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Abstract 
Double windows are a currently adopted construction system in Portuguese dwellings. Simple 
changes enable this construction system to pre-heat the ventilation air. The air coming from the 
outside circulates goes upward through the channel between windows where it is pre-heated 
before entering the building. Heat that escapes from inside through the inner window and solar 
radiation, heats up the air between the two windows. This paper presents the performance of 
such passive system and focuses on the design aspects of this system and its building integration 
in function of weather conditions. One type of building is used where the window is located on 
different facades, thus, different orientations. Four different weather conditions are chosen, from 
mild to cold winters. The methodology used is based on previous validated parametric studies. 
Results indicate that the ventilated double window system offers an alternative to cold natural 
ventilation in any cold region and any facade orientation. The colder the location, the higher the 
pre-heating of the incoming air. This study expects to help designers to conceive ventilated 
double windows duly adapted to local climate where natural ventilation is an important design 
consideration and where energy consumption must be reduced. 
 

Keywords 
pre-heating air, 

ventilation rate, 

double window system 
 
Article History 
Received: 4 August 2012 

Revised: 9 June 2013 

Accepted: 3July 2013 
 
© Tsinghua University Press and  

Springer-Verlag Berlin Heidelberg  

2013 
 
  
 
 
 

1 Introduction 

Energy use in buildings represents a great portion of the 
final energy end-use, making building energy efficiency a 
top priority. More than half of the world’s annual energy  
is consumed in building systems, i.e., ventilation, heating, 
cooling, lighting, cooking, powering of household appliances 
(Zaretsky 2010). In response to this challenge, thermal 
regulation for buildings has also evolved in the last decades 
towards energy efficiency. Much research towards energy 
efficiency of buildings has also been carried out worldwide. 
To help researchers and building designers, several tools 
have been developed without a common language and even 
with some ambiguity (Crawley et al. 2008).  

Building energy model tools are capable of calculating 
thermal loads and energy use of buildings based on the 
building’s architecture and physical properties (Crawley  
et al. 2000; DOE-2 1982; Schmidt 2006). Through natural 
ventilation, the internal air of an enclosed space is replaced 
by the fresh external air for a good indoor air quality 

without applying any forced flow. Wind and/or buoyancy- 
driven pressure difference are the physical mechanisms for 
the natural ventilation process. The different wind pressure 
along the building and/or the different temperature between 
indoor and outdoor air, induce an airflow and allow the 
natural ventilation of the buildings through openings. This 
can be estimated with the help, as an example by COMIS, a 
well-known software program to model airflow in buildings 
(LBNL 2003). The thermal analysis may be performed by 
CAPSOL, which is a multi-zone transient heat transfer tool 
by Physibel (Flamant et al. 2004). A more complex tool to 
solve and analyze problems that involve fluid flows may be 
used, being computational fluid dynamics (CFD) validated 
through experimental investigations (Ohba et al. 2001). 
Safer et al. (2005) used a CFD model of a single floor 
double-skin facade to perform a parametric study in order 
to analyze the airflow in the channel. Jurelioni and Isevičius 
(2008) used a CFD method to investigate the thermal comfort 
in rooms caused by the air movement based on different 
cold vertical window surfaces thus having different heat 
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List of symbols 

A  area (m2) 
C  specific heat at constant pressure (J/(kg·℃)) 
Cd  discharge coefficient 
Cp  pressure coefficient 
d  distance (m) 
g  acceleration due to gravity (m/s2) 
h  heat transfer coefficient (W/(m2·℃)) 
H  height (m) 
I  solar irradiation (W/m2) 
Nu  Nusselt number 
P  pressure (Pa) 
Q  heat transfer (W) 
U  heat transfer coefficient (W/(m2·℃)) 
V  airflow rate (m3/s) 
α  absorptance 
  thermal conductivity (W/(m·℃)) 
ρ  density (kg/m3) 
τ  transmittance 

υ  velocity; speed (m/s) 
θ  temperature (℃) 

Subscripts 

a  air 
b  stack effect 
c  convection 
d  surroundings 
g  glazing 
h  ventilated air channel 
i  indoor 
l  losses 
n  inner 
o  outdoor 
r  radiation 
s  surface 
t  transmission 
u  useful 
w  wind 

  
 

transmission coefficients. A gallery container located in 
Asturias, northern Spain was used by Suárez et al. (2011) to 
analyze the thermal behavior of the gallery and its best use 
with CFD software package. It took into account the solar 
irradiation and its transmission to the adjacent rooms. 

Most residential buildings are not equipped with 
suitable devices for natural ventilation or, the existing ones 
are not in use, probably due to the discomfort of incoming 
cold air or energy consumption (Orme 2001). In such cases, 
there is no indoor air quality control and air changes are 
only due to air infiltration. When the amount of fresh   
air supplied by air infiltration is not enough to assure a 
satisfactory indoor air quality, either from the thermal or 
olfactory point of view, the occupants themselves will, at 
times, operate a control by means of windows and/or doors 
opening (i.e. airing). Pre-heating the incoming air during 
the winter improves thermal comfort and reduces energy 
consumption. Building energy and airflow models provide 
a relatively simple and efficient method for predicting the 
energy needs of a building by calculating its energy load. 
They can also be used to compare and contrast different 
design aspects to determine the most energy efficient 
design for new buildings or retrofits for existing buildings. 
In order to have better final results, the overall diagnosis of 
the thermal performance should be performed during the 
different design stages of buildings. 

In what refers to ventilation air, the thermal losses due 
to air change may impair the energy efficiency of a building. 

Several systems have been studied and are already in use to 
pre-heat the incoming outer air as, for instance, earth-to-air 
heat exchangers through buried pipes in DB Netz AG 
(Hamm), Fraunhofer ISE (Freiburg) or Lamparter (Weilheim) 
in Germany (Pfafferott 2003). Fresh air is heated by heat 
transfer from the ground to buried pipes and then to air by 
convection before entering the building. A conservatory or 
sunspaces are attached to the main building with fresh air 
entering at a low level as in the Balcomb house residence is 
Santa Fe (Lechner 2009) and other buildings illustrated in 
(Yannas 1994). The air is pre-heated within the space and 
enters the main building through top vents. Other spaces 
are meant to pre-heat the incoming air as, among many 
others, the solar air collectors that were installed on the 
sun-facing walls in Wurzburg, Germany (Pottler et al. 1999; 
Metzger et al. 2009) and also a ventilated photovoltaic 
coupled with a solar collector on the facade of the library, 
in Mataró, near Barcelona, Spain, turned due south (Infield 
et al. 2004). 

