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1. INTRODUCTION 

Climate change urges developed countries to reduce their energy consumption, as well 

as to increase the share of renewable energies in what they use. As the building sector 

is responsible for 40 % of the total energy consumption in the European Union, every 

feasible investment reducing the primary energy consumption of a building sector is 

favourable. 

Solar air heating is a cost effective way of providing a building with renewable solar 

energy. Transpired solar collectors (TSC), which are common in North America and are 

getting more and more widespread in Europe too, represent a remarkable segment of 

the solar air heating market. The potential of the transpired solar collector lays in its 

simple construction, almost maintenance-free operation and thus low payback periods. 

A dark, perforated absorber plate is mounted in 15-20 cm distance onto the building’s 

original façade, creating an air gap, which is closed from its sides. Air handling units 

are supplied with fresh air from the gap, which air can enter only through the 

perforations of the absorber plate. The transpiration of the absorber ensures the transfer 

of the solar heat into the fresh airstream. 

 

Figure 1: TSC construction and operational principle [1] 

One has to be aware of the summertime operation of every solar thermal system, 

because they should never negatively influence the energy household of the building. 

Research focuses primarily on the summer operation of the roof-mounted TSC system, 

underlining that it not only does not increase, but reduces cooling load, in every hour of 

the day. 

During night-time, a roof-mounted TSC cools down below ambient temperature as its 

collector plate radiates heat towards the cold sky. If air is drawn through the perforated 

plate, it can be cooled down in a passive manner. Literature mentions the nocturnal 
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cooling down of the sky-facing collector plate [2], and at the same time calls for research 

on this phenomenon, as no adequate information is available to describe the passive 

cooling operation of the TSC. 

Over the day, the roof-mounted TSC is independent from the ventilation system, as the 

air handling units are supplied over a by-pass duct, directly from the ambience. As the 

solar radiation heats up the collector plate of the TSC, a natural airflow comes to be in 

the air gap and thermally decouples the collector plate and the roof. Thus, a building 

can benefit from the transpired solar air heater all year, as it not only turns solar energy 

into air heating but also contributes in the summer cooing load reduction, twofold. 

 

Figure 2: Nocturnal passive air cooling and roof ventilation by transpired solar collectors [3] 

The literature of the transpired solar collector lacks the information about the climate 

dependency of the thermal performance in solar air heating operation. Investigating this 

marks the third main direction of research. A reference industrial building has been 

created with characteristic architecture and quality parameters of the building envelope. 

It is equipped with a TSC system, the energy production of which is to be evaluated for 

four locations with different climate, using RET Screen 4 software. 

2. TARGETS OF RESEARCH 

The focus of the dissertation is to investigate the cooling load reduction of the transpired 

solar collector, as well as the climate dependency of its solar air heating performance. 

The research can be divided into three major parts. 

First, the night-time passive air cooling operation of the roof-mounted TSC has been 

described by creating a mathematical model for the heat transfer mechanisms between 
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the parts of the TSC and the cooled airflow. Main targets of the nocturnal passive 

cooling research are:  

 creating a physical and mathematical model to describe the heat transfer 

mechanisms between the TSC parts and the cooled airflow. The model aims to 

be suitable for the evaluation of the cooling potential, 

 validation of the mathematical model based on measurements, 

 proving that the energy analysis of nocturnal air cooling with a small scale 

TSC (5 m2) can be successfully carried out by using global energy balance 

equations with concentrated parameters, expressing the first law of 

thermodynamics, 

 determination of a new Nusselt-correlation for the calculation of the 

convective heat transfer between the collector plate and the plenum air, 

 elaboration of a method to determine the most suitable equivalent clear sky 

temperature model to be used for the performance evaluation of the nocturnal 

air cooling operation with TSC. 

The second main target of research is to underline that the roof-mounted TSC 

significantly reduces the cooling load, which reaches the building through the roof. 

