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ΤΠΟΛΟΓΙΣΙΚΗ ΚΑΙ ΠΕΙΡΑΜΑΣΙΚΗ ΜΕΛΕΣΗ ΘΕΡΜΙΚΗ ΚΑΙ 

ΗΛΕΚΣΡΙΚΗ ΑΠΟΔΟΗ ΕΝΕΡΓΕΙΑΚΟΤ ΤΣΗΜΑΣΟ ΚΣΙΡΙΟΤ 

ΜΕ ΕΞΤΠΝΑ ΑΕΡΙΖΟΜΕΝΑ ΦΩΣΟΒΟΛΣΑΪΚΑ ΠΑΝΕΛ 

Experimental and computational investigation of the thermal and electrical 

performance of a new building integrated photovoltaic concept 

Επιβλζπων Κακθγθτισ : Δρ. Ερρίκοσ. ταπουντηισ, Αναπλθρωτισ Κακθγθτισ, 

Mθχανικισ Ρευςτϊν, Μθχ. υμπιεςτϊν & Αςυμπίεςτων Ρευςτϊν, Εφ. 

Τδροδυναμικισ, Θεωρίασ & Καταςκευισ Τδροδυναμικϊν Μθχανϊν 

 

ABSTRACT 

A new concept of integrating PV modules to the south-facing walls of a building is 

developed. The feasibility of the concept is studied by means of experiment, CFD 

computations and building energy simulation. An air gap between the backsheet of 

the modules and the building wall is employed for circulating outdoor air to cool the 

modules, keeping their efficiency high. The heated air is exploited by the HVAC and 

service water system, thus improving building energy efficiency. 

Experimental data in real world operating conditions are critical to support the 

design optimization of the concept and layout. A testing device was designed for this 

purpose and subjected to indoor and outdoor testing. Three operating modes are 

tested: natural convection (no fan), and forced convection cooling by means of two 

different capacity axial fans. 

The transient electrical and thermal behavior of the device was recorded outdoors, 

for several hours during a number of days in summer and autumn. Further 

investigation of the air flow and velocity fluctuation field was carried out by means 

of indoor measurements in the above mentioned flow modes. 

The flow and heat transfer investigation of the device was supported by CFD 

modeling that also helped to the determination of more accurate wall heat transfer 

correlations.  Based on reasonable assumptions and exploiting the indoor and 

outdoor measurements’ results, average convection coefficients were estimated to 

the order of 4 W/m2K for natural convection (no fan), 10 W/m2K for the low capacity 
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fan and 10.6 W/m2K for the higher capacity fan. The existing average Nu/ Re or Nu/ 

Ra number correlations were improved after they have been found to underestimate 

Nu by a factor of 2 in the specific flow regime. 

The heat transfer correlations were used to improve the respective sub model of the 

TRNSYS building energy simulation, which was employed in the computation of the 

overall effect on the energy performance of the modules, by means of the electricity 

produced by the PV panels, the heating energy gains and their overall effects on the 

energy rating of the building. 

The annually produced electricity is calculated at the order of 750 kWh/ kWp. The 

respective thermal energy gain for space heating in winter amounts to 310 

kWh/kWp. An additional annual thermal energy gain at the order of 210 kWh/ kWp 

was calculated for service water heating during the summer. For comparison, the 

respective electrical energy produced by rooftop installation of south-facing modules 

at optimal slope in the same location, amounts to 1200 kWh/ kWp approximately, 

with no further exploitable thermal gains. 

The results of this study show that the selection of flow rate and duct dimensions are 

affecting significant to the performance of the PV facade. According to the building 

energy simulation, measurable improvements in the thermal gains of the building 

can be succeeded by an improved design of the backsheet (enhancing heat transfer 

by micro-fins, modified backsheet material etc.). It should be noted that up to now, 

the design of the backsheet has not received the attention it deserves by the 

photovoltaic design engineers and manufacturers. 

The profitability of the investment for a vertical placement of the modules in the 

proposed BIPV arrangement was compared to the standard rooftop installation by 

means of the return on investment after 20 and 25 years. As expected, the roof- 

mounted photovoltaic installation remains the most economically profitable.  If the 

investors sell the electricity to the utility company at a rate of 0.55 Euro /kWh then 

the return on investment for 20 and 25 years of operation for the BIPV with 

improved backsheet corresponds to 9.0 % and 12.3 % respectively calculated for the 

vertical placement of the modules in the building.   

The contribution of the proposed concept to the building’s energy performance 

rating becomes significant whenever the building heating (and cooling) loads are 

minimized by adequate insulation and shading, as well as an energy efficient 

ventilation system design. 
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CHAPTER 

1 

1 INTRODUCTION  

1.1 PRINCIPLES OF PV ENERGY 

Greece is a country with plenty of sunshine. The total solar radiation on a horizontal 

surface is around 1400 kWh / m2 year in the north (e.g. Thessaloniki) and may reach 

1700 kWh / m2 year in certain parts of the south (e.g. Crete). This potential is 

increasingly exploited for the production of domestic hot water and electricity, thus 

reducing the consumption of fossil fuels and electricity and their respective CO2 

emissions. During the last decade, the idea of additionally exploiting the rejected 

heat of the photovoltaic modules is gaining attention. One example is the so-called 

PV/T collectors (photovoltaic/thermal) [1], the expansion of which was further 

promoted by the adoption of the Directive 2002/91/ΕC [2]. This Directive and the 

series of standards issued to support its implementation, established a common 

calculation methodology for the integrated energy performance of buildings and laid 

down the requirements of minimum standards on the energy performance to new 

buildings and to renovated existing buildings, taking into account the positive 

influence of active solar systems and other heating and electricity systems based on 

renewable energy sources. Although rooftop installation is the most common mode 

of PV application in buildings, vertical installation in the form of south or west facing 

double façades is gaining attention.  

Photovoltaic cells (see Figure 1-1 and Figure 1-2) collect solar energy and partially 

convert it to electricity. This process requires, first a material in which the absorption 

of light raises an electron to a higher energy state, and second, the transfer of this 

higher energy electron from the solar cell into an external circuit. The electron then 

dissipates its energy in the external circuit and returns to the solar cell. A variety of 
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materials and processes can potentially satisfy the requirements for photovoltaic 

energy conversion, but in practice nearly all photovoltaic energy conversion uses 

semiconductor materials in the form of a p-n junction. 

 

A = Glass cover B = Anti-reflective coating C = Contact grid   
D = N-type Silicon E = P-type silicon F = Back contact  
Figure 1-1 Basic structure of a generic silicon PV cell, adapted from [3] 

 

Figure 1-2 Crystalline module structure diagram (adapted from [4]). 

PV modules work best when their absorbing surface is oriented perpendicular to the 

Sun’s rays (the power density will always be at its maximum when the PV module is 

perpendicular to the sun). Adjustment of static-mounted PV modules can result in 10 

to 40% power output increase. 

Sunlight is a form of electromagnetic radiation and the visible light is a small subset 

of the electromagnetic spectrum (Figure 1-3). Light may be viewed as consisting of 

"packets" or particles of energy, called photons. A photon is characterized by either 

a wavelength, denoted by λ or equivalently energy, denoted by E (Figure 1-4). There 
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is an inverse relationship between the energy of a photon (E) and the wavelength of 

the light (λ) given by the equation:  

  ( 1.1)  

where: 

h = 6.626 * 10-34 J·s (Planck's constant) 
c = 2.998 × 108 m/s (speed of light in vacuum) 

 

Figure 1-3 Percentages of incoming solar radiation in each wavelength band (adapted 

from [5]). 

It must be mentioned here that only the most energetic photons with  

contribute to the electricity generation, where  is the semiconductor band gap 

(the energy needed to release one conduction electron). In a silicon crystal this 

corresponds to the photon energy of electromagnetic waves with a wavelength of 

1120 nm or 1.12 microns. While the solar radiation incident on the Earth's 

atmosphere is relatively constant, the radiation at the Earth's surface varies widely 

due to atmospheric effects (Figure 1-5), which are related to:  

 reduction in solar radiation due to absorption, scattering and reflection in the 

atmosphere 

 a change in the spectral content of the solar radiation due to greater 

absorption or scattering of some wavelengths (Figure 1-5) 

 the introduction of a diffuse or indirect component into the solar radiation  

 local variations in the atmosphere (water vapor, clouds and pollution)  

 the season of the year and the time of the day. Solar time is used for all sun 

angle relationships (ANNEX I). 
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Figure 1-4 Main wavelength bands of solar radiation compared to the earth’s radiation 

(adapted from [5]). 

 

 

Figure 1-5 Solar irradiance outside the earth's atmosphere, denoted by Air Mass=0, 

and at sea level, for Air Mass=1.5 (adapted from [5]). 
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1.2 EFFICIENCY OF A PV MODULE 

 
Figure 1-6 Current-Voltage characteristic of a silicon solar cell, adapted  from [6] 

The efficiency of a solar cell is defined as the ratio of electrical power produced to 

the incoming solar radiation: 

  ( 1.2) 

It is dependent on the incoming solar radiation intensity: 

  ( 1.3) 

And the maximum electric power produced by the module [7]: 

  ( 1.4) 

where: 

Pmax max output Power  
I0 reverse leakage current  
IPmax current at maximum Power Point 
Iph  photon current 
GT radiation intensity 
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1.3 FACTORS AFFECTING OUTPUT OF PHOTOVOLTAIC MODULES 

1.3.1 STANDARD TEST CONDITIONS 

Solar modules produce direct current (DC) electricity, which is rated by 

manufacturers under Standard Test Conditions (STC). These conditions are easily 

created in a factory environment allowing consistent comparisons of products, but 

need to be modified to estimate output under common outdoor operating 

conditions. STC are: solar cell temperature = 25 oC, solar irradiance = 1000 W/m2 

(often referred to as peak sunlight intensity, comparable to clear summer noon time 

intensity), and solar spectrum as filtered by passing through 1.5 AM (Air Mass) 

thickness of the atmosphere (ASTM). A particular solar module with rated output 

100 W under STC, is understood to have a production tolerance of +/-5% of the 

rating.  

1.3.2 ORIENTATION AND ELEVATION OF MODULES 

The amount of irradiance depends on the latitude. A PV module will deliver 

maximum power when oriented perpendicular to the sun rays (see ANNEX II, Figure 

A. 4). This can only be achieved in tracking systems, but in most applications the 

modules are installed in a fixed position. Then the best time averaged irradiation has 

to be chosen as a compromise. In Central Europe the following boundary conditions 

are recommended: Orientation toward the south, but a deviation of 100 to 150 

degrees does not appreciably reduce output. Inclination should be 300 –420 from 

horizontal for an optimized output over the whole year. If output is to be optimized 

for spring, fall, and winter, the inclination should be increased to 450– 600. Other 

geographic locations require different optimization rules. For the inclination β, in 

dependence on geographic latitude, the following rule for optimized yearly yield 

applies: 

 β = geographical latitude ± 10% [8] ( 1.5) 

At 520 north good results (>90%) can be achieved by orienting the modules between 

southeast and southwest, with system angles between 300 and 500 from the 

horizontal. Orientations between east and southeast, and between southwest and 

west, are fairly reasonable with system angles between 100 and 300 from horizontal. 

The irradiance will be reduced by around 15% of the maximum.  
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It is important to mention the weak sensitivity of the annual energy production to 

the inclination angle. A value of 0.2% loss for each degree of deviation from the 

optimum value is a rough approximation. This is also true with azimuthal orientation, 

where only a 0.08% loss occurs for each degree of deviation from the south. This 

means that many existing surfaces (roofs, car parks, etc.) are suitable for PV modules 

integration, even if their orientation differs considerably from the optimum [6] . 

Table 1: Orientation factors for various roof pitches and directions [9] 

 Flat 4:12 7:12 12:12 21:12 Vertical 

South 0.89 0.97 1.00 0.97 0.89 0.58 

SSE,SSW 0.89 0.97 0.99 0.96 0.88 0.59 

SE, SW 0.89 0.95 0.96 0.93 0.85 0.60 

ESE,WSW 0.89 0.92 0.91 0.87 0.79 0.57 

E, W 0.89 0.88 0.84 0.78 0.70 0.52 

1.3.3 MISMATCH AND WIRING LOSSES 

The maximum power output of the total PV array is always less than the sum of the 

maximum output of the individual modules. This difference is a result of slight 

inconsistencies in performance from one module to the next and is called module 

mismatch and amounts to at least a 2% loss in system power. Power is also lost to 

resistance in the system wiring. These losses should be kept to a minimum, but it is 

difficult to keep them below 3% for the system. A reasonable reduction factor for 

these losses is 95%. 

1.3.4 MODULE TEMPERATURE 

Module output power reduces as module temperature increases. When operating 

on a roof, a solar module will heat up substantially, reaching inner temperatures of 

50 - 75 oC. For crystalline modules, a typical temperature reduction factor 

recommended by the CEC (Commission for Environmental Cooperation) is 89%. For 

silicon solar cells the decrease at Pmax with temperature being in conformity with the 

results of Van Dyke [10], is 0.65 %/K , whereas according to the theory, the electric 

output power of crystalline PV cells decreases by 0.4%/K of the temperature 

increase [11]. Thus, the changes of the output parameters: I, U, and Pmax shows the 

influence of temperature as one of the two most important effects to be considered 

when using PV modules: irradiance and temperature. The solar irradiance role is well 
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understood and accounted when PV systems are designed, but the temperature 

effect is often neglected [12]. 

Module efficiency decreases as the temperature increases for mono and poly silicon 

cells but not for amorphous silicon cells. In many non-BIPV applications, modules are 

mounted on free standing frames with ambient air on both sides, allowing for 

cooling on both sides. In contrast, some BIPV applications install the modules in close 

contact to building material like roofs or wall insulation. The lack of circulating air 

increases the module temperature. Relative losses of >5% are possible. A good 

design criterion for mono or poly silicon applications is to allow as much cooling as 

possible by providing for air flow behind the module and minimizing the effect of 

insulation. This is not an issue for amorphous silicon modules [13]. 

1.3.5 DIRT AND DUST 

Dirt and dust can accumulate on the solar module surface, blocking some of the 

sunlight and reducing output. Much of Greece has a rainy season and a dry season. 

Although typical dirt and dust are cleaned off during every rainy season, it is more 

realistic to estimate system output taking into account the reduction due to the dust 

buildup in the dry season. A typical annual dust reduction factor to use is 93%. 

1.3.6 DC TO AC CONVERSION LOSSES 

The dc power generated by the solar module must be converted into common 

household ac power using an inverter. Some power is lost in the conversion process, 

and there are additional losses in the wires from the rooftop array down to the 

inverter and out to the house panel. Modern inverters used in residential PV power 

systems have to peak at efficiencies of 92-96% indicated by their manufacturers, but 

these are measured under well-controlled factory conditions. Actual field conditions 

usually result in overall dc-to-ac conversion efficiencies of about 88-92%, with 90% a 

reasonable compromise. So a nominal “100-Watt module” output, when reduced by 

factors of production tolerance, heat, dust, wiring, AC conversion, and other losses 

will translate roughly to 68 Watts of AC power delivered by the house panel during 

the middle of a cloudless day (100 W x 0.95 x 0.89 x 0.93 x 0.95 x 0.90 = 68 W). 
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1.4 AIM OF THIS STUDY 

Glazed double façade in the form of a PV-hybrid façade can be regarded as an 

architectural design concept suited to prestige buildings. In comparison with other 

high-quality façade types, the price is within the same range as that of ceramic-

façades, which are often used on bank or insurance company buildings. In 

comparison to a representative granite façade, the PV-façade is more economical. 

The idea of combining photovoltaic and solar thermal collectors (PVT collectors) to 

provide electrical and heat energy is becoming increasingly popular. Although PVTs 

are not as prevalent as solar thermal systems, the integration of photovoltaic and 

solar thermal collectors into the walls or roofing structure of a building is another 

opportunity. Typically, commercially available PV modules are only able to convert 

6–18% of the incident radiation falling on them to electrical energy, with the 

remainder lost by reflection or as heat (Bazilian et al.[14]). Van Helden et al. [15] 

noted that PV collector’s absorb 80% of the incident solar radiation but convert only 

a small portion of this to electrical energy, the remainder being dissipated as thermal 

energy. Furthermore, they noted that the temperatures reached by PV cells are 

higher than the ambient temperature and that the efficiency of PVT is greater than 

the combined sum of separate PV and thermal collectors [16]. 

Advances in PV-technology allow today to use PV-modules for several additional 

purposes on a building, for example as a sky-light, a wall-cladding or a window-pane. 

In order for the PV-System to become an integral part of an overall concept of a 

building, a close collaboration among architects, civil and mechanical engineers will 

be necessary. Such collaboration is still missing [17]. Most of the experiments 

reported in the European literature were conducted at indoor facilities using artificial 

radiation sources [18] and, in general, small scale test façades [5], [19]. There exist 

relatively few buildings with double-skin façades and there is still little operation 

experience on their energy performance [1–9]. Results are conflicting regarding their 

actual energy saving potential (annual energy savings from negative to above 50% 

are reported in the literature). For instance, Wong et al. [20] found significant 

cooling energy savings resulting from the façade’s ability to shield the building from 

solar gains and extract heat with natural airflow even on east and west- facing 

façades, while Gertis [11] claimed that existing Double Skin Facades simulations are 

not satisfactory [21]. 

The present study aims at further improving our knowledge and knowhow on the 

installation of optimized BIPV systems in buildings. This aim is accomplished by 

means of the following specific objectives: 
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 To define a novel ventilated PV façade concept integrated in the building’s 

HVAC system in winter and service water heating system in summer. 

 To design, construct and test a device considered as the building block of the 

proposed BIPV concept.  

Testing of the device includes: 

 Indoor testing by means of flow visualization and hot wire 

anemometry measurements in buoyancy flow conditions (natural 

convection) and forced recirculation conditions (forced convection). 

 Outdoor testing of the device in real insolation conditions in three 

modes of PV cooling system operation (natural convection cooling, 

forced recirculation cooling with low capacity and high capacity fan). 

 

 To perform CFD modeling of the device based on the validation from indoor and 

outdoor measurement results. 

 To extract improved wall heat transfer coefficient correlations for the specific 

concept based on the experiments and CFD computations. To study possible 

improvements in heat transfer by design improvements of the backsheet. 

 To perform building energy simulation for a full year on an hourly basis, of the 

proposed concept applied on a specific office building. 

 To perform an economic analysis of the concept and its improved design, taking 

into account the renewable electricity and heat production of the building, which 

increase overall building’s energy efficiency. 

1.5 THESIS OUTLINE 

The structure of this thesis is as follows (see Figure 1-7): A proposed ventilated 

façade concept is described in chapter 3, following an Introduction and a literature 

review on double skin façades and air flow and heat transfer inside the façade ducts. 

Part A (Chapters 4, 5, 6), presents and discusses the results from the experimental 

and computational study of the basic building block of the proposed concept. 

Part B (Chapters 7, 8 and 9) presents and discusses the results from the building 

energy simulation and economic analysis of the proposed concept applied to a small 

office building. 
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Figure 1-7 Flowchart of this thesis 
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1.6 NOVEL FEATURES OF THIS THESIS 

 Proposal of an improved building concept to exploit BIPV in HVAC system. 

 Specially designed test rig for testing the building block of the concept. 

 Transient experiments of the module in real insolation conditions. 

 Combination of hot-wire anemometry measurements with 3D CFD 

computations in the study of the air flow field and the determination of heat 

transfer coefficients. 

 Improved building energy simulation of the concept. 

 Proposed design optimization of the backsheet to improve energy efficiency 

of the concept. 
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CHAPTER 

2 

2 LITERATURE REVIEW 

This chapter offers a survey of relevant literature. A brief summary of the chapter’s 

organization is presented in the following paragraphs. We start with a brief 

presentation of the concept of double skin façades in architecture. 

Next we focus on applications with PV modules forming an independent external 

layer. In most of these applications the PV panels are freely fixed on the outer shell 

of the building, thus allowing atmospheric air to cool the backsheet of the modules. 

In section 2.3 we focused on double façades where the PV module forms the outer 

part of a building cell and the backsheet of the module is cooled by buoyancy air 

flow, where the air could be introduced from outdoors or indoors of the building. 

In section 2.4, we concentrate on the concept of ventilated PV façade, where the PV 

modules’ cooling efficiency is strengthened by forced convection, and the heated air 

by this process is exploited for heating or cooling of the building.  

2.1 PV IN ARCHITECTURE 

PV panels are usually placed on the roof and seldom on south-facing building walls. 

PV cells convert sunlight into electricity (with typical efficiencies of 6–15%) with the 

remainder of the solar energy being converted into heat. The roof top modules are 

placed at a distance from the roof to allow rejection of the heat that is not 

transformed to electricity. During the last decade, the idea of exploiting also the 

rejected heat of the photovoltaic modules is gaining attention. At the project “Haus 

der Zukunft” in Schmidling (near Linz, Austria), this residual heat is also used for 
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direct heating of the building (see Figure 2-1 and Figure 2-2 below). An air cavity has 

been created underneath the PV modules, through which warm air (heated by PV 

modules) is exhausted. The solar system based on air collectors and thermal storage 

provides almost half of the required energy needed for heating. Heated air is leading 

through hypocausts (hollow brick ducts in concrete) into the massive ground floor 

and thus heats the floor (to 25°C). When irradiation is low, two heat pumps (an air-

air heat pump or a ground-coupled heat pump) will produce the necessary heat. [22] 

 

Figure 2-1 “House of the future” in Schmidling in Austria 

 

Figure 2-2 The hybrid collector provides warm air to the heating system in the house of 

future 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 15 

 

Literature Review 

 

Figure 2-3 PV system  integrated  in a façade (adapted from [23]) 

Façades are basically constructed using in situ bricklaying or concrete constructions, 

prefab elements or structural metal façades that are mounted in place. Concrete 

constructions form the structural layer and are covered with insulation and a 

protective cladding [24]. This cladding can be wood, metal sheets, panels, glass or PV 

modules. For luxury office buildings, which often have expensive cladding, cladding 

with PV modules is not more expensive than other commonly used materials, for 

example, natural stone and expensive special glass. These cladding costs around 

$1000/m2, which is comparable to the cost of the PV module today [25]. 

Structural glazing or structural façades are constructed using highly developed 

profile systems, which can be filled with all types of sheeting, such as glass or 

frameless PV modules (Figure 2-3). Façades are very suitable for all types of 

sunshades, louvers and canopies [26]. There is a logical combination between 

shading a building in summer and producing electricity at the same time. Architects 

recognize this and many examples of PV shading systems can be seen around the 

world. A canopy (entrance protection) on the sunny side of a building is a good place 

for BIPV systems (Figure 2-4) thus providing shade, protection from rain, as well as 

electricity. Solar shading with PV modules as part of a vertical louver system on the 

west façade of the SBIC office building in Tokyo is shown in Figure 2-5. The 

transparent vertical louvers, with a total capacity of 20.1 kWp, were manufactured 

by Atlantis Switzerland.  
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Figure 2-4 Thoreau Center in San Francisco (adapted from [25]). 

 

Figure 2-5 PV modules as part of a vertical louver system on the west façade of the 

SBIC office building in Tokyo, Japan [27]. 
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Figure 2-6 The PV façade at the office building of the Fraunhofer ISE, Freiburg.(adapted 

from [8]) 

 

 

Figure 2-7 ATERSA ventilated façade. 

ATERSA and TAU Cerámica have 

finished installing a patented 

Ventilated Façade integrating solar 

power photovoltaic modules 

connected to a 6 kWp electricity grid 

at the headquarters of TAU Cerámica, 

located in Castellón de la Plana. The 

installation consists of a new 

ventilated façade system integrated 

with a ceramic coating, where 

ceramics are complemented by using 

photovoltaic modules of exactly the 

sameSize 

 

The assembly procedure is very simple, both in new and finished buildings, as the 

photovoltaic modules are placed just like the ceramic units (the tiles just have to be 

replaced by the photovoltaic modules). Once the perimetric profile of the module 

has been modified to the same size as the ceramic unit, these are arranged to stay 

perfectly flush on the active side with the ceramic tile. The result is an attractive 
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combination of modules and ceramic plates, where design and functionality merge 

together in one concept. 

 

2.2 DOUBLE SKIN FAÇADES 

Double skin façade appeared in late 1849 [28]. At first, the construction of double 

skin façade began based on aesthetic standards. However, after some time passed, 

the overheating of glass building, leaded to search for solution in order to face 

heating and cooling issues.  

Jean-Baptiste Jobard, director of the industrial Museum in Brussels (1950), described 

an early version of a mechanically ventilated multiple skin façade. He mentions how 

hot air in the winter should be circulated between two glazing’s, while in summer it 

should be cold air. The evolution of Double Skin Façades is described in several 

books, reports and articles (see for example references [28-31]). 

Double skin façade is an arrangement with a glass skin in front of the actual building 

façade. A double glazed façade system usually consists of a single outer pane, an 

intermediate enclosed air space and an inner window. 

A brief overview of the several types is given by Gertis [32], Lang [33], Zollner [34] , 

Lee [35] and Fux  [30]. 

Oesterle et al.,[36] categorize the Double Skin Façades, mostly by considering the 

type (geometry) of the cavity. Very similar is the approach of Saelens [28] and E. Lee 

et al. [37] in “High Performance Commercial Building Façades”. These types are 

listed below: 

 Box window type: In this case horizontal and vertical partitioning divide 

the façade in smaller size and independent boxes. 

 Shaft box type: In this case, a set of box window elements are placed in 

the façade. These elements are connected via vertical shafts situated in 

the façade, ensuring an increased stack effect. 

 Corridor façade: Horizontal partitioning is realized for acoustical, fire 

security and ventilation purposes. 
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Gertis [32] studied double façades taking into consideration physical parameters 

(such as acoustic performance, fluid and thermal characteristics, energy efficiency, 

light penetration and fire protection). He concluded that double glazed façades - 

except for special cases - are unsuitable for the northern European climate. 

Moreover, they are much too expensive. 

Zöllner et al. [34], [38] described the experiments performed in an outdoor double-

skin façade test. In their conclusions, the authors stated that solar radiation induced 

mixed convection fluid flow in double skin façades, depending strongly on the height 

of the box window, the distance between external and internal façade and the 

height of the air inlet and outlet. Due to the circulatory motion of the flow, the 

highest temperatures occur in the core of the air gap. Turbulent mixed convection in 

air gaps with a distance of S< 0.6m, analyzed using the ‘‘channel model’’ for the 

computation of the average Nusselt number as a function of the average Archimedes 

number, whereas the ‘‘plate model’’ has to be employed for situations within an air 

gap of distances of S > 0.6 m. 

Gratia and de Herde [19] studied, for eight standard days (week days), the thermal 

behavior of a building with and without double-skin. Simulations were realized with 

TAS software. Case study analysis shows that, for this building, the use of a double-

skin façade decreases the heating loads and increases the cooling loads. Moreover, if 

the double-skin is sunny, the air temperature increases very quickly. This air can be 

used as ventilation air of the shaded zones. During the summer, when the sun is 

shining, it is difficult to apply the strategy of day natural ventilation. Indeed, cross 

day ventilation by extraction through the double-skin is delicate and is a function of 

the wind orientation and of the building wind protection. Moreover, the hot air layer 

prevents the natural cooling of the building. Even, if the double-skin is largely 

ventilated, the air temperature is always some degrees higher than the outside 

temperature. On the other hand, when the sky is cloudy (or during the night) the 

cross-ventilation is totally effective, even if the direction of air flow is reversed. 

Indeed, it is not important since the double-skin temperature is nearly the same with 

the outside temperature. In any case, these results cannot be generalized for other 

configurations of double-skin façades and cannot provide sufficient guidelines for 

the technical design of a double-skin. If the double-skin is oriented towards the 

South and is not ventilated, temperature in this one would reach 47 oC if there are 

no shading devices, temperature would reach 52 oC if south windows are equipped 

with shading devices. Indeed, the greenhouse effect is increased due to the blinds 

[39]. 
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Hien et al. [40] investigated the  combined effects of double glazed façade with a 

ventilation system on the energy consumption, thermal comfort and condensation 

aspects and compared them to single glazed façade system for a typical office 

building in Singapore. TAS and CFD software was utilized to calculate energy 

consumption, thermal comfort and condensation for a single glazed façade building 

as well as a double glazed façade building. The simulation results showed that 

double glazed façade with natural ventilation was capable of minimizing energy 

consumption as well as to enhancing the thermal comfort.  

Balocco applied non-dimensional analysis in the context of naturally ventilated 

façade. The method presented in [41] can be used to analyze and compare thermal 

energy performance of different façade systems like solar chimneys for example.  

The results can be useful for building designers to have an indication of heat flux 

throughout the wall as a function of simple parameters without modeling fluid flow 

and heat transfer by CFD or complex numerical simulation programs with reference 

to experimental validation. The proposed method can be applied to all naturally 

ventilated façade typology.  

Yılmaz and Cetintas [42]¸studied the basic thermal performance of double skin 

façade in Constantinople. For the selected urban case, single skin façade’s heat loss 

is 40% higher than the respective double skin façade’s. Different glass types, 

different transparency ratios and component’s different thermal properties would 

give different results. The introduced method was developed to be used for thermal 

evaluation of double skin façade’s during the design process of new office buildings, 

as well as for energy efficient renovation of existing office buildings. Their method 

does not include the cost analysis calculations.  

Fux [30] investigated by means of indoor measurements and CFD computations, the 

convective heat transfer rate in both internal sides of a double façade system. 

Hamza [43] in his study adopts a quantitative analytical methodology to test and 

refute the hypothesis on the efficiency of double skin façades as a façade technology 

suitable for reducing air-conditioning loads in hot arid climates. Transparent double 

skin façades are predicted to increase cooling loads in office buildings in hot arid 

areas when compared to a single skin façade with reflective glazing. However, such a 

disadvantage may be neglected if the double skin façades are to be used in cases 

where protection from the environment is needed to preserve front view of historic 

building. 
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Höseggen et al. [44], used a planned office building in the city-center of Trondheim, 

Norway, as a case study for considering whether a double-skin should be applied to 

the east façade in order to reduce the heating demand, thus making the double-skin 

façade a costs-saving investment. The building is modeled both with and without a 

double-skin façade with the building energy simulation program ESP-r [45]. The 

simulation results indicate that the energy demand for heating is roughly about 20% 

higher for the single-skin façade with the basic window solution than to the double-

skin alternative. This study shows, contrary to some other studies on this subject, 

that application of a double-skin façade decreases the heating energy demand, 

without significantly increasing the number of hours with excessive temperatures. 

Moreover, using the cavity of the double-skin as a pre-heater for the air supply, 

further savings may be achieved. However, from an economic point of view, the 

energy savings will not balance that the additional costs the double-skin façade 

construction implies. 