Quesada et al. (2012) present a list of several systems 
where some of the above systems are also listed. A variety 
of different technical solutions from the above have also 
been studied. Unglazed transpired solar collectors that 
consist of a perforated metal sheet mounted on a south 
facade creating a ventilated channel to heat the passing air 
(Fleck et al. 2002), a supply air window that consists of a 
window with two sashes separated by an air gap between 
glasses (McEvoy et al. 2003) or a dual airflow window 
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(Gosselin and Chen 2008; Weia et al. 2010) with two air 
channels (supply and exhaust air channels), and also a 
glazed ventilated double facades with a ventilated channel 
(Faggembauu et al. 2003). A window air collector consists 
of two glazed windows with an intermediate device, usually 
a venetian blind, to absorb solar radiation transferring part 
of it to the passing air (Hastings and Morck 2000) and a 
ventilated double window system, similar to the previous 
but without intermediate solar absorber (Carlos et al. 2010; 
Appelfeld and Svendsen 2011) which are all similar systems 
in what concerns its modus operandi. The air in the channel 
is heat up by heat escaping from the inside and incident 
solar radiation. Due to wind pressure and stack effect, the 
air coming from the outside circulates goes upward through 
the channel and enters the building warmer than the 
outdoor air. 

In studies where overall passive solutions to a building 
are presented, it is seldom referred how to passively reduce 
the energy consumption due to air change as for instance 
the study that was carried out to improve energy efficiency 
on new and old buildings (Short et al. 2010) or when models 
to simulate the change of building energy systems were 
presented (Yamaguchi and Shimoda 2010) even in an early 
design stage (Ochoa and Capeluto 2009; Petersen and 
Svendsen 2010; Nielsen 2005) or overall guidelines as by 
Mendler et al. (2006). These systems are not present on 
buildings with high energy efficency, as in (Zaretsky 2010), 
apart from some conservatories as in (Lechner 2009) or 
(Yannas 1994). Unfortunately, it is difficult to implement 
new technologies both in the industrial and the user level as 
referred by Negro et al. (2012). According to Retzlaff (2009) 
the economic component that seeks sustainable energy 
efficiency of buildings remains a serious impediment to 
their implementation since, the promoters have most of  
the costs, in implementing the measures, and it is the users 
who benefit from it. 

This paper intends to explain the technological 
capabilities of the ventilated double window system through 
its performance on different locations to demonstrate the 
potentiality of this innovative system. In this study, a coupled 
air and heat flux model through a ventilated double window 
is used. The first model based on airflow networks, is driven 
by buoyancy and wind effect. It predicts the airflow to be 
delivered inside the building. Buoyancy is caused by the 
temperature difference between continuous spaces that drives 
the hot air to rise. Wind effect on the building creates 
differences of pressure around it, therefore stimulating the 
airflow. Air enters through openings in the windward walls, 
and leaves through openings in the leeward walls. The 
second model predicts the heat to be transported by the same 
airflow within the windows’ channel. The heat transfer from 
the double window to the airflow is due to the heat transfer 

from indoors and due to incident solar radiation. Part of the 
absorbed heat is transferred by convection to the airflow. 
The heat exchange between this double window and the 
surrounding environments is due to convection and 
radiation. The variation of the air temperature along the 
height of the air cavity of the window is considered making 
it a two-dimensional simplified approach as in ISO 15099 
(2003). Several empirical relations to estimate the convective 
and radiative heat transfer are used to calculate the heat 
transfer through the ventilated double window by the 
referred models that work interactively. 

This study evaluates through simulation, the ability of a 
ventilation double window to pre-heat the incoming air in 
a three-storey detached building to assess the performance 
obtained at different levels under different weather conditions. 
Analysis is based upon local weather of four European cities 
and, within each, a wide range of temperature is considered 
from mild winter to a more severe heating season. The 
results have shown that this passive pre-heating system is 
suitable for any location. Any facade orientation due to the 
contribution of the heat recovery function can be used on 
old or new buildings, which require natural ventilation to 
renew the indoor air. 

2 Method and procedure 

A single-sided room with a floor to ceiling height of 2.70 m 
is used in this study. The room is assumed to be located 
either on the ground floor or on the second floor. As the 
airflow due to stack effect is geometry dependent, this will 
determine the ventilation rate obtained by the same system 
configuration and same climatic conditions at different 
heights on the building. The ventilated double window 
system being used in this study is fitted into a 1.40 m×1.10 m 
facade opening. Two parallel windows compose this system 
being both single glazed casement with a standard white 
aluminium sash and an overall ventilated channel of about 
7 cm. The glazing of both windows is 6 mm thick transparent 
glass with a distance of about 9 cm between the two glass 
panes and a distance of about 5 cm between sashes. This 
distance allows a plastic blind between sashes. The glazing 
surface is about 62% of the overall window surface. Two air 
inlets with a total area of 50 cm2 are installed at the bottom 
of the outer window. Two air outlets with a total area of 
50 cm2 are installed at the top of the inner window. The 
channel between the two windows is therefore used as an air 
path for the incoming airflow. The outer air stream enters 
the air channel through the window inlets, rises in the 
channel between the windows and enters the room through 
the window outlets. Two different simulation phases are 
carried out. The first analyzes the effect of each single weather 
variable and the latter compares the overall seasonal heating 
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performance on four different cities. 
A first phase of the simulations is considered in order 

to analyze the performance of the system based on hourly 
weather conditions. The chosen climate of Covilhã, Portugal 
is temperate, moderately cold in winter, located at 40.2° 
Latitude north and 463 m above the sea level, being in   
the southern and Mediterranean climatic zone (CEC 1993). 
Heating season temperature from the used weather data 
(Carlos and Corvacho 2010) can reach as low as –3.8℃ with 
an average of 10.1℃. It has about 896 kWh/m2 of available 
solar radiation and an average wind speed of 2.7 m/s, with 
a maximum of 11.6 m/s. A complete data set of two 
different weeks is chosen at this phase. One represents a 
lower wind speed and the other the opposite, i.e., a higher 
wind speed in order to verify the influence of this weather 
condition on the airflow rate. At this phase, the window 
system is hypothetically located on the ground floor and 
then on the second floor. The building is rotated in steps of 
90 degrees, being the fenestration firstly orientated due north 
and then east, south and west. The influence of different 
incident winds and also solar radiations is assessed. 

