
PLEA2012 - 28th Conference, Opportunities, Limits & Needs Towards an environmentally responsible architecture Lima, Perú 7-9 November 2012 

 

 

Active Roof Cooling of Atria 

WIM ZEILER
1
, DEREK VISSERS

1
 

1Technische Universiteit Eindhoven, Eindhoven, Netherlands 

 
 

ABSTRACT. In the built environment there is a clear need to apply more renewable energy source. The biggest 

source of renewable energy is of course the sun. It is interesting to look at the application of active and passive 

solar energy and how it could be improved. Recently large glass-covered spaces, like atria or winter gardens, are 

more applied to make use of passive solar energy. However, the temperatures in the large glass-covered space 

can rise to such levels that there is no longer an acceptable thermal indoor environment. Therefore additional 

cooling devices are often necessary when applying glass-covered roofs for spaces. The necessary application of 

mechanical cooling reduces the benefits of the use of passive solar energy.  This study is examining how building 

integrated evaporative cooling can contribute to temperature reduction in large glass-covered spaces such as 

atria.  By maintaining a thin water film on super hydrophilic TiO2-coated building surfaces it is possible to 

reduce the surface temperatures due to evaporation of the water. The lower surface temperatures contribute to 

the reduction of indoor air temperature since the intensity of heat transfer through the cold surface is reduced. 

Variables which largely affect this evaporation process are the differences in water vapor pressure in the air and 

at the surface, the size of the contact surface and the specific mass transfer coefficient. In order to predict the 

thermal improvement effect of sprinkling water on the TiO2- coated external building surfaces. An experiment 

was performed to measure the effect of super hydrophilic roof cooling. It proved that TiO2- coated building 

surfaces, with a thin water film results in a significant reduction of the indoor temperatures. Active roof cooling 

shows a lot of potential for future energy-saving on cooling of buildings. 

 
 

INTRODUCTION  

There is clear need for more energy efficient buildings. 

Normally the attention is on energy saving technical 

measures like insulation or high energy efficient 

generation. However, an interesting area is to optimize 

the application of passive solar energy. The sun 

provides us with light and heat, both can be used in a 

building to increase the comfort for occupants and 

reduce the energy demand at the same time.  Good 

example of this are the so called greenhouse dwellings, 

which have been built at different location around the 

World, see Fig. 1.   
 

 
Figure 1 Greenhouse residence in Yamatoshi, Japan and 

Germany [1] 

 

APPLICATION OF PASSIVE SOLARENERGY: 

BUILDINS WITH LARGE COVERED AREAS 

In the Netherlands is the greenhouse residence (Dutch: 

kaswoning) a fairly new concept: a combination of a 

normal building and a greenhouse [1,2,3]. A greenhouse 

residence (GHR) is a dwelling covered by a transparent 

building envelope, which size is in the same order of 

magnitude of the dwelling and which is not in use for 

commercial horticultural activities [4]. It tries to 

optimize the use of the energy of the sun during the cold 

season. Different versions of greenhouse residences 

have been built, for instance in the Netherlands 

(Culemborg and Almere), in Germany, Sweden, France 

and in Japan [1]. In Culemborg (the Netherlands) three 

series of greenhouse residences have been built 

[2,3,5,6], see Fig. 2.  These greenhouse residences are 

designed by Arjan Karssenberg and Peter Wienberg 

from the architectural firm ‘KWSA’. In May 2002 the 

first series, one row of 6 greenhouse dwellings, was 

completed, in 2006 the second series, a row of 5 

dwellings and 2 workspaces and in 2009 the third series 

[1]. The residences of the first series are almost 

completely covered by the greenhouse and those of the 

second series have an adjacent greenhouse [6]. 

Preheated air from the greenhouse is used to ventilate 

the residence which are very well insulated. 

Photovoltaic panels are assembled on the greenhouse 

and solar collectors are applied for low temperature 

heating [6]. Single glazing is used for the greenhouse 

[5]. This causes temperatures inside the greenhouse to 

rise approximately 3-5°C above outside temperatures 

[7]. 
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Figure 2 Greenhouse residences Culemborg 1st series(2002), 

2nd series(2006) and 3th series (2009) [2] 

 

In order to keep temperatures inside the dwelling 

acceptable during the summer season, the doors and 

windows of the dwelling and the windows of the 

greenhouse are opened during the nights [7]. Sun 

screens in the greenhouse are not necessarily according 

to the architects. Nevertheless, at least 2 of the 6 

greenhouses are provided with sun screens in the form 

of cloths or a parasol [5]. An automated system is 

installed to control opening the windows of the 

greenhouse. It can be operated manually as well, 

however when it rains or when high wind speeds occur 

the windows are closed automatically.  The architects of 

the greenhouse residences in Culemborg claim that the 

greenhouse functions as a buffer between indoor and 

outdoor environment and therefore a greenhouse 

residence has a very low energy demand and a pleasant 

indoor climate. Extra space for living due to the indoor 

terrace, light and openness, no weather influences on 

the materials of the shell of the residence, fairly 

maintenance free and cheap construction are mentioned 

as other advantages of the greenhouse residence [6]. 