Research objectives of the daytime cooling load reduction are the following: 

 creating a physical and mathematical model to describe the heat transfer 

mechanisms between the TSC parts for the daytime case without suction. The 

model aims to be suitable for the evaluation of the cooling load reduction 

potential, 

 creating a correlation to describe the cooling load reduction between the 

collector plate and the back plate (symbolising the building roof), 

 proving that the roof mounted TSC reduces the cooling load reaching the 

building interior through the roof. 

The third goal of research is related to the solar air heating operation, namely to 

determine the climate dependency of the TSC performance. Detailed targets are as 

follows: 

 determination of the energy consumption of the reference building when 

located in four Turkish cities with different climate. For each location, the 

energy consumption is to be determined in a monthly time step for four cases: 
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collector azimuth of 0° (south-facing), 45° (southwest or southeast facing) and 

90° (west or east facing), and without TSC, 

 determination of the solar fraction’s dependency on heating degree days and 

the intensity of solar radiation. 

3. LITERATURE REVIEW 

Due to its build-up, the heat producing mechanism of the transpired solar collector is 

different from conventional flat plate or vacuum-tube collectors. In order to determine 

the nocturnal passive cooling performance or the daytime cooling load reduction of the 

TSC, it is inevitable to understand the heat transfer mechanism of solar air heating with 

it. 

The mathematical model of the heat production has been developed by several 

researchers based on equations of heat transfer between TSC elements (collector plate, 

air gap and back plate). [4–7] Performance evaluation of solar air heating by TSC can 

be carried out by available models. These models rely on some fundamental 

simplifications, the applicability of which have been also backed up in several studies. 

Temperature distribution of the collector plate has been investigated by many. [5,7–9] 

As a result of the high thermal conductivity of the aluminium or steel collector plate, its 

temperature distribution can be considered as homogenous. This allows us to 

characterise the collector plate temperature by one single value. This statement is also 

one of the assumptions of the current research, as the temperature of the collector plate 

was measured in one point in the geometrical centre of the collector. 

Besides the collector material, several studies have reported on the effect of different 

collector geometries. This direction of research is particularly important, as the 

commercially available TSC – which is also objective of the current investigation – is 

not flat, but a trapezoidal plate. CFD simulations have been carried out using collector 

plates with sinusoidal [10] as well as trapezoidal corrugations [11] in order to give an 

overview of flow structure and convective heat losses resulted by wind. Flat and 

trapezoidal collector plates were compared in these regards using numerical simulation 

and laboratory measurements. [12] Various perforation geometries were investigated 

with the visualisation of the flow patterns in order to determine the most advantageous 

shape for enhanced heat transfer between the collector plate and the airflow. [13] In the 

current research a measurement setup was used consisting of a trapezoidal collector 

plate with slit-like perforations, as this is the commercially available TSC plate. 
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Hall and Blower [14] recommend the use of selective coating, in order to minimise 

radiative losses from the collector plate to the surroundings. Absorption and emission 

coefficients are highly important in the current research of nocturnal passive cooling, as 

they significantly influence the radiant heat flow to the sky, and the heat gains of the 

collector plate from the surroundings. Different optical parameters would be ideal for 

the daytime solar air heating and the night-time radiant air cooling operation. However, 

this was not objective of the current research, as it aims to investigate the air cooling 

performance and cooling load reduction capacity of the commercially available TSC. 

Based on the review of the literature of the transpired solar collector, it can be stated 

that remarkable information is available about the solar air heating operation. Studies 

have been conducted in order to acquire information about the mechanism of heat 

production as well as the maximisation of performance by various constructional 

developments. However, no scientific results can be found regarding the summertime 

operation of the building integrated TSC, when the necessity of solar air heating restricts 

to certain process applications and buildings generally have to be provided with cooling. 

Free cooling systems are gaining increased attention as air conditioners are responsible 

for a remarkable amount of the electric peak load in summer. Several studies have 

shown that night ventilation of buildings reduces peak loads of the following day. 