A second phase of the simulations is considered in order 
to analyze the system performance during the months of 
the whole standard heating season, i.e., the period from 
October to May (EN 832 1998). The simulations are also 
carried out based on hourly weather conditions under the 
previous weather data already used and three more weather 
data obtained from the Building Technologies Program of 
the US Department of Energy. When compared to Covilhã 
(Portugal), Munich (Germany), London (UK) and Oslo 
(Norway) are colder zones. Each one of these cities 
corresponds to one of the four European Climatic Zones of 
Continental, Mid European Coastal and North European 
Coastal, respectively (CEC 1993). The characteristics of  
the chosen climatic data for the studied cities are presented 
in Table 1. The overall results are presented as well as the 
performances differences in regards to the same building, 
height and orientations of the window. 

At least one airflow computer model and one thermal 
model should be chosen to work interactively with each 
other in order to characterize the ventilated double window. 
This inevitably requires great amount of time and effort to  

Table 1 Climate data characteristics for the studied cities 

Air temperature Wind speed 

 

Latitude 
north 

(°) 
Minimum 

(℃) 
Mean 
(℃) 

Mean 
(m/s) 

Maximum
(m/s) 

Global solar 
radiation

(kWh/m2)

Covilhã 40.2 –3.8 10.1 2.7 11.6 896 

Munich 48.13 –16.5 4.0 3.3 20.6 556 

London 51.15 –5.9 7.5 3.3 17. 5 483 

Oslo 59.9 –17.0 2.5 2.2 12.3 380 

perform the task (Flamant et al. 2004). However, Murray  
et al. (2012) stated that easiest static simulation models 
over dynamic ones may be sufficient to predict the overall 
energy consumption with much less effort. Alternatively, a 
computational code was set up for this purpose and validated 
(Carlos et al. 2011) using a simple approach presented in 
ISO 15099 (2003) and also well known empirical relations 
to capture the thermal behaviour of this window system.  
A detailed simulation routine was set up to analyze the 
performance of the ventilated double window. It is a simple 
routine especially conceived to predict the amount of airflow 
through this window system and the extent of pre-heated air, 
overcoming the difficulties of heavy tools (LBNL 2003).  

This was then validated by comparing its results obtained 
from computer tools and from experimental measurements 
(Carlos et al. 2011). The simulated numerical results of the 
airflow rates and the air temperatures were compared firstly 
with two software tools and later on with the measured 
values obtained from a test cell facility under real weather 
conditions. COMIS and CAPSOL, which are software 
programs to model airflow in buildings (LBNL 2003) and 
multizone transient heat transfer (Flamant et al. 2004) 
respectively, were then used. The values of the obtained code 
output were compared, presenting good agreement for both 
airflow and temperature, as with the results from the test cell. 

A sensitivity analysis was previously carried out to 
investigate the thermal performance of this passive system. 
In a first study (Carlos et al. 2010) the authors assessed the 
impact of the solar radiation and the outer air temperature 
on the temperature rise of the delivered air. An outdoor 
test cell was used to study the ventilated double window 
under real weather conditions. The authors used the supply 
air temperature in deriving correlation for two periods 
during the 24 hours cycle; day and night periods. During 
the day, one set of correlation described the temperature 
rise of the delivered air in function of the solar irradiance 
(day time). A correlation was established and an increment 
of the delivered air temperature was found to be around   
9.6℃ to 15.5℃, for the lowest solar irradiance (200 W/m2) 
and highest (900 W/m2). Another set of correlation also 
described the temperature rise of the supplied air in 
function of the temperature difference between indoors and 
outdoors (night time). It was found that the temperature of 
the delivered air rises from about 4℃ to 8℃ when the 
temperature difference (indoors–outdoors) also rises from 
about 10℃ to 20℃, respectively. Later on, in a second study, 
Carlos et al. (2011) assessed the impact of empirically 
derived temperature difference between both sides of the 
window system on the temperature rise of the airflow. For 
a fixed airflow of 30 m3/h the temperature rise determined 
for the same temperature difference of 10℃ and 20℃ was 
lower than the one obtained through the correlation, from 
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about 2℃ to 4℃. The correlation was then established under 
different free airflow rates. 

3 Theoretical model basis 

For the present analysis, the heat balance equations for the 
twofold window components (outer and inner window) are 
applied, considering the solar input (when available) and the 
heat flow from indoors to outdoors. The surfaces and the 
air temperature are considered to determine the temperature 
distribution in a time-step. A scheme of the modeled 
ventilated double window is shown in Fig. 1. 

The system consists of two parallel windows. The air 
passes through the channel between both windows. The 
main heat balance equations are obtained from ISO 15099 
(2003) which specifies detailed calculation procedures to 
determine the thermal and optical transmission properties 
of windows including a ventilated cavity, when there is one. 
The heat balance equations for the outer window, the 
flowing air and the inner window, for sun absentee and  
an outdoor air temperature always lower than indoor air 
temperature, can be written for the outer window as: 

c_h as r_h ss c_o so r_o sdΔ Δ Δ Δh θ h θ h θ h θ+ = +                (1) 

where, hc_h is the convective heat transfer coefficient in  
the ventilated channel (W/(m2·℃)), Δθas is the temperature 
difference between the air and the window surface (℃), hr_h 
is the radiation heat transfer coefficient in the ventilated 
channel (W/(m2·℃)), Δθss is the temperature difference 
between the two windows surface (℃), hc_o is the convective 
heat transfer coefficient to outdoors (W/(m2·℃)), Δθso is the 
temperature difference between the surface of the window 

and outer air (℃), hr_o is the radiation heat transfer 
coefficient to outdoors (W/(m2· ℃ )) and Δθsd is the 
temperature difference between the window surface and 
surroundings (℃). For the flowing air: 

c_h sa c_h asΔ Δh θ h θ=                                (2) 

where, Δθsa is the temperature difference between the inner 
window surface and the air (℃). For the inner window: 

c_i is r_i ia c_h sa r_h ssΔ Δ Δ Δh θ h θ h θ h θ+ = +                 (3) 

where, hc_i is the convective heat transfer coefficient to 
indoors (W/(m2·℃)), Δθis is the temperature difference 
between the indoor and the window surface (℃) and hr_i is 
the radiation heat transfer coefficient to indoors (W/(m2·℃)). 
With incident solar radiation for the outer window: 

c_h as r_h ss c_o so r_o sdΔ Δ Δ ΔαIh θ h θ h θ h θ+ = +             (4) 

where, α is the solar absorptance of the window and I the 
hourly solar irradiation (W/m2). For the inner window: 

c_i is r_i ia c_h sa r_h ssΔ Δ Δ ΔταIh θ h θ h θ h θ+ = +             (5) 

where, τ is the outer window solar transmittance. The 
estimation of heat transfer coefficients are in accordance 
with ISO 15099 (2003). In this standard guidelines are given 
to analyze the performance of the windows and, in the case 
of the double ventilated window, the variation of the air 
temperature along the height of the air channel is considered 
making it a two-dimensional simplified approach. The 
methodological approach is an iterative process comprising 
the simulation for different boundary conditions. It predicts 
the airflow rate, the air temperature rise and heat flux for 