Manz [46, 47] investigated heat transfer by natural convection of air layers within 

vertical, rectangular cavities with a predefined aspect ratio. The study focused on 

tall, vertical cavities in building elements such as insulating glazing units, double skin 

façades, doors, façade-integrated solar collectors and transparent insulation panels. 

Using as a starting point the results of previous studies that date back to the fifties 

[48], he performed CFD computations with a revised k-ε turbulence model for 

cavities with aspect ratios (height/depth) of 20, 40 and 80, and Rayleigh numbers 

between 1000 and 106. His results compare well with previous experimental and 

theoretical results in the laminar and turbulent flow regimes. Except for one 

calculation, no calculated Nusselt number deviates more than 20% from the 

empirical correlations. Deviation is even less than 10% for an aspect ratio of 20. This 

study improved the starting position for future applications of the code to more 

complex cases of façade elements, where less or even no experimental data are 

available in literature. Selkowitz [49] suggests that for a single air space, the 

minimum conductance is typically reached with an air space thickness of 0.6 to 0.2 

cm. Once the boundary layer regime has been reached, further increases in air space 

thickness show little or no decrease in air space conductance. 

2.3 DOUBLE SKIN FAÇADES WITH INTEGRATED PHOTOVOLTAIC PANELS 

The first installation of building-integrated photovoltaic (BIPV) was realized in 1991 

in Aachen, Germany [50] (Figure 2-8). The photovoltaic elements were integrated 

into a curtain wall façade with isolating glass. Today, photovoltaic modules for 

building integration (BIPV) are produced as a standard building product, fitting into 
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standard façade and roof structures these elements creating a whole new market. 

Since then, building integration is one of the fastest growing market segments in 

photovoltaics, and several other large-scale projects are under construction or in the 

planning phase.  

Clarke et al [50] in their study from a combined experimental/simulation analysis of 

a PV façade have indicated: 

(i) An operational electric efficiency less than the peak published data: 12% 

compared to 15%. 

(ii) That the utilization of thermal energy significantly increases the system 

efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-8 PV-façade with isolating glass (Utility company Aachen, Germany) adapted 

from [50] 
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Bazilian et al. [14] investigated thermographically a residential-scale building with an 

integrated photovoltaic (BIPV) cogeneration system. An Infra-Red (IR) thermographic 

analysis was conducted on a BIPV roofing element to graphically and numerical 

investigate its heat transfer properties. The system is being used to test the 

feasibility of a heat recovery unit that will utilize the waste heat from the back of the 

array while cooling the PV cells. The interior of the BIPV array was found to be 

distinctly hotter than the surrounding roofing on a clear sunny day. This will impact 

both the building envelope and the PV cell thermal performance. It will also provide 

a graphical representation to view the nature of BIPV systems that use typical PV 

module construction or architectural glass–glass construction. The thermographic 

images help to calibrate the numerical models being written for the cogeneration 

system by deriving surface emissivity. Data from on-site temperature transducers 

were also validated. An impetus for removal of heat off of the back of BIPV modules 

was shown. They conclude that thermographic investigation is a useful tool for 

examining various components under normal system operation. 

Davis et al. [13] developed a new technique to compute the operating temperature 

of cells within building integrated photovoltaic modules using a one dimensional 

transient heat transfer model. The resulting predictions are compared to measured 

BIPV cell temperatures for two single crystalline BIPV panels (one insulated panel 

and a second uninsulated panel). Finally, their results are compared to predictions 

using the nominal operating cell temperature (NOCT technique).  

Chow et.al [51] investigated Building-integrated photovoltaic and thermal 

applications in a subtropical hotel building. They present numerical analysis via the 

ESP-r building energy simulation software [45]. The results showed that, effective 

cooling of a PV panel can increase the electricity output of solar cells. This can be 

important for PV installations in warm climatic regions. The effectiveness of cooling 

by means of a natural ventilating air stream has been studied numerically based on 

two cooling options with an air gap between the PV panels and the external façade: 

(i) an open air gap with mixed convective heat transfer (PV/C), and (ii) a solar 

chimney with a buoyancy-induced vertical flow (PV/T). Their simulation results were 

compared and further evaluated by comparing with additional simulation results of 

the conventional BIPV option and the bare external façade without PV features as a 

base case. The results indicate that appears to be no significant difference in 

electricity output comparing the three PV options. This is because the indoor space 

with 24-h temperature control provides continuous cooling of the solar cells through 

the external façade, and hence increases the outputs of BIPV as well as PV/T, during 

the morning period without direct solar radiation. Therefore the weather conditions 

and the operating mode of the building will have a determining effect on the PV 
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productivity. In terms of annual electricity output, PV/C is marginally the best and 

BIPV the worst. In terms of the effectiveness in space heat gain reduction, the PV/C 

and PV/T options appear superior to the BIPV option. Hence they are preferable than 

BIPV for applications in the subtropical climate. The choice between PV/C and PV/T 

will depend on whether the collected heat energy in the PV/T option is useful or not. 

Without a ready use for the heat energy, PV/C appears to be the proper choice 

because of its simple design, its greater effectiveness in reducing the space cooling 

energy consumption, and the resulting small improvement in the PV cooling 

performance. 

The summer performance of single and double façades with sun shading systems 

was analyzed both experimentally and by computer simulation by Eicker et al [52]. It 

was shown that externally shaded single façades and internal gap shaded double 

façades can effectively reduce the total energy transmittance to a building in 

summer. The highest energetic priority is always the reduction of short wave solar 

irradiance, which is the dominant energy flow. With measured g-values as low as 7% 

with even slightly open blinds, this condition can be fulfilled by both single and 

double façades. Secondary heat flows only play a role, if no shading system is used 

and are otherwise negligible. If the façade is used for providing fresh air to the room 

with air exchange rate below two per hour, additional cooling loads of 2 - 5 kWhm-

2room occur compared to ambient air ventilation (for blind absorption coefficient of 

10 and 30%, respectively). All results were obtained for moderate German summer 

climate conditions, where even in summer ambient temperatures are not always 

above room temperature. In climates with higher ambient air temperatures, summer 

ventilation through a double façade will increase room cooling loads even more and 

cannot be recommended. Also secondary heat fluxes will obviously be higher, but 

should not be significant, as long as a shading system is used. 

Anderson et al. [16] studied the design of a novel building integrated 

photovoltaic/thermal (BIPVT) solar collector. The PV is directly integrated into the 

roof of a building. From the results presented it has been shown that there are a 

number of parameters such as the fin efficiency, the thermal conductivity between 

the PV cells and their supporting structure that can be varied in the design of a BIPVT 

collector to maximize performance. The fact that the collector base material made a 

little difference to the thermal efficiency of the BIPVT suggests that lower cost 

materials, such as steel, could be utilized for these systems. The disadvantage of 

using steel is that the electrical efficiency would be decreased marginally. 
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Seng et.al [53] examined  economic, environmental and technical analysis of building 

integrated photovoltaic systems in Malaysia. Under the current regulatory and 

commercial frameworks, the owners of PV systems are not able to make any 

financial return on their investment of the PV systems even after the government 

has provided a subsidy of up to 70% of the PV capital. Therefore, the current size of 

PV market is very small; only about 470 kW is owned by a small number of domestic 

customers. Therefore, it may be necessary for the government and the utility 

companies to consider offering a higher tariff of PV electricity to the PV owners in 

order to promote PV installations. The government or utility company can save RM 

10.26 million of natural gas and avoid a total greenhouse emission of 35,140 tones 

over the lifespan of 2MWp PV systems. The PV owners can create additional income 

streams by selling CERs to developed countries in addition to the reduction of their 

maximum demand charges every month. The utility companies can avoid or defer 

the needs of upgrading their networks with minimum concern for the voltage rise 

issues. One of the possible challenges faced by the PV sectors is that the price of PV 

modules may still be high even after First Solar has been established. Another 

challenge is that the yearly yield (kWh) of existing PV systems is diminishing every 

year. One of the possible reasons could be the growth of air pollutants in the 

atmosphere of major cities that reduces the intensity of the solar radiation on the 

ground.  

The results in terms of wall temperatures show that the effect of increasing the 

channel spacing is to reduce, on an average base, the working temperatures for all 

the studied cases. It was also observed a typical temperature profile during uniform 

heating on a single wall configuration at the higher spacing (d = 0.16 and 0.1), where 

the wall temperature reaches a maximum at vertical positions of about 0.8m. At the 

shortest separating distances (d = 0.05 and 0.03), the above temperature profiles 

show an almost monotonic trend. Local Nusselt values were expressed in terms of 

the vertical coordinate for the uniform heating case while, in the other cases, they 

were evaluated according to the local distance from the leading edge heated zone. 

Comparisons with literature correlations were finally performed with reference to 

the wall average Nusselt numbers, and it was demonstrated that uniform heating 

correlations can be successfully employed provided that a proper dimensionless wall 

distance is applied for any particular heating mode considered. 

Gan [54] employed CFD to assess the effect of the size of air gap between PV 

modules and the building envelope on the PV performance in terms of cell 

temperature for a range of roof pitches and panel lengths and to determine the 

minimum air gap that is required to minimize PV overheating. To reduce possible 

overheating of PV modules and hot spots near the top of modules he suggested a 
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minimum air gap of 0.12–0.15 m for multiple module installation and 0.14–0.16 m 

for single module installation depending on roof pitches. 

2.4 AIR FLOW IN PHOTOVOLTAIC FACADES 

Sandberg and Moshfegh [55] analyzed numerical the mass flow rate, velocity, 

temperature rise and location of neutral height (location where the pressure in the 

air gap is equal to the ambient pressure) in air gaps behind solar cells located on 

vertical façades. The flow was assumed to be turbulent or laminar and behave as 

bulk flow, i.e. the velocity and temperature are assumed to be uniform across the air 

gap and only a function of the height channel. For turbulent flow and constrained 

flow, i.e. the flow is controlled by the losses at the inlet and outlet. The mass flow 

rate, velocity and volumetric flow rate follow a power-law relation with the effective 

heat input raised to an exponent equal 1/3. The temperature increase between the 

inlet and the outlet is proportional to the heat input raised to 2/3.Laminar flow 

might occur in very narrow air gaps. At the laminar flow, for special cases, there is a 

simple relation between the heat input and flow variables. For a given heat input, 

the maximum flow rate is obtained by increasing the height of the air gap until a 

balance between friction and buoyancy is obtained. Experiments were conducted 

with air gaps with an aspect ratio from 28 to 108. With both ends open and with an 

opening area equal to the area of the air gap the agreement was between10% and 

20%. Better agreement was obtained for higher aspect ratios. This discrepancy 

between theory and measurement scan partly be attributed to experimental 

difficulties. The theoretical predictions require more parameters to be determined, 

which increases the uncertainties in the theoretical predictions. Therefore, 

measurements with higher accuracy are required to provide better estimates of the 

true error. 

A procedure for modeling double façades made of glass layers with a ventilated mid-

pane shading device —comprising a spectral optical and a computational fluid 

dynamic (CFD) model—is described by Manz [56]. The simulation results are 

compared with data derived from an experimental investigation of a single-story 

glass double façade (GDF) with free convection, incorporated in an outdoor test 

facility. It is shown that, for a given set of layers, total solar energy transmittance can 

easily vary by a factor greater than five. Hence, for reliable prediction of the total 

solar energy transmittance of a designed façade, models are needed that factor in all 

the relevant parameters. A spectral optical model (is needed where properties 

depend strongly on wave length) combined with a CFD model that includes 
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convection, conduction and radiation, is therefore, recommended for analyzing and 

optimizing glass double façades. With a well-designed GDF element with free 

convection, the secondary internal heat transfer factor can be reduced to values 

below 2%. Total solar energy transmittance values lower than 10%—recommended 

for highly glazed building can be readily achieved with such façades. 

However, use of these models even for GDF with free convection only is 

questionable. This is because gaps between cavities, airflows through shading 

devices, etc. cannot be modeled using a simplistic approach. There circulations that 

frequently occur in real façade cavities are inherently impossible to model using a 

piston-flow approach. 

For multistory buildings with a GDF, an increase, both in temperatures in the façade 

cavities and in total solar energy transmittance g is observed as a function of height. 

In other words, any external thermal coupling between the stories will mean that the 

whole façade has to be analyzed. The temperature increase as a function of height 

might be reduced by wind. Here, however, a construction where inlet and outlet 

openings are not vertically aligned but staggered horizontally is advantageous. To 

preserve the same inlet and outlet opening areas—given the reduction in the 

horizontal direction—the vertical dimension of the opening must be increased. A 

three-dimensional flow pattern is then obtained inside the façade cavities. It was 

observed in the experimental investigations that short-term wind fluctuations can 

reverse the direction of air flow in the façade cavities by 180◦ and increase the air 

change rate. Yet, provided they are limited to short periods, such changed airflow 

patterns are likely to have only a minor impact on energy flows. A windless situation 

should be assumed as a worst-case scenario for overheating. Measured and 

calculated temperature distributions showed that the maximum air temperature in a 

façade cavity occurs near the top, where electric motors for the shading devices are 

usually located. Depending on the quality of the optical and thermal design of the 

construction and the façade orientation, air temperatures of more than 80 ◦C may 

occur on days with high solar irradiation and high outside temperatures. This has to 

be considered when choosing and locating electric motors for the shading devices. 

Pappas and Zhai [21] briefly reviewed the primary parameters for a double skin 

façade (DSF) design. This research has developed an iterative modeling process with 

integrated CFD and building energy simulation program (BESP) to analyze the 

thermal performance of double skin façade with buoyancy-driven airflow. The model 

was validated using measured data from Dirk Saelens taken at the Vliet Test Cell in 

Leuven, Belgium, and errors are calculated with root mean differences for air  flow 
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rate prediction of 2.7 m3/h (or 9%), and 2.0 0C (or 15%) for temperature 

stratification. The study investigated the energy performance and potential fluential 

factors of such a DSF. The modeling process was used to develop correlations for 

cavity air flow rate, air temperature stratification, and interior convection coefficient 

that can provide a more accurate energy analysis of a DSF with buoyancy-driven 

airflow within an annual building energy simulation program than is currently 

possible. The correlations are established only for DSFs with solely buoyancy-driven 

airflow.  

Fossa et al [57] studied the natural convection in an open channel in order to 

investigate the physical mechanisms which influence the thermal behavior of a 

double-skin photovoltaic (PV) façade. To this aim, a series of vertical heaters is 

cooled by natural convection of air flowing between two parallel walls. Different 

heating configurations are analyzed, including the uniform heating mode and two 

different configurations of non-uniform, alternate heating. The experimental 

procedure allows the wall surface temperature, local heat transfer coefficient and 

local and average Nusselt numbers to be inferred. 

Sarhaddi et al [58] developed an analytical model to investigate the thermal and 

electrical performance of a solar photovoltaic thermal (PV/T) air collector. Some 

corrections are done on heat loss coefficients in order to improve the thermal 

model. 

Infield et al [59] investigated different approaches to estimate thermal performance 

of  ventilated photovoltaic (PV) façades. Heat loss and radiation gain factors (U and g 

values respectively) has been employed to take account of the energy transfer to the 

façade ventilation air. Four terms describing ventilation gains and transmission 

losses in terms of irradiance and temperature components are defined, which 

characterize the performance of the façade in total. Steady state analysis has been 

applied in order to express the above parameters in terms of the detailed heat 

transfer process within the façade. This approach has been applied to the ventilated 

PV façade of the public library at Mataro, Spain. Monthly U and g values have been 

derived and the associated thermal energy gains calculated for various climates. An 

even simpler approach, based on solar collector thermal analysis has been presented 

which, for the case of Mataro, compares reasonably well with the more 

sophisticated approach. Summer and winter energy yield calculations carried out on 

this basis have been compared to the four parameter approach.  The Mataro 

building is marginally less energy efficient than had it been constructed with a 

conventional windowed south wall. The building does, however, have other 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 29 

 

Literature Review 

advantages in terms of the quality of the interior space, the contribution of natural 

light, and the aesthetically pleasing integration of PV. Moreover, the ventilated 

façade ensures that the PV modules do not reach high temperatures (generally 

below 45oC) with the well-known associated improvements in performance. 

Balocco [60] provide a steady state calculation model to simulate and study the 

energy performance of a ventilated façade and it can be used to compare different 

typologies façade systems. Results show that it is possible to obtain a sensible solar 

cooling effect when the air cavity width of the chimney is wider than 7 cm.  

Mei et.al [61] studied the thermal performance of a specific type of ventilated PV 

façade, consisting of a PV panel, an air gap and an inner double glazing. A dynamic 

thermal model based on TRNSYS developed, for a building with an integrated 

ventilated PV façade/solar air collector system. The building model developed has 

been validated against experimental data from a 6.5 m high PV façade on the Mataro 

Library near Barcelona. Based on the developed building model, the heating and 

cooling loads for the building, in different European locations, have been estimated. 

From both measurement and simulation, it can be seen that the PV façade outlet air 

temperature reaches around 50 oC in summer and 40 oC in winter. Twelve percent of 

heating energy can be saved using the pre-heated ventilation of the air for the 

building location in Barcelona in winter season. For Stuttgart and Loughborough, 

only 2% heating energy can be saved, although of course the design was not made 

within these locations in mind. Indeed it is clear that for such northern latitude, a far 

higher proportion of solar air collector area would be appropriate.  

Manz et al [62] developed a procedure for modeling glass double façades (GDFs) 

comprising a spectral optical and a computational  fluid dynamic model. Simulated 

results are compared with data derived from an experimental investigation of two 

mechanically ventilated GDFs built in an outdoor test facility. It is shown that simple 

models assuming piston- flows can lead to inaccurate results. Hence, a combination 

of experiment and simulation is considered the most reliable approach for analyzing 

GDFs. Boundary conditions have to be carefully set in CFD simulations because they 

affect the total solar energy gain of the room and the temperature of the inner pane. 

Piston-flow models are not recommended for analyzing mechanically ventilated 

GDFs.  

Liao et al [63] studied the heat transfer and fluid flow in a building-integrated 

photovoltaic-thermal system intended for single story applications with a two-

dimensional CFD model. The realizable k-e model is used to simulate the turbulent 

flow and convective heat transfer in the cavity, including buoyancy effect and long-
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wave radiation between boundary surfaces is also modeled. Although the main case 

of interest in this paper is forced convection with fan-induced airflow, at low 

pressure differentials, there is a buoyancy-induced velocity peak near the PV surface. 

The heat transfer coefficients were predicted for the two cavity surfaces, and the 

convective coefficient was determined through a combination of CFD simulations 

and experimental measurements that provided boundary conditions; the convective 

coefficients were generally higher than expected by other correlations due to 

leading-edge effects and the turbulent nature of the flow. Experimental 

measurements of the velocity profiles in the BIPV system cavity using a particle 

image velocimetry system were in good agreement with CFD model predictions. The 

heat transfer coefficients calculated can be utilized in simpler models to facilitate the 

design of BIPV/T systems. Correlations have been developed for the convective heat 

transfer coefficients and as a function of commonly used dimensionless numbers. 

Infield et al [64] proved that the parameters Utransmission, Uventilation,  gtransmission and 

gventilation  can be used to adequately characterize the thermal performance of 

partially transparent ventilated PV façades. Using these parameters it is 

straightforward to calculate the heating and cooling loads due to the façade. As such 

they provided a useful tool for building engineers and architects in the design of 

building integrated multifunctional photovoltaic-solar air façades. The approach has 

been demonstrated for the calculation of both winter heating and summer cooling 

loads. In addition, the significant heat gains to the ventilation air in summer, which 

offer the potential for active solar cooling of such buildings, can be straight forwardly 

calculated using the presented methodology. Future work is needed to validate 

further, both the heat transfer parameterization and the methodology for annual 

energy balance calculations.  

Yun et al. [65] investigated the complex interrelationship between a ventilated PV 

façade and the overall energy performance of a building. They analyzed a theoretical 

ventilated photovoltaic (PV) façade, which functions as a pre-heating device in 

winter and a natural ventilation system in summer and reduces PV module 

temperatures. The interrelationship between an optimum proportion of a 

transparent window (and an opaque PV module) to the total façade area, and the 

variables relevant to the energy performance were assessed. The design parameters 

under consideration have been categorized according to climate, building 

characteristics, façade configurations and PV system elements. One outcome of this 

investigation is a new index, effectiveness of a PV Façade (PVEF), that has been 

developed to evaluate the overall energy performance of a PV façade with regard to 

the proportion of useful daylight that may displace the use of electric lighting, and 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 31 

 

Literature Review 

the electricity generated by the PV modules to the heating and cooling energy 

consumption within a building. The optimum window ratio is strongly influenced by 

heat gains from artificial lighting. The use se of the shading device leads to the 10% 

increase in an optimum window ratio. Only a small increase in annual PV output is 

achieved by allowing air to flow along the back of the PV modules. Another finding of 

this study is that the position of the outlet from an air gap is crucial for the successful 

operation of a ventilated PV façade. Locating the air outlet in a region of wind-

induced negative pressure is a good solution to enhance the natural ventilation 

within a building with a ventilated PV façade. 

Solanki et al [66] report on the design, fabrication and performance assessment of a 

PV/T solar air heater. A simplified 1-D thermal model of the device was developed, 

based on the energy balance equations. The test method developed is proposed as a 

standard indoor test procedure for thermal and electrical testing of PV/T collectors 

connected in series. Typical electrical efficiency figures of the order of 10% and 

thermal efficiency of the order of 35% are reported for the specific design of PV/T 

collector for various climatic conditions. Sarhaddi et al [58] developed an analytical 

model to investigate the thermal and electrical performance of a solar photovoltaic 

thermal (PV/T) air collector. Some corrections are done on heat loss coefficients in 

order to improve the thermal model. The results of numerical simulation are in 

agreement with the outdoor test results of Joshi et al [67]. 

Agrawal and Tiwari [68] report on the installation of a building integrated 

photovoltaic thermal (BIPVT) system as the roof top of a building to produce thermal 

energy for space heating. A one-dimensional transient model was employed to select 

an appropriate BIPVT system suitable for cold climatic conditions of India. The glazed 

BIPVT system, fitted with optimal slope on the rooftop with an effective area of 65 

m2, annually produces a net electrical exergy of 16 MWh and a net thermal energy of 

1.5 MWh.  

Skoplaki and Palyvos [69] reviewed  most of the correlations found in the literature 

which link cell temperature with standard weather variables and material/ system-

dependent properties, in an effort to support the modeling and design process. 

Table 2-1 Literature Review 

Author Year   Reference   

Clarke, 

J.A., 

1996 [70] He investigated   the practical 

operational efficiencies that might 

PV 
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be delivered from BIPV/T façades. 

The results from laboratory 

experiments and computer 

simulations are presented.  

A.Zöllner 

et. al  

2002 [38] Experimental study   performed in 

an outdoor test stand to investigate 

was to determine the time and local 

averaged overall heat transfer 

coefficients for solar radiation 

augmented turbulent mixed 

convection flows in transparent 

vertical channels.  

Windows 

Saelens D., 2002 [28] At the Vliet test building of the 

Laboratory of Building Physics in 

Leuven, Belgium, three façade 

systems have been built:  

(a) a classical cladding system with 

external shading device,  

(b) a mechanically ventilated 

multiple-skin façade and  

(c) a naturally ventilated multiple-

skin façade 

(Figure 3.1). The envelopes face 

south-west. The cells, in which the 

envelope systems were built, 

measure 1.2 m wide by 2.7 m high 

by 0.5 m deep 

 

Windows 

Heinrich 

Manz 

 

2003 [62] A procedure for modeling such 

façades—comprising a spectral 

optical and a computational fluid 

dynamic (CFD) model—is described 

and simulation results are 

compared with data derived from 

an experimental investigation of a 

Windows 
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single-story glass double façade 

(GDF) with free convection, 

incorporated in an outdoor test 

facility 

Liao, L. 

Athienitis, 

A. K. et. al  

2005 [63] Numerical and Experimental 

Study of Heat Transfer in a 

BIPV-Thermal System 

PV 

M.Fossa 

et. al 

2008 [57] Experimental study on natural 

convection in an open channel 

The test section 

consists of two 

parallel vertical 

walls, covered by a 

series of thin metal 

heaters, separated 

by a constant 

distance a. In the 

gap between the 

plane walls, an air 

flow is induced by 

natural 

convection. 

U. Eicker, 

et.al  

 

2008 [52] The work quantifies the thermal 

performance of single and double 

façades under summer conditions 

using laboratory and full scale 

building experiments. 

Solar simulator 

and windows 

Although numerous investigations appeared in the literature regarding PV/T 

collectors during the recent years, there is room for additional experimental 

research work, to improve our understanding of different design concepts and 

layouts, in different climatic conditions. In the present work, the building block of a 

proposed, improved BIPVT concept already presented in [71], was subjected to 

outdoor testing in Volos, Greece, to assess its transient electrical and thermal 

performance.  

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 Literature Review 

 

34  Olympia Zogou 

 

2.5 FLOW AND HEAT TRANSFER IN TALL VERTICAL CAVITIES AND CHANNELS 

Turbulence can be characterized in terms of its production processes, the most 

important ones being shear and buoyancy. The physics and consequences of these 

processes are best studied in simple flow geometries to avoid other disturbing 

influences, as for example two parallel infinite walls [72]. In this idealized case all 

flow statistics depend only on the coordinate perpendicular to the wall and are 

independent of the other two directions. As regards orientation, the most familiar 

case is when gravity is perpendicular to the walls (Rayleigh-Benard convection). The 

other possibility, which is of interest in our case, is with gravity parallel to the wall. A 

natural convection flow results in this geometry when the two walls are kept at a 

different temperature. For small temperature differences the flow is laminar and 

beyond a certain critical value the flow becomes turbulent. This case has been 

relatively little studied, in comparison with the case between horizontal walls [72]. 

The problem is also interesting from a fundamental point of view, because, in 

contrast to the Rayleigh-Benard convection, a mean flow develops which 

complicates the turbulence dynamics due to the additional effect of turbulence 

production by shear. Moreover, the turbulence production by shear occurs in the 

same direction here as the buoyant production. In most other flows where both 

buoyant and shear production play a role, the two processes usually act in different 

directions. The homogeneity in two directions ensures that no disturbing top/ 

bottom, or sidewall effects are present [73]. Versteegh and Nieuwstadt have studied 

the details of turbulence in this flow by means of DNS, showing details in the form of 

the budget of turbulent quantities, such as Reynolds-stress components, heat fluxes 

and temperature variances. In principle one should also be able to obtain these 

second-order statistics from experiments; however, it is still a very difficult task to 

measure Reynolds stresses, fluxes and their budgets, especially in regions near the 

wall, while this wall region is important for the behaviour of the entire flow. 

Although LDV measurements allowed measuring stresses to a certain extent, until 

now the most reliable sources of Reynolds budgets’ terms are DNS techniques. But 

even with the help of DNS data, the calculation of second-order statistics involving 

all components such as production, transport and dissipation, is very elaborate (see 

Mansour et al [74] for a channel flow). Another advantage of DNS is that it allows us 

to compute terms which cannot be observed experimentally, as for example the 

pressure-strain term. Information on these budgets can, for instance, be used for the 

development of advanced turbulence models. In natural convection flows one 

frequently finds large-scale flow motions, which are usually interpreted as remnants 

of the flow structures that appear during the onset of turbulence, i.e. as a result of 

linear instability of the laminar flow. A DNS was performed in [75] for the case of a 
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natural convection flow between two differentially heated vertical walls for a range 

of Rayleigh numbers (5.4 x 105 < Ra < 5.0 x 106). The simulation data were 

successfully compared with experimental data of Dafa' Alla and Betts [76]. Given the 

numerical data, Versteegh and Nieuwstadt considered the scaling behaviour of the 

mean temperature, the mean velocity profile and of the profiles of various 

turbulence statistics. Point of departure was the approach proposed by George and 

Capp [77] who have formulated scaling relationships valid, respectively, in the near-

wall inner layer and in the outer layer in the centre region of the channel. Under the 

assumption of a turbulent flow, each variable can be subdivided in a mean flow 

(overbar) and a fluctuation (prime). The mean flow in the channel under the 

influence of the temperature difference ΔΣ is stationary and homogeneous in the y- 

and z-direction. Consequently, all turbulence statistics are functions of the 

coordinate x only. From the governing equations, Versteegh and Nieuwstadt [72] 

extracted the equations for the mean flow as follows: 

 ) ( 2.1) 

 ) ( 2.2) 

In order to find a parameter that can characterize the production of turbulence by 

buoyancy, the same authors integrated the above equation for the mean 

temperature: 

 ) ( 2.3) 

where ft is the horizontal temperature flux (>0) which is representative for the heat 

lux lowing from the left-hand to the right-hand wall. This equation implies that this 

horizontal temperature flux consists of a turbulence- and a molecular- contribution 

and that it is independent of x. Consequently, ft is a parameter which is relevant 

everywhere in the flow and for this reason the authors selected ft as a characteristic 

scaling parameter (the same proposed by George and Capp [77]). In the same work 

[72], the authors performed a very useful analysis of the DNS results, especially as 

regards the Reynolds stresses, where they found that similarly as with the mean 

velocity profile, the Reynolds stress is a strong function of the Rayleigh number. 

However, the most interesting result is the behaviour of the Reynolds stress near the 

wall, which appears to become negative only very close to the wall, but to change to 

a positive value near x ≈ 0.015. On the other hand the mean velocity gradient was 

computed to change sign near x ≈ 0.7. If one assumes for the moment that the gradi-

ent transfer hypothesis for the Reynolds stress holds, that is: 
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  ( 2.4) 

The near-wall behaviour mentioned above of the Reynolds stress and of the mean 

velocity profile, implies that the exchange coefficient K must be negative for ~0.015 

< x < ~0.7. From a physical point of view the concept of an exchange coefficient 

which implies transport down the gradient, only makes sense when the exchange 

coefficient is larger than zero. The conclusion therefore is that the gradient transfer 

hypothesis cannot be valid in this near-wall region. Thus, all modeling approaches for 

this flow which are based on a gradient-transfer hypothesis, are fundamentally 

incorrect. 

Finally, Versteegh and Nieuwstadt [72] concluded with matching of the scaling 

relationships in the overlap between the inner and outer region leads to explicit 

expressions which can be used as wall functions in computational procedures. Their 

matching expression agreed excellently with the DNS data which confirmed the 

consistency of the outer- and inner-layer scaling approach of the temperature. They 

also showed a very good fit to the data in terms of a power law given by 

  ( 2.5) 

which is an expression frequently used as a heat transfer law in practice.  