The application of glass covered areas to buildings was 

not only limited to houses. More and more office 

buildings in the Netherlands were designed with large 

glass covered areas. One of the pioneer buildins was the 

Alterra builing in Wageningen designed by Behnish and 

Behnish in 1998, see Fig. 3. 

 
Figure 3 Alterra �± Wageningen �± Behnish and Behnish 

 
Another interesting application of a glass covered 

extension is the De Vlinder in Wageningen, see Fig. 4. 

This building used an interesting more esthetic appear 

that the tradition green house extentions. 

 
Figure 4 The Butterfly (De Vlinder) Wageningen  
 

One of the latest Dutch examples is the Villa Flora by 

Kristinsson [8, 9] that was built in Venlo in 2011. It is a 

combination of a greenhouse and an office building, 

designed to reach for the sustainable synergy between 

both building elements, see Fig. 5 and 6. 

 

Figure 5 Roof of  Villa Flora Venlo  
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Figure 6 The inside of Villa Flora Venlo  
 
One of the problems however, that occurred in most of 

the buildings with large glass covered areas, is 

overheating in summer, due to the strong solar 

radiation.  

 

SOLUTIONS FOR OVER HEATING OF LARGE 

GLASS COVERED BUILDING AREAS 

There are different options to integrate different 

elements in, on or under the transparant roof 

construction.   This can be lamells, screens, folies, 

coatings tec. Another possibility is a ventilated double 

skin roof construction as par example the  FinanzIT 

building in  Hannover [10, 11], see  Fig. 7 and 8. 
 

Figure 7 FinanIT Hannover [11] 

 

Figuur 8 Principes en resultaten van de geventileerde dubbele 

huid dak FinanIT Hannover [11] 
 
Another alternative that is being developed is the 

addition of water filled tubes in transparant parts of the 

roof, par example the flowdeck or SMART SKIN 

principle, see Fig. 9 [9].  

 

 
Figure 9 Transparant water filled roof elements [9]. 

BUILDING INTEGRATED EVAPORATIVE 

COOLING  

Building integrated evaporative cooling (BIEC) is an 

alternative and sustainable way to cool the surfaces of a 

building or to cool the pavement of outdoor areas. The 

building is cooled by a latent heat flux as the water 

evaporates. In the BIEC application of porous materials, 

stored water or night adsorbed moisture inside the pores 

are evaporated during the hot day, and the porous 

surface temperature is reduced due to the release of the 

latent heat [12, 13]. The hydrophilicity, rate and 

capacity of the water vapor adsorption are the primary 

factors to consider in the selection of the porous 

materials. Studies on building evaporation cooling were 

mainly focused on natural materials [12, 13]. According 

to the preparation complexity and the associate costs, 

the inorganic materials can be categorized as natural 

(silica sand, volcanic ash, pebbles, siliceous shale, etc.), 

porous (silica, zeolites and clays) or as more complex 

species, such as modified clays, mesoporous molecular 

sieves, porous pillared heterostructures and metal 

organic frameworks.  

In 1972 the photocatalytic property of TiO2 was 

observed, which led to the development of applications 

like air cleaning, sterilization, self-cleaning, anti-

fogging, decoration, and building cooling [14]. 

Moreover, by supporting the TiO2 photocatalyst on 

porous hydrophilic materials, multifunctional 

composites could be produced for building application 

prospects of enhanced water vapor adsorption, surface 

solar evaporative cooling [15]. This cooling method 

reduces the building temperature by continuously 

sprinkling water onto the surfaces of the building. The 

surfaces were coated with TiO2 which made them 

highly hydrophilic and which minimized the amount of 

sprinkling water that was necessary for the cooling. A 

very thin water layer (ca. 0.1 mm) can cover all of the 

highly hydrophilic TiO2 materials. It was confirmed 

that on a clear day in the middle of summer the 

temperature drops were 15°C on window glass and 40 

°C ―50 °C  on black roof-tile surfaces. As a result the 

amount of electricity consumed is reduced by ten to 

several tens of percentage [16]. 