 

Fig. 1 Schematic of modeled ventilated double window 



Carlos / Building Simulation / Vol. 7, No. 3 

 

252 

specific operating conditions. Therefore, the heat gained by 
the rising airflow within the air channel may be written as 

u c_h sa as(Δ Δ )Q Ah θ θ= -                           (6) 

where, Qu represents the useful heat flux delivered indoor by 
the air flow (W) and A the surface area of the window (m2). 
The heat loss due to air change (Qa, in W) is given by 

a aΔ
3600
ρCQ υ θ=                                   (7) 

where, ρ is the air density (kg/m3), C is the specific heat at 
constant pressure (J/(kg·℃)), υ is the air velocity (m/s) and 
Δθa is the air temperature difference between the extracted 
and the intake (℃). The heat loss from the indoor environ-
ment through the inner window is calculated using the thermal 
characteristics of the window and the air temperatures inside 
the air channel and indoors and is given by 

l n n ihΔQ A U θ=                                  (8) 

where, An is the area of the inner window (m2), Un is    
the overall heat transfer coefficient of the inner window 
(W/(m2·℃)) and Δθih is the air temperature difference 
between the indoor ambient and the ventilated channel (℃). 
The air stream passing in the air channel promotes heat 
transfer between the air and the surfaces of the windows. 
During winter the indoor air temperature is higher than the 
outdoor air temperature. The heat flux goes outdoors by 
crossing this window system. The inner window temperature 
is higher than the outer one. For an air temperature in the 
air channel, somewhere between the temperatures of both 
windows, there are two different heat transfer directions 
that involve the air. Heat is transferred by convection from 
the inner window to the passing air at a lower temperature. 
Heat is also transferred by convection from the passing air 
to the outer window at a lower temperature. From the above 
expression, the heat transfer to and from the air is related to 
the air velocity within the air channel. This results from the 
airflow rate and the cross section of the air channel. The con-
vection heat coefficient is also related to the air characteristics 
and expressed by the Nusselt number. In the non-ventilated 
channel this coefficient (in W/(m2·℃)) becomes 


ch Nu

d
=                                      (9) 

where, Nu is the Nusselt number,   is the thermal con-
ductivity of the air (W/(m·℃)) and d is the distance between 
surfaces (m). The convective heat coefficient in a ventilated 
air channel (in W/(m2·℃)) can be obtained from 

c_h c2 4h h υ= +                                  (10) 

As expected, the air velocity within the air gap has a big 
influence on the obtained convective heat coefficient. Air 
induced into the building under natural ventilation is driven 
by stack and wind effects. The former represents the total 
pressure difference from all the openings along the ventilation 
path (in Pa), as (Park 2003): 

sΔ ΔP ρgH=                                    (11) 

where, Δρ represents the air density difference between the 
two spaces surrounding the opening (kg/m3), g the 
acceleration due to gravity (m/s2) and H the height of the 
opening in relation to an external reference level (m). The 
latter represents the pressure difference between the inlet 
and the outlet openings of the building (in Pa), and is 
expressed as (Linden 1999) 

2
w pΔ 0.5ΔP C ρυ=                                (12) 

where, ΔCp is the pressure difference coefficients due to wind 
at the inlet and outlet of the building (Santamouris and 
Dascalaki 1998), and υ is the mean wind speed (m/s). Stack 
effect is caused by the air temperature difference between 
both sides of the opening. Wind effect creates a pressure 
difference between the inlet and outlet air openings of the 
building. The increase of the wind speed may not necessarily 
lead to increased ventilation since it depends on its direction 
in relation to the openings. The final solution design of any 
ventilation system should provide adequate airflow into the 
building over a wide range of stack and wind conditions 
(Prajongsan and Sharples 2012). Combining stack and wind 
effects, the airflow rate can be estimated as 

0.5

d
Δ2 PV C A
ρ

= ( )                               (13) 

where, V represents the volumetric airflow rate (m3/s), Cd 
the discharge coefficient, which takes the value of 0.83 as a 
result from previous experimental work (Carlos et al. 2010), 
A the equivalent area of the openings (m2) and ΔP the total 
pressure difference (Pa). Three iteration cycles are used  
to calculate the airflow, the heat transfer within the air 
channel and the final result being the air temperature. This 
is schematically shown in Fig. 2. If the values calculated  
on any iteration is different from the last one then the 
calculation restarts again. Each of the iterations continues 
until the absolute value of the maximum change between 
the previous and the current simulation is smaller than 
2.8×10–6 m3/s for the airflow rate, 0.001 W/(m2·℃) for the 
convective heat transfer within the air channel and 0.01℃ 
for outlet air temperature. 
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Fig. 2 Scheme of the created simulation code looping 

The objective of a ventilated dual window is to pre-heat 
the ventilation air before it is delivered inside the building, 
so, one direction of the air stream along the path is to be 
expected. On an air stream under wind conditions, the inlet 
and outlet wind pressure coefficient is determinant on the 
direction of the air on a cross ventilation. The temperature 
difference between indoor and outdoor will influence the 
airflow rate due to stack effect. Therefore, for a fixed indoor 
air temperature the airflow rate strongly depends on outdoor 
temperature. Looking back into the previous equations, one 
may say that the opening sizes are crucial for the incoming 
air. In order to reduce the possibilities of inversed air stream 
through this ventilation double window system, a vertical 
exhaust duct technique is proposed in this study. The 
obtained airflow rate depends on the building and the 
geometry of its components, and the temperature difference 
between indoor and outdoor and wind conditions. 