In another study, Versteegh [75] had performed this linear stability analysis and 

obtained the flow mode connected to the most unstable eigenvalue. In [73], 

Versteegh and Nieuwstadt computed the budgets for this linear instability mode. 

From a comparison with the turbulent budgets a first estimate can be made as to 

how much the turbulence budgets are influenced by large-scale flow motions that 

occur in transitional flow. On the subject of stability in natural convection in vertical 

slots and channels, many studies have already been published, following 

thepioneering work of Batchelor [48], which was the first to give rough estimates for 

the critical Rayleigh number. Later experimental data by Elder [78] gave insight in the 

flow patterns that occur in a flow with viscous fluids. Since then, computer power 

gradually became available at increasing rates and several numerical studies about 

linear stability were published [79], [80], [81].  

The experiments of Betts and Bokhari [82] aimed to investigate the natural 

convection of air in a tall differentially heated rectangular cavity (2.18 m high by 

0.076 m wide by 0.52 m in depth). The experimental test rig was an improved 

version of the one employed in [76], modified by fitting partially conducting top and 
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bottom walls and outer guard channels, to provide boundary conditions which avoid 

sharp changes in temperature gradient and other problems associated with 

insufficient insulation of “adiabatic” walls. They were performed with temperature 

differentials between the vertical plates of 19.6°C and 39.9°C, giving Rayleigh 

numbers 0.86 x 106
 and 1.43 x 106 respectively (turbulent flow in the core of the 

cavity and small property variations with temperature). Mean and turbulent 

temperature and velocity variations within the cavity were measured, together with 

heat fluxes and turbulent shear stresses. The temperature and flow fields were 

found to be closely 2-dimensional, except close to the front and back walls, and anti-

symmetric across the diagonal. The results provide a benchmark for testing of 

turbulence models in this low Re number flow (http://ercoftac.mech.surrey.ac.uk/). 

The flow through a vertical, differentially heated cavity induced by buoyancy alone 

may be analytically studied based on a number of simplifications. The heated wall of 

the channel may be considered to receive a uniform constant heat flux while the 

opposing wall may be kept adiabatic. Air may be assumed to be drawn into the 

channel at the inlet under the ambient conditions of p1, T1, and the heated air 

discharged into the quiescent ambient air at the outlet (no thermal mixing of inlet 

and outlet). All transport processes may be considered to take place at steady state 

and as two-dimensional. Air with Pr = 0.7 and constant properties except density 

may be assumed, and density changes only with temperature (ideal gas law). 

Thermal radiation is neglected for simplification. It is expected that the flow will start 

as laminar in the inlet region of the channel undergoing transition and becoming 

fully turbulent downstream, depending upon the thermal and geometric 

parameters. A completely turbulent flow assumption could be taken due to the lack 

of transition criteria. A certain level of turbulence exists at the channel inlet. The 

time averaged continuity, momentum and energy equations along with turbulence 

model equations can be written as follows, following [83]: 

Continuity equation 

  ( 2.6) 

x component of momentum equation 

  ( 2.7) 

y component of momentum equation 
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  ( 2.8) 

Energy equation 

  ( 2.9) 

LRN k-ε turbulent model equations 

 ( 2.10) 

 

  ( 2.11) 

Where  

  ( 2.12) 

 

  ( 2.13) 

  ( 2.14) 

The turbulent natural convection boundary layer next to a heated vertical surface 

has been extensively studied in the past. George and Capp [77], [84] analyzed the 

boundary layer by classical scaling arguments and showed that the fully developed 

turbulent boundary layer must be treated in two parts: an outer region consisting of 

most of the boundary layer in which viscous and conduction terms are negligible and 

an inner region in which the mean convection terms are negligible. The inner layer is 

identified as a constant heat flux layer. A similarity analysis yields universal profiles 

for velocity and temperature in the outer and constant. An asymptotic matching of 

these profiles in an intermediate layer (the buoyant sub-layer) as  

  ( 2.15) 

yields analytical expressions for the buoyant sub-layer profiles as: 

  ( 2.16) 

  ( 2.17) 
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Where K1, K2 are universal constants and A(Pr), B(Pr) are universal functions of 

Prandtl number. 

Asymptotic heat transfer and friction laws are obtained as: 

  ( 2.18) 

Where C’H (Pr) is simply related to A (Pr). Finally, conductive and thermo-viscous sub-

layers characterized by a linear variation of velocity and temperature are shown to 

exist at the wall. All predictions agree with experimental evidence. 

Tieszen et al [85] presented results from two-dimensional calculations using the υ2 − 

f and a k – ε  model, compared with experimental data available for two geometries, 

the vertical flat plate and the 5:1 height: width box with a constant temperature hot 

and cold side wall. The results show that the υ2−f model is at least as good as a k−ε 

model with a two-layer wall treatment. The nature of buoyancy/ turbulence coupling 

was discussed and three different treatments of it were compared. All three 

treatments showed little effect on the heat transfer in fully turbulent conditions but 

the generalized gradient diffusion hypothesis can make a large difference in the 

location of transition with the υ2−f model. The υ2−f model compared well with the 

vertical flat plate data without changes. However, in the hot-wall, cold-wall box, it 

had a delayed transition with respect to the data and significantly under-predicted 

the heat transfer. With the addition of the generalized gradient diffusion term to the 

model, the transition occurred near that in the data and the overall heat transfer 

comparisons were excellent. Since a coefficient was set in the generalized gradient 

diffusion term, substantially more comparisons are needed to establish whether or 

not it is generally useful in transitionally buoyant flows. The nature of 

buoyancy/turbulence interactions is not well known. Hence, the ability to model it is 

not universally agreed upon. Of the three levels of treatment of the buoyant 

production term tested, none produced any large effect (outside of the location of 

transition) on the heat transfer. It is not clear whether this outcome means that 

buoyancy has little effect, or a more sophisticated model is required to delineate the 

effects. Certainly the good agreement between the models and the test results 

indicate that if the effect is large, it is being masked by other modeled terms. 

Di Piazza and Ciofalo [86], studied computationally free convection at low-Prandtl 

numbers in a volumetrically heated rectangular enclosure of aspect ratio 4, having 

adiabatic top and bottom walls and isothermal side walls. They solved the two-

dimensional continuity and momentum equations, coupled with the energy 
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transport equation under the Boussinesq approximation, by using a finite-volume 

technique based on the SIMPLEC pressure-velocity coupling algorithm [87]. 

Albets-Chico et al. [88] focused on the simulation of turbulent natural convection 

flows by means of two-equation eddy-viscosity models. To check the scope of 

applicability, precision, and numerical issues related to these models under natural 

convection, three different buoyancy-driven cavities were studied: a tall cavity with a 

30:1 aspect ratio, a cavity with a 5:1 aspect ratio and a 4:1 aspect ratio cavity. All 

cases were solved under moderate and/or transitional Rayleigh numbers (2.43 x 

1010, 5 x 1010, and 1 x 1010, respectively) and all simulations were compared to 

experimental or DNS data available in literature. These different situations allowed a 

good checking of the applicability of two-equation eddy-viscosity models in 

buoyancy-driven flows, based on computational effort/precision criteria and the 

associated physics. Turbulent natural convection prediction by means of two-

equation turbulence models was shown to be associated with physical and 

numerical limitations of the models. However, they are generally acceptable tools 

for different Rayleigh numbers and aspect ratio cavities, taking into account that, 

depending on the case, specific models should be used. 

The above research works always focused on smooth vertical surfaces. However, 

extended surfaces with roughness or fins, are known to enhance heat transfer. 

Experiments conducted to measure the local heat transfer on an endwall with pin fin 

array are reported in [89]. Heat transfer behavior was examined for the cases of a 

single pin, a single row, in-line and staggered arrays having six streamwise rows. 

Thermosensitive liquid crystal film was used to measure the local heat transfer 

coefficient on the endwall. Local heat transfer on the endwall having a single row of 

pin fin was affected by flow acceleration between the pin fins rather than the 

horseshoe vortex around the pin fin. Therefore, the average Nu number exhibited a 

good correlation to the Re number Remax, which was based on the average velocity 

of the minimum flow area, regardless of the pin fin spacing. For in-line and staggered 

arrays, the average Nu numbers correlated with Remax decreased with the reduction 

of the pin fin spacing. An optical technique for measuring local heat transfer 

coefficients by use of thermochromic liquid crystals in enhanced heat transfer 

channels is discussed in [90]. The 2-D temperature distribution was visualized in 

colour and observed by a CCD videocamera and further processed. The hue can be 

directly related to surface temperature through a linear relationship, determined by 

means of calibration experiments. If a uniform heat flux condition is applied to the 

test surface, the pattern of the heat transfer coefficient can be obtained. This optical 

technique was applied to the study of forced convection heat transfer characteristics 
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in a rectangular channel with rib turbulators mounted on one of the surfaces. 

Continuous and broken parallel ribs, deployed normal to the main direction of air 

flow, were considered, for different values of the geometric parameters. The range 

of variation of the Reynolds number, based on the hydraulic diameter of the 

channel, was 8000–35,000. 

  

A new building integration concept have been proposed in [91]. The configuration is 

schematically presented in Figure 2.9. A wide rectangular duct is formed between 

the backside of the PV modules and the external wall of the building behind them. 

The duct is closed also in its narrow sides, thus allowing the transport of air in the 

duct by the combined effect of buoyancy, fans and regulated dampers. As the air is 

moving upwards, its temperature is raised by its thermal interaction with the 

backsheet of the PV modules. 
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Figure 2-9 Heat transfer in the rectangular duct behind the PV modules 

In the case of unobstructed buoyancy flow, a part of the solar radiation heat 

absorbed by the PV module is transferred by natural convection to the air in the duct 

behind the module and the heated air flows upwards. If the building wall forming the 

opposite part of the duct is at a lower temperature than the air in the duct, then a 
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part of the heat flow is directed towards the building interior. If we ignore the less 

important phenomena (conduction to building wall, radiative exchange with the 

building shell), the system’s performance is governed  

(i) by the kinetic relation for the convection heat transfer to the duct air: 

  (2.19) 

where h is the convection heat transfer coefficient from the duct wall to air, Tw the 

temperature of heated surface and A the heat transfer area and  

(ii) by the energy balance of the duct flow: 

  (2.20) 

In the natural convection case, the air flow rate is determined by the static pressure 

head from the buoyancy effect: 

  (2.21) 

where Δp is the buoyancy pressure head in the channel [Pa] (ρair the mean density of 

air in the duct, ρa the ambient air density [kg/m3]), along with the friction pressure 

drop due to the buoyancy flow. For typical values of the exit air temperature, the 

static pressure head is of the order of 5-10 Pa and the resulting buoyancy flow rates 

for the specific cross section of the duct range between 0.2 – 0.5 m3/s [92]. The 

convection coefficient may be estimated by a typical Nu (Gr,Pr) relationship[91]. Of 

course, the real world situation in the duct is significantly more complex, due to the 

important role of radiation. The energy balance of the specific BIPVT concept is 

presented in Figure 2-10 and relies on algorithms supplied by the classic book of 

Duffie and Beckman [93].  
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Figure 2-10 Energy balance components on the PV module, adapted from [94] 

A typical energy balance of the system, as quantified based on the building energy 

simulation of chapter 6 is presented in Figure 2-11. According to this figure, following 

the initial loss of about 20% due to reflection, an average 11% of the solar radiation 

incident on the vertical BIPV panels is transformed to electricity. Another 18% is 

transformed to useful thermal energy (for space heating in winter and service water 

heating in summer). Convective and radiative losses, mainly from the front side of 

the panels, adding to a total of 51%, close the energy balance of the BIPV 

installation. 

A detailed description of energy balance will be given in Chapter 6.2. 

 
Figure 2-11 Typical energy balance of a building integrated PV system.  
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2.7 EXISTING CORRELATIONS FOR HEAT CONVECTION IN A DUCT 

Convection heat transfer can be classified according to the nature of the flow. We 

speak of forced convection when the flow is caused by external means, such as by a 

fan or pump. In contrast, for free (or natural) convection the flow is induced by 

buoyancy forces, which arise from density differences caused by temperature 

variation in the fluid. Both modes may coexist in building’s façade. 

In heat transfer at a boundary (surface) within a fluid, the Nusselt number is the 

ratio of convective to conductive heat transfer across the boundary and is given by 

the follow expression: 

  (2.22) 

where :  

 L : the characteristic length 

 k: the heat conductivity of the air  

 h: the convective heat transfer coefficient 

The Rayleigh number is a dimensionless number and is given by the following 

expression: 

 /  ( 2.23) 

where : 

 g : gravitational constant 

 β : volumetric coefficient of expansion (for ideal gas β = 1/Σ) 

 ΔΣ : temperature difference between plates 

 v: kinematic viscosity  

 α: thermal diffusivity 

 L: characteristic length. 

2.7.1 FREE (OR NATURAL) CONVECTION 

Free convection heat transfer data usually correlated of two or three dimensionless 

parameters:  
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 Nusselt Number (Nu) 

 Rayleigh Number (Ra) and 

 Prandtl Number (Pr) 

where :  

  (2.24) 

The free convection flows that are induced within the enclosure depend strongly on 

the angle of tilt; however, regardless of tilt angle, the results are correlated using a 

Rayleigh number and average Nusselt number that are defined based on the 

separation distance, L:   

 

At a tilt angle of  = /2 radian (vertical), the fluid adjacent to the heated wall tends 

to rise until it reaches the top of the cavity and comes into contact with the cooled 

wall.  If the Rayleigh number is less than a critical value of RaL,crit ≈ 1000, then the 

buoyancy force is insufficient to overcome the viscous force and the fluid remains 

stagnant. In this limit, the free convection problem reduces to a conduction problem. 

Above the critical Rayleigh number, the Nusselt number has been correlated by 

Hollands et al. [95] according to: 

 (2.25) 

The equation will reduce to 1 when RaL<RaL,crit.  

The above equation is used in TRNSYS code for the analytical solution of Type 568 

see chapter 6.2 

H

W

L
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g
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 For tilt angles between the critical angle and vertical (750< <  or 1.22 radian 

< < π/2 radian), Ayyaswamy and Catton [96] recommend: 

  ( 2.26) 

For natural convection within two parallel plates Bar-Cohen and Rohsenow [97] 

recommended two formulas for Nu calculation. For isothermal and isoflux condition, 

respectively, the correlations are of the form 

  ( 2.27) 

  ( 2.28) 

In 1998 Rohsenow et al. [98] recommended a new formula for the Nu calculation. 

  ( 2.29) 

where : 

  ( 2.30) 

  ( 2.31) 

Sparrow et al. [99, 100] analyzed data, which was based on the heat flux for two 

parallel wall, the one heated and the other adiabatic. The data ranged from Ra = 200 

to Ra = 80000 and had the best correlation with the follow expression 

  ( 2.32) 

2.7.2 FORCED CONVECTION 

In order to select the appropriate correlation, it is necessary to classify the salient 

features of the flow. The most critical classification is the flow condition, which is 

determined by the Reynolds number based on the hydraulic diameter (Dh): 

  (2.33) 

the hydraulic diameter is defined according to: 
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  (2.34) 

where Ac is the cross-sectional area of the duct and per is the wetted perimeter.  The 

flow will be laminar if the Reynolds number based on the hydraulic diameter is less 

than approximately 2300, otherwise it will be turbulent.   

2.7.2.1 LAMINAR FLOW IN RECTANGULAR DUCTS 

Shah and London [101] provide the local Nusselt number for a laminar, 

hydrodynamically and thermally fully developed flow in a rectangular duct that is 

exposed to a uniform heat flux and uniform wall temperature.  The constant 

temperature result is correlated by: 

 (2.35) 

The constant heat flux result is correlated by: 

 (2.36) 

where AR is the aspect ratio of the duct (the ratio of the minimum to the maximum 

dimensions).   

Duffie and Beckman [93] present the local Nusselt number for laminar flow between 

two plates with one side insulated and the other subjected to a constant hat flux 

obtained by Heaton et al. [102]. The results have been correlated in the form of 

equation 5.2 with the constants given in  

  (2.37) 

Table 2-2 Constants for Equation 5.2 for calculation of local Nu for infinite Flat plates, 

one side insulated and constant heat flux on the other side.  

Pr number a B m N 

0.7 0.00190 0.00563 1.71 1.17 

10 0.00041 0.00156 2.12 1.59 

∞ 0.00021 0.00060 2.24 1.77 
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For case of parallel plates with constant temperature on one side and insulated on 

the other side, Mercel et al. [103] obtained the average Nusselt number in the form 

of equation for 0.1 < Pr < 10 

  (2.38) 

2.7.2.2 TURBULENT FLOW IN RECTANGULAR DUCTS 

A turbulent flow is not affected by the duct shape or boundary conditions, but it is 

sensitive to the scale of the surface roughness (ε). The Nusselt number for fully 

developed turbulent flow is provided by Gnielinski (eq. 2.41), who modified the 

correlation of Petukhov [104] (eq. 2.39), to obtain values that agree with data for 

smaller Reynolds number: 

  (2.39) 

where :  

  ( 2.40) 

for 0.5 < Pr < 2000 

 

 and 2300 < ReDh < 5*106 

ffd is the fully developed friction factor. The effect of roughness on the Nusselt 

number in Eq. (2.39) is included through its effect on the friction factor.  

  (2.41) 

where :  

  ( 2.42) 

The average Nusselt number can be approximately computed according to (Kakaç et 

al. [105]): 
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  (2.43) 

where reasonable values of the constants C and m are 1.0 and 0.7. 

When a mixed convection regime occurs, heat exchange laws become complicated. 

Hatton et al. [106] suggested an explicit correlation based on a vectorial addition of 

the forced and natural Reynolds numbers 

  (2.44) 

  ( 2.45) 

 

where Ra is the Rayleigh number, Ra = Gr Pr, and θz  is the angle from the vertically 

upward direction of the of the forcing flow. 

2.7.3 CORRELATIONS FOR AN ASYMMETRICALLY HEATED, VERTICAL PARALLEL PLATE CHANNEL 

Natural convection in vertical parallel-plate channels may take place under laminar 

or turbulent flow regimes depending on the geometrical size and thermal 

parameters. Laminar natural convection in vertical parallel-plate channels has been 

the focus of extensive investigation, using experiments, analytical, and numerical 

methods, to study a wide range of geometrical and thermo-physical aspects of the 

problem such as the edge effects, interactive convection and radiation, channel 

aspect ratio, effect of channel wall conductivity etc. [107] [108]. On the other hand, 

a limited number of studies exist on the turbulent natural convection in 

asymmetrically heated vertical parallel-plate channels. The most cited experimental 

work is that of Miyamoto et al., [109], which considered uniform wall heat flux 

heating mode and presented correlating equation for heat transfer applicable at the 

fully turbulent region of the channel. Fraser et al. [110] conducted turbulent natural 

convection velocity profile measurements in an asymmetrically heated vertical 

channel. La Pica et al. [111] reported the results of an experimental study on an 

asymmetrically heated vertical parallel-plate channel with horizontal inlet and outlet. 

They considered uniform wall heat flux and presented correlations for average Nu 

and Re numbers based on the average inlet velocity and channel width. Fedorov and 

Viskanta [107] studied turbulent natural convection in a vertical parallel plate 

channel numerically, considering both uniform wall heat flux and uniform wall 
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temperature. They presented correlations for average heat transfer and produced 

scaling relations for induced mass flow rates and average heat transfer. Yilmaz and 

Fraser [108] presented a detailed experimental and numerical study on turbulent 

natural convection of air in an asymmetrically heated vertical parallel-plate channel 

formed by a uniform wall temperature heated wall and an opposing glass wall. 

Velocity and temperature flow field measurements were carried out and 

subsequently, turbulent natural convection in the channel was numerically 

computed, considering three different LRN k–ε turbulence models. For a selected 

case, experimental and numerical velocity, temperature and turbulent kinetic energy 

profiles along the channel were presented, to indicate how the flow develops and 

how accurately the flow field can be predicted by numerical techniques. Correlations 

for the induced flow rate and average heat transfer rate were also presented. 

When we study solar air heaters it is necessary to know the forced convection heat 

transfer coefficient between two plates. For air and fully developed turbulent flow 

with one side heated and the other side insulated Duffie and Beckman [93] presents 

the equation derived from the data of Kays and Crawford [112]. 

  (2.46) 

Where, the characteristic length is the hydraulic diameter (twice the plate spacing). 

In our building energy simulation studies (Part B of this thesis), for free convection 

we employed equation 2.20 and for forced convection (Re>2300) equation 6.9 [113]. 

We corrected these correlations in order to become more accurate for the specific 

flow regime, based on the combination of test results and CFD computations of 

chapters 4-5.  

2.8 DESIGN AND ROLE OF THE BACKSHEET 

Although the front side of the Photovoltaic module (see Figure 2-12 and Figure 2-13), 

being the most important part of the device, has received most of the attention and 

development effort, the backsheet of the module (see Figure 2-14) deserves its own 

attention, because of its important role in heat exchange for cooling the 

photovoltaic panel.  

Typical photovoltaic modules consist of:  

 a glass sheet or a flexible transparent front sheet (polymer) 
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 solar cells 

 encapsulant (Figure 2-13) 

 protective backsheet (Figure 2-14) 

 a protective seal which covers the edges of the module and  

 a perimeter frame made of aluminum which covers the seal 

These components are bonding together under heat and pressure. 

The front sheet, the encapsulant and the backsheet are designed to protect the array 

of solar cells from the weather and the mechanical load.  

The protective backsheet apart from protecting the solar cells, are intended to 

improve the lifecycle and the efficiency of photovoltaic module and thus reducing 

the cost per watt of the photovoltaic electricity. 

The front sheet and the encapsulant must be transparent in light transmission, the 

backsheet has high opacity and reflectivity for functional purposes [115]. 

Light and thin solar cell modules are desirable for many reasons, including weight 

reduction, especially for Architectural applications (Building integrated PV).  

One way to manufacture light and thin solar cells is to incorporate light and thin 

backsheets.  

Additionally, the backsheet should provide [116-131]:  

 high moisture resistance to prevent permeation of moisture vapor and water, 

which can cause rusting in photovoltaic elements, wire and electrodes and 

solar cells.  

 electrical isolation, 

  mechanical protection,  

 adherence to the enqapsulant layers and  

 ability to attach output leads. 

Protective backsheets are usually laminates. The laminate consists of a films 

structure (Figure 2-15 and Figure 2-16) 
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Figure 2-12 Photovoltaic module structure adapted from [114] 

 

Figure 2-13 EVA Film for Encapsulating Solar Module [132] 

 

Figure 2-14 Backsheet for Encapsulating Solar Module [132]  
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Figure 2-15 Backsheets structure - adapted from [133] 

 

Figure 2-16 Typical backsheet’s structure (adapted from [133]). 
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CHAPTER 

3 

3 PROPOSED ARCHITECTURAL AND HVAC CONCEPT 

In Greece, the residential and nonresidential buildings are traditionally concrete 

constructions. During the last two decades, metal constructions with glazed façades 

have become popular especially for commercial buildings.  

Moreover, expensive metal, natural stone, marble, ceramic (Figure 3-1, Figure 3-2) 

and granite as well as special glass is increasingly popular for aesthetic and energy 

efficiency reasons. The most expensive claddings cost around 1000 €/m2, which is 

comparable to the cost of high efficiency PV modules.  

PV modules in buildings are usually placed on the roof and sometimes also on south-

facing building walls (Figure 3-3). The last year BIPV have been incorporating in 

various parts of the buildings Figure 3-4. They are providing electrical energy to 

cover a part of the building’s needs. The roof-top modules are placed at a distance 

from the roof to allow rejection of the absorbed solar radiation that is not 

transformed to electricity. 

During the last decade, the idea of additionally exploiting the rejected heat of the 

photovoltaic modules is gaining attention [134]. To this end, the PV modules must be 

placed in South- or SW-facing external building walls in the form of a double façade, 

where an air channel is to be formed behind the modules to cool them and exploit 

the heating energy gained by the air. 

An architectural and HVAC integration concept is proposed in this chapter to better 

exploit the capabilities of building integrated PV modules in the above direction. 
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Figure 3-1 Photo of a two-story house with double façade of ceramic tiles (adapted 

from [135]). 

 

 

Figure 3-2 The facing tile is a single-skin cladding product which is easy and economical 

to install, with a lightweight system resting on horizontal rails (adapted from [135]). 
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Proposed Architectural and HVAC Concept 

 

 

Figure 3-3 South facing walls of a two-story house are fitted with solar modules. 

 

Figure 3-4 BIPV for various applications, (adapted from [136]). 

3.1 ARCHITECTURAL CONCEPT 

In this work, we investigate the feasibility of incorporating PV modules in the south 

façade of an office building (see for example a South elevation view of the building in 

Figure 3-5 and a schematic N-S section of the building in Figure 3-6) to exploit both 
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the electricity produced and heat rejected by the module in increasing the building’s 

energy efficiency. 

 

Figure 3-5 South elevation of a building with integrated PV panels (to be employed in 

the simulations). 

 

Figure 3-6 Principle of operation of PV cooling duct – interfacing with HVAC system (N-

S section view) 
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In the example building concept of Figure 3-5, several bands of 6 modules each are 

vertically placed at a 0.15 m distance from the long south- facing wall (see Figure 2-9). 

Each band creates a duct behind it, with dimensions of 9 m x 0.15 m x 1 m (aspect 

ratio H/d = 9/0.15 = 60).  Each duct is employed to supply ventilation air to a number 

of nearby office compartments of the building (Figure 3-6) [71]. Small fans are 

employed to supply the air to the spaces. The air is heated as it passes by the 

backside of the PV modules. The upward flow produced by the buoyancy effects, can 

easily satisfy the cooling of the PV panels. On the other hand, the flow rate is more 

than adequate for the ventilation needs of the nearby spaces of the building. Sizing 

and control of the proposed system to satisfy both purposes is essential to its 

economic viability as will be demonstrated below. 

A detailed computation of the transient thermal behavior of the building on an 

hourly basis is required to support system’s design. Such a computation can be 

supported by one of the in-use certified building energy simulation programs, such 

as TRNSYS, DOE-2 or ENERGYPLUS [137]. The hour-by-hour computation allows for 

sufficient accuracy in the calculation of solar gains that contribute significantly to the 

energy consumption for cooling, and also affect heating energy consumption. 

Moreover, the hourly base calculation is required for the study of the performance 

of the PV modules integrated on the south façade of the building and the thermal 

and flow behavior of the associated air duct, which deserves to be studied in detail 

based on the discussion of the next section. 

3.2 HVAC CONCEPT FOR AIR DISTRIBUTION AND EXPLOITATION 

The typical office building of Figure 3-5 is employed as a case study. Eight vertical 

bands of PV modules with the characteristics of Table 6-1 are installed on the south 

façade of the building, that is, a total of 48 PV modules with an area of about 72 m2 

and a total rated power of 9.84 kW. An air flow rate of 110 m3/ h (133 kg/h) in each 

of the 8 ducts (Figure 3-7) is adequate to cover the ventilation needs of several 

spaces. It will be tested if this flow rate sufficiently cools the PV panels. An increased 

air flow of 330 m3/ h (400 kg/h) is also comparatively assessed. 

The specific concept of decentralized fresh air ventilation system is a modern 

concept that is increasingly applied in double façade system in large buildings (Figure 

3-8) [138]. Usual applications of this concept do not employ PV panels, but simple 

claddings (Figure 3-8, upper left and right). The HVAC components for the ventilation 

system (fans and heat exchangers), are conveniently packaged inside the double 

façade (Figure 3-8, lower center and right).  
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Figure 3-7 Typical connection of fan and takeoffs for space heating to the main duct 

receiving heated air from one of the 8 ducts behind a band of 6 PV modules. 

3.3 SERVICE WATER HEATING DURING SUMMER 

 

 

Figure 3-8 Decentralised fresh air ventilation system in double facade: integration of 

fans and heat exchangers in the facade. (Adapted from [138] ). 
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During the sunny summer days, the outdoor air driven through the ducts is heated to 

high temperatures. Due to the small size and height of the system, the air 

temperature does not exceed 60 oC (Figure 6-17). Since heating is not required, the 

high air enthalpy can be alternatively exploited for producing domestic hot water. In 

the proposed concept, this is done by means of a tank-type air to water heat 

exchanger or an air source heat pump water heater (Figure 3-9). 

 
Figure 3-9 Service water heating by hot air during summer. 
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PART A: Study of the basic building block of the concept 
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CHAPTER 

4 

4 EXPERIMENTAL 
1 

4.1 EXPERIMENTAL METHOD AND PROCEDURE 

4.1.1 BASIC TESTING DEVICE 

The basic building block of the concept is a vertically placed PV panel, in front of a 

south- or west-facing wall, with an air-gap in-between. The feasibility of the concept 

and its performance when installed on a reference building was computationally 

assessed by means of TRNSYS building energy simulation software presented in 

section 8.  

An experimental device was designed to test the transient thermal and electrical 

behavior of the basic building element of the double façade concept, in order to 

improve modeling accuracy and design optimization. The device is schematically 

presented in Figure 4-1 [139] and photographs of its front and back side are shown 

in Figure 4-2. 

The experimental façade arrangement consists basically of two vertical parallel 

plates, the photovoltaic panel and a panel made of 5 mm plexiglass, each with the 

dimension of 1.50 m x 0.99 m. Both plates are integrated in a double window-type 

                                                     

1 A part of this chapter has been published as: article in press: Zogou O, Stapountzis H, 

Experimental validation of an improved concept of building integrated photovoltaic panels, 
Renewable Energy (2011), doi:10.1016/j.renene.2011.05.034 
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aluminum frame with a cavity in-between. The distance between the two plates is 

set to 150 mm. 

Thus, a rectangular duct with an aspect ratio of 6.6 (0.99/0.15 = 6.6) is formed. The 

bottom of the duct is open to allow the outdoor cooling air to enter (first passing 

through a honeycomb flow homogenization grid) and flow upwards with free or 

forced convection. The top of the duct (outlet) is fitted to a tapered outlet hood 

leading to a circular outlet with a diameter of 125 mm, where two axial fans of 

different capacities can be optionally fitted to investigate the effects of forced 

convection in the duct.  

The main dimension, technical data and Electrical characteristics of the PV module 

used for experiments are present in section 4.1.2 (see Figure 4-4, Figure 4-5 and 

Table 4-5). 

 

 

Figure 4-1 Thermocouples’ (T) and anemometer’s (U) locations at the backsheet of the 

PV panel (distances in mm) and longitudinal cross section. 