Whenever the outdoor temperature is cold enough to cool down a building’s structure 

over the night, it is led to the interior either on a natural or a mechanical way, creating 

a colder thermal mass for the next day. In whole Northern Europe, including the British 

Isles, the potential of night time ventilation is very significant in building cooling. In 

Central, Eastern and in even some regions of Southern Europe the climatic potential 

remains still significant. However, in regions such as southern Spain, Italy and Greece, 

where the highest cooling loads come to be, the potential is limited. [15–20] A way to 

increase the cooling performance of nocturnal ventilation is the introduction of a 

radiator which cools down below ambient temperature under nocturnal longwave 

radiation to the sky. Systems based on long-wave radiation to the sky have been widely 

investigated by scientists, yet they are considered to be a novel technology in today’s 

building service engineering praxis. [21,22] Parker [23,24] carried out an evaluation to 

see the potential of a nocturnal radiant cooling system for residential buildings in North-

America. Hollick [2] investigated the cooling down and the air cooling potential of a 

corrugated, perforated metal plate which is commonly used as absorber of the transpired 

solar collector TSC. He concludes that “tests have shown that night radiation cooling 

has the ability to cool air and thus buildings but the design tools to predict and evaluate 

the amount of cooling are severely lacking.” 
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The roof of a building can heat up to high temperatures, increasing significant cooling 

load for interior spaces in summer. One of the methods of reducing the effect of solar 

radiation is to prevent it from reaching building surfaces by employing double layer 

techniques either on the wall or on the roof. Several studies have examined the energy 

saving potential of double roofs, underlining their beneficial effects. [25–31] The effects 

of cavity ventilation, roof slope, solar radiation intensity, cavity size, and shape and 

panel profiles have been investigated on the airflow in a ventilated roof. [32–34] It has 

also been proven that steeper roof slopes result in lower cavity temperatures. [35] Chan 

et. al. [36] presented a review of passive solar heating and cooling technologies, in 

which it is underlined that the main benefit of a ventilated roof can be realised in 

summer when the building is protected from solar gains. The study also reports on the 

air heating function of the transpired solar collector. 

The aim of the current research is to supplement the scientific literature of transpired 

solar collectors with the complex energy evaluation of the TSC. This incorporates the 

performance evaluation of the nocturnal air cooling based on radiation towards the clear 

sky, the daytime cooling load reduction by natural ventilation of the air cavity, as well 

as the climate dependency of the solar air heating performance. 

 

Figure 3: Heat transfer mechanisms between TSC components during nocturnal air cooling 

I have developed a mathematical model for the energy evaluation of the nocturnal 

passive air cooling by TSC. The roof-mounted TSC consists of a collector plate, back 
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plate and an air gap between them. The air gap is sealed from all directions, so air can 

enter only through the perforations. A fan is connected to the air gap, which makes the 

air transpire the collector plate. Heat transfer between the TSC components can be seen 

in Figure 3, based on which the mathematical model has been set up. 

Similarly I have elaborated a mathematical model for the daytime cooling load 

reduction. In this case natural ventilation comes to be in the air gap, which thermally 

decouples the back plate from the collector plate. The physical model can be seen in 

Figure 4. 

 

Figure 4: Heat transfer mechanisms between TSC components during daytime roof ventilation 
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Figure 5: TSC measurement setup used for the complex energy evaluation 

For the validation of the mathematical models I used the TSC measurement setup, which 

can be seen in Figure 5. It was installed on the Engineering Faculty Campus of Trakya 

University, Edirne, Turkey.  

4. MAIN RESULTS 

TSC Nocturnal Radiant Cooling Operation Mathematical Model 

A mathematical model has been elaborated for the determination of the passive cooling 

performance of the transpired solar collector. The model contains simplifications and 

assumptions which have been previously used in the TSC solar air heating research. 

These are: 

 the temperature of the collector plate can be characterised by one single value, 

 the temperature of the back plate can be characterised by one single value, 

 the temperature of the plenum air can be characterised by one single value, 

 the effect of the edges can be neglected. 