4 Simulations and results 

4.1 First phase simulations—Weather influence 

4.1.1 Two compared weeks 

In order to estimate the airflow rate and the delivered heat 
by this double window system, simulations have been 
performed on the hourly basis while taking into account 
the geometry and size of the system, physical properties 
and local weather data. Some conditions are to be assumed 
through the simulations. The comfortable indoor air 
temperature is kept constant at a temperature of 22℃. The 
vertical duct to the roof, a pathway to the exhaustion air, has 
no heat losses or gains to and from the building therefore 
being assumed adiabatic. It is also assumed that the user opens 
the window whenever the outdoor temperature reaches the 
minimum comfort level, as defined in ISO 7730 (1994), of 
20℃ which interrupts the functionality of this system. The 
performance of the ventilated double window varies greatly 
in different climates because of the impact of incident solar 
radiation, incident wind as well as the daily range of the 
outside air temperature. The assessment of the ventilated 

double window behavior on different levels of a building is 
done through the parametric studies regarding the air and 
the heat supply to inside. 

Two complete weather data weeks were chosen to analyze 
the influence of the climatic conditions on the behavior  
of this window system. The chosen weeks were based on 
different wind profiles. The first has a mean wind speed of 
2 m/s with its maximum reaching 7 m/s. The second presents 
a higher mean wind speed of 6.4 m/s and a maximum value 
of 11.6 m/s. Figures 3 and 4 present solar irradiance on 
horizontal surface, the wind speed profile and also the air 
temperature of the chosen weeks. The week from day 9 to 
day 14 has temperature amplitude of 13.6℃ while the week 
from day 315 to day 321 presents temperature amplitude of 
11.6℃. The mean temperature is about 10.4℃ and 9.4℃, in 
the first and second week, therefore the biggest temperature 
difference between inside and outside is in the second week. 

 
Fig. 3 Climate of the week of lower wind speed 

 
Fig. 4 Climate of the week of higher wind speed 
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Comparing both weeks, the first is characterized by a 
lower wind speed but a little higher air temperature than the 
second one. The total global solar radiation on horizontal 
surface, represents about 12.3 kWh/m2 in the first week and 
22.3 kWh/m2 in the second. The latter has always higher 
solar radiation, approaching each other in the midweek days. 

4.1.2 Airflow rate 

At this stage the simulations were carried out to determine 
the airflow rate. A double window system is located on the 
ground floor and also on the second floor of the same 
building. The facade of the window is initially facing due 
north and then it rotates with an increment of 90 degrees. 
Figure 5 shows the airflow rate obtained during the first 
week of the lower wind speed, for the window located on 
ground floor. 

In the middle days of this week, the airflow rate is about 
the same wherever the window is facing. The mean air 
velocity is about 0.9 m/s to a maximum of 3.1 m/s. The 
main force of the airflow driver is then the stack effect. In 
fact, comparing this figure with Fig. 3 one may see that 
when the outer air temperature increases, the airflow rate 
decreases and vice versa. When outdoor air temperature 
increases, the temperature difference between indoor and 
outdoor decreases and therefore, so does the pressure 
difference between environments related to the temperature 
difference, resulting in lower airflow rates. The wind 
influences the airflow rate at higher wind speed, as it can be 
seen in Fig. 8 for the first and last two days of the week. The 
mean wind speed of the first and a half day of the week is 
about 3.5 m/s with a maximum value of 7 m/s. The final 
part of the week had a mean wind speed of 3.1 m/s and its 
maximum of 4.9 m/s. The different values of the obtained 
airflow rate on those days are dependent on the orientation 
of the window, to windward or leeward. The highest 
frequency for a southern wind is 20.8% and north-eastern  

 

Fig. 5 Airflow rate during the week with the lowest wind speed 
and the window on the ground floor 

17.9% in the first week. In these weather conditions the 
weekly mean airflow rate of the window on the ground floor 
was from 27.9 m3/h when faced due north to 32.2 m3/h when 
faced due south. This corresponds to a difference of less 
than 4.5 m3/h. 

The peak of the airflow rate is observed when the 
window is turned west. It is turned to windward, a wind 
speed over than 6 m/s resulting in an airflow rate higher 
than 50 m3/h. The opposite window, turned due east, has 
an airflow rate lower than 20 m3/h. A high difference of 
more than 30 m3/h representing the wind effect, speed and 
direction. When the wind speed is lower, namely day 10, 11 
and 12, of no more than 1.5 m/s, the airflow is driven mainly 
by stack effect. The higher the temperature difference 
between indoors and outdoors is, the higher the airflow 
rate is. During these days the airflow is lower during the day 
when the outer temperature is higher. The airflow decreases 
lower than 20 m3/h. During the night, the outer temperature 
is lower and the airflow increases to more than 35 m3/h on 
any window direction. This represents a difference of 15 m3/h 
between day and night. 

For a window on the second floor, the height difference 
between the air inlet and the air outlet of the building reduces. 
This height has a great contribution on the airflow due to 
the stack effect once it influences the pressure difference, and 
therefore, the airflow rate. This is shown in Fig. 6, where 
two double window systems are compared, both facing due 
south, being one on the ground floor and the other on the 
second floor. On the intermediate days of the same week, 
as from Fig. 5, the airflow rate obtained through the ground 
floor is about 30% more than from the one obtained through 
the second floor. At mid-day of the 11th day, the lower 
airflow rate is about 20 m3/h through the ground floor and 
about 12 m3/h through the second floor. During the night, 
from the 11th to the 12th day, the airflow rises up to about 
36 m3/h through the ground floor and only 21 m3/h through 
the second floor. While the difference of the obtained airflow 

 

Fig. 6 Airflow rate through windows located on different floors 
with south orientation and lowest wind speed 
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is about 8 m3/h in day time, at night the difference almost 
doubles the latter. During the days of higher wind speed (9th 
day), at a higher airflow over than 40 m3/h the difference 
between floors is only 5 m3/h, where the wind effect is 
dominant. For the same weather conditions, the weekly mean 
ventilation rate through the ground floor was about 32.2 m3/h, 
while through the second floor it was approximately 
24.6 m3/h, a difference of 7.6 m3/h between floors. 

In spite of the wind speed, the airflow rate obtained 
through the window on the second floor was always lower. As 
it can be seen from Fig. 9 the north-eastern wind frequency 
is 70.2% on the second week, thus, when the window is 
orientated to leeward, the airflow rate reduces due the 
negative pressure on that facade. Figure 7 shows the obtained 
ventilation rate, on the second week, through the ground 
floor and four window orientations. The influence of the 
highest wind profile, speed and direction is evident.  

