight the 

performance of such systems, as well as their architectural value within the building 

context. 

Eventually studies need to extend from the building to the district level where strategic 

placement of BIPV/T systems within a densely built environment, optimal district 

planning, as well as district electrical and thermal storage can be investigated. 
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APPENDIX A: Flow measurements 

A linear correlation between mass flow rate and average channel velocity was established 

according to the procedure described in Yang & Athienitis [30]. The ratio of flows for the single 

and double inlet configurations (Fig. A.1) was established through hot-wire anemometer 

measurements of air velocity at the locations indicated in Figure 10. It was found that for all flow 

rate setpoints, 68.1% (±1%) of the total flow entered though the bottom opening and the remaining 

from the second inlet (for the double-inlet configurations). This ratio was used to evaluate the 

Reynolds number for each section. For the case of the single-inlet configuration, the flow rate and 

therefore the Reynolds number were virtually the same, with slight variations due to the fact that 

the air density, ρ and viscosity, μ, were considered as temperature dependent parameters and were 

calculated based on the average air temperature of each respective section.   

 

 

Figure A.1: Correlation between mass flow set point and recorded average channel velocity. 
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APPENDIX B: Energy balance, CHTC and Nu calculations 

Figure B.1 shows the energy balance of a BIPV/T section (or control volume) which could 

represent either the bottom or top section, or the entire collector.  

 

Figure B.1: Energy balance of a BIPV/T section (or control volume) 

For the determination of the Nu of each respective section and surface, the following procedure 

was followed: 

From the recorded temperature profiles of the PV, insulation and air, the respective average 

temperatures, as well as the inlet/outlet temperatures were calculated for each section. 

The total amount of heat recovered from each section was calculated according to equation 2 

(presented in section 5): 

𝑞𝑎𝑖𝑟 = 𝑚̇𝐶𝑝𝛥𝑇 (2) 

The amount of radiative heat transfer from the PV to the insulation surface for each section was 

calculated as follows (eq. B.1): 

𝑞𝑟𝑎𝑑_𝑃𝑉_𝑖𝑛𝑠 = 𝜎 ∙ (
1

1

𝜀𝑃𝑉
+

1

𝜀𝑖𝑛𝑠
−1
) ∙ 𝐹𝑃𝑉−𝑖𝑛𝑠 ∙ (𝑇𝑃𝑉

4 − 𝑇𝑖𝑛𝑠
4 ) ∙ 𝐴𝑐 (B.1) 

Where εPV, εins, TPV and Tins the emissivity and absolute temperature (K) of the PV and insulation 

surface respectively, and FPV-ins the view factor between the PV and the insulation surface as 

calculated based on the geometry of the collector. 
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According to the energy balance, the amount of convective heat transfer from the insulation surface 

equals to the amount of radiative heat transfer from the PV to the insulation minus the conductive 

heat losses from the insulation (calculated based on the insulation RSI and the temperature 

difference from surface to surface, as measured by the thermocouples).  

𝑞𝑖𝑛𝑠_𝑎𝑖𝑟 = 𝑞𝑟𝑎𝑑_𝑃𝑉_𝑖𝑛𝑠 −
1

𝑅𝑖𝑛𝑠
∙ (𝑇𝑖𝑛𝑠 − 𝑇𝑧𝑜𝑛𝑒) ∙ 𝐴𝑐 (B.2) 

Followingly, the convective heat transfer coefficient of the insulation side (hins) was calculated 

according to equation 7: 

ℎ𝑖𝑛𝑠 = 𝑞𝑖𝑛𝑠−𝑎𝑖𝑟/((𝑇𝑖𝑛𝑠 − 𝑇𝑎𝑖𝑟)𝐴𝑐) (B.3) 

Finally, the amount of convective heat transfer from the PV surface was evaluated deducting the 

amount of convective heat transfer from the total heat recovery (eq.8). The CHTC of the PV side 

was evaluated according to equation 9: 

𝑞𝑃𝑉−𝑎𝑖𝑟 = 𝑞𝑎𝑖𝑟 − 𝑞𝑖𝑛𝑠_𝑎𝑖𝑟 (B.4) 