Five temperatures are measured using K- type thermocouples (5TC-TTK-30-36): the 

air inlet and outlet temperature (Tair_in and Tair_out in Figure 4-1) and three 
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surface temperatures on the backsheet of the PV panel (T1, T2, T3 in Figure 4-1). The 

technical data of thermocouples are presented in Table 4-1. Solar radiation reaching 

the vertical panel surface is measured with a pyranometer (CMP 3 - Kipp & Zonen) 

(Table 4-2). A typical air velocity near the outlet section is measured by an 

anemometer (TSI Air Velocity Transducer Model 8455-300) (Table 4-3). An electronic 

load (ARRAY ELECTRONIC 3711A) (Table 4-4) is employed to dissipate the electricity 

produced and measure the electric power, current, voltage and load resistance. 

Measurements are recorded with a time step of 2 s with a NI-USB 6212 data 

acquisition device. The LabVIEW code employed in the data acquisition and 

recording, also controls the resistance of the electronic load by means of a PID 

controller module, to keep output voltage in the range 23.5 - 25V, thus keeping PV 

voltage and power output close to the maximum power point (MPP) [140]. 

Table 4-1 Technical data of thermocouples  

Model No. 
 ANSI Color Code AWG Gage Diameter mm (in) Insulation 

Time constant  
(s) 

5TC-TT-K 30-36 30 0.25 (0.010")  PFA 0.2 

Table 4-2  Technical data of Pyranometer 

Spectral range  
 

310 to 2800nm 

Response time  @95% <18s 

Non linearity 0 – 1000 W/m2 <2.5% 

Temperature dependence of 
sensitivity   

-40 oC to 40 oC  
-40 oC to 80 oC  

<5% 
<10% 

Table 4-3  Technical data of TSI Air Velocity Transducer 

Range 0.051 to 5 m/s 

Accuracy 
±2% of reading at 18 to28°C  
+0.5% of full scale 

Response time 0.2 seconds 

Table 4-4  Technical data of Electronic Load  

Input Voltage       0-360V DC 

Input Current:    0-30A DC 

Input Power         0-300 W 

Voltage Accuracy 0.000-3.999 V    
4.00-35.99 V             

  36.0-360.0 V          

0.2%+3 mV 
0.2%+30 mV 
2%+300 mV 

Current Accuracy 0.000-2.999A:   
0.2%+3mA 3.00-
30.00A:      
0.2%+30mA 

 

Minimum Resolution Voltage 1 mV, Current 1 mA 
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The PV module is tested outdoors in real insolation conditions (Figure 4-2), at the 

University Campus in Pedion Areos, Volos, Greece (Lat 39.3604, Long 22.9299).  

 

Figure 4-2 Photos of the front and backsheet of the test device.  
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4.1.2 SELECTION OF SOLAR MODULES 

 

Figure 4-3 Detail view of Kyocera multicrystal photovoltaic module KD 205 GH – 2P 

Kyocera KD 205 GH – 2P high efficiency polycrystalline photovoltaic modules was 

acquired for the comparative study. The dimensions of the modules are presented in 

the following figure. 

 

Figure 4-4 Main dimensions of the modules 

The main technical data for the KD-205 GH-2P modules are summarized below: 
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Table 4-5 Technical data of PV panel 

PV Module Type KD205GH-2P 

Cell Technology   Multicrystalline, 54 cells per module 

Performance at 1000 W/m2(Standard Test Conditions:Air Mass 1.5 , cell temp. 25 oC) 

Maximum Power [W] 205 

Maximum Power Voltage [V] 26.6 

Maximum Power Current [A] 7.71 

Open Circuit Voltage (Voc) [V] 33.2 

Short Circuit Current (Isc) [A] 8.36 

At 800 W/m2(Normal Conditions: AM 1.5, wind speed 1 m/s, ambient temp. 20 oC) 

Maximum Power [W] 145 

Maximum Power Voltage [V] 23.5 

Maximum Power Current [A] 6.17 

Open Circuit Voltage (Voc) [V] 29.9 

Short Circuit Current (Isc) [A] 6.82 

NOCT [°C] 49 

Power Tolerance [141] +5/-5 

Temperature Coefficient of Voc [V/°C] -1.20x10-1 

Temperature Coefficient of Isc [A/°C] 5.02x10-3 

Temperature Coefficient of Max. Power [W/°C] -9.43x10-1 

Reduction of Efficiency (from 1000 to 200 W/m2) [141] 6.0 

Length [mm] 1500 (±2.5) 

Width [mm] 990 (±2.5) 

Weight [kg] 18.5 

Electrical characteristics are presented in the following figure: 

 

Figure 4-5 Electrical characteristics of the Kyocera KD-205 GH-2P module. 
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4.1.3 TEST RIG DESIGN DETAILS 

A duct is constructed behind the solar module, to take off the heat produced by the 

cells operation, thus cooling the module and keeping a high efficiency in electricity 

production. 

Dimensioning of the duct is as follows: 

The width of the solar module is 990 mm.  

A duct depth of 150 mm is considered as adequate, leading to an aspect ratio of the 

duct of 6.5 (38 in. x 6 in.). This would correspond to an equivalent circular duct of 

about 14 in. diameter (ASHRAE Table). According to the friction diagram of Figure 

4-8, this duct could carry an air flow rate of 225 cfm (380 m3/h), with an extremely 

low friction loss of about 0.01 in. w.g./100 ft. (or 1 Pa/m), with a mean air velocity of 

1.5 m/s. 

The design of the duct fitting to the take-off section is presented in the following 

figures: 

 

Figure 4-6 Flange connection of the duct and exit section. 
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Figure 4-7 Design of the duct take-off section. 

 

Figure 4-8 Friction chart for Round duct (ρ = 1.2 kg/m3, ε = 0.0009) 
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In practice, less air flow rate is necessary for cooling the module. 

We assume that the cell is placed in a vertical position facing south in March 21, 

39.22o latitude, and an average incidence angle of the order of 45o would be 

observed around the solar noon. With favorable atmospheric conditions (clear sky), 

about 1 kW/m2 of solar radiation intensity would fall on a surface perpendicular to 

the sun’s rays.  

This would give in our case (Table 4-5): 

1000 W/m2 sin (45o)(1.5m*0.99m) = 1000 W/m2 (  ) (1.5m*0.99m) =1050 W. 

An approximate energy balance for this heat flux radiated to the solar module is as 

follows: 

Absorbed by the module surface: 0.9 *1050 W = 945 W 

Transformed to electricity (see technical data sheet of Kyocera KD 205 in Table 4-5 

and Figure 4-5) 

0.14* 945 W = 129 W 

Heat rejected from both faces of the module 

945 W – 129 W = 816 W 

That is, from the back face of the module, it would be necessary to take off about 

400 – 500 W of rejected heat. 

This heat would be taken by convection from the ambient air entering the duct from 

below, with an indicative inlet temperature of about 20 0C. 

An air flow rate of about 180 m3/h, or 0.05 m3/s, would suffice for this case, since it 

could take off the rejected heat of 500 W with a relatively small increase of the air 

temperature ΔT = 10 0C 

500 W = 0.05 m3/s *1.06 kJ/kg K ΔT 

In order to interface with the building HVAC system, we design a converging part 

from the 990 x 150 duct to a circular duct of 125 mm diameter that could 

accommodate the flow rate from a longer duct, cooling 4 modules in series.  
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In our experimental case we employ just one module, thus we connect a contraction 

fitting to 125 mm diameter duct, where we can fit an axial fan of about 110 m3/h 

nominal flow rate (main technical data in Table 4-6, left side of Figure 4-9). This fan 

would easily accommodate the required flow rate of 180 m3/h with a mean velocity 

of 5 m/s at the 125 mm circular exit duct.  

The optimization is supported by experimental data of the PV panel exposed to the 

outlet conditions but in different ventilations rates for the air flow in the gap.  

Of course, the same 990 x 150 mm duct could accommodate higher air flow rates, in 

case of a higher construction of up to 6 solar modules placed one above the other, to 

cover the external shell of an office building, as already discussed in the architectural 

concept of chapter 3. 

 
Figure 4-9 Photo of the lower and higher capacity axial fans fitted to the exit duct (20 

W each). 

 

Table 4-6  Technical data of the two axial fans 

Type Nominal 

flowrate [m3/h] 

Nominal static 

pressure [Pa] 

Power 

consumption 

[W] 

Total 

efficiency[-] 

AC shaded pole 

induction motor 

110 49 20 0.075 

AC shaded pole 

induction motor 

190 49 20 0.13 

  

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 75 

 

Experimental 

4.1.5 TEST PROCEDURE AND METHODOLOGY 

In principle, a steady-state free- or forced- convection coefficient could be estimated 

by a typical Nu (Gr, Pr) or Nu (Re, Pr) relationship [91]. However, the real world 

situation in the duct is quite complex, due to the important role of radiation and the 

transient phenomena involved, requiring an experimental approach. Further, it 

would be interesting to record incoming solar radiation and its daily and seasonal 

variation in the specific place. For the above reason, the PV module was first 

subjected to a series of outdoor tests in real insolation conditions (Figure 4-2), at the 

University Campus in Pedion Areos, Volos, Greece (Lat 39.3604 N, Long 22.9299 E). 

The panel was oriented south or west, and schedules made up as a combination of 

the following operation modes: 

 Mode 1: no fan (cooling with natural convection). 

 Mode 2: lower capacity fan installed (nominal flow rate 110 m3/h). 

 Mode 3: higher capacity fan installed (nominal flow rate 190 m3/h ). 

Each outdoor experiment lasted for several hours during the same day. Sunny days 

were mainly selected for the experiments. Sometimes, a decrease in the incoming 

solar radiation is observable in the recordings, due to cloud formation.  

A second series of measurements was carried out indoors to better understand the 

flow field in the three operating modes. These were flow visualization 

measurements. A third series of measurements was carried out indoors to better 

quantify the flow field in the three operating modes. These were hot wire 

anemometry measurements. Details and results of all three sets of measurements 

are presented in the following sections. 

4.2 OUTDOOR MEASUREMENTS WITH THE TESTING DEVICE 

4.2.1 SOLAR RADIATION MEASUREMENTS 

The measurement of incoming solar radiation is usually done on a horizontal surface, 

according to the operation principles of the pyranometer [142]. Here we decided to 

place the pyranometer in a vertical position, in the upper left corner of the PV panel 

(see photo in Figure 4-2) [139]. Recordings of the variation of solar radiation 

measured by the pyranometer placed on the vertical, south-facing panel surface are 

shown in Figure 4-10 for several hours (local time) during seven days: 7, 14, 15, 16, 
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21 June and 12, 16, 21 July, that is, close to the summer solstice. At midday (12:00 – 

16:00), the incoming radiation to the vertical plane with clear sky varies between 

250 – 380 W/m2. 

 

Figure 4-10 Daily variation of total radiation falling on the vertical south-facing surface 

during several days in June – July 2010 (Lat 39.3604, Long 22.9299) (local time) 

 

Figure 4-11 Daily variation of total radiation falling on the vertical south-facing surface 

during several days in August – September 2010 (Lat 39.3604, Long 22.9299) (local time) 
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Similarly, recordings of the variation of solar radiation falling on the vertical, south-

facing panel surface are shown in Figure 4-11 for several hours during the following 

days: 23, 24,26 of August, 1,7,8,9,13,16 and 30 September 2010 (that is, close to the 

Autumnal equinox). 

At midday (12:00 – 16:00), the incoming radiation to the vertical plane with clear sky 

varies between 400 – 570 W/m2. As expected, the radiation intensity increases as 

the sun’s height angle (αs) decreases, moving from the summer solstice to the 

autumnal equinox. This is observed by a comparison of Figure 4-10 and Figure 4-11. 

That is, in August and September we have significantly higher incoming solar 

radiation intensity on the vertical, south-facing plane, than in June and July. This 

tendency is continuing as we move closer to the winter solstice. 

4.2.2 FLOW AND HEAT TRANSFER MEASUREMENTS 

In this section we concentrate on the results of the measurement of transient flow 

and heat transfer characteristics during the days mentioned above [139]. That is, we 

examine the evolution of air and panel temperatures during the day, as function of 

the radiation and meteorological conditions prevailing, as well as the mode of 

cooling applied. 

 

Figure 4-12 Recording of the performance on 1/9/2010. At 14:31 the fan is switched ON 

(nominal flow rate: 110 m3/h) 
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First, a recording of the transient thermal performance of the device during several 

hours in September 1st is presented in Figure 4-12. The noisy temperature recordings 

are due to the lack of a thermocouple signal conditioning device before the data 

acquisition card. The test device is placed outside the northwest side of our 

Department building. For this reason, the device starts to be radiated by the sun at 

about 13:50, where the recording of Figure 4-12 begins.  

For this reason, the first part of the diagram (from 13:50 to 14:17) shows the 

transient phenomenon of heating of the device by the sun. This is depicted both in 

the sharp increase of the average panel temperature and the fluctuations of inlet 

and outlet air temperatures at the specific measurement points (along the centerline 

of the device). During this period the fan is switched off and the cell temperatures 

(cooling by natural convection) stabilize at around 54 oC (average radiation 560 

W/m2). The temperature increase of air passing through the duct stabilizes at about 

7.0 oC. Such an increase seems not so important but we must take into account that 

we test a small building block of the system – just 1.5 m height of double façade. At 

14:30 the low capacity fan, with a nominal flow rate of 110 m3/h, is switched on. 

Now the cooling is performed by forced convection, the average cell temperatures 

vary between 48.5 oC and 54.7 oC (average radiation 550 W/m2) and the 

temperature increase of air passing through the duct reaches 8.0 oC.  

 

Figure 4-13 Calculation of time constant for the thermal response of the PV panel 
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The recorded data of the first part of Figure 4-12 can be used in the determination of 

the time constant of panel temperature response, assuming a first order response. A 

dimensionless panel temperature is defined as follows: 

  ( 4.1) 

Assuming a first order response, Θ is depending on time according to the following 

relation : 

  ( 4.2) 

where τ is the time constant, calculated by linear regression on the temperature 

response data (Figure 4-13).  

The time constant of the photovoltaic module is 714s  12min. 

 

Figure 4-14 Solar radiation, power generated and average cell temperature variation 

during 2 hours in September 1st, 2010 
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reference air mass. During the first 40 minutes, the efficiency of the unit is reduced 

because of a failure of the electric load control system to accurately match the MPP 

point. Afterwards, at about 14:33, the MPP point is reached and initially, the 

measured performance is higher than the theoretical one. As the sun goes down 
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during the afternoon, the measured efficiency is slightly dropping compared to the 

theoretical one. This is in line with the results of other researchers [143], and could 

be partly attributed to the increase of air mass as the sun’s height decreases during 

the afternoon [144, 145]. 

 

Figure 4-15 Variation of air inlet, outlet and selected back panel wall temperatures 

(September 1st, 2010) 

Next we focus of the thermal behavior of the testing device. Figure 4-15 presents the 

variation of the air inlet and outlet temperatures, along with the three characteristic 

panel temperatures monitored by the data acquisition system. It can also be 

observed that the panel temperatures are decreasing after 15:00, possibly due to 

the effect of increased cooling by use of the fan. But this needs further investigation. 

A summary of the observed behavior in the form of average values is shown in Table 

4-7. 

In order to better understand the heat transfer behavior of the panel, a local 

convection coefficient can be defined for the shaded part of the panel with 

dimensions 200 x 500 mm (see Figure 4.15), according to the expression below:  
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  (4.3) 

 

Table 4-7 Summary of results in the various operation modes (September 1st, 2010) 

Time average 

values: 

T_panel 

(oC) 

Tair_out 

(oC) 

Tair_In 

(oC) 

ΔT air 

(oC)  

Power 

(W) 

Radiation 

(W/m2) 

Power/ 

Radiation  

Mode 1  50.3 37.9 32.2 5.7 33.0 558 0.040 

Mode 2  51.1 36.8 32.1 4.7 54.0 550 0.066 

 

Figure 4-16 Definition of local convection coefficient at a specific measurement point 

(distances in mm) 

The specific part of the panel is the upper right part as seen from the back side. It is 

selected because of the fact that the data acquisition system is recording enough 

local data for this part, e.g. air velocity, panel wall temperature. However, we do not 

record local data regarding air temperature at this section. Instead, we measure air 

temperature at the same height, at the centerline of the device. If we make a 

simplifying assumption that 20% of the incoming solar radiation is transmitted to the 

cooling air to the back of the panel (see energy balance at the introduction section), 

and assume that the air temperature does not change significantly at the same 

horizontal section, then we can solve equation (4.3) to calculate an approximate 

value for the local heat transfer coefficient.  
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The resulting variation of the calculated local convection coefficient is presented in 

Figure 4.17, along with the variation of air velocity measured at a characteristic point 

at the upper right part of the cavity as we look at it from the back side (see Figure 

4-2). A small decrease in local air velocity is observed, along with an increase in 

convection coefficient with the shift to forced convection following switching on the 

fan. Thus, the installation of the specific capacity fan does not seem to increase the 

air flow through the cavity under the specific insolation and weather conditions.     

 
Figure 4-17 Variation of local air velocity at the measurement point and calculated 

variation of estimated local convection coefficient (September 1st, 2010) 

Another example of the transient response of the system is presented in Figure 4-18, 

which corresponds to several hours of September 8th, 2010. In this test, two fans of 

different capacity are alternatively tested, so, all three modes of operation are 

present. 

In the period from 13:11 to 13:43, the fan remains switched off. The panel 

temperature is steadily increasing during the first 20 minutes (transient heating-up 

of the panel after placed outdoors under the sun). Average cell temperature 

increased stabilizes at about 58oC with average radiation levels on vertical surface 

530 W/m2. During the same heat-up period, the inlet air temperature steadily 

increases and stabilizes at about 38oC. The air temperature increase through the 

duct fluctuates very much during the heat-up period, with a time scale of the order 

of a few minutes and stabilizes in the range 10 -12oC. Obviously, there exist large 

eddies in the cavity during the heat-up period.  
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At 13:43 the high capacity (190m3/h) fan is switched ON. The outlet air temperature 

is observed to significantly decrease, presumably due to an increase in the air flow 

rate. On the other hand, the air inlet temperature at the specific measurement point 

is seen to decrease slightly. Again, this can only be explained by the changing mode 

of air circulation at the inlet section (the specific point of measurement of the inlet 

temperature is already “inside” the device). 

 
Figure 4-18 Recording of the performance on 8/9/2010. At 13:43 the Fan is switched ON 

(nominal flow rate: 190 m3/h). Fan switched OFF at 14:21, Fan switched ON again at 14:24, 

with a lower nominal flow rate (110 m3/h). Fan switched OFF at 15:15 

As expected, the air temperature increase through the duct is reduced (higher flow 

rate). The fan is switched OFF at 14:21. The lower capacity fan (110m3/h) is installed 

and switched ON at 14:24.  Again, the whole flow field is seen to be affected. Inlet air 

temperature is seen to slightly decrease. As expected, the air temperature increase 

through the duct is increased (lower flow rate). The fan is switched OFF at 15:15. 

This diagram is indicative of the complex nature of the transient operation of the 

test device and the different time scales existing in the various modes of operation. 

The most important observation that can be made here is that the inlet-outlet air 

temperature difference is not significantly changing between the lower and the 

higher capacity fan. This observation is in agreement with the results of the CFD 

computations of Chapter 5.   

A summary of the observed behavior in the form of average values is shown in Table 

4-8. Obviously, the flow field inside the cavity deserves more in-depth study for 
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better understanding of the phenomena involved that would allow system design 

optimization. 

Table 4-8 Summary of results in the various operation modes (September 8th, 2010) 

Time average 

values: 

T_panel 

(oC) 

Tair_out 

(oC) 

Tair_In 

(oC) 

ΔT air 

(oC) 

Power 

(W) 

Radiation 

(W/m2) 

Power/ 

Radiation 

Mode 1 55.5 44.2 34.6 9.0 72.0 530 0.091 

Mode 3 55.0 39.2 35.4 3.8 68.6 537 0.086 

Mode 2 53.4 37.8 33.7 4.1 57.2 522 0.074 

Mode 1 52.5 42.4 35.2 7.2 44.9 495 0.061 

 

Figure 4-19 Variation of air inlet, outlet and selected PV panel back wall temperatures 

(September 8th, 2010) 

Next we focus of the thermal behavior of the testing device. Figure 4-19 presents the 

variation of the air inlet and outlet temperatures, along with the three characteristic 

panel temperatures monitored by the data acquisition system. The panel 

temperatures are decreasing after 15:30, possibly due to the decrease in solar 

radiation. This is further investigated below. 

As regards the panel’s efficiency (Figure 4-20), it is measured above the estimated 

values (manufacturer’s data) from 13:11 until 15:06. Afterwards, it stays in 
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agreement with estimated efficiency, except for some intervals with failing load 

control.   

 

Figure 4-20 Solar radiation, power generated and average cell temperature variation 

during 2 hours in September 8th, 2010. 

 

 
Figure 4-21 Variation of local air velocity at the measurement point and calculated 

variation of convection coefficient (September 8th, 2010) 
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The resulting variation of the calculated local convection coefficient is presented in 

Figure 4.21, along with the variation of the air velocity measured at the upper right 

part of the cavity (see Figure 4-2). It is interesting that a decrease in the estimated 

convection coefficient is observed with the shift to forced convection following 

switching on the high capacity fan. This is associated with a respective increase in air 

velocity, a reduction in outlet air temperature and a reduction in mean panel 

temperature for equal radiation levels. That is, overall the installation of the high 

capacity fan leads to an increase in air flow through the cavity and overall heat 

transfer rate between panel wall and cooling air. The same is true now also for the 

lower capacity fan, although the increase in overall heat transfer is lower in this case.  

Another example of the transient response of the system is presented in Figure 4-22, 

recorded on September 30, 2010. 

In the period from 15:13 to 15:34, the high capacity fan was switched on, (nominal 

air flow rate: 190 m3/h). The panel temperature fluctuated between 45.6oC – 48.6oC 

(average panel temperature 47.3oC) and the radiation varied between 656 W/m2 and 

690 W/m2 (average radiation on vertical surface 675 W/m2). At the same period, the 

temperature increase of air from inlet to outlet was in the range 2.9 - 5.7oC.  

From 15:35 to 15:39 the fan was switched off. Afterwards, the low capacity fan was 

switched on (nominal flow rate of 110m3/h) from 15:39 to 16:00. In the period from 

15:39 to 16:00 (see also Figure 4-22) the PV panel temperature varied between 

46.7oC – 49.8oC (average cell temperature 48.5oC) and the radiation varied between 

632 W/m2 and 663 W/m2 (average radiation on the vertical surface 650 W/m2). 

During the same period, the temperature increase of duct air was measured in the 

range 3.4 – 7.2oC.  

From 16:00 to 16:22 the fan was switched off. As shown in Figure 4-22 the average 

cell temperature was 49.6oC, with instantaneous values varying between 47.7oC – 

51.3oC and the radiation varied between 621 W/m2 and 658 W/m2 (average: 648 

W/m2). During the same period, a significant increase and fluctuation of air 

temperature increase through the duct is observed, in the range 3.9 -11.5oC. Table 

4-9 summarizes the average panel temperature and air temperature difference 

along with the power produced and incoming solar radiation for the three modes of 

operation. 
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Figure 4-22 Recording of the performance on 30/9/2010 (vertical surface) 

Table 4-9 Summary of results in the various operation modes (September 30th, 2010) 

Time average 

values: 

T_panel 

(oC) 

Tair_out 

(oC) 

Tair_In 

(oC) 

ΔT air 

(oC) 

Power 

(W) 

Radiation 

(W/m2) 

Power/ 

Radiation  

Mode 3 47.3 33.6 29.1 4.5 85.5 676 0.085 

Mode 2 48.5 34.0 28.9 5.1 73.8 650 0.076    28.9 5.1 73.8 650 

Mode 1  49.6 38.8 29.9 8.9 74.7 648 0.078    29.1 4.5 85.5 676 

 

Table 4-9 presents the variation of the air inlet and outlet temperatures, along with 

the three characteristic panel temperatures monitored by the data acquisition 

system. 

As observed in Figure 4.23, in the period of 15:13 until 15:21 the produced electricity 

of tested PV is higher than the theoretical calculated using the coefficients from 

Table 4.1 (manufacturer’s data: Temperature Coefficient of Max Power *-9.43*10-1 

W/oC] and Reduction of Efficiency [6% from 1000 W/m2 to 200 W/m2]). As the sun 

goes down during the afternoon, the measured efficiency is slightly dropping 

compared to the estimated one. In certain periods the load controller is failing and 

an abrupt drop in the produced power is apparent (e.g. 15:45-15:52 etc.) 
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Figure 4-23 Variation of air inlet, outlet and selected back panel wall temperatures 

(September 30th, 2010) 

 

 
Figure 4-24 Variation of electricity output during the experiment on 30/9/2010 

In order to further investigate the thermal behavior of the device, we proceed to the 

calculation of an approximate local convection coefficient between panel walls and 

cooling air (Figure 4.25). Again, we observe that switching on the high capacity fan 

results in an increase of air velocity at the measurement point, along with a very high 

fluctuation in air velocity. Also, a small decrease in the approximate local convection 
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coefficient is observed with forced convection, both with the low and the high 

capacity fan. This is in line with what is known from the specialized literature for very 

low air velocities [91]. On the other hand, the overall heat transfer rate is higher with 

forced convection, the panel temperatures are kept lower and the exit air 

temperature is reduced compared to the natural convection mode.   

 

 
Figure 4-25 Variation of local air velocity at the measurement point and calculated 

variation of convection coefficient (September 30th, 2010) 

As regards the PV panel’s efficiency, the experiments show a clear correlation with 

the panel temperature that is in line with the manufacturer’s characteristics. On the 

other hand, the deterioration of panel efficiency with the drop in solar radiation 

seems more difficult to correlate [146]. The above-mentioned tests indicate that 

sometimes the PV panel’s efficiency is higher than predicted by the manufacturer’s 

correlation with incoming solar radiation (around noon) and sometimes is lower (late 

afternoon). On the average, the PV panel’s performance meets or even surpasses 

the predictions of these correlations. 

A clear dependence of the panel’s efficiency on solar time can be seen by a plot the 

measured PV panel efficiency versus the sun’s altitude angle of each measurement.  

Following the methodology presented in [147], we calculate the solar altitude angle, 

αS using the equation: 
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where δ is the declination angle (-23.45o<δ<23.45o, positive declination is west of 

south), φ is the latitude (39.3604o), ω is the hour angle (morning negative, afternoon 

positive). If we plot the measured PV panel efficiency versus the solar altitude angle, 

(αS) for several days of experiments, we get the graph of Figure 4-26. 

 

Figure 4-26 Measured PV panel efficiency versus the solar altitude angle for several days 

of recordings 

Although the graph is noisy due to the inclusion of many measurement points with 

suboptimal control of the load, the trend is clearly observed. It seems that the 

difference in air mass associated with differences in solar altitude, may lead to a 

better correlation for the efficiency drop at low incoming solar radiation levels. But 

this is a specialized subject that needs further investigation [148] [149, 150]. 

As a final remark it should be mentioned that the actual efficiency values measured 

do not exceed 9%. This is due to the relatively low insolation values associated with 

the vertical placement of the PV panels in the specific BIPVT application. Incoming 

solar radiation at the vertical surface does not exceed 800 W/m2, even at the more 

favorable conditions near the winter solstice. Updated efficiency values for the 

specific application and climate should further improve the accuracy of our building 

energy simulation work [71], [151], [152]. 
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4.3 INDOOR FLOW VISUALIZATION MEASUREMENTS: TEST PROCEDURE 

When air moves in a channel with low speed, flow sensors such as hot wires 

influence the fluid stream. Also, they provide only local information about air speed 

without information of the flow direction. On the other hand, most fluids (air, water, 

etc.) are transparent, thus their flow patterns are invisible without some special 

methods to make them visible. Flow visualization is a cheap method to make flow 

patterns visible. In the particle tracer method, particles, such as smoke, can be 

added to a flow to trace the fluid motion. We can illuminate the particles with a 

beam of laser light in order to visualize a slice of a complicated fluid flow pattern, 

assuming that the particles follow the streamlines of the flow. A detailed description 

of flow visualization with particles is described by Raffel et al. [153] 

As a first step towards the better understanding of the air flow field inside the duct, 

flow visualization was performed in steady-state conditions, indoors [154]. A La 

Vision laser with a rotating mirror is employed to produce a plane light sheet (Figure 

4-27). The characteristics of the Laser are Po = 1.277 W, F = 10000 Hz and λ = 532 nm. 

The laser sheet crosses perpendicularly the backside of the device that is from 

plexiglass and lights up a vertical section of the channel (Figure 4-28). 

 

 

Figure 4-27 The green 1.277 W laser with the rotating mirror, power supply -control unit 
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Two different positions are selected for the vertical channel section: 

 A section through the centerline and 

 A section along to the right-hand side, as viewed from the plexiglas side, at a 

distance of 200 mm from the frame. 

Figure 4-29 shows a schematic of the flow visualization technique employed. 

A smoke gun was employed to inject smoke at a selected point at the base of the 

channel. The smoke passes through the flow homogenization honeycomb structure 

and moves upwards with the flow, in parallel to the laser light sheet. A commercial 

video camera, (HDMi SONY HD, 24 fps) is placed in one of the two available holes 

(see Figure 4-30 and Figure 4-31), that have been cut through the left-hand 

aluminum frame. The camera produces high definition files, in .m2ts format. 

 

 

Figure 4-28 Laser device targeting to the test module. 
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Figure 4-29 Schematic representation of the flow visualization layout. 

 

Figure 4-30 Flow visualization: experimental layout. Video-camera placed in the upper 

position, seeing towards laser light sheet. The honey comb flow homogenization structure 

has been removed in this photo. 
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The following operation modes were studied in the frame of the indoor experiments: 

 Mode 1: air flow field with buoyancy flow produced by heating up of the PV 

panel to its typical operation temperature. 

 Mode 2: constant temperature air flow field with the low capacity (110m3/h) fan. 

 Mode 3: constant temperature air flow field with high capacity (190m3/h) fan. 

 

Figure 4-31 Flow visualization: experimental layout. Video-camera placed in the lower 

position 

4.4 INDOOR FLOW VISUALIZATION MEASUREMENTS: RESULTS 

In the following, the results of flow visualization experiments carried out according 

to the 3 different testing modes are summarized. For convenience, apart from the 

first, more detailed sequence of 24 clips presented in Figure 4-32, 5 frames are 

extracted each time from the video file (high definition, .m2ts). Subsequent frames 

shown in all figures beyond Figure 4-32, are spaced 3 frames (3/24 seconds) apart. 

Thus, the time duration of each 5-frame clip shown is 0.5 seconds.  

All flow visualization videos are included and listed in ANNEX III. 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 95 

 

Experimental 

4.4.1 COLD FLOW, LOW CAPACITY (110 m3/h) FAN 

 

 

Figure 4-32 24 successive frames (duration 1 sec) of the cold flow visualization 

experiment with the low capacity fan. Starting frame at bottom left. End frame at top 

right. Camera in the lower position (Video 20604, ANNEX III). 