Under strong wind with the window (inlet) being turned 
to leeward, reversed air stream was obtained, as in western 
orientation of the window from the 318 day to 320. In this 
situation the air exhaustion is through the window system, 
represented by the negative values. In these weather con-
ditions the weekly mean airflow rate through the window 
as an inlet on the ground floor was from 24.6 m3/h when 
the window was facing south to 54.1 m3/h when it was facing 
north, with a mean difference of about 26.8 m3/h. The 
window turned to west is also used as an outlet once the 
airflow has reversed. The total indoor air change is about 
3236 m3, however, considering that only the airflow that 
enters through the air channel is about 2505 m3. Only 77% 
of the air changed was pre-heated. In a more severe weather, 
the reverse airflow may cause condensation on the glazing 
as was found by Baker and McEvoy (2000) later stated by 
McEvoy and Southall (2010). The airflow difference between 
the ground and second floors is presented in Fig. 8. For an 
adverse wind direction, while the ventilation reduces through  

 
Fig. 7 Airflow rate during the week of highest wind speed and the 
window on the ground floor 

 
Fig. 8 Airflow rate through windows located on different floors 
with south orientation and the highest wind speed 

the ground floor, the air stream through the second floor has 
reversed where the stack effect is less influent. The weekly 
total air change obtained through the ground floor is of 
about 4140 m3, while through the second floor it is around 
2223 m3, but only 807 m3 was pre-heated. 

4.1.3 Pre-heated air 

As it is expected in a system like this, incoming heat by the 
airflow increases as incident solar radiation increases. Besides 
collecting solar radiation this passive system also recovers 
heat that is lost from indoors through the inner window 
(Eq. (8)). In such case, the lower the outdoor temperature 
is, the higher the thermal loss is through the inner window 
by transmission and, consequently the higher the heat to be 
recovered by the air stream is.  

The solar heat that passes into the air channel strongly 
depends on the available solar radiation in which each 
window absorbs part of it. Part of the absorbed solar 
radiation is then captured by the passing air while some is 
re-emitted outdoors and some is transferred indoors. 
Figure 9 shows the incoming heat transported by the 
airflow illustrated in Fig. 5 during that week. The climate is  

 

Fig. 9 Heat flux delivered by the airflow on the ground floor (week 
of the lowest wind speed) 
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illustrated in Figs. 3 and 4, through the ground floor and 
four window orientations. 

From Fig. 9 several conclusions can be drawn. When 
there is a higher incident of solar radiation, the heat obtained 
by airflow is also higher (days 10–14), particularly when the 
window is facing due south (to the sun). On days 10 and 12, 
the east oriented window presents higher useful heat due to 
a combination of incident solar radiation and lower outdoor 
air temperature early in the morning. The higher obtained 
useful heat of about 60 W is on the 12th day. The outdoor 
temperature is 7.4℃, the solar irradiance is 164 W/m2 but 
at a low incident angle maximizing the solar collection of this 
eastern window. As the day progresses the air temperature 
increases, reducing thereby the difference between indoor 
and outdoor temperature as well as the obtained heat due 
to lower thermal losses. The useful heat transported by the 
incoming air decreases down to less than 10 W with an 
outdoor temperature of 17.1℃ and no solar radiation on 
the northern window on the 10th day. The obtained heat is 
also dependent on the airflow rate. Figure 10 shows the 
comparison of the obtained results for a southern window 
on the ground floor and on the second floor. As one can 
see from Fig. 6, the lower airflow rate was obtained through 
the second floor with the same trend of the gained heat flux 
through it.  

The first two days of the week, with lower solar irradiance 
and higher airflow rate is when the heat flux is lower being 
between 15 W and 35 W. The last day, also with high airflow 
rate but a higher solar radiance raises the heat flux up to 
50 W. In the midweek with similar solar irradiance but 
higher difference on the obtained airflow rate between the 
two floors, there is also higher difference between the heat 
flux on both floors. For instance, while during the morning 
of the 12th day the heat flux reaches up to 57 W on the 
ground floor, on the second floor it is only 47 W. The airflow 
is 32 m3/h through the ground floor and about 17 m3/h 
through the second floor. In the second term of the day  

 
Fig. 10 Heat flux delivered by the airflow for two different floors 
(week of the lowest wind speed) 

which is about 22 m3/h and 14 m3/h, through the ground 
and second floors, the heat flux decreases down to about 
34 W and 28 W, respectively. With higher airflow rate, more 
heat is extracted from the windows and supplied to the 
inside by the air stream. 

The combination of higher or lower incident solar 
radiation and thermal losses results in the predominant 
heat source to the airflow. Thermal losses are dependent on 
the air temperatures. Figure 11 shows hourly thermal losses 
due to air change, thermal losses through the inner window 
and also thermal gains obtained by the air stream on days 8 
to 14, for a lower wind speed on the ground floor. 

Comparing this Figure with Figs. 3 and 4, for the same 
geometry, one can relate these thermal losses and gains to 
the weather conditions. Due to air change, thermal losses 
increase when the airflow rate increases and also when 
outdoor air temperature decreases. Thermal losses through 
the inner window to the air channel also increase under the 
same referred conditions. Thermal gains to the passing air 
increase when the airflow rate increases and when the 
outdoor air temperature decreases. When the airflow rate 
increases, the air velocity within the air channel also increases 
removing more heat from the surface of the window. When 
there is reversed airflow represented in Fig. 6, there are no 
thermal gains through the ventilation air. 

The equivalent mean air temperature in the air channel 
as well as the outlet temperature are estimated accordingly to 
the ISO 15099 (2003). Figure 12 shows these temperatures 
on the window turned to south. With sunshine the air 
temperature reached about 20℃, at high external temperature 
(17.1℃), 480 W/m2 of solar irradiance and low airflow rate 
(19 m3/h) on the 10th day. The lowest temperature, 6.1℃ in 
the channel and 7.6℃ at the outlet was under high airflow 
rate of 36 m3/h and low external temperature of 3.5℃. 

The final heat loss through the window to outdoors is 
the difference between the initial heat losses determined by 
Eq. (8) and the useful heat determined by the Eq. (6).  