The model has been validated with measurements for typical roof tilts (0°, 20°, 30°, 

40°). 

A new Nusselt-correlation has been developed for the calculation of the convective heat 

transfer between the cold collector plate and the airstream which transpires it. 

Measurement points fit the recommended correlation by R2 = 0.99. The application 

boundaries of the Nusselt-correlation equal the general operational boundaries of 

transpired solar collectors with transpiration range of 28.63-76.36 [m3/(hm2)] and wind 

velocities 0.53-3.08 [m/s]. 

For the calculation of the radiative heat transfer between the collector plate and the sky, 

a correlation is necessary to estimate the equivalent temperature of the sky. This is a 
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fictional temperature, using which one can simplify the surface-to-volume radiation to 

a much simpler surface-to-surface phenomenon. For the determination of the equivalent 

sky temperature several models are available in the literature. Finding the most suitable 

one is critical for the performance evaluation of the nocturnal radiant cooling, because 

the entire process is powered by the radiant heat flow from the collector plate to the sky. 

I have developed an algorithm for choosing the model that delivers the most accurate 

cooling performance. The procedure is summarised in Main Result 3. 

Main Result 1  

In the energy evaluation of nocturnal radiant cooling with a small-scale (5 m2 or 

bigger) transpired solar collector, the description of the heat transfer and airflow 

phenomena with multi-dimensional, simultaneous energy balance equations can 

be neglected. The cooling performance can be determined by a system of global 

energy balance equations of concentrated parameters, given for each component 

of the transpired solar collector based on the first law of thermodynamics. The 

resultant of these approximates the actual cooling performance with -3.1 W 

absolute and 1.8 % relative error. 

Publications: [P1]-[P4] 

Main Result 2  

For the calculation of the convective heat transfer between a perforated, 

trapezoidal plate and warmer airflow transpiring the plate, the following Nusselt 

correlation is to be utilised: 

𝑵𝒖𝑫 = 𝟏, 𝟎𝟓 ∙ 𝑹𝒆𝑫
𝟎,𝟖𝟐

. 

The equation determines the correlation between the Reynolds and the Nusselt 

number with R2 = 0.99. 

Ranges of application: 

 tilt of plate: 0°-40° from the horizontal 

 wind velocity: 𝒘𝒘𝒊𝒏𝒅 = 𝟎. 𝟓𝟑 − 𝟑. 𝟎𝟖 𝒎 𝒔⁄  

 plate transpiration: �̇�𝟎 = 𝟐𝟖. 𝟔𝟑 − 𝟕𝟔. 𝟑𝟔 𝒎𝟑 (𝒉 ∙ 𝒎𝟐)⁄  
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Main Result 3  

The most suitable equivalent sky temperature model for the air cooling 

performance evaluation of transpired solar collectors can be determined using the 

following method. TSC cooling performance can be either determined by direct 

measurement or given as the resultant of the energy balance equations given for 

its components.  The latter results in different performance values for each sky 

temperature model used. Chosen is to be the model which delivers the resultant 

performance fitting the measured one with the most favourable results of 

statistical analysis.   

 

Figure 6: Flowchart of the most suitable equivalent sky temperature model determination 

Publications: [P1]-[P2]   
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Daytime Cooling Load Reduction with Roof-Mounted TSC 

I developed mathematical model for the evaluation of the roof cooling load reduction 

by a naturally ventilated double-roof constructed by mounting a transpired solar 

collector onto the original roof. The model has been validated with measurements for 

typical roof tilts (10°, 20°, 30°, 40°). Thermal images and measurements verify that the 

natural airflow comes to be in the air gap and the perforated plate is being transpired. 

The target of the model is the determination of the cooling load reduction between the 

collector plate and the back plate, which comes to be due to the shading of the roof by 

the TSC as well as the natural airflow. The roof cooling load reduction is advantageous 

not only from the energy point of view, but also the indoor thermal comfort is improved 

as the radiant heat flow striking the occupants from the ceiling can be significantly 

reduced. 