This experiment is conducted indoors, with the low capacity fan installed on the 

outlet hood of the testing device. The 24 successive frames presented in Figure 4-32 

have a total duration of 1 second. If we carefully look at the lower part of each clip, 

we first observe the laminar flow pattern produced by the honeycomb structure 

placed at the inlet of the test device. This pattern becomes unstable about 100 mm 

downstream the exit of the honeycomb structure. Various eddies of different length 

scales are produced, indicating that we are in the transition flow regime. The 

injection of smoke is intentionally limited to the left part of the cavity, which is close 

to the backsheet of the PV panel. The eddies are seen to move slowly upwards with 

relatively little rate of distortion, as expected since we are at low Re numbers. 
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Figure 4-33 Forced convection, 110 m3/h fan, camera in the lower position, laser light 

sheet close to the right-hand frame (add scale). (Video 20604, ANNEX III). 

More detailed observations on the flow patterns are presented in the following 

figures.  

An inspection of Figure 4-33 shows the propagation of characteristic flow patterns. A 

characteristic large scale motion may be seen in the form of a slow circulating eddy 

at the lower part of the channel. This eddy has a diameter of about 50 mm and in the 

course of the duration of the 5 frames (0.5 seconds) has moved about 100 mm in the 

vertical direction with the main flow.  

This indicates a mean velocity of 0.10 m/ (0.5 s) = 0.2 m/s, which checks well with 

the hot wire anemometry measurements. In addition, the eddy has rotated about 

90o (π/2 rad) anti-clockwise during the same period, which amounts to π rad/s or 

about 0.5 Hz frequency of rotation. 
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Figure 4-34 Forced convection, 110 m3/h fan, camera in the upper position, laser light 

sheet close to the right-hand frame (add scale), (Video 14818, ANNEX III). 

It is interesting to see what is happening in the upper part of the channel. This is 

shown in a characteristic series of clips in Figure 4-34.  

The characteristic flow patterns that have been observed to follow the flow in a 

vertical direction in Figure 4-33, are now observed to detach from the PV panel and 

move towards the plexiglass side of the channel. This could be due to a certain 

degree of influence from entrance effects that, combined with the low velocities of 

the bulk flow produce 2-D or 3-D flow patterns.   
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4.4.2 COLD FLOW, HIGH CAPACITY (190 m3/h) FAN 

The experiments presented below are conducted indoors, at steady room 

temperature, with the high capacity fan installed to the top of the exhaust hood. 

 
Figure 4-35 Forced convection, 190 m3/h fan, camera in the lower position, laser light 

sheet close to the right-hand frame (Video 23224, ANNEX III). 

An inspection of Figure 4-35 shows the propagation of characteristic flow patterns 

with the increased flow rate. An eddy with a diameter of about 40 mm seen in the 

middle of the first clip, after 5 frames (0.5 seconds) has moved about 180 mm 

vertically with the main flow.  

This indicates a mean velocity of 0.18 m/ (0.5 s) = 0.36 m/s. In addition, the eddy is 

seen to flatten and be compressed towards the PV panel wall during this period. The 

lateral deformation amounts to about out 0.5 Hz frequency of rotation. 
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Figure 4-36 Forced convection, 190 m3/h fan, camera in the upper position, laser light 

sheet close to the right-hand frame (scale shown by the measuring tape to the right), 

(Video 11314, ANNEX III) 

It is interesting to see what is happening in the upper part of the channel with the higher 

capacity fan. This is shown in a characteristic series of clips in  

Figure 4-36. A scale is given at the right hand side of the picture by means of a 

measuring tape fitted to the duct lengthwise.  

The characteristic flow patterns do not seem to detach very much from the PV panel. 

The higher velocities in the bulk flow should be responsible for this fact.   

A characteristic protuberance seen in the lowest part of the first clip is seen to rotate 

clockwise along with its translational vertical motion. The observed rotation is about 

180o (π rad) clockwise, which amounts to 2π rad/s or about 1 Hz frequency of 

rotation. 
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Figure 4-37 Forced convection, 190 m3/h fan, camera in the upper position, laser light 

sheet close to the right-hand frame, (Video 111027, ANNEX III). 

Another series of clips from the upper part of the channel is shown in  

Figure 4-37. The velocity transducer employed in the outdoor experiments can be 

seen in the upper part of each clip. 

A protuberance seen in the lowest part of the first clip is seen to rotate about 45o 

clockwise, which amounts to about 0.25 Hz frequency of rotation. 

As already mentioned in the comments to the previous set of clips, the characteristic 

flow patterns do not appear to significantly depart from the PV panel. 
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Figure 4-38 Forced convection, 190 m3/h fan, camera in the upper position, laser light 

sheet close to the right-hand frame, (Video 11109, ANNEX III) 

Again, very little rotation can be seen in eddies observed in Figure 4-38 that move 

vertically without significant distortion at this time scale. 

Also, as already mentioned with the previous figures at the higher flowrates, the 

observed characteristic flow patterns do not appear to significantly depart from the 

PV panel towards the bulk flow. 

The flow patterns are seen to be compressed towards the PV panel at the higher end 

of the duct, presumably due to the influence of the converging hood that lies beyond 

the upper part of the channel. 
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Figure 4-39 Forced convection, 190 m3/h fan, camera in the upper position, laser light 

sheet close to the right-hand frame, (Video  11543, ANNEX III).  

 

Analogous remarks may be done with the characteristic flow patterns observed in 

Figure 4-39 that move vertically without significant distortion at this time scale. 

As already observed in the previous figures at the higher flowrate, the characteristic 

flow patterns do not significantly detach from the PV panel towards the bulk flow.  

Further upwards they are seen to be compressed towards the PV panel, because of 

the influence of the converging hood that lies beyond the upper part of the channel. 

Since the last figures correspond to the right-hand section (to the right part of the 

centerline), we conclude that the flow field does not significantly change in the y 

direction, that is, we approach the behavior predicted with the infinite width of the 

cavity.   
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4.4.3 BUOYANCY FLOW EXPERIMENT, HEATED PANEL, NO FAN 

 

Figure 4-40 Free convection, camera in the lower position, laser light sheet close to the 

right-hand frame, the smoke gun’s exit visible at lower part of figure (no honeycomb), 

(Video 22223, ANNEX III) 

In this series of measurements, no fan is employed and the vertical air flow is 

produced by buoyancy, due to the heating of the PV panel (Figure 4-45). The flow 

homogenization honeycomb structure is removed in this series of experiments, in 

order to increase the draft. 

The lower part of the channel is shown in the series of clips in Figure 4-40. Certain 

structures are visible that move vertically upwards following the main flow, at a 

velocity of about 0.1 m/s. 
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Figure 4-41 Free convection, camera in the upper position, laser light sheet close to the 

right-hand frame, (Video 13825. ANNEX III) 

The same remarks can be done for the upper part of the channel (Figure 4-41). 

Again, the structures are moving vertically without visible distortion or tendency to 

detach from the PV wall. More quantitative details on the characteristics of the air 

flow field in the duct will be given in the next section, based on the results of hot-

wire anemometry.  

4.5 HOT WIRE ANEMOMETRY MEASUREMENTS: TEST PROCEDURE 

Hot wire anemometers use a micron thickness wire, electrically heated up to some 

temperature above the ambient. Air flowing past the wire has a cooling effect on the 

wire. As the electrical resistance of most metals is dependent upon the temperature 

of the metal (platinum or tungsten is a popular choice), a relationship can be 

obtained between the resistance of the wire and the flow speed. Several ways of 
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implementing this exist, and hot-wire devices can be further classified as CCA 

(Constant-Current Anemometer), CVA (Constant-Voltage Anemometer) and CTA 

(Constant-Temperature Anemometer). The voltage output from these anemometers 

is thus the result of some sort of circuit within the device trying to maintain the 

specific variable (current, voltage or temperature) constant. 

Hot-wire anemometers, while extremely delicate, have very high frequency-

response and fine spatial resolution compared to other measurement methods, and 

as such are employed for the detailed study of turbulent flows. Commercially 

available hot-wire anemometers have a flat frequency response (<3dB) up to 17 kHz 

at the average velocity of 9.1 m/s, 30 kHz at 30.5 m/s, or 50 kHz at 91m/s. 

4.5.1 CALIBRATION OF THE HOT WIRE 

The calibration curve for the hot wire system employed in these measurements is 

shown in the following figure. 

 

Figure 4-42 Calibration of the hot wire 

4.5.2 TEMPERATURE CORRECTION OF HOT WIRE MEASUREMENTS 

Equation 4.2 is known as King’s law. It concerns the wire itself, not the anemometer 

outputs. In order to retrieve King’s law from anemometer outputs, all the resistances 

present in the circuits have to be taken into account, for example, the top bridge 

resistance in the arm containing the sensor in a CTA (constant temperature 

anemometer) circuit [155]. 
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  ( 4.4) 

  ( 4.5) 

In King’s law A and B are improperly called constants. Obviously they are not, they 

depend on the wire diameter and on the fluid temperature. If the temperature 

dependencies of the physical parameters (ρ, k, μ) are introduced in (eq. 4.3), one 

obtains 

  ( 4.6) 

  ( 4.7) 

Coefficient B therefore varies far less with temperature than coefficient A. This result 

is particularly interesting at large values of U when A can be neglected compared to 

BV0.5. Uberoi and Corrsin confirmed these trends when experimenting on hot jets 

[156] . However, in our case, we have very low velocities and we need to take into 

account the temperature correction for A. To this end, we need to know the air 

temperature at each measurement point. We have measured these temperatures 

with a thermocouple. Thus, the value of A is corrected according to the above 

relation, based on the air temperatures measured by the thermocouple. 

As a second step in the study of the air flow field inside the duct, a series of 

measurements was conducted with hot wire anemometry. 

The experimental layout is presented in Figure 4-43 [154]. A X-Z-axis is employed to 

move a single component hot-wire probe (Dantec, Probe Type 55 P11) along the 

depth of the channel, through 4 holes drilled to the plexiglass, along the centerline at 

the distances shown in Figure 4-44 and Table 4-11. 28 measurement points are taken 

along the X-axis for each measurement hole, at the distances shown in the same 

figure. The technical data of the hot wire are presented in Table 4-10. 

Table 4-10 Technical data of hot wire 

Sensor material  Platinum - plated tungesten 

Sensor dimension  5 μm dia, 1.25 mm long 

Sensor resistance R20  3.5 W 

Min velocity  0.05 m/s 

Max velocity 500 m/s 
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Figure 4-43 Hot wire anemometry: experimental layout 

 

 

 

 

 

 

 

 

 

Figure 4-44 Positions of the 4 holes along the centerline of the channel, through which 

the hot wires were being inserted. 
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Table 4-11 Coordinates of the measurement points 

Measurement 1 2 3 4 5 6 7 8         

mm 1,25 2,5 3,75 5 6,25 7,5 8,75 10,00         

                          

Measurement 9 10 11 12 13 14 15 16 17 18 19 20 

mm 20,00 30,00 40,00 50,00 60,0 70,00 80,00 90,00 100 110 120 130 

                          

Measurement 21 22 23 24 25 26 27 28         

mm 140 141,25 142,5 143,75 145 146,25 147,5 148,75         

 

Figure 4-45 External heating of the panel, hot wire amplifier and data acquisition. 

A single component, A.A. Lab Systems hot-wire Anemometry System with a bridge-

type amplifier is employed to feed the hot wire and produce the measurement 

voltage that is fed to a NI 6012 data acquisition card (Figure 4-45). Measurements  
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are carried out at 3000 Hz acquisition rate. The above-mentioned, 3 operation 

modes were studied in the frame of these experiments. 

In order to simulate the buoyancy flow in the device, external heating of the panel to 

the operation temperatures measured outdoors, is employed by means of halogen 

lamps as shown in Figure 4-45. 

 

 

Figure 4-46 Schematic representation of the velocity measurements with hot wire 

anemometry 

4.6 FLOW FIELD MEASUREMENT RESULTS BY HOT WIRE ANEMOMETRY 

In this section we concentrate on the results of hot wire anemometry measurements 

of steady state flow inside the duct, for the three operation modes [154]. The results 

are statistically processed to deduce characteristic time and length scales for the 

turbulence. 
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Figure 4-47 Cold flow experiment with the high capacity fan on: measurements of 

vertical component of air velocity along the depth of the cavity (x=150 is the back side of 

the PV panel), for 4 different vertical positions along the centerline (schematic in Figure 

4-44). 

Characteristic profiles of the vertical air velocity across the depth of the channel are 

presented in Figure 4.45 with the high capacity fan switched on (x=0 denotes the 

plexiglass wall, x=150 mm denotes the PV panel wall). The measurements are taken 

at 4 vertical positions along the centerline: Ux1, Ux2, Ux3 and Ux4 correspond to 

vertical positions at z = 400, 700, 1000, 1300 mm from the lower frame (Figure 4-44).  

It is observed that the profiles are more or less flat across the channel depth at the 

centerline, and the air velocity at the specific points (along the centerline) is 

increased in the two upper levels, Ux3, Ux4. Obviously, the 3D evolution of the 

velocity field changes as we move towards the exit hood. 

Furthermore, it is interesting to see the respective RMS velocity fluctuation levels, 

presented in the same figure. These velocities lie in the range of 0.022 m/s to 0.065 

m/s, and they are decreasing as we move upwards, away from inlet. The Reynolds 

number for the mean flow is in the range of 4600-8000, thus the flow should be in 

the transition or turbulent regime in all cases. The turbulent nature of the flow has 

already been observed in certain flow visualization photographs, immediately 

downstream the flow homogenization honeycombs structures (Figure 4-32).  
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Figure 4-48 Cold flow experiment with the low capacity fan on: measurements of 

vertical component of air velocity along the depth of the cavity (x=150 is the back side of 

the PV panel), for 4 different vertical positions along the centerline (schematic in Figure 

4-44) 

Characteristic profiles of the vertical air velocity across the depth of the channel for 

the 4 previously mentioned vertical positions at z = 400, 700, 1000, 1300 mm from 

the lower frame are presented in Figure 4-48 with the low capacity fan switched on 

(x=0 denotes the plexiglas wall, x=150 mm denotes the PV panel wall). 

Again, it is observed that the profiles are more or less flat across the channel depth 

at the centerline. However, in this case the air velocity slightly decreases in the two 

upper levels, Ux3, Ux4. Obviously, the 3D evolution of the velocity field is different 

with the low capacity fan. Furthermore, it is interesting to see the respective RMS 

velocity fluctuation levels, presented in the same figure. The RMS velocity 

fluctuations are reduced compared with the high capacity fan case. They lie in the 

range of 0.01 m/s to 0.04 m/s, and they are decreasing as we move upwards, away 

from inlet. 

Finally, we examine the buoyancy flow case. Characteristic profiles of the vertical air 

velocity across the depth of the channel are presented in Figure 4.47 (x=0 denotes 

the plexiglass wall, x=150 mm denotes the PV panel wall). The measurements are 

taken at the same 4 vertical positions (Figure 4 44) 
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Figure 4-49 Buoyancy flow experiment (free convection): measurements of vertical 

component (z) of air velocity along the depth of the cavity (x=150 is the back side of the PV 

panel), for 4 different vertical positions along the centerline (schematic in Figure 4-44) 

 

Figure 4-50 Characteristic time recordings of hot wire anemometry measurements. 

This case shows significant differences compared to the forced circulation cases. First it is 

observed that the vertical velocity components’ levels are reduced, as expected. 
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Second, it is observed that the velocity profile at Z=400 mm from inlet is at a 

significantly higher level than the other 3 points further downstream. Also, the 

velocity profiles of the 3 upper level sections are no more flat: the air velocity is 

increasing as we move away from the PV panel. Obviously, the 3D evolution of the 

velocity field changes significantly as we move towards the exit hood. It is interesting 

to compare the respective RMS velocity fluctuation levels, presented in the same 

figure. They are lower than the previous case, as expected. They lie in the range of 

0.0025 to 0.02 m/s, and they decrease as we move upwards from inlet. These 

velocity fluctuation levels show a similar profile but are significantly lower in 

magnitude than the fully turbulent ones (of the order of 0.1 m/s, nearly constant 

along the vertical centerline from y/H= 0.2 to 0.8) measured by Betts and Bokhari 

[82] in a tall differentially heated rectangular cavity (2.18 m high by 0.076 m wide by 

0.52 m in depth). 

 

 

 

  

 

Figure 4-51 PSD spectrum, high capacity fan -190 m3/h. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=148.75 mm). 
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Power Spectral Density (PSD) graphs produced by FFT analysis of the measured 

velocity time series give additional information on the RMS velocity fluctuation 

characteristics. A comparison of PSD spectra for a specific point in the channel (z = 

700 mm), close to the PV panel wall (x=148.75 mm), for the 3 different modes of 

operation is presented in Figure 4-51, Figure 4-52, Figure 4-53.  

 

  

  

 

Figure 4-52 PSD spectrum, low capacity fan -110 m3/h. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=148.75 mm). 

 

 

 

 

 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 115 

 

Experimental 

  

  

 

Figure 4-53 PSD spectrum, buoyancy flow experiment. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=148.75 mm). 

The spectra are observed to have a lot of scatter. This could be partially due to the 

small sampling time, which is 30 s for the case of the high capacity fan (Figure 4-51). 

However, the sampling time is increased to 60 s for the cases of low capacity fan 

(Figure 4-52) and buoyancy flow with heated PV panel (Figure 4-53) and the 

phenomenon persists. Obviously, flow instability is induced by the changing inlet 

conditions, due to the low Re numbers. These instabilities were significantly more 

enhanced when the testing device was placed outdoors. This is the reason that we 

did not perform hot wire anemometry measurements outdoors, as well as one of the 

two reasons that we could not succeed to conduct flow visualization experiments 

outdoors (the other one being the high light intensity under the sun). 

In general, the PSD spectra obey the -5/3 law [155], which is an indication of the flow 

being on the turbulent regime. 
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4.7 HOT WIRE MEASUREMENTS PROCESSING 

Furthermore, it is interesting to calculate a characteristic integral time scale for the 

velocity fluctuations, by means of an autocorrelation of the velocity time series. The 

results are shown in a series of figures. Two measurement points along the x-axis are 

studied: One closest to the PV panel wall (No.29, x=148.75 mm) and the other 

closest to the plexiglass cover (No.1, x = 1.25 mm). Under the reasonable assumption 

that the observed eddies are convected past the observation point without 

significant distortion and because of the weak turbulence, an integral length scale 

can be calculated based on each one of the above determined time scales, by means 

of the relation [157]: 

  ( 4.8) 

In this type of flow where the large scale structures are convected, τi is a measure of 

the time it takes a large eddy to pass a point. 

Integral time scales calculated for the free convection experiment with the heated 

PV panel are presented in Figure 4-54 (close to the heated panel) and Figure 4-55 

(close to the plexiglass cover). Each figure contains the integral time scale 

calculations for the 4 vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from the bottom of the panel), along the vertical centerline. The 

calculation is made with the MATLAB FFT routine (autocorr) and the integration 

with the cumtrapz routine. In the same way, integral time scales calculated for the 

high capacity fan cold flow experiment are presented in Figure 4-56 and Figure 4-57. 

Finally, integral time scales calculated for the low capacity fan cold flow experiment 

are presented in Figure 4-58 and Figure 4-59.  The calculated integral time is shown 

on each autocorrelation graph.  
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4.7.1 FREE CONVECTION EXPERIMENT (HEATED PV PANEL) 

 

 
Figure 4-54 Free convection experiment: Integral time scales computed by means of 

autocorrelation of velocity signals: Position nearest to the PV panel wall, for the 4 

different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: z=1300 mm from 

bottom), along the vertical centerline (=148.75 mm). 
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Figure 4-55 Free convection experiment: Integral time scales computed by means of 

autocorrelation of velocity signals: Position nearest to the plexiglass wall, for the 4 

different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: z=1300 mm from 

bottom), along the vertical centerline (x=1.25 mm). 
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4.7.2 HIGH CAPACITY FAN (COLD FLOW EXPERIMENT) 

 

 
 

Figure 4-56 Cold flow experiment with the high capacity fan: Integral time scales 

computed by means of autocorrelation of velocity signals: Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x= 148.75 mm). 
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Figure 4-57 Cold flow experiment with the high capacity fan: Integral time scales 

computed by means of autocorrelation of velocity signals: Position nearest to the 

plexiglass wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, 

UX4: z=1300 mm from bottom), along the vertical centerline (x=1.25 mm). 
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4.7.3 LOW CAPACITY FAN (COLD FLOW EXPERIMENT) 

 

 
 

Figure 4-58 Cold flow experiment with the low capacity fan: Integral time scales 

computed by means of autocorrelation of velocity signals: Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=148.75 mm). 
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Figure 4-59 Cold flow experiment with the low capacity fan: Integral time scales 

computed by means of autocorrelation of velocity signals: Position nearest to the 

plexiglass wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, 

UX4: z=1300 mm from bottom), along the vertical centerline (x=1.25 mm). 
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A summary of the results of autocorrelations is presented in the following graph: 

 

Figure 4-60 Summary of integral time scale computed by autocorrelation. for the 4 

different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: z=1300 mm from 

bottom) . Positions nearest to the plexiglass wall and nearest to the PV panel wall are 

shown. 

 

In this figure, the ranges of integral time scale computed by autocorrelation are 

presented, starting from the low capacity fan case, followed by the high capacity fan 

case (cold flow experiments) and finally by the free convection case (heated PV 

panel). In each case, first the integral time scale ranges for the measurement point 

nearest to the plexiglass side is presented, followed by the measurement point 

nearest the PV panel. And for each one of these cases, the integral time scales for 

the 4 different vertical positions of the probe are shown, starting from the highest 

position (Ux4).  

An important characteristic to be observed is the big variability of the results for 

each case, with the exception of the natural convection case and especially the 

points close to the heated PV panel, where we observe also the lowest integral time 

scales, of the order of 0.1-0.2 s. 

An additional remark that should be made is that, as should be expected, the case 

with the higher capacity fan generally gives lower integral time scales than the one 

with the lower capacity fan. 
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4.7.4 SUMMARY OF CALCULATION OF INTEGRAL TIME SCALES 

 
Figure 4-61 Buoyancy flow experiment (free convection): calculation of integral time 

scales of air velocity measured along the depth of the cavity (x=150 is the back side of the 

PV panel), for 4 different vertical positions along the centerline (schematic in Figure 4-44), 

Axis X: measurement points. Axis Y: Autocorrelation time shift [ms]. Axis Z: Integral time 

scale [ms] 

 

A summary of all integral time calculations for all 29 points along the x direction, for 

the 4 different vertical positions along the centerline of the channel, are presented 

in Figure 4-61 for the free convection experiment with the heated PV panel. 
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Figure 4-62 Cold flow experiment (high capacity fan): calculation of integral time scales 

of air velocity measured along the depth of the cavity (x=150 is the back side of the PV 

panel), for 4 different vertical positions along the centerline (schematic in Figure 4-44), 

Axis X: measurement points. Axis Y: Autocorrelation time shift [ms]. Axis Z: Integral time 

scale [ms] 

 

A summary of all integral time calculations for all 29 points along the x direction, for 

the 4 different vertical positions along the centerline of the channel, are presented 

in Figure 4-62 for the cold flow experiment with the high capacity fan. 
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Figure 4-63 Cold flow experiment (low capacity fan): calculation of integral time scales 

of air velocity measured along the depth of the cavity (x=150 is the back side of the PV 

panel), for 4 different vertical positions along the centerline (schematic in Figure 4-44), 

Axis X: measurement points. Axis Y: Autocorrelation time shift [ms]. Axis Z: Integral time 

scale [ms] 

A summary of all integral time calculations for all 29 points along the x direction, for 

the 4 different vertical positions along the centerline of the channel, are presented 

in Figure 4-63 for the cold flow experiment with the low capacity fan. As a general 

remark, the unstable flow characteristics observed with the FFT graphs are also 

apparent in these figures.  On the average, integral time scales of the order of 500 

ms are observed with the heated panel, natural convection mode, which results in 

integral length scales of the order of 25 mm close to the wall, according to eq. 4-8. 

This matches with the average diameter of eddies observed in the flow visualization. 

More information on the flow and heat transfer characteristics of the flow can be 

extracted by calculating the Kolmogorov time and length scales for characteristic 

measurement points. The dynamical behavior of the smallest eddies is determined 

entirely by the rate at which they are fed energy, ε, and the size of the kinematic 
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viscosity ν. The small eddies are where the mechanical energy is converted to heat, 

although the rate of conversion is determined by the large scales. A Kolmogorov 

length and time scale can be estimated by means of the following relations: 

  ( 4.9) 

  (4.10) 

The dissipation rate, ε can be approximated by means of the following relation [158]: 

If u is a turbulent velocity scale, the root mean square fluctuating velocity (typical of 

the most energetic eddies), and l is a length scale of the most energetic eddies, then 

it is an experimental fact that: 

  ( 4.11) 

where u denotes a turbulent velocity scale (see for example Figure 4-47,  

Figure 4-49) and l denotes a characteristic large length scale (the mean diameter of 

the most energetic eddies). If we assume the characteristic length scale to be 1/6th of 

the depth of the channel, that is, 25mm, (which is equal to the integral length scale 

estimated above), and u=0.02 m/s for the natural convection case, then ε=0.001 and 

for v=1.82 E-5 m2/s (kinematic viscosity of air at 50oC), we get the following typical 

value for the Kolmogorov length scale: lK=1.8 mm. The results are briefly presented 

in the following table. 

Table 4-12 Calculation of kolmogorov length scale 

length scale l 0.025 m 

turbulent velocity scale u 0.02 m/s 

dissipation (energy consumed/ 
unit mass of flow) ε 0.00108 

  
 W/kg 

kinematic viscosity ν 1.82E-05 m
2
/s 

Kolmogorov microscale η 0.0018 m 

   

 

Smaller scales cannot exist because the viscous transport smears them out. In most 

flows the Kolmogorov microscale θ is a few tenths of a millimeter. In our case it is 

significantly higher, because we are in the transition regime and turbulent 

dissipation is at low levels. Based on this result, if we try to enhance the heat 

transfer surface by means of fins, the minimum free distance between fins must 

exceed 1.8 mm.  
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4.8 VELOCITY FIELD ALONG THE WIDTH OF THE PANEL 

 

Figure 4-64 Cold flow experiment with the high capacity fan on: measurements of 

vertical component (z) of air velocity along the width of the cavity (y=510 mm is the 

middle of the panel width), for 2 different vertical positions. 

 
Figure 4-65 Cold flow experiment with the low capacity fan on: measurements of 

vertical component (z) of air velocity along the width of the cavity (y=510 mm is the 

middle of the panel width), for 2 different vertical positions. 
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A small decrease in local air velocity is observed, along with an increase in 

convection coefficient, with the shift to forced convection following switching on the 

fan. Thus, the installation of the specific capacity fan does not seem to increase the 

air flow through the cavity under the specific insolation and weather conditions. 

4.9 DISCUSSION OF RESULTS: OUTDOOR AND INDOOR EXPERIMENTS 

4.9.1 SOLAR RADIATION LEVELS AND EFFICIENCY OF THE SOLAR PANEL. 

The basic testing device was subjected to outdoor measurements during several hours 

for a number of days in summer and autumn 2010. Three operating modes are tested: 

natural convection (no fan), and forced convection cooling by means of two different 

capacity axial fans with 110 and 190 m3/h nominal flow rate. 

The transient electrical and thermal behavior of the testing collector device was 

recorded outdoors, for several hours during a number of days in summer and 

autumn. 

The validation experiments enhance our understanding of the concept’s operation 

and provide data for the fine tuning of the respective sub models in the building 

energy simulation. A certain degree of variation in PV conversion efficiency was 

recorded and explained, which stays in general agreement with the manufacturer’s 

data.  

It became apparent that a better understanding of the flow field inside the cavity is 

necessary. Further investigation of the air flow and turbulence field was carried out 

by means of indoor flow visualization measurements and hot wire anemometry 

measurements. 

Three modes of indoor operation were tested: Mode 1 was buoyancy flow with 

externally heated panel to reach normal operating temperature. Mode 2 and 3 

(lower and higher capacity fan) were tested at room temperature. 

4.9.2 FLOW VISUALIZATION EXPERIMENTS 

The device was subjected to flow visualization experiments aiming at better 

understanding of the flow field in the 3 modes mentioned above. 
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Some preliminary image analysis indicates low turbulence levels and a significant effect 

of flow entrance conditions on the flow field. An inspection of characteristic series of 

clips shows the propagation of characteristic turbulent flow patterns. A characteristic 

large scale motion may be seen in the form of slow circulating eddies at the lower 

part of the channel that initially adhere to the heated PV panel and further 

downstream detach and move towards the bulk flow. The important role of the 

heated PV panel in the evolution of turbulent flow patterns was observed. Also, a 

complex 3-D flow field with significant variations in air velocity from the centerline to 

the PV panel and plexiglass walls was observed. 

It became apparent that measurements of the mean velocity field and turbulence levels 

in the same modes would further enhance our understanding of the heat transfer 

behavior.  

4.9.3 INDOOR HOT WIRE ANEMOMETRY MEASUREMENTS 

Velocity profiles were recorded at the centerline, along the depth of the cavity, for 4 

different vertical positions. Average velocities of the order of 0.10 m/s with 

respective turbulent velocities of 0.01 m/s were recorded for the buoyancy flow 

(mode 1). Higher average velocities of the order of 0.2 – 0.35 m/s (lower and higher 

capacity fans, respectively) and turbulent velocities of 0.015-0.03 m/s were recorded 

in the cold flow experiments. 

The hot wire anemometry data were analyzed by means of FFT and autocorrelation. 

Integral time scales as low as 500 ms were calculated for the buoyancy flow case, 

which corresponds to an integral length scale of about 0.025 m. A Kolmogorov 

length scale of the order of 0.0018 m was calculated for the same case. 

The experimental velocity profiles along the channel indicate the developing 

character of the flow. 

Turbulent kinetic energy profiles clearly show that a (not fully developed) turbulent 

flow is attained near the outlet. 

It was decided to attempt a better understanding of the 3D flow field and heat transfer 

rates, by means of CFD computations for the above-mentioned modes of operation that 

would be validated against the hot wire anemometry measurements. 
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5 

5 CFD SIMULATIONS 

The design optimization of the proposed concept may be supported by CFD 

modeling of the basic building block, which was already experimentally assessed as 

reported in chapter 4. The CFD simulations undertaken in this study were performed 

with ANSYS CFX. Existing measurements are employed for CFD results validation. 