 
Fig. 11 Heat transfer with lower wind speed for the ground floor 
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Fig. 12 Air temperature along the air channel on the ground floor 

4.2 Second phase simulations—Seasonal response 

A complete simulation was carried out from October to 
May out of the standard heating season as defined by EN 
832 (1998). This same window system is used to pre-heat 
the incoming air to partially compensate the thermal losses 
due to the indoor air change. Thus, it is only usable during 
winter. During summer, or cooling season, users are expected 
to open one or both windows for natural ventilation. In the 
same way, when the outdoor air temperature reaches the 
comfort level, as defined by ISO 7730 (1994), it is assumed 
that the outer window is opened for natural ventilation 
through the top vent of the inner window and therefore, 
there is no pre-heating of the incoming air. The building is 
located in Covilhã and the window system is placed on 
each facade at a time enabling four different orientations. 
Table 2 shows the overall results. The window is either on 
the ground floor or on the second floor. It is oriented due 
north, east, south and west. The heat gains and losses by 
the ventilation air and the mean airflow rate are presented. 
The heat gain and loss ratio due to the same rate of the air 
change is compared by the following expression: 

u

a
100%Q

Q
                                     (14) 

Table 2 Seasonal mean airflow rate, total heat gains and losses due 
to air change and ratio on two different floors and orientations 

  
Airflow  
(m3/h) 

Qu  

(kWh) 
Qa 

(kWh) 
Qu/Qa 

ratio (%)

North 33.1 170 767 22.2 

East 32.5 194 754 25.7 

South 28.3 180 646 27.9 
Ground floor 

West 27.8 163 639 25.5 

North 21.7 133 484 27.5 

East 20.0 152 452 33.6 

South 17.3 131 371 35.3 
Second floor 

West 16.7 117 364 32.1 

The mean airflow rate has been obtained for different 
window orientations due to different incident wind angles. 
When there is a western window on the ground floor the 
mean airflow rate is 16% less than from a northern window. 
This difference is higher when the windows are on the second 
floor, being that difference of 23%, denoting a decreasing 
influence of the stack effect. The difference of the renovated 
air between both floors is around 40%, being lower on  
the second floor and lower in terms of gained heat. The 
difference of heat gained from a western window and eastern 
window (minor and major heat gained) is about 16% on the 
ground floor and 23% on the second floor. For a minimum 
of 0.6 ach as used by Chvatal and Corvacho (2009), this 
window could fit any room from at least 16.6 m2 on the 
ground floor, but only about 9.0 m2 on the second floor in 
Covilhã. Increasing the inlet and outlet of the southern 
windows on the second floor to double, the airflow rate is 
increased by about 80% and the useful heat by about 30%; 
however, these results are still lower than those of the ground 
floor. 

The overall heat gains and losses are compared in 
different locations. The climatic characteristics of these 
locations are presented in Table 3 for each month of the 
heating season. In this analysis, the heat gains due to direct 
solar transmission indoors are included. A percentage of 
gained heat throughout this system over the lost heat is 
expressed as 

u t

a l
100%Q Q

Q Q
+
+

                                   (15) 

where, Qt is the transmitted solar radiation to inside (W), 
being: 

t c g 1 2Q IS A τ τ=                                  (16) 

where, I is the total incident of solar irradiance (W/m2), Sc 
is the shading coefficient, Ag is the glazed area (m2), τ1 and 
τ2 are the transmissivity of the outer and the inner glaze of 
the window, respectively. 

Table 4 presents the simulation results that were carried 
out for the four cities already described by this dual window 
system on the ground floor. The mean airflow rate, total heat 
gains and heat losses are presented. The ventilation gain/loss 
ratio and total gain/loss ratio through this system are also 
compared. 

The highest airflow rate corresponds mostly to the 
highest obtained heat. The exception is Covilhã, where the 
highest airflow rate was obtained with the window turned 
due north and the highest useful heat when the window was 
turned due east. The window turned due north had lower 
incident of solar radiation; therefore, there was less available 
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heat on the window to be recovered by the air stream. 
However, in Munich the eastern window was the one that 
obtained the lowest heat also due to a lower airflow rate. To 
the highest airflow rate corresponds to the highest heat  
loss due to air change and also to the highest heat loss   
by transmission. Exception to the latter is observed from 
Oslo’s results by a small difference. The highest heat flow 
loss through the inner window was obtained on a western 
window but the highest airflow rate was obtained on 
southern orientation. This heat loss is dependent on the air 
temperature within the air channel, highly influenced by 
solar radiation, and on the passing air in the channel. The 
lowest ventilation gain/loss ratio was obtained with a western 
window in Munich, of 21.9%, but the overall lower gain/loss 
ratio was obtained with a northern window in Oslo, of 17.9%. 

The highest ventilation gain/loss ratio was obtained with 
the window turned due south in Covilhã, of 27.9% and also 
the overall highest gain/loss ratio of 58.9% due to a higher 
solar radiation. 

5 Conclusions 

Several simulation tools, as for instance CAPSOL, COMIS, 
AIOLOS, ENERGYPLUS, ESP-r, have been developed  
and used during the analysis of building performances. 
Developing more or less energy, modeling tools are able to 
predict the energy use of new and old buildings; however, 
the less experienced users may obtain meaningless results, 
where simplified tools can reliably represent the thermal 
characteristics of the building components. Based on the 

Table 3 Mean wind speed and air temperature and mean daily solar irradiance on horizontal surface for four cities 

Covilhã Munich London Oslo 

 

Wind 
speed 
(m/s) 

Temperature 
(℃) 

Solar 
irradiance 
(Wh/m2) 

Wind 
speed 
(m/s) 

Temperature
(℃) 

Solar 
irradiance
(Wh/m2)

Wind 
speed 
(m/s) 

Temperature
(℃) 

Solar 
irradiance 
(Wh/m2) 

Wind 
speed 
(m/s) 

Temperature
(℃) 

Solar 
irradiance
(Wh/m2)

Jan. 2.1 8.0 2131 5.4 –0.4 872 3.7 4.4 702 1.2 –3.7 285 

Feb. 2.2 6.3 2841 3.1 –2.5 1648 2.9 3.9 1183 2.0 –0.8 731 

Mar. 2.9 8.9 4020 3.2 2.7 2512 4.4 6.8 2109 2.1 0.9 1837 

Apr. 3.0 10.8 4620 4.2 6.9 3641 3.7 8.3 3627 2.6 4.5 3036 

May 2.7 13.0 3018 2.9 11.1 3950 3.4 11.6 3857 2.2 11.2 4057 

Oct. 2.5 12.7 2000 2.4 8.7 1857 2.9 10.6 1736 2.7 6.7 1097 

Nov. 3.1 9.1 2685 3.5 3.6 1021 2.3 7.8 955 1.4 1.8 353 

Dec. 3.2 6.8 2131 2.0 –0.1 665 3.2 5.1 538 3.0 –1.5 141 

Table 4 Seasonal mean airflow rate and total heat transferred in four locations and four orientations 