ℎ𝑃𝑉 = 𝑞𝑃𝑉−𝑎𝑖𝑟/((𝑇𝑃𝑉 − 𝑇𝑎𝑖𝑟)𝐴𝑐) (B.5) 

The Nu of each respective section were determined using equation 5 (as presented in section 5.3) 
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APPENDIX C: Uncertainty Analysis 

In this section, the uncertainties for the electrical and thermal efficiencies of the tested 

configurations were calculated according to the propagation of uncertainty methodology 

considering that the involved parameters were independent from each other: 

𝜎𝑓 = √(
𝜕𝑓

𝜕𝑥1
)
2

𝜎𝑥1
2 + (

𝜕𝑓

𝜕𝑥2
)
2

𝜎𝑥2
2 +⋯+ (

𝜕𝑓

𝜕𝑥𝑛
)
2

𝜎𝑥𝑛
2 (C.1) 

Electrical efficiency 

The uncertainty in the assembly’s electrical efficiency stems from the uncertainties in the power 

output of each of the two PV modules and the incident solar irradiance. The power output of each 

PV module was measured with a portable I-V curve tracer as: 

𝑃𝑃𝑉 = 𝐼𝑚𝑎𝑥 ∙ 𝑉𝑚𝑎𝑥 (C.2) 

where Imax and Vmax the current and voltage at operating maximum power point respectively. The 

relative error in the voltage measurement is better than ±(0.2% of reading + 0.1% of full scale of 

range) with a range of 20 V. The relative error in the current measurement is ±(0.3% of reading + 

0.1% of full scale of range) with a range of 22 Amperes. The uncertainty regarding the incident 

radiation is 2%, without considering the final uniformity. 

The absolute uncertainty regarding the electrical efficiency (eq. 3) is then calculated as: 

𝜎𝜂𝑒𝑙 =

√
(
𝐼max1

𝐺∙𝐴𝑐
∙ 𝜎𝑉𝑚𝑎𝑥1

)
2

+ (
𝑉max1

𝐺∙𝐴𝑐
∙ 𝜎𝐼𝑚𝑎𝑥1

)
2

+ (
𝐼max2

𝐺∙𝐴𝑐
∙ 𝜎𝑉𝑚𝑎𝑥2

)
2

+ (
𝑉max2

𝐺∙𝐴𝑐
∙ 𝜎𝐼𝑚𝑎𝑥2

)
2

+

(
−𝐼max1∗𝑉max1−𝐼max2∗𝑉max2

𝐴𝑐∙𝐺2
∙ 𝜎𝐺)

2

 (C.3) 

The absolute uncertainty regarding the electrical efficiency was found to be up to 0.26% (or up to 

2.15% relative to the calculated electrical efficiency value). 

Thermal efficiency 

The uncertainty in the thermal efficiency (eq. 1) of the prototype involves uncertainties in the mass 

flow rate, the inlet-outlet temperature difference and the solar irradiance. The mass flow rate is 

measured by the Solar Air Collector Test Stand with an orifice flow meter which uses three 

differential pressure transducers of different ranges. The associated overall mass flow uncertainty 

is ±2 of the measured value (kg/hr or kg/s). The uncertainty associated with the temperature 
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difference ΔT between the inlet and outlet of the air channel is calculated based on the uncertainty 

of the RTD probes (±0.1°C) as: 

𝜎𝛥𝑇 = √0.12 + 0.12 = 0.14°C (C.4) 

𝜎𝜂𝑡ℎ = √(
𝐶𝑝(𝛥𝑇)

𝐺∙𝐴𝑐
∙ 𝜎𝑚̇)

2

+ (
𝑚̇∗𝐶𝑝

𝐺∙𝐴𝑐
∙ 𝜎𝛥𝑇)

2

+ (
−2𝑚̇∗𝐶𝑝(𝛥𝑇)

𝐴𝑐∙𝐺2
∙ 𝜎𝐺)

2

 (C.5) 

The absolute uncertainty of the thermal efficiency was found to up to 1.5% (or 5.1% relative to 

the calculated electrical efficiency value). 

PV temperatures 

The uncertainty for the PV temperature measurements is taken as the uncertainty of the T-type 

thermocouples (special limit of errors with calibration: ±0.3°C). 

 

 