 

Figure 7: Heat load reduction between the collector and the back plate as a function of the solar radiation 

intensity measured in the collector plane 

Main Result 4  

A roof-mounted transpired solar collector with no suction applied, reduces a 

building’s cooling load through the roof. The reduction is directly proportional to 

the intensity of the solar radiation measured in the collector plane. As a result of 

this the roof heat gain stays independent from the intensity of the solar radiation. 

This can be expressed as: 

�̇�𝒈𝒂𝒊𝒏,𝒄𝒐𝒍𝒍 − �̇�𝒈𝒂𝒊𝒏,𝒃𝒑 = 𝟎. 𝟗𝟐 ∙ 𝑰𝒓𝒂𝒅 − 𝟑𝟏. 𝟔 

with �̇�𝒈𝒂𝒊𝒏,𝒄𝒐𝒍𝒍 the heat gain of the collector plate [W/m2], �̇�𝒈𝒂𝒊𝒏,𝒃𝒑 the heat gain of 

the back plate [W/m2] and 𝑰𝒓𝒂𝒅 the intensity of solar radiation measured in the 

collector plane [W/m2]. The equation describes the correlation between the cooling 

load reduction and the solar radiation intensity with R2 = 0.99. 

Publications: [P5], [P6] 
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Effect of Different Climates on the Solar Fraction 

Energy consumption analysis of a reference industrial building has been executed using 

RETScreen 4 software in order to obtain the differences for four Turkish locations with 

significantly different climate. The cities chosen represent extrema regarding the solar 

radiation intensity and heating degree days in Turkey, a country with so diverse climatic 

conditions, that the cities can also represent the edges of the HDD and SR scales in 

Central and Southern Europe. The energy consumption of the reference building has 

been determined for all for locations, for every month of a reference year for cases with 

and without TSC. The correlation between the solar fraction, the heating degree days 

and the intensity of solar radiation is summarised in Main Result 5. The correlation is 

visualised by Figure 8, based on which it can be stated that the solar fraction has a 

minimum on the heating degree day scale. This means that when the TSC operates in a 

cold location, a high proportion of the solar heat is utilised, whereas in warm climates 

the solar heat takes out a high proportion of the generally low heating demand. HDD in 

Budapest is 3061 day°C/a, whereas the yearly sum of global solar radiation is 

1260 kWh/m2a, meaning that Figure 8 delivers locally applicable information for 

Hungary. 

 

Figure 8: Solar fraction as a function of heating degree days and solar radiation 
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Main Result 5  

For a TSC-heated industrial building of typical architectural features and building 

envelope quality the solar fraction can be expressed as a function of the heating 

degree days and the intensity of the solar radiation with the following equation: 

𝑺𝑭 = 𝒂𝟏 + 𝒂𝟐 ∙ 𝑺𝑹 + 𝒂𝟑 ∙ 𝑯𝑫𝑫 + 𝒂𝟒 ∙ 𝑺𝑹𝟐 + 𝒂𝟓 ∙ 𝑯𝑫𝑫𝟐 + 𝒂𝟔 ∙ 𝑺𝑹 ∙ 𝑯𝑫𝑫 

in which  SF is the solar fraction [1], SR is the solar energy reaching one m2 of 

surface in a year [kWh/(m2a)] and HDD represents the heating degree days 

[day°C/month]. 

Constants of the equation: 

a1 0.1016 [1] 

a2 0.3995 [(m2day)/kWh] 

a3 - 2.1016 E-4 [month/day°C] 

a4 -3.3203 E-2 [m4day2/kWh2] 

a5 5.5499 E-8 [month2/(day°C)2] 

a6 -4.5012 E-5 [(m2month)/(kWh°C)] 

Publications: [P7]-[P11]  

5. APPLICABILITY OF RESULTS 

The main aim of the research was to acquire results which are not only useful for TSC 

researchers, but also applicable for building service engineers designing TSC systems. 