Once validated, the model can be employed for the preliminary assessment of 

design improvements in the form of the PV backsheet surface modifications, changes 

in the geometry of the cavity, type of fans etc.   

Use of advanced Computational fluid dynamics (CFD) enables simulation of the 

behavior of systems, processes and equipment involving flow of gases and liquids, 

heat and mass transfer, chemical reactions and related physical phenomena. ANSYS 

CFX is a high-performance, general purpose CFD software that has been applied to 

solve wide-ranging fluid flow problems for over 20 years[159]. At the heart of ANSYS 

CFX is its advanced finite volume solver, the key element that enables to achieve 

reliable and accurate solutions. The modern, highly parallelized solver is the 

foundation for an abundant choice of physical models to simulate virtually any type 

of phenomena related to fluid flow: laminar to turbulent (including transition), 

incompressible to fully compressible, subsonic to transonic and supersonic, 

isothermal or with heat transfer by convection and/or radiation, non-reacting to 

combusting, stationary and/or rotating devices, single fluids and mixtures of fluids in 

one or more phases (incl. free surfaces) and much more. The solver and its many 

physical models are wrapped in a modern, intuitive, and flexible GUI user friendly 

environment, with extensive capabilities for customizing and automating using 

session files, scripting, and a powerful expression language. 
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5.1 SELECTION OF TURBULENCE MODEL 

As already presented in chapter 4.1 (flow visualization), the flow inside the duct is 

turbulent, at relatively low Re numbers. That is, small perturbations are slowly 

evolving to larger vortices that move with the main direction of the flow without 

significant dissipation. 

Two-equation turbulence models are very widely used in CFD, as they offer a good 

compromise between numerical effort and computational accuracy. Both velocity 

and length scale are solved using separate transport equations (hence the term ‘two-

equation').  

In our case, we may choose between the k-ε and the k-ω two-equation models 

[160], both of which use the gradient diffusion hypothesis to correlate the Reynolds 

stresses to the mean velocity gradients and turbulent viscosity. The turbulent 

viscosity is modeled as the product of a turbulent velocity and turbulent length scale.  

In two-equation models, the turbulence velocity scale is computed from the 

turbulent kinetic energy, which is provided from the solution of its transport 

equation. The turbulent length scale is estimated from two properties of the 

turbulence field, usually the turbulent kinetic energy and its dissipation rate. The 

dissipation rate of the turbulent kinetic energy is provided from the solution of its 

transport equation.  

k-ε model: 

The k-ε model is one of the most widely used turbulence models. It is a two equation 

model that means, it includes two extra transport equations to represent the 

turbulent properties of the flow. This allows a two equation model to account for 

history effects like convection and diffusion of the turbulent energy. 

The first transported variable is the turbulent kinetic energy, k. The second 

transported variable is the turbulent dissipation, ε. It is the variable that determines 

the scale of the turbulence, whereas the first variable, k, determines the energy in 

the turbulence. 

k is The turbulence kinetic energy k,  is defined as the variance of the fluctuations in 

velocity. It has dimensions of (L2 T-2), and ε is the turbulence eddy dissipation rate 

(the rate at which the velocity fluctuations dissipate), and has dimensions of k per 

unit time (L2 T-3).  

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58

http://www.cfd-online.com/Wiki/Turbulence_modeling
http://www.cfd-online.com/Wiki/Two_equation_models
http://www.cfd-online.com/Wiki/Two_equation_models


 

Olympia Zogou 133 

 

CFD Simulations 

The k-ω Model: 

One of the advantages of the k-ω formulation is the near wall treatment for low-

Reynolds number computations. The model does not involve the complex non-linear 

damping functions required for the k-ε model and is therefore more accurate and 

robust. A low-Reynolds k-ε model would typically require a near wall resolution of 

y+<0.2, while a low-Reynolds number k-ω model would require at least y+<2. In 

industrial flows, even y+<2 cannot be guaranteed in most applications and for this 

reason, a new near wall treatment was developed for the k-ω   model. It allows for 

smooth shift from a low-Reynolds number form to a wall function formulation.  

The Shear Stress Transport (SST) Model: 

The SST k-ω turbulence model  [161] is  two-equation an improvement over the k-ω 

eddy-viscosity model which has become very popular. The shear stress transport 

(SST) formulation combines the best of two worlds. The use of a k-ω formulation in 

the inner parts of the boundary layer makes the model directly usable all the way 

down to the wall through the viscous sub - layer, hence the SST k-ω model can be 

used as a Low-Re turbulence model without any extra damping functions. The SST 

formulation also switches to a k-ε model in the free-stream and thereby avoids the 

common k-ω problem that the model is too sensitive to the inlet free-stream 

turbulence properties. Investigators who use the SST k-ω model often merit it for its 

good behavior in adverse pressure gradients and separating flow. The SST k-ω model 

does produce a bit too large turbulence levels in regions with large normal strain, 

like stagnation regions and regions with strong acceleration. This tendency is much 

less pronounced than with a normal k-ε model though. 

Since we are trying to model the vorticities which make up turbulence, it is 

important to have a mesh and numerical scheme accurate enough to capture this. 

We tested running at steady state and we found difficulties with convergence. We 

also run transient and we noticed small perturbations at low Re. We tested with a k-

ε based model with inadequate results, except for the natural convection case. Low 

performance of this model is expected since the k-ε model is known to not handle 

low k well. Finally, we shifted to the k-ω (inc SST) based model, which is known to 

handle small k well. Indeed, this gave improved results, although it was necessary to 

refine the mesh. Finer meshes have reduced numerical dissipation and therefore 

capture more flow features. This means a simulation on a coarse grid with a 

turbulence model may be steady, but with grid refinement becomes unsteady. This 

was not "detected" by CFX, it is just a fact that the numerical dissipation has reduced 

sufficiently that the transient features are not damped out. 
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The computation is made to check with our test rig’s results. All the cases that were 

studied are based on 3D simulations. Three different computational cases are 

examined. 

This computation will supply the data for the subsequent building energy simulation 

(next chapter). With aid of TRNSYS software the overall power output is optimized 

(energy and economic wire) in transient conditions employing data from TMY 

5.2 SOLID MODEL 

The solid model of the testing device of chapter 4 has been designed in AutoCad. 

 

 
Figure 5-1 Solid model of the test rig’s channel 

Then the solid model has been inserted in ANSYS ICEM CFD –AI*ENVIROMENT to 

create the mesh for the CFD simulation. 

After the initial checks, it was decided to refine the mesh near the PV panel and the 

plexiglass layer. 
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Figure 5-2 The mesh generated with ICEM CFX 

The parameters of mesh are: 

Global Mesh Size  

Global Element Scale factor : Scale factor   3 

Global Element Seed Size:    Max Element: 3 

Volume Meshing Parameters 

Mesh Type : Tetra/Mixed 

Mesh method: Robus 

 

Table 5-1 Information of Total Elements 

Total Elements Total Nodes TRI_3 TETRA_4 LINE_2 

1.20E+06 2.03E+05 4.46E+04 1.15E+06 1.37E+03 

 

5.3 PREPROCESSING 

After generating the mesh, we begin CFX-Pre processor to define the simulation, in 

CFX-Pre we select the physical model to be used the CFD simulation. 
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Figure 5-3 Inlet and outlet of the ambient air in the gap 
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5.4 CFD SIMULATIONS RESULTS 

5.4.1 CFX RESULTS CASE 2 (110 M
3/H FAN) 

Table 5-2 Simulation details 

Name Location Type Materials Models 

110m3/h BODY Fluid 
Air Ideal 
Gas 

Heat Transfer Model = Isothermal 
Fluid Temperature = 18.0 [oC] 
Turbulence Option = k-ω 
Turbulence Wall Function= Automatic 
Buoyancy Turbulence=Production and 
Dissipation 

Table 5-3 Boundary Physics of the test rig for 1st case 

Domain Name Location Type Settings 

110m3/h Inlet Inlet Inlet 

Flow Regime = Subsonic 
Mass&Momentum=StaticPressure 
Relative Pressure = 0 [Pa] 
Flow Direction = Zero Gradient 
Turbulence Option=Zero Gradient 

110m3/h Outlet Outlet Outlet 

Flow Regime = Subsonic 
Mass And Momentum = Average 
Static Pressure 
Relative Pressure = -5[Pa]  

110m3/h PV PV Wall 
Mass &Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height 1.5 [micron] 

110m3/h Plexiglas Plexiglas Wall 
Mass &Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 1.50 [micron] 

110m3/h 
Round, 
Transaction 

round Wall 
Mass&Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 150 [micron] 

110m3/h Aluminum Aluminum Wall 
Mass&Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 1.5 [micron] 

110m3/h Inlet sheet 
Inlet 
sheet 

Wall 

Mass And Momentum = No Slip 
Wall 
Wall Roughness = Rough Wall 
Roughness Height = 150 [micron]  
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Figure 5-4 Velocity profiles measured and predicted by the CFX simulation (110m3/h) 

 

The velocity profiles predicted by the CFX simulation have a tendency to resemble more to 

laminar flow profiles [162]. On the other hand, the measured velocity profiles are flat and 

resemble more to turbulent profiles. It should be mentioned here that the turbulence 

models employed in the simulations with this type of codes are more apt to predict 

significant turbulence levels, i.e. Re of the order of 105 and above, whereas in our case we 

are one order of magnitude lower in Re. 
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Figure 5-5 Streamlines  

 

 

5.4.2 CFX RESULTS  CASE 3 (190m3/h) 

Table 5-4 Simulation details for 2nd case 

Name Location Type Materials Models 

190m3/h BODY Fluid 
Air Ideal 
Gas 

Heat Transfer Model = Isothermal 
Fluid Temperature = 16.0 [oC] 
Turbulence Option = k-ω 
Turbulence Wall Functions = 
Automatic 
Buoyancy Turbulence =Production and 
Dissipation 
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Table 5-5 Boundary Physics of the test rig for 2nd case 

Domain Name Location Type Settings 

190m3/h Inlet Inlet Inlet 

Flow Regime = Subsonic 
Mass And Momentum = Static Pressure  
Relative Pressure = 0 [Pa] 
Flow Direction = Zero Gradient 
Turbulence Option = Zero Gradient 

190m3/h Outlet Outlet Outlet 

Flow Regime = Subsonic 
Mass And Momentum = Average Static 
Pressure 
Relative Pressure = -15[Pa]  

190m3/h PV PV Wall 
Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height 1.5 [micron] 

190m3/h Plexiglas Plexiglas Wall 
Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 1.50 [micron] 

190m3/h 
Round, 
Transaction 

round Wall 
Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 150 [micron] 

190m3/h Aluminum Aluminum Wall 
Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 1.5 [micron] 

190m3/h Inlet sheet 
Inlet 
sheet 

Wall 
Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 150 [micron]  

 

The velocity profiles predicted by the CFX simulation are somewhat better matching the 

measurements than those for the low capacity fan case (Figure 5-6). This is expected since 

the Re number range here is higher and we are more close to the turbulent flow regime. 
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Figure 5-6 Velocity profiles measured and predicted by the CFX simulation (190m3/h) 

 
Figure 5-7 Streamlines  
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5.4.3 CFX RESULTS CASE 1 NATURAL CONVECTION 

  

  

 

Figure 5-8 Velocity Profiles measured and predicted by the CFX simulation (natural 

convection mode) 

The velocity profiles on the centerline predicted by the simulation for the natural 

convection mode, in the 4 different vertical (z) locations specified in the previous 

chapter, are shown in Figure 5-8. The matching of simulation and experimental 

results is of significantly lower quality than with the previous cases. This should be 

expected by the fact that the velocities and Re numbers are significantly lower here 

and the simulation of buoyancy flows is more demanding. The predicted velocity 

profile is highly asymmetrical and the convergence of the code is of lower quality 

than the previous cases. This should be expected from the unsteady character of the 

buoyancy flow, also observed in the measurements. Nevertheless, the vertical 

velocities are predicted to the correct order of magnitude, in the range of 0.05 to 0.2 

m/s. The predicted velocity profiles along the y direction are also asymmetric about 

the center of the cross section. To better explain the predicted behavior, a 3D view 

of the flow field is presented in the next figure.   
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Figure 5-9 Stream Lines  

 

Table 5-6 Simulation details for 3rd case (Free convection) 

Name Location Type Materials Models 

Free 
Convection 

BODY Fluid 
Air Ideal 
Gas 

Heat Transfer Model = Thermal 
Energy  
Turbulence Option= k epsilon; 
Turbulent Wall Functions = 
Scalable 
Buoyancy Turbulence 
=Production and Dissipation 
Turbulence Schmidt Number=1 
Dissipation Coefficient  =5 
Buoyancy Model = Buoyant  
Domain Motion = Stationary 
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Table 5-7 Boundary Physics of the test rig for 3rd case (Free convection) 

Domain Name Location Type Settings 

Free 
Convection 

Inlet Inlet Inlet 

Flow Regime = Subsonic 
Mass&Momentum = Static Pressure  
Relative Pressure = 0 [Pa] 
Flow Direction = Normal to Boundary 
Condition 
Turbulence = High (Intensity = 10 %) 
Heat Transfer = Static Temperature 
Static Temperature = 18.4 [oC] 

Free 
Convection 

Outlet Outlet Outlet 

Flow Regime = Subsonic 
Mass&Momentum=Average Static Press 
Relative Pressure = -5 [Pa] 
Pressure Profile Blend = 0.05 
Pressure Averaging = Average Over 
Whole Outlet 

Free 
Convection 

PV PV Wall 

Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall  
Roughness Height 1.5 [micron] 
Heat Transfer = Temperature 
Fixed Temperature = 43.15 [oC] 

Free 
Convection 

Plexiglas Plexiglas Wall 

Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 1.50 [micron] 
Heat Transfer = Temperature 
Fixed Temperature = 22 [oC] 

Free 
Convection 

Round, 
Transaction 

round Wall 

Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 150 [micron]  
Heat Transfer = Adiabatic 

Free 
Convection 

Aluminum  Aluminum Wall 

Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 1.5 [micron]  
Heat Transfer = Temperature 
Fixed Temperature = 22 [oC] 

Free 
Convection 

Inlet sheet 
Inlet 
sheet 

Wall 

Mass And Momentum = No Slip Wall 
Wall Roughness = Rough Wall 
Roughness Height = 150 [micron] 
Heat Transfer = Temperature 
Fixed Temperature = 22 [oC] 

Comparisons between CFD simulation and hot wire anemometry measurements for 

the three test cases examined are summarized as follows: 

 Buoyancy flow case: average prediction 
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 Lower capacity fan case: good prediction 

 Higher capacity fan case: good prediction 

The following Table summarizes the computational cases examined by the CFD and 

the respective experimental cases employed for validation. It must be mentioned 

that the computational cases with ID 4, 5 and 6 are steady state computations, 

however they are validated based on transient outdoor experiments of section 4.2. 

Of course, the validation in this case is only approximate. 

Table 5-8 Computational cases examined with the respective validation experiments 

ID No fan Lower 

capacity 

fan 

Higher 

capacity 

fan 

Heated PV 

panel 

Outdoor/ 

Indoor 

 

1 +   + Indoor Sec. 4.7.1 

2  +   Indoor Sec. 4.7.3 

3   +  Indoor Sec. 4.7.2 

4 +   + Outdoor Sec. 4.2.2 

5  +  + Outdoor Sec. 4.2.2 

6   + + Outdoor Sec. 4.2.2 

Having established an acceptable degree of validation for the CFD computation 

cases, we now exploit the results towards the extraction of improved accuracy heat 

transfer coefficients. This is described in the next section. 

Table 5-9 Velocity and Volumetric flow rate at outlet for the Computational cases 

ID Velocity at outlet [ m/s] Volumetric  flow rate at outlet[ m3/h] 

1 2.68 118.2 

2 2.63 116.1 

3 4.70 207.6 

4 3.03 133.9 

5 3.15 139.1 

6 5.13 226.3 

5.5 CALCULATION OF LOCAL NU AND CONVECTION COEFFICIENTS FROM CFD 

RESULTS 

Accurate knowledge of the heat transfer coefficients between the backsheet of the 

PV modules and the air flowing in the cavity is essential to the computation of both 
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the electrical performance of the modules and the thermal energy gains of the 

cavity.  

As already discussed in chapter 2, there exist numerous correlations for the 

estimation of convection coefficients in the duct, both for the case of buoyancy flow 

(natural convection), as well as for the case of forced circulation of air in the cavity 

by use of fans (forced convection). 

A comparison of the results of several correlations, for the range of Ra and Re 

numbers of interest in our case, is presented in Figure 5-10  (natural convection) and 

Figure 5-11 (forced convection). 

 
Figure 5-10 Natural convection: Comparison of the values of Nu determined by the 

measurements to those predicted by several well-known correlations from the literature. 
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Figure 5-11 Forced convection: Comparison of the values of Nu determined by the 

measurements to those predicted by several well-known correlations from the literature. 

 

It may be observed at a first glance that the range of Nu numbers predicted is 

extended, indicating an insufficient knowledge of the flow and heat transfer 

behavior of ducts in the transition flow regime which is associated with the specific 

geometry and flow rates.  

For this reason, an important part of this thesis (Part A) was devoted to the better 

understanding of the flow and heat transfer inside the specific type of cavity. On the 

other hand, if we focus to the lower part of the Re numbers range and to air flows, 

better agreement among measured data and expressions is observed. In [90], heat 

transfer coefficients were measured for the unribbed rectangular channel and 

compared with correlations reported in the literature. Typically, the local 

distributions obtained are characterized by a gradual decay along the streamwise 

coordinate until a quasi-constant value (corresponding to the fully developed 

conditions) is reached. This value, recast in dimensionless form, compares well with 

the Nu number for a fully developed channel flow with asymmetric heating 

expressed by the equations (Figure 5-11) 

Nu = 0.019 Re 
0.8

 Pr 
0.5

 

Nu = 0.041 Re 
0.727
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respectively taken from [89] and from numerical data presented in [163] for air 

(Pr=0.7). The measured heat transfer coefficients are in good agreement with the 

above correlations, despite the fact that, for the heated plate without ribs, the 

thermal boundary condition is not well controlled. Indeed, the finite thickness of the 

heated plate does not ensure the complete absence of thermal conduction along the 

wall, a condition required to assume uniform heat flux conditions at the wall/ fluid 

interface. This problem is alleviated at higher Re numbers. 

Now, the results of the validated CFD computations can be exploited in the 

determination of more accurate Nu and convection coefficient for the specific cavity 

flow. Starting from the natural convection case, Figure 5-12 presents the computed 

wall heat transfer coefficient at the backsheet of the PV module. An average value of 

the order of h=3.7 W/m2K can be calculated, which amounts to Nu=21 (also 

indicated for comparison on Figure 5-10. 

The same type of CFD computation can be made for the forced ventilation case. The 

results are shown in Figure 5.14 (lower capacity fan) and Figure 5-15 (higher capacity 

fan). The dotted pattern seen in these Figures should be attributed to numerical 

noise that is due to the imperfect convergence of the ANSYS runs (see residuals 

evolution in Figure 5.13). 

 

 
Figure 5-12 Wall heat transfer coefficient for the natural convection case 
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Figure 5-13 Evolution of residuals in Ansys-Cfx run for the lower capacity fan case (Fig.5-

14) 

 

 
 

Figure 5-14 Wall heat transfer coefficient for the forced convection case by ANSYS-CFX 

(lower capacity fan) 
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Figure 5-15 Wall heat transfer coefficient for the forced convection case by ANSYS-CFX 

(higher capacity fan) 

Table 5-10 summarizes the range of variation of Re number in the cavity, in the 3 

modes of operation (no fan, lower capacity fan, higher capacity fan). 

Table 5-10 Comparison of local Re and Ra number ranges in the 3 modes 

OUTDOOR EXPERIMENTS 

Mode Re Ra   Pr Nu 

  min  max min  max     

Mode1 580 9700 2.43E+06 6.36E+06 0.71 23 

Mode 2 2330 18400  -  - 0.71 59 

Mode 3 2600 22000  -  - 0.71 60 

       

       INDOOR EXPERIMENTS 

Mode Re Ra   Pr Nu 

  min  max min  max     

Mode1 600 2400 3.25E+06 5.63E+06 0.71 21 

Mode 2 2268 4352  -  - 0.71  - 

Mode 3 4637 7955  -  - 0.71  - 

A comparison of the respective, computed average values of convection coefficients 

in the 3 PV cooling modes is presented in Table 5-11. 
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Table 5-11 Comparison of average values of wall heat transfer coefficients (3 cases) 

 
ID 

Wall Heat transfer coefficient 
[W/m2K] 

Natural INDOORS 1 3.7 

110 In 2 Isothermal experiment 

190 In 3 Isothermal experiment 

Natural OUTDOORS 4 4.1 

110 Out 5 10.4 

190 Out 6 10.6 

One computation is made for the indoor test with heated PV panel (Figure 5-12), 

which results to an average value of 3.7 W/m2K. The same computation for the 

respective outdoor test (different panel temperatures and air inlet conditions) gives 

h=4.1 W/m2K. Significantly higher convection coefficients than those predicted by 

the routine forced convection correlations, are found for the outdoor tests with the 

low or the high capacity fan (10.4 and 10.6 W/m2K respectively). The improved heat 

transfer coefficients are employed in the improvement of the respective correlations 

in the building energy simulation (next chapter). 

 

Figure 5-16 Correlation of thermometric diffusivity to velocity fluctuations (adapted 

from [164]). 
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In principle, it would also be feasible to extract rough estimations for the effect of 

the flow field on the value of the convection coefficient. To this end we may rely on 

the concept of thermometric diffusivity, as related to the most energetic eddy 

circumferential velocity (Figure 5-16). 

The heat transfer rate from the PV backsheet to the heated air can be expressed as 

follows, by means of a thermometric diffusivity concept: 

  ( 5.1) 

  ( 5.2) 

On the other hand, we may simplify the calculation of the partial derivative as 

follows: 

  ( 5.3) 

And thus we arrive at the following relation for the convective heat transfer rate: 

  ( 5.4) 

Thus we arrive at the following relation for estimating the convection coefficient as 

function of a characteristic turbulent velocity and a Stanton number: 

  ( 5.5) 

This relation may be employed in cross-checking the results of Table 5.11 by taking 

into account the respective velocity fluctuation levels from Figures 4.45, 4.46 and 

4.47 and making the assumptions of an indicative Stanton number St=0.25 for all 

three sets of indoor measurement cases.  

The results are presented in Figure 5-17. As expected, the matching of indoor and 

outdoor measurement results is good for the free convection case, since the 

boundary conditions are similar (heated panel).  On the other hand, the estimation 

of convection coefficients for the 110 m3/h fan case falls well below the estimations 

from the CFD computations for the respective outdoor experiment. This is expected 

since the indoor experiment is a cold flow experiment that does not take into 

account the free convection from the heated panel. On the other hand, the 

estimation for the 190 m3/h fan case matches well the respective estimations from 
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the CFD computations for the outdoor experiment. It seems that in higher Re 

numbers the phenomenon of forced convection prevails over the free convection. 

 

Figure 5-17 Estimation of local convection coefficients based on the hot wire 

anemometry measurements of velocity fluctuations. Assumption: Stanton number = 0.25 

for all cases. 

The results of this section led to the improvements of the heat transfer correlations 

to be employed in the TRNSYS simulations that are reported in the next chapter. 

Especially the correlations for the forced convection cases need to be significantly 

improved, to produce higher Nu number values that lump the influence of buoyancy 

forces that are also present in this complex flow situation. 

5.6 DISCUSSION OF CFD RESULTS AND ESTIMATION OF HEAT TRANSFER 

COEFFICIENTS 

The device was modeled in ANSYS CFX and 3D computations of the steady state flow 

field were produced, simulating the 3 modes of indoor hot wire anemometry 

experiments.  The k-ω turbulence model was found more successful in matching the 

flow fields seen in the flow visualization. Specific improvements were made to the 

CFD computation boundary conditions in order to better predict the transient flow 
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regime. A moderately dense mesh of 1,200,000 tetrahedral elements and 203,000 

nodes was applied to model the cavity.  

The main findings are discussed below: 

The numerical method along with the k–ε and k-ω turbulence models considered in 

this study are capable of predicting average heat transfer and induced flow rate. 

The value and distribution of turbulent kinetic energy at the inlet significantly affect 

the predicted heat transfer and induced flow rate considerably. 

Correlating equations are developed for average Nusselt and Reynolds numbers 

from the experimental and numerical results in terms of dimensionless parameters. 

Flow behavior in the forced convection mode (isothermal option of heat transfer 

model): The CFD computation predicts in a satisfactory way the flow field measured by 

the hot wire anemometry and the flow behavior observed in the flow visualization 

experiments. This happens despite the fact that we are in the transition flow regime, 

with relatively low Reynolds numbers prevailing. The boundary condition applied for the 

hood exit is a fixed pressure boundary condition: -15 Pa for the high capacity fan and -5 

Pa for the low capacity fan respectively. 

Flow behavior in the buoyancy flow mode (thermal energy option in the heat transfer 

model): The CFD computation is in good agreement with the hot wire anemometry 

results. The characteristic flow profile in the central vertical section across the depth of 

the channel with the two vertical velocity peaks observed in the hot wire anemometry 

measurements is correctly predicted.  

Once tuned based on the indoor measurements, the CFD model was employed in the 

simulation of outdoor measurements. The results were validated against the results of 

the outdoor measurements. Thus, it was pointed out that the Nu calculation based on 

the CFD results is reliable. 

The improved Nu and the respective wall heat transfer coefficient correlations are 

employed in the TRNSYS building energy simulation of the concept in the next 

chapter. 

Moreover, the successful validation of the CFD computation is very important for the 

further optimization of the concept. Suggested improvements in the form of changes in 

the surface roughness or finned design of the backsheet of the PV panel may be 

assessed in advance by CFD computations. 
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Part B: Study of the building energy performance of the 

concept 
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CHAPTER 

6 

6 BUILDING ENERGY SIMULATION OF THE BIPV CONCEPT
2 

6.1 TRNSYS AS A BUILDING ENERGY SIMULATION SOFTWARE 

TRNSYS is a transient systems simulation program with a modular structure that was 

designed to solve complex energy system problems by breaking the problem down 

into a series of smaller components. TRNSYS components (referred to as "Types") 

may be as simple as a pump or pipe, or as complicated as a multi-zone building 

model. The components are configured and assembled using a fully integrated visual 

interface known as the TRNSYS Simulation Studio, and building input data are 

entered through a dedicated visual interface. In the simulation studio, the user 

specifies the components that constitute the system and the manner in which they 

are connected. The simulation engine solves then the resulting set of algebraic and 

differential equations. In addition to a detailed multizone building model, the 

TRNSYS library includes components for solar thermal and photovoltaic systems, low 

energy buildings and HVAC systems, renewable energy systems, cogeneration, fuel 

cells, etc. The modular nature of TRNSYS facilitates the addition of new 

mathematical models to the program. In addition to the ability to develop new 

components in any programming language, the program allows to directly embed 

components implemented using other software (e.g. Matlab/Simulink, Excel/VBA, 

and EES). The TRNSYS library, written in Fortran source code, includes many of the 

                                                     

2A part of this chapter has been published as: Zogou O, Stapountzis H. Energy analysis of an 

improved concept of integrated   PV panels in an office building in central Greece. Applied Energy. 

2011;88:853-66. 
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components commonly found in energy systems, as well as component routines to 

handle input of weather data or other time-dependent forcing functions and output 

of simulation results. The software is well suited to detailed analyses of any system 

whose behaviour is dependent on the passage of time and has become reference 

software for researchers and engineers around the world. Main applications include: 

solar systems (solar thermal and photovoltaic systems), low energy buildings and 

HVAC systems, renewable energy systems, cogeneration, fuel cells. TRNSYS is one of 

the listed simulation programs in the recent European Standards on solar thermal 

systems (ENV-12977-2) and has passed the Building Energy Simulation Test 

(BESTEST) [165],[137]. The level of detail of TRNSYS' building model, known as "Type 

56", is compliant with the requirements of ANSI/ASHRAE Standard 140-2001. The 

level of detail of Type 56 also meets the general technical requirements of the 

European Directive on the Energy Performance of Buildings [166]. During the last 

two decades, TRNSYS is widely employed in building energy systems simulations [11, 

12, 28-30]. There exist systematic studies comparing the performance of this 

software against experimental results, as well as comparing the results of TRNSYS to 

other industry standards for building energy simulation [15, 31]. 

6.2 COMBINED PV/THERMAL SOLAR COLLECTOR MODEL 

A sub model for the behavior of an integrated PV façade already exists in the TRNSYS 

environment. It has been developed by TESS [94]. The energy balance of the specific 

BIPVT concept is presented in Figure 2-10.  

  ( 6.1) 

Where: 
Qabsorbed  rate at which energy is absorbed by the collector (not including the 

energy absorbed and converted to electricity) 
Qloss,top,conv   rate at which energy is lost to the ambient through convection off the 

cover 
Qloss,top,rad  rate at which energy is lost to the sky through radiation off the cover 
Qloss,back  rate at which energy is lost to the zone through the back of the 

collector 
Qu  net rate at which energy is added to the flow stream by the collector 

   ( 6.2) 

  ( 6.3) 

  ( 6.4) 
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  ( 6.5) 

  ( 6.6) 

Where: 

GT total incident solar radiation on the collector surface 

hconv,top convective heat transfer coefficient from the top of the cover surface to 

the ambient air 

αPV  absorptance of the PV surface 

nPV efficiency of the PV cells as a function of the cell temperature and the 

incident radiation 

 

  ( 6.7) 

Figure 6-1 Energy balance components on the PV module 

Where : 

S the absorbed solar radiation minus the electricity production of PV cells. 

R2 is the resistance to heat transfer from the surface of the PV cells to upper 

surface of the channel. 

  ( 6.8) 
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Where : 

hrad,top  radiative heat transfer coefficient from the top of the cover surface to 

the sky 

εPV  absorptance of the PV surface 

For the fluid convection correlations we have three special cases: 

(i) No forced air flow through the channel  Re = 0  and the Nusselt number is 

based on free convection on the relationship of Hollands et al [95, 167], 

equation (2.20). 

(ii) The air flow through the channel is laminar (Reynolds number <2300). 

Then a constant surface temperature heat transfer correlation is utilized: Nu 

= 3.66.  

 

(iii) The air flow through the channel is turbulent. (Reynolds number >2300) then 

a corrected version of the well-known Dittus-Boelter heat transfer correlation 

is utilized:  

  (6.9) 

with n = 0.4 whenever the plate is warmer than the fluid and  n = 0.3 when the plate 

is cooler than the fluid. In the corrected version, the constant of the above equation 

is doubled from 0.023 to 0.05, in order to take into account the increased Nu 

numbers reported from the measurements and computations of the previous 

chapter, that are due to the coexistence of natural convection along with the forced 

convection in the vertical channel. 