To investigate whether ‘Building Integrated 

Evaporative Cooling’ can contribute to temperature 

reductions in large glass-covered spaces an experiment 

has been performed. A method is proposed by 

maintaining a thin water film on hydrophilic TiO2-

coated external glass surfaces to reduce the surface 

temperatures by the release of latent heat due to 

evaporation of water. The lower surface temperatures 

contribute to the reduction of indoor air temperature 

since the intensity of heat transfer through the cold 

surface is reduced.   

In comparison to sensible heat transport is the 

evaporation of water a much more effective cooling 

method. Variables which largely affect this evaporation 

process are the differences in water vapor pressure in 

the air and at the surface, the size of the contact surface 
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and the specific mass transfer coefficient (enhanced by 

convection). 

The energy absorbance of the glass pane is the most 

sensitive factor in this cooling method, because it 

determines the surface temperatures of the glass, and 

thus the water vapor pressure at the glass surface. 

Additionally, the energy absorbance of the glass 

directly influences the incoming solar irradiation. The 

TiO2-coating technology has made it possible to 

maintain a thin film of water on vertical and horizontal 

external surfaces of buildings. Due to UV light the 

TiO2-coated surface becomes highly hydrophilic and 

plays an important role in minimizing the amount of 

sprinkling water required to form a water film. In other 

words, the irradiation from sunlight then causes the 

contact angle to decrease gradually, until ultimately the 

contact angle becomes 0º (Fig. 10). Therefore the entire 

TiO2-coated glass surface can be covered with a very 

thin water layer, resulting in a minimal use of water. 

 
Figure 10 Photo-induced hydrophilicity of TiO2 coated 

surface. 

 

 

EXPERIMENTS WITH EVAPORATIVE ROOF 

COOLING 

To determine the cooling effect of the water film on 

indoor air temperature, two almost identical test rooms 

(a) and (b) were built [17]. The test rooms are made of 

expanded polystyrene (d=0.05 m, λ=0.04 W/mK) and 

covered by single glazing. The glass covering is 

different for each of the test rooms: room (a) is covered 

by 6mm Panlilux float glass and room (b) is covered by 

6mm Pilkington Activ Clear glass (TiO2-coating) 

which is continuously sprinkled by water.  

For the measurements, the test rooms (a) and (b) were 

placed on the roof of Vertigo, Faculty of Architecture- 

Building- and Planning, University of Technology 

Eindhoven. The test rooms were exposed to the outdoor 

conditions during a time period of 2.5 hours. The 

internal air temperatures, the glass surface temperatures, 

and the heat fluxes through the glass panes have been 

registered. For the temperature measurements electrical 

resistors where used whose resistance varies 

significantly with temperature (thermistor). The heat 

flux through the glass pane was measured by heat flux 

plate sensors. The solar irradiation was measured by a 

pyranometer and for the other outdoor conditions 

(temperature, humidity and wind velocity) information 

of the Dutch Meteorological Institute KNMI was used. 

The position of the sensors is shown in Fig. 11 and the 

measurement set-up is shown in Fig. 12. 

 
Figure 11 Position of the sensors  

 

 
Figure 12 Measurement set-up  

 
For an even distribution of the water film over the entire 

width of the glass is chosen for a PVC (Polyvinyl 

chloride) distributor consisting of 0.6 mm holes with 10 

mm space in between (Fig. 12). The PVC distributor is 

fed by a water-filled storage tank, where the pressure 

can be determined by the water column. The minimum 

water supply of this setup is about 5.6*10-4 l/s (~2l/h).  

 

 
Figure 13 Distribution of the water film over the entire width 

of the glass pane. 

 
 
RESULTS OF  EVAPORATIVE ROOF COOLING 

EXPERIMENT 

The results are presented for the indoor air temperatures 

of the test rooms and the surface temperatures of the 

glass panes. The water supply has started at 13:00 and 

stopped at 15:10uur local time. The outdoor air 

temperature was about 33.5 ± 0.5 ºC with a relative 
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humidity of 47 ± 1% and a wind speed was <2 m/s. The 

indoor air temperatures in both test room (a) and (b), the 

corresponding indoor temperature difference (dT) and 

the solar irradiation are shown in Fig. 14. The 

temperature difference, with a maximum of 15 ºC is 

caused by the cooling effect, both sensible and latent, of 

the water film on the glass covering of test room B. 

After stopping the water supply, the temperature 

difference decreases gradually until it reaches a 

minimum of 2 ºC.  