  Airflow (m3/h) Qa (kWh) Qu (kWh) Qt (kWh) Vent gain/loss (%) Heat gain/loss (%) 

North 33.1 767 170 403 22.2 20.2 

East 32.5 754 194 392 25.7 51.9 

South 28.3 646 180 367 27.9 58.9 
Covilhã 

West 27.8 639 163 380 25.5 32.0 

North 29.6 1057 273 611 25.8 19.5 

East 26.2 908 245 562 27.0 25.6 

South 38.7 1373 319 639 23.2 28.6 
Munich 

West 42.2 1455 318 642 21.9 26.3 

North 24.6 676 178 450 26.3 19.9 

East 30.2 856 210 484 24.5 24.6 

South 36.8 1005 235 497 23.4 32.1 
London 

West 34.3 951 226 491 23.8 30.9 

North 33.4 1298 314 680 24.2 17.9 

East 33.8 1304 321 682 24.6 21.1 

South 39.2 1490 350 700 23.5 26.0 
Oslo 

West 38.4 1479 345 701 23.3 23.7 
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presented method, an extensive analysis has been carried out 
to study the performance of the ventilated double window on 
different locations, thus, under different weather conditions. 
Different window orientations are also assessed. The windows 
placed in the facade work as inlet, whereas a vertical duct to 
the roof works as outlet in cross ventilation. 

This paper presents the results of a wide simulation study 
performed on ventilated double window systems under real 
weather conditions. The influence of the random weather 
conditions on the delivered air was investigated. The study 
also investigated the influence of the orientation of the 
window and different floors. While the geometry and the 
different building components are possible to adapt according 
to local climate, this unchanged building may have different 
responses under different weather conditions. The obtained 
airflow rate is dependent on wind speed and direction and 
also on the temperature difference between indoors and 
outdoors. In Covilhã, where the mean temperature difference 
between indoor and outdoor is lower, a strong wind may 
superimpose its influence on the obtained ventilation. This 
is observed when comparing the results obtained between 
two weeks with different wind profiles. When the windows 
are located on different levels of the building, the higher the 
window is, the more evident is the influence of the wind 
over the stack effect. The difference of the mean airflow rate 
obtained through the ground and second floors is about 
10.5 m3/h, on the week with a low wind speed, while on a 
higher wind speed it is about 18.5 m3/h. In colder places, 
the temperature difference between indoors and outdoors 
increases, so does the sack effect; therefore, any building 
geometry has to be studied in function of the needed airflow 
rate pattern for each specific region. 

This double window system is able to provide pre-heated 
ventilation air in winter time, by recovering part of the heat 
losses from indoors and by collecting part of the absorbed 
solar radiation by the windows. Simulating this window 
system, it was found that the higher the air temperature 
differences between indoors and outdoors, the higher the 
heat gained by the delivered air through the system. The 
heat loss through the window and due to ventilation was 
compensated by the heat gained through the pre-heating of 
the delivered air. In the first week, the window on the ground 
floor was able to compensate heat lost by the air change in 
about 25.7%. This took advantage of highest solar radiation 
as it was turned due south. In the remaining orientations, in 
spite of similar mean airflow rates, the compensation was 
only of 22.2%. This shows that the main heat source to the 
airflow is the one that is lost from inside, through the inner 
window to be partially recovered and delivered back inside. 
When the window is on the second floor, in spite of lower 
heat captured by the airflow, the compensation was higher 
due to a lower heat loss through ventilation of 37.7%. 

For the same building and ventilated double window 
geometry, the mean season compensation of the ventilation 
gain over the ventilation loss was around 22.8% through 
the northern window on the ground floor to 35.0% through 
the southern window on the second floor during heating 
season months (October to May) in Covilhã. A mean airflow 
for the referred data is about 32.7 m3/h and 17.2 m3/h, 
respectively. In spite of being strongly weather dependent, 
results have shown that the compensated heat through 
ventilation does not have great variations. For higher airflow 
rate, more heat is lost through ventilation but more heat is 
also recovered and delivered back inside. A very different 
comparison is observed when one relates the overall heat 
gain with the loss through the window and ventilation. The 
accounted gain is the useful heat recovered by the airflow 
and also the solar radiation that crosses the window directly 
to the inside. This ratio goes from 21.5% through the northern 
window on the ground floor to 80.9% through the southern 
window on the second floor, a bigger difference when 
compared to the previous ratio. This is due to the available 
solar radiation. In Covilhã, where the higher values are 
obtained, this latter ratio is also higher once great part of 
solar radiation is transmitted directly to indoors through the 
glazing. This ratio difference is also due to the temperature 
difference between indoors and outdoors. Again, in Covilhã, 
when the outdoor air temperature is higher, when compared 
to the other cities, the thermal losses are also lower. 

Many old buildings still have single glazing windows. 
By adding a second window and vents on both, an easy 
ventilated double window is created. This window system, 
which is applicable to both old and also new buildings, helps 
reduces the global heating energy needs of a building in 
winter. On the ground floor, the ratio of the heat gains over 
the heat losses in Munich is from 20.6% through northern 
window to 31.4% through the southern. In London, the 
same ratio goes from 20.5% through the northern window 
to 34.4% through the western window and in Oslo it goes 
from 18.7% (north) to 29.2% (south). As the illustrated results 
show, for the same building geometry they depend on the 
passive system configuration and physical properties. As 
this is strongly dependent on these characteristics and also 
on the random weather, an optimization system for a specific 
building will overcome these results. The ventilated double 
windows are quite inexpensive, easy to install and require 
low maintenance costs. Moreover, the cost of the initial 
investment on heating devices could also be reduced as a 
consequence of pre-heating the ventilation air. 

Understanding this window system behavior will provide 
insight for further research. On one hand the use of more 
than one ventilated double window could allow the air 
change to vary significantly based on the number of windows 
and their location.  
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The performance of this system depends strongly on the 
incoming air. On the other hand the performance also results 
from the window opening behavior which is influenced by 
both indoor and outdoor thermal environment. Therefore, 
a multiple window system thermal performance as well as 
the occupants’ window opening behavior is an open field 
worth studying in a real living building. 
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