Then the fluid convection coefficient h can be calculated: 

  (6.10) 

An existing model in the TESS package, namely, Type 568: Un-glazed Building 

Integrated Photovoltaic System (Interfaces with Type56) has been employed as a 

basis for the BIPV system simulation. 
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Figure 6-2 PV/T Schematic of Type 568 and Type 569 of TESS library 

This component is intended to model an un-glazed solar collector that has the dual 

purpose of creating power from embedded photovoltaic (PV) cells and providing 

heat to an air stream passing beneath the absorbing PV surface. The waste heat 

rejected to the air stream is useful for two reasons; 

 it cools the PV cells allowing higher power conversion efficiencies and 

 it provides a source of heat for many possible low-grade temperature 

applications including heating of room air.  

 

Type 568 is intended to operate with detailed building models that can provide the 

temperature of the back surface of the collector (zone air/collector back interface) 

given the mean surface temperature of the lower flow channel. The Type 56, multi-

zone building model, in TRNSYS is one of these detailed zone models. Instructions for 

connecting this model to a Type 56 building can be found later in this document. 

The thermal model of this collector relies on algorithms supplied in “Solar 

Engineering of Thermal Processes” Duffie and Beckman [147] and the fluid 

convection calculations provided by “Introduction to Heat Transfer” by Incropera 

and Dewitt [168] . 

As explained in section 5.5, the improved understanding of the heat transfer 

behavior inside the cavity that resulted from the experiments and computations of 
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Part A, led to an improvement in the heat transfer coefficient expressions for the 

specific case 

6.3 DETAILS OF THE BUILDING ENERGY SIMULATION 

A typical office building (see Figure 3-5) will be studied. Eight vertical bands of PV 

modules with the characteristics of Table 6-1 are installed on the south façade of the 

building, that is, a total of 48 PV modules with an area of about 72 m2and a total 

rated power of 9.84 kW. An air flow rate of 110 m3/h (133 kg/h) in the duct behind 

the modules is adequate to cover the ventilation needs. It needs to be tested if this 

flow rate sufficiently cools the PV panels. An increased air flow of 330 m3/h (400 

kg/h) is also comparatively assessed. 

Table 6-1  The basic technical data for the PV modules (Kyocera KD 205GH) 

DIMENSIONS 

LxWxD=990*1500*150  [mm] 

ELECTRICAL PERFORMANCE 

At 1000 W/m2 (STC) Unit  

Maximum Power  [W] 205 

At 800 W/m2 (NOCT)   
Maximum Power [W] 145 

NOCT [oC] 49 

Temperature Coefficient of 
Voc 

[V/oC] -1.20*10-1 

Temperature Coefficient of 
Isc 

[A/oC]  5.02*10-3 

Temperature Coefficient of 
Max Power 

[W/oC] -9.43*10-1 

Reduction of Efficiency (from 
1000W/m2 to 200 W/m2) 

[141] 6 

PV CELLS 

Number per module  54 

Cell Technology  Multicrystalline 

Cell shape  156*156 [mm] 

The reference building is located in Volos, Greece (latitude 39.390N, longitude 

22.940E). The TMY employed in this study has been approximated based on the 

methodology presented in [169]. The monthly meteorological data of the Greek 

National Meteorological Agency pertaining to the city of Volos for the period 1956-

1988, as well as the period 1996-2006 are presented in Figure 6-3. 
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The office building consists of a basement, ground level and three upper levels (floor 

area 162.75 m2). Its rectangular shape is elongated along the E-W axis. Each level 

consists of seven zones, in order to better study the effect of orientation. For 

example, the first floor (see Figure 6-4) involves Zone_1.1, Zone_1.2, Zone_1.3, 

Zone_1.4, Zone_1.5, Zone_1.6 and Zone_1.7. The first number indicates the floor 

and the second the zone.  Zone_1.7 consists of 4 offices and the reception room.  

Each floor has 10 offices (12.25m2 each) and one reception room (40.25m2). The 

characteristics of the building shell and windows are summarized in Table 6-2 and 

Table 6-3. 

According to legislation, Greece is divided into four climatic zones. Each zone is 

subject to specific requirements for U-value (Table 6-4) and the energy consumption 

shall not exceed reference consumption according with the usage of the building. 

The building materials and insulation thickness are assumed to follow the current 

Greek building standards and common practice. However, the wall behind the PV 

modules in the double façade is very well insulated with 10 cm polystyrol panel, in 

order to protect the interior of the building from overheating during the summer. 

The following building operation schedule was assumed: Daily schedule 07:00 – 

17:00 (Monday to Friday).  The room thermostat controls zone temperature to 21oC 

with a tolerance of ±1oC for winter season and to 26oC (tolerance of ±1oC) for 

summer season. 

Energy consumption for lighting is estimated at 15 W/m2 plus 5 kWh/(m2y) for 

parasitic control in accordance with PrEN 15193 [170]. Each office room (zones 1-6) 

is equipped with 1 personal computer and 1 printer and zone 7 (reception room) is 

equipped with 7 computers and 2 printers respectively with occupant density  in 

accordance with prEN 13779 [171]. As regards the ventilation, 0.84 Air Changes per 

Hour (ACH) are assumed, a figure which surpasses the requirements of prEN 15251 

[172] which correspond to 0.7 l/s m2. 

A flowchart summarizing the simulation model in the TRNSYS, release 16 

environment is presented Figure 6-5. The way of interaction of the sub model for the 

heat transfer in the duct behind the modules discussed in the previous section is also 

shown in this figure. 

The effect of installing PV panels to the south facing wall of the building is studied by 

performing simulations for the reference case and for three alternative building 

integrated photovoltaic configurations that are summarized in Table 6-5. 
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Figure 6-3 Characteristics of climatic conditions in the city of Volos 

 

 

 
Figure 6-4 Typical (1st) floor layout of the building employed in the simulation.  
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Table 6-2 Insulation data for the building envelope 

Building shell 

component 

Total 

thickness  [m] 

U-value  

[W/m2K] 
Layers 

Layer 

thickness 

Floor, basement 0.325 0.692 

Ceramic tiles 0.005 

Plaster 0.020 

Reinforced concrete B240 0.250 

Polystyrol insulation 0.050 

Floor, office 
space 

0.295 2.916 

Ceramic tiles 0.005 

Plaster 0.020 

Reinforced concrete B240 0.250 

Plaster 0.020 

Walls, outside 
building shell 

0.290 0.497 

Plaster 0.020 

Brick 0.090 

Polystyrol insulation 0.070 

Brick 0.090 

Plaster 0.020 

Walls, behind PV 
panels 

0.370 0.363 

Plaster 0.020 

Brick 0.250 

Polystyrol insulation 0.100 

Walls, inside 0.130 3.058 

Plaster 0.020 

Brick 0.090 

Plaster 0.020 

Roof  0.390 0.406 

Plaster 0.020 

Reinforced concrete B240 0.250 

Polystyrol insulation 0.050 

Plaster 0.020 

Deck tiles 0.050 

Frame, inside 
beams 

0.290 2.952 

Plaster 0.020 

Reinforced concrete B240 0.250 

Plaster 0.020 

Frame, inside 
walls 

0.24 3.182 

Plaster 0.020 

Reinforced concrete B240 0.200 

Plaster 0.020 

Frame, outside 0.315 0.500 

Plaster 0.020 

Reinforced concrete B240 0.200 

Polystyrol insulation 0.075 

Plaster 0.020 

Doors, inside 0.05 1.808 Processed wood chips 0.050 
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Table 6-3 Characteristics of window (including Aluminum frame) 

Window type Common double air    

 Glazing 
system 

SOLAR E 4.LOF,  6 mm Air,   
Clear_4.LOF  

U*   2.532 

U**  3.850 

g-value 0.477 

τsol  0.380 

Rsol 0.092 

Table 6-4 U-Value for the four climatic zones 

  Floor Roof Wall Window 

  UF (Wm-2Κ-1
) UR (Wm-2Κ-1

) UW (Wm-2Κ-1
) UWin (Wm-2Κ-1

) 

A climatic zone ≤ 1.20 ≤ 0.50 ≤ 0.60 ≤ 3.20 

Β climatic zone ≤ 0.90 ≤ 0.45 ≤ 0.50 ≤ 3.00 

C climatic zone ≤ 0.75 ≤ 0.40 ≤ 0.45 ≤ 2.80 

D climatic zone ≤ 0.70 ≤ 0.35 ≤ 0.40 ≤ 2.60 

 

 

Figure 6-5 Diagram of building simulation in the TRNSYS environment. 
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Table 6-5 Simulation Cases 

Reference case Building without PV panels 

Case 1 
Building with PV panels in contact with the south facing walls 
(above the ground floor). 

Case 2 
Building with PV panels in south walls: double façade, with 0.15m 
air gap: air flow rate 133 kg/h 

Case 3 
Building with PV panels in the south walls: double façade with 
0.15m air gap: air flow rate 400 kg/h  

Case 2-1 
Building with PV panels in south walls: double façade, with 0.15m 
air gap: air flow rate 133 kg/h and corrected convection 
coefficient h 

Case 3-1 
Building with PV panels in the south walls: double façade with 
0.15m air gap: air flow rate 400 kg/h and corrected convection 
coefficient h 

The transient behavior of the following system's performance variables are of 

interest in these simulations: 

 Typical zone temperature 

 Instantaneous zone heating and cooling loads 

 backsheet temperature of modules 

 electricity produced by the modules 

 electricity consumed by the fans 

6.4 SIMULATION RESULTS 

6.4.1 TRANSIENT BEHAVIOR OF THE AIR IN THE DUCT AND PV EFFICIENCY 

Comparative results of the hourly simulation of the reference case along with cases 

1, 2 and 3 are presented in Figure 6-6 and Figure 6-9. 

Figure 6-6 presents a comparison of the predicted backside panel temperature in the 

highest section of the duct, that is, behind the top PV module (3rd floor), for the case 
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[1-3] (see Table 6-5), during a typical week of the heating season. The predicted 

electricity generation from the PV panels with the limited cooling air flow rate (case 

2) is also presented in the same figure. It may be observed in this figure that the PV 

backside temperature is lowest in case 3, where the flow rate is maximized. That is, 

case 3 is expected to result in the highest PV efficiency. However, since the duct 

system is also exploited to cover the space ventilation and part of the heating loads, 

case 2 is optimized for this objective. In the following, we examine if the case 2 

design is a good compromise between these two design objectives. 

A close inspection of Figure 6-6 indicates that with case 3 the backside of the highest 

PV panel has a maximum temperature reduction of 13 oC over case 1 (not cooled PV 

panels). If we inspect the respective results for the rest of the year, we observe a 

maximum temperature reduction of 19 oC [62]. 

Obviously, the cooling effect is more enhanced for the lower PV panels, as they are 

cooled by colder air. A yearly maximum of 20oC in the temperature reduction of the 

lowest panels is observed over case 1. For comparison, the respective temperature 

reductions attained with the compromised case 2 over case 1, are about 50% lower 

for the highest PV panels (see for example Figure 6-7). This is the penalty we must 

pay for the limiting of the PV cooling air flow rate that is necessary to cover the 

HVAC system’s needs. 

Following the improvement in the heat transfer coefficients correlation, additional 

TRNSYS simulations were carried out, to compute the effect to the backsheet 

temperature of the PV modules for case 2-1 and case 3-1. 

It should be mentioned that the electricity consumption of the air circulation fans is 

not included in the simulation. This was decided based on a rough calculation, as 

follows: There exist 8 vertical sheets of PV panels in the modeled building. One fan is 

needed for each one of the cavities formed behind the modules. Since the required 

flowrate is of the order of 180 m3/h (see calculations in chapter 3) and the necessary 

pressure head does not exceed 100 Pa (because of the favourable chimney effect in 

the cavity behind the heated panels), the theoretical power required would be of the 

order of 5W for each one of the 8 fans. If we count on common efficiency values for 

this class of AC shaded pole induction motors (see Table 6-6) that do not exceed 30% 

and a fan flow efficiency of the order of 80% then the required power consumption 

for each fan would be 20 W, that is, a total of 160 W electricity consumption should 

be included in the system’s energy balance. This value could be halved to about 80W 

if we employed highly efficient split phase or permanent split capacitor electric 
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motors (see Table 6-6). This figure can be neglected if compared to the average 

electricity produced by the PV panels which is in the range of kW (Figure 6-6). 

Table 6-6 Comparative Efficiency of small AC motors (adapted from [173]). 

Power range Efficiency [ ]  
Shaded-pole motor 

Efficiency [ ]  
Split phase motor 

Efficiency [ ]  
PSC motor 

1W 0.1 - - 

10 W 0.22-0.30 0.40-0.50 0.35-0.45 
50 W 0.30-0.35 0.50-0.60 0.45-0.55 

100 W 0.32-0.40 0.60-0.70 0.60-0.70 

 

 
Figure 6-6 Typical variation of the backsheet temperature of the highest PV panels 

during the heating season and electricity production for case 2 

The corrected predictions of hourly backsheet temperatures of the highest PV panels 

(Figure 3-5) during the coldest week in winter season are presented in Figure 6-7 for 

case 2-1 and 3-1 (corrected) versus case 2 and case 3. For case 2, the maximum 

temperature correction was only 1 oC and for case 3 it reached 4 oC (see Figure 6-7 

and Figure 6-8). The maximum corrections in temperature are observed during the 

winter season, when the air enters the cavity with the lowest temperatures. 

According to the improved simulation, a yearly maximum of 10oC temperature 

reduction of the lowest panels of case 2-1 was computed over case 1. The respective 
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prediction for case 3-1 over case 1 is a reduction of 23oC in the temperature of the 

lowest panels. Obviously, the air flow past the PV panels significantly reduces their 

temperature. 

 

Figure 6-7 Typical variation of the backsheet temperature of the highest PV panels 

during the heating for case 2-1 and 3-1 with corrected convection coefficient. 

Figure 6-9 presents a comparison of the predicted zone temperatures with cases 1, 2 

and 3, against the reference case (Table 6 5), during the same (coldest) week of 

winter (-5 oC lowest ambient air temperature).   

When PV panels are installed, (cases 1-3), the air zone temperature drops at a slower 

rate after the heating is shut-off. This is explained by the additional insulation layer 

introduced by the PV panels and the air space in-between. It is known that for a 

single air space, the minimum heat conductance is typically reached with an air 

space of 0.6 to 2.0 cm. Once the boundary layer regime has been reached, further 

increase in air space thickness results to little or no decrease in conductance as 

mentioned in [49]. 

One can observe that in all 3 cases with a PV façade, the zone temperature without 

heating is about the same. That is, the existence of the air duct with air flowing in it, 

does not significantly affect the building shell losses. This can be explained because 

of the high insulation placed on the inside of the duct. 
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Figure 6-8 Corrections in the predicted hourly temperature variations by the use of the 

improved heat transfer correlations (cases 2 and 3).  

 

 
Figure 6-9 Effect of 3 different modes of installation of the BIPV panels to the variation 

of zone 3.1 temperature during the winter season 
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Figure 6-10 Typical variation of the backsheet temperature of the highest PV panels and 

electricity production during the cooling season (case 2) 

Figure 6-10 gives some insight in the behavior of the system during the cooling 

season (the hottest week of the summer). A comparison of the predicted backside 

panel temperature in the highest section of the duct, that is, behind the top PV 

module (3rd floor) for the four cases is presented. The predicted electricity 

generation from the PV panels (case 2) is also presented in the same figure. Again, 

the PV backside temperature is significantly reduced between case 1 (not cooled) 

and case 3 (highest flow rate). As regards case 2, with the limited flow rate, its 

cooling effect is significantly reduced whenever the ambient temperature levels 

exceed 40 oC. Obviously, the cooling effect significantly improves the PV panels’ 

efficiency during the summer, especially with the higher flow rate of case 3. As can 

be seen in Figure 6-11, the temperature difference for case 3-1 and case 3 is higher 

than the case with the limited flow rate, like in winter season. 

As regards the zone temperatures, the same observations apply as with the heating 

season. The additional insulating effect of the double façade is favorable to the 

building’s thermal behavior. Moreover, the existence of the vertical ducts behind the 

PV panels in cases 2-1 and 3-1, allows for alternative night cooling strategies that can 

significantly reduce the cooling energy requirements of the building. 
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Figure 6-11 Variation of the backsheet temperature of the highest PV panels during the 

cooling season (case 2-1) 

 

 

 
 

Figure 6-12 Variation of the monthly heating load of the building 
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The overall effect on the heating and cooling loads is comparatively presented for 

the four cases in Figure 6-12 and Figure 6-13  respectively. 

The installation of PV modules slightly reduces the heating load for case [1, 2-1, 3-1] 

compared to the reference case. On the one hand, the PV panels and air layer offer 

extra insulation, but on the other hand the same panels obstruct solar radiation 

(solar gains). In case 3-1 the heating load is increased, presumably due to the forced 

introduction of a higher flow rate of cold outdoor air in the vertical ducts between 

PV panels and buildings walls. This air flow cools the external wall. 

The effect on the cooling load of the building is also of interest. The cooling load in 

case 1 and case 3-1 increases about 6% and 4%, respectively, compared to the 

reference building. In case 2-1 the increase is 5%. This should be attributed to the 

convection from the air flow in the ducts behind the PV panels [19]. But there exist 

also opportunities to gain from the process. During the day, the outdoor air driven 

through the ducts is heated to high temperatures and its enthalpy could be exploited 

for producing domestic hot water by means of a tank-type air to water heat 

exchanger or an air source heat pump water heater. The existence of the vertical 

ducts may be also exploited for night cooling of the building when the outside air 

temperature is lower than the inside air temperature.  

 

 
Figure 6-13 Variation of the monthly cooling load of the building 
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6.4.2 COMPARATIVE BUILDING ENERGY SIMULATION RESULTS 

An overall PV electricity production balance is presented in Figure 6-14 and Figure 

6-15. The results of this figure indicate that the air flow behind the PV panels 

certainly improves the electricity production during the summer months, because in 

summer the backside temperatures of the panels are high and the air flow 

significantly cools the panels. 

For case 2-1 the yearly electricity production is predicted to be 2 % higher than case 

1 (not cooled PV panels). For case 3-1, which has an improved cooling effect, the 

electricity produced is 4% higher than the base case 1 [65]. According to these 

calculations, it may be necessary to increase (say, double) the duct air flow rates 

during the summer, to improve the cooling of the PV panels. This problem is due to 

the increased ambient temperature during the summer period in low latitude 

countries, which limits the PV cooling potential by ambient air that is already at 40oC 

or even higher.  

 
Figure 6-14 Monthly electricity production from the PV panel arrays 

The monthly energy balances for case 2-1, including electricity, air enthalpy gains in 

the duct, heating and cooling loads, are presented in Figure 6-16. During the heating 

season, according to the overall computation balances, the ventilation air heated in 

the duct can supply as much as 36% of the total heating load (3000 kWh out of the 

total heating load of 8400 kWh). 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 Building Energy Simulation of the BIPV Concept 

 

176  Olympia Zogou 

 

 
Figure 6-15 Annual Electricity production for cases [1 -  3.1] 

 
 

Figure 6-16 Monthly energy balances for case 2.1 (electrical – vs- thermal kWh) 

The monthly cooling load, also shown in Figure 6-16, is high, because the south-

facing walls of the building are not shaded (shading coefficients for the opaque and 
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transparent surfaces of the building are assumed to be equal to 1) and the internal 

gains of the office building are significant (occupants-lights-equipment). 

During the year, the electricity production exceeds the fan electricity consumption. 

Also, a significant air enthalpy increase of 4800 kWh is calculated. The ventilation of 

the rooms during summer is effected by direct outdoor air, bypassing the duct at 

each level. The hot air produced from the duct during the summer would be a good 

candidate for production of space cooling. The expected efficiency in this case would 

be low (a COP less than 0.2 is estimated, although Mei et al. report on a desiccant 

cooling machine, installed in the Mataro Library, with a COP of 0.518 [174]). Florides 

et al. describes the advantages and disadvantages of low energy cooling techniques 

[134]. Unfortunately, due to the small size and height of the system, the air 

temperature does not exceed 60oC (Figure 6-17). A workable approach would be to 

employ the hot air produced from the duct during the summer, to produce domestic 

hot water, by using an air-to-water heat exchanger. 

 

Figure 6-17 Monthly variation of maximum exit air temperature 

The optimization problem should also take into account the electricity consumption 

of the fans. It must be kept in mind that the fans are working to cover the ventilation 

needs of the building during the working hours. They are working at a varying 

capacity, according to the building’s ventilation needs, including night cooling in the 

summer. The exploitation of buoyancy effects saves a lot of electricity consumption 
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for the fans. It can be seen that during the year the fan consumption (see Figure 

6-16) is always lower than the electricity production.  

6.4.3 HVAC SYSTEM DESIGN IMPLICATIONS (CASE 2-1) 

The HVAC system must meet a sensible heating load of 58 kW. As regards the 

necessary outdoor air, this is calculated to 1640 m3/h based on the minimum 

requirements of prEN 15251) [172]. Out of this quantity, about 880 m3/h are 

preheated in the ducts behind the PV arrays during the heating season. The sizing of 

the supply air duct is based on the above-mentioned sensible heating load and the 

temperature difference between 40oC (maximum air supply temperature) and 21oC 

(return duct air temperature). This results to a total air flow of about 9000 m3/h for 

the winter season. Thus, the outdoor air represents 18% of the total air supply of the 

HVAC equipment in winter. The outdoor air is preheated in the ducts behind the PV 

modules. The maximum outlet temperature for January is 39.5oC (see Figure 6-17). 

Thus, for January, which is the coldest month of the year, the energy saving is about 

15% (510 kWh). During the months November and April, 100% of the heating loads 

are covered by the air heated in the duct. The total energy saving is about 36% [175]. 

The monthly energy balance for the winter season is presented in Figure 6-18.  

 

Figure 6-18 Monthly energy balance for winter season 
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The economic viability of the specific BIPVT concept could be enhanced if one takes 

into account the increase in energy rating of the building, due to the incorporation of 

the BIPVT system. To assess this effect, the primary energy consumption for heating, 

cooling and lighting, as calculated according to the methodology of EN 13790 is 

presented in Table 6-7. The primary energy conversion factors to transform natural 

gas and electricity consumption were selected as 1.05 and 2.9 respectively [176]. 

Table 6-7 Energy consumption and energy use for the 3 alternative cases   

 

Reference Case 1 Case 2.1 Case 3.1 

 

kWh/m2y 

Heating 14 12.8 13.0 13.1 

Cooling 45 47.3 47.1 46.9 

Lighting 48 48.1 48.1 48.1 

Electricity production 
 

11.2 11.4 11.6 

Heat from air stream 
  

3.3  

Sum 107 97.0 93.4 96.5 

Energy needs 

Natural gas (heating) 14 12.8 9.64 13.02 

Electricity (cooling, lighting) 93 84.2 83.80 83.46 

Final energy  (including system losses) 

Natural gas (heating) 16 14.1 10.60 14.32 

Electricity (cooling, lighting) 93 84.2 83.80 83.46 

Primary Energy 

Natural gas (heating) 17 15.5 11.66 15.75 

Electricity(cooling, lighting) 270 252.7 256.7 255.6 

Sum 296 268 265 271 
 

Table 6-8 Building rating categories 

Rating  Limits 

A+ EP ≤ 0.50RR 

A 0.33 RR < ER  ≤ 0.50 RR 

B+ 0.50 RR  < ER ≤ 0.75 RR 

B 0.75 RR < ER ≤ 1.00 RR 

C 1.00 RR  < ER ≤ 1.41 RR 

 

From the above Table 6-7 we see that in terms of primary energy consumption, a 

fuel saving of about 40% and electricity saving of 10% can be attained. Thus, if we 

install a total of 70 m2 of PV modules in the building, we can move half way towards 

the next class (that is, B+ - see  
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Table 6-8) in the grading scheme of the building’s energy certificate [2] [166]. 

The yearly electrical efficiency with respect to the incident radiation for the heating 

season is predicted to be 10.5% and the thermal efficiency 13%, respectively, 

provided that all the hot air is exploited in space heating in winter and hot water in 

the summer. If we focus only on the hot air exploited in space heating during winter, 

the system’s thermal efficiency drops to 4.2%. Of course, there exist hidden 

additional winter gains due to the heating of the south-facing walls of the building. 

Study and optimization of the overall system efficiency with respect to the thermal 

inertia of the walls and the type and placement of the insulation is a demanding task 

for the HVAC research engineer. 

The above results are in agreement with Charalambous et al.[1], Tiwari [66] and 

Chow et al. [177] which report on standard types of by PV/T collectors, and with 

Agrawal and Tiwari [68] reporting on a rooftop PV/T collector. 

We can further increase system’s efficiency during winter, if we utilize the warm air 

in the ducts during the hours and days when the HVAC is off, to maintain the inside 

air temperature of certain building zones at acceptable levels and reduce the 

Monday morning startup loads. 

During the summer season, in order to make the system more productive, we can 

employ the air ducts for night ventilation to decrease the indoor temperature levels. 

An initial economic analysis can be based on the computed system's energy 

performance data. Finally, the PV installation costs could be reduced by introducing 

a standardized system of fitting the PV arrays in a pre-fabricated frame, as applied 

today in the case of expensive ceramic tiles. 

6.4.4 USE OF FINS TO ENHANCE BACKSHEET HEAT TRANSFER 

In the following, the feasibility of backsheet cooling enhancement by means of the 

use of a finned backsheet cover with improved material is assessed. More 

specifically, an attempt is made to increase the heat transfer rate from the 

backsheet to the cooling air flow, by means of fins and modification of the backsheet 

material by use of metal fibers in the plastic. 

The fins are assumed not to disturb the buoyancy flow. In this calculation, pin fins of 

parabolic profile are selected [178], with a circular base of 2 mm diameter and a 

length of 4mm. The distance between fins is 2mm, due to the results of the 
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turbulence measurements and calculations of chapter 4 (length scale of the smallest 

eddies of the order of 1.8 mm). 

 

Figure 6-19 Proposed pin fins’ arrangement (parabolic fin profile) 

 

 

 
Figure 6-20 View of the improved backsheet surface (cooling air side) 

The fin array is designed according to the pattern shown in Figure 6-19 and Figure 

6-20. An equilateral triangular staggered arrangement is selected, with a 2 mm free 

distance between fins, both horizontally and diagonally. 

According to [178] Table 3.5, the following expression is valid for the pin fin’s 

efficiency nf: 
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  (6.11) 

Where the characteristic number m for the specific fin type is given by the relation: 

  (6.12) 

Where  

λR thermal conductivity of fin [W/m K] 

hR convection coefficient of  fin [W/m2 K] 

Assuming a thermal conductivity of the backsheet equal to 0.2 W/mK, a fin base 

diameter of D=2 mm, and a convection coefficient of 10.5 W/m2K, the dimensionless 

number m is of the order of 300. 

And the heat transfer area of each fin is given by the relation: 

  (6.13) 

Where  

 

 

 

Based on the above relations, we can make a comparison of the heat transfer rate 

from the finned backsheet surface to that from the normal (unfinned) surface. The 

comparison will be made for the basic triangular module of the finned surface (see 

figure). 

Heat transfer rate from surface without fins: 

  ( 6.14) 

Where A is the surface area of the equilateral triangle of Figure 6-19 with a 4 mm -

base. 
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Building Energy Simulation of the BIPV Concept 

The heat transfer rate from the finned surface is the sum of two parts: 

Heat transfer rate from pin fins: 

  ( 6.15) 

Where θf is the pin fins’ efficiency and Afin the fin’s surface area (equations above). 

Heat transfer from the unfinned part: 

  ( 6.16) 

  ( 6.17) 

Finally, we arrive at the expression for the total heat transfer rate from the finned 

surface: 

  ( 6.18) 

As a result, the total heat transfer from the finned surface can be readily doubled 

compared to the reference heat transfer rate from the level (unfinned) surface 

(Table 6-9).  

This is an indicative calculation, aiming to assess the capacity of different backsheet 

design versions. However, a search in the specialized literature reveals similar 

trends. For example, Cavallero and Tanda [90] in their liquid crystal thermography 

measurements in smaller rectangular channels with somewhat higher Re numbers 

(8000-35000) report that average heat transfer coefficients for the ribbed surfaces 

turned out to be higher than those for the unribbed surface by a factor of up to 2 

when the ribs were continuous, and by a factor of up to 3 when they were broken. 

The specific fin profile assumed in our calculation is indicative and is not considered 

optimal from the manufacturing point of view. Truncated pin fins would be more 

favourable for the laminating process.  

The extension of this simplified analysis to the analysis of rough fins of variable 

cross-section is straightforward [179]. In order to further improve fin efficiency, the 

backsheet material can be modified to increase its thermal conductivity.  
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Table 6-9 Calculation of extended heat transfer area from micro-fins 

h 10.6 convection coefficient of  fin  [W/m2 K] 

λR 0.2 thermal conductivity backsheet (fin) [W/m K] 

D 0.002 diameter fin m 

m 325 m (dimensionless fin number) - 

L 0.004 length fin m 

X 0.002 distance fins m 

c3 1.5 C3   

c4 1.118 C4   

V 2.51E-09 fin volume m3 

Af 1.58E-05 heat transfer area fin m2 

nf 0.86 fin efficiency   

A 5.36E-06 module area no fins m2 

Afins 7.91E-06 module area fins m2 

Amodule 6.93E-06 module area total m2 

Afins no 1.33E-05   m2 

  1.91 module area multiplication with the fins   

In the following, the effect of doubling the heat transfer rate from the backsheet to 

the cooling air flow on the building energy performance is indicatively assessed by 

means of comparative building energy simulation runs. It should be obvious by the 

above analysis that a significantly higher increase in heat transfer rate from the 

backsheet to the cooling air is possible by further improvement in the design of the 

backsheet, which has not yet been given the attention it deserves.  

Table 6-10 Simulation Cases 

Reference case Building without PV panels 

Case 1 
Building with PV panels in contact with the south facing walls 
(above the ground floor). 

Case 2-1 
Building with PV panels in south walls: double façade, with 0.15m 
air gap: air flow rate 133 kg/h and corrected convection 
coefficient h 

Case 3-1 
Building with PV panels in the south walls: double façade with 
0.15m air gap: air flow rate 400 kg/h and corrected convection 
coefficient h 

Case 2-2 
Building with PV panels in south walls: double façade, with 0.15m 
air gap: air flow rate 133 kg/h and doubled heat transfer area 

Case 3-2 
Building with PV panels in the south walls: double façade with 
0.15m air gap: air flow rate 400 kg/h and doubled heat transfer 
area 
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Figure 6-21 Comparative evolution of monthly electricity production from the PV panel 

arrays, for the simulation cases of Table 6-10. 