The nocturnal passive air cooling operation, as well as the daytime roof ventilation by 

transpired solar collectors have been up until now an unknown area. This means that 

the results open up new ways to utilise a simple solar air heater which can be installed 

on low first costs and operated in an almost maintenance-free manner. 

The evaluation of the model for nocturnal air cooling with energy balance equations of 

concentrated parameters, and the validation of this method make it possible to carry out 

industrial trial measurements for the estimation of cooling performance before setting 

up a TSC system. 

The developed Nusselt-correlation can be valuable first of all for transpired solar 

collector researchers. Using this the convective heat transfer between a complicated 

airstream (transpiration of a perforated trapezoidal plate by air) can be calculated. 
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Moreover, it can be used in all cases of heat transfer calculation with transpired 

trapezoidal plates with a warmer airflow, within the ranges of applicability. 

The developed method for the determination of the most suitable sky temperature model 

is to be utilised every time the cooling performance evaluation of a TSC system is 

carried out, as differences in geographical location can result in various models turning 

out to be the most suitable one. 

It is important to make it clear to engineers and architects that covering the façade or 

roof of a building with dark transpired solar collectors does not increase the cooling 

load in summer. In the contrary – as the current research has shown – it reduces the 

cooling load significantly. Results are scientific proof of this phenomenon, 

understanding which may help the TSC technology go more widespread. 

The correlation between the solar fraction, the heating degree days and the intensity of 

solar radiation can help engineers to estimate the solar fraction provided by a proposed 

TSC system, once performance information from other systems, operating in different 

climates is available.  

6. NOMENCLATURE 

abbreviation description unit 

HDD heating degree day [day°C/month] 

𝐼𝑟𝑎𝑑 intensity of solar radiation [W/m2] 

𝑁𝑢𝐷 Nusselt-number [1] 

Q̇conv,amb−coll convective heat transfer btw. ambiance and collector [W] 

Q̇conv,plen−coll convective heat transfer btw. plenum and collector [W] 

Q̇conv,bp−plen convective heat transfer btw. back plate and plenum [W] 

Q̇conv,amb−bp convective heat transfer btw. ambiance and plenum [W] 

Q̇rad,coll−amb radiative heat transfer btw. collector and ambiance [W] 

Q̇rad,bp−coll radiative heat transfer btw. back plate and collector [W] 

Q̇rad,amb−bp radiative heat transfer btw. ambience and back plate [W] 

Q̇gain,bp back plate heat gain [W] 
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abbreviation description unit 

Q̇gain,coll collector plate heat gain [W] 

Q̇conv,coll−amb convective heat transfer btw. collector and ambience [W] 

Q̇conv,coll−plen convective heat transfer btw. collector and plenum [W] 

Q̇conv,plen−bp convective heat transfer btw. plenum and back plate [W] 

Q̇𝑐𝑜𝑛𝑣,𝑏𝑝−𝑎𝑚𝑏 convective heat transfer btw. back plate and ambience [W] 

Q̇rad,coll−bp radiative heat transfer btw. collector and back plate [W] 

Q̇rad,bp−amb radiative heat transfer btw. back plate and ambiance [W] 

𝑅𝑒𝐷 Reynolds number [1] 

SF solar fraction [1] 

SR daily sum of solar energy on horizontal surface [kWh/m2d] 

𝑡𝑏𝑝 back plate temperature [°C] 

𝑡𝑐𝑜𝑙𝑙 collector plate temperature [°C] 

𝑡𝑎𝑚𝑏 ambient temperature [°C] 

𝑡𝑝𝑙𝑒𝑛 plenum temperature [°C] 

𝑡𝑎𝑖𝑟,𝑜𝑢𝑡 leaving air temperature [°C] 

𝑇𝑠𝑘𝑦 equivalent sky temperature [K] 
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