 
 

Figure 14 Indoor air temperatures test rooms (a) and (b),  

 
The inside surface temperatures of the glass panes are 

shown in Fig. 15. A reduction of the surface 

temperature can be seen by the glass with water film. 

The temperature difference, with a maximum of 20K, is 

caused by the cooling effect, both sensible and latent of 

the water film on the glass covering of test room B. 

 
 

Figure 15 Internal glass surface temperatures test rooms (a) 

and (b) 

 

 

DISCUSSION  

Evaporative roof cooling can used to cool Green 

Houses. In the Netherlands tests were done with 

different systems to distributed water over the glass 

roofs [18] and such applications are used by many 

Green House farmers.  On overview of roof evaporative 

cooling for Green Houses is given by Kumar et al [19],  

The application of evaporative cooling  of glass-covered 

building space does not have to be restricted to closed 

parts of a building. Evaporative cooling can also be 

useful to cool glass-covered semi-outdoor spaces. 

Pagliarini and Rainieri [20] did an extensive study to 

see the effects of such applications. Their article 

provides a short overview of roof spray cooling, which 

is of course a solution with has find its way  in the 

industrial sector as well as in the green house 

agriculture. Pagliarini and Rainieri [20] simulated a roof 

evaporative cooling process with the aim of mitigating 

the extreme thermal micro-climate of a semi-outdoor 

space underneath a large glass roofing. For different 

glass sheets they compared the evaporative cooling 

technique, from both the energetic and the economic 

point of view, with the points out that roof evaporative 

cooling allows to reduce the effects of the extreme 

weather conditions very efficiently. For the considered 

climate and building characteristics, the estimated cost 

of the roof evaporative cooling lies between 7% and 

15% of the cost of the traditional refrigeration cycle 

[20].  

A roof sprinkling of large space atrium model was 

tested by Hui-zhong et al [21]. The found out that the 

roof sprinkling system reduces the roof temperature and 

can save on the electrical power load of the air 

conditioning system. However the experiment was not 

performed with a glass roof. In 2005 the application of 

TiO2 film and evaporative cooling in the façade was 

proposed by Hashimoto [22]. This idea led to an 

application at the Hashimoto Laboratory in Japan, were 

an evaporative cooling system was designed and tested. 

Evaporative water surfaces were secured by 

continuously sprinkling stored rainwater onto the 

surfaces of a building coated with an photoactive TiO2 

film. The solar light converts the building surface 

coated with TiO2 film to a highly hydrophilic one, 

minimizing the amount of water needed to form thin 

water film on the surface. The evaporation from the 

water film generates the effective latent heat flux and 

cools down the building surfaces. The cooling effect 

also decreases the amount of air conditioning usage, 

which reduces energy consumption and artificial heat 

emission. The positive effect of TiO2 is only there 

during daylight when there is ultraviolet light. The 

cooling system applied to glass curtain walls (130 m2) 

coated with TiO2 films in a room of an actual building. 

The minimal amount of water was sprinkled by a 

special hose on the top of the glasses. This system 

showed that the thermal loading for air conditioner was 

reduced by 14 % on average [22].  

Tang and Meir [23] proposed a mathematical model on 

water film over roofs for the cooling of buildings, 

incorporated the dependence of water film solar 

absorptance on the incident angle and the depth of water 

film to make accurate predictions of its thermal 

performance, however no experiments were done to 

verify the simulations. Although TiO2-based building 
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materials have bright prospects, some aspects such as 

improving the stability and enhancing photoactive 

performance of the materials are of importance for 

future research [14].   

 

 

CONCLUSIONS 

In the summer season solar radiation shining on glass 

roofing as a part of an Atria or winter garden may lead 

to overheat of the underlying space to temperature 

levels which lead to discomfort. 

Applying a thin water film on glass roofs shows some 

potential to reduce the surface temperatures by the 

release of latent heat due to evaporation of water, and it 

contributes to the reduction of indoor air temperature.  

During the experimental phase, indoor air temperature 

reductions up to 15K were measured. Most sensitive 

factor in this cooling method is the energy absorption of 

the glass pane, because it largely determines the cooling 

capacity (water vapor pressure at glass surface and in 

the air) and directly influences the solar heat gains.  

The distribution of water on the glass surface by the 

hydrophilic properties of the TiO2-coating increases the 

effectiveness of the evaporative roof cooling. Following 

the comparison between the simulation- and 

measurement results it can be concluded that the 1-

dimensional heat transfer model to some extent is 

suitable to predict the cooling effect of the water film 

for large glass-covered spaces. To determine whether 

the predicted surface temperatures are correct, more 

validation studies are necessary. 
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