 

 

Figure 6-22 Comparative average monthly variation of maximum exit air temperature 

for cases 2-1, 2-2, 3-1, 3-2. 
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Figure 6-23 Comparative monthly energy balances for winter season: Cases 2-1, 2-2. 

 

 
Figure 6-24 Comparative annual electricity production for the 5 cases of Table 6-10. For 

comparison, annual electricity production for roof-mounted PV panels is 1200 kWh/kWp. 

 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



 

Olympia Zogou 187 

 

Building Energy Simulation of the BIPV Concept 

The monthly energy balances for case 2-1 and case 2-2  including electricity, air 

enthalpy gains in the duct, and the gains from preheating fresh air for winter season, 

are presented in Figure 6-16 and Figure 6-23. During the heating season, according 

to the overall computation balances, the ventilation air heated in the duct for the 

case 2-2 can supply as much as 40% of the total heating load (3400 kWh out of the 

total heating load of 8400 kWh). This leads to a decrease in heating fuel 

consumption of about 13% for the winter season, without exploiting the excess air 

enthalpy, compared with case 2-1. For case 2-2, which has an improved cooling 

effect, the electricity produced is 0.5% higher than case 2-1. 

6.5 DISCUSSION OF RESULTS 

The BIPV concept proposed in the frame of this thesis was studied by means of 

TRNSYS building energy simulation. The results of the flow and heat transfer 

investigations of Part A of this thesis are employed in the determination of more 

accurate Nusselt number correlations for the specific BIPV design concept. 

These correlations were employed to improve the respective sub model of the 

TRNSYS simulation. 

The overall effect on the energy performance of the modules is studied by means of 

the electricity produced by the PV panels, the heating energy gains and their overall 

effects on the energy rating of the building. 

As regards the electricity production, the optimized installation of the modules with 

increased cooling effect results in an average annual production of 770 kWh/ kWp, 

whereas the respective production from uncooled PV panels mounted flash the 

south facing wall is calculated to be 735 kWhe/ kWp. For comparison, the average 

annual electricity production from roof mounted PV panels in the same location is 

calculated to be of the order of 1200 kWhe/ kWp. However, the vertical panels’ 

arrangement in the double façade results in additional annual building energy 

savings, in the form of space heating during winter amounting 310 kWhth/ kWp and a 

further 210 kWhth/ kWp savings in service water heating energy consumption. 

Moreover, the above improvements may lead to improvement in building energy 

rating by one step, which results in further benefits for the building’s owner. The air 

gap that is formed behind the modules can be additionally exploited for night 

cooling during summer. Furthermore, the selection of flow rate and duct dimensions 

is critical to the performance of the PV façade. 
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According to the building energy simulation, significant improvements in the thermal 

gains of the building can be succeeded by an improved design of the backsheet 

(enhancing heat transfer by micro-fins, modified backsheet material etc). It should 

be noted that up to now, the design of the backsheet has not received the attention 

it deserves by the photovoltaic design engineers and manufacturers. The new 

approach suggested here refers to the re-design, or a novel design of the backsheet, 

to simultaneously fulfill two kinds of objectives: 

1. The usual objectives required by the PV backsheet (that is, water and air 
proof sealing of the PV, durability etc) and 

2. The objective of rejecting heat and cooling the PV modules at an increased 
rate, due to improved design of the layers to reduce heat resistance, and the 
design of the external layer in the form of finned or micro-finned surface. 

According to the proposed procedure, the new design of backsheet would be 

integrated in the manufacturing process and thus applied in the series production of 

PV modules, not as add-on on existing PV panels.  

Now, the results of this chapter may be reliably employed to perform the economic 

analysis of the next chapter.  
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7 

7 ECONOMIC ANALYSIS OF THE BUILDING ENERGY PERFORMANCE 

An economic analysis of the building application of the specific BIPV concept is 

carried out in this chapter. The building studied in chapter 7 is employed as an 

example in this analysis. Two levels of complexity are applied: We begin with a 

simplified analysis based on the assumption of a rough estimate of the annual PV 

electricity production per installed 1000 Wp, (1 kW peak electric power produced), 

as well as the annual heating and hot water energy gains. As a second step, a more 

detailed analysis which employs the TRNSYS simulation and the respective economic 

analysis module, to integrate over a Typical Meteorological Year for the specific 

location and calculate the evolution of present value of the investment during the 25 

years of the installations’ lifetime.  

Aim of this analysis is to get more refined results that will allow a profitability 

comparison among the following 3 alternative investments: 

(i) Installation of 9800 kWp of PV modules on the roof of the building (Roof 

mounted). 

(ii) Installation of 9800 kWp of standard PV modules as a double façade, as 

studied in the frame of this thesis (Case 2-1). 

(iv) Installation of 9800 kWp of the same PV modules, with improved backsheet 

design according to the suggestions of section 7.5.4 as a double façade (Case 

2-2). 
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7.1 SIMPLIFIED ANALYSIS 

The basic assumptions and results for the simplified analysis are listed below. The 

same assumptions are made for the detailed analysis of the next section. 

Table 7-1 Basic assumptions of the simplified economic analysis 

Credit conditions 

Interest rate 8.55 % 

Payback period 10 years 

Gratis period 0 years 

Capital market conditions 

Interest rate for fixed deposit 3.5 % 

Inflation rate without Energy price increase 3 % 

Inflation rate including Energy price increase 4 % 

Photovoltaic installation conditions 

Power of PV-installation 9800 W 

Time duration of power warranty 20 years 

Power guaranteed in last year covered by warranty 80 % 

Total price for PV-installation (incl. VAT, Transport, Montage, 

Network connection costs, etc.)  
35000 EUR 

Yearly maintenance costs (incl. rental of electricity meter) 250 EUR 

Annual insurance costs 150 EUR 

Tax rates 

VAT 23 % 

Income tax rate free % 

For the energy savings for heating and domestic hot water we assumed that the 

price of natural gas is 0.06 Euro/kWh and the price increases 3% per year. As we can 

see from Table 7-2 the first year of operation the profit of the BIPV system is 32 % 

lower, but the 20th year, as the electricity production reduces and the price of 

natural gas increases the profit is only 26 % lower than the roof mounted PV. 
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Table 7-2 Assumptions related to the energy production of the PV panels (simplified 

economic analysis) 

Production conditions 

Subsidies for the period  from 1 to 20 years 0.55 EUR/kWh 

Actual average consumer price for 1 kWh 0.1 EUR/kWh 

Regional estimated electricity and heating energy production 

  Roof mounted Case 2-1 Case 2-2 

  kWh kWh kWh 

Annual electricity production per installed 1000 
Wp 

1200 750 760 

Estimated heating energy gains per installed 1000 
Wp 

0 310  340 

Estimated hot water production gains per 
installed 1000 Wp 

0 210  230 

  EUR EUR EUR 

Electricity sales, 1st Year 6494 4059 4070 

Electricity sales, 20th Year 5260 3288  3296 

Energy savings (heating and hot water)  1st Year 0 340  380 

Energy savings (heating and hot water) 20th Year 0 596 670 

7.2 DETAILED ANALYSIS BY USE OF THE TRNSYS ECONOMIC ANALYSIS MODULE 

In this section, a detailed economic analysis is performed. Aim of this analysis is to 

get more refined results that will allow a profitability comparison among the above 3 

alternative investments. 

The economic comparison is made by means of comparing the evolution of the 

present value of the 3 alternative investments during the next 25 years (Figure 7.1). 

The full details of the analysis are reported in Annex VII. 

According to the comparative results presented in Figure 7.1, the roof- mounted 

photovoltaic installation remains the most economically profitable. As regards the 

standard reference case 2-1 (standard PV panels incorporated in a BIPV system), its 

present value of investment stays consistently lower than the roof-mounted 

solution. On the other hand, the suggested improvements in the backsheet design 

lead to a small increase in profitability of the investment. 
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Figure 7-1 Comparative evolution of present value of investment during the next 25 

years. 

Table 7-3 Return on investment for 20 and 25 years of operation 

  Roof mounted Case 2-1 Case 2-2 

 
(%) (%) (%) 

Return on investment for 20 years 
of operation  27.07 8.95 9.74 

Return on investment for 25 years 
of operation  30.85 12.32 13.15 

The profitability of the three alternative cases is compared in Table 7-3, by means of 

the return on investment after 20 and 25 years. If the investors sell the electricity to 

the utility company at a rate of 0.55 Euro /kWh then the return on investment for 20 

and 25 years of operation for Case 2-2 (BIPV with improved backsheet) correspond 

to 9.74 % and 13.15 % respectively.  

This explains the necessity to subsidize the installation of PV modules. 

Another way to compare the profitability of the tree alternative investments by 

means of the comparison of NPV for 20 and 25 years is presented in Figure 7-2. 

The detailed economic analysis is based on the calculation of the net present value. 
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The calculation is made for a life span of 20 and 25 years. 

The net present value (NPV) is calculated by subtracting the yearly payments to the 

bank from the net cash from the selling of the electricity minus operation and 

maintenance costs. The basic assumption as regards the financing and the same as 

these employed in the simplified analysis of the present section.  

 

Figure 7-2 Net present value for 3 alternative investments 

 

If the price of electricity was 0.3 Euro /kWh then even for the roof-mounted PV 

investment the NPV would be negative (-4669 Euro). 

The situation may become more favourable for the PV installation investment if the 

electricity pricing varies with hour of day, with higher price for the peak load hours 

which roughly correspond to the maximum PV production hours. Such scenarios with 

variable electricity pricing can be readily tested with the TRNSYS hourly simulation. 

7.3 DISCUSSION OF BUILDING ENERGY SIMULATION AND ECONOMIC ANALYSIS 

RESULT 

A building energy simulation of the proposed concept applied to a small office 

building is carried out in the TRNSYS simulation environment. The south-facing walls 

of the building are covered by double PV façades. The heat transfer coefficients for 

PV cooling are estimated based on the results of Part A. 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

Roof mounted Case 2-1 Case 2-2

N
et

 P
re

se
n

t 
V

al
u

e
 (

N
P

V
) 

 [
Eu

ro
]

20 years

25 years

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



References 

194  Olympia Zogou 

 

The simulation is carried out with a time step of 1 hour, for one full Typical 

Meteorological Year in Volos. 

The electrical energy produced is is 750 kWh per 1000 Wp of PV modules.  

The heating energy produced during the year is 520 kWh per 1000 Wp of PV 

modules. 

Out of these kWh, 60% is exploited in heating the building during the months 

November to April. 

An economic analysis is carried out to assess the profitability of investing in the 

double PV façade system. The results indicate that the system is profitable under 

certain conditions. However, the roof-mounted case remains significantly more 

profitable. 
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8 CONCLUSIONS 

A new concept of integrating PV modules to the south-facing walls of a building is 

studied by means of experiment, CFD computations and building energy simulation. 

An air gap between the PV backsheet and the building wall is employed for 

circulating outdoor air to cool the modules, keeping their efficiency high. The heated 

air is exploited by the HVAC system during winter and service water system during 

the summer. Experimental data in real world operating conditions are critical to 

support the design optimization of the concept and layout.  

 A basic building block of the proposed concept was designed and assembled for 

indoor and outdoor testing. 

 Outdoor testing of the transient electrical and thermal behavior of the device 

was conducted for several hours during a number of days in summer and 

autumn. Three different modes of cooling were tested: natural convection and 

forced convection by use of two axial fans with different capacities.  

 The results indicate a time constant of the order of 10 min for the panel 

temperature response and confirm the manufacturer’s data as regards the effect 

of panel temperature on the photovoltaic efficiency. A further slight drop in PV 

efficiency was measured for late afternoon hours, presumably due to the 

increase in air mass. 

 In general, the actual efficiency values measured do not exceed 9%. This is due to 

the relatively low insolation values associated with the vertical placement of the 

PV panels in the specific BIPVT application. Incoming solar radiation at the 

vertical surface does not exceed 800 W/m2, even at the more favorable 

conditions near the winter solstice. 

 A study of the flow field was necessary to further explain the observed 

behaviour. To this end, the testing device was subjected to indoor tests with 
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emulation of the above-mentioned modes of operation. Dynamic similarity of the 

indoor tests was checked by means of respective values of Re, Ra, Pr and Nu 

numbers’ ranges. Indoor tests comprised flow visualization measurements and 

hot wire anemometry measurements. 

 The flow visualization measurements reveal the transitional character of the flow 

and the main mechanism of eddy generation in the different modes of operation.  

 Velocity profiles were recorded at the centerline, along the depth of the cavity, 

for 4 different vertical positions, by hot wire anemometry. Average velocities of 

the order of 0.10 m/s with respective turbulent velocities of 0.01 m/s were 

recorded for the buoyancy flow (mode 1). Higher average velocities of the order 

of 0.2 – 0.35 m/s (lower and higher capacity fans, respectively) and RMS velocity 

fluctuation levels of 0.015-0.03 m/s were recorded in the cold flow experiments. 

The measured velocity profiles along the channel indicate the developing 

character of the flow and a significant sensitivity to inlet boundary conditions. 

 The hot wire anemometry data were analyzed by means of Power Spectral 

Density diagrams and autocorrelation. Integral time scales as low as 500 ms were 

calculated for the buoyancy flow case, which corresponds to an integral length 

scale of about 0.025 m. A Kolmogorov length scale of the order of 0.0018 m was 

calculated for the same case, by extension of experience from turbulent flows 

(although we cannot state that we are in the turbulent flow regime). 

 Based on the analysis of the indoor test results, if we try to enhance the heat 

transfer surface by means of fins, the minimum free distance between fins must 

exceed 1.8 mm. 

 CFD modeling was additionally applied to better understand the flow behavior of 

the basic testing device and the full scale BIPV system proposed. The CFD model 

was validated and tuned against the indoor tests in the three modes of 

operation. Once tuned, the CFD model was validated against the results of the 

outdoor tests in the three operation modes. The results improved our modeling 

of the flow and heat transfer inside the cavity and led to the determination of 

accurate wall heat transfer correlations that are necessary for the building 

energy simulations in Part B. 

 The device was modeled in ANSYS CFX and 3D computations of the steady state flow 

field were produced, simulating the 3 modes of indoor hot wire anemometry 

experiments.  The k-ω turbulence model was found more successful in matching the 

flow fields seen in the flow visualization. Specific improvements were made to the 

CFD computation boundary conditions in order to better predict the transient flow 

regime. A moderately dense mesh of 1,200,000 tetrahedral elements and 203,000 

nodes was applied to model the cavity.  
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Conclusions 

 Correlating equations are developed for average Nu/ Re or Nu/ Ra numbers from 

the experimental and numerical results in terms of dimensionless parameters. It 

was found that the existing correlations underestimated the Nu by a factor of 2. 

 In Part B of this study, the overall effect on the energy performance of the 

modules is studied by means of building energy simulation. The electricity 

produced by the PV panels, the heating energy gains and their overall effects on 

the energy rating of the building are calculated. 

 As regards the electricity production, the optimized installation of the modules 

with increased cooling effect results in an average annual production of 770 

kWh/kWp, whereas the respective production from uncooled PV panels 

mounted flash the south facing wall is calculated to be 735 kWhe/kWp. For 

comparison, the average annual electricity production from roof mounted PV 

panels in the same location is calculated to be of the order of 1200 kWhe/ kWp. 

However, the vertical panels’ arrangement in the double façade results in 

additional annual building energy savings, in the form of space heating during 

winter amounting 310 kWhth/ kWp and a further 210 kWhth/ kWp savings in 

service water heating energy consumption. Moreover, the above improvements 

may lead to improvement in building energy rating by one step, which results in 

further benefits for the building’s owner. 

 It was concluded that the selection of flow rate, duct dimensions and the heat 

transfer characteristics of the backsheet are critical to the performance of the PV 

facade. Also, different design versions must be adapted to different climatic 

conditions and orientation of the building. 

 The profitability of the investment for a vertical placement of the modules in the 

proposed BIPV arrangement was compared to the standard rooftop installation 

by means of the return on investment after 20 and 25 years. As expected, the 

roof- mounted photovoltaic installation remains the most economically 

profitable.  If the investors sell the electricity to the utility company at a rate of 

0.55 Euro /kWh then the return on investment for 20 and 25 years of operation 

for the BIPV with improved backsheet corresponds to 8.95 % and 12.32 % 

respectively calculated for the vertical placement of the modules in the building. 

It is significantly lower than that for the roof top placement. The investment 

breaks even by the 11th year of operation, only a little after the roof-mounted 

case. On the other hand, the suggested improvements in the backsheet design 

lead to a certain increase in profitability of the investment. 

 The contribution of the proposed concept to the energy performance of a 

building could become significant provided that the building heating (and 

cooling) loads are minimized by adequate insulation and shading, as well as an 

energy efficient ventilation system design.  
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ANNEX I : DEFINITIONS (SOLAR ANGLES) 

The following definitions are employed. 

Air Mass m. The ratio of the mass of the atmosphere through which beam radiation 

passes to the mass it would pass through if the sun were at the zenith (i.e.. directly 

overhead). Thus at sea level, m = 1 when the sun is at the zenith, and m = 2 for a 

zenith angle κZ of 60°. For zenith angles from 0° to 70° at sea level, to a close 

approximation, 

 m= l/cos θZ (eq. 1) 

Beam Radiation. The solar radiation received from the sun without having been 

scattered by the atmosphere. (Beam radiation is often referred to as direct solar 

radiation) 

Diffuse Radiation. The solar radiation received from the sun after its direction has 

been changed by scattering by the atmosphere.  

Total Solar Radiation. The sum of the beam and the diffuse solar radiation on a 

surface. (The most common measurements of solar radiation are total radiation on a 

horizontal surface, often referred to as global radiation on the surface.) 

Irradiance[W/m2] The rate at which radiant energy is incident on a surface, per unit 

area of surface. The symbol I is used for solar irradiance, with appropriate subscripts 

for beam, diffuse, or spectral radiation. 

Solar Time.  Time based on the apparent angular motion of the sun across the sky, 

with solar noon the time the sun crosses the meridian of the observer. 

Solar time is the time used in all of the sun-angle relationships. It does not coincide 

with local clock time. It is necessary to convert standard time to solar time by 

applying two corrections. First, there is a constant correction for the difference in 

longitude between the observer's meridian (longitude) and the meridian on which 

the local standard time is based. The sun takes 4 minutes lo transverse 1° of 

longitude. The second correction is from the equation of time, which takes into 

account the perturbations in the earth's rate of rotation which affect the time the 

sun crosses the observer's meridian. The difference in minutes between solar time 

and standard time is 
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  (eq. 2) 

Where Lstis the standard meridian for the local time zone and Lloc is the longitude of 

the location. The Local Standard Time Meridian (LSTM) is a reference meridian used 

for a particular time zone and is similar to the Prime Meridian, which is used for 

Greenwich Mean Time.  

The equation of time E (in minutes) is determined from Equation 

  (eq. 3) 

Where  

  (eq. 4) 

n= day of the year. Thus 1≤ n ≤ 365 

The corrections for equations of time and displacement from the standard meridian 

are in minutes. Time is usually specified in hours and minutes. 

The geometric relationships between a plane of any particular orientation relative to 

the earth at any time (whether that plane is fixed or moving relative to the earth) 

and the incoming beam solar radiation, that is, the position of the sun relative to 

that plane, can be described in terms of several angles  

The angles are as follows: 

φ Latitude (Figure A. 1), the angular location north or south of the equator, 

north positive: -9O°≤ φ≤9O°. 

δ Declination (Figure A. 1), the angular position of the sun at solar noon (i.e., 

when the sunis on the local meridian) with respect to the plane of the equator, north 

positive:-23.45° ≤ δ≤23.45°.  

The declination δcan be found from the equation of Cooper (1969)[180]: 

  (eq. 5) 

n= day of the year 
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θz Zenith angle, the angle between the vertical and the line to the sun, the angle 

of incidence of beam radiation on a horizontal surface (Figure A. 2) 

αs Solar altitude angle (elevation angle), the angle between the horizontal and 

the line to the sun, i.e. the complement of the zenith angle. The sum of altitude 

angle and zenith angle equals 900.The maximum elevation angle occurs at solar noon 

and depends on the latitude and declination angle (Figure A. 2). 

 

Figure A. 1 Latitude(φ), declination (δ) and zenith angle(θz), adapted from [181] 

We calculate the solar altitude angle, αS using the equation: 

  (eq. 6) 

 

Figure A. 2 Zenith(θz)and Solar altitude (elevation)angle(αs), adapted from[181] 

ys Solar azimuth angle, the angular displacement from south of the projectionof 

beam radiation on the horizontal plane (). 
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ω Hour angle, the angular displacement of the sun east or west of the local 

meridian due to rotation of the earth on its axis at 15° per hour, morning 

negative, afternoon positive.  

θ Angle of incidence, the angle between the beam radiation on a surface and 

the normal to that surface. Additional angles are defined that describe the 

position of the sun in the sky:  

β Slope, the angle between the plane of the surface in question and the 

horizontal 0 < β  < 180°.   (β > 90°means that the surface has a downward 

facing component), (Figure A. 3). 

y Surface azimuth angle, the deviation of the projection on a horizontal plane 

of the normal to the surface from the local meridian, with zero due south, 

east negative, and west positive; -180° < γ <180° (Figure A. 3). 

The geometrical position of the sun relative to a location is specified by an altitude 

angle αsand an azimuth angle γsofa coordinate centered at the point of observation 

on earth.  

In the Northern (Southern) Hemisphere, the solar azimuth is referenced to south 

(North) and is defined as positive towards the west, that is, in the evening, and 

negative towards the East, that is, in the morning. 
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Figure A. 3 Zenith (θz), Solar altitude (αs),Solar azimuth angle (ys), Slope (β), Surface 

azimuth (γ) for a tilted surface 
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ANNEX II: INCIDENT SOLAR RADIATION CALCULATIONS 

The amount of solar radiation incident on a tilted surface is the component of solar 

radiation perpendicular to the surface (Figure A. 4). The following figure shows how 

to calculate the radiation incident on a titled surface (Imodule) given either the solar 

radiation measured on the horizontal surface (Ihorizontal) or the solar radiation 

measured perpendicular to the sun (Iincident). The equations relating Imodule, Ihorizontal 

and Iincident are:  

  (eq. 7) 

  (eq. 8) 

The elevation angle: 

  (eq. 9) 

From these equations a relationship between Smodule and Shorizontal can be given as:  

  (eq. 10) 

s

ssun's

rays

solar

array

horizontal plane

Iincident
I

I

horizontal

module

 

IS THE TILT ANGLE OF THE MODULE MEASURED FROM THE HORIZONTAL. ADAPTED FROM [182]  

Figure A. 4 Tilting the module to the incoming light reduces the module output. 
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An important parameter in the design of photovoltaic systems is the maximum 

elevation angle, that is, the maximum height of the sun in the sky at a particular time 

of the year. This maximum elevation angle occurs at solar noon and depends on the 

latitude and declination [183]. 

 

 

Institutional Repository - Library & Information Centre - University of Thessaly
14/06/2024 05:39:22 EEST - 18.119.114.58



ANNEX III: FLOW VISUALIZATION VIDEOS 

Olympia Zogou 221 

 

ANNEX III: FLOW VISUALIZATION VIDEOS 

ΝΑΜΕ  POSITION FLOWRATE  
111027 UP 190m3/h honeycomb 

11109 UP 190 m3/h honeycomb 

11314 UP 190 m3/h honeycomb 

11543 UP 190 m3/h honeycomb 
13825 UP Natural  

14818 UP 110m3/h honeycomb 

    

20604 Down 110m3/h honeycomb 
20713 Down 110m3/h honeycomb 

21505 Down 110m3/h honeycomb 

22223 Down Natural  

22441 (more left) Down Natural  
22808 Down 190 m3/h honeycomb 

23007 Down 190 m3/h honeycomb 

23224 Down 190 m3/h honeycomb 
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ANNEX IV: HEAT TRANSFER COEFFICIENTS IN CFX 

Fixed Temperature 

The wall boundary is fixed at a specified Tw. The heat flux into the domain is 

calculated for laminar flows from the temperature gradient at the wall, and for 

turbulent flows by: 

  (eq. 11) 

Where Tnw.is the near wall temperature and hc involves the use of turbulent wall 

functions.  

Wall Heat Transfer Coefficient (hc) and Wall Adjacent Temperature (Tnw) From Ansys 

These two variables are calculated as part of the convective heat transfer at a wall. 

Laminar flow model: 

 Wall Heat Transfer Coefficient, hc, is calculated by rearranging the expression 

for the convective heat flux in Equation 11.9 and setting the wall 

temperature as described above. 

 Wall Adjacent Temperature, Tnw , is the average temperature in the element 

adjacent to the wall. 

Turbulent flow model:  

Wall Heat Transfer Coefficient is given by the thermal wall functions. The theory of 

thermal wall functions can be found at Heat Flux in the Near-Wall Region in the CFX-

Solver Theory Guide. For turbulent flow without viscous work active, the Wall 

Adjacent Temperature is the conservative (solved for) temperature in the control 

volume adjacent to the wall. On the other hand, if viscous work is active, the 

Equation of Heat Flux in the CFX-Solver Theory Guide, can be rearranged as: 

  (eq. 12) 

Therefore, with viscous work active, the Wall Adjacent Temperature becomes: 

  (eq. 13) 
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ANNEX V: MORE PSD SPECTRA FROM HOT-WIRE MEASUREMENTS 

  

  

 

Figure A. 5 PSD spectrum, high capacity fan -190 m3/h. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=147.50 mm). 
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Figure A. 6 PSD spectrum, high capacity fan -190 m3/h. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=146.250 mm). 
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Figure A. 7 PSD spectrum, low capacity fan -110 m3/h. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=147.50 mm). 
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Figure A. 8 PSD spectrum, low capacity fan -110 m3/h. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=146.25 mm). 
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Figure A. 9 PSD spectrum, buoyancy flow experiment. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=147.50 mm). 
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Figure A. 10 PSD spectrum, buoyancy flow experiment. Position nearest to the PV panel 

wall, for the 4 different vertical positions (UX1: z=400, UX2: z=700, UX3: z=1000, UX4: 

z=1300 mm from bottom), along the vertical centerline (x=146.25 mm). 
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Figure A. 11 LabView Front Panel of the program employed in the measurements 
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Figure A. 12 LabView Block Diagram of the program employed in the measurements 
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Figure A. 13 LabView Block Diagram of the program employed in the measurements 
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Figure A. 14 LabView Block Diagram of the program employed in the measurements 
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Figure A. 15 LabView Block Diagram of the program employed in the measurements 
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Year Date 

Efficie

ncy

Electricity 

sale

Heating 

Savings 

Total 

income

Annual 

maintenance 

costs

Annual 

insurance 

costs

amorti- 

zation

loan 

interest

Loan 

Balan

ce

depre- 

ciation

inte- 

rest 

cash  

flow

 inte-

rest

Present 

Value

Present 

Value

Present 

Value

Rate of 

return

0 1/1/11 1.00 35000 0 23564 23564

1 1/1/12 1.00 4059 340 4399 250 150 3699 2993 31301 1750 0 -2692 825 24389 21697

2 1/1/13 0.98 4018 350 4369 250 150 4015 2676 27287 1750 -94 -5509 854 25243 19734

3 1/1/14 0.97 3978 361 4339 258 150 4358 2333 22928 1750 -193 -8462 883 26126 17664

4 1/1/15 0.96 3937 372 4309 265 150 4731 1960 18198 1750 -296 -11555 914 27041 15485

5 1/1/16 0.95 3897 383 4279 273 150 5135 1556 13062 1750 -404 -14795 946 27987 13192

6 1/1/17 0.94 3856 394 4250 281 133 5574 1117 7488 1750 -518 -18168 980 28966 10799

7 1/1/18 0.93 3815 406 4221 290 130 6051 640 1437 1750 -636 -21693 1014 29980 8287

8 1/1/19 0.92 3775 418 4193 299 128 6568 123 -5131 1750 -759 -25377 1049 31030 5653

9 1/1/20 0.91 3734 431 4165 307 125 7130 -439 -12261 1750 -888 -29224 1086 32116 2892

10 1/1/21 0.90 3694 444 4137 317 123 7739 -1048 -20000 1750 -1023 -33240 1124 33240 0

Year Date 

Efficie

ncy

Electricity 

sale

Heating 

Savings 

Total 

income

Annual 

maintenance 

costs

Annual 

insurance 

costs

amorti- 

zation

loan 

interest

Loan 

Balan

ce

depre- 

ciation

inte- 

rest 

cash  

flow

 inte-

rest

Present 

Value

Present 

Value

Present 

Value

Rate of 

return

11 1/1/22 0.89 3653 457 4110 326 0 0 0 1750 0 3784 3784 3656

12 1/1/23 0.88 3613 471 4083 336 0 0 0 1750 132 7663 7663 7154

13 1/1/24 0.87 3572 485 4057 346 0 0 0 1750 268 11642 11642 10501

14 1/1/25 0.86 3531 499 4031 356 0 0 0 1750 407 15724 15724 13703

15 1/1/26 0.85 3491 514 4005 367 0 0 0 1750 550 19912 19912 16766

16 1/1/27 0.84 3450 530 3980 378 0 0 0 1750 697 24211 24211 19696

17 1/1/28 0.83 3410 546 3955 389 0 0 0 1750 847 28624 28624 22498

18 1/1/29 0.82 3369 562 3931 401 0 0 0 1750 1002 33155 33155 25179

19 1/1/30 0.81 3328 579 3907 413 0 0 0 1750 1160 37810 37810 27742

20 1/1/31 0.80 3288 596 3884 426 0 0 0 1750 1323 42592 42592 30194 2.16%

Year Date 

Efficie

ncy

Electricity 

sale

Heating 

Savings Total 

income

Annual 

maintenance 

costs

Annual 

insurance 

costs

amorti- 

zation

loan 

interest

Loan 

Balan

ce

depre- 

ciation

inte- 

rest 

cash  

flow

 inte-

rest

Present 

Value

Present 

Value

Present 

Value

Rate of 

return

21 1/1/32 0.79 3247 614 3861 438 0 0 0 0 1491 47505 47505 32539

22 1/1/33 0.78 3207 633 3839 452 0 0 0 0 1663 52555 52555 34780

23 1/1/34 0.77 3166 651 3817 465 0 0 0 0 1839 57747 57747 36924

24 1/1/36 0.76 3125 671 3796 479 0 0 0 0 2021 63086 63086 38973

25 1/1/37 0.75 3085 691 3776 493 0 0 0 0 2208 68577 68577 40933 5.31